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Off-nominal circumstances inducing cell over-discharge in a battery are of concern due to electrolyte decomposition and prolonged
degradation effects. Copper dissolution and its subsequent deposition could lead to high cell temperatures and, in some cases, catastrophic
failures during the battery’s operational lifetime. Extending physics-based lithium-ion battery models for the purpose of simulating
over-discharge conditions require key considerations in model parameters, constitutive equations, and the state of charge window of
operation. This paper reports a reduced-order model for over-discharge and simulating its effect under various scenarios using a thermal
tanks-in-series (TTiS) approach. The model was used to compare voltage-time behavior and capacity fade during cycling for different
over-discharge cycling protocols. The efficacy of cycling simulations was validated with experimental data, and the TTiS model
demonstrates reasonable agreement with the voltage, temperature, and capacity fade trends under the given experimental cycling regimes.
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List of Symbols

Dependent Variables

c Electrolyte Concentration

ct Solid Phase Concentration

& Liquid Phase Potential

s Solid Phase Potential

T Temperature

Other Symbols

Viell Cell Voltage

j Pore-wall flux

N Electrolyte molar flux

q Heat flux

Orev Reversible volumetric heat generation
rate

Qirrev Irreversible volumetric heat generation

rate due to interfacial polarization

Qohmic Volumetric heat generation rate due to
ohmic drop

h Ambient heat transfer coefficient

Capacity fade Symbols

Jsei SEI pore-wall flux

Jeei CEI pore-wall flux

Jpl Lithium Plating pore-wall flux

Jcu Copper dissolution pore-wall flux

Ncu SEI mechanism overpotential

NcEr CEI mechanism overpotential

np; Li Plating mechanism overpotential

Neu Copper dissolution mechanism overpo-
tential

KSEI SEI layer conductivity

Other Superscripts

surf Pertaining to the surface of the particle in

the solid phase

~Equal Contribution.
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Pertaining to the average over the vo-
lume of a porous domain

s avg Pertaining to the average over the
volume of the solid particle

i Pertaining to region i where i €{0, 1, 2, 3,
4}

ij Pertaining to the interface between re-
gions i and j, where i, j € {0, 1, 2, 3, 4}

iij Pertaining to the interface between re-

gions i and j on the side of region i where
i, je{0,1,2, 3,4}

Rigorous safety tests have been conducted on lithium-ion (Li-ion)
batteries to establish safety standards for abnormal conditions like over-
charge (OC), however over-discharge (OD) effects on batteries are often
overlooked.'™ OD is the process of discharging a cell to a voltage level
below the recommended manufacturer limit.” Over-discharge can be
understood on the degree of de-lithiation from the anode i.e. by looking
at the anode potential vs Li/Li*. Slight or shallow over-discharge occurs
when the cell voltage goes below the specified lower voltage limit, in this
study that is 2.5 V. When this cell is discharged down from 2.5V to 2V,
the anode potential ranges from 0.8 V-1V vs Li/Li*. If a cell is
discharged further, to a terminal voltage of 1.5 V-1.8V, we see the
anode potential increase slightly to around 1.2 V-1.5V vs Li/Li*.
Copper (Cu) dissolution from the anode current collector has been
observed experimentally during such cases of shallow OD.’ When cells
are discharge below a terminal voltage of 1 V, we see the anode potential
increase quickly above 1.5 V and when the terminal voltage is <0.0V,
and the anode potential increases above 3V vs Li/Li*, Cu dissolution
from the anodic current collector can lead to severe capacity loss and the
formation of copper bridges that internally short the cell.® Under subtle
OD conditions, the dissolution of copper and its plating in the subsequent
charge cycle can cause excess heat generation during cell cycling and has
been found in some cases to lead to temperatures >150°C.” The
mechanism and rates for Cu dissolution and the resulting products
formed Cu(OH), and CuO are not well understood.®>'°

On the other hand, OC occurs when a battery is charged beyond
the upper voltage cutoff limit because the battery management system
(BMS) fails to regulate the cell voltage, accumulating excess energy
in the cell.* OC of Li-ion batteries accelerates degradation by inducing
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lithium plating, which leads to a loss of the cyclable lithium,
consumption of electrolyte, and a capacity imbalance between
electrodes.'""'? Both over-charging and over-discharging can lead to
higher amounts of heat generation, stemming from an increase in cell
polarization and impedance due to the accumulation of side reaction
effects, thereby increasing the risk of thermal runaway.'' Another
aspect of off-nominal conditions is the extreme degree of (de)
lithiation a cell’s electrode is subjected to; the diffusion coefficient
of lithium in electrode materials used in commercial Li-ion batteries
have a non-linear response to the SoC and changes by an order of
magnitude at extremely low values as is observed during OD."?

Empirical equivalent circuit impedance models'* and fault
detection and diagnosis models'>'® have been considered for
modeling OD in Li-ion batteries. However, there are very few
examples in the literature of physics-based OD models. Our
objective is to advance a physics-based modeling approach to
understand the influence of OD on the thermal and electrochemical
behavior of Li-ion batteries. Note that for modeling, we consider a
battery to be composed of a single cathode, separator and electrode
sandwich representing the full jelly roll construction of a Li-ion
battery. The Tanks-in-Series (TiS) approach introduces volume
averaging of the pseudo-two-dimensional (P2D) equations over
distinct battery regions, namely, cathode, separator, and anode.'”
Further, the TiS model achieves reasonable agreement with the P2D
model and demonstrates computational efficiency allowing for real-
time applications of OC/OD monitoring.

The Thermal Tanks-in-series (TTiS)'® battery model is a good
candidate for predicting the changes in the battery’s state-of-charge
(SoC) and temperature, both being important variables in an OD
model, which affects cell polarization and thermodynamics. The
scope of this work is to develop a TTiS model with non-linear
diffusivity'* for slight OD conditions (till 1.5 V) and an approximate
depth of discharge (DOD) < 105% (DOD - capacity withdrawn/
nominal cell capacity x 100).

Capacity fade occurs due to loss of lithium inventory, loss of
active material, and increases in the internal resistance of the cell."
Various mechanisms have been studied and experimentally reported
in the literature to cause these kinds of capacity fade depending on
several factors such as the electrode material, electrolyte composi-
tion, operational voltage range, C-rate, operating environment,
physical and chemical properties of the battery. The dominant
mechanisms observed during a cell’s normal operation are the
formation of the solid electrolyte interphase (SEI) layer, lithium

plating, cathode electrolyte interface (CEI) layer, and manganese
(Mn) dissolution from Mn-containing cathodes.”® During OD, as the
anode open-circuit potential (OCV) rises above 1.5V (vs Li/Li*"),
copper from the anodic current collector strips and is deposited
during the subsequent charging cycle onto the anode active material
surface, cathode active material surface and can block the separator
pores. The deposited copper forms a fresh surface for the growth of
fresh SEI layer and is shown to cause accelerated SEI growth with
subsequent cycling following an over-discharge cycle.® During
severe OD, the exothermic breakdown of the SEI layer has been
reported leading to elevated cell temperatures and risk of thermal
runaway.’

The TTiS model is used to study the effect of various capacity
fade mechanisms occurring during over-discharge under various
over-discharge cycling protocols. The model simulation was used to
study the temperature response and internal heat generation from
various side reactions occurring under different protocols. The
objective of this paper is to highlight the steps involved in simulating
OD conditions, the effect of non-linear diffusivity on the cell
behavior, and to characterize and understand the interplay of various
capacity fade mechanisms occurring in a cell under various over-
discharge cycling protocols.

Model Development

The TTiS battery model was proposed by Subramaniam et al.'® It
was derived by systematically volume-averaging each governing
equation in the P2D model. The following approximations were
considered while developing the TTiS model: (¢) Approximating
interfacial fluxes and determining interfacial values by imposing
mass and charge conservation at the domain interfaces (for example,
cathode-separator and separator-anode interface), and (b) using the
electrode-averaged pore wall flux to estimate the electrode-averaged
potential. For closure, the interfacial values in the TTiS model are
derived using boundary conditions at the interfaces that establish the
mass flow coupling between the cathode-separator-anode. The
volume averaged TTiS model achieves excellent accuracy with
respect to the P2D model for the cell parameters and operating
conditions, taken in this work and as shown previously.'” The
volume averaging does cause certain limitations in discerning the
effect of spatial heterogeneities in the electrode region, which
become relevant for thick electrodes and high C-rate operation. In
such cases the internal variables differ near the current collector and

Figure 1. The extended Tanks-in-Series (TiS) model for thermal electrochemical model. Additional variables introduced due to the consideration of thermal
effects are highlighted in red. In particular, the average temperature 7; is introduced in each “Tank” by way of the heat conservation equations. The volume-
averaged form of the equations also includes the interfacial heat fluxes g;;. The cell as a whole exchanges heat with the ambient surroundings via the external heat

13
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Table I. Governing equations of the Thermal Tanks-in-Series Model for the porous domains.
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Table II. Additional constitutive equations for the Thermal
Tanks-in-Series models.
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the separator and representing this system with an averaged value
will lead to inaccuracies in predictions. It is important to keep these
limitations in mind when simulating the TTiS model. The pictorial
representation of the TTiS model is shown in Fig. 1, and the detailed
derivation can be found elsewhere.” In this work, the volume-
averaged solid-phase concentrations solved in the radial direction are
approximated using weak-form Galerkin approximation.>' The final
set of equations in the TTiS model used in this work are given in
Table I, and the additional constitutive equations are summarized in
Table II. The model solves for average electrolyte concentration in
the cathode/separator/anode {cy, ¢;, ¢3}, average electrolyte poten-
tial in the cathode/separator/anode { @1, @12, Pi3}, average solid

concentration in the cathode and anode {¢"""*,c;"**}, solid particle

surface concentration in the cathode and anode {¢"**7 ,c;** }, and

average solid-phase potential in the cathode and anode {¢; 1, ¢.3)}.
Note that there are two averages: ¢ represents the average
concentration of lithium in the electrolyte for the cathode region

and ¢"*"® represents the average concentration inside a solid particle,
averaged over the thickness of the cathode.

Experimental protocol and computational details.—To under-
stand the key considerations in extending a battery model to perform
OD simulation, a TTiS model was solved in MATLAB using the
ode15i solver. Model derivation, equations, and expressions can be
found in our previous work.'®

For parametrization and experimental validation of the model,
two 3.25 Ah NCR18650B cells, with an NCA cathode and a graphite
anode, were first discharged down to 2.5V (Cell 1) and 1.5V (Cell
2), respectively. The two cells were then cycled at a C/2 CC charge
step followed by a CV step until the current dropped to a value of C/
50. Next, a 60 s rest step was performed, followed by a C/2 CC
discharge step. Finally, a 60 s rest step was conducted, completing
the protocol, for two different voltage ranges; Cell 1 for the normal
discharge (ND) range of 4.2 V-2.5V and Cell 2 for an over-
discharge (OD) condition of 4.2 V-1.5 V. Voltage and temperature
data were collected for these cells and used for the model
parametrization and validation. A single thermocouple was placed
on the surface of the cell, near the cap (i.e. positive electrode) of the
cylindrical cell.

To understand the capacity fade behavior experimentally, cell
cycling experiments were conducted using three different cycling
protocols at Purdue University.” The first cycling protocol, labeled
as normal discharge (ND) cycling, involves charge-discharge steps
based on the above-detailed procedure, within the normal discharge
voltage range of 4.2 V-2.5 V. It is called normal discharge, as the
cycling procedure is done in accordance with manufacturer recom-
mendations. The second protocol labeled as over-discharge (OD)
cycling, involves 5 cycles of OD down to 1.5V followed by ND
voltage window cycling, and the final protocol, labeled Periodic
Over-Discharge (POD) cycling, is 5 cycles of OD down to 1V,
followed by 20 cycles of ND voltage window cycling repeating
periodically. All experimental cycling is done until 20% capacity
fade is reached based on the initial cycle’s capacity. These
experimental cycling protocols were chosen to study the impact of
slight over-discharge, for a few cycles at the start and for a periodic
over-discharge scenario. Our aim is to develop a model with relevant
capacity fade mechanisms to capture the effect of these protocols on
a cell to understand the initiation and propagation of certain
mechanisms (i.e. copper dissolution) under long term cycling.
Extreme over-discharge and abuse conditions are highly relevant
cases to analyze, however since they lead to immediate cell failure, a
long-term cycling study cannot be performed with these cases. We
will look to expand on this work with failure tests in a future study.
A schematic representing the experimental data collected is shown in
Fig. 2.

Results and Discussion

To use the TTiS model for understanding over-discharge cycling,
we first need to identify the correct parameters for the model that
satisfy the first cycle voltage vs time curves. The model is
parametrized using two voltage windows, the ND voltage vs time
curve, giving one parameter set (Set 1), and the second parameter set
(Set II) uses both the ND & OD voltage vs time curves for
parametrization. Then the model is simulated under 3 different
cycling protocols to compare against experimental data, namely the
ND, OD, and POD cycling cases. The agreement of the final
simulations with experimental data are quantified by calculating
the RMSE error and is reported in their respective figures. Finally, a
case study evaluates the effect of C-rate and ambient temperature on
capacity fade characteristics of the cell. The simulations performed
are summarized in Fig. 2. We will now look at each of these
simulations in detail.

Parametrization: 1st cycle voltage vs time simulation.—The
primary objective of any battery model is to reasonably predict the
voltage-time behavior of an electrochemical cell under various
operating conditions. A base set of cell parameters and OCV curves
were obtained from the literature®* and used for simulations. A key
modification to the model equations involves the addition of
concentration-dependent diffusivity to the solid phase.?' The moti-
vation to include variable diffusivity is the non-linear dependence of
lithium diffusion in electrode materials to the its degree of (de)
lithiation, especially at lower concentrations as seen during OD.'?
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Figure 2. Schematic for experimental data collected and model simulations done. The model is parametrized for two parameter sets, Set I, using cycle 1 voltage
vs time of the normal discharge case and Set II using cycle 1 voltage vs time of both the normal discharge and over-discharge cycle.
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Figure 3. Addition of non-linear diffusion to the model vs using constant
diffusivity, shows a better voltage vs time fit for the OD case, while using the
same SoC values as in the ND case.

Figure 3, shows the model result vs ND voltage-time curve with and
without varying diffusivity. The variable diffusivity is included in all
the model simulations henceforth.

The final set of parameters, listed in Table III, were tuned from
literature values to match the charge and discharge voltage-time
behavior for the ND voltage range as seen in Set I of Figs. 4a and 4b.

We see a good agreement between Set I model simulation and the
voltage-time data.

Next, the Set I parameter set was used to simulate the model to
perform charge and over-discharge down to 1.5V, as seen in
Figs. 4c and 4d. In Fig. 4d, the model discharge voltage stops at
1.7 V and starts increasing before the cut-off voltage of 1.5 V is hit,
the model fails to simulate further as the concentration of lithium in
the anode approaches 0 and the OCV expression gives meaningless
results. Hence the model was re-parametrized using the first cycle
voltage vs time data of both the ND and OD voltage range, giving us
the Set II parameter set. The simulations were able to predict the OD
case, as the OCV functions for the cathode and anode were chosen
such that the Li concentration in the electrode, during simulation
falls within meaningful values when going to these extreme
voltages. The final concentration of Li in the anode and the cathode
depends on the initial values chosen as well as the capacity
utilization during cycling simulation. Redefining these initial values
for both the anode and the cathode allows the cell to operate in a
meaningful concentration window during cycling, thereby pre-
venting unrealistic values seen at the end of discharge. Figures 4c
and 4d shows simulation results using Set II parameters, which not
only match the voltage-time curve for OD but also for the ND
voltage regime as seen in Figs. 4a and 4b.

Once the voltage-time curves were simulated and found to be in
agreement with the data, the thermal model parameters were tuned to
match the experimentally measured cell temperatures as shown in
Figs. 5¢ and 5d. This involved identifying the key heat generation
term during discharge and charge, as seen in Figs 5a and 5b
respectively, and tuning the expression for the entropic heating term
(Qrev) as it is the most volatile and significant contributor to heat
generation in the cell. The agreement achieved for the voltage-time
as well as temperature-time curves, for the ND and OD voltage
protocol highlights the fidelity of the model developed to simulate
different discharge protocols and conditions.

Parameter values used in the TTiS model are listed in Table III.
We arrived at a set of parameters and initial conditions for our model
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Table III. Model parameters.17

Parameter Cathode Separator Anode
Ci max Maximum particle phase concentration 50488 31667
(mol/m®)
Cy Initial electrolyte concentration (mol/m?) — 1000 —
I; Electrode Thickness (m) 7.25 x 1073 0.20 x 10~ 735 x 1073
R; Characteristic Particle Radius (m) 4.55 x 106 — 7.70 x 10-6
& Porosity in positive electrode 0.24 0.40 0.26
g5 Filler fraction® 0.02 — 0.02
b; Bruggeman tortuosity correction 1.5 1.5 1.5
a, electrode reaction anodic coefficient 0.5 — 0.5
a. electrode reaction cathodic coefficient 0.5 — 0.5
D; Solid Phase Diffusivity (m?/s) 0.5 x 10-13 — 0.7 x 10-13
Eap Activation energy for temperature depen- 5000 — 5000
dent solid phase diffusion (J/mol)
Eay. Activation energy for temperature depen- 5000 — 5000
dent kinetic rate constant (J/mol)
C, Specific heat 700 700 700
Ai Thermal Conductivity (W / (m K)) 2.1 0.16 1.7
p; Density (kg/m3) 2500 1100 2500
0; State of charge® Set I 0.92 — Set I 0.021
Set IT 0.99 — Set IT 0.20
k; Electrode reaction rate constant 143 x 10~11 — 2.88 x 1012
(m25/(mol®s)
Q.. Capacity of cell (Ah) 3.25
Acen Cross-sectional area of electrode (m?) 0.081
f; Li ion transference number 0.38
Kr Contact resistance in the circuit (Ohm) 0.255 x 1073
F Faraday’s constant (C/mol) 96487
R Gas Constant J/(mol K) 8.314
T.mp» Ambient Temperature (K) 294.65
T, Reference Temperature (K) 298.15
hamp Ambient heat transfer coefficient 2
(W/(m* K))*
Rate test C-rate (1/h) 0.5
Expresﬁon used in the entropic heat generation  Set I 0.199 — 0.9280,+ 0.00527 + 3.2996, — 91.79362+
erm U, [1-3695 - 0.6116; ] AU [1004.911@3 — 5812.2780" ]
T 1 - 5660, +11470—| dT 1 — 48.09286, + 101723497
9.820; + 3.056; 10481.80497 + 59431.3430;
Set II 0.351 — 0.8756,+ 0.006214 + 2.56386, — 103.2416%+
i _ o, 18450, — 0.18407 | gy, _ 1402.1236; — 4140.2379;
dar

a) parametric fit.

that agrees with experimental data. Several parameters were
obtained from literature?® and some were fitted (shown by ~ in
Table III). The converged set of parameters and the MATLAB codes
are shared as open-access codes for non-commercial purposes.

Capacity fade mechanisms.—The first cycle simulation is shown
to match with experimental data, and we will now discuss the
addition of capacity fade mechanisms involved in the cycling
protocols under consideration. A list of mechanisms used is
summarized in Table IV.

The addition of capacity fade mechanisms to battery models
depends on factors such as the electrode material, electrolyte
composition, operational voltage range and C-rate, which determines
the type and amount of each mechanism that causes fade. The SEI

[1 - 9250, + 9.4593—} dr

1 — 47.1420, — 7139.23502+
18243.1267 — 54981.2830;

3 4
7.236] + 5.346;

layer is a major reason for the loss of cyclable lithium ions
throughout a cell’s operational lifetime, occurring at slow rates
and room temperature conditions. During over-discharge, copper
from the anodic current collector strips, and is deposited during the
subsequent charging cycle onto the anode active material surface.
The deposited copper forms a fresh surface for the growth of new
SEI layer and is shown to cause accelerated SEI growth with
subsequent cycling following an over-discharge cycle. During severe
over-discharge, the exothermic breakdown of the SEI layer has been
reported leading to elevated cell temperatures and risk of thermal
runaway. The mechanism was modeled on experimental observa-
tions and characterization of over-discharge where plated copper
was found on the electrode and separator surfaces, for cells being
discharged to a terminal voltage of 1.5 V. For the chosen cycling
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Figure 4. Voltage vs time plots using two parameter sets as Set I and Set 11, i.e. parameter set I and parameter set II, for the normal discharge (ND) 2.5V-4.2 V
(a) charge and (b) discharge plots and the over-discharge (OD) 1.5 V-4.2 V (c) charge and (d) discharge plots.

protocols in this study, which involves a shallow over-discharge, we
have estimated the reaction potential and SoC window of operation
to reflect the initiation of the Cu mechanisms only during over-
discharge. The effect of a deeper depth of over-discharge and
temperature on the mechanism will be studied in detail separately
in future work. The choice of capacity fade mechanisms to be
included in the electrochemical model was based on literature review
and as per the operating C-rate and ambient temperature of the cell.
Thus, the final set of fade mechanisms incorporated are i) solid-
electrolyte interphase (SEI) layer growth, ii) Lithium plating, iii)
cathode-electrolyte interphase, (CEI) layer growth, and iv) copper
dissolution and deposition, which is observed during OD

specifically. The variation in the conductivity of the SEI layer is
also modeled due to copper deposition on the existing SEI surface.

Capacity fade cycling studies.— SEI layer growth in: ND, OD
and POD cycling.—The effect of capacity fade is introduced for a
cycling simulation in the ND voltage range, termed normal
discharge cycling, and validated against experimental data. The
cell was cycled until 20% capacity fade was recorded with respect to
the initial cycle capacity.

Initially, only the diffusion-limited SEI layer mechanism was
added to predict the capacity fade data as shown in Fig. 6a,
highlighting the discharge capacity with every cycle. Adding only
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the SEI layer growth we observe a good agreement between the
experimental data and simulation results for the normal discharge
case, and the current model reasonably captures the initial non-linear
trend of capacity degradation attributed to the diffusion-limited SEI
growth regime. Applying the same mechanism to the OD cycling
case, a cycling simulation with 5 initial cycles of OD down to 1.5V
followed by the ND voltage range until 20% capacity fade, we
observe that the initial 5 cycles have a higher capacity as seen in
Fig. 6b. The cell being over-discharged to 1.5 V as opposed to 2.5 V

contributes to the increased capacity output of the cell. Overall, the
model can capture the experimental capacity data, highlighting that
this protocol is quite similar to the normal discharge cycling case,
meaning a few cycles of slight over-discharge to 1.5 V initially do
not significantly affect the cell performance and behavior with
continued ND voltage range cycling.

Figure 6¢ shows the discharge capacity vs cycle number for the
POD cycling simulation with the SEI layer mechanism. Using the
same SEI reaction parameter values as the previous two cases (ND
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Table IV. Capacity fade mechanisms for the Tanks-in-Series model.

Mechanism

Equation

Solid Electrolyte Interface'

Cathode Electrolyte Interface'®

Lithium Plating'®

Copper Deposition and dissolution

Change in SEI Conductivity

Anode Flux balance
Cathode Flux balance

and OD) we see the model predicts the capacity trend for the first 5
OD cycles and next 20 ND window cycles, then begins to over-
predict the ND window capacity data with subsequent cycling. The
difference between experimental and simulated capacity indicates
the additional source of capacity loss when OD cycles are more
frequent.

Multiple capacity fade mechanisms in POD cycling.—We have
established that SEI growth alone cannot account for the losses to a
cell undergoing POD cycling. The model overpredicts the experi-
mental capacity with aging, requiring additional fade mechanisms to
be included.

Along with the SEI layer formation, we consider the growth of
the CEI layer as well as the loss of lithium inventory via reversible
lithium plating. Figure 7a shows the simulated discharge capacity
with three fade mechanisms vs experimental data for POD cycling.
This simulation can be viewed in two parts, the capacity observed
during the OD step and the capacity obtained during the ND window
step. Three mechanisms show a higher overall fade, seen in the ND
window capacity, as some lithium inventory is now lost in CEI layer
formation and Li plating in addition to the SEI layer. However, the
model still overpredicts the discharge capacity in this region. The
capacity obtained during OD, is still higher than the experimentally
observed capacity. This is possibly due to the reversible Li plating,
which acts as a source of lithium when the cell is being forced to
over-discharge, and due to Li plating not contributing to internal cell
polarization unlike SEI and CEI layer growth. Lithium plating is
observed in cells when the anode voltage drops below 0 V vs Li/Li™,
this has been widely studied and is the potential value we are using
to initiate Li plating. In the first few cycles, Li plating is not
observed as the anode over-potential does not drop below the
required potential to favor this side reaction, which is typically
seen when a fresh cell is charged above the 4.2 V upper voltage
limit. However, as the cell ages, due to SEI and CEI layer formation
as well as copper dissolution and deposition during over-discharge,
the internal polarization increases for the cell and there is a loss in Li
inventory. Additionally, the deposited copper causes a reduction in
accessible active material, which in turn increases the current density
across the anode. The increased polarization, loss of Li inventory
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i = —kgei (e Y3 exp| - =—| — — exp| ——% |exp(—AseiSsei
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and reduction of available active material all cause the aged cell’s
anode potential to drop below the OV threshold and initiate the
plating reaction. Highly polarized cells will reach the lower terminal
voltage limit with a short discharge time, attributing some capacity
fade during the charge step to plating, allows for the cell to operate
for a longer window with respect to voltage during each over-
discharge step down to 1.5 V. This can explain the increasing gap
between OD capacity and ND window capacity.

Finally, we add another key mechanism that activates only during
OD and is a non-polarizing type of fade, copper dissolution.
Figure 7b shows the results for this case, where we see a marked
drop in capacity after each OD step. Cu dissolved during OD can
deposit on the active material of the anode, cathode and block the
porous separator as well. In this study, we have accounted for these
effects of deposition by changing the active material fraction of the
anode as Cu dissolution occurs (equations summarized in Table IV).
Figure 7b still shows the model overpredicting, albeit slightly, the
actual data during the ND operating window.

Finally, another effect of Cu deposition is the increased tendency
of SEI formation in subsequent charging cycles, as there is a new
non-insulating surface for the lithium and electrolyte to react.
Linking Cu deposition to increased SEI formation in the model is
accounted for by changing the effective conductivity of the SEI layer
(ksei)- Increasing the SEI conductivity, reduces the overpotential for
SEI formation and increases the voltage window in which SEI can
form during charging. Figure 7d includes the SEI linked Cu
dissolution mechanism, CEI formation, Li plating and Cu dissolu-
tion, where we see the model predict both the OD capacity and the
ND window capacity. The increasing gap between the over-
discharge capacity and the ND window capacity is primarily due
to two mechanisms, copper dissolution and deposition and the
subsequent increased SEI layer formation after every 5 cycles of
over-discharge. The deposited copper provides a new surface with a
lower overpotential, due to the increased conductivity of the SEI
layer, which causes increased SEI formation during subsequent
steps. This result has also been experimentally observed.

Effect of C-rate and ambient temperature.—The mechanisms
and the extent of degradation in Li-ion batteries are dependent on the
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capacity fade.

cell chemistry, operation conditions, cycling protocol, and ambient
temperature. We analyze the effect of C-rate and ambient tempera-
ture on the periodic over-discharge protocol as studied above. The
baseline cycling protocol is a C/2 CC charge to 4.2 V, followed by a
CV charge until the current drops to C/50. A C/2 CC discharge is
then performed to 2.5V for the normal regime and 1.5V for the
over-discharge cycles, all simulated at 25°C. This protocol is
followed for 5 cycles of over-discharge followed by 20 cycles of
normal discharge till 20% of the initial capacity is reached. The same
protocol is studied for the following cases, as seen in Fig. 8:

i) C/4 rate
This is a lower rate compared to the ND case and the
simulation plots are shown in Fig. 8a. We observe that the
initial capacity is higher, this is due to lower polarization
occurring at the lower C-rate leading to a higher initial
capacity. As cycling continues, we can observe the discharge
capacity in two sections, one for the over-discharge capacity

and the other for the normal regime discharge capacity. The
normal regime capacity is consistently higher than the ND case
as is evident with increasing cycle number. There is less overall
fade at the lower C-rate due to lower SEI formation, lower CEI
formation and lesser plating and copper dissolution. The
contribution of individual mechanisms is evident in Fig. 8c,
showing the simulated values of capacity lost due to each
mechanism. The over-discharge capacity value is very similar
to the baseline case as under both circumstances, the copper
dissolution mechanism does not contribute significantly en-
ough in the operating window to reduce the capacity when
going to the 1.5 V cutoff.During CC discharge the temperature
of a cell peaks just before reaching the cutoff voltage. Figure 9a
shows the peak discharge temperature during C/2 POD cycling
simulation vs experimental data. We see that although peak
temperatures increase with cycles, the slope for OD peak
temperature is higher than for ND window cycling, for the
experimental data and simulation. For a lower C-rate we
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ii)

observe a similar effect, but with the difference between OD
and ND window peak temperature being different based on the
C-rate.

1C rate

This is a higher rate compared to the baseline case, and the
simulation plots are shown in Fig. 8a. We observe that the
initial capacity is lower, this is due to higher polarization
occurring at the higher C-rate leading to a lower initial
capacity. As cycling continues, we can observe the discharge
capacity in two sections, as observed in the previous case. The
normal regime capacity is consistently lower than the baseline
case as is evident with increasing cycle number. There is more
overall fade at the higher C-rate primarily due to higher SEI
formation, CEI formation and to a lesser extent Li plating and
copper dissolution at this C-rate. The contribution of individual
mechanisms is evident in Fig. 8c, showing the simulated values
of capacity lost in each mechanism. The over-discharge
capacity value is lower compared to the baseline case as the

iii)

Cu dissolution mechanism and Li plating are triggered as the
overpotential in the anode promotes this side reaction for a
longer time as compared to the lower C-rates. Figure 8c
highlights the increase in individual mechanisms, showing
the highest percentage change of fade coming from the Li
plating. The compounding effect of loss of capacity from the
over-discharge regime and the normal regime, causes the
capacity fade at a much higher rate compared to going from
the C/4 to C/2 condition. The ambient temperature effect is
analyzed in the section below.

15 °C

At a lower temperature, polarization is higher due to slower
kinetics, diffusion, and conductivities. Figure 8b shows the
simulation capacity vs cycles for various ambient temperatures.
The lower temperature at 15 °C shows a lower initial capacity
due to higher polarizations within the cell, causing the voltage
cutoff to reach earlier. However, with cycling we observe that
the three temperatures under study, meet at around 150 cycles
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and crossover, where the 15 °C case shows a higher capacity as
compared to the baseline temperature case of 25 °C. With
cycling, the amount of overall capacity fade for the 15 °C case,
is lower leading to more available Li inventory during
operation, the primary reason being the slower kinetics for
SEI and CEI formation as seen in Fig. 8d. We can also see that
the amount of copper dissolution and Li plating have increased
as compared to the baseline case causing the OD capacity to
fall well below the baseline values, over-discharging cold cells
limits the incremental capacity highly as the high overpoten-
tials cause side reactions to occur and force the cell to reach the
1.5V cutoff faster. The cell operates differently in the two
given conditions, i.e. the normal discharge and over-discharge
voltage window, as compared to the baseline temperature case

of 25 °C, showing a higher capacity in the normal voltage

regime and a lower capacity when being over-discharged.
iv) 35°C

At a higher temperature the low polarization is observed initially
due to faster kinetics, diffusion, and conductivities. Figure 8b shows
the simulation capacity vs cycles for various ambient temperatures.
The higher temperature at 35 °C shows a higher initial capacity due to
lower polarizations within the cell causing a higher initial discharge
capacity to be achieved. After around 150 cycles however, we see the
35°C case shows a lower capacity as compared to the baseline
temperature case of 25°C. With cycling, the amount of overall
capacity fade for this case is much higher, leading to lesser available
Li inventory during operation, the primary reason being the higher
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kinetics for SEI and CEI formation as seen in Fig. 8d. This causes a
much higher rate of side reactions occurring, amounting to more
overall fade, thereby reducing the discharge capacity. The amount of
Cu dissolution and Li plating have decreased as compared to the
baseline case, which means under these conditions, the OD capacity is
due to a higher voltage window, due to lower polarizations and lower
side reactions occurring. Even though the fade during OD is less, the
overall capacity falls below the baseline values as much of the Li
inventory is lost during the normal cycling regime.

Over-discharging cells at a higher ambient temperature show
higher overall fade, but more importantly, shows a higher risk for
thermal runaway as seen in Fig. 9c where the peak temperature
during discharge crosses 55 °C and increases with the number of
cycles of operation. A few over-discharged cells in a pack under
high ambient temperatures thus require a robust thermal manage-
ment system to prevent the possibility of electrolyte dry-out and
thermal runaway.

Model Limitation

For the given cell design keeping the over-discharge voltage stop
condition the same, which is 1.5 V, we can have different behavior
in the copper dissolution and deposition mechanism based on the N:
P ratio of the cell. Increasing the N:P ratio would mean that the stop
condition would be reached at a lower anode potential, which means
lesser Cu dissolution and deposition. Decreasing the N:P ratio will
increase the amount of copper dissolution and deposition as the
anode potential will be higher than the current cell design case. A
more detailed study on the effect of over-discharge based on cell
level parameters will be analyzed in future work.

In this paper, in addition to common mechanisms for capacity
fade, copper dissolution was added to the P2D model approximated
with a tanks-in-series approach. Note that copper dissolution
changes the architecture of the sandwich and will need a two-
dimensional model with moving boundaries with careful formulation
for mass conservation.”> We hope to address the same in future
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publications when detailed experimental data with spatial hetero-
geneity becomes available.

Code Dissemination

The codes used for the plots shown in the paper are provided in
MATLAB with open access for non-commercial purposes (hosted
on the PI's webpage: available online at https://sites.utexas.edu/
maple/models-codes-2/). The following codes are posted:

1) Single cycle simulation in the normal voltage window.

2) Single cycle simulation in the over-discharge voltage window.

3) Cycling simulations with all the capacity fade mechanisms
mentioned in Table IV.

Summary

In this paper, a systematic approach was taken to develop a
thermal Tanks-in-Series model to simulate over-discharge condi-
tions for a Li-ion cell. The model was employed to study the effect
and interplay of capacity fade mechanisms based on different over-
discharge cycling protocols. Copper dissolution and subsequent
deposition under over-discharge conditions, leading to increased
SEI layer growth with subsequent cycling, explained the increasing

difference in normal and over-discharge cycle capacities during
periodic over-discharge. Changes in C-rate and thermal environment
studies showed the tendency of lithium plating and copper dissolu-
tion to significantly affect degradation dynamics at higher rates and
lower temperatures. The thermal behavior of the cell provided
insights into the rise in peak over-discharge temperature during
cycling which could pose a severe safety threat leading to thermal
runaway.

Acknowledgments

The authors would like to acknowledge our collaborators at
Electrochemical Safety Research Institute-UL Research Institutes
for their discussion and insight into the effects of over-discharge on
a cell and for their financial support in this project. We thank the
team at Energy and Transport Sciences Lab, Purdue University for
providing the experimental data shown in this paper.

Appendix

The electrode open circuit potential curves used in the manuscript are
presented here as shown in Fig. A-1, along with the markers for their
respective initial and final electrode SOC’s as the fully charged cell is
discharged, to a terminal voltage of 2.5V and 1.5V at the first cycle.
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Figure A-1. OCV curves with markers of the initial SoC at the beginning of discharge, and two final SoC’s at 2.5 V and 1.5 V for the (a) cathode and (b) anode.
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