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Measurement data gained from quasi-isothermal external short circuit tests on single-layered pouch-type Li-ion cells presented in
the first part of this combined work was used to validate a well-known homogenized physical-chemical model for different electrode
loadings, cell temperatures, initial cell voltages, and external short circuit resistances. Accounting for diffusion-limited reaction
kinetics, effective solid phase diffusion coefficients, and one representative active material particle size within each electrode, the
model is capable of describing the experimentally observed characteristic change in magnitudes of current and heat generation
rate throughout the short circuit. Underlying mechanisms for the observed characteristics are studied by evaluating the predicted
concentration distribution across the electrodes and separator and by calculating the cell polarization due to ohmic losses, diffusion
processes, and reaction kinetics. The importance of mass transport in the solid and liquid phase limiting reaction kinetics is discussed
and evaluated in the context of a sensitivity analysis. Concentration dependent transport properties, electrode tortuosity, particle
size, and electrode energy density are affecting different stages of a short circuit. Simulation results suggest a strong impact of
electrode design on the short circuit dynamics allowing for an optimization regarding a cell’s energy and power characteristics whilst
guaranteeing a high short circuit tolerance.
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To date, lithium-ion batteries are the energy storage technology of
choice for applications requiring a high gravimetric and volumetric
energy density. Whilst the battery’s energy density defines the run-
time of a mobile device or the driving range of an electric vehicle
at a given battery weight or volume, the battery’s rate capability sets
the limits for high performance scenarios such as acceleration, re-
cuperation, and fast charging. Even though the work presented here
focuses on Li-ion batteries, this circumstance is not restricted to this
chemistry alone but holds true for all battery types. Increasing a bat-
tery’s energy density can be achieved by applying advanced active
materials1 and by maximizing the active material content compared
to the battery’s electrochemically inactive components such as current
collectors, separator, binder, and conductive agents.2,3 An increase in
the share of active materials can be achieved e.g. by designing dense4

and/or thick electrodes5 which, however, generally comes with a trade-
off regarding a battery’s rate capability.6 This implies that batteries
that are designed for applications requiring a high energy density
can often supply this energy level only at comparably low currents.
For mobile and automotive applications demanding ever increasing
energy densities, this mostly does not pose a major problem during
discharge as the battery is generally exposed to rather low currents
on average.7 However, with an increasing demand for fast charging,
especially Li-ion batteries with a high energy density often do not
allow for high continuous charge currents due to large local overpo-
tentials occurring during operation resulting in anode potentials below
0 V vs. Li/Li+ and consequently lithium-plating. In contrast, batteries
that can deliver a sufficiently high power capability also at elevated
currents, mostly suffer a reduced energy density. To overcome this
trade-off with a given combination of active materials, electrochemi-
cally engineered electrodes are recently gaining more attention in the
community. By adapting the morphology of the active material par-
ticles and electrodes as a whole, the rate capability can be improved
due to reduced overpotentials based on ion movement within the cell’s
solid and liquid components.1,8

With increasing the total electrical energy content stored at a con-
stant weight or volume of a battery, also the thermal energy content is
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increased which poses a certain risk in case of a battery failure. By em-
ploying active materials allowing for an increase in energy density of
Li-ion batteries such as nickel-rich layered oxides, the thermal stabil-
ity of the battery’s active components is substantially reduced.9–11 By
adapting the morphology of the active materials and electrodes to also
guarantee a high rate capability of the battery, this safety risk is even
further increased. With an electrode morphology allowing for a high
rate capability of a battery during normal operation, also the current
and heat generation rate occurring during a short circuit are increased
leading to an accelerated heat up with potential safety risks.12 Fur-
thermore, by employing active materials with a small active material
particle size enhancing rate capability due to reduced solid phase dif-
fusion based and reaction related overpotentials, the thermal stability
is considerably compromised resulting from the decreased diffusion
path and increased reaction surface area.13,14

A substantial number of experimental results,5,6,15–18 simulation
data,19–22 and a combination of both8,23–31 has been reported in lit-
erature to understand rate limiting effects within and beyond the
designated operating window of Li-ion batteries at predominantly
constant currents. However, only little data has been presented so
far to adequately evaluate the underlying mechanisms of a battery’s
electrical and electrochemical response during abusive short circuit
conditions.12,32–35 With Li-ion battery short circuits being often syn-
onymously used to refer to a worst-case internal short circuit within
a cell, the focus of published work dealing with test development and
experiments36–39 as well as modeling and simulation40–43 or both44–53

has been predominantly focused on this event. Besides the recently
increasing attention toward mechanical abuse conditions,54 safety re-
lated modeling and simulation is mainly related the thermal response
of a battery describing runaway related processes resulting from inter-
nal or external heat sources.55–58 Even though short circuits are often
considered as such a trigger heat source, the underlying mechanisms
resulting in a certain current, electrode polarization, and consequently
heat generation rate are mostly not further investigated.

Previous experimental results suggest a transient change of rate
limiting mechanisms occurring during short circuit events.12,32 With
a cell delivering the maximum current possible at every moment
of the discharge, hard external short circuits can be considered as
the ultimate rate capability test of a cell. Therefore, previous work
studying rate capability of materials,27 electrodes,5,6,15–18,27,31 and
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cells19–26,28–30 identifying reaction kinetics,16,30 electron transport,6

Li-ion transport in the solid25,27,31 or liquid phase5,15–18,20,23,24,29–31 or a
combination16,19,21,22,26,28,31 as the dominating rate limiting mechanism
depending on the size of the active material particles,17,19,27 electrode
thickness5,15,16,19–21,23,24,26,29–31 or electrode morphology,6,18,20,22,31 are
considered as the basis for the work presented here. Previous re-
sults suggest that a battery which exhibits a balanced contribution of
resistances based on mass and charge transport as well as reaction
kinetics shows a maximized rate capability for a set of materials and
morphologies.19,23 However, this might also imply that a battery which
is optimized in terms of its rate capability also poses an increased risk
when exposed to a short circuit.

Within this work, previously published experimental data of quasi-
isothermal external short circuit tests applied to single-layered pouch-
type Li-ion cells12 is used to validate a well-known, widely accepted
and applied physical-chemical modeling approach59,60 at very high
currents. The impact of varying electrode morphologies is studied
for Li-ion cells comprising graphite anodes and LiNi1/3Co1/3Mn1/3O2

cathodes (NCM-111, in the following written as NMC-111) with nom-
inal electrode loadings of 1 mAh cm−2 (i.e. high power loading, HP),
2 mAh cm−2 (i.e. balanced loading, BA), and 3.5 mAh cm−2 (i.e. high
energy loading, HE). By further varying the cell’s temperature, its
initial voltage or initial state of charge (SoC), as well as the external
short circuit resistance, the model is evaluated for its capability of sim-
ulating differing boundary and starting conditions. With the aid of the
validated model, experimentally observed stages in current and heat
generation rate during external short circuits are correlated to reaction
kinetics as well as to mass and charge transport based processes and
limitations within the electrodes. Based on the contribution of each
mechanism to the observed overpotential,26 a sensitivity analysis is
carried out, on the one hand, to study the influence of the material’s
inherent transport properties on the transient short circuit behavior
and, on the other hand, to evaluate the impact of electrode morphol-
ogy which defines not only the effective transport length for electrons
and ions but which also sets the limits for the cell’s energy density.

Modeling

Within this section, the chosen modeling approach to describe
the electrochemical response of Li-ion cells exposed to external short
circuits is presented. In the first part, means of increasing the numerical
stability when solving the model are evaluated and discussed, based
on previously published findings. In the second part of the section,
the model parameters used for describing the investigated cells are
presented.

Diffusion limited currents.—Based on Newman’s physical-
chemical model,59,60 cell-internal processes occurring in Li-ion batter-
ies during both operation and resting periods can be reliably described,
which has been demonstrated in the past for a manifold of electrode
materials and load profiles. Recently, the applicability of the model-
ing approach to also describe large current densities occurring during
abusive short circuit events has been discussed33,34 but not validated.
Provided that no further phenomena such as a possible deviation
from electro-neutrality (at high currents or low salt concentrations61),
solvent convection (at high salt concentrations and concentration
gradients62), salt precipitation (at high salt concentrations28) or ther-
mal decomposition reactions (at high temperatures55,63,64) are domi-
nating the cell behavior and as long as the model equations can be
solved without facing numerical issues, in theory the model should be
also valid for describing a cell’s response during hard external short
circuit tests. Based on the theories of porous electrodes and concen-
trated solutions,60 the applied pseudo two-dimensional (p2D) model
accounts for a material balance and Ohm’s law within both solid and
liquid components as well as a charge balance based on Butler-Volmer
reaction kinetics which can be summarized in five partial differential
equations.

In order to guarantee a numerically stable operation of the model
even at very high currents whilst following a physical concept, the

Newman group recently adapted the original model by including an
additional term in the Butler-Volmer equation resembling a diffusion
limited depletion of Li-ions within the radial direction of the pores.33,34

With this modification, the original Dualfoil model is reported to
successfully run at virtually all currents as a complete depletion of
Li-ions within the electrolyte can be efficiently suppressed.

The tendency of the original Newman model to develop such nu-
merical issues is based on the nature of the applied Butler-Volmer
equation, combined with the calculated exchange current density
i0 (A m−2) as suggested by the Newman group59,65 to derive the pore
wall flux jn (mol m−2 s−1)

jn = i0

F

[
exp

(
αa F

RT
η

)
− exp

(
αc F

RT
η

)]
[1]

whereas αa and αc represent the anodic and cathodic charge-transfer
coefficients of the reaction (with αa + αc = 1) following the reaction
overpotential η (V). F describes Faraday’s constant (96485 C mol−1),
R the universal gas constant (8.314 J mol−1K−1) and T the absolute
temperature in Kelvin. To be able to include experimentally measured
half-cell equilibrium potentials Eeq (V) in the Butler-Volmer equation,
η is generally written in the form59,65

η = �s − �l − Eeq [2]

based on the potentials �s and �l (V) in the solid and liquid phase of
the electrodes. The exchange current density is commonly calculated
as59,65

i0 = Fkαa
c kαc

a

(
cl

cl, ref

)αa (
cs, max − cs, surf

)αa
(
cs, surf

)αc [3]

whereas ka and kc represent the anodic and cathodic reaction rate con-
stants (m s−1), cl describes the salt concentration in the liquid elec-
trolyte (mol m−3) with a reference concentration cl, ref of 1 mol m−3,
and cs, max and cs, surf represent the maximum Li-ion concentration and
surface concentration of the solid active material particles.

As previously stated by Latz and Zausch,66 the commonly applied
combination of Eqs. 1, 2, and 3 in Li-ion battery modeling struggles
to describe a cell’s behavior as soon as the liquid or solid phase is
completely depleted at the reaction site (i.e. cl = 0 or cs, surf = 0), or
the surface concentration of the active material particles approaches
the maximum solid phase concentration (i.e. cs, max − cs, surf = 0). At
these extremes, the exchange current density approaches 0 whilst the
measured half-cell potential approaches a finite value. This singular
behavior leads to numerical issues when calculating the pore-wall flux.
As a result, the discharge process of a cell with a fully lithiated anode
could simply not be described. Furthermore, a deep discharge of a cell
during abusive short circuits would also result in numerical issues. To
overcome this problem, Latz and Zausch suggested a reformulation of
the Butler-Volmer equation based on nonequilibrium thermodynamics
resulting in pre-exponential factors for both the anodic and cathodic
reaction differing from the original equation.66

The approach suggested by the Newman group33,34 aims at mod-
ifying only the cathodic reaction by including an additional pre-
exponential factor in the original Butler-Volmer equation based on
the concept of a limiting current density ilim. For the investigated
short circuit conditions, the cathodic reaction in the positive electrode
was modified in order to avoid cl approaching a complete depletion
or becoming even negative.

in = jn F = i0

[
exp

(
αa F
RT η

) − exp
(

αc F
RT η

)]
1 − i0

ilim
exp

(
αc F
RT η

) [4]

The limiting current density ilim in Eq. 4 is assumed to represent a
diffusion limitation in the liquid electrolyte, which is fundamentally
related to the thickness of the Nernst diffusion layer δl (m) at the
interface between the liquid electrolyte and the surface of the solid
active material particles.67 Assuming a linear concentration profile
within the Nernst diffusion layer separating the bulk electrolyte (cl)
from the reaction site (cl, surf ), the absolute value of the limiting current
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Figure 1. Influence of diffusion limited currents based on the Nernst diffusion layer thickness δi and limiting concentration ci, lim in the liquid (i = l; left: a
and c) and solid phase (i = s; right: b and d) on the reaction overpotential of the positive electrode at varying levels of limitation δi and ci, lim and constant
concentrations (top: a and b) as well as at varying concentrations and constant levels of limitation δi and ci, lim (bottom: c and d) for T = 25◦C, αa = αc = 0.5,
ka = kc = k = 2 × 10−11 m s−1, cs, max = 50000 mol m−3, Dl = 0.3 × 10−9 m2 s−1, Ds = 0.3 × 10−14 m2 s−1, cs, surf = 49000 mol m−3 (a and c), and
cl = 1000 mol m−3 (b and d).

density can be estimated via Fick’s law67

|ilim| = F Dl
cl − cl, surf

δl
= F Dl

�cl

δl
[5]

whereas Dl represents the salt diffusion coefficient of solvated Li-ions
in the liquid electrolyte (m2 s−1) and cl, surf approaches 0 in this case,
so that �cl = cl. With cathodic currents being negative by definition,
ilim also needs to be negative resulting in

in = i0

[
exp

(
αa F
RT η

) − exp
(

αc F
RT η

)]
1 + i0δl

F Dl�cl
exp

(
αc F
RT η

) [6]

For the main purpose of guaranteeing a smooth numerical calculation
whilst still following a physical concept, Eq. 6 was suggested to
be simplified by assuming a constant limiting concentration cl, lim as
suggested by the Newman group34

cl, lim = i0δl

F Dl
[7]

in = i0

[
exp

(
αa F
RT η

) − exp
(

αc F
RT η

)]
1 + cl, lim

�cl
exp

(
αc F
RT η

) [8]

with cl, lim ≤ 1 mol m−3 showing the best results for the studied short
circuit conditions.34

In the following, the suggested simplification is evaluated which
has not been discussed so far. Comparing the effect of the simplified
approach shown in Eq. 8 to the original concept of the Nernst diffusion
layer shown in Eq. 6, δl is estimated based on Eq. 7.

Assuming αa = αc = 0.5 and ka = kc = k, whilst including Eq. 3
in Eq.7, δl calculates as

δl =
(

Dlcl, lim

k

√
cl, ref(

cs, max − cs, surf

)
cs, surf

)
1√
cl

[9]

By further considering the liquid phase diffusion coefficient, the re-
action rate constant and the Li-ion concentration at the surface of the
active material particles as constant, δl inversely follows the square
root of salt concentration

√
cl which itself changes with time t . This

implies that with ongoing depletion of the salt concentration within
the positive electrode during high discharge currents, the Nernst dif-
fusion layer thickness increases, which in turn reduces the transfer
current density. For a constant salt concentration at the reaction site
(i.e. cl, surf = 0), the thickness of the Nernst diffusion layer can be
further approximated via67

δl =
√

πDlt [10]

which results in

δl ∼ 1√
cl

∼ √
t [11]

By introducing a constant limiting salt concentration cl, lim as previ-
ously suggested34 and presented in Eq. 7 and Eq. 8 to simplify Eq. 6,
effectively the salt concentration cl is assumed to follow the elapsed
time in an inverse fashion approaching complete depletion with t
approaching ∞. Hence, applying a constant cl, lim limiting reaction
kinetics is equivalent to using a Nernst diffusion layer thickness δl

which is estimated to increase in size with time as stated in Eq. 10.
Confirming the plausibility of the previously suggested modification
(Eq. 6) and simplification (Eq. 8) of the Butler-Volmer equation, the
suggested concept is further used within this work. The effect of both
Nernst diffusion layer thickness as well as a limiting concentration
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in the liquid electrolyte is visualized in Fig. 1 on the left (a and c).
At a given Li-ion concentration in the liquid electrolyte and at the
surface of the solid active material particles, the cathodic branch of
the transfer current density is reduced to decreasing limiting current
densities ilim with increasing δl in Eq. 6 and cl, lim in Eq. 8 (compare
dotted and dashed lines to solid line in Fig. 1a). To guarantee the
same levels of ilim, a constant ratio between δl and cl, lim is observed.
With a reduction in cl and consequently �cl whilst keeping the ratio
between δl and cl, lim constant, a lower limitation can be observed for
Eq. 6 compared to Eq. 8 (see Fig. 1c). The relationship between δl

and cl, lim is summarized in Eq. 9 showing the same levels of cur-
rent limitation for varying �cl. For a constant cl, lim of 10−3 mol m−3

(1 μM) and a surface concentration of 49000 mol m−3 as shown in
Figs. 1a and 1c, δl grows from approximately 68 nm to 2.1 μm and
68 μm with �cl decreasing from 1000 mol m−3 (1 M) to 1 mol m−3

(1 mM) and 10−3 mol m−3 (1 μM), resembling a duration of ca. 5 μs to
5 ms and 5 s according to Eq. 10. At very low salt concentrations, the
calculated Nernst diffusion layer is consequently likely to exceed the
pore size representing rather a diffusion limitation across the electrode
thickness instead of a diffusion limitation within the pores alone.

Extensive simulation studies carried out in this work with a com-
mercial solver (COMSOL Multiphysics 5.3a) have revealed the ne-
cessity to further consider a limited solid phase saturation and solid
phase depletion within the positive and negative electrode in order
to guarantee numerical stability at all times. Following a similar ap-
proach as stated in Eq. 6 and Eq. 8, the cathodic current density can
be further limited by referring cs, lim to �cs which is shown in Fig. 1
on the right (b and d). Due to the several orders of magnitude smaller
solid phase diffusion coefficient, the estimated δs is also several or-
ders of magnitude smaller than δl for similar values of cs, lim and cl, lim

with �cs = cs, max − cs, surf . To be able to introduce this additional
pre-factor in a straightforward manner without limiting the transfer
current density too much, cs, lim is chosen several orders of magnitude
smaller than cl, lim, showing identical simulation results compared to
a limitation in the liquid phase alone, whilst guaranteeing numerical
stability throughout the calculation. With this additional modification,
in in the positive electrode calculates as

in = i0

[
exp

(
αa F
RT η

) − exp
(

αc F
RT η

)]
1 +

(
cl, lim
�cl

+ cs, lim
�cs

)
exp

(
αc F
RT η

) [12]

Analogously, the anodic transfer current density in the negative elec-
trode is limited by considering a limited depletion of the active material
particles

in = i0

[
exp

(
αa F
RT η

) − exp
(

αc F
RT η

)]
1 + cs, lim

�cs
exp

(
αa F
RT η

) [13]

with �cs = cs, surf in this case. An additional diffusion limitation due
to a liquid phase saturation in the negative electrode was not included
at this stage, as it was not necessary to guarantee numerical stability
and as, to the knowledge of the authors, the maximum solubility of
LiPF6 in organic solvents has not been addressed so far in literature.
A similar approach as suggested in this work could be used to limit
the calculated pore-wall flux during fast charging whereas a cathodic
diffusion limitation would be required in the negative electrode and
an anodic diffusion limitation could be incorporated in the positive
electrode.

All simulation studies presented in this work were carried out with
cl, lim = 1 mol m−3 and cs, lim = 10−4 mol m−3 showing the best results
by improving the numerical stability whilst minimizing the impact of
the suggested modifications on the simulated short circuit behavior.

All relevant model equations are summarized in Table A1 in the
appendix. Based on the calculated overpotentials occurring within the
cell’s components26 (see Table A2 in the appendix) and the entropic
coefficients for each electrode, the irreversible and reversible heat
produced throughout the short circuit can be calculated accounting
for a general energy balance68,69 which is also explained in more
detail in the appendix. Because quasi-isothermal test conditions are

considered in this work (�T < 1 ◦C),12 the temperature is regarded
to be constant throughout the simulations.

Parameterization.—For parameterizing the applied p2D model,
experimental results and literature data were combined. Pristine
graphite and NMC-111 electrode samples were used for half-cell
potential measurements vs. Li/Li+. By means of a differential voltage
analysis (DVA) based on both half-cell and full-cell measurements, the
utilization window of the electrodes was determined for each of the HP,
BA, and HE loadings. Based on micrometer screw measurements and
scanning electron microscopy of pristine electrode samples and elec-
trode samples gained from post mortem analysis,12 the thickness of
the electrodes was determined and the size of the active material parti-
cles was estimated. Entropic coefficients,70,71 reaction rate constants,72

charge transfer coefficients and transport parameters within both liq-
uid electrolyte34,73–76 and solid active material particles27,77 as well as
tortuosity values of the electrodes and separator78 were estimated in
accordance with literature data.

Half-cell and full-cell measurements.—All investigated pouch-
type cells and electrodes were supplied by the same manufacturer
(CustomCells Itzehoe GmbH, Germany). CR2032-type coin cells
were assembled in an argon filled glove box (M. Braun Inertgas-
Systeme GmbH, Germany) containing graphite or NMC-111 elec-
trode samples with a diameter of 14 mm and a metallic lithium elec-
trode with a diameter of 15.6 mm (99.9% purity, 250 μm thickness,
MTI Corporation, USA). To avoid electrical contact due to growth of
lithium dendrites during operation, the two electrodes were separated
by two glass fiber separators with a diameter of 16 mm (type 691
glass microfiber filter, 260 μm thickness each, VWR International,
USA). Each coin cell was filled with 100 μL of electrolyte (Solvionic,
France), containing 1 M lithium-hexaflourophosphate (LiPF6) in ethy-
lene carbonate (EC) : ethyl methyl carbonate (EMC) 3:7 (by weight).
At least two coin cells were assembled for each electrode loading
for both graphite and NMC-111. Following the formation procedure
recommended by the manufacturer, the graphite and NMC-111 coin
cells were charged and discharged at C/10 and C/5 for two cycles
each followed by a final charge and discharge step at 1C between
a lower and upper cutoff voltage of 0.1 V and 1.5 V (graphite) and
3.0 V and 4.3 V (NMC-111). The applied C-rate was chosen based
on the estimated composite electrode loading (mg cm−2) multiplied
with the active material content (wt%) and specific capacity estimates
(mAh g−1) given by the manufacturer (see Table I).

The composite electrode loading was estimated by weighing both
coated and uncoated/primed current collector samples prior to coin
cell assembly. To determine the actual specific capacity of the active
material, the coin cells were charged and discharged three times at
C/50 between 0.01 V and 1.5 V (graphite) and 3.0 V and 4.2 V (NMC-
111). The discharge capacity of the third C/50 cycle was considered
to determine the specific capacity for each coin cell based on the
estimated active material loading.

The mean values of all three electrode loadings shown in Table I
are slightly higher than the manufacturer estimates which is well in
line with previous studies.11,79 Based on the measured specific capaci-
ties and the densities for both graphite and NMC-111 (see Table I), the
maximum concentration cs, max (mol m−3) can be determined. Assum-
ing a complete utilization of the negative graphite electrode between
0.01 V and 1.5 V vs. Li/Li+, cs, max, neg calculates as

cs, max, neg = 1

F
· 357.3

mAh

g
· 3.6

As

mAh
· 2.24

g

cm3
· 1 × 106 cm3

m3

= 29862
mol

m3
[14]

In case of the positive NMC-111 electrode, cs, max, pos needs to be
estimated based on the molar mass Mpos of LiNi1/3Co1/3Mn1/3O2

cs, max, pos = 1

Mpos
· 4.75

g

cm3
· 1 × 106 cm3

m3
= 49242

mol

m3
[15]
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Table I. Coin cell electrode composition, material and electrode characteristics.

Negative electrode (neg) Positive electrode (pos)
Description Unit Graphite NMC-111

Electrode composition
Active material contents wt% 96 86
Binder contents wt% 2 6
Conductive carbon contents wt% 2 8

Material characteristics
Particle size (D50)m μm 11 7
Specific capacitys mAh g−1 350 145
Specific capacitym mAh g−1 357.3 157.4
Active material densityl g cm−3 2.2479 4.7596

Binder densityl g cm−3 1.7696 1.7696

Conductive carbon densityl g cm−3 2.0096 2.0096

HP BA HE HP BA HE

Electrode characteristics
Coating thicknessm μm 28 63 102 47 74 150
Area specific capacitys mAh cm−2 1.1 2.2 3.9 1.0 2.0 3.5
Area specific capacitym mAh cm−2 1.19 2.44 3.84 1.11 2.24 3.90

lliterature.
mmeasured.
ssupplier information.

with

Mpos =
(

6.9410 + 1

3
· 58.6934 + 1

3
· 58.9332 +

+ 1

3
· 54.9380 + 2 · 16

)
g

mol
= 96.46

g

mol
[16]

Assuming a complete lithiation of LiNi1/3Co1/3Mn1/3O2 at the lower
cutoff voltage of the C/50 cycling procedure, the stoichiometry of
the positive electrode can be calculated knowing its capacity. At the
beginning of lithiation at 4.2 V vs. Li/Li+, the stoichiometry y in
LiyNi1/3Co1/3Mn1/3O2 calculates as

y = 1 − Mpos

F
· 157.4

mAh

g
· 3.6

As

mAh
= 0.433 [17]

based on the measured specific discharge capacity of 157.4 mAh g−1.
To further study the electrode balancing for the investigated single-
layered pouch-type cells within the designated operating window, the
NMC-111 coin cells were charged and discharged at C/50 between
2.5 V and 4.4 V for another two cycles.

Pouch-type cells with a HP, BA, and HE electrode loading were
charged and discharged two times between 3.0 V and 4.2 V at C/50
whereas the applied C-rate was based on the measured discharge ca-
pacity of the cells derived from a constant current (CC) check up
procedure at C/2, followed by a constant voltage (CV) phase at the
upper and lower cutoff voltage of the cells until the current dropped
below C/100. The last C/50 cycle was used for both coin cells and
pouch-type cells in order to fit the measured half-cell potentials of
the coin cells to the full-cell potentials of the pouch-type cells. As the
electrodes used within the coin cells originate from a different batch
as those incorporated in the pouch-type cells, a scaling of the half-cell
data to the full-cell data was necessary during DVA for all electrode
loadings. The DVA performed during full-cell charging (i.e. lithiation
of the graphite anode and delithiation of the NMC-111 cathode) is
shown in Fig. 2. As can be seen from the figure, the measured area
specific capacities of the pouch-type cells slightly differ from the val-
ues declared by the manufacturer (i.e. 0.83, 1.85, and 3.65 mAh cm−2

vs. 1.0, 2.0, and 3.5 mAh cm−2). Furthermore, the balancing between
the electrodes shifts with increasing electrode loading. This becomes
especially apparent when looking into the utilization window of the

graphite anode (see Figs. 2a, 2c, and 2e) and when comparing the
transition from LiC12 to LiC6 (indicated by the peak at a lithiation
degree of approximately 0.5 in the graphite anode in Figs. 2b, 2d,
and 2f). The stoichiometry values for both graphite and NMC-111
derived from DVA are presented in Table II for all electrode loadings
at cell voltages of 4.2 V (100% SoC), 4.15 V (96% SoC), and 3.0 V
(0% SoC). For the BA loading, initial stoichiometries for cell voltages
of 4.3 V (108% SoC), 4.0 V (82% SoC), and 3.85 V (67% SoC) were
additionally derived to account for a varying initial SoC prior to the
short circuit in accordance with experimental data.12 Together with
the thickness of the composite electrodes li measured at three different
locations of the electrodes gained from post-mortem analysis,12 the
electrode composition and densities of the materials (see Table I), the
electrode’s porosity εl and active material volume fraction εs can be
further estimated and is also shown in Table II. Based on the carried
out C/50 half-cell measurements and the stoichiometry values derived
from DVA, the equilibrium potential of both electrodes vs. Li/Li+

was determined by averaging between lithitation and delithiation.
The equilibrium potentials for both negative and positive electrode
are shown in Figs. A1a and A1b in the appendix.

Literature-derived parameters.—In order to account for reversible
heat effects, entropic coefficients were taken from Reynier et al.70

and Lu et al.71 for lithiated graphite and NMC-111, respectively (see
Figs. A1c and A1d in the appendix). Fitting functions further used
within this work are given in Eq. A8 and Eq. A9.

To present a simple model which is able to describe a cell’s short
circuit behavior without accounting for complex three-dimensional
electrode structures,80,81 the presented homogenized p2D model is
parameterized based on one representative particle size within each
electrode assuming a constant solid phase diffusion coefficient for
each active material. This implies that both the impact of a particle
size distribution22,82–84 and the influence of solid phase diffusion co-
efficients which vary with Li-ion concentration85 are neglected in the
model. The influence of electrode morphology was considered in this
work by scaling the electrolyte’s inherent transport properties with
the ratio between porosity εl and tortuosity τ of the electrodes and of
the separator which is also known as the inverse MacMullin number
NM (see Table AI in the appendix). The tortuosity is estimated based
on the porosity applying the commonly used Bruggeman relation86

(τ = ε−αB , see Table I). The range of the Bruggeman exponents
αB was chosen in accordance with previously published findings.78
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Figure 2. Derived electrode balancing for the HP (top: a and b), BA (middle: c and d), and HE (bottom: e and f) electrode loading based on the equilibrium
voltage (left: a, c, and e) and differential voltage (right: b, d, and f) as a function of area specific capacity based on half-cell (graphite anode: lithiation, NMC-111
cathode: delithiation) and full-cell measurements (charge direction) at a constant current of C/50.

The fitted Bruggeman exponents vary between the three electrode
loadings, which can be explained with uncertainties in porosity cal-
culation and thickness measurements. Accounting for varying sto-
ichiometries due to differing initial cell voltages and variations in
electrode balancing (see Table II) as well as different temperatures,
the solid phase diffusion coefficients were adapted allowing to fit
the simulation data to experimental results (see Table III). The solid
phase diffusion coefficients were chosen in accordance with reported
data investigating the concentration dependency of Li-ion diffusion
within both lithiated graphite77,87,88 and NMC-111.9,27 The plausi-
bility of this approach is evaluated by implementing a concentra-
tion dependency of solid phase diffusion coefficients taken from
literature27,77 (see Figs. A1c and A1d in the appendix) as part of
a sensitivity analysis at the end of the results section. Contrary to
previous studies,34,72 the reaction rate constants were considered in-
dependent from temperature as they showed almost no influence on
the short circuit characteristics even when varied by up to one order of
magnitude.

A mixture of 1 M LiPF6 in ethylene carbonate (EC) : dimethyl
carbonate (DMC) 1:1 (by weight) containing 2 wt% vinylene carbon-
ate (VC) was used as electrolyte within the single-layered pouch-type
cells.12 With the electrolyte’s transport properties depending on both

salt concentration and temperature, literature data34,73–76 is consid-
ered for describing the electrolyte’s ionic conductivity κl (S m−1), salt
diffusion coefficient Dl (m2 s−1), cation transference number t+ with
respect to solvent, and thermodynamic factor TDF. To the knowledge
of the authors, transport properties of electrolytes formed of LiPF6

and organic solvents have not been studied so far at high concen-
trations (i.e. beyond 3.3 M73) or temperatures (i.e. beyond 60◦C73).
This can be best explained with the minor relevance of these condi-
tions as long as a Li-ion cell is used within its designated operating
window. As has been previously discussed, reported electrolyte prop-
erties are often presented as fitting functions following polynomial
approximations which may cause problems if the electrolyte’s trans-
port properties are evaluated beyond the parameterization window.8,81

This can result e.g. in an increasing ionic conductivity or diffusion
coefficient at salt concentrations beyond the deflection point or the
minimum of the polynomial fitting function, as shown in Figs. A2a
and A2c in the appendix. To avoid this, fitting functions presented in
literature are re-evaluated and amended for relevant concentration and
temperature ranges (see Table AIII and Fig. A2 in the appendix). With
the work of Valøen and Reimers73 characterizing an EC:DMC based
electrolyte with 10 vol% of polycarbonate (PC) from 7.7 × 10−6 M
to 3.3 M LiPF6 and from −10◦C to 60◦C, the simulation studies
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Table II. Pouch-type cell material and electrode characteristics.

Negative electrode (neg) Separator (sep) Positive electrode (pos)
Description Symbol Unit Graphite Polyolefin NMC-111

Material characteristics
Equilibrium potentialm Eeq, i V see Fig. A1a n/a see Fig. A1b
Anodic and cathodic reaction rate constantl,72 ka/c, i m s−1 2 × 10−11 n/a 2 × 10−11

Anodic and cathodic charge transfer coefficiente αa/c, i - 0.5 n/a 0.5
Film resistancel,34 Rfilm � m−2 0.0035 n/a 0
Maximum solid phase concentrationc cs, max, i mol m−3 29862 n/a 49242
Solid phase eletronic conductivitye σs, i S m−1 100 n/a 10
Solid phase diffusion coefficiente Ds, i m2 s−1 see Table III n/a see Table III
Liquid phase ionic conductivityl κl S m−1 Fitted function (see Table AIII and Figs. A2a and A2b)
Liquid phase diffusion coefficientl Dl m2 s−1 Fitted function (see Table AIII and Figs. A2c and A2d)
Liquid phase transference numberl t+ - Fitted function (see Table AIII and Fig. A2e and A2f)
Liquid phase thermodynamic factorl TDF - Fitted function (see Table AIII and Figs. A2g and A2h)

HP BA HE HP BA HE

Electrode characteristics
Coating thicknessm li μm 39 67 124 25 32 79 141
Porosityc εl, i % 57.4 51.3 56.0 50 40.4 48.7 47.2
Active material volume fractionc εs, i % 40.6 46.4 41.9 n/a 42.3 36.4 37.5
Tortuositye τi - ε−2.7

l, neg ε−1.8
l, neg ε−1.5

l, neg ε−1.8
l, sep ε−1.7

l, pos ε−1.1
l, pos ε−0.8

l, pos
Stoichiometryc at Eeq, cell = 4.30 V / SoC = 108% - 82.5 - - 38.7 -

= 4.20 V = 100% 68.4 76.6 89.7 42.5 42.5 42.6
= 4.15 V = 96% 65.6 73.5 86.5 44.5 44.6 44.6cs

cs, max, i
%= 4.00 V = 82% - 63.3 - - 51.3 -

= 3.85 V = 67% - 51.9 - - 58.8 -
= 3.00 V = 0% 2.2 2.1 2.1 n/a 88.9 91.5 95.1

ccalculated.
eestimated.
lliterature.
mmeasured.

presented in this work are predominantly based on the reported
findings.73 Even though Mao et al.34 have reported transport prop-
erties for an EC:DMC based electrolyte without the addition of PC as
used within the pouch-type cells studied in this work, the origin and
validity of these properties remains unclear. As part of a sensitivity
analysis, the impact of the electrolyte’s intrinsic transport properties
on a cell’s short circuit characteristics is studied at the end of this
work for LiPF6 in PC:EC:DMC,73 EC:DMC,34 EC:EMC,74,75 and
EC:DEC76 (diethyl carbonate, DEC) based electrolytes.

The fully characterized (see Tables AI and AII in the appendix)
and parameterized model (see Tables II and III as well as Table AIII in
the appendix) was implemented in COMSOL Multiphysics 5.3a. Neg-
ative electrode, separator and positive electrode were discretized with

40, 40, and 80 nodes respectively as previously suggested.34 The dis-
cretization in the positive electrode was chosen to be higher than in the
negative electrode to be able to depict reported strong inhomogeneities
in reaction and concentration.34 The active material particles in both
negative and positive electrode were discretized with an additional 20
nodes. Interpolation between the nodes was carried out following a
cubic approach for all underlying variables. The applied discretization
and interpolation schemes result in approximately 23500 degrees of
freedom. With the chosen relative and absolute tolerance of 1 × 10−4,
the calculation takes approximately 15 min on a desktop computer
(Intel Xeon E5-2687W 0 3.1 GHz with 64 GB RAM) until the current
drops below C/100 which is considered the end of the short circuit
procedure.

Table III. Fitted solid phase diffusion coefficients (×10−14 m2 s−1) for both negative and positive electrode depending on stoichiometry, balancing,
and temperature.

Negative electrode (neg) Positive electrode (pos)
Graphite NMC-111

Ds, i (×10−14 m2 s−1) HP BA HE HP BA HE

T = 25◦C:
initial Eeq, cell = 4.30 V / SoC = 108% - 8.0 - - 0.2 -

= 4.15 V = 96% 8.0 8.0 8.0 0.55 0.25 0.15
= 4.00 V = 82% - 8.0 - - 0.3 -
= 3.85 V = 67% - 8.0 - - 0.4 -

T = 45◦C:
initial Eeq, cell = 4.15 V / SoC = 96% 15.0 - - 1.125 - -
T = 55◦C:
initial Eeq, cell = 4.15 V / SoC = 96% 20.0 - - 1.5 - -



A158 Journal of The Electrochemical Society, 166 (2) A151-A177 (2019)

Results and Discussion

Within this section, the presented modeling approach is validated
first with respect to the predicted current and heat generation rate as
a function of time and as a function of normalized discharged capac-
ity. For this purpose, external short circuit conditions were simulated
describing the behavior of single-layered pouch-type cells with vary-
ing electrode loadings (HP, BA, and HE) as well as at different cell
temperatures (25◦C, 45◦C, and 55◦C), initial cell voltages (4.30 V,
4.15 V, 4.00 V, and 3.85 V), and external short circuit resistances
(0.0087 m � m−2, 0.087 m � m−2, and 1 m � m−2) in accordance with
experimental data presented in the first part of this combined work.12

With the aid of the validated model, characteristics of external short
circuits observed within both experiment and simulation are studied
in more detail by evaluating the underlying mechanisms throughout
the short circuit duration. These mechanisms are further evaluated by
calculating each contribution to the overall cell polarization following
the work of Nyman et al.26 (see Table AII in the appendix). Based
on these findings, a sensitivity study is presented, elaborating on the
influence of transport properties and electrode morphology on a cell’s
short circuit characteristics.

Model validation.—In Fig. 3, model predictions (blue lines) are
compared to previously reported measurement data (black lines) for all
three electrode loadings at 25◦C applying a 0 V short circuit condition
(i.e. a first order Dirichlet boundary condition as presented in Table AI
in the appendix). As can be seen from the figure, both the electrical
(left: a, c, and e) and thermal behavior (right: b, d, and f) of all
three electrode loadings can be reproduced very well with the model,
not only as a function of short circuit duration tsc (a to d) but also
as a function of normalized discharged capacity �SoC (e and f).
To determine C-rate (a and e), capacity related heat generation rate
Q̇sc/C4.2 V (W (Ah)−1, b and f), �SoC (c, e, and f), and electrical
energy related heat (d) in accordance with experimental data, the
simulated current density (A m−2), area specific heat rate (W m−2),
and area specific discharged capacity (Ah m−2) are related to the cell’s
areal capacity C4.2 V/A (Ah m−2) between 4.2 V and 3.0 V (i.e. 0.83,
1.85, and 3.65 mAh cm−2 for the HP, BA, and HE loading as shown
in Fig. 2).

When looking into Figs. 3a and 3e, the model is able to reliably fol-
low the orders of magnitude in C-rate throughout the experimentally
observed first and second plateau showing only minor discrepancies
within the first few seconds of the short circuit or below 10% �SoC.
As a shortcoming, the model is not able to describe the third plateau
which was observed during experiments showing C-rates below 0.1 C
beyond the fully discharged state (indicated via markers in Fig. 3). The
experimentally observed over-discharge was previously attributed to
a depletion of Li-ions within the electrolyte accompanied with a dis-
solution reaction of the anodic copper current collector allowing for
an ongoing lithiation of the NMC-111 cathode even beyond complete
depletion of the graphite anode. An additional side reaction describ-
ing the anodic copper dissolution process occurring beyond 3.1 V vs.
Li/Li+ was not implemented in the model which explains this discrep-
ancy.

Adequately reproducing the experimentally observed similarity
between the electrical and thermal behavior, the model correctly
depicts the characteristic change in magnitudes of the capacity re-
lated heat generation rate throughout the first and second plateau (see
Figs. 3b and 3f). However, a distinct delay between the measured
and predicted heat generation rate can be observed. As previously
described,12 the chosen test setup showed a constant time delay of
21 s between calorimetric and potentiostatic data. This time delay can
be explained with the thermal inertia of the used copper blocks in-
creasing the heat capacity of the system to guarantee quasi-isothermal
test conditions when determining the generated heat based on a tran-
sient temperature increment (�T <1◦C). The reported time delay can
be confirmed when comparing the model predictions with the mea-
surement data (see Figs. 3b and 3d). The calculated heat generation
rate which is primarily based on the simulated cell current density

and calculated total overpotential throughout the electrodes as well
as the voltage drop across the separator (see Eq. A5 to Eq. A7 in
the appendix), shows a slightly higher deviation from the calorimet-
ric measurements than the difference between the calculated C-rate
and the potentiostatic measurements (see Figs. 3e and 3f). Based on
the calculated adiabatic temperature increase as presented in the first
part of this combined work, an integration error seems to occur in
calculating the generated heat and, therefore, the calculation of heat
generation rate. This integration error is ranging between 9% and
12% for the three electrode loadings (compare black and gray lines in
Fig. 3d) which would also explain the previously discussed difference
in the calculated effective overvoltage of the cells ranging between
3.3 V (HE) and 3.4 V (HP) compared to the nominal cell voltage of
3.7 V.12

It worth emphasizing here that the presented model is capable to
qualitatively and quantitatively describe a cell’s behavior during high
currents without applying complex three-dimensional electrode mod-
els and without implementing extensions to the original Newman-type
model such as a particle size distribution or a concentration depen-
dency of solid phase transport parameters. This, however, is only
the case provided that the only reaction that is occurring is a de-
/intercalation reaction of Li-ions within the anodic and cathodic host
lattice without any further side reactions which might be triggered at
elevated temperatures. This implies that by solely depicting overall
morphology and balancing related characteristics of the electrodes
such as active material volume fraction, porosity, tortuosity, and sto-
ichiometry, the homogenized model is able to describe the effect of
electrode loading on the cell’s short circuit characteristics, resulting
in an increase in C-rate and capacity related heat generation rate with
lower electrode loadings.

By further accounting for temperature dependent electrolyte trans-
port properties according to Valøen and Reimers73 (see Table AIII
and Fig. A2 in the appendix), temperature dependent diffusion co-
efficients of the active materials (see Table III) and the temperature
dependency of Butler-Volmer reaction kinetics (see Eq. 12 and Eq. 13
as well as Table AI in the appendix), the experimentally observed
effect of temperature on the cell’s short circuit behavior can be also
described (see Fig. 4). Furthermore, a limited increase in C-rate and
capacity related heat generation rate (not shown here) at tempera-
tures beyond 45◦C especially throughout the second plateau can be
confirmed.

By accounting for a variation in stoichiometry within the active
material particles (see Table II) and by considering varying solid phase
diffusion coefficients (see Table III), the influence of initial cell voltage
or SoC on the cell’s short circuit behavior can be further evaluated
(see Fig. 5). Confirming experimental results, the first plateau and the
beginning of the second plateau are almost unaffected by the initial
cell voltage or SoC whilst the duration of the short circuit scales with
the discharged capacity.

By altering the boundary conditions at the positive terminal (see
second order Neumann boundary condition in Table AI in the ap-
pendix), also the impact of varying external short circuit resistances
can be analyzed in terms of C-rate, �SoC, and cell voltage (see
Fig. 6).

Remaining deficiencies of the model especially within the first
plateau can be reduced by adapting the model as discussed. This is
exemplary shown for concentration dependent solid phase diffusion
coefficients at the end of the results section as part of a sensitivity
analysis. However, the accuracy of the presented model is satisfy-
ing, keeping in mind that a standard p2D model is used, which is
only modified by accounting for a diffusion limited Butler-Volmer
equation.

Rate limiting mechanisms.—With the presented model being ca-
pable of describing the experimentally observed characteristic change
in magnitudes of both C-rate and capacity related heat generation
rate, the model and the chosen set of parameters are considered to
further identify and analyze the underlying mechanisms resulting in
the observed cell behavior.



Journal of The Electrochemical Society, 166 (2) A151-A177 (2019) A159

Figure 3. Comparison of measured (black lines and markers) and predicted (blue lines and markers) electrical (left: a, c, and e) and thermal cell behavior (right: b,
d, and f) during a 0 V short circuit event for the HP (dashed lines), BA (dash-dotted lines), and HE loading (solid lines) at 25◦C and an initial cell voltage of 4.15 V
as a function of short circuit duration tsc (a to d) and as a function of normalized discharged capacity �SoC (e and f) for the C-rate (a and e), capacity related heat
generation rate (b and f), �SoC (c), and electrical energy related heat (d). The gray lines and markers in d represent qualitatively corrected measurement data.
Markers indicate 0% SoC.

Evolution of Li-ion concentration distribution.—As rate limitation
is generally regarded to be caused by a premature saturation or de-
pletion of Li-ions in the solid and liquid components of a cell, the
spatial Li-ion concentration throughout the electrodes and separator
is studied at distinct times of the short circuit duration.

For this purpose, the BA loading with an initial cell voltage of
4.15 V or 96% SoC exposed to a 0 V short circuit condition at a
temperature of 25◦C is taken as a reference. From Fig. 3 and Fig. 5,
three mentioned plateaus can be clearly identified: around 300 C in
the beginning of the short circuit (below 1 s), around 10 C to 20 C
with ongoing discharge (10 s to 100 s) and below 0.1 C at the end of
the short circuit (1000 s to 10000 s). Neglecting an additional copper
dissolution reaction within the anode, the observations made here
focus on the first two plateaus and transition phases around 1 s to
10 s for the first plateau changing into the second and around 100 s
to 1000 s for the second plateau passing into the third. When looking
into the Li-ion concentration (see Fig. 7) in the liquid (left: a, c, e,
and g) and in the solid components of the cell (right: b, d, f, and h)
up to 0.32 s (a and b), between 0.5 s and 8 s (c and d), between 20 s

to 160 s (e and f), and from 200 s to 800 s (g and h), characteristic
concentration profiles for each plateau and transition phase can be
observed in both the negative and positive electrode.

Throughout the first plateau (see Figs. 7a and 7b), the cell is dis-
charged without major limitations in mass transport. Within the pos-
itive electrode, the salt concentration decreases forming a minimum
near the separator whilst the Li-ion concentration at the surface of the
active material particles increases forming a maximum at the boundary
between the separator and electrode domain. Within the negative elec-
trode, the salt concentration increases forming a maximum near the
separator whilst the surface concentration of the active material parti-
cles decreases with the lowest concentration at the boundary between
separator and electrode. However, the surface concentration varies in
a slower fashion as a function of time compared to the positive elec-
trode due to the larger diffusion coefficient of graphite (see Table III).
The observed inhomogeneous Li-ion concentration is fundamentally
based on a strongly non-uniform reaction across the electrodes with a
larger pore-wall flux at the separator interface (not shown here). For
the chosen set of parameters, the surface concentration approaches
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Figure 4. Comparison of measured (black lines and markers) and predicted
(blue lines and markers) electrical cell behavior during a 0 V short circuit event
for the HP loading at an initial cell voltage of 4.15 V and temperatures of 55◦C,
45◦C, and 25◦C as a function of short circuit duration tsc (a and b) and as a
function of normalized discharged capacity �SoC (c) for the C-rate (a and c)
and �SoC (b). Markers indicate 0% SoC.

the fully lithiated state throughout the entire positive electrode at the
end of the first plateau, which results in large reaction and mass trans-
port based overpotentials. As a result, the current and consequently
also the heat generation rate drop toward the second plateau. During
the observed transition period between the plateaus (see Figs. 7c and
7d), the salt concentration within the positive electrode approaches
the fully depleted state with the minimum concentration forming at
the current collector interface which allows the surface concentra-
tion within the positive electrode to decrease again based on the
reduced pore-wall flux in this area and a simultaneously occurring
homogenization of concentration gradients within the active material
particles. Similarly, the surface concentration within the negative elec-
trode slightly increases throughout the electrode whilst the maximum
salt concentration moves from the separator to the current collector
at concentrations exceeding 2 M (i.e. 2 mol L−1). During the second
plateau (see Figs. 7e and 7f), the minimum salt concentration is still
located at the current collector interface and the maximum solid phase
concentration is still located at the separator interface of the positive

Figure 5. Comparison of measured (black lines and markers) and predicted
(blue lines and markers) electrical cell behavior during a 0 V short circuit event
for the BA loading at 25◦C and initial cell voltages of 4.3 V, 4.15 V, 4.0 V, and
3.85 V as a function of short circuit duration tsc (a and b), as a function of
normalized discharged capacity �SoC (c), and as a function of SoC (d) for the
C-rate (a, c, and d) and �SoC (b). Markers indicate 0% SoC.

electrode. Whilst the region which is affected by a depletion in salt
concentration is shrinking toward the current collector, the area which
is affected by a saturation of the active material particles is grow-
ing from the separator toward the current collector until the active
material particles are fully saturated at the surface within the entire
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Figure 6. Comparison of measured (black lines and markers) and predicted
(blue lines and markers) electrical cell behavior during a 0 V short circuit
event and external short circuit resistances of 0.0087 m�m2, 0.087 m�m2,
and 1 m�m2 for the HE loading at 25◦C and an initial cell voltage of 4.15 V
as a function of short circuit duration tsc (a, b, and d) and as a function of
normalized discharged capacity �SoC (c) for the C-rate (a and c), �SoC (b),
and cell voltage (d). The vertical dotted line in d indicates the duration (100 ms)
until a stable regulation of the used potentiostat was achieved. Markers indicate
0% SoC. The cell that was exposed to 0.0087 m�m2 during experiments
showed an abnormal, high resistance behavior.

positive electrode. The reduced current density occurring throughout
the second plateau allows for a homogenization in salt concentration
throughout the electrodes. Despite the saturated surface concentration
within the positive electrode, the ongoing discharge process results
in a decreasing surface concentration within the negative electrode
approaching the fully depleted state. This process is dominating the
transition from the second plateau to the third plateau (see Figs. 7g
and 7h), resulting in a strongly decreasing current and heat genera-
tion rate. At the end of the simulation of the short circuit, the surface
concentration is completely depleted throughout the negative elec-
trode resulting in a slightly decreasing surface concentration within
the positive electrode whilst the comparably low cell currents allow
for an ongoing homogenization in salt concentration approaching the
initial concentration of 1 M (dashed line in Fig. 7g).

At the very end of the short circuit, the simulated potential at the
boundary between current collector and negative electrode increases
beyond 3.1 V89 vs. Li/Li+ (see Fig. 8) which supports the previously
stated assumption of an ongoing intercalation reaction within the pos-
itive electrode based on an anodic copper dissolution reaction and salt
depletion throughout the third plateau.12

Breakdown of cell polarization.—From the above, the transients
in magnitudes of current and heat generation rate can be explained
based on the salt and surface concentration at the boundaries of the
positive electrode and the surface concentration at the boundaries of
the negative electrode. Together with the resulting calculated polar-
ization within the electrodes and the voltage drop across the separator
as presented in Table AII in the appendix, a thorough evaluation of
the observed short circuit behavior can be carried out.

This is exemplarily shown in Fig. 9 for the BA loading both as a
function of short circuit duration tsc (left: a, c, and e) and as a function
of normalized discharged capacity �SoC (right: b, d, and f). When
looking into the validation (top: a and b), the aforementioned three
plateaus (I, II, and III) as well as the transition phases between the
plateaus (I-II and II-III) can be identified. Plateau II can be further
subdivided into two parts (IIa and IIb) based on a distinctly varying
slope of the plateau which can be observed in both representations.
Each phase shows different dominating voltage losses (middle: c and
d) which can be correlated to the Li-ion concentration at the surface
of the solid active material particles and to the average salt concen-
tration in the liquid electrolyte at the boundaries of the electrodes
(bottom: e and f). Within the first plateau, ohmic losses (�) within
the liquid electrolyte throughout both electrodes and separator as well
as Butler-Volmer (BV) reaction kinetics within the negative electrode
(see Figs. 9c and 9d) are dominating the cell polarization. Even though
the largest currents can be observed for the first plateau, ohmic losses
within the solid phase range below 15 m� which is why they are not
explicitly shown in the legend of Figs. 9c and 9d. The larger contribu-
tion of Butler-Volmer reaction kinetics within the negative electrode
compared to the positive electrode can be explained with the addi-
tionally considered film resistance resulting in an increased voltage
drop across the solid electrolyte interphase (see Table II and Table AI
in the appendix), the negative electrode’s approximately 30% smaller
reaction surface area based on particle size, electrode thickness, and
active material volume fraction as well as the 40% smaller exchange
current density based on the balancing-related stoichiometry within
the active materials (see Table I, Table II, and Table AI). Approaching
the transition phase I-II, the polarization based on solid phase diffu-
sion (D) within the active material particles of the positive electrode is
substantially increasing. Due to the predicted premature saturation of
the surface concentration throughout the entire positive electrode, the
simulated transition phase I-II begins slightly earlier than observed
during the measurements (see Figs. 9a and 9e), as also apparent in the
�SoC based representation (see Figs. 9b and 9f). As soon as the min-
imum salt concentration is located at the current collector boundary
of the positive electrode, the over-predicted limitation decreases and
the simulation data again follows the measurement data very well.
Due to the mass transport based limitation of the reaction within the
positive electrode, the reaction overpotential increases considerably
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Figure 7. Predicted spatial distribution of normalized salt concentration within the liquid phase (left: a, c, e, and g) and normalized surface concentration within
the solid phase (right: b, d, f, and h) during a 0 V short circuit event for the BA loading at 25◦C and an initial cell voltage of 4.15 V during the first plateau (a and
b) and the approach toward the second plateau (c and d) as well as throughout the beginning of the second plateau (e and f) and the end of the second plateau
approaching the third plateau (g and h).

whilst the current drops and, hence, the ohmic based voltage drop de-
creases throughout the electrodes and separator following the current.
After plateau I and the transition phase I-II consuming about 10%
of the cell’s capacity within less than 5 s, the reaction overpotential
within the positive electrode remains dominating (ca. 3 V) through-
out the first part of the second plateau (IIa) which forms due to a
simultaneously occurring saturation of the active material particles

near the separator and salt depletion near the current collector (see
Figs. 7e and 7f as well as Figs. 9e and 9f). The occurring large liquid
phase concentration gradients throughout the electrodes and separa-
tor as well as the salt concentration approaching depletion within the
positive electrode result in an increasing diffusion based polarization
within the liquid phase (dashed black, blue, and red lines in Figs. 9c
and 9d). Similar to the total ohmic contribution of the solid phase,
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Figure 8. Simulated potential vs. Li/Li+ of the negative electrode at the current collector interface (x = 0) as a function of short circuit duration tsc (a) and as a
function of normalized discharged capacity �SoC (b) indicating the likeliness of an anodic copper dissolution reaction89 at the very end of the short circuit event
with potentials exceeding 3.1 V vs. Li/Li+.

Figure 9. Measured and predicted phases of a short circuit during a 0 V short circuit event for the BA loading at 25◦C and an initial cell voltage of 4.15 V
observed in C-rate (top: a and b), the corresponding predicted polarization throughout the electrodes and separator (middle: c and d) resulting from the underlying
normalized solid (surface) and liquid phase concentration (average) at distinct locations of the cell (bottom: e and f) as a function of short circuit duration (left: a,
c, and e) and as a function of normalized discharged capacity (right: b, d, and f).
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Figure 10. Measured and predicted phases of a short circuit during a 0 V short circuit event for the HP (left: a, c, and e) and HE loading (right: b, d, and f) at 25◦C
and an initial cell voltage of 4.15 V observed in C-rate (top: a and b), the corresponding predicted polarization throughout the electrodes and separator (middle:
c and d) resulting from the underlying normalized solid (surface) and liquid phase concentration (average) at distinct locations of the cell (bottom: e and f) as a
function of short circuit duration.

this polarization only plays a minor role during the entire short circuit
(150 m� at its maximum in plateau II). After the first part (IIa) of the
second plateau consuming another 32% of the cell’s capacity within
85 s, the second part (IIb) is characterized by a fully saturated surface
concentration within the entire positive electrode (see Figs. 9e and
9f). This change of dominating mass transport limitations is not only
reflected in the slope of plateau IIa and IIb in Figs. 9a and 9b but also
in the contribution of the positive electrode’s solid phase diffusion to
the observed cell polarization (ca. 1 V). Independent of the character-
istics of mass transport limitation within the positive electrode (i.e.
a combination of solid and liquid phase in IIa vs. solid phase alone
in IIb), the reaction overpotential remains dominating. At the end of
plateau IIb consuming 55% of the cell’s capacity within 640 s, the
mass transport within the solid phase and the reaction overpotential
within the negative electrode become dominant due to the depleted
surface concentration of the active material particles. With simulated
anode potentials exceeding 3.1 V vs. Li/Li+ at the negative electrode’s

current collector (see Fig. 8), the transition phase II-III is likely to be
characterized by an ongoing Li-ion intercalation reaction within the
positive electrode driven by the continuing de-intercalation reaction of
the negative electrode and a simultaneously occurring anodic copper
dissolution reaction until the positive electrode is completely lithiated
throughout plateau III.

Influencing factors on cell polarization.—When comparing the HP
and HE electrode loading to the BA loading as function of short circuit
duration tsc (see Fig. 10 and Fig. 9 on the left), the variations between
the three loadings can be correlated to differences in the polarization
behavior. The larger C-rate of the HP loading is primarily based on
lower ohmic losses within the liquid electrolyte based on the reduced
electrode thickness and the resulting smaller concentration gradients
throughout the electrodes and separator. The more homogeneous elec-
trode utilization further reduces the solid phase diffusion based polar-
ization especially in the positive electrode of the HP loading. Based



Journal of The Electrochemical Society, 166 (2) A151-A177 (2019) A165

Figure 11. Predicted polarization during a 0 V short circuit event at an initial cell voltage of 4.15 V throughout the electrodes and separator for the HP loading at
55◦C (a) and at 45◦C (b) as a function of short circuit duration.

on the reduced electrode loading and, hence, smaller reaction surface
area together with a reduced initial Li-ion concentration within the
negative electrode due to the varied electrode balancing (see Table II),
the reaction overpotential especially within the first plateau is consid-
erably increased compared to the BA and HE loading. As a result of
the logarithmic representation, the observed mass transport limitation
of reaction kinetics within the negative electrode at the end of the short
circuit becomes more pronounced at earlier times. Interestingly, the
predicted transient change from plateau I to II can be described very
well for the HP loading compared to the BA and HE loading based
on a lacking occurrence of a solid phase diffusion limitation within
the positive electrode during the transition phase I-II. Extensive sim-
ulation studies carried out as part of this work have shown that the
solid phase diffusion coefficient within the positive electrode defines
the initiation and the slope of plateau IIb which consumes the largest
amount of charge throughout the short circuit. However, a larger dif-
fusion coefficient would be beneficial to describe the transition phase
I-II adequately for the BA and HE loading, avoiding a solid phase
diffusion limitation within the transition phase. As the first plateau
and the first transition phase only account for less than 10% of the
cell’s capacity, the focus of parameterization was laid on plateau IIb.
This will be discussed in more detail as part of a sensitivity analysis.

When comparing the polarization of the HP loading at 55◦C to
45◦C (see Figs. 11a and 11b) and 25◦C (see Fig. 10c), the experi-
mentally observed limited impact of the cell’s temperature beyond
45◦C can be explained. An increase from 25◦C to 45◦C considerably
reduces the ohmic losses within the liquid electrolyte based on an en-
hanced ionic conductivity (see Table AIII and Fig. A2 in the appendix)
allowing for a larger charge transfer overpotential and consequently
an increased pore-wall flux. This effect is further enhanced due to the
reduced solid phase diffusion polarization based on the fitted tempera-
ture dependency of the solid phase diffusion coefficients.34,72 Beyond
45◦C, a marginal variation in the occurring polarization contributions

can be observed, supporting the previously stated limited impact of
temperature on the dynamics of the short circuit based on mass and
charge transport.12

In Fig. 12, the influence of initial cell voltage or SoC on the occur-
ring cell polarization is shown. The experimentally observed similar-
ity between cells with varying initial cell voltage or SoC throughout
phases I, I-II, and IIa, can be confirmed as the contribution of each
mechanism to the entire cell polarization is fairly similar between
4.30 V (108% SoC) and 3.85 V (67% SoC). Despite the reduced over-
all polarization based on the lower cell voltage, especially the solid
phase diffusion based polarization within the positive electrode is re-
duced due to higher initial concentrations and consequently reduced
concentration gradients throughout the short circuit duration. Further-
more, the initial cell current is slightly lower for lower cell voltages,
reducing ohmic losses within the liquid electrolyte. Due to the lower
cell capacity, plateau IIb is considerably reduced approaching the
transition phase II-III at earlier times.

With increasing external short circuit resistance, plateau I and
the transition phase I-II are considerably affected (compare Fig. 13
to Fig. 10d) whereas plateau IIa and especially IIb are almost not
influenced. This implies that as long as the short circuit resistance is
small enough so that liquid phase depletion and solid phase saturation
occur within the positive electrode, the second plateau will show the
same characteristic shape.

To sum up, the presented standard p2D-model is able to shed
light on the dominating mechanisms resulting in the experimentally
observed characteristics occurring during quasi-isothermal external
short circuit tests. The model based evaluation reveals that the first
and second plateau as well as the transition phases between the two
and the approach toward the third plateau are dominated by reaction
kinetics within the negative electrode (I and II-III) as well was reaction
kinetics within the positive electrode (I-II, IIa, and IIb). With the
largest currents occurring within the first plateau, ohmic resistances

Figure 12. Predicted polarization during a 0 V short circuit event at initial cell voltages of 4.3 V (a) and 3.85 V (b) throughout the electrodes and separator for the
BA loading at 25◦C as a function of short circuit duration.
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Figure 13. Predicted polarization during 0.087 m�m2 (a) and 1 m�m2 (b) external short circuit events at an initial cell voltage of 4.15 V and 25◦C for the HE
loading as a function of short circuit duration.

within the liquid electrolyte are forming a major contribution whilst
solid phase diffusion polarization is becoming more important with
ongoing duration of the short circuit. The characteristic second plateau
with its two stages IIa and IIb is dominated by mass transport limited
reaction kinetics throughout the entire positive electrode based on a
combination of liquid phase depletion and solid phase saturation (IIa)
as well as an exclusive solid phase limitation (IIb). Independent of
the electrode loadings, cell temperatures, cell voltages, and external
short resistances studied in this investigation, the sequence of rate
limitation remains the same throughout the external short circuits.
However, the contribution of each underlying mechanism based on
the Li-ion concentration distribution throughout the electrodes and
separator is varying for the investigated cells and applied short circuit
conditions.

Sensitivity analysis.—As discussed within the model validation
part and the analysis of rate limiting mechanisms, some discrepan-
cies remain between the predicted and experimentally observed short
circuit behavior for the chosen set of parameters, especially at early
times combined with increasing electrode loadings. For this purpose,
a sensitivity analysis is carried out for various transport parameters
that have been reported in literature, accounting for a concentration
dependency within both solid and liquid phase. In the second part
of this sensitivity analysis, the influence of electrode characteristics
defining the suitability of a cell toward high power or high energy
applications is studied in terms of short circuit dynamics.

Influence of concentration dependent transport properties.—Only
little work has been presented so far dealing with a concentration
dependency of Li-ion diffusion coefficients within the active materi-
als. Previous findings of Levi and Aurbach77 and Markevich et al.87

describing a considerable concentration dependency of the Li-ion
diffusion coefficient within lithiated graphite have been recently con-
firmed by Malifarge et al.88 The concentration dependency of Li-ion
diffusion coefficients in NMC electrodes has been studied for vary-
ing compositions by Noh et al.9 and explicitly for NMC-111 by Wu
et al.27 The experimental data supplied by Levi and Aurbach77 and
Wu et al.27 as shown in Figs. A1e and A1f was fitted according to
Eq. A10 and Eq. A11 in the appendix which is further used here.
As can be seen from Figs. 14a and 14b, accounting for a concen-
tration dependency of solid phase diffusion coefficients improves
the prediction accuracy at the beginning of the short circuit, espe-
cially throughout transition phase I-II (compare Figs. 14a and 14b
to Figs. 9a and 9b). This can be explained by the increased diffu-
sion coefficient of NMC-111 (ca. 3.0 × 10−14 m2 s−1 vs. the effective
value of 0.25 × 10−14 m2 s−1) and the reduced diffusion coefficient
of lithiated graphite (ca. 0.3 × 10−14 m2 s−1 vs. the effective value
of 8.0 × 10−14 m2 s−1) in the very beginning of the short circuit com-
pared to the fitted constant diffusion coefficients used within this work.
Based on the altered ratio of diffusion coefficients, the discussed solid

phase diffusion limitation within the positive electrode during the
transition phase I-II changes toward a solid phase diffusion limita-
tion within the negative electrode at the end of plateau I (compare
Figs. 14c to 14f to Figs. 9c to 9f). Associated with the larger solid
phase diffusion coefficient of NMC-111 compared to the fitted value,
the duration and the C-rate of plateau IIa are over-predicted resulting
in an under-prediction of the duration of plateau IIb which, as a con-
sequence, also shows a steeper decrease in predicted C-rate. With the
reported high diffusion coefficient of lithiated graphite near complete
depletion (ca. 30×10−14 m2 s−1) and the reported low diffusion coeffi-
cient of NMC-111 near complete saturation (ca. 0.03×10−14 m2 s−1),
a second solid phase diffusion limitation within the negative electrode
occurs only at the very end of plateau IIb, indicating the beginning of
transition phase II-III. This observation supports the chosen ratio of
the fitted constant diffusion coefficients in order to describe the cell’s
short circuit behavior throughout plateau II and especially IIb. The
simulation results suggest that applying diffusion coefficients which
vary in the range of up to three orders of magnitude may enhance the
prediction accuracy especially at the very beginning of a short circuit,
however, the exact behavior must be known for the investigated ma-
terials so that the simulation data can also follow the experimentally
observed second plateau within which the largest amount of capac-
ity is consumed and which also takes the longest amount of time.
Taking into account the experimental data presented by Noh et al.9

(gray markers in Fig. A1f in the appendix) and Wu et al.27 (black
markers in Fig. A1f in the appendix), a diffusion coefficient rang-
ing between the two might fulfill the requirement of a comparably
high diffusion coefficient in the beginning of the short circuit to de-
scribe plateau I and the transition phase I-II and a rather low diffusion
coefficient at the end to depict the transition from plateau IIa into
IIb. The fitted constant diffusion coefficients presented in this work
represent effective diffusion coefficients which allow for a surpris-
ingly high prediction accuracy, notwithstanding the simplicity of the
approach.

Whilst concentration dependent Li-ion transport parameters within
the solid phase are scarcely found in Li-ion battery modeling and
simulation,85 a concentration dependency of parameters describing
Li-ion transport within the liquid phase is rather common practice
for physical-chemical models describing ion transport throughout the
electrodes and separator. To evaluate the relevance of the applied
transport properties taken from Valøen and Reimers,73 the presented
data is compared to simulation studies based on liquid phase trans-
port properties taken from Mao et al.,34 Dees et al.,74 Nyman et al.,75

and Lundgren et al.76 (see Table AIII and Fig. A2 in the appendix) in
Fig. 15. As can be seen from from the figure, the liquid phase transport
properties mainly affect the magnitude and the duration of the first
part of the second plateau (IIa). Mainly following the level of ionic
conductivity κl and partly also the magnitude of the salt diffusion coef-
ficient Dl, the largest C-rate throughout plateau IIa can be observed for
Valøen and Reimers,73 as well as Mao et al.34 With an approximately
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Figure 14. Measured and predicted phases of a short circuit during a 0 V short circuit event for the BA loading at 25◦C and an initial cell voltage of 4.15 V observed
in C-rate (top: a and b) accounting for concentration dependent solid phase diffusion coefficients Ds (cs), the corresponding predicted polarization throughout the
electrodes and separator (middle: c and d) resulting from the underlying normalized solid (surface) and liquid phase concentration (average) at distinct locations
of the cell (bottom: e and f) as a function of short circuit duration (left: a, c, and e) and as a function of normalized discharged capacity (right: b, d, and f).

two times larger ohmic polarization throughout the liquid electrolyte
(not explicitly shown here), the simulation data based on Lundgren
et al.76 shows the lowest C-rate throughout plateau IIa. With the ionic
conductivity κl presented by Dees et al.74 and Nyman et al.75 ranging
in between, also the C-rate is predicted to lie in this range. With the
cation transference number t+ reported to decrease with increasing
salt concentration based on the work of Nyman et al.75 and Lundgren
et al.,76 the liquid phase diffusion based overpotential in the negative
electrode is increasing throughout plateau IIb which, however, seems
to have only a minor impact on the transient short circuit behavior de-
spite the predicted maximum salt concentration increasing beyond 4 M
(Nyman et al.75), even approaching 5 M (Lundgren et al.76). Whether
such high salt concentrations are even possible without salt precipi-
tation to occur remains unclear. For all other reported data,34,73,74 the
predicted maximum salt concentration ranges below 3 M throughout
the short circuit. The simulation data based on the transport properties
reported by Mao et al.34 for an EC:DMC based electrolyte is almost

identical to simulation results based on the transport properties taken
from Valøen and Reimers,73 which supports the significance of the
applied liquid phase transport properties for the model based short
circuit evaluation presented in this work. Interestingly, the choice of
the organic solvent used for the LiPF6 based electrolyte seems to have
a considerable impact on the dynamics of the short circuit with lower
C-rates throughout plateau IIa and, hence, a decelerated energy re-
lease below a few hundred seconds or 60% �SoC for EC:EMC74,75

and EC:DEC76 based electrolytes compared to EC:DMC34,73 based
electrolytes. Whether this is truly the case remains to be evaluated by
further experimental work.

Influence of electrode morphology.—As discussed in previous
work,12 a cell that is characterized as high power with thin and/or
highly porous electrodes and small active material particles is likely
to show an accelerated short circuit behavior compared to a cell that
is categorized as high energy with thick and/or dense electrodes and
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Figure 15. Influence of liquid phase transport properties reported by Valøen
and Reimers,73 Mao et al.,34 Dees et al.,74 Nyman et al.,75 and Lundgren
et al.76 on the electrical cell behavior during a 0 V short circuit event for
the BA loading at an initial cell voltage of 4.15 V and 25◦C as a function of
short circuit duration tsc (a and b) and as a function of normalized discharged
capacity �SoC (c) for the C-rate (a and c) and �SoC (b). Markers indicate
0% SoC.

large active material particles. In order to evaluate the effect of a cell’s
energy and power characteristics on its short circuit behavior, the in-
fluence of electrode morphology is studied in more detail taking the
BA loading as a reference.

Based on the Bruggeman relation, a lower porosity results in a
higher tortuosity, thus reducing the effective ionic conductivity κl, eff

and the effective salt diffusion coefficient Dl, eff (see Table AI in the
appendix). Keeping the active material volume fraction εs constant in
order to not alter the electrode loading, Archie’s exponent90 (1 + αB)
within both negative and positive electrode is varied from −50% to
+50% as can be seen in Fig. 16. Supporting the observations made
from applying different concentration dependent liquid phase trans-
port properties as shown in Fig. 15, primarily the level of plateau IIa is
affected by this variation, shifting the beginning of plateau IIb toward
earlier or later times for lower or higher tortuosities, respectively. As
already observed for varying LiPF6 based electrolytes in Fig. 15, the
level of plateau IIb is not influenced by the liquid phase, which implies
that cells comprising electrodes with a high tortuosity show a simi-
larly decelerated short circuit behavior as cells which are filled with
an electrolyte exhibiting inferior transport properties. Vice versa, cells

Figure 16. Influence of both positive and negative electrode tortuosity on the
electrical cell behavior during a 0 V short circuit event for the BA loading at at
an initial cell voltage of 4.15 V and 25◦C as a function of short circuit duration
tsc (a and b) and as a function of normalized discharged capacity �SoC (c) for
the C-rate (a and c) and �SoC (b). Markers indicate 0% SoC.

comprising electrodes with a low tortuosity will show an accelerated
short circuit behavior which also becomes apparent throughout plateau
I. This observation underlines the importance of effective liquid phase
transport properties defining a cell’s behavior in the beginning of an
external short circuit especially throughout plateau IIa.

With varying the size of both negative and positive active material
particles (see Fig. 17), a different behavior can be observed compared
to a variation or a scaling of liquid phase transport properties (see
Fig. 15 and Fig. 16). Due to the related altered specific surface area
within both electrodes, not only the level of plateau I is affected, but
also the level of plateau II as a whole is raised or decreased with
smaller or larger active material particles, respectively. This becomes
especially apparent when looking into the amount of charge withdrawn
throughout each plateau IIa and IIb (see Fig. 17c). Plateau IIa varies in
a similar fashion as observed for a variation or a scaling of liquid phase
transport properties (see Fig. 15c and Fig. 16c). Whilst the predicted
level of plateau IIb is unaffected by the liquid phase, it changes with
particle size. Reducing the particle size by as much as −50% results in
a plateau II which is dominated by phase IIa characterized by a reaction
limitation within the positive electrode based on mass transport within
both liquid and solid phase. In contrast, increasing the particle size
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Figure 17. Influence of both positive and negative electrode active material
particle size on the electrical cell behavior during a 0 V short circuit event for
the BA loading at at an initial cell voltage of 4.15 V and 25◦C as a function
of short circuit duration tsc (a to d), as a function of normalized discharged
capacity �SoC (e), and as a function of area specific capacity (f) for the C-rate
(a and e), cell current density (b and f), �SoC (c), and area specific capacity
(d). Markers indicate 0% SoC.

by as much as +50% results in a plateau II which is dominated by
phase IIb characterized by a reaction limitation within the positive
electrode solely based on mass transport within the solid phase. This
variation in dominating mechanisms also affects the amount of time
until the cell is completely discharged (see Fig. 17b), which is not the
case for a variation or a scaling of liquid phase transport properties
(see Fig. 15b and Fig. 16b). This implies that cells comprising large
active material particles resulting in a small specific surface area not
only increases the share of plateau IIb in plateau II but also reduces
the overall level of both plateaus resulting in a slower discharge and,
hence, a longer duration until the entire electrical energy is withdrawn
from the cell. Analogously, by reducing the particle size, the short
circuit is accelerated resulting in a faster discharge and, consequently,
faster heat up throughout the entire short circuit.

Lastly, keeping Bruggeman’s and, hence, Archie’s exponent as
well as the active material particle radius constant within both elec-
trodes whilst altering the volume fraction of the solid phase εs at
the expense of porosity εl, again a slightly different behavior can be
observed (see Fig. 18). With the level in C-rate throughout plateau

IIb being strongly dependent on the particle radius (see Fig. 17c), it
is unaffected by the electrode loading (see Fig. 18e). Reducing the
porosity by densifying the electrodes in order to achieve higher elec-
trode loadings at a constant coating thickness, the cell’s energy density
generally increases. Coming with a reduced porosity, the tortuosity is
increased (see Table II) mainly affecting plateau IIa in C-rate. Fur-
thermore, the increased volume fraction of the solid phase also scales
the specific surface area available for reaction (see Table AI). Even
though the specific surface area is increasing with a reduced porosity
which should result in a larger C-rate for higher electrode loadings es-
pecially in plateau I (see Fig. 17a), the liquid phase and the associated
scaled transport properties are dominating the behavior (see Fig. 18a).
Reducing the electrode loading at a constant coating thickness by as
much as −50% results in a dominating plateau IIb throughout almost
the entire short circuit duration skipping plateau IIa which sets kind
of a limit to the dynamics of the short circuit based on the employed
active materials (see Fig. 18e). By increasing the electrode loading
by as much as +50%, plateau IIa is dominating instead resulting in a
suppression of plateau IIb. The lack of plateau IIb results in a strongly
decelerated short circuit behavior throughout the entire duration of the
short circuit implying a slower release of the stored specific electrical
and, hence, thermal energy (see Fig. 18c). This does not only ac-
count for the C-rate and �SoC but also for the cell current density isc

(mA cm−2) and area specific discharged capacity Csc/A (mA cm−2) as
shown on the right of Figs. 18b,18d, and 18f. This behavior is differing
from the observed characteristics of the HP, BA, and HE loading which
show the same sequence of plateaus unaffected by the area specific
capacity (compare Fig. 18c to Fig. 3c). This effect can be explained by
the applied strongly varying porosities (ca. 75% to 25% for −50% to
+50% in capacity) based on the altered volume fractions of the active
materials affecting electrode tortuosity, whilst fairly constant porosi-
ties and solid phase volume fractions were observed for the HP, BA,
and, HE loading mainly varying in coating thickness (see Table II).

This sensitivity analysis underlines the importance of electrochem-
ically engineered electrodes and cells that may allow for designing
Li-ion cells which, on the one hand, comply with the energy and power
characteristics required by a given application and, on the other hand,
show a maximized level of safety during short circuit events. The
complex interplay between transport properties within the cell’s solid
an liquid components and the morphology of the electrodes and sepa-
rator, however, needs to be thoroughly evaluated to achieve this task.

By adapting the model parameters, not only the impact of different
electrode morphologies and electrolytes can be described, but also dif-
ferent active materials such as the increasingly prominent combination
of silicon-graphite compounds and nickel-rich layered oxides can be
investigated in terms of the short circuit characteristics.91 By further
combining the presented p2D physical-chemical model with an elec-
trical model describing the potential and current density distribution
within the current collectors72,92 as well a thermal model accounting
for a temperature distribution within the cell’s jelly roll or electrode
stack,91,92 also large-format Li-ion cells can be described during short
circuit events. Such a combined modeling approach might help to
identify critical short circuit conditions, which could result in the oc-
currence of thermal decomposition reactions and ultimately thermal
runaway at a certain combination of temperature and SoC reached
throughout the short circuit.64 This information could be further used
to design cells and electrodes depending on the topology of the bat-
tery pack with its inherent thermal management system in order to
maximize the short circuit tolerance of the entire battery system.

Conclusions

Within this work, experimental data from quasi-isothermal exter-
nal short circuit tests applied to single-layered pouch-type Li-ion cells
with graphite anodes and NMC-111 cathodes published in the first part
of this combined work was used to validate a well-known physical-
chemical model at very high currents. Based on this validated model,
the underlying mechanisms occurring within the electrodes and sepa-
rator during external short circuit tests were evaluated. The impact of
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Figure 18. Influence of both positive and negative electrode loading at a constant coating thickness on the electrical cell behavior during a 0 V short circuit event
for the BA loading at an initial cell voltage of 4.15 V and 25◦C as a function of short circuit duration tsc (a and b) and as a function of normalized discharged
capacity �SoC (c) for the C-rate (a and c) and �SoC (b). Markers indicate 0% SoC.

transport properties reported in literature for both the liquid electrolyte
and the solid active material particles was studied by means of a sensi-
tivity analysis which was concluded by considerations on the effect of
a cell’s energy and power characteristics on its short circuit dynamics.

In order to guarantee a smooth calculation of the cell’s short circuit
behavior when using a commercial solver, a previously suggested
modification of the Butler-Volmer equation based on a diffusion
limitation within the liquid electrolyte was evaluated and extended by
accounting for an additional solid phase diffusion limitation within
both the negative and positive electrode. By means of this slight mod-
ification, applying liquid phase transport properties which depend on
the local salt concentration and temperature, combined with effective
solid phase diffusion coefficients depending solely on stoichiometry
or electrode balancing as well as temperature, can reproduce the
electrical and thermal short circuit behavior of a cell very well, with
only minor discrepancies at the very beginning of a short circuit.

The three distinct plateaus which can be observed in a double-
logarithmic representation of the short circuit current and heat gener-
ation rate as a function of time were correlated to the model-predicted
underlying Li-ion concentration distribution throughout the electrodes
as well as electrolyte and separator. Each of the three plateaus is
characterized by distinct transport limitations within the solid and/or
liquid phase within both electrodes which affect reaction kinetics and

define the level in current and heat generation rate of each plateau.
Accompanied with the analysis of the concentration distribution at
distinct positions along the electrodes and separator, the cell polariza-
tion based on ohmic and diffusion related effects as well as reaction
kinetics was calculated and shown to agree with previously published
findings. Whilst the first plateau is characterized by comparably large
ohmic losses within the liquid electrolyte accompanied with very large
currents as well as a reaction limitation within the negative electrode,
the second plateau is based on a distinct limitation in mass transport
within the liquid and/or solid phase increasing the reaction overpo-
tential in the positive electrode. In an SoC based representation of the
short circuit behavior, the second plateau can be further divided into
two parts, with the second part shown to be dominated by solid phase
diffusion within the positive electrode allowing to determine effective
solid phase diffusion coefficients. The previously stated theory12 that
the experimentally observed third and last plateau can be partially
attributed to an anodic dissolution reaction of the copper current
collector within the negative electrode, was supported by simulated
anode potentials exceeding 3.1 V vs. Li/Li+ at the end of the discharge.

The observed minor discrepancies between predicted and mea-
sured cell behavior at the very beginning of the short circuit could
be ruled out by applying solid phase diffusion coefficients within
both the negative and positive electrode depending on the local
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Li-ion concentration within the active material particles. However, the
exact dependency of the solid phase diffusion coefficients on Li-ion
concentration needs to be known to also be able to properly describe
the cell’s behavior during the second plateau which is dominating the
electrical and thermal short circuit behavior of the investigated cells.

Similar to varying liquid phase transport properties reported in
literature for electrolytes based on LiPF6 and organic solvents, the
tortuosity scaling the ionic conductivity and salt diffusion coefficient
mainly affects the first part of the second plateau with lower currents
and heat generation rates for electrolytes showing inferior transport
properties or electrodes with a high tortuosity. Increasing the size
of the active material particles, the current and heat generation rate
throughout the second part of the second plateau is reduced. By further
increasing the electrode loading whilst keeping the coating thickness
constant at the expense of porosity, resulting in a higher energy density
of the cell, the level of the first part of the second plateau is reduced
whilst its share throughout the second plateau is increased. Varying the
electrode loading by increasing the coating thickness whilst keeping
the electrode morphology constant affects the level of the first and
second plateau as a whole whilst the ratio between the first part and
the second part of the second plateau is unchanged.

These observations support the assumption that cells which can
be characterized as high energy with thick and/or dense electrodes as
well as large active material particles will result in a decelerated short
circuit behavior compared to cells which can be described high power

with thin and/or highly porous electrodes as well as small active mate-
rial particles. Combining simulation studies with experiments ranging
from normal operation to high performance and abusive scenarios may
allow for designing electrodes and cells with a high energy density
which can deliver the required rate capability at a maximum level
of safety. This combined approach should be further investigated by
experimentally validated modeling and simulation investigating not
only the rate capability of materials, electrodes, and cells from nor-
mal to abusive conditions but also studying the thermal stability of
the used components as well as the heat generated during operation.
With such a validated model describing both the electrical and thermal
safety characteristics for a combination of materials and electrodes,
a truly conclusive electrode and cell design study can be carried out.
Furthermore, the methodology presented within this combined work
should be extended toward quasi-isothermal internal short circuit tests
which will be the subject of future work.

Appendix

In order to be able to reproduce the simulation results presented in this work, the
underlying model equations of the applied p2D model as well as parameters describing
both liquid and solid phase are summarized.

Model equations.—In Table AI, an overview of main variables describing the Li-ion
concentration c (mol m−3) and the potential � vs. Li/Li+ (V) of both liquid (l) and solid
phase (s) associated with each computational domain is given. Furthermore, governing

Table AI. Main variables, governing partial differential equations, and additional analytic expressions solved within each domain of the p2D
physical-chemical model as well as prevailing boundary and initial conditions.

Negative electrode (neg) Separator (sep) Positive electrode (pos)
Description Graphite Polyolefin NMC-111

Variables
cl (x, t), cs (x, r, t), �l (x, t), �s (x, t) cl (x, t), �l (x, t) cl (x, t), cs (x, r, t), �l (x, t), �s (x, t)

x ∈ [
0; lneg

]
x ∈ [

lneg; lneg + lsep
]

x ∈ [
lneg + lsep; lneg + lsep + lpos

]
r ∈ [

0; rp, neg
]

r ∈ [
0; rp, pos

]
Governing partial differential equations

Mass balance (liquid) εl,neg
∂cl
∂t =∇(Dl,eff∇cl) − ∇

(
il(1−t+)

F

)
εl,sep

∂cl
∂t =∇(Dl,eff∇cl) εl,pos

∂cl
∂t =∇(Dl,eff∇cl) − ∇

(
il(1−t+)

F

)
Mass balance (solid) ∂cs

∂t = 1
r2

∂
∂r

(
Ds, negr2 ∂cs

∂r

)
n/a ∂cs

∂t = 1
r2

∂
∂r

(
Ds, posr2 ∂cs

∂r

)
Ohm’s law (liquid) il = −κl, eff∇�l + 2κl, eff RT

F (1 − t+)
(

1 + ∂ ln f±
∂ ln cl

)
∇ ln cl

Ohm’s law (solid) is = −σs, eff∇�s n/a is = −σs, eff∇�s

Charge balance ∇il = −∇is = 3εs, neg
rp, neg

in ∇il = 0 ∇il = −∇is = 3εs, pos
rp, pos

in

Additional analytic expressions
Ionic diffusivity Dl, eff = εl, neg

τneg
Dl Dl, eff = εl, sep

τsep
Dl Dl, eff = εl, pos

τpos
Dl

Ionic conductivity κl, eff = εl, neg
τneg

κl κl, eff = εl, sep
τsep

κl κl, eff = εl, pos
τpos

κl

Electronic conductivity σs, eff = εs, negσs, neg n/a σs, eff = εs, posσs, pos

Reaction kinetics in = i0
[
exp

(
αa F
RT η

)
−exp

(
αc F
RT η

)]
1+ cs, lim

�cs
exp

(
αa F
RT η

) n/a in = i0
[
exp

(
αa F
RT η

)
−exp

(
αc F
RT η

)]
1+

( cl, lim
�cl

+ cs, lim
�cs

)
exp

(
αc F
RT η

)
Exchange current density i0 = Fkneg

(
cl

cl, ref

)αa (
cs, max, neg − cs, surf

)αa
(
cs, surf

)αc n/a i0 = Fkpos

(
cl

cl, ref

)αa (
cs, max, pos − cs, surf

)αa
(
cs, surf

)αc

Reaction overpotential η = �s − �l − ��s, film − Eeq, neg n/a η = �s − �l − Eeq, pos

Boundary conditions*

Species 2nd (liquid) ∇cl|x=0 = 0 n/a ∇cl|x=lneg+lsep+lpos = 0

Species 2nd (solid) ∂cs
∂r

∣∣∣
r=0

= 0 ∂cs
∂r

∣∣∣
r=rp, neg

= − in
F Ds, neg

n/a ∂cs
∂r

∣∣∣
r=0

= 0 ∂cs
∂r

∣∣∣
r=rp, pos

= − in
F Ds, pos

Potential 2nd (liquid) ∇�l|x=0 = 0 n/a ∇�l|x=lneg+lsep+lpos = 0
Potential 1st (solid) �s|x=0 = 0 n/a ** �s|x=lneg+lsep+lpos = 10−6 V
Potential 2nd (solid) ∇�s|x=lneg = 0 n/a ∇�s|x=lneg+lsep = 0

** ∇�s|x=lneg+lsep+lpos = − Ecell
Rextσs, eff

Initial conditions
Species (liquid) cl (x, t = 0) = cl, 0
Species (solid) cs (x, r, t = 0) = cs, 0, neg n/a cs (x, r, t = 0) = cs, 0, pos
Potential (liquid) �l (x, t = 0) = −Eeq, neg
Potential (solid) �s (x, t = 0) = 0 �s (x, t = 0) = Eeq, pos − Eeq, neg

*indicated as first (Dirichlet) and second order (Neumann) boundary conditions.
**alternatively used for constant voltage (Dirichlet) and constant resistance (Neumann) short circuit conditions.
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Table AII. Equation overview for calculating the overall polarization within each domain of the p2D physical-chemical model based on mass and
charge transport as well as reaction kinetics.

Negative electrode (neg) Separator (sep) Positive electrode (pos)
Description Symbol Graphite Polyolefin NMC-111

Definitions
Bounds of integration l1 lneg lneg + lsep lneg + lsep + lpos

l0 0 lneg lneg + lsep

Specific surface a
3εs, neg
rp, neg

n/a
3εs, pos
rp, pos

Total current itot
∫ l1

l0
(ain) dx n/a*

∫ l1
l0

(ain) dx
Polarization expressions

Diffusion polarization (liquid) �ED, l − 1
itot

∫ l1
l0

(
il 2RT

F (1 − t+)
(

1 + ∂ ln f±
∂ ln cl

)
∇ ln cl

)
dx

Diffusion polarization (solid) �ED, s
1

itot

∫ l1
l0

(
ain

(
Eeq, neg − Eeq, neg, ave

))
dx n/a 1

itot

∫ l1
l0

(
ain

(
Eeq, pos − Eeq, pos, ave

))
dx

Ohmic losses (liquid) �E�, l
1

itot

∫ l1
l0

(
i2l

κl, eff

)
dx

Ohmic losses (solid) �E�, s
1

itot

∫ l1
l0

(
i2s

σs, eff

)
dx n/a 1

itot

∫ l1
l0

(
i2s

σs, eff

)
dx

Reaction overpotential �EBV
1

itot

∫ l1
l0

(
ain

(
�s − �l − Eeq, neg

))
dx n/a 1

itot

∫ l1
l0

(
ain

(
�s − �l − Eeq, pos

))
dx

Overall polarization
∑

�E �ED, l + �ED, s + �E�, l + �E�, s + �EBV �ED, l + �E�, l �ED, l + �ED, s + �E�, l + �E�, s + �EBV

*calculated total current within the positive electrode is used.

partial differential equations describing both mass and charge transport throughout the
negative (neg) and positive electrode (pos) as well as the separator (sep) whilst accounting
for a charge balance between both solid and liquid components are summarized. Together
with additional analytical expressions describing effective transport parameters and reac-
tion kinetics as well as the presented boundary and initial conditions, the model is fully
described.

In order to evaluate the contribution of each underlying mechanism to the total po-
larization of the cell �Ecell (V), each individual voltage loss is calculated according
to Nyman et al.26 following the work of Rao and Newman69 within all three domains
as shown in Table AII. Based on the contribution of diffusion related losses (D) and
ohmic losses (�) within the solid and liquid components of the cell as well as over-
potentials associated with Butler-Volmer reaction kinetics (BV), the overall polariza-
tion

∑
�E (V) within each electrode as well as the voltage drop across the separator

can be calculated. Hence, the total polarization �Ecell occurring within the cell can be
determined via75

�Ecell = −
∑

�Eneg +
∑

�Esep +
∑

�Epos [A1]

Essentially, �Ecell can be further calculated as75

�Ecell = Ecell − Eeq, cell, ave = �s|l1, pos
− �s|l0, neg

+

− 1

itot, pos

∫ l1, pos

l0, pos

(
apos in Eeq, pos, ave

)
dx +

+ 1

itot, neg

∫ l1, neg

l0, neg

(
aneg in Eeq, neg, ave

)
dx [A2]

with the average equilibrium potentials Eeq, neg, ave and Eeq, pos, ave vs. Li/Li+ (V) occurring
after an infinitely long relaxation period being a function of the average concentration
within the active material particles cs, ave. In contrast, the equilibrium potentials char-
acterizing the reaction site Eeq, neg and Eeq, pos vs. Li/Li+ are defined by the surface
concentration of the active material particles cs, surf . Both equations shown in Eq. A1
and Eq. A2 come to the same result which underlines the plausibility of the polarization
expressions stated by Nyman et al.75 even at very high currents.

Based on irreversible and reversible contributions neglecting heat of mixing
effects,34,68,69,93 the overall heat generation rate q̇cell (W m−2) can be approximated via

q̇cell = q̇irrev, cell + q̇rev, cell = (
q̇irrev, neg + q̇irrev, sep + q̇irrev, pos

) + (
q̇rev, neg + q̇rev, pos

)
[A3]

Together with the cell current density icell (A m−2) as shown in Table AII

icell = itot, pos = −itot, neg [A4]

the irreversible heat generation rate within the cell q̇irrev, cell calculates as

q̇irrev, cell = icell �Ecell = icell Ecell −
∫ l1, neg

l0, neg

(
aneg in Eeq, neg, ave

)
dx +

−
∫ l1, pos

l0, pos

(
apos in Eeq, pos, ave

)
dx [A5]

whereas the overall reversible heat generation rate q̇rev, cell is estimated via

q̇rev, cell =
∫ l1, neg

l0, neg

(
aneg in T

dEeq, neg, ave

dT

)
dx +

∫ l1, pos

l0, pos

(
apos in T

dEeq, pos, ave

dT

)
dx

[A6]
with the entropic coefficients

dEeq, neg, ave
dT and

dEeq, pos, ave
dT (V K−1) of the negative and

positive active materials which results in the often cited form68

q̇cell =
[

icell Ecell −
(∫ l1, neg

l0, neg

(
aneg in Eeq, neg, ave

)
dx +

∫ l1, pos

l0, pos

(
apos in Eeq, pos, ave

)
dx

)]
+

+
(∫ l1, neg

l0, neg

(
aneg in T

dEeq, neg, ave

dT

)
dx +

∫ l1, pos

l0, pos

(
apos in T

dEeq, pos, ave

dT

)
dx

)

[A7]

Pre-studies have shown that despite the large currents, the contribution of heat of mixing
effects within the active material particles approximated in accordance with Thomas and
Newman93 is ranging below the contribution of entropy related effects throughout the
short circuit which is why it is not considered here.

Within this work, q̇sc = q̇tot and isc = −icell. Together with the electrode
area A of the experimentally investigated pouch-type cells (ca. 31 mm × 56 mm),
the overall heat generation rate Q̇sc (W) and short circuit current Isc (A) can be
calculated.

Solid phase parameters.—Applied half-cell potentials derived from averaging
between lithiation and delithiation during a C/50 constant current operation are shown in
Fig. A1a and A1b for the negative and positive electrode. The entropic coefficient of Lix C
was taken from experimental data reported by Reynier et al.70 directly measuring the
variation of the half-cell potential vs. Li/Li+ with temperature. The entropic coefficient
dEeq, neg

dT (V K−1) was fitted according to Eq. A8 as a function of degree of lithiation x
which is shown in Fig. A1c (solid line) together with the underlying experimental data
(markers).

dEeq, neg

dT
=

−3.8149×10−4 x5 + 1.058×10−3 x4 − 1.1235×10−3 x3 + 5.5727×10−4 x2 − 1.242×10−4 x + 9.0095×10−6

x5 − 2.9967x4 + 3.2192x3 − 1.4066x2 + 1.8475×10−1 x + 1.3198×10−2

[A8]

Similarly, experimental data gained from isothermal microcalorimetry reported by Lu
et al.71 was used for describing the entropic coefficient of Liy Ni1/3Co1/3Mn1/3O2. The

entropic coefficient
dEeq, pos

dT (V K−1) was fitted according to Eq. A9 as a function of
degree of lithiation y which is shown in Fig. A1d (solid line) together with the underlying
experimental data (markers).

dEeq, pos

dT
= −2.445×10−3 y2 + 3.4961×10−3 y − 1.4125×10−3

y2 − 2.7564y + 3.9766
[A9]

To describe a solid phase diffusion within the active material particles depending on a
diffusion coefficient varying with Li-ion concentration along the pseudo-dimension r ,
experimental work of Levi and Aurbach77 as well as Wu et al.27 were used for Lix C
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Table AIII. Fitting functions for liquid phase transport properties based on electrolyte salt concentration cl (mol m−3) and temperature
T (K).

Valøen and Reimers73 Mao et al.34 Dees et al.74 Nyman et al.75 Lundgren et al.76

PC:EC:DMC EC:DMC EC:EMC EC:EMC EC:DEC
Equation / 10:27:63 1:1 3:7 3:7 1:1
Parameter (vol:vol:vol) (n/a:n/a) (wt:wt) (wt:wt) (wt:wt)

Ionic conductivity κl (S m−1)

κl = k1 ·
(

cl
k2

)(k3−1) · exp

(
−

(
cl
k2

)k3
)

with ki = ki1 exp
(
− ki2

T

)
k11 4.7557 × 102 7.2999 × 102 9.0924 × 102 2.0743 × 100 8.9364 × 102

k12 1.5570 × 103 1.6900 × 103 1.8246 × 103 0 1.8601 × 103

k21 1.1730 × 104 2.0500 × 103 6.3255 × 103 1.6437 × 103 1.1258 × 104

k22 5.7251 × 102 0 3.9753 × 102 0 5.9703 × 102

k31 1.73 1.73 1.8 1.71 1.71
k32 0 0 0 0 0

Salt diffusion coefficient Dl (m2 s−1):

Dl = d1 · exp
(
−d2 · cl + d3

d4+d5·cl−T

)
d1 3.7290 × 10−9 4.3880 × 10−7 1.7041 × 10−5 5.8289 × 10−10 8.5689 × 10−9

d2 5.0646 × 10−4 6.5000 × 10−4 1.9023 × 10−4 1.2626 × 10−3 1.1645 × 10−3

d3 1.2500 × 102 2.0000 × 103 3.4528 × 103 0 8.9000 × 102

d4 2.2879 × 102 0 −1.6595 × 101 0 0
d5 5.0051 × 10−3 0 1.6520 × 10−2 0 0

Cation transference number t+:

t+ = t1 + t2 · tanh
(

cl−t3
t4

)
+ t5 · tanh

(
cl−t6

t7

)
with ti = ti1 · exp

(
ti2

ti3−T

)
t11 0.38 0.4 1.3742 × 100 2.7466 × 10−1 5.2307 × 10−1

t12 0 0 3.8936 × 103 0 4.7331 × 10−2

t13 0 0 −3.0559 × 103 0 1.0137 × 100

t21 0 0 4.9427 × 10−3 −1.2798 × 10−1 8.6228 × 100

t22 0 0 −3.0545 × 103 0 0
t23 0 0 −1.0117 × 103 0 0
t31 0 0 −1.7559 × 103 1.9687 × 103 1.9319 × 103

t32 0 0 1.7984 × 102 0 3.7635 × 102

t33 0 0 1.9686 × 102 0 1.0734 × 102

t41 0 0 5.3158 × 103 4.2195 × 102 9.3645 × 102

t42 0 0 2.4728 × 102 0 1.4192 × 101
t43 0 0 5.3978 × 101 0 2.3004 × 102

t51 0 0 0 −1.4669 × 10−1 −9.1458 × 100

t52 0 0 0 0 0
t53 0 0 0 0 0
t61 0 0 0 9.5080 × 101 1.9067 × 103

t62 0 0 0 0 3.7232 × 102

t63 0 0 0 0 1.1446 × 102

t71 0 0 0 4.6829 × 102 9.7011 × 102

t72 0 0 0 0 1.5087 × 101

t73 0 0 0 0 2.2748 × 102

Thermodynamic factor TDF:

(1 − t+) · TDF = (1 − t+) ·
(

1 + ∂ ln f±
∂ ln cl

)
= f1 · cl

p1 + f2 · cl
p2 + f3 with fi = fi1 · exp

(
fi2

fi3−T

)
p1 1.5 0 2 2 2
p2 0.5 0 1 1 1
f11 2.4174 × 10−3 0.6 2.7539 × 10−7 2.8687 × 10−7 7.8994 × 10−6

f12 −3.3972 × 103 0 −3.3210 × 102 0 1.0027 × 103

f13 1.0732 × 103 0 0 0 0
f21 −7.5895 × 10−3 0 −1.5756 × 10−7 7.4678 × 10−4 2.8106 × 10−2

f22 0 0 −1.8453 × 103 0 1.1294 × 103

f23 0 0 0 0 0
f31 6.0100 × 10−1 0 1.7116 × 10−1 4.4103 × 10−1 9.2607 × 10−1

f32 0 0 −2.8316 × 102 0 2.1001 × 102

f33 0 0 0 0 0

and Liy Ni1/3Co1/3Mn1/3O2, respectively. Whilst Levi and Aurbach77 carried out mea-
surements based on potentiostatic intermittent titration technique (PITT), Wu et al.27

performed a model based evaluation of measured cell relaxation related to solid phase
diffusion. For the diffusion coefficient of Lix C used within this work, an averaging be-
tween data gained from electrodes declared as ”thin” and ”ultrathin”77 was performed

whilst for the diffusion coefficient of Liy Ni1/3Co1/3Mn1/3O2, an averaging between the
behavior of electrodes with two different particle sizes was carried out during both
lithiation and delithiation. The fitted behavior is shown in Figs. A1e and A1f (solid
black lines) together with the underlying averaged measurement data (black markers).
The corresponding fitting functions of Ds, neg and Ds, pos (m2 s−1) are summarized in
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Figure A1. Measured half cell potentials vs. Li/Li+ (top: a and b), fitted entropic coefficients according to experimental data taken from Reynier et al.70 and Lu
et al.71 (middle: c and d), and fitted Li-ion diffusion coefficients taken from Levi and Aurbach77 and Wu et al.27 (bottom: e and f) for the negative (left: a, c, and e)
and positive electrode (right: b, d, and f) as a function of degree of lithiation x and y. Markers indicate the considered measurement data. Dashed lines in e and f
indicate the used range of effective diffusion coefficients at 25◦C. Gray line and markers in f describe reported data from Noh et al.9 as a comparison.

Eq. A10 and Eq. A11.

log10 Ds, neg = −5.9401×10−1 exp

(
−

(
x − 2.5720×10−1

8.4006×10−2

)2
)

+

+ 5.1118×10−1 exp

(
−

(
x − 5.1715×10−1

1.0308×10−1

)2
)

+

− 6.6628×10−2 exp

(
−

(
x − 7.5004×10−1

6.0470×10−2

)2
)

+

− 1.9021×10−1 exp

(
−

(
x − 5.7634×10−1

4.1183×10−2

)2
)

+

+ 5.7993×10−1 exp

(
−

(
x − 5.0993×10−1

3.2647×10−2

)2
)

+

− 1.0736×101 exp

(
−

(
x − 5.5128×10−1

1.0588

)2
)

+

− 1.2463 exp

(
−

(
x − 4.7459×10−2

3.0551×10−2

)2
)

− 4 [A10]

log10 Ds, pos = −1.3922×1012 exp

(
−

(
y − 4.0704

5.8343×10−1

)2
)

+

− 1.4516×101 exp

(
−

(
y − 1.0490

1.8016

)2
)

+

− 8.6982×10−1 exp

(
−

(
y − 3.0124×10−1

2.1998×10−1

)2
)

[A11]

Furthermore, the fitted constant diffusion coefficients used within this work for the negative
and positive electrode at 25◦C are indicated Figs. A1e and A1f (black dashed lines) and
compared to other reported data by Noh et al. for Liy Ni1/3Co1/3Mn1/3O2 (gray solid line
and markers in Fig. A1f).

Liquid phase parameters.—In order to complete the set of parameters used within
this work, properties characterizing the ionic transport within the liquid electrolyte are
required. Accompanied with high currents occurring during short circuit scenarios, large
salt concentration gradients are likely to form throughout the electrodes and separator.
With a reported significant impact of salt concentration on the inherent transport properties
of electrolytes based on LiPF6 and organic solvents such as ionic conductivity κl

34,73–76
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Figure A2. Fitting functions for the ionic conductivity κl (a and b), salt diffusion coefficient Dl (c and d), cation transference number t+ (e and f), and
thermodynamic factor TDF (g and h) as a function of the electrolyte’s salt concentration cl at 25◦C (left: a, c, e, and g) and as a function of temperature T at
1 mol L−1 (right: b, d, f, and h) based on literature from Valøen and Reimers73 (©), Mao et al.,34 Dees et al.74 (�), Nyman et al.75 (♦), and Lundgren et al.76 (�).
Markers indicate the considered range of validity.

(S m−1), salt diffusion coefficient Dl
34,73–76 (m2 s−1), cation transference number t+ re-

lated to the solvent,74–76 and thermodynamic factor TDF,73–76 a concentration dependency
of these parameters is essential for describing the cell’s behavior adequately. Based on the
limited concentration range in terms of available data but also in terms of interest for most
applications, fitted functions describing transport properties based on salt concentration
are often given in a polynomial form which may result e.g. in an increasing κl

34,74–76 or
Dl

74–76 beyond 3 M, which has not been observed experimentally73 (see dashed lines in

Figs. A2a and A2c). Furthermore, reported fitting functions of decreasing transference
numbers75,76 would even result in negative values at higher concentrations (see dashed
lines in Fig. A2e) indicating the presence of negatively-charged clusters dominating ion
transport.94 In order to overcome these issues and to be able to compare the impact of
different transport properties on a cell’s short circuit behavior at high currents and large
concentration gradients, reported fitting functions are re-evaluated and replaced whilst ac-
counting for the reported concentration and temperature dependency.34,73–76 The adapted
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fitting functions are summarized in Table AIII and are shown in Fig. A2 (solid lines) in
comparison to the initially reported fitting functions (dashed lines). It is worth stating here,
that the initially reported fitting functions for an EC:EMC based electrolyte presented by
Dees et al.74 are based on Gering’s advanced electrolyte model.95 Furthermore, the ini-
tially reported fitting functions for both salt diffusion coefficient and transference number
of an EC:DEC based electrolyte as discussed by Lundgren et al.76 are re-evaluated for
the temperature range between 25◦C and 40◦C due to the significantly altered behavior
reported at 10◦C which differs from the experimental observations made by Valøen and
Reimers73 at lower temperatures.
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