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Li-ion batteries are prone to thermal transients imposed by external environmental

conditions and/or operationally-induced self-heating characteristics. The material

properties, form factor, and implemented cooling strategy of a battery influence the

severity and behavior of thermal transients. In contrast to equilibrated low temperatures

(0◦C), both substantial and mild (40 to 0◦C and 10 to 0◦C) temporally transient thermal

conditions, result in approximately half of the Li+ ions plating as lithium metal at the

anode, as opposed to intercalating, in the first charge. This quantity of plated lithium

accelerates capacity loss in subsequent cycles and causes rapid onset of jellyroll collapse

(cycles 5–8). The plating process induced by charging under a thermal transient causes a

unique drop in voltage during charging, resulting in a negative differential voltage, which

is not observed in subsequent cycles when the cell temperature has reached thermal

equilibrium or in any equilibrium condition. Because a negative differential voltage is

distinct, it provides a route for detection to prevent rapid degradation and compromised

safety. Accelerated rate calorimetry assesses cell safety after substantial plating and

jellyroll collapse induced by charging under a temporally thermal transient condition.

Self-heating begins at temperatures as low as 35◦C and can wall rupture provides risk

of propagation failures in battery packs. Charging during thermal transients is identified

as a plating-prone condition that alters the long-term performance and safety of Li-ion

batteries. This work exemplifies the importance of understanding the role of thermal

transients in pack assemblies to enable safe operation.

Keywords: Li-ion battery, thermal transient, lithium plating, jellyroll collapse, accelerated rate calorimetry,

differential voltage

INTRODUCTION

Electrochemical behaviors are strongly coupled with thermal conditions (Rodrigues et al., 2017;
Mistry et al., 2018). Temperature variations alter the kinetics of redox processes (Nernst equation)
and material properties that influence mass transport, for example electrolyte viscosity. These
temperature variations can permit undesirable behaviors such as lithium plating and excessive
solid-electrolyte interphase (SEI) growth. Low temperatures (Love et al., 2015), high charging
rates (C-rates) (Waldmann et al., 2018), and spatial thermal gradients (Carter and Love, 2018) are
known to enable lithium plating, a phenomenon often blamed for Li-ion battery failures. High
temperatures accelerate SEI growth and diminish performance (Rodrigues et al., 2017).
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At a system level, batteries are susceptible to spatial thermal
gradients across a pack assembly and temporal thermal transients
due to varying operational conditions (Liu et al., 2017; Zhao et al.,
2018). These thermal gradients and transients can be manifested
or exacerbated by the cell’s C-rate (Huang et al., 2019; Liu et al.,
2019; Tomaszewska et al., 2019), which modulates ion movement
and in turn, affects Joule heating (Zhang et al., 2014). Electric
vehicle batteries subjected to fast charging or variable climates
are particularly at risk of these conditions. Spatial and temporal
variation of undesired (e.g., SEI growth and lithium plating)
and desired (e.g., conventional intercalation) characteristics alter
the safety and performance of the system and, as pointed out
by Hales et al. can contribute greater degradation than absolute
temperatures (Hales et al., 2019).

Ideally, thermal management systems for Li-ion batteries
attempt to maintain an isothermal condition which is expected
to deliver optimal performance (Rao and Wang, 2011; Zhao
et al., 2015; Wang et al., 2016; Bolsinger and Birke, 2019).
Particularly in electric vehicle batteries, thermal management
systems attempt to counter environmental changes and cell self-
heating (Wang et al., 2016). Various cooling strategies have
been examined for efficacy (Chen et al., 2016), with some
better suited to adjust cell temperature rapidly while others for
limiting spatial variation (Liu et al., 2017). It is important to
understand the implications of these thermal fluctuations on
battery performance to provide long term stability.

The geometry and material properties of the cell combined
with its cooling strategy govern the battery’s transient response
when subjected to changing thermal conditions. The timescale
of the transient response relative to the cell’s charge and
discharge time is important because significant cell temperature
fluctuations in conjunction with changes in the state of charge
(SOC) facilitate complex electrochemical behavior. The system’s
sensitivity to spatial temperature variation is dictated, in part,
by the battery cell design and operational factors (physical
cell form factor, usage conditions, cooling strategy, and cell
material properties) and thermal characteristics (heat transfer
coefficients, thermal conductivities and self-heating rates). For
example, cylindrical cells are more prone to spatial thermal
gradients than pouch cells, particularly in the radial direction
when subjected to high C-rates (Waldmann et al., 2015), given
their smaller surface area to volume ratio. Understanding the
susceptibility of the system to these factors is exceedingly
important when considering thermal management strategies
and/or safe operational or environmental conditions.

This work probes the performance and safety implications of
charging a 2.6 Ah 18650 Li-ion battery exposed to a temporally
transient thermal condition. Immediately following transfer from
a warmer chamber to a colder chamber, the cells reveal plating
dominant charging behavior not present in the ones equilibrated
to their respective thermal environment.

METHODS

Cell Screening
Cell conditioning described in our recent work involving the
same cell (Love et al., 2018) was utilized to equilibrate each

cell state before comparative testing. First the cell’s discharge
capacity is assessed. Next the capacity loss with cycling is checked
for tolerance. Finally, the cells are stored at equivalent states of
charge. Each cell was examined with X-ray radiography down
the length of the can using Zeiss Xradia 520 Versa (Carter et al.,
2018). Using the 0.4X detector, the cell was imaged with 12 s
of exposure at 140 kV and 10W. This configuration provided
a voxel size of 20µm. X-ray imaging confirmed the lack of a
mandrel inside the cell and pristine initial condition.

Testing
Five cells were utilized to examine five different thermal
conditions. Three cells were placed in different environmental
chambers (Tenney) set to 40, 20, or 0◦C. The cells equilibrated
to these temperatures for 1.5 h and were then electrochemically
cycled; these cells represent the Equilibrium conditions. Two
other cells were subjected to thermally transient conditions by
first equilibrating them in chambers of 40 and 10◦C and then
transferring them to 0◦C chambers. Additionally, data from
cells transferred from 20 and 5◦C to 0◦C are incorporated
in Figure S5. For these Transient cells, cycling was started
immediately upon transferring to the 0◦C chamber. Both
Equilibrium and Transient cells were cycled using a CC-CV/CC
(constant current-constant voltage charge and constant current
discharge) strategy recommended by the manufacturer: C/2
(1.3 A) CC charge to 4.2V followed by 4.2V CV charge until the
current < C/50 (0.052A); C/2 (1.3 A) CC discharge to 2.75 V.

Model
The spatial and temporal temperature evolution of the battery
once transferred from the higher temperature chamber to the
lower temperature chamber affects the cell’s electrochemistry.
The Biot number was used to determine if spatial temperature
gradients within the jellyroll of the battery were likely to be
present. The Biot number provides a measure of the temperature
gradient within the cell relative to the temperature gradient
between the outside surface of the cell can wall and the
surrounding air. If the resistance to convection (Rconv) between
the can surface and the surrounding air is significantly higher
than the internal conduction resistance (Rconv), it can be
concluded that spatial temperature gradients within the jellyroll
are negligible and the temperature of the cell is approximately
spatially uniform at each point in time. The Biot number is
given by:

Bi =
Rcond

Rconv
=

hLc

ks
(1)

where the characteristic length of the cell is Lc = V/As.
The volume of the jellyroll was calculated using V =

(π/4) L (Do − Di)
2 where Do and Di are the outside and inside

diameter of the jellyroll and L is the length of the jellyroll.
The outside and inside diameters of the jellyroll were measured
to be ∼18 and 4mm, respectively, using X-ray radiography
(Figure S1). Because the diameter of the cell is small relative
to the length, the ends of the cell were neglected for thermal
modeling purposes. Thus, the surface area of the cell was
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calculated using As = πDoL. Because heat transfer is assumed
to only occur in the radial direction, the effective radial
thermal conductivity of the jellyroll was assumed to be 3.39
W/mK, as experimentally measured by Maleki et al. (1999).
This effective radial thermal conductivity takes into account the
electrodes, separator and electrolyte. The convective heat transfer
coefficient

(

h
)

inside the colder chamber was evaluated using
an empirical Nusselt number correlation for a cylinder in cross
flow (Incropera et al., 2007): Nu = h Do/kf = C ReD

mPr1/3

where the Reynolds number is Re = UDo/υ ; constants C and m
are obtained from Incropera et al. (2007); and kf is the thermal
conductivity, Pr is the Prandtl number, and υ is the viscosity
of air evaluated at the arithmetic mean of the initial (Ti) and
final (Tf ) temperature of the cell (i.e., the hot and cold chamber
temperatures, respectively). The velocity of the air inside the
cold chamber (U) was measured to be 1.9 m/s. The calculated
convective heat transfer coefficient was ∼32 W/m2K for both
transient conditions. Using these experimental parameters, the
Biot number is determined to be 0.03 for both thermal transient
conditions. This Biot number is similar to those found in the
literature when cells are subjected to natural convection or low-
velocity forced convection in air (Al Hallaj et al., 1999; Zhang
et al., 2019). Because the Biot number is<0.1, it is concluded that
the spatial temperature gradients within the jellyroll of the cell
are negligible and the temperature of the cell is only a function of
time. This analysis assumes that the heat generation rate within
the cell during charge and discharge is relatively small, which has
been shown to be a good assumption for low C-rates, such as the
one used in this study (C/2) (Jeon and Baek, 2011).

Given the lack of spatial temperature gradients within the
cell, a lumped capacitance thermal model is appropriate and the
temporal evolution of the battery temperature when transferred
from the hot chamber to the cold chamber can be predicted using:

T (t) =
(

Ti − Tf

)

exp

(

−
hAs

ρVc
t

)

+ Tf (2)

where ρ and c are the density and specific heat of the jellyroll,
which were assumed to be 2,680 kg/m3 and 1,280 J/(kg ◦C),
respectively, as experimentally measured by Maleki et al. (1999).

End of Life (EOL) Safety Assessment
To assess the safety implications of subjecting cells to a thermal
transient, an end of life (EOL) safety assessment was performed
on three different cells. Starting with brand new cells in a
pristine initial condition, these cells were discharged and cycled
according to the conditions outlined in section “Testing” for the
Transient 40 to 0◦C, Equilibrium 0◦C, and Equilibrium 20◦C.
Cells subjected to the Transient 40 to 0◦C and Equilibrium 0◦C
conditions which are prone to mechanical and electrochemical
degradation were cycled until their capacity had faded to 75%
of their initial discharge capacity (signaling EOL). The Transient
cell started with a discharge capacity of 1.98 Ah and was stopped
at 1.50 Ah. The Equilibrium cell started with a discharge capacity
of 2.08 Ah and was stopped at 1.57 Ah. The Equilibrium 20◦C
cell would require many cycles to reach equivalent energy loss,
so this cell was cycled 100 times and exhibited ∼6% capacity

fade. X-rays were collected for these cells before and after cell
cycling in accordance with the screening procedure in section
“Cell Screening”.

Following X-ray imaging, the cells were fully charged using
the CC-CV procedure described in section Testing and the
plastic wrapping of the cells was removed as well as the plastic
ring around the positive tab. An N-type thermocouple was
attached to the center of the cell on the can wall using high
temperature tape and a nickel wire. The cell was then positioned
inside a holder to keep the cell upright during testing and then
lowered into an extended volume Thermal Hazard Technology
accelerated rate calorimeter (EV-ARC). The EV-ARC’s “heat-
wait-seek” method was utilized to slowly heat the chamber in 5◦C
increments followed by a 5min wait period and a 20min seek
period. During the “seek” period, if the temperature rate exceeds
0.02◦C/min, the EV-ARC will enter “exotherm” mode where the
cell temperature is measured until the temperature rate decreases
below 0.02◦C/min or reaches a predefined temperature cutoff.
If the temperature cutoff is not reached during this exotherm
mode, the EV-ARC enters the heat-wait-seek mode again and
the process will continue until the temperature cutoff is reached
either due to heating by the EV-ARC or thermal runaway.

RESULTS AND DISCUSSION

Quantifying Thermal Transients
A temporally transient thermal condition is induced on the
cells by transferring them from the warmer to the colder
environmental chamber, as illustrated in Figure 1A. The start of
this thermal transient condition coincides with the start of cell
charging. The temperature of the batteries as a function of time
upon leaving the hot chamber (either at a nominal temperature of
40 or 10◦C) and being inserted into the cold chamber (nominally
0◦C) is shown in Figure 1B. It is worth noting that while there
is a substantial (40◦C) and mild (10◦C) temporal temperature
evolution of the cells for the two Transient cases, the spatial
temperature gradients within the cells are negligible and the
entire jellyroll is assumed to be at the temperature shown in
Figure 1B for reasons discussed in section Model. The triangle
symbols represent the experimentally-obtained data and the
solid lines represent the lumped capacitance thermal model
predictions (Equation 2).

In general, the model predictions agree quite well with the
experimental data. For the Transient 40 to 0◦C experimental
test condition, there is an initial, more rapid reduction in the
cell temperature (0 < t < 0.007 h or 25 s) relative to the
model predictions. This rapid initial reduction is likely due to the
movement of the cell from one chamber to the other. After this
initial discrepancy, the model agrees with the experimental data
very well. The experimentally-obtained thermal time constant,
defined as the amount of time the cell takes to change 63.2% of the
chamber-to-chamber temperature difference, is τexp = 0.0806 h
(4.8min). The theoretical thermal time constant is τpred =

ρVc/hAs = 0.0826 h (5min). Thus, the error in the theoretical
thermal time constant for this transient condition is only 2.5%. At
t = 0.354 h (21min), the cell temperature is within 0.3◦C of the
cold chamber temperature and has changed more than 99% of

Frontiers in Energy Research | www.frontiersin.org 3 December 2019 | Volume 7 | Article 144

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Carter et al. Lithium Plating During Thermally Transients

FIGURE 1 | (A) Schematic diagram of the cell transfer process used to create

a thermal transient condition and (B) experimentally measured and

theoretically predicted cell temperature upon transfer to the 0◦C chamber.

the chamber-to-chamber temperature difference; it is essentially
in thermal equilibrium with the cold chamber. Thus, it is only
during the first 22% of the first charge duration that the cell is
under a thermal transient condition.

For the 10 to 0◦C condition, the measured temperature of the
cell initially increases 2◦C from t = 0 to 0.004 h (14 s) followed
by a rapid reduction in temperature from t = 0.004 to 0.009 h
and then a slower reduction after t = 0.009 h (32 s). This non-
monotonic behavior is due to the transfer of the cell from an
initially 10◦C chamber, through room temperature air (≈ 22◦C),
to a 0◦C chamber. While some minor differences between the
model predictions and the experimental data are present for the
first 0.1 h (6min), the two agree quite well thereafter.

First Cycle Characteristics
First Charge
The first CC charge of the cell following transfer from the
warmer to the colder environmental condition is when all of the

temperature variation is occurring. In order to provide a baseline
understanding for the thermo-electrochemical coupling across
the temperature range that the Transient cells experience, the
electrochemical behavior under thermal equilibrium conditions
was probed. The first charge of cells equilibrated to 40, 20,
and 0◦C are provided in Figure 2A. Minimal difference between
the Equilibrium 40 and 20◦C conditions (red and black curves,
respectively) exists, but the Equilibrium 0◦C cell (navy) exhibits
significantly higher overpotential to intercalation, causing the
cell to charge at a higher voltage. The increased charge voltage
prevents a complete charge, since the upper voltage cutoff
is reached before the cell achieves its full capacity. Based
on these observations, the behavior in the first ∼0.2 h of
the Transient 10 to 0◦C case (olive, Figure 2B) agrees well
with the Equilibrium 0◦C cell (for ease of comparison, all 5
conditions are plotted together in Figure S2). However, the
voltage continues to rise beyond the voltage where a plateau
was reached in the Equilibrium 0◦C case. The cell voltage
peaks at ∼3.92V after 0.36 h of charging, a duration that is
remarkably similar to the time required for the temperature
to reach 99% of equilibrium. Without further testing, it is
unclear whether this finding holds in a more general sense or
whether it is coincidental. The peak is followed by a decrease
in voltage (inset of Figure 2B). Ultimately, the cell reaches its
cutoff voltage slightly earlier than the warmer (Equilibrium
40 and 20◦C) conditions, resulting in a reduced capacity. The
Transient 40 to 0◦C case (plum) behaves remarkably similar to
the 10 to 0◦C condition, except for lower overpotential at the
beginning of charge. Despite being initially 30◦C warmer than
the Transient 10 to 0◦C cell, the Transient 40 to 0◦C cell still
peaks at ∼3.9V after 0.35 h of charging. At the time of the
peak, the cells have reached approximately the same temperature
(0.9◦C, as shown in Figure 1) although starting at vastly different
initial temperatures.

For further interrogation of the charge features, the derivative
of each charge curve is examined (Figures 2C,D). This analysis
allows observation of lithium staging at the graphite anode (Dahn
et al., 2012) during the charging process in the Equilibrium
40 and 20◦C cells (Figure 2C). A peak in the derivative curve
is observed at ∼0.3 Ah which signals dilute stage IV, the first
lithation state of graphite, and a plateau at 2 Ah indicating
the last state, stage I. While a peak is not observed in the
Equilibrium 0◦C condition, due to the higher overpotential in
the cell (Bloom et al., 2005; Dahn et al., 2012), a plateau does
appear at ∼1.6 Ah. Notably, the derivative of the charge of all
three equilibrium cells never drops below 0 V/Ah. However, the
derivative of the transient cases (Figure 2D) reveals very different
trends with a rapid decrease to a negative differential followed
by a recovery to a positive differential until the end of charge.
The negative differential corresponds to the observed voltage
drop in the charge (Figure 2B). This feature, distinct to the
transient case, suggests the onset of a new process in the system
which is likely plating lithium. It is probable that lithium plating
is initiated when the derivative voltage becomes negative and
continues in tandem with conventional intercalation processes
until the termination of the charge, even after the derivative
voltage has returned to a positive value. Evidence of stripping in
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FIGURE 2 | Voltage profiles for the first C/2 galvanostatic charge of (A) Equilibrium 40, 20, and 0◦C cells after a 1.5 h rest, (B) Transient 40 to 0◦C and 10 to 0◦C cells

after no rest, and their corresponding differential voltage (C,D), respectively.

the subsequent discharge confirms speculation of lithium plating
in this first charge (Figure 3).

First Discharge
Figure 3 shows the first discharge behavior directly following
the first charge that was shown in Figure 2, displayed in the
same arrangement of conditions and analysis. In accordance
with the charging condition, the Equilibrium 40 and 20◦C
cells exhibit similar discharge voltage behavior but with slightly
higher discharge capacity delivered by the 40◦C cell. Recall the
Equilibrium 0◦C cell experienced higher overpotential during
charging causing the cell to reach cutoff voltage prior to 100%
SOC (Figure 2A). The same behavior causes a lower discharge
voltage and capacity compared to the other Equilibrium cells
(Figure 3A). Notably, in this first discharge for the Equilibrium
0◦C condition no lithium stripping, indicated as an additional
discharge voltage plateau, is observed, indicating lithium plating

did not occur during the charge despite the affinity to this
behavior in low temperature operation (Love et al., 2015, 2018;
Petzl et al., 2015). The shape of the differential voltage for
the Equilibrium discharge curves (Figure 3B) agrees well with
previous reports in the literature (Bloom et al., 2005; Dahn et al.,
2012). Here, again, the two rounded plateaus correlate to graphite
anode staging processes and the ending peak in the 40 and
20◦C cells align with the initial feature (dilute stage IV) in the
charge differential (Figure 2C). The small peak is slightly larger in
the Equilibrium 40◦C where kinetics are more efficient enabling
complete deintercalation.

Alternatively, the discharge of both thermally transient cells
reveals a new process with an additional plateau in the cell voltage
(Figure 3C). This additional plateau corresponds to lithium
metal stripping, which occurs at the beginning of discharge and
perpetuates until deintercalation of the anode becomes dominant
(Petzl et al., 2015; Campbell et al., 2019). Since metal stripping
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FIGURE 3 | (A) Voltage profiles and (B) differential voltage for the first C/2 galvanostatic discharge immediately following the first charge for Equilibrium 40, 20, and

0◦C cells. (C) Voltage profiles and (D) differential voltage for the first C/2 galvanostatic discharge immediately following the first charge for Transient 40 to 0◦C and 10

to 0◦C cells.

has a higher standard reduction potential than the conventional
deintercalation discharge behavior, this process initiates a slightly
higher voltage than the Equilibrium 0◦C discharge despite the
equivalent thermal condition of the cells at this time (Figure S1).
As the discharge potential becomes favorable for deintercalation
and stripping terminates, the slope of the voltage profile increases
and then steadies into the traditional deintercalation behavior.
Since a change in slope differentiates the transition between
the stripping dominant behavior and deintercalation dominant
behavior, the derivative of the voltage profile helps interrogate
the transition at the minima of a valley in the curve, as labeled
in Figure 3D. In both cells a significant quantity of lithium is
stripped from the anode, particularly in the Transient 40 to
0◦C condition. Here the transition to deintercalation dominant
processes happens approximately halfway through discharge (at
∼1.04 Ah), indicating at least half of the lithium ions transported

to the anode during charging were stored asmetallic lithium. This
lithium quantity is substantially higher than other commercial
cell observations (Petzl et al., 2015; Campbell et al., 2019; Carter
et al., 2019), emphasizing the distinct risk of transient conditions.
Further, ∼0.75 Ah of lithium (∼38% of the capacity) is stripped
in the 10 to 0◦C Transient condition, which indicates that even
small temperature transients can have a large impact on the
electrochemical behavior of the cell. Based on this observation, a
Transient 5 to 0◦C and a Transient 20 to 0◦C case was examined
for trends and consistency. The cyclic behavior of these cells is
incorporated in Figure S5.

Long Term Performance
Since the cells subjected to a temporally thermal transient
condition during their first charge show distinct electrochemical
behaviors during their first cycle in comparison to relevant
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equilibrium conditions, we examined the long term effects of
these behaviors on cell performance. By the end of the first cycle,
the thermal transient cells have reached thermal equilibriumwith
the 0◦C temperature chamber. Therefore, in cycles 2–50 the only
distinction between the transient conditions and the equilibrium
0◦C cell is provided by residual effects of the first cycle.

Figure 4 shows the discharge capacity delivered by all five
thermal conditions over the first 50 cycles. The Equilibrium
40 and 20◦C cells show minimal evidence of degradation.
The Equilibrium 0◦C shows minimal degradation initially,
followed by a gradual decay beginning around cycle 25, where
jellyroll collapse likely begins, as carefully characterized in our
previous publication investigating the role of a mandrel on
Equilibrium 0◦C cycling (Carter et al., 2019). In stark contrast,
the Transient 10 to 0◦C cell shows rapid degradation beginning
at approximately cycle eight and the Transient 40 to 0◦C cell
at approximately cycle five. Here the mechanical implications of
plating and stripping significant quantities of lithiummetal, even
in the first cycle as identified in Figure 3D, likely expedite the
jellyroll collapse failure mode.

Route for Detection and Unraveling
Mechanisms
Since the Equilibrium 0◦C cell’s long-term performance proved
distinctly different than the thermally transient cells, despite their
identical conditions after the first cycle, the behavior of the cells
in subsequent cycles was investigated. The differential voltage of
the charging and discharging profiles (Figure S3) for cycle(s) 1,
2, 5, 10, 20, 30, and 40 for the Equilibrium 0◦C cell and the
Transient condition that degraded the quickest, Transient 40
to 0◦C, is presented in Figure 5. The most notable observation
when examining the differential voltage of the first charge
(Figures 5A,B) is that a negative differential is only observed in
the first cycle of the Transient 40 to 0◦C cell. It is not observed
in any subsequent cycles (when thermal equilibrium has been

FIGURE 4 | Discharge capacity over 50 cycles for all five cell types.

reached) or in any cycle for the Equilibrium 0◦C condition. This
emphasizes that the feature discussed in Figures 2B,D is distinct
to charging under thermal transient conditions and indicative
of the onset of lithium metal plating dominant electrochemical
processes. Since the feature is distinct mechanistically and
numerically, it is feasible for a batterymanagement system (BMS)
to detect a negative voltage differential during charging and halt
current flow.

While differential voltage of the charging profile gives route
to plating detection, analysis of the differential voltage profile
during discharge provides evidence of degradation modes. In
the Equilibrium 0◦C cell (Figure 5C), the valley characteristic of
the transition from stripping to deintercalation appears in the
second cycle at ∼0.2 Ah. Therefore, plating occurred during the
second charge, despite a negative differential voltage not being
observed (Figure 5A). In comparison to the first charge, where
no plating or stripping was observed, cycles 2–40 exhibit a lower
differential voltage at the end of charge, where plating is most
probable. The location of the valley in the discharge differential
voltage (Figure 5C) does not modulate with cycling, indicating
that this lithium stripping behavior is reversible and minimally
detrimental to the cell. However, the rounded feature following
the valley, correlating to deintercalation from the anode, begins
to show substantial decrease in average value following cycle 20,
as indicated by the dashed gray arrow in Figure 5C. Dramatic
reduction in the differential voltage in the deintercalation region
indicates jellyroll collapse, which is the primary degradation
mode in this cell, since the stripping behavior proves reversible.
The decreased differential voltage correlates to higher cell
impedance and manifests as a sharper slope in the voltage
profile (provided in the Supplementary Material). Jellyroll
collapse causes material delamination and the cell’s resistance,
or impedance, to increase and capacity to decrease (Waldmann
et al., 2014; Pfrang et al., 2018; Carter et al., 2019). As the jellyroll
collapse causes damage to the layers, delamination leads to active
material loss. This behavior dominates cell degradation at the
40th cycle, where the valley feature and deintercalation region
shift left. Here less stripping and deintercalation are observed
because the active material loss prevents reversibility.

For the Transient 40 to 0◦C cell, a similar decrease in the
magnitude of differential voltage in the deintercalation region
after cycle five indicates the start of jellyroll collapse (Figure 5D).
Not only does this degradation mode onset earlier than the
Equilibrium 0◦C cell, but changes in the stripping behavior are
also evident. From the first to the second cycle, the amount of
stripped lithium (quantified by the location of the valley minima)
decreases from 1.04 to 0.88 Ah, meaning less lithium was plated
on the second charge. The location of the minima then remains
relatively constant until the magnitude of the differential voltage
in the deintercalation region begins reducing, indicating jellyroll
collapse, during cycle 10. Subsequently, the slope in the stripping
region also changes due to the enhanced cell impedance and the
stripped quantity decreases as the active material is damaged by
the mechanical collapse. This is coupled with a leftward shift in
the stripping and deintercalation region as loss of active material
occurs during the collapse. These trends continue until the cell
delivers minimal capacity or is deactivated.
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FIGURE 5 | Differential voltage from select charges (1, 2, 5, 10, 20, 30, and 40) of the (A) Equilibrium 0◦C cell and (B) Transient 40 to 0◦C cell and differential voltage

of their subsequent discharges, (C,D), respectively. The dashed arrow in (C,D) shows the trend of decreasing average differential voltage during deintercalation which

correlates to jellyroll collapse.

Decoupling Jellyroll Collapse and Lithium
Plating
Using the minima of the characteristic valley in the differential
voltage discharge curve for each cell type, the capacity of stripped
lithium was assessed over the duration of cycling (Figure 6A).
In accordance with the discussion of Figure 5A, the ∼0.2 Ah of
lithium stripped in cycle two for the Equilibrium 0◦C cell remains
stable across the 50 cycles, indicating the reversibility of plating
and stripping this quantity of lithium at the anode composite.
A simple calculation converts this capacity to a lithium film of
∼2µm when distributed uniformly across the ∼455 cm2 anode
surface area. Since the active material layer of the anode is
∼80µm thick and ∼35% porous, it is feasible for this volume of
lithium to distribute across the surface of graphite particles and
remain electrically connected without damaging the composite,
enabling reversibility.

For the Transient 40 to 0◦C cell, the high quantity of
lithium initially stripped (1.04 Ah) during the first discharge
due to the thermal transient-induced plating during the first

charge decreases to a region of stability at ∼0.81 Ah for cycles
2–8. The second cycle stripping quantity (0.88 Ah) is much
greater than the Equilibrium 0◦C quantity (0.2 Ah), which

indicates that the first charge alters long term performance.
The initially stripped quantity (1.04 Ah) equates to a ∼11 µm-

thick lithium film and the plateau region (0.81 Ah), ∼9µm.

These volumes of lithium, which are >10% of the existing
anode active material, will either alter the anode thickness,
causing pressure to build throughout the jellyroll, or damage the
interconnection of the anode composite, rendering the material
inactive. These destructive behaviors instigate jellyroll collapse
and loss of capacity. At cycle nine, stripping capacity steadily
decreases until the cell is deactivated.

To further emphasize that the Equilibrium 0◦C cell and
Transient 40 to 0◦C cell jellyroll collapse behaviors are different,
the average differential voltage, of the deintercalation plateau
is shown for each cycle (Figure 6B). This value indicates the
cells impedance to deintercalation which increases as the jellyroll
collapses. The differential voltage in the deintercalation region of
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FIGURE 6 | (A) Capacity of lithium stripped during discharge and (B) average differential voltage during deintercalation over 50 cycles for the Equilibrium 0◦C and

Transient 40 to 0◦C cells. The dashed arrow in (B) indicates the onset of jellyroll collapse in the Transient 40 to 0◦C condition.

FIGURE 7 | (A) Discharge capacity of Equilibrium 20◦C over 100 cycles and Equilibrium 0◦C and Transient 40 to 0◦C cells to 25% capacity fade. X-ray radiograph

after 30% capacity fade for cells subjected to (B) Equilibrium 0◦C and (C) Transient 40 to 0◦Cwith evidence of jellyroll collapse, contrasted to the Equilibrium 20◦C cell

cycled 100 times without mechanical degradation (D).
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the Equilibrium 0◦C cell shows minimal change until after cycle
30 and then decreases rapidly until testing completion. However,
for the Transient 40 to 0◦C cell, the differential voltage begins
decreasing immediately. Combined with Figure 6A, this analysis
confirms that the Equilibrium 0◦C cell primarily degrades
because of jellyroll collapse while the Transient 40 to 0◦C cell
degrades more rapidly with substantial lithium plating followed
by jellyroll collapse.

Safety Analysis
Since the Equilibrium 0◦C and Transient 40 to 0◦C cells degrade
in a different manner, the implications of their EOL physical

FIGURE 8 | (A) Cell temperature over time during accelerating rate calorimetry

(ARC) testing and (B) photographs of each cell after ARC testing.

condition on thermal runaway are important to assess. The
discharge capacity of the cells shown in Figure 4 were allowed
to decay substantially below a typical EOL condition, where they
decayed to unequal amounts. Therefore, fresh cells (Figure S6)
were subjected to the same thermal conditions (Equilibrium
0◦C and Transient 40 to 0◦C) and cycled to equivalent
EOL conditions of 75% capacity retention. The cells degraded
(Figure 7A) in a manner consistent with those analyzed in
Figure 4 but at a slightly slower rate, indicating the experimental
variation of a jellyroll collapse failure, which is unpredictable in
nature as we observed previously (Carter et al., 2019). Subsequent
radiographs of the cells at the EOL confirmed that both thermal
conditions resulted in jellyroll collapse (Figures 7B,C).

Additionally, a fresh cell at Equilibrium 20◦C was cycled
for 100 cycles. Since minimal degradation is observed in this
thermal condition, many cycles would be required to reach the
EOL condition. After 100 cycles the Equilibrium 0◦C exhibited
∼6% capacity fade and no jellyroll collapse (Figure 7D). These
three cells therefore represent a conventionally cycled cell
(Figure 7D), a cell exhibiting jellyroll collapse and 30% energy
loss (Figure 7B), and a cell subjected to substantial plating,
jellyroll collapse, and 30% energy loss (Figure 7C).

These three cells were then fully charged and tested via
ARC to assess their thermal runaway (Carter et al., 2018). The
conventionally cycled Equilibrium 20◦C cell began self-heating at
130◦C when separator melting occurred (Waldmann et al., 2017;
Carter et al., 2019; Figure 8A). This cell then vents providing
an endothermic downshift at 140◦C. Finally the cell enters
thermal runaway at ∼200◦C. After the test, the cell exhibits
signs of combustion at the vent holes but otherwise shows
minimal evidence of failure (Figure 7B). In contrast to this
conventional behavior, the Equilibrium 0◦C and Transient 40 to
0◦C cells which both possess lower electrochemical energy, began
to self-heat at only 50 and 35◦C, respectively. With these cells,
Equilibrium 0◦C and Transient 40 to 0◦C, two distinct inflection
temperatures occur after self-heating initiates. The first onsets are
around 70◦C for both cells and correlates to lithium side reactions
where residual lithium metal reacts with electrolyte components
(Feng et al., 2019). The higher peak temperature of the Transient
40 to 0◦C cell (154◦C compared to 108◦C for the Equilibrium 0◦C
condition) caused by lithium side reactions, indicates a greater
quantity of metallic lithium, augmenting the heat generation.
Subsequently the Transient 40 to 0◦C cell more rapidly self-
heats when the lithium side reactions terminate to a rate of
0.3◦C/min compared to only 0.07◦C/min for the Equilibrium
0◦C cell. Heating rate data with respect to temperature are
incorporated in Figure S8. Since self-heating initiates at such low
temperatures and both cells experience lithium side reactions, cell
venting is not evident. Ultimately, both cells self-heat to∼200◦C
where thermal runaway occurs. Since venting is not evident in
the data for each of these cells, both cans rupture during the
thermal runaway event, releasing active material (Figure 8B). In
the case of the Equilibrium 0◦C cell, the jellyroll ejects through
the top of the cell whereas the Transient 40 to 0◦C cell exhibits
side wall rupture opening the cell in the radial direction. These
dramatic behaviors which involve material ejecta and can wall
deformation induce risk to local assets and failure propagation in
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pack assemblies. These thermal runaway behaviors emphasize the
compromised safety of cells containing metallic lithium and/or
exhibiting collapsed jellyrolls.

CONCLUSIONS AND FUTURE OUTLOOK

Charging lithium-ion cells under spatially uniform, temporally
transient thermal conditions can greatly reduce performance and
safety. Herein we determine that a single charge of a commercial
Li-ion battery while its temperature is decreasing temporally
toward 0◦C induces lithium plating which causes early loss of
capacity, earlier onset temperature of thermal runaway, and
higher heat generation temperature during thermal runaway.
The 18650 cells examined show evidence that approximately
half of the Li+ ions transferred in this first charge deposit
as lithium metal rather than intercalating in both the mild
Transient 10 to 0◦C and the more substantial Transient 40
to 0◦C cases. When this substantial plating is induced by the
transient thermal condition, a depression in the charge voltage
to a negative differential voltage occurs. However, after the cells
reach 0◦C (cycles 2–50 of the Transient cells or all cycles of the
Equilibrium 0◦C cell), stripping is still observed on the discharge,
but the charge voltage does not exhibit a negative differential.
The distinct nature of this feature provides a route for detection
of the onset of this aggressive lithium plating behavior with
BMS algorithms.

Since cells charged during the transient to 0◦C experience
significant lithium plating and subsequent stripping, the
mechanical implications cause its long term performance to
differ from a cell initially equilibrated to the same condition.
The Equilibrium 0◦C cell undergoes significantly less lithium
metal plating and stripping (∼0.2 Ah) but eventually experiences
jellyroll collapse after ∼30 cycles due to low temperature aging
after ∼30 cycles. However, the large quantity of lithium plated
and stripped in the transient condition, particularly in the
Transient 40 to 0◦C case (1.04 Ah), causes the jellyroll to collapse
more rapidly, after only ∼5 cycles. These distinct degradation
modes enable extremely energetic failure modes following self-
heating at mild temperatures of only 50 and 35◦C for the
Equilibrium 0◦C and Transient 40 to 0◦C cases, respectively.
The Transient 40 to 0◦C case shows evidence of more residual
lithium metal and a more rapid acceleration to thermal runaway.
The thermal runaway of both cells results in can wall breaches
providing risk of failure propagation.

Our observations, in regards to the cells’ sensitivity to thermal
transient conditions, emphasize the need to understand the
correlations between Li-ion battery environments and local
electrochemistry. This understanding can better evaluate safe

operating conditions and thermal management strategies. The
thermal sensitivity of particular form factors and pack assemblies
should be evaluated. Further assessment of the impact of
differing magnitude and direction of the thermal transient is
required to fully understand the safety implications. Moreover,
it is important to understand the time to equilibrium when
selecting C-rate, so that substantial SOC variation does not
occur during a thermal transient condition. These considerations
are particularly important for extreme fast charging. Our
observations spark questions about transients at different state
charge and operational conditions as well, like cold start,
discharging in a transient cold to warm condition.
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