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Quasi-Isothermal External Short Circuit Tests Applied to
Lithium-Ion Cells: Part I. Measurements
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Single-layered pouch-type cells were exposed to quasi-isothermal external short circuit tests to study the influence of electrode
loading and tab configuration on the short circuit characteristics. Additionally, test conditions such as initial cell temperature, cell
voltage and external short circuit resistance were varied. Keeping the cell’s temperature increase below 1◦C whilst using a calibrated
calorimetric setup, a direct correlation between the electrical and thermal behavior could be shown without occurring exothermal
side reactions. Previously studied step-like characteristics in the transient current profile could be confirmed for all cells and test
conditions, showing differing durations and magnitudes of the observed plateaus based on ohmic resistances, transport processes
and reaction kinetics. Lower electrode loadings, counter-tab configurations homogenizing the current density distribution and higher
initial cell temperatures accelerate the short circuit by increasing the cell current due to a reduced effective cell resistance. Whilst
the chosen initial cell voltages and external short circuit resistances showed a minor impact on the short circuit dynamics, the
initial state of charge revealed a noticeable influence defining the discharged capacity and the amount of generated heat. By post
mortem analysis, the observed over-discharge could be correlated to an anodic dissolution of the negative electrode’s copper current
collector.
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Because of their comparably high gravimetric and volumetric en-
ergy and power density combined with a high degree of technological
maturity and meanwhile low overall cost, lithium-ion batteries are the
energy storage solution of choice for multiple of today’s applications
ranging from mobile devices to electric vehicles and even stationary
energy storage solutions. With Li-ion batteries being widely applied
in our daily life, reported safety incidents involving this technology
have resulted in an increased public attention toward the topic.1–3

Li-ion battery safety is mainly defined by chemical/toxicological
safety and thermal safety. The latter is related to thermal charac-
teristics of the applied materials and chosen architecture which, on
the one hand, guarantee a smooth operation of the battery, but, on
the other hand, pose a certain risk for a so called thermal runaway
if a battery heats up too much.4–6 Such a heat up, which can ex-
ceed the cooling capacity of the battery system, can be either caused
by an external misuse of the battery or by an internal fault.7 In or-
der to guarantee a high level of safety for Li-ion batteries entering
the market, a substantial number of regulations and standards has
been developed in the past covering mechanical, electrical and en-
vironmental or thermal abuse scenarios that may trigger a battery
failure.8

One of the most common electrical tests is the external short cir-
cuit test, which is intended to simulate an accidental connection of
the battery terminals.9–14 For a hard external short circuit, the short
circuit resistance is in the same order or lower than the internal high
frequency resistance of the battery, resulting in a battery response pre-
dominantly affected by its inherent characteristics and not by the test
conditions. With increasing battery size and consequently reduced in-
ternal high frequency resistance which can easily range below 1 m�,
a thorough experimental realization of such a truly hard external short
is becoming technically difficult.14 This partly explains why both me-
chanical and electrical tests provoking a cell-internal short circuit are
gaining a lot of attention recently, as such an incident can approach
a worst-case scenario for a battery independent of the battery size.
Besides the short circuit of the cell, an additional localized heat up is
triggered. The combination of a short circuit and a strongly localized
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heating can rapidly exceed the onset temperature of thermal decompo-
sition reactions often resulting in a violent failure of the investigated
cell. Various triggers for provoking an internal short circuit have been
reported in the past ranging from sharp nails 15 and blunt rods16 to
phase change materials17 and metal pieces18,19 that need to be elab-
orately included within the cell during manufacturing. Besides the
efforts for designing such a test, the influence of the test parameters
on the cell behavior is not quite understood so far which may cause
variations in the cell response making an interpretation of reported
test data difficult. This becomes especially apparent when looking
into the design of e.g. a nail penetration test within which not only
the nail’s material, surface, diameter, and tip angle can be varied but
also the penetration speed, depth, and location of a nail entering a
cell may be altered.8 These test parameters can significantly affect the
outcome which has been shown recently for 18650 sized cells in terms
of the location and penetration depth of the nail.20,21 Moreover, the
electrical behavior of a battery can mostly not be separated from its
thermal behavior, which makes a scientific evaluation of the battery
response complicated. Furthermore, the thermal behavior during bat-
tery failure is not only dependent on the chemical composition of the
active and passive materials used within the cells,22,23 but also affected
by the state of charge (SoC) and state of health (SoH) of the cell and
the respective electrodes.24,25 A dedicated experimental investigation
enabling a separation of effects is required for understanding the un-
derlying mechanisms during a short circuit event. This accounts for
both internal as well as external short circuits, whereas the focus of
this work is laid on the latter in order to study the overall short circuit
behavior of a battery in the first place.

Within the first part of this combined work, the experimental ba-
sis for a model-based investigation of hard external short circuits is
presented which elaborates on a continuation of previously published
experimental results.14 As an enhancement of the external short circuit
test, a quasi-isothermal calorimetric setup is presented, which allows
a straightforward separation of the electrical and thermal behavior of
the investigated single-layered pouch-type cells. Test results of quasi-
isothermal external short circuit tests are presented, whereas both the
characteristics of the cells itself and the test conditions were altered
individually. Following this approach, the influence of (intrinsic) cell
specific characteristics and (extrinsic) test conditions on the dynamic
response of a battery during external short circuits can be evaluated.
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Table I. Cell and electrode characteristics.

Negative electrode Separator Positive electrode

Current Composite Composite Current
collector electrode electrode collector

Copper Graphite Polyolefin NMC-111 Aluminum

Unit HP BA HE HP BA HE

Areal capacitys mAh cm−2 1.1 2.2 3.9 1.0 2.0 3.5
Active material contents wt% 96 96 96 86 86 86
Binder contents wt% 2 2 2 6 6 6
Conductive carbon contents wt% 2 2 2 8 8 8
Gravimetric capacitys mAh g−1 350 350 350 145 145 145
Thicknessm μm 18 39 67 124 25 32 79 141 20

ssupplier information.
mmeasured with a micrometer screw at three different locations during post mortem analysis.

Experimental

In this section, the investigated cells and chosen short circuit test
conditions are presented first. The quasi-isothermal calorimetric setup
is described before the calibration and test procedure are characterized.
At the end of the section, the carried out qualitative post-mortem
analysis is described.

Cells and test conditions.—Within this work, 18 single-layered
pouch-type cells were exposed to external short circuit scenarios un-
der quasi-isothermal test conditions. Cells and test conditions were
chosen to achieve a most extensive evaluation of both intrinsic cell de-
signs and extrinsic short circuit conditions. The investigated cells were
manufactured by Custom Cells Itzehoe GmbH (Germany) comprising
graphite anodes and LiNi1/3Co1/3Mn1/3O2 cathodes (NCM-111, in the
following written as NMC-111). A mixture of 1 M LiPF6 in ethylene
carbonate (EC) : dimethyl carbonate (DMC) 1:1 (by weight) contain-
ing 2 wt% vinylene carbonate (VC) was used as electrolyte. The cells
varied in terms of electrode loading from approximately 1 mAh cm−2

(i.e. high power loading, HP), 2 mAh cm−2 (i.e. balanced loading,
BA) up to 3.5 mAh cm−2 (i.e. high energy loading, HE) following
the overall trend toward higher area specific capacities.26 Within the
specified voltage range of the cell during cycling between 3.0 V and
4.2 V, the NMC cathode was the capacity limiting electrode in order
to avoid lithium plating during charging. An overview of the graphite
and NMC electrode characteristics for each loading is given in Ta-
ble I. A summary of the investigated cells and applied test conditions
is given in Table II. Besides the targeted electrode loading, the in-
vestigated cells varied in terms of the tab configuration. Most cells
investigated within this work were configured with wide tabs on op-
posing sides (i.e. counter-tab design, CT, cells 1 to 14) to optimize
the homogeneity of current density distribution along the electrodes.
Four of the studied 18 cells were equipped with smaller tabs on the
same side (i.e. aligned-tab design, AT, cells 15 to 18) to provoke
a more inhomogeneous current density distribution during the short
circuit tests compared to the CT cells. Whilst the loading and tab
configuration were altered within this study, the width and height of
the electrodes of 56 mm × 31 mm was not changed which resulted

Table II. Investigated cells and test conditions.

Cell specifications Test conditions Before test During test After test

No. Design Cth T∞ Ecell SoC Short trest C4.20 V Ctest R1 kHz Isc, max C-rate Csc SoC Ecell R1 kHz
mAh ◦C V % h mAh mAh m� A mAh % V m�

1† CT 17 25 4.15 96 0 V 15 14.4 13.8 316 9.91 689 16.2 −17 2.12 337
2 CT 17 25 4.15 96 0 V 48 13.6 12.9 306 9.91 730 15.0 −15 2.55 319
3 CT 17 45 4.15 96 0 V 15 13.9 13.3 309 10.59 761 16.2 −20 1.72 524
4 CT 17 55 4.15 96 0 V 15 12.3 11.7 319 10.20 828 14.5 −22 1.47 507

5† CT 35 25 4.15 96 0 V 15 29.7 28.5 328 9.72 327 33.3 −16 2.44 346
6*† CT 35 25 4.15 96 0 V 48 30.1 28.8 338 9.42 313 32.3 −11 2.64 359
7 CT 35 25 4.30 108 0 V 15 29.5 31.9 330 9.26 313 36.5 −16 2.36 522
8 CT 35 25 4.00 82 0 V 15 29.1 23.9 329 9.61 330 27.4 −12 2.64 337
9 CT 35 25 3.85 67 0 V 15 30.0 20.1 321 9.34 310 24.0 −13 2.48 355

10† CT 60 25 4.15 96 0 V 15 60.5 58.1 397 9.01 149 66.2 −13 2.31 430
11 CT 60 25 4.15 96 0 V 48 61.9 59.4 432 8.91 144 67.2 −13 2.52 464
12* CT 60 25 4.15 96 5 m� 15 56.6 54.2 470 8.37 148 60.9 −12 2.40 928
13 CT 60 25 4.15 96 50 m� 15 60.7 58.7 409 8.33 137 66.6 −13 2.45 472
14 CT 60 25 4.15 96 576 m� 15 59.3 57.0 411 5.90 99 63.8 −11 2.63 434

15† AT 17 25 4.15 96 0 V 15 13.8 13.2 293 9.93 719 15.1 −14 2.47 338
16† AT 35 25 4.15 96 0 V 15 33.2 31.9 349 9.59 289 37.0 −15 2.33 367
17*† AT 60 25 4.15 96 0 V 15 56.7 54.3 470 8.55 150 47.9 11 3.49 936
18 AT 60 25 4.15 96 0 V 15 62.4 59.9 470 8.55 137 66.2 −10 2.49 670

*Cell showed high-resistance behavior during test.
†Cell was opened after test.
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in overall nominal capacities of 17 mAh (HP), 35 mAh (BA), and
60 mAh (HE) between 3.0 V and 4.2 V. In accordance with previous
work,14 the influence of cell temperature (cells 1 to 4) and short cir-
cuit resistance (cells 10 to 14) was again studied within this work in
order to compare the test results to previous results and to study the
behavior during solely hard shorts with varying external short circuit
resistances. The previous results were obtained from non-isothermal
short circuit tests on 10 Ah pouch-type cells and short circuit tests
on 4.5 mAh coin cells which were assumed to be isothermal. Within
both previous work and the work presented here, cells from the same
cell manufacturer were studied. An electrode loading of 2 mAh cm−2

was investigated in previous work which is very similar to the here
presented BA loading. Furthermore, the influence of initial cell volt-
age and, hence, SoC was studied (cells 5 to 9). Again, to enable a
most straightforward comparison between the test results presented
within this study and previous work, the initial cell voltage was set to
4.15 V in most cases.

To sum up, the scope of the chosen cells and test conditions was,
on the one hand, to study the influence of inherent cell characteristics
such as the electrode loading and tab design and, on the other hand, to
evaluate the influence of test conditions such as initial cell temperature,
initial cell voltage or SoC and external short circuit resistance.

Experimental setup.—The single-layered electrode configuration
of the investigated cells allows for designing a simple, yet quantita-
tive quasi-isothermal calorimetric test. This can help to understand
the cell’s behavior during excessively high currents beyond its des-
ignated operating window by correlating thermal to simultaneously
measured electrical signals. Such a test configuration allows to investi-
gate only the main short circuit event, eliminating the effect of exother-
mal side reactions (e.g. solid electrolyte interphase layer decompo-
sition, reaction of intercalated lithium with electrolyte and fluori-
nated binder, electrolyte and positive active material decomposition),4

which can easily dominate the cell behavior at temperatures exceed-
ing 80◦C. In order to keep the overall temperature rise of the investi-
gated cells below 1◦C (considered quasi-isothermal within this study)
without having to apply an active cooling strategy, the cells were
placed in-between two copper bars of 45 mm × 45 mm × 90 mm
(CW004A, purity 99.9%). To guarantee a good thermal contact be-
tween the cell’s pouch foil and the two copper bars, thermally conduc-
tive (6 W m−1 K−1) yet compressible ceramic foils of 0.5 mm thick-
ness (86/600 Softtherm, Kerafol Keramische Folien GmbH, Germany)
were used. To reduce the thermal interaction of the setup with the en-
vironment, the copper bars were insulated with a 60 mm thick layer
of extruded polystyrene foam (XPS, approximately 0.04 W m−1 K−1).
For measuring the overall temperature rise, Pt100 temperature sen-
sors (accuracy ±0.15◦C at 0◦C, DIN/IEC Class A) were placed in
the center of the copper bars. The Pt100 sensors were attached to the
copper bars with a thermal adhesive which also sealed the hole that
was necessary to include the sensors. A schematic overview of the
experimental setup including the investigated cell designs is shown
in Fig. 1. The two Pt100 sensors and another Pt100 sensor attached
with Kapton tape to the surface of the positive tab were connected
to three individual digital multimeters (34470A, Keysight Technolo-
gies Inc., USA). Based on the four-wire temperature measurement
and the chosen time-averaging sampling of approximately 1 s per
data point, a temperature resolution of ±0.001◦C was achieved. In or-
der to reproducibly simulate highly dynamic short circuit conditions,
the cells were connected to a single-channel potentiostat including a
10 A/5 V booster in a two-electrode configuration (SP-300, Bio-Logic
Science Instruments, France). The entire calorimetric setup exclud-
ing the measurement equipment was placed within a custom-built
climate chamber which was cooled by Peltier elements and heated
with resistive heaters. For the investigated temperatures, the standard
deviation of the environmental temperature regulation was ranging
below ±0.03◦C which was determined with the aid of a reference
thermometer (1524, Fluke Corp., USA) equipped with a fast response
reference platinum resistance thermometer (5622, Fluke Corp., USA)
resulting in a combined accuracy of ±0.015◦C to ±0.019◦C between

Figure 1. Schematic drawing of the calorimetric setup including a sectional
view (a), a top view on the bottom piece of the calorimeter including a repre-
sentative counter-tab cell (b), a representative aligned-tab cell (c), and a cell
used for calibration purposes (d).
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Table III. Calibration procedure.

Rfoil Eapp Iapp Q̇app t Qapp
� V mA W s J

1218.4 11.0 9.1 0.1 7200 720
1218.4 34.9 28.6 1.0 720 720
1218.4 78.1 64.1 5.0 144 720
1218.4 110.4 90.6 10.0 72 720

0◦C and 100◦C during the experiments. The measurement equipment
was placed outside the climate chamber within the laboratory environ-
ment of 25 ± 2◦C and was connected to a single desktop computer to
allow for a time-synchronization among the used software programs.

Calibration.—Prior to the tests, the measured temperature signal
of each Pt100 sensor was corrected by adapting the overall offset
and slope of the measurement signal within the considered tempera-
ture range toward the reference thermometer. At temperature levels of
25◦C, 45◦C, and 55◦C, the calorimetric setup was rested for 24 h within
the custom-built climate chamber to allow for a thorough temperature
equalization between the sensors and the environment whilst the tem-
perature was simultaneously measured by the three digital multimeters
and the reference thermometer. In order to calibrate the calorimetric
test setup, i.e to determine the calorimetric constant associated with
the overall heat capacity of the setup and losses to the environment,
an over-discharged CT dummy cell was equipped with two resistive
heater foils. The heater foils were attached on both sides of the cell’s
surface and were electrically connected in a series configuration. A
precision source/measurement unit (B2901A, Keysight Technologies
Inc., USA) was used to provide the driving voltage whilst precisely
measuring the current so that the generated heat could be calculated
(see Fig. 1d). Different voltages were applied to the heater foils, re-
sulting in a heat generation rate of 0.1 W, 1 W, 5 W, and 10 W for
a limited amount of time leading to an applied heat of 720 J in each
case (see Table III). This value was chosen based on the estimated
electrical energy content of the investigated cells ranging from 225 J
(HP) to 800 J (HE). The resulting slope of the temperature increment
multiplied by the total heat capacitance of the system whilst including
losses to the environment represents the applied heat rate. In this con-
figuration (see Figs. 1a, 1b, and 1d), the cell including the attached
wiring is considered to be able to exchange heat only with the two
copper bars which results in

Eapp · Iapp = Cp, 1
dT 1

dt
+ Cp, 2

dT 2

dt
+ Cp, c

dT c

dt
[1]

+ UA1

(
T 1 − T∞

) + UA2

(
T 2 − T∞

)
where Cp, i (J K−1) refers to the total heat capacity, T i (K) to the
mean temperature, and UAi (W K−1) to the overall heat transfer to the
environment for each copper bar i . T∞ represents the environmental
temperature. Based on the combined effective heat transfer coefficient
Ui (W m−2 K−1) and effective heat transfer surface Ai (m2), UAi

accounts for all heat losses of the calorimeter to the environment
including both insulation and wiring. Cp, c and T c refer to the total
heat capacity and mean temperature of the cell respectively. With the
given specific heat capacity cp, Cu (CW004A: 386 J kg−1 K−1 at 20◦C)
and the measured mass mCu of 1.62 kg for each copper bar, the total
heat capacity Cp, i is obtained via

Cp, i = mCu · cp, Cu (i = 1, 2) [2]

With an average mass mc of 6.5 g and a specific heat capacity cp, c

ranging between 800 J kg−1 K−1 and 1000 J kg−1 K−1,27,28 the total
heat capacity of the investigated cells can be estimated analogously
via

Cp, c = mc · cp, c [3]

The mean copper bar temperature T i and mean cell temperature T c are
considered to be represented by the measured temperatures. In order
to determine UAi , the cooling phase after heating up the setup was
considered assuming a homogeneous temperature distribution among
the components. This assumption allows to separate the individual
temperature equalization processes of the two copper bars with the
environmental temperature

Cp, i
dT i

dt
= UAi

(
T∞ − T i

)
(i = 1, 2) [4]

By introducing the dimensionless temperature �i based on the initial
temperature Ti, 0 at the end of the heat-up and the environmental
temperature T∞

�i = T i − T∞
T i, 0 − T∞

(i = 1, 2) [5]

the solution to this ordinary differential equation can be written as
follows29

�i = exp

(
− UAi

Cp, i
· t

)
(i = 1, 2) [6]

which can be individually fitted to the measured exponential temper-
ature decrease and environmental temperature. Knowing each param-
eter, the theoretical adiabatic temperature T ad, i can be determined
which is relevant for considering appropriately the generated heat

T ad, i = T i + UAi

Cp, i

∫ (
T i − T∞

)
dt (i = 1, 2) [7]

Including the calculated adiabatic temperature T ad, i of the two copper
bars in Eq. 1, the effective overall heat capacities of the two copper
bars and cell need to be adjusted so that the calculated total heat rate
resembles the applied heat rate Q̇app (W) based on the applied voltage
Eapp (V) and resulting current Iapp (A)

Q̇app
!= Q̇tot [8]

whereas the total heat rate Q̇tot calculates as

Q̇tot = Q̇1 + Q̇2 + Q̇c

= Cp, 1
dT ad, 1

dt
+ Cp, 2

dT ad, 2

dt
+ Cp, c

dT c

dt
[9]

Allowing for a linear fit of the effective overall heat capacities toward
the temperature data, Qtot (J) is further considered here

Qtot = Q1 + Q2 + Qc

= Cp, 1

(
T ad, 1 − T0, 1

) + Cp, 2

(
T ad, 2 − T0, 2

) + Cp, c

(
T c − T0, c

)
[10]

with T0, i and T0, c representing the initial temperature of each indi-
vidual component. By iteratively repeating the steps summarized in
Eq. 6, Eq. 7 and Eq. 10 for the applied heat rates, an effective overall
heat capacity of 660.7 J K−1 for each copper bar and 3.7 J K−1 for
the cell was determined fulfilling Eq. 8. In the case of the two cop-
per bars, the effective specific heat capacity of 406.5 J kg−1 K−1 is
5.3% larger than the theoretical value which can be correlated to the
influence of the surrounding insulating material, cell wiring and the
additional thermal adhesive that was used for attaching the Pt100 sen-
sors. In the case of the pouch cell, an effective specific heat capacity of
562.4 J kg−1 K−1 can be determined which is lower than the reported
data in the literature. This can be explained with the temperature of
the tab not fully resembling the mean temperature of the cell based
on the location of the Pt100 sensor. With this calibration procedure,
the mean error in predicting the applied heat rate can be reduced to as
little as 0.1% within the chosen range from 0.1 W to 10 W.

As a measurement setup with a high thermal inertia compared to
the specimen was used and local temperatures were measured instead
of the mean temperature of the components, an evaluation of this
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Figure 2. Normalized heat measurement during a calibration procedure at a
constant applied heat rate of 10W for 72s (a) and derived absolute measurement
error showing the offset in detected heat (b) and the time lag (c) as a function
of the linearized measured heat rate (τ > 3). � j is derived by relating Q j to
�Q∞ ( j = app, lin, tot, 1, 2, c).

combined measurement error is needed. Whilst the error accompanied
with the positioning of the Pt100 temperature sensors falls below the
combined resolution the measurement equipment (see appendix), the
measurement error related to the system’s thermal inertia cannot be
neglected. This type I thermometer error is further discussed here.29

For comparing the carried out calibration tests, the dimensionless heat
� and the dimensionless time τ are introduced

� = Q

�Q∞
[11]

τ = t

�t∞
[12]

which are based on the asymptotic absolute offset in measured heat
�Q∞ (J) and the time lag of the measurement �t∞ (s). Based on
linearizing Qtot as a function of time, both �Q∞ and �t∞ can be
determined. �Q∞ is represented by the intercept of Qlin with the or-
dinate and �t∞ is defined by the intercept of Qlin with the abscissa. In
Fig. 2a, normalized calibration test data is shown for an applied heat
rate of 10 W. Due to the normalization procedure following Eq. 11
and Eq. 12, the 5 W, 1 W, and 0.1 W calibration test data look al-

most identical with increasing measurement signal noise at lower heat
rates. As shown in this figure, an offset between the predicted and
the applied overall heat can be observed. With progressing time, this
offset becomes constant. Beyond approximately 3τ, the slope of the
predicted heat is also becoming constant allowing for the presented
linear fit of the setup’s specific heat capacities during calibration. At
�lin = 0, τ = 1 which resembles the time delay of the measurement.
At τ = 0, �lin = −1 which represents the offset in the heat measure-
ment. Whilst �Q∞ follows the applied and measured heat rate in a
linear fashion (see Fig. 2b), �t∞ remains fairly constant around 7s
(see Fig. 2c).
With

�app = τ [13]

�tot can be further described by the inhomogeneous differential
equation

d�tot

dτ
+ �tot = τ [14]

which can be solved analytically based on the sum of its particular
and homogeneous solution29

�tot (τ) = exp (−τ) + τ − 1 [15]

With this solution, the measurement error �� and its derivative ��̇
can be quantified in the course of the measurement

�� = �app − �tot

= 1 − exp (−τ) [16]

��̇ = d�app

dτ
− d�tot

dτ

= exp (−τ) [17]

This allows to derive the errors �Q (J) and �Q̇ (W) in measuring the
overall heat and heat rate respectively

�Q = Qapp − Qtot

= �Q∞

(
1 − exp

(
− t

�t∞

))
[18]

�Q̇ = Q̇app − Q̇tot

= �Q∞
�t∞

exp

(
− t

�t∞

)
[19]

The short circuit test data Qsc and Q̇sc presented in this work is
corrected based on these findings accordingly

Qsc = Qtot + �Q [20]

Q̇sc = Q̇tot + �Q̇ [21]

whereas t∞ is considered to be independent of the applied heat rate
(7.03s) and Q∞ is assumed to be directly related to t∞ and Q̇tot

�Q∞ = �t∞ · Q̇tot [22]

as shown in Figs. 2b and 2c.

Short circuit test procedure.—All cells investigated within this
study were first cycled outside the calorimetric test setup for 10 cycles
at C/2 between the lower and upper cutoff voltage of 3.0 V and 4.2 V
using a battery test system (CTS, BaSyTec GmbH, Germany), after
which the 1 kHz impedance of the cells was measured at 50% SoC
(BT3564, Hioki E.E Corporation, Japan). The discharge capacity of
the cells was determined right before the test between 4.2 V and 3.0 V
as well as between the upper cutoff voltage of the test (i.e. 4.3 V,
4.15 V, 4.0 V, and 3.85 V) and 3.0 V. For this purpose, a C/2 constant
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current (CC) charge and discharge procedure was applied followed by
a constant voltage (CV) phase until the current dropped to C/100 at the
respective lower and upper cutoff voltage. After the cell voltage or SoC
was adjusted according to Table II following a CC/CV charging pro-
cedure, the cells were rested for at least 4 h before they were shorted.
The cell’s discharge capacity between 100% SoC (4.2 V) and 0% SoC
(3.0 V) based on the CC/CV procedure was used as the reference for
the SoC determination. All tests outside the calorimetric setup were
carried out at 25◦C within a climate chamber. The main short circuit
condition chosen in this work was set to simulate a worst-case sce-
nario, which can be achieved by applying a 0 V CV condition between
the working electrode (positive electrode) and the counter/reference
electrode (negative electrode) within the used EC-Lab software. The
regulation of the 0 V condition was based on a four-wire measurement
of the potentiostat. Varying short circuit resistances were simulated as
well, whereas the highest resistance chosen in this work (576 m� or
1 m� m2 referred to the electrode area) was applied by using the con-
stant resistance operating mode within the software. Any resistance
level below the 1 kHz impedance of the cell caused problems with the
stability of the voltage regulation supplied by the potentiostat. There-
fore, precision resistors (accuracy ±1%) of 50 m� or 0.087 m� m2

and 5 m� or 0.0087 m� m2 (Power Metal Strip, Vishay Intertech-
nology Inc., USA) were connected in series to the investigated cells
applying the 0 V CV condition (see Fig. 1b dotted lines). Additional
resistances due to wiring and electrical contact were ranging below
1 m� at 1 kHz. In order to be still able to measure the cell’s voltage
response during the test, the precision source/measurement unit used
for calibrating the calorimetric setup was additionally connected to the
cell’s tabs (not explicitly shown in Fig. 1b). The short circuit condition
was stopped as soon as the current dropped below 0.2 mA or until
a control of the potentiostat was no longer possible. This generally
resulted in a short circuit duration between 1 h and 3 h depending on
the cell behavior. After the short circuit condition was stopped by the
potentiostat, the cell remained within the closed calorimetric setup
between 15 h and 48 h in order to determine the calorimetric constant
for each individual test. A resting time of 48 h before and after the test,
both within a closed configuration, was carried out once for each elec-
trode loading in order to determine possible variations throughout the
entire test phase. A resting time of 15 h after the test within a closed
configuration and an equalization time of 3 h before the test in an
opened configuration allowed for performing one test per day without
drawbacks in the temperature equalization prior to the short circuit
test and in determining the calorimetric constant after the short circuit.

Post mortem analysis.—In order to qualitatively study the im-
pact of the short circuit condition on the investigated cells and elec-
trodes, selected cells were opened in a glove box (M. Braun Inertgas-
Systeme GmbH, Germany) under argon atmosphere after short circuit.
Punched out electrode samples were washed with DMC and dried sub-
sequently before they were studied by scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX). For this
purpose, a benchtop SEM (JCM-6000, JEOL Ltd., Japan) equipped
with a MP-00040EDAP detector was used at an acceleration voltage
of 15 kV and a working distance of 19-20 mm. EDX mapping was
performed at a magnification of 150 and 1000, whereas at the lower
magnification the observable area which can be studied by means
of the EDX detector is maximized at the chosen working distance
(ca. 0.8 mm × 0.6 mm = 0.48 mm2).

Results and Discussion

Within this section, results from the quasi-isothermal short circuit
tests are presented and discussed. First, experimental data from an
exemplary short circuit test as well as derived calorimetric data is
shown. Based on this, the influence of electrode loading, initial cell
temperature, initial cell voltage or SoC, short circuit resistance, and tab
design is evaluated in terms of absolute values and cell capacity related
data. Observed discrepancies in the behavior of certain cells are further
correlated to the occurring effective overvoltage and cell resistance.

At the end of the section, selected results from the qualitative post
mortem analysis are shown before the underlying mechanisms are
discussed leading to the observed behavior which allows for deriving
implications in order to design cells and electrodes which may increase
a cell’s tolerance toward external short circuits.

Short circuit characteristics.—A representative short circuit test
is shown in Fig. 3 which was conducted on a HE cell with a CT design
(cell 11, see Table II and Figs. 1a and 1b) including a 48 h resting
period before and after the test. As can be seen from the voltage data
plotted for the entire test duration in Fig. 3a, the applied 0 V condition
results in a short circuit duration of approximately 2 h before the test
is stopped by the potentiostat and the cell voltage relaxes. Within this
condition, the investigated cell delivers a maximum current approach-
ing 9 A (ca. 150C, see Fig. 3b) resulting in a sudden temperature
increment of almost 0.6◦C of the measured copper bar temperature
with respect to the time-averaged environmental temperature �T∞
(Fig. 3c). After the short circuit is interrupted, the cell voltage relaxes
above 2.5 V (Fig. 3a) and the temperature of the overall calorimetric
setup decreases in an exponential manner (Fig. 3c). Based on this
exponential temperature decrease, the unknown parameters of Eq. 6
can be fitted in the same manner as for the calibration procedure. With
the aid of these parameters, the heat exchanged with the environment
can be determined for the entire setup which is represented by the
right term in Eq. 4 for each copper bar. The obtained total heat ex-
change rate with the environment is shown in Fig. 3g. Looking into
the time scales and magnitudes occurring (see Figs. 3b, 3d, and 3f),
a logarithmic representation of the short circuit duration and short
circuit current is useful.14 The potentiostat is capable of simulating a
worst-case 0 V condition within 50-100 ms for most of the investi-
gated cells (see Fig. 3b). A constant offset of approximately 100 μV
toward the electrical ground could be observed for all tests which
can be directly correlated to the accuracy of the potentiostat which is
100 μV between 0 V and the maximum voltage of 4.3 V. As has been
previously reported,14 the discharge current reveals a strong step-like
behavior within a double-logarithmic representation (see Fig. 3d).
Between the initiation of the short circuit and 1s of elapsed short
circuit time, a plateau forms at a current level exceeding 8 A (ca.
130C), after which the current drops within a few seconds before a
second plateau forms at current values ranging between 1 A (ca. 17C)
and 0.1 A (ca. 1.7C). This second plateau lasts from several seconds
after the short circuit was triggered up to several hundred seconds
before the current drops within a few thousand seconds approaching
a third plateau at a current level of 1 mA (ca. C/60) and below. The
measured temperature rise shows that both copper bars behave iden-
tical throughout the entire short circuit duration. Due to the chosen
time averaging sampling condition and the associated resolution of
the temperature measurement, a temperature rise below 0.001◦C or
within 1s cannot be accurately detected with the method presented
here, which is why only data is considered beyond this threshold.
Whilst there is a continuous rise of the measured temperature up to
approximately 1 h, the temperature decreases beyond this point as the
generated heat becomes less than the heat transferred to the environ-
ment (ca. 25 mW). The measured temperature rise of the positive tab
shows a more dynamic behavior of the cell’s temperature evolution
from the beginning up to approximately 200 s before it follows the
temperature of the copper bars (see Fig. 3f). By accounting for the cal-
culated overall heat losses shown in Fig. 3g, the theoretical adiabatic
temperature of the test setup can be determined according to Eq. 7.
This procedure allows for a determination of the heat generation rate
throughout the entire short circuit duration by calculating the slope
of the adiabatic temperature rise of the system knowing its total heat
capacity as summarized in Eq. 9. By correcting the calculated heat
generation rate with the measurement error of the setup as presented
in Eq. 21, the true heat rate can be approximated. The result is shown
in Fig. 3h, which reveals a very strong resemblance with the measured
cell current despite the aforementioned time delay of ca. 7 s which
only becomes apparent at early times. The presented correction of the
heat signal cannot completely rule out this delay due to the limited
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Figure 3. Representative electrical cell behavior (cell 11) during a short circuit test including a 48 h resting period before and after the short circuit event measured
with the used potentiostat (a to d) including the thermal behavior measured with the calorimetric setup (e to h) for the entire test duration (left: a, c, e, and g) and
the short circuit duration (left: b, d, f, and h).

resolution of the measurement and the unknown heat rate of the cell
in the first place. Beyond 21 s (3�t∞), the heat generation rate can be
accurately determined as observed during calibration. The calculated
heat generation rate exceeds 10 W in the beginning of the short circuit,
forming a similarly shaped plateau between approximately 1 W and
0.1 W before the heat generation rate drops below 1 mW.

By comparing the transient behavior of the investigated cells by
both potentiostatic and calorimetric measurements in the following

subsections, similarities and differences between the test results be-
come apparent which can be correlated to the altered cell characteris-
tics and test conditions.

Influence of electrode loading.—In Fig. 4, the short circuit current
Isc and time-integrated discharged capacity Csc (mAh) gained from
potentiostatic measurements is presented on the left (a, c, and e)
whereas the calculated heat generation rate Q̇sc and generated heat
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Figure 4. Cell behavior during a 0 V CV short circuit event applied to the HP (dashed lines), BA (dash-dotted lines), and HE loading (solid lines) with a CT
design as a function of short circuit duration (a to d) and as a function of discharged capacity (e and f) for the cell current (a and e), heat generation rate (b and f),
discharged capacity (c), and generated heat (d) measured with the potentiostat (left: a, c, and e) and the calorimetric setup (right: b, d, and f). Markers indicate 0%
SoC. Cell 6 shows a high-resistance behavior (*).

Qsc based on the calorimetric measurements are presented on the
right (b, d, and f). All tests were conducted at 25◦C applying a 0 V
condition to the investigated HP, BA, and HE cells with a CT design
(see Table II and Figs. 1a and 1b). As can be seen from Fig. 4, the CT
cells investigated in this study generally showed very reproducible
characteristics in terms of short circuit current and heat generation
rate as a function of short circuit duration tsc (s) (see Figs. 4a and 4b)
and discharged capacity (see Figs. 4e and 4f). The strong resemblance
between the electrical and thermal behavior of the cells becomes
further obvious when comparing the discharged capacity with the
total generated heat (see Figs. 4c and 4d). One of the cells shown here
comprising a BA loading (cell 6) behaved differently in that respect,
which hints at a high-resistance characteristics beyond 1s based on
the comparably lower cell current and heat generation rate throughout
the second plateau. This will be further discussed in a later part of
this section. The peak current Isc, max delivered by the three electrode
loadings at the very beginning of the short circuit varies between
approximately 9.9 A, 9.6 A and 9.0 A for the HP (cells 1 and 2), BA

(cells 5 and 6), and HE loading (cells 10 and 11) respectively. Previous
tests with 18650 cells have shown that a stable control up to 12 A can
be achieved with the potentiostat when applying a sudden voltage
drop which is sufficient for the investigations made here. The varying
peak currents imply that cells with a lower area specific capacity and
therefore overall capacity deliver a higher absolute initial short circuit
current. Looking into the levels of the 1 kHz impedance measured prior
to the tests (310 m�, 330 m�, and 415 m�), a certain correlation to the
peak current can be drawn as previously suggested.30 With increasing
the electrode loading in general, both the cell current and the heat
generation rate are extended to longer times (see Figs. 4a and 4b).
Whilst the current for the HP loading starts dropping toward its second
plateau after 0.3 s, both the BA and HE loading take approximately
twice as long (i.e. 0.6 s). Furthermore, the HP loading drops below
0.1 A after approximately 200 s, whilst the BA and HE loading can
sustain a cell current above this threshold in the range of 300 s and 700 s
(see Fig. 4a). This implies that the higher the electrode loading and cell
capacity, the longer a certain current level can be sustained, whereas
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Figure 5. Cell behavior during a 0 V CV short circuit event applied to the HP (dashed lines), BA (dash-dotted lines), and HE loading (solid lines) with a CT design
as a function of short circuit duration (a to d) and as a function of normalized discharged capacity (e and f) for the C-rate (a and e), capacity related heat generation
rate (b and f), normalized discharged capacity (c), and electrical energy related heat (d) measured with the potentiostat (left: a, c, and e) and the calorimetric setup
(right: b, d, and f). Markers indicate 0% SoC. Cell 6 shows a high-resistance behavior (∗).

the overall magnitude of the withdrawn current at each plateau is
almost identical, i.e. independent of the cell capacity (see Figs. 4a
and 4e). With the heat rate following the cell current, a faster heat up
can be observed for cells with a higher electrode loading and overall
capacity based on the extended duration of each plateau (see Figs. 4c
and 4d). After the cells passed the fully discharged state as defined
by the discharged capacity determined prior to the test between the
upper cutoff voltage and 3.0 V (indicated via markers in Fig. 4), the
cells can still deliver decreasing cell currents and heat generation
rates in the same order of magnitude before both drop by one or two
magnitudes (see Figs. 4a, 4b, 4e, and 4f). This implies, that fully
discharged cells can still contain a considerable amount of electrical
and consequently thermal energy. Combined with the thermal stability
of the materials and the heat produced based on exothermal side
reactions, this may still pose a certain safety risk which, however, is
at a comparably low level for the material combination studied in this
work.25

Relating the current and heat generation rate to the measured ca-
pacity between 4.2 V and 3.0 V, a more pronounced difference between

the investigated electrode loadings becomes apparent (see Figs. 5a,
5b, 5e, and 5f). Whilst the HP loading initially provides C-rates be-
yond 700C, the BA and HE loading fall in the range of 300C and
150C respectively. A spread between the lowest and highest electrode
loading up to a magnitude (factor of ca. 5-10) can be observed in
terms of C-rate and the adequately capacity related heat generation
rate Q̇sc/C4.2 V (W (Ah)−1). In order to be able to better compare
the three electrode loadings, an SoC-based representation is useful,
whereas the cell is at 100% SoC at 4.2 V and at 0% SoC at 3.0 V
following the 0.5C CC/CV procedure.

�SoC = Csc

C4.2 V
[23]

As can be seen from Figs. 5e and 5f, the three electrode loadings
behave very similarly in terms of the C-rate and capacity related heat
generation rate forming plateaus of similar size and shape but varying
magnitude throughout the short circuit. All cells are fully depleted at
a normalized discharged capacity �SoC of approximately 96% which
is the discharged capacity of the cells at 4.15 V related to the fully
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Figure 6. Comparison of cell behavior during a 0 V CV short circuit event
applied to coin cells with a similar electrode loading as the BA loading at
temperatures of 10◦C, 25◦C, and 45◦C (data taken from Kriston et al.14 used
under CC BY-NC-ND, dash-dotted lines) to the cell behavior of single-layered
pouch-type cells with a CT design and a BA loading at 25◦C showing varying
resistance characteristics (this work, gray shaded area).

charged state at 4.2 V. The first plateau consumes approximately 5%
(HE) to 10% (HP) of the cell’s capacity within less than a second.
The second plateau consumes about 90% (HP) to 100% (HE) of the
capacity passing 0% SoC. The third and last ’plateau’ which rather
resembles a change in curvature in this representation accounts for
approximately another 5% (HE) to 15% (HP) of the cell’s capacity. The
increased magnitude in C-rate from the HE to the HP loading becomes
further obvious when looking into the time-integrated normalized
discharged capacity (see Fig. 5c). The observed spread in C-rate and
capacity related heat generation rate results in a similar shift around
a magnitude toward earlier times for the HP loading compared to the
HE loading. This implies that the HP cell is fully discharged after just
225 s whilst the BA and HE loading last about 3.4 to 7.2 times as
long respectively. This slow down in discharge also decelerates the
relative heat up which appears as a shift to the right in Figs. 5c and
5d compared to the HP loading. By relating the generated heat to the
cell’s electrical energy, the share of thermal energy generated from the
electrical energy can be evaluated (see Fig. 5d). With an effective cell
voltage around 3.7 V between 100% and 0% SoC, the entire estimated
electrical energy of the cell (ca. 3.7 V · C4.2 V) is transformed to heat
passing the 100% threshold due to the observed over-discharge. This
confirms initial approximations for the total electrical and, hence,
thermal energy content, as additional exothermal side reactions were
suppressed based on the design of the experiment.

Influence of cell temperature.—When looking into previously
published data of external short circuit tests on coin cells comprising
a similar BA loading14 and EC:DMC based electrolyte, the temper-
ature has a similar effect on the short circuit behavior of a cell as
the electrode loading itself (compare lines in Fig. 6 to Fig. 5a). By
increasing the temperature or decreasing the electrode loading, the
short circuit is accelerated. This means that both C-rate and capacity
related heat generation rate at each plateau are raised toward higher
levels resulting in a shorter duration of each plateau, which appears
as a shift of the graph toward earlier times. This tendency can be
confirmed for cells with a HP loading and a CT design in this work,
where the temperature steps were set as 25◦C, 45◦C, and 55◦C whilst
applying a 0 V short circuit condition (see Table II). Raising the tem-
perature as high as 55◦C was considered to be of more interest in this
work than lower temperatures such as 10◦C as previously studied,14

with a short circuit often resulting in a sudden temperature increase
beyond the designated maximum operation temperature of the battery
under non-isothermal conditions.

When comparing Fig. 7a to Fig. 6, a similar trend can be observed,
whereas the impact of the temperature increase is reduced for the
single-layered pouch-type cells with a HP loading compared to the
coin cells with a BA-like loading. Even though the temperature spread

between the measurements in this work and previous work lies in the
same range (i.e. 30◦C vs. 35◦C14), the spread between the plateaus is
smaller than previously shown, which especially holds for the second
plateau. This could be based on an overall tendency of the coin cells
behaving rather resistive in comparison to the investigated single-
layered pouch-type cells in this work. This becomes apparent when
comparing the coin cell behavior during the second plateau to the
observed spread between a pouch-type cell that behaves analogously
to other cells investigated in this work (upper boundary of gray area in
Fig. 6) to a pouch-type cell that behaves in a high-resistance fashion
(lower boundary of gray area in Fig. 6). Similar electrodes and sepa-
rators were used within both coin cells and pouch-type cells resulting
in similar effective transport lengths31 and accompanied mass and
charge transport based overpotentials. However, the assembly process
between the coin cells and pouch-type cells is differing resulting in
varying compressive forces and consequently diverging contact re-
sistances. This discrepancy might be further increased by the chosen
three-electrode configuration of the coin cells.14

With increasing the temperature in general, reaction overpotentials
are reduced within the electrodes based on Butler-Volmer reaction ki-
netics increasing the observeable short circuit current. The second
plateau being similarly influenced by the electrode loading and tem-
perature further hints at a limitation in mass and charge transport
within the liquid electrolyte. With the electrode loading mainly af-
fecting the effective transport length and the temperature affecting
the inherent transport properties of the electrolyte itself,32,33 varying
overpotentials are occurring which are based on ion movement. The
HP loading being relatively less affected by temperature variations
compared to the BA loading might further be a result of the reduced
thickness and, hence, superior ion transport compared to the BA load-
ing in the first place (see Table I). Possible mechanisms resulting in
the observed characteristics of the short circuit behavior of the cells in
each plateau are summarized at the end of the section helping to derive
implications toward electrode and cell design. In this study, a further
increase in temperature beyond 45◦C does not considerably increase
the current and heat rate of the short circuit. This becomes especially
apparent when looking into Fig. 7c to f. Within the first plateau, the
initial C-rate is increased by 9% from 45◦C to 55◦C which is similar
to the increase from 25◦C to 45◦C (7%). However, the magnitude of
the second plateau is not raised much further with respect to C-rate
and capacity related heat generation rate beyond 45◦C (see Figs. 7e
and 7f). As a result, the normalized charge throughput and capac-
ity related heat evolution are not shifted to much earlier times (see
Figs. 7c and 7d), implying a certain limitation of the temperature
impact.

Influence of cell voltage (state of charge).—As the cell’s voltage is
the driving force for the current to flow, its influence and consequently
the cell’s SoC was studied on cells with a BA loading and CT design
at 25◦C applying a 0 V short circuit condition (see Table II). The
initial cell voltage was varied from 4.3 V, 4.15 V, 4.0 V, to 3.85 V
resembling an SoC of approximately 108%, 96%, 82%, and 67%. As
can be seen from Figs. 8a and 8b, the voltage has a mere influence on
the cell’s transient behavior up to 100 s to 200 s after the short circuit
was triggered. Beyond this point, the higher the voltage and, hence,
available cell capacity, the longer a cell can sustain the current level
before it drops to the third plateau, which starts after a test duration of
1000 s to 2000 s. Whilst the discharged capacity and generated heat
vary for the investigated cells (see Fig. 8c and 8d), the overall duration
and magnitude of the first plateau remains almost unchanged. A slight
variation in terms of the peak current can be observed, however, this
might easily fall within the tolerance of the measurement itself and
manufacturing tolerances accompanied with the investigated single-
layered pouch-type cells (see Table II).

Referring to the observations made on the influence of electrode
loading and temperature, the initial cell voltage or SoC does not affect
the dynamics of the short circuit (i.e. the magnitude of current and
heat rate) - it defines the overall charge and heat throughput during the
short circuit. As the electrode morphology and electrolyte transport

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Figure 7. Cell behavior during a 0 V CV short circuit event applied to the HP loading with a CT design at temperatures of 25◦C, 45◦C, and 55◦C as a function of
short circuit duration (a to d) and as a function of normalized discharged capacity (e and f) for the C-rate (a and e), capacity related heat generation rate (b and f),
normalized discharged capacity (c), and electrical energy related heat (d) measured with the potentiostat (left: a, c, and e) and the calorimetric setup (right: b, d,
and f). Markers indicate 0% SoC.

properties are more or less unaffected by the cell’s SoC, the magnitude
of the second plateau remains unchanged (compare Figs. 8e and 8f
to Figs. 5e and 5f and Figs. 7e and 7f). Due to the varying capacity,
the second plateau is only changed in its duration. Interestingly, the
magnitude of the initial cell current throughout the first plateau is
also almost not influenced by the cell voltage which is contrary to
previously stated theories.14,30 Furthermore, the duration of the first
plateau is not considerably altered based on the cell’s SoC and conse-
quently varying initial degrees of lithiation within the active material
particles. Only the slope of the first plateau is marginally changing
from the highest to the lowest SoC. Together with the observations
made on the influence of electrode loading and cell temperature, each
plateau seems to hint at different processes based on the interplay
of mass and charge transport as well as reaction kinetics throughout
the short circuit. Whilst the first plateau seems to be majorly affected
by ohmic resistances throughout the electrodes and the separator and
reaction kinetics of the active materials, the second plateau is likely to
be dominated by a limited reaction related to ionic resistances espe-

cially in the liquid electrolyte. The influence of ionic resistances based
on transport limitations within both solid and liquid phase through-
out short circuit scenarios has been studied recently by the Newman
group - however, solely based on simulation data.34 Their work sup-
ports these assumptions with a rate limiting influence based on Li-ion
depletion of the electrolyte and a simultaneously occurring saturation
of the active material particle surface within the cathode during the
second plateau increasing charge transfer based resistances. This will
be further discussed at the end of the section. When further compar-
ing the evolving C-rate and capacity related heat generation rate as
a function of SoC (see Figs. 8g and 8h) to a representation based
on the normalized discharged capacity �SoC (see Figs. 8e and 8f),
the test data shows that cells starting from a lower SoC are even
delivering a higher current and heat generation rate in the further pro-
cess which is possible due to the monotonically decreasing nature of
both quantities. This observation supports a theory of consecutively
dominating mechanisms limiting the reaction and, hence, current dur-
ing each plateau throughout the short circuit duration. This could be
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Figure 8. Cell behavior during a 0 V CV short circuit event applied to the BA loading with a CT design at initial cell voltages of 4.3 V, 4.15 V, 4.0 V, and 3.85 V
as a function of short circuit duration (a to d), as a function of normalized discharged capacity (e and f), and as a function of SoC (g and h) for the C-rate (a, e, and
g), capacity related heat generation rate (b, f, and h), normalized discharged capacity (c), and electrical energy related heat (d) measured with the potentiostat (left:
a, c, e, and g) and the calorimetric setup (right: b, d, f, and h). Markers indicate 0% SoC.

e.g. based on the dimensions and morphology of the electrodes and
active material particles.

At the end of the short circuit, all cells end up at a similar SoC
between −11% and −16%. As the mean cell open circuit voltage
as the driving force of the discharge process should be fairly con-
stant throughout the short circuit duration (i.e. between 4.3 V and
3.0 V from 108% SoC to 0% SoC), the effective cell resistance must

vary by orders of magnitude during the short circuit in order to ex-
plain the occurring C-rates from as high as 300C to as little as 1C
at 0% SoC or C/100 at the end of the short circuit. Hence, it is most
likely not the open circuit potential which is dominating the step-like
characteristics of the short circuit but the effective resistance of the
cell which seems to be mainly related to transport and kinetics re-
lated processes and limitations especially with ongoing short circuit
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Figure 9. Cell behavior during both 0 V CV and 5 m�, 50 m�, and 576 m� external short circuit resistance events applied to the HE loading with a CT design
as a function of short circuit duration (a to d) and as a function of normalized discharged capacity (e and f) for the C-rate (a and e), capacity related heat generation
rate (b and f), normalized discharged capacity (c), and electrical energy related heat (d) measured with the potentiostat (left: a, c, and e) and the calorimetric setup
(right: b, d and, f). Markers indicate 0% SoC. Cell 12 shows a high-resistance behavior (*).

duration. Instead, what is defined by the initial cell voltage is the over-
all heat produced in the process according to the available capacity
(see Figs. 8c and 8d).

Influence of short circuit resistance.—Besides the open circuit
voltage as the driving force and the effective resistance of the cell
as the limiting factor for a current to flow, the external short circuit
resistance defines the hardness of a short circuit. At 25◦C, cells with a
HE loading and a CT design were exposed to short circuit resistances
ranging from 5 m�, 50 m�, to 576 m� (resistance ratio Rsc/R1 kHz of
ca. 0.01, 0.12, and 1.40) and were compared to the most severe short
circuit scenario, represented by the 0 V CV condition (see Table II).
Weighed with the planar electrode area of the investigated cells, these
short circuit resistances represent 0.0087 m� m2, 0.087 m� m2 to
1 m� m2. As an example, a cell with a total electrode area of ap-
proximately 0.5 m2 resulting in a cell capacity of 10 Ah based on the
BA loading,14 would be correspondingly exposed to a short circuit
of approximately 0.02 m�, 0.2 m�, and 2 m�, which would all fall
in the classification of a hard external short defined by international

standards and regulations.8 As shown in Fig. 9, only a minor dif-
ference in the transient cell behavior can be identified between cells
that behaved normally (i.e. cells 10, 13, and 14). As already observed
when comparing cells 5 and 6 of the BA loading, cell 12 which was
exposed to the lowest of the chosen external short circuit resistances
also showed a high-resistance behavior during the test, whereas an
influence of the externally connected precision resistor could be ruled
out. Before and after the test, the 1 kHz impedance of each cell with
and without the externally connected resistance was measured, which
showed no evidence of a variation in the quality of the electrical
connection for the investigated cells (i.e. cells 12 and 13). With the
measured tab temperature not exceeding a heat up of 1◦C, a melting
of the contact area as previously observed14 can be also ruled out.
Even though several orders of magnitude of the external short circuit
resistance were tested in this work, only the largest external resistance
had a noticeably different impact on the cell’s behavior, underlining
the severity of the other chosen short circuit conditions. Before 5 s of
the short circuit have passed, the initial cell current is considerably
reduced which can be seen in Fig. 9a. The maximum cell current at
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Figure 10. Cell voltage during both 0 V CV and 5 m�, 50 m�, and 576 m�

external short circuit resistance events applied the HE loading with a CT
design as a function of short circuit duration in a logarithmic (a) and double-
logarithmic representation (b). Markers indicate 0% SoC. Cell 12 shows a
high-resistance behavior (*).

the very beginning of the short circuit is 9.01 A, 8.37 A, 8.33 A, and
5.90 A respectively for the 0 V, 5 m�, 50 m�, and 576 m� condi-
tion representing 149C, 148C, 137C, and 99C (see Table II). A few
seconds after the short circuit was triggered, almost no difference is
observable in terms of C-rate, capacity related heat generation rate,
discharged capacity and generated heat (see Figs. 9a to 9d). Only an
influence on the magnitude of the first plateau can be observed. The
second plateau remains almost unchanged (see Figs. 9e and 9f).

When comparing the transient cell voltage as a result of the cho-
sen external short circuit conditions (see Fig. 10), a more pronounced
difference between the cells can be observed. After the control of the
potentiostat approached a stable voltage level of 100 μV after approx-
imately 100 ms (see vertical dotted line in Fig. 10), the magnitude in
varying external resistance values is reflected in the transient voltage
response of the cells. Due to the increasing hardness of the short circuit
and associated higher initial C-rate with decreasing external short cir-
cuit resistance, the first evolving voltage and current plateau is slightly
reduced in size (see Fig. 9a and Fig. 10b). Even though the voltage
response and consequently overvoltage varies between the different
scenarios, the overall cell behavior in terms of charge throughput and
generated heat remains almost unchanged, which supports a strongly
dominating effective cell resistance during the short circuit event com-
pared to the external short circuit resistance. These observations sug-
gest that an external short circuit resistance in the range of 0.1 m� m2

and below is almost identical to a worst-case 0 V scenario for the
investigated HE loading. The intensity of the short circuit especially
within the second plateau seems to be independent of the applied
short circuit condition, approaching the fully discharged state at more
or less the same test duration between 1500 s and 2000 s. Again, the
overall heat produced throughout the test is solely dependent on the
cell’s capacity. With external short circuit resistances above 1 m� m2,
a stronger variation in cell behavior has been reported (approximately
2 m� m2, 10 m� m2, 20 m� m2, and 30 m� m2).14

Influence of cell design.—In order to evaluate the influence of
a more inhomogeneous in-plane current density distribution on the
overall cell behavior, cells with slimmer tabs (5 mm vs. 30 mm)
aligned on the same side were exposed to a 0 V CV condition at
25◦C (see Table II and Fig. 1c). With the electrode loading having the
most significant influence on the overall magnitude of the resulting
cell current and heat generation rate, again HP, BA, and HE loadings
were studied. When comparing the cell behavior of the three electrode
loadings between the CT and AT design in terms of absolute current
and heat generation rate as a function of normalized discharged capac-
ity (compare Figs. 11a and 11b to 11c and 11d), a stronger variation
between the individual electrode loadings can be observed for the
AT design (Figs. 11c and 11d). Whilst the HP loading does behave
almost identical for both CT and AT designs, the BA and HE loading
of the AT design show a stronger tendency toward a high-resistance
behavior which means comparably lower currents and heat generation
rates throughout the short circuit. Whilst the CT design shows similar
values in terms of absolute current and heat generation rate throughout
the second plateau for all three electrode loadings (see Figs. 11a and
11b), the AT design shows a variation over a magnitude (see Figs. 11c
and 11d). Another indication toward the high-resistance behavior is
the duration until the cells are fully discharged. For the AT design, the
HP loading is similarly discharged within 160 s (CT: 225 s), whilst the
BA and HE loading are approaching the fully discharged state after
1930 s (CT: 760 s) and over 12100 s (CT: 1610 s) which is 2.5 to
7.5 times slower than the CT design. Whilst the behavior of the AT
and CT design is similar during the first plateau (i.e. before 1 s of the
total short circuit duration), the cell designs vary significantly during
the second plateau and the approach of the third plateau (compare
Fig. 12 to Fig. 5). The observed difference of more than a magnitude
in cell current and heat generation rate between the electrode loadings
becomes even more distinct when looking into the C-rate and capac-
ity related heat generation rate of the AT design (see Figs. 12e and
12f). Based on the approximately 100 times lower C-rate and capacity
related heat generation rate throughout the second plateau, a stronger
time delay between the HE loading compared to the HP loading for
the AT design can be observed in terms of normalized discharged ca-
pacity and energy released compared to the CT design (see Figs. 12c
and 12d as well as Figs. 5c and 5d). With the 1 kHz impedance of the
two cell designs being in a similar range, the observed differences are
most likely based on the increased inhomogeneity in current density
distribution within the electrodes and a resulting larger effective cell
resistance. This will be more closely evaluated in the following.

Effective overvoltage and cell resistance.—When relating the gen-
erated heat to the discharged capacity Qsc/Csc or referring the heat
generation rate to the cell current Q̇sc/Isc, an effective overvoltage can
be calculated throughout the duration of the test. As an example, this is
shown for both cell designs in Figs. 13a to 13d. Ideally, the calculated
overvoltage would follow the open circuit voltage of the cell, which
is not the case here due to the discussed measurement uncertainties
of the calorimetric test setup. With the calorimetric measurement data
showing a 7 s time delay, an adjustment period can be observed until
the calculated polarization approaches stable values between 4 V and
3 V. This falls in the range below 10% (HE) to 20% �SoC (HP)
depending on the electrode loading which correlates to more or less
3�t∞ (i.e. 21 s, see Fig. 5c). The variation in calculated overvoltage is
rather low for time integrated data approaching a fairly constant value
of approximately 3.3 V for all electrode loadings which ranges below
the nominal cell voltage of 3.7 V (dotted line in Figs. 13a to 13d). The
time derivative data shows a slightly higher deviation in the calculated
overvoltage exceeding the initial cell voltage of 4.15 V which is phys-
ically not meaningful (Figs. 13c and 13d). However, both methods
come to similar results throughout most of the short circuit duration
with an increasing deviation beyond the fully discharged state based
on the limited temperature resolution of the calorimetric test setup
and interactions with the environment. The overvoltage again ranges
around 3.3 V throughout the entire test duration. By relating the calcu-
lated overvoltage to the cell current Q̇sc/I 2

sc, an effective cell resistance
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Figure 11. Cell behavior during a 0 V CV short circuit event applied to the HP (dashed lines), BA (dash-dotted lines), and HE loading (solid lines) with a CT
(top: a and b) and AT design (bottom: c and d) as a function of normalized discharged capacity for the cell current and heat generation rate measured with the
potentiostat (left: a and c) and the calorimetric setup (right: b and d). Markers indicate 0% SoC. Cells 6 and 17 show a high-resistance behavior (*).

can be derived which is shown in Figs. 13e and 13f for the CT and
AT design. A considerable increase of the effective cell resistance up
to three orders of magnitude can be observed throughout the short
circuit duration for both designs (from approximately 10 � to 10 k�)
which underlines the strong transient variability of the effective cell
resistance. This observation supports the theory that it is primarily
the effective cell resistance which causes the observed strongly vary-
ing, step-like characteristics of cell current and heat generation rate
throughout the short circuit duration. Within this representation of the
cell behavior, also the difference between cells that behave as expected
(black lines) and cells that show a high-resistance behavior (gray lines)
becomes apparent. All cells that behave unexpectedly, show a resis-
tance increase above 100 � after a �SoC of just 20%. Furthermore
the observed tendency of the AT design showing a higher resistance
compared to the CT design especially for the BA and HE loading is
also becoming apparent in this representation, with cell 18 of the HE
loading bordering the characteristic high-resistance behavior of cells
6, 12 and 17. This means that an increasingly inhomogeneous current
density distribution results in a rather restrained short circuit behavior
which is very similar to a defective, i.e. highly resistive cell.

Results from post mortem analysis.—During opening the cells
after the short circuit tests, visual differences for the electrode load-
ings and cell designs could be observed. Whilst both the HP and BA
loading visually showed no abnormal characteristics for both CT and
AT design, copper colored contours could be observed on the cath-
ode surface for cells with a HE loading. Especially cell 10 exhibited
distinct copper colored imprints along its middle axis (see upper pho-
tograph in Fig. 14a). The exact same contour could be also found
on the anode as a black shadow (see mirrored lower photograph in
Fig. 14d). Moreover, the anode and cathode coatings with a HP and
BA loading were mechanically still well attached to the current col-
lectors. For the HE loading, a poor mechanical integrity of the anode
was observed which easily crumbled off the current collector during

handling, especially for the AT design (cell 17). Furthermore, distinct
holes of approximately 50-200 μm in diameter were visible across the
cathode surface within a fairly homogeneous distance of a few mm
between the holes (see Fig. 15). Investigations by both SEM and EDX
on the HE electrode samples qualitatively confirmed the occurrence of
copper on the cathode surface (see Figs. 14b and 14c) whereas the lo-
cation of the EDX measurement was chosen at the edge of the copper
colored contour (see Fig. 14a). This observation implies local anode
potentials exceeding ∼ 3.1 V vs. Li/Li+ in the course of the carried out
short circuit test.35–38 With an open circuit potential around ∼ 1.5 V
vs. Li/Li+ in the fully delithiated state, the graphite anode was most
likely exposed to an overpotential larger than ∼ 1.6 V below 0% SoC.
At a higher magnification, the structure of the copper traces shows to
be cauliflower-like and is rather randomly spread across the electrode
morphology. Interestingly, traces of copper could be also observed
on the anode surface of the investigated HE cells (see Figs. 14c and
14d). These copper traces could have either been transferred to the
anode from the cathode during the disassembly process or dissolved
copper ions were deposited on the anode surface due to varying anode
potentials throughout the short circuit duration. Whether the copper
traces were then growing from the anode surface toward the cathode
or from the cathode toward the anode remains unclear. The shape and
morphology of the deposited copper particle as shown in the center
of Fig. 14f, might indicate a growth starting from the anode surface.
The detected oxide traces (blue/purple) on the surface of the magni-
fied copper particle most likely resulted from an oxidation process
of copper after the sample was transferred from the glove box to the
SEM.

In order to better understand the occurrence of copper traces on the
cathode surface and the overall cell behavior below 0% SoC, possi-
ble scenarios and underlying processes during such an over-discharge
are evaluated in the following. Based on a differential voltage anal-
ysis of the cells (shown in the second part of this combined work),
the electrode balancing between anode and cathode could be stud-
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Figure 12. Cell behavior during a 0 V CV short circuit event applied to the HP (dashed lines), BA (dash-dotted lines), and HE loading (solid lines) with an
AT design as a function of short circuit time (a to d) and as a function of normalized discharged capacity (e and f) for the C-rate (a and e), capacity related
heat generation rate (b and f), normalized discharged capacity (c), and electrical energy related heat (d) measured with the potentiostat (left: a, c, and e) and the
calorimetric setup (right: b, d, and f). Markers indicate 0% SoC. Cell 17 shows a high-resistance behavior (*).

ied based on measured (C/50) half-cell and full-cell potentials for
each electrode loading prior to the short circuit tests. As more than
the 2.4% (HE) to 3.4% (HP) of the capacity left within the anode at
0% SoC could be retrieved from the cells, a different process than a
transfer of Li-ions from anode to cathode must have been initiated.
With remaining vacancies for Li-ions at 0% cell SoC of 9.4% (HE)
to 23.9% (HP) of the cathode’s capacity between a cell voltage of
4.2 V and 3.0 V, an ongoing intercalation reaction of Li-ions seems
possible. The source for the required Li-ions after the anode is fully
depleted, could only be the electrolyte itself. This implies that an ad-
ditional retrieval of 6.9% (HE) to 20.5% (HP) could be based on a
depletion of Li-ions within the electrolyte, whereas the electrons for
the intercalation reaction at the cathode surface would be supplied by
an anodic dissoloution process of Cu at the negative electrode. Based
on the rough pore volume within the electrodes and the separator
filled with a 1 M LiPF6 based electrolyte, approximately 10% to 15%
of the cell’s capacity could be retrieved from the electrolyte if the
Li-ion concentration was completely depleted. This replacement of
solvated Li-ions with Cu-ions would explain the ongoing discharge

process beyond an SoC of −2.4% (HE) to −3.4% (HP). As soon as
the cathode reaches its fully lithiated stage or the electrolyte is com-
pletely depleted, the only reaction occurring would then be a shuttle
reaction of Cu-ions between the anode and cathode. This would fall
in the range of the third evolving plateau which was observed espe-
cially for the BA and HE loading at currents below 1 mA or 0.1C
(see Fig. 4a and Figs. 5a and 5e).

With a molar mass of 63.5 g mol−1 of copper and an estimated
mass of roughly 280 mg of the copper foil within each cell based
on the dimensions of the foil and the density of copper, an additional
capacity of approximately 235 mAh could be retrieved from the cells if
the whole copper current collector was dissolved into Cu2+-ions and
transferred to the cathode. With a capacity between approximately
1.9 mAh (HP) and 5.7 mAh (HE) that were additionally retrieved
beyond the depletion of the anode, between 2.3 mg (HP) and 6.8 mg
(HE) of copper were dissolved in the process. This implies that almost
3 times more copper must have been involved in the final stage of the
short circuit for the HE loading compared to the HP loading. This
would explain the observation made that the highest quantity, i.e. the
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Figure 13. Calculated effective overpotential (a to d) and effective cell resistance (e and f) during a 0 V short circuit event applied to the HP (dashed lines), BA
(dash-dotted lines), and HE loading (solid lines) with a CT (left: a, c and e) and AT design (right: b, d and f) based on the generated heat related to the discharged
capacity (a and b) and based on the heat generation rate related to the cell current (c to f). Markers indicate 0% SoC. Cells 6, 12 and 17 show a high-resistance
behavior (*).

clearest signal in the EDX measurement, could be observed for the
HE loading whilst merely a Cu background noise could be detected
for the HP loading.

An explanation for the higher tendency toward a high-resistance
behavior of the BA and HE loadings especially for the AT design
could be given based on the observed overall increased mechanical
degradation of the anode composite electrode and an ongoing cracking
of the cathode active material particles even resulting in particles that
are split in half (see magnification in Fig. 15c). If the particle cracking
on the cathode side is also responsible for the observed holes within
the composite electrode is not clear (see Figs. 15a and 15b). Pristine
electrodes and both HP and BA loadings gained from cell opening did
not show such characteristics.

Discussion of underlying mechanisms and cell design
implications.—Based on the experimental results presented in this
work, correlations between the design of the investigated electrodes
and cells toward a cell’s short circuit behavior can be drawn which

may allow for optimizing a cell’s tolerance toward abusive short circuit
scenarios.

In general, the cell’s electrical energy content defines the amount
of heat that will be generated throughout a short circuit as long as
no additional exothermal side reactions are triggered. This implies
that independent of a cell’s characteristics toward e.g. delivering a
comparably high energy density at predominantly low currents (i.e.
high energy) or toward being able to sustain a comparably high power
density at predominantly high currents (i.e. high power), only the
cell’s capacity and its voltage level are relevant for determining the
amount of heat that will be produced throughout the short circuit. For
a given combination of active materials, the cell’s capacity is based on
the electrode’s active material loading and the size of the electrodes
whereas the cell’s voltage is defined by the equilibrium potential of
both electrodes vs. Li/Li+ which is only marginally affected by the
electrode balancing in a given operating voltage range. However, what
is altered by a cell’s characteristics is the dynamics of the short cir-
cuit implying at what rate the cell is discharged and consequently
how quickly the stored electrical energy is converted into thermal
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Figure 14. Photographs, SEM images and EDX measurements of both cathode (top: a to c) and anode samples (bottom: d to f) gained from opening cell 10 with
a HE loading and a CT design at a magnification of 150 (b and e) and 1000 (c and f).

energy. This can be confirmed when looking into Figs. 4c and 4d and
Figs. 5c and 5d. At a constant electrode size, the cell’s capacity is
only defined by the electrode loading which is over 4 times larger
for the highest electrode loading (HE) compared to the lowest (HP)
and therefore also generates over 4 times more heat (see Figs. 4c and
4d). With lower electrode loadings generally showing superior rate
capability and, hence, power characteristics due to lower cell-internal
resistances, the stored capacity and consequently thermal energy is
withdrawn around 5-10 times faster for the lowest electrode loading
compared to the highest (see Figs. 5c and 5d). In the following, possi-
ble mechanisms resulting in the observed short circuit characteristics
are evaluated in order to derive implications toward both electrode and
cell design.

Three stages of an external short circuit applied to Li-ion cells
could be identified which can be characterized by distinct plateaus
forming in current and heat generation rate throughout the discharge
procedure both as a function of time and discharged capacity. The first
plateau consuming around 5–10% �SoC within less than a second at
currents ranging around 10 A for all electrode loadings and cell designs
seems to be majorly affected by ohmic resistances (see R1 kHz before
the test and Isc, max during the test in Table II and Figs. 11a to 11d).
With the electrodes studied in this work having the same electrode
composition (see Table I) showing similar porosities (ca. 45–55%)
and all cells comprising the same EC:DMC based electrolyte, the
ohmic resistance within both solid and liquid phase scales with the
coating thickness which is unaffected by the tab configuration. The
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Figure 15. SEM images of a cathode sample gained from opening cell 17 with a HE loading and an AT design showing a representative hole-like structural defect
at a magnification of 150 (a), 500 (b), and 1000 (c).

transport length for an electron or an ion to travel is consequently
about 3.2 to 4.4 times longer within each electrode for the highest
electrode loading compared to the lowest (see Table I) which might
explain the considerable difference in initial C-rate between the two
(HP: ca. 700C, HE: ca. 150C). With the same active materials used for
all cells, the reaction surface area scales with the active material load-
ing of the electrodes. This implies that the lowest electrode loading
has a more than 4 times lower active material surface area available
for charge transfer reactions occurring within both anode and cathode
(see C4.2 V in Table II). This circumstance could explain the deviation
of the measured initial cell current from the theoretical value based
on the open circuit voltage (i.e. 4.15 V) and high frequency resistance
of the cells (HP: ca. 310 m�, HE: ca. 415 m�). Whilst the highest
electrode loading delivers approximately 90% of the theoretical max-
imum short circuit current (Ecell/R1 kHz), the lowest electrode loading
reaches only 74% (see Isc, max in Table II). An increased charge trans-
fer overpotential based on the higher pore-wall flux with decreasing
electrode loading might explain this observation.

For the current and heat rate to drop after the first plateau toward
the second plateau by over a magnitude (see Figs. 11a to 11d) at a
marginally reduced open circuit voltage (Ecell > 4 V), an additional
limitation must be triggered which is differing from a strictly ohmic
nature. This process stabilizes for 90–100% �SoC over a few hun-
dred seconds (HP) to several thousand seconds (HE). By means of
simulation studies, the Newman group has recently shown that be-
yond 1 s of short circuit duration, a depletion of Li-ions within the
electrolyte and a saturation of Li-ions at the surface of the active ma-
terial particles is likely to occur within the positive electrode.34 Such
a combined scenario would considerably limit the reaction within the
positive electrode and would consequently lead to a significantly re-
duced short circuit current as observed within this study. Furthermore,
the impact of electron and ion transport toward the reaction site based
on the electrode thickness would again explain the rather constant
offset in C-rate and heat generation rate as a function of �SoC be-
tween the electrode loadings until the cells are fully discharged (see
Figs. 5e and 5f). The observed more pronounced decrease in current
and heat generation rate with increasing electrode loading for the AT
design compared to the CT design is likely to be based on the current
density distribution and corresponding stress and strain distribution
along the electrodes.39 Due to a more localized polarization around
the 6 times thinner tabs which are furthermore placed right next to
each other and not on opposite sides will most likely lead to compa-
rably large currents in the tab vicinity which may result in an overuse
of the active material in that area resulting in mechanical degradation
of the electrodes (see Fig. 15) and consequently larger ohmic resis-
tances in the further process. This can be confirmed when comparing
the effective cell resistance of the CT design to the AT design in
Figs. 13e and 13f. Interestingly, the effective cell resistance within the
second plateau starts to noticeably increase beyond 50% �SoC for all
electrode loadings of the CT design indicating a changing nature of
the aforementioned reaction limitation (see Fig. 13e) which might be

based e.g. on a dominating solid phase diffusion within the electrodes
with decreasing cell SoC instead of an ongoing depletion of the liquid
electrolyte. Whilst this is still more or less observable for the HP and
BA loading of the AT design, the effective cell resistance of the HE
loading is dominated by the increased ohmic contribution.

The third and last plateau forming beyond the fully discharged
state (see upper plateau in discharged capacity and generated heat in
Figs 4c and 4d) is rather independent of the cell characteristics and
plays only a minor role in the short circuit with 5–15% �SoC con-
sumed within thousands of seconds at comparably low currents, an
open circuit voltage of the cell below 3 V and consequently low heat
generation rates. With a fully depleted graphite anode, the ongoing
discharge procedure is most likely based on the observed anodic cop-
per dissolution reaction at the negative electrode until the NMC-111
cathode is fully lithiated and/or the electrolyte salt concentration is
completely depleted throughout the electrodes.

So, a cell that would be categorized as high power with thin and/or
highly porous electrodes and small active material particles result-
ing in a high specific surface area as well as wide tabs on opposing
sides will also result in an accelerated short circuit behavior com-
pared to a cell that is categorized as high energy with thick and/or
dense electrodes and large active material particles resulting in a low
specific surface area as well as slim tabs on the same side. In order to
design a cell which is limiting the external short circuit current and
heat generation rate due to its inherent electrode characteristics and
tab configuration, a high energy cell with comparably long transport
lengths for both electrons and ions combined with a large pore-wall
flux at the active material particle surface as well as an inhomogeneous
current density distribution along the electrodes might be desirable.
Whilst the electrode morphology may also limit the current during an
internal short circuit, the tab configuration should only have a minor
influence unless a stacked electrode configuration is employed. This
implies that by means of the cell design, the duration until a certain
amount of heat has been generated during a short circuit can be modi-
fied in order to increase the time until a critical temperature threshold
is exceeded and/or to reduce the cooling requirements of the thermal
management to avoid the occurrence of such critical temperature lev-
els. By further designing a cell with a high energy specific surface area
of the cell housing (e.g. small cells) to guarantee limited temperature
gradients and a good thermal interaction with the cell’s environment,
the short circuit current can be further restrained by keeping the cell’s
temperature as low as possible throughout the process.

However, the short circuit behavior of a cell is clearly not the only
design criterion to meet throughout the cell design process resulting in
a trade-off between the performance of a cell during normal operation
and its tendency toward a self-restrained or unrestrained short circuit
characteristics. Furthermore, all implications derived in this work are
based on the observation of a complete reaction within both electrodes
which is not interrupted e.g. by an evaporation of the electrolyte or
by a shut-down mechanism of the separator triggered at elevated
temperatures. Based on the geometric size of commercial cells and



A3446 Journal of The Electrochemical Society, 165 (14) A3427-A3448 (2018)

limitations of thermal management systems fostering hot-spots within
a cell, a premature termination of a short circuit current is likely to
occur during external as well as internal short circuit scenarios. Such
an event could then either prevent a further heat-up of the cell which
would be considered as uncritical or result in further exothermal side
reactions dominating the cell behavior which may ultimately result in
a hazardous cell failure.

Conclusions

Within this work, 18 single-layered pouch-type graphite/NMC-
111 Li-ion cells with varying area specific capacities (HP, BA, and
HE) and tab configurations (CT and AT) were short circuited under
quasi-isothermal test conditions. Besides the influence of electrode
loading and cell design, the impact of cell temperature, initial cell
voltage or cell SoC and external short circuit resistance were studied.

A potentiostat was used to apply the short circuit conditions at a
constant voltage of 0 V or at varying short circuit resistances. For the
purpose of providing a defined quasi-isothermal boundary condition,
a calibrated calorimetric test setup was used which allows for an
investigation of the heat generation rate whilst the cell temperature is
kept almost constant. This test enables a quantitative investigation of
the external short circuit behavior alone unaffected by superimposed
thermal events such as thermal runaway.

In agreement with previous work, a strong step-like characteris-
tics of the cell current as a function of time and discharged capacity
could be observed during external short circuits which was directly
reflected by the measured heat generation rate with a time delay re-
lated to the measurement setup. Three distinct plateaus in current
and heat rate could be observed changing in duration and magnitude
based on varying cell characteristics and test conditions. With higher
electrode loadings and therefore cell capacities, the electrical and ther-
mal energy released throughout the short circuit is increased which
is resembled by a prolonged duration of each plateau in cell current
and heat generation rate. The magnitude of each plateau, however is
unaffected by the electrode loading for most of the investigated cells
(CT). Based on the reduced 1 kHz impedance of the lower electrode
loadings, the initial cell short circuit current is even slightly larger
for cells with a lower capacity. Relating the measured electrical and
thermal signals to the cell’s capacity, the smallest electrode loading
showed a significantly accelerated short circuit behavior compared to
the highest electrode loading, showing larger C-rates resulting in both
a faster relative discharge and heat generation rate by a factor up of to
10. Increasing the cell temperature from 25◦C to 55◦C had a similar
effect on the short circuit dynamics as reducing the electrode loading.
With increasing temperature, the short circuit is accelerated implying
higher cell currents and heat generation rates especially within the first
two plateaus. In this work, a temperature increase beyond 45◦C did
not considerably alter the cell behavior implying a limitation of the
temperature influence. With varying initial cell voltages from 4.3 V to
3.85 V and therefore SoC from 108% to 67%, almost no influence on
the dynamics of the short circuit could be observed especially within
the first plateau. Similar to the electrode loading, the overall capacity
defines the amount of generated heat which can be correlated to the
duration of the second plateau. It could be observed that both transient
current and heat generation rate are strongly depending on the amount
of charge withdrawn from the cell almost unaffected by the SoC until a
cell approaches the fully discharged state. This implies that for a lower
initial SoC, larger currents and heat generation rates can be measured
as a function of SoC compared to a cell shorted at a higher initial SoC.
The magnitude of the external short circuit resistances ranging from
about 0.01 m� m2 to 1 m� m2, influenced the cell behavior during
the first plateau, i.e. within the first few seconds. Beyond that, almost
no difference could be observed between the cells. Short circuit resis-
tances below 0.1 m� m2 resemble a worst-case 0 V CV scenario. With
slim tabs aligned on the same side of the electrodes (AT) compared
to wide tabs on opposing sides (CT), the inhomogeneity of in-plane
current density distribution is increased. As a result, the C-rate and
capacity related heat generation rate are reduced by a factor up to

100 for the highest compared to the lowest electrode loading. This
spread is about 10 times larger than observed for a homogeneous cur-
rent density distribution. When comparing the calculated overvoltage
and effective cell resistance for the two cell designs, a fairly con-
stant overvoltage around 3.3 V can be observed, whereas the effective
cell resistance rises from approximately 10 � to 10 k� with ongoing
short circuit duration. Cells that behaved abnormally showing com-
parably lower cell currents and heat generation rates also revealed a
more than 10 times larger effective cell resistance. With increasing
inhomogeneity of the current density distribution, a higher tendency
toward such a high-resistance behavior can be observed especially for
higher electrode loadings. As part of a qualitative post mortem anal-
ysis, selected cells were opened and studied visually and by means
of SEM and EDX. With an ongoing discharge of the cells beyond
up to −20% SoC, a continued intercalation of the cathode active
material particles and simultaneously occurring anodic copper dis-
solution is likely. Traces of copper could be qualitatively confirmed
via EDX on both the cathode’s and anode’s surface especially for the
highest electrode loading. The observed increased tendency for the
occurrence of copper on the electrode surface with increasing elec-
trode loading may be correlated to the amount of charge transferred
between the two electrodes beyond the fully discharged state. The
increased tendency toward a high-resistance behavior for higher elec-
trode loadings might be based on the reduced mechanical integrity of
the anode and the observed severe mechanical degradation of the cath-
ode which seems to be triggered by an inhomogeneous current density
distribution.

Due to the more self-restrained short circuit behavior, cells with a
high energy characteristics comprising thick and/or dense electrodes,
large active material particles and thin tabs placed next to each other
are favorable compared to high power cells with thin and/or highly
porous electrodes, small active material particles and wide tabs on op-
posite sides. Possible underlying mechanisms were discussed pointing
out the significance of ohmic losses and charge transfer overpotentials
within the first plateau, limited ion diffusion involving a depletion of
Li-ions in the liquid electroylte accompanied by a saturation of Li-
ions at the surface of the active material particles within the positive
electrode during the second plateau and an ongoing intercalation re-
action of the positive electrode based on an anodic copper dissolution
reaction throughout the third plateau.

Further experimental work will focus on the comparison of external
with internal short circuit conditions within the same calorimetric
setup in order to evaluate the impact of the locality of a short circuit
on its severity.

In the second forthcoming part of this combined work, the underly-
ing mechanisms for the observed dynamics of the external short circuit
behavior will be studied by means of a validated physical-chemical
model.
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Appendix

As the temperature within the center of the copper bars was measured instead of the
mean copper bar temperature, an evaluation of this error is necessary. Based on the mea-
surement setup including a thermal insulation of all components, the setup is exchanging
only a small amount of heat with the environment. This allows for the assumption of no-
flux or symmetry boundary conditions at the interface between each copper bar and the
surrounding insulating material resulting in a one-dimensional heat conduction problem.
Introducing the spatial coordinate xi (m) along the normal direction of the cell’s surface
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Figure A1. Measurement error accompanied with the placement of the tem-
perature sensors as a function of time (a) and as a function of measured heat rate
(b). The dashed line indicates the resolution of the measurement equipment
around ±0.001◦C.

(see Fig. 1a), the partial differential equation of this problem can be written as follows

∂Ti

∂t
= a

∂2Ti

∂x2
i

(i = 1, 2) [A1]

with Ti representing the spatio-temporal temperature within each copper bar and a
(m2 s−1) representing the thermal diffusivity of the material

a = kCu

ρCu · cp, Cu
[A2]

In Eq. A2, kCu (W m−1 K−1) represents the thermal conductivity (CW004A:
394 W m−1 K−1 at 20◦C) and ρCu (kg m−3) the density of copper (CW004A: 8930 kg m−3

at 20◦C). In order to solve Eq. A1 analytically, the dimensionless coordinate ξi is intro-
duced by normalizing xi with the thickness X of the copper bars (i.e. 45 mm, see Fig. 1a)

ξi = xi

X
(i = 1, 2) [A3]

Furthermore, the dimensionless spatio-temporal temperature �∗
i is introduced

�∗
i = Ti − T0, i

Tref, i
∀ξi ∈ [0; 1] (i = 1, 2) [A4]

whereas T0, i is the initial, homogeneous temperature of each copper bar. Based on the
chosen calibration procedure, a constant heat flux q̇i (W m−2) from the cell to each copper
bar can be assumed. In this specific case, the constant reference temperature Tref, i can be
defined as

Tref, i = q̇i · X

kCu
(i = 1, 2) [A5]

Together with the Fourier number

Fo = a · t

X2
[A6]

the partial differential equation in Eq. A1 can be rewritten in its dimensionless form

∂�∗
i (Fo, ξi )

∂Fo
= ∂2�∗

i (Fo, ξi )

∂ξ2
i

(i = 1, 2) [A7]

Based on the particular and homogeneous solution of this dimensionless partial differential
equation, the general solution for the problem can be derived29

�∗
i (Fo, ξi ) =

(
ξ2

i

2
+ Fo

)
−

(
1

6
+

∞∑
k=1

2 cos δk

δ2
k

cos (δkξi ) exp
(−δ2

k Fo
))

(i = 1, 2)

[A8]
with δk representing the eigenvalues of the Fourier series

δk = kπ [A9]

approximated with k ranging from 1 and 100. Knowing the transient temperature Ti and
the initial temperature T0, i at the center of each copper bar (i.e. ξi = 0.5), Tref, i and
consequently qi can be estimated. Based on this estimation, the difference between the
mean temperature and the measured temperature can be evaluated via a spatial integration
of the above equation within 0 and 1, resulting in

�
∗
i (Fo) = Fo −

∞∑
k=1

2 cos δk sin δk

δ3
k

exp
(−δ2

k Fo
)

(i = 1, 2) [A10]

which allows to calculate T i following Eq. A4 and consequently the measurement error
in predicting the mean adiabatic temperature following Eq. 7

T ad − Tad = T ad, 1 − Tad, 1

2
+ T ad, 2 − Tad, 2

2
[A11]

The calculated error is shown in Fig. A1 as a function of time for the applied heat rates
(a) and as a of function heat rate for the time-averaged error (b). With measured total heat
rates below 5 W after 10 s even for the HE loading (see Fig. 3h), and an average heat rate
around 0.1 W and below throughout the duration of the short circuit, the measurement
error falls below the accuracy of the measurement equipment (dashed line in Figs. A1a
and A1b) and can be therefore neglected.
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