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New Insights into Nail Penetration of Li-lon Batteries:
Effects of Heterogeneous Contact Resistance

Meijie Chen*,®® Qin Ye*” Changmin Shi,” Qian Cheng,” Boyu Qie,” Xiangbiao Liao,”

Haowei Zhai,”” Yurong He,™

Nail penetration is one important mode of catastrophic failure
in Li-ion batteries, and the contact resistance between a nail
and electrodes is a dominant factor for heat generation.
Surprisingly, previous studies always assume uniform resistance
and there is no experimental measurement of contact resist-
ance, to the best of our knowledge. In this report, the contact
resistance is determined experimentally. The contact resistance
between a nail (diameter=1.25 mm) and a Cu/graphite elec-
trode is 2.5+ 1.5 Q, and a nail and Al/LiCo0O, is 20.3+12.4 Q.
These values are in the same order of the geometric mean of
the resistance between nail/metal substrate and nail/active

1. Introduction

Rechargeable Li-ion batteries are critical to various applications,
such as portable electronics, vehicle electrification and grid-
level energy storage."™ However, Li-ion batteries have low
thermal stability and can explode when they are exposed to
abusive conditions such as mechanical deformation, short
circuit, over-charging and external heating.*® Such instability
originates from the high flammability of organic electrolyte and
becomes more severe upon the pursuit of batteries with high
energy density.”®*® Among various kinds of abuse, internal
short-circuit is common and one of the most dangerous failure
modes, which leads to excessive local heating to hundreds of
degree Celsius and thermal runaway.'®'" Extensive studies
have been applied to avoid such thermal runaway. For
example, thermal switches have been reported based on
thermoresponsive polymeric materials,">'¥ and a bifunctional
separator was used for early detection of internal shorting."”
On the other hand, fundamental understanding is still needed
to unveil this complicated electrochemical-thermal-electrical
coupled process. Various advanced tools have been used to
study Li dendrite growth mechanism and design principles for
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materials, suggesting a random connection network among the
nail, the metal substrate, and active materials. It is found that
the resistance can vary as large as 1-2 orders of magnitude, and
such fluctuation is critical to the magnitude of temperature rise
during nail penetration, which can increase temperature rise by
~93% compared to homogeneous contact resistance. The
results show that the heterogeneity in contact resistance should
be considered. Based on such new understanding, a simple
approach to reduce the temperature increase during nail
penetration was proposed by having the anode as the outer-
most layer.

dendrite-free Li metal batteries, such as optical microscopy,™

electron microscopy,""7"® nuclear magnetic resonance
(NMR),"” Raman® and Synchrotron.”" Nail penetration test is
widely employed for evaluating thermal runaway after internal
short circuits, as it is the most aggressive way to induce internal
shorting.”>* Yokoshima et al. used X-ray inspection to directly
observe the smoke generation inside and around a battery cell,
ballooning of the pouch, as well as structural evolution of
electrode materials in real time.*” Kim et al. investigated the
internal short circuit of a lithium polymer battery by infrared
measurement during nail penetration.”® Liu etal. studied
different electrochemical behaviors of internal short circuit
using a highly reproducible mechanical penetration method.””
Various simulations were conducted to investigate thermal
behaviors of batteries under nailing.”*? These studies indicate
that the heat generation is localized at the contact between a
nail and battery electrodes, and the electronic contact resist-
ance (R) at nail/electrode interface is a dominant factor for the
magnitude of local heat generation and the maximum temper-
ature increase, which directly affects whether thermal runaway
and explosion occur or not.**3* When the contact resistance is
the same as the internal resistance of the battery, the temper-
ature rise can reach as high as ~670°C theoretically, which
greatly exceed the thermal runaway temperature.®®

Given the importance of contact resistance, it is critical to
understanding its value and distribution in real scenarios.
However, the authors are not aware of any experimental
measurement of R in literature. Previous simulations simply
assume a constant R, for all contacts to simplify the model.
Obviously R. could vary from layer to layer, and there is no
study to consider the effect of such heterogeneity and how
such distribution depends on various factors such as properties
of nail and metals/electrodes. The specific roles of electrode
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materials and current collectors in R, are also unclear. In this
report, we first build an electrochemical-thermal coupled
model to understand the effect of the heterogeneity on R,
followed by experimental determination of R, and its depend-
ence on electrodes, electrolytes, metal substrates and other
factors. We find that the contact resistance can vary by a factor
of more than 10 and such heterogeneity can cause ~93%
higher temperature rise. These results illustrate the importance
to take such factor into account in safety design of batteries.
Such understanding also leads an optimized configuration with
reduced heat generation in nail penetration.

2. Results and Discussion
2.1. Simulation on Effects of Heterogeneous R,

First, to better understand the effect of heterogeneous R. on
the temperature increase during nail penetration, we build an
electrochemical-thermal coupled short circuit model based on
a LiCoO,/graphite pouch cell with two repeating units (Fig-
ure 1a). The sequence is Cu (6)/graphite (60)/separator (30)/
LiCoO, (40)/Al (6)/LiCoO, (40)/separator (30)/graphite (60)/Cu
(6), where numbers in parentheses are corresponding thick-
nesses with the unit of um. A nail with a diameter (D) of
0.65 mm penetrates through these two units, and the cell
diameter is 77.5 mm. More details of the model can be found
in the section S1 of supporting information. The contact
resistances between the nail and electrodes are assumed to be
R, R, and R; for top Al, bottom Al and middle Cu layer,
respectively. In our simulations, R; is kept as a constant
(0.163 Q or 0.02 mQcm?), and the sum of R, and R, is assumed
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to be 0.326 Q or 0.02 mQcm?’ The temperature rise due to
short circuit and the effect of varying R,/R, are studied
(Figures 1b and c¢). First, it is obvious that the maximum
temperature rises fast after nailing and gradually slows down.
The heat generation is localized at the nailing point (Figure 1d),
since all electronic current accumulates there and dissipates as
Joule heating. With homogeneous resistance (R;=R,), the
maximum temperature rise (AT) is only 109 K after 10s. The
heterogeneous R, has a significant effect on AT, When R,/R,=3
and 7, AT are 119 and 134K, respectively, representing an
increase of 9.2% and 22.9%, respectively. Moreover, such
difference can lead to 44% increase in AT when R,/R,=40,
which is still possible according to experimental results below.
Such heterogeneity has not been considered in past research
and it is important to investigate.

2.2. Experimental Measurements of R,

To quantitatively determine the distribution of R. in experi-
ments, four probe method is used so that R. is not mixed with
resistances at other electrical connections (see section S2 in
the supporting information for more details). As battery electro-
des contain both metal current collector and electrode
materials, we measured R. of three cases separately for full
understanding: 1) a nail and a metal current collector itself, 2) a
nail and a layer of electrode particle film without a metal
substrate, and 3) a nail and an electrode with active material
particles coated onto both sides of a metal current collector.
Such separated measurements can unveil the dominant factor
contributing to the contact resistance. Both dry case and wet
case with battery electrolyte of 1 M LiPF, in EC: DEC (ethylene
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Figure 1. Simulation of temperature rise due to the heterogeneity in contact resistance. (a) The schematic of a two-unit cell for nailing test, assuming R,
+R,=0.326 Q (or 0.02 mQcm? and R;=0.163 Q (or 0.02 mQ cm?). (b) Maximum temperature increase (A7) vs. time at three cases: R,/R,=1, 3, and 7. ()
Maximum temperature increase (AT) vs. R,/R.. (d) The temperature distribution at 10 s after nail penetration in the three cases in (b).
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carbonate/diethyl carbonate in a 1:1 volume ratio) were
studied. More experimental details can be found in sections S3
to S5 of supporting information.

The results show that R. varies significantly in different
cases and have broad distribution in all cases (Figure 2). First, in
the wet condition with battery electrolyte, the nail/bare metal
current collector has the smallest contact resistance, which are
0.19£0.12 Q (0.1540.09 mQcm?) for nail/Al foil and 0.17+
0.12 Q (0.134+0.09 mQ cm?) for nail/Cu foil. The smallest/largest
resistances observed are 0.002/0.45 Q (0.002/0.35 mQcm?) for
nail/Al foil and 0.002/0.42 Q (0.002/0.33 mQcm?) for nail/Cu in
~20 measurements of each case. In contrast, the nail/pure
active material film has the highest contact resistance, which is
about three orders of magnitude larger than nail/bare metal
foil. More specifically, they are (28+1.4)x10°Q (55+
2.7 Qcm?) for nail/LiCoO, active materials and (2.8+£0.7)x
10> Q (0.5540.14 Qcm?) for nail/graphite active materials. The
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smallest/largest resistances observed are 660/5887 Q (1.3/
11.6 Qcm?) for nail/LiCoO, graphite active materials and
144/466 Q Q (0.3/0.9 Q cm?) for nail/graphite active materials in
~20 measurements of each case. The smaller contact resistance
with graphite is likely due to the higher conductivity of
graphite (~10* S/cm) than LiCoO, (~1 S/cm).?”

For real battery electrodes with both active materials and
current collector, surprisingly the contact resistance is not the
two cases above in parallel, or in series, but a value in the same
order of the geometric mean of the two cases above. In real
Cu/graphite and Al/LiCoO, electrode, the contact resistance
varies from 0.11 to 4.3 Q, and 4.0 to 33.1 Q, respectively. The
statistical average and standard deviation are 2.54+1.5 Q (2.0+
1.2 mQcm?) for nail/Cu—graphite electrode and 20.3+12.4 Q
(16.049.7 mQcm?) for nail/Al-LiCoO, electrode respectively.
This indicates that in real electrodes with both current collector
and active materials, the contact with nail is likely a random
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Figure 2. Experimental measurements of the contact resistance (R,). (a) to (c) Schematic of contact resistance measurement based on the four-probe method
(a) with metal substrate, (b) with electrodes and (c) with pure active materials. (d) Distributions of contact resistances for pure Cu foil, Cu foil coated with
graphite particles, and graphite particle film themselves under the wet condition. (e) Distributions of contact resistances for the Al foil, Al foil coated with
LiCoO, particles, and LiCoO, particle film under the wet condition. The diameter of nail is 1.25 mm.
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network among metal and active materials, so that it can be
described by the Bruggeman'’s model:*®

6—21"% __
Z "o+ (h—No, m

i

where n is the number of components. §; and o; are
respectively the fraction and the conductivity of each compo-
nent, and g, is the effective conductivity of the medium. When
only two phases exist (metal substrate and electrode particle),
this model indicates that o, = /0,0, if the fractions of two
components are equal. The calculated R, were 6.9 Q and 23 Q
respectively for nail/Cu—graphite electrode and nail/Al-LiCoO,
electrode respectively, which are consistent with our observa-
tions.

Since R. of the nail/graphite interface is one order of
magnitude smaller than the nail/LiCoO, interface, R. with Cu/
graphite is much less than that in Al/LiCoO,. As R, for Al/LiCoO,
and Cu/graphite are in series for a single repeating unit and the
current through these two junctions should be the same, the
heat generation in nail penetration localizes at the cathode, as
illustrated in Figure S3d. This is actually a lucky scenario, since
SEl breakdown induced by high temperature is considered as
the first step in thermal runaway."" The lower R. at the nail/
anode interface indicates less chance for SEl breakdown to
happen. Besides the drastic difference in R. among metal
current collectors, active materials, and real electrodes, the
broad distribution of R. means that its heterogeneity across
different layers is remarkable in real multi-layer batteries and
using the average value instead in modeling will cause
significant error in estimating the consequent heat generation
and temperature rise, as demonstrated in Figure 1c. Such
heterogeneity should be considered in future simulations and
experiments.

To understand the contact resistance more comprehen-
sively, we further study effects of the state-of-charge (SOC) on
R. between a nail and active material/current collector bilayer
structure in the wet state (Figures S3e and f). It can be seen
that R. is nearly a constant, only decreases slightly with
increasing SOC. This is also consistent with the dependence of
electrical conductivity of active materials on SOC. For example,
Li,Cs has higher conductivity of ~10° S/cm than pure graphite
(~10*S/cm).B LiysCo0, has higher electrical conductivity of
~10%S/cm compared to LiCoO, (~1 S/cm).””

In addition to wet condition with carbonate electrolytes,
similar measurements of R. without the electrolyte were also
conducted. As shown in Figure S5 and Table S2 (section S6 of
the supporting information), in all cases, R, is 4~10 times of
that in the wet condition. We hypothesize that this is due to
the reduced tunneling barrier for electron transport when
electrolyte presents, as illustrated in Figure S6 (section S7 of
the supporting information). At atomistic scale, when surface
atoms in nail is angstroms away from the surface atoms in
active materials or metal current collectors, tunneling could
happen to transport electrons. In the dry state, the barrier to
overcome is the energy difference between the fermi level of
metal and the vacuum level. In the wet state, the barrier is
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reduced to the energy difference between the fermi level of
metal and the lowest unoccupied molecular orbital (LUMO) of
the electrolyte. In standard EC/DEC electrolyte, LUMO is
—2.4 eV vs. the vacuum level,*" so that the tunneling barrier is
reduced from ~4.3 to ~1.9 eV when metallic Zn is considered
for the nail surface. Therefore, the contact resistance is
significantly reduced. Beside the metal nail, the plastic nail was
also used in the penetration, we measured the resistance of a
dry cell when a plastic nail (D=1.25 mm) penetrates. Since the
nail is sharp, the electrode layer would rupture firstly. Although
plastic is insulating, such rupture may cause crack of electrodes
and contact between two electrodes. In 20 measurements,
most tests give resistance higher than 1 MQ, indicating no
short circuit except three times (Table S3), whose contact
resistances are 782, 340 and 80239 Q, respectively. These
values are significantly higher than with metal nail, which is
23417 Q. Hence, plastic nail is still possible to cause thermal
runaway compared to metal nails, but the probability is much
less (15% in Figure S7). More information can be found in
section S8 of the supporting information.

2.3. Connection Between R_ and Local Stress

To better understand the contact resistance during the
penetration process, finite element analysis-based simulation is
performed on how local force at the nail/metal foil interface
and penetration depth affects R. A mechanical-electrical
coupled model was built with constitutive relation equation
and Electrical contact model coupled by Cooper-Mikic-Yovano-
vich correlation:*?

m p 0.95
hc _ 1.25(Tmn asp ( cont) 2
‘ Oasp Hc @
2 1
O contact (O1nd)nd (Uan)nd )

where h, is the shrinkage conductivity. 0, iS the harmonic
mean of the contacting surface conductivities. o,, is the
asperities average height. m, is the asperities average slope.
H. is the Microhardness. p.,, is the contact pressure. n is the
normal direction. More details can be found in the section S9
of supporting information.

The simulation results first show that the magnitude of
simulated R. agrees well with experimental results at the dry
condition, both in the range of 0.1-5Q, or 0.08-4 mQcm?
(Figure 3a vs. Figure S5), which indicates that the simulation
describes the correct physics of contact resistance. Second, the
contact resistance is sensitive to the contact force, which
decreases with increasing the contact force. This explains why
R. has a broad distribution experimentally, since even small
change in local pressure can lead to large change in R.. For nail
with different diameters, although R. decreases with increasing
nail diameter, RA changes slightly (Figure 3b), indicating that
the nail diameter has a small effect on the area specific contact
resistance. Based on these understanding, we finally simulate
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Figure 3. Simulation results of the nail penetrating process. (a) Contact resistance vs. the contact force. (b) Contact resistances vs. the nail radius. (c) Contact
resistance vs. the penetrating depth. (d) to (g) Nail and substrate deformation in the penetrating process with the nail diameter of 1.25 mm.
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Figure 4. Effects of nail diameter and layer number on R, and temperature increase. (a) and (b) Schematic diagrams of multilayer stacking cell and equivalent
resistance. (c) R, for different layers and nail diameters. (d) Temperature increase (AT) vs. time for different nail diameters, the solid lines are based on the
heterogeneous R, and the dotted lines are based on homogeneous R.. (€) maximum heat generation power at ten penetration tests for the heterogeneous
and homogeneous R, cases at the nail diameter of 1.25 mm. (f) temperature distribution at 10 s after nail penetration in the two cases in (e). In the simulation,
the stacking cell configuration is used, where all anode layers are connected in parallel, and all cathode electrode layers are connected in parallel.

the evolution in R. during the penetration process, as shown in
Figure 3c. It is clearly that R, is large at the beginning due to a
small contact force. With increasing the penetration depth, the
R. decreases rapidly, which can be attributed to the different

2.4. R. and Temperature Rise in Multi-Layer Cells

The experimental results above are all based on a single layer
stack of one repeating unit of Al/LiCoO,/separator/graphite/Cu.

contact forces as shown in Figures 3d to g. Then R. increases
slightly due to the decreasing contact force, and finally reaches
a steady state when the nail fully penetrates the metal foil
without much change of the contact force.
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However, most batteries contain multiple repeating units. It is
important to understand how the contact resistance varies
from layer to layer. To answer this question, a four-repeating-
unit cell is constructed and the metal stacking s
Al—Cu—Al—-Cu—Al (Figure 4a). For top and bottom cathode
electrodes, LiCoO, particles are only coated onto the side facing
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the anode. For other electrodes, active materials are coated
onto both sides of the current collector. The stacking cell
configuration is used, which means that all cathode layers are
connected in parallel, and all anode layers are connected in
parallel (Figure 4a). Figure 4b shows the schematic diagram of
equivalent resistance for such a multilayer stacking cell. The
internal resistance of the cell (~0.1 Q) is neglected as it is much
smaller than R, at different layers (Figure 4c). The calculation
details of the internal resistance can be found in the section
$10 of the supporting information. In such a multi-layer cell, R,
for the anode is much smaller than that of the cathode
(Figure 4c), which is consistent with results in a single unit cell
(Figure 2). For nails with different sizes, the same tendency is
observed (Figure 4c). This indicates that diameter does not
affect the inhomogeneous distribution of contact resistance.
The effect of shape needs further investigation, but as the
penetration mechanism is similar to those with circular cross
sections, we expect the general trend is the same as what we
observed in this manuscript.

Such high heterogeneity in R. leads to significantly higher
heat generation and temperature rise inside the cell compared
to the case with homogeneous R, as shown in Figures 4d and
e, respectively. Take D=2.5 mm as an example, the averaged R,
for each layer was used to simulate the inhomogeneous case,
which were 1.28 Q, 0.33 Q, 3.67 Q, 0.70 Q, and 3.45 Q from
the top cathode to the bottom cathode, respectively. Mean-
while, the average of five R. above (1.89 Q) was used for the
case with homogeneous R.. Regarding to temperature rise, AT
reaches 230 K after 10 s for the inhomogeneous case, while AT
is only 147 K after 10 s for the uniform case (Figures 4d and e).
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Similarly, AT for the inhomogeneous case are 85 K and 24 K for
D=1.25 and 0.65 mm, respectively, while it is only 44 K and
16 K for uniform R., which are remarkably lower (Figure 4d). To
further validate this, similar calculation was carried out for all
ten times of penetrations. The maximum heat generation for
the inhomogeneous case is always 300% larger than that of
the homogeneous case (Figure 4f). Therefore, it's of great
significance to consider such heterogeneity for thermal run-
away in batteries. More details of simulation can be found in
the supporting information.

In studying the effects of heterogeneous R, we notice two
correlated interesting and important phenomena. The first one
is that the top cathode layer typically has the smallest R,
among all three cathode layers, with a high probability of 60—
80% (Figure S8a); and thus, R. for the top layer (averagely
4.4 Q for D=1.25 mm) is much less than the other two cathode
layers (averagely 18.4 and 15.5 Q). This may arise from that
there is no LiCoO, particles on top of Al, so that the contact
behaves more like nail/metal contact instead of metal/electrode
contact, and thus R. is much smaller (Figure S8b). The second
phenomenon is that the heat generation of the top cathode
layer is more than 213% of the highest one in the rest four
layers (Figure 5b).

To understand why this top layer has the highest heat
generation and its correlation with the small R in this layer,
simplified circuit analysis was carried out based on Figure 4b.
Here the internal resistance of cells is neglected, since it is
much smaller than R.. Therefore, the heat generation of each
layer can be expressed as
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Figure 5. Effects of stacking sequence on R. and temperature increase. (a) R, of each layer in two different stacking sequences. (b) Interfacial heat flow density
at the nail/electrode contact 10 s after nail penetration in the two cases in (a). (c) Temperature distribution at 10 s after nail penetration in the two cases in (a).
(d) Temperature increase (AT) vs. time for different stacking sequences, the solid lines are based on the Al-Cu—Al-Cu—Al and the dotted lines are based on
the Cu—Al—-Cu—AIl—Cu. In the simulation, the stacking cell configuration is used, where all anode layers are connected in parallel, and all cathode electrode

layers are connected in parallel.
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where P.; and P; are the heat power for the i layer of the
cathode and anode respectively. R.; and R are the contact
resistance for the i layer of the cathode and anode respectively.
Re= (CnRei ") Ra= (XnRwi '), representing the total
contact resistance of all cathode and anode in parallel,
respectively. Clearly, the maximum P_; is the layer with smallest
Recir OF R mins Which is typically the top layer with a high
probability of 80% in experiments (Figure S8a). To compare
heat generation between cathode and anode layers, the ratio
of thermal power in the top cathode (P or P ..,)) and the j"
anode (P,,) can be expressed as K = (R./Rea)’/(Recrmin/Rea;)-
Therefore, the smallest ratio occurs for the anode layer with
smallest Ryj, O Regmine 1€, (Ree/Rea)’/ (Recmin/Reamin)-  AS
(Ree/Rea)? is ~9 averagely and R min/Reamn is ~3.4 averagely, K
is typically well above 1 so that P, is typically larger than
P..max- Therefore, the top Al layer is most likely to have the
highest heat generation. In our experiment, the probability is
as large as 60%, far exceeding 20% for random situation
(Table S5 and Figure S10c¢).

2.5. Strategies to Reduce Heat Generation

Based on analysis above, to reduce heat generation, we should
first increase R, + R.,, since P is proportional to (R + R.,)*. As
Re > R, R. should be increased. We find that a simple
method to increase R, is to replace the cathode (Al) with the
anode (Cu) as the outermost layer. In this new sequence, there
is no cathode layer with active materials only on one side of Al.
Therefore, R, is increased dramatically. The average R, among
ten tests increases from 0.9 Q in AlI-Cu—Al-Cu—Al to 8.7 Q in
Cu—Al—Cu—AIl—Cu, and a statistics is presented in Figure S10
and Table S5. Meanwhile, although the average R, among ten
tests decreases from 0.6 Q in Al-Cu—Al-Cu—Al to 0.4 Q in
Cu—Al—Cu—AIl—Cu (Figure S11), it has little effect on R, + R.,.

The increase of (R + R.)’also overwhelms changes in
R /Recmin aNd Ry? /R min in equations (4) and (5). Hence, the
maximum heat generation in Cu—Al-Cu—Al—Cu also occurs in
the cathode layer with R, in Figure S10f, which is only
~39% of that in the Al-Cu—Al—-Cu—Al case. For example, when
the average R, for each layer in ten tests are used, the highest
single-layer heat generation is reduced from 26.7 MWm™ to
10.0 MWm™? at the contact interface (Figure 5b), and the total
heat generation power is reduced from 45W to 1.5W.
Consequently, the largest temperature rise in Cu—Al-Cu—Al—-Cu
is only 26°C, much less than 85°C in Al-Cu—Al—Cu—Al, which
can be attributed to the much higher R, +R, in
Cu—Al-Cu—Al—Cu (9.1 Q) than that in AlI-Cu—Al-Cu—Al (1.5 Q).
More details can be found in Section S13 of the supporting
information.
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We further investigated whether this strategy can be
extended to even thicker cells. For a cell with eight repeating
units, the one with anode as outermost layers shows a much
lower temperature rise (29°C) compared to that with cathode
as outermost layer (75°C) (Figure S12a). Such results demon-
strate the importance to deeply understand the heterogeneity
of contact resistance, which leads to the better sequence for
cell stacking and reduced temperature rise: anode as the
outermost layer.

3. Conclusions

In summary, we have experimentally measured the short-circuit
contact resistance in nail penetration for the first time, to the
best of our knowledge. The contact resistance between a nail
and a battery electrode is in the same order of the geometric
mean of nail/active material and nail/metal substrate, suggest-
ing a random connection network model. The contact resist-
ance also shows wide distribution and large fluctuation, such as
2.54+1.5 Q for nail/graphite on Cu foil, and 20.3+12.4 Q for
nail/LiCoO, on Al foil. Such large heterogeneity is likely to arise
from local stress, to which contact resistance is sensitive, as
supported by finite element analysis-based simulations. Under-
standing and measuring such heterogeneity is critical for
investigating thermal runaway in batteries, since the inhomo-
geneous contact resistance leads to significantly higher tem-
perature rise in thermal runaway of a battery. The dependence
of contact resistance on various factors, such as nail dimension,
electrode layer numbers, electrolyte content and layer sequen-
ces, are also investigated to obtain a comprehensive under-
standing. Finally, we show that having anode as the outermost
layer can significantly reduce heat generation during nail
penetration, compared to that with cathode as the outermost
layer, which provides guidance to enhance battery safety.

Experimental Section

Materials: The battery electrolyte of 1M LiPF; in ethylene
carbonate/diethyl carbonate (EC:DEC in a 1:1 volume ratio) was
purchased from Gotion Inc., and used as received. The solvent N-
Methyl-2-pyrrolidone (NMP) and Aluminized pouch bags and
(Sigma-Aldrich). polyvinylidene fluoride (PVDF), LiCoO, and graph-
ite powders were purchased from MTI Corporation. Carbon black
(C65) was from IMERYS. Nails (diameter: 2.5 mm, 1.25 mm and
0.65 mm) were purchased from McMaster-Carr. Commercial LiCoO,
cathode and graphite anode were provided by Custom Electronics
Inc.

Contact resistance measurement: The four-probe method was used
to measure the contact resistance using an electrochemical work-
station (Bio-logic SP-50) to record the current-voltage after the nail
penetration. For measuring the contact resistance between the nail
and active materials, active materials were coated onto a metal foil
with a hole in the center. Then nail was inserted into the hole.
Therefore, the nail did not contact with metal foils, but meanwhile,
the resistance of active materials themselves was negligible. For
measuring contact resistance at different state-of-charges, the
electrode was charged to the target SOC first in a pouch cell. Then
the cell was dissembled and the charged electrode was sealed in

7 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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another cell for four point measurement. Hence, the electrical
signal would not be interfered by electrochemical cell voltage.
More details can be found in the supporting information.

Short circuit simulation: The internal-shorting-induced Joule heating
behavior of batteries was simulated by COMSOL Mutiphysics 5.3a.
One standard cell consisted of a graphite anode and a LiCoO,
cathode with LiPF, electrolyte in 3:7 EC:EMC solvent. Al and Cu
foils were used on the positive and negative current collectors,
respectively. The initial cell voltage was 4.2V and the Cu foil was
grounded. The rest of the outer boundaries was set to be
electrically insulated. The internal short circuit was induced by a
stainless steel nail penetrates through the center of the battery.
More details can be found in the supporting information.

Mechanical deformation simulation for the nail penetration process:
The contact resistance from the mechanical crash of the nail
penetration process was simulated by using a coupled 3D Solid
Mechanics and AC/DC modules by COMSOL Mutiphysics 5.3a. The
foil is deformed by a nail with a prescribed vertical displacement
which is ramped linearly. An isotropic elastoplastic material with
user-defined isotropic hardening and large plastic strain formula-
tion is used to characterize the plastic deformation of the Cu or Al
foils. Static Hertz contact model were used to calculate the electric
contact resistance. More details can be found in the supporting
information.
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