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Abstract

This study addresses the understanding of the failure mode in lithium ion batteries
when fast charged at a low temperature. A number of commercially available
18650 Li-ion cells were selected and comparatively tested for fast charging at
different temperatures. Whereas a majority of the cells were able to fast charge
efficiently at 23 °C, their fast charging capabilities decreased significantly at lower
temperatures. Interestingly, the five best cells spanned energy grades and
included energy, balanced and power cells. Those cells were repeatedly charged
at a 2C rate for 300 cycles at different temperatures, leading to varying
performance profiles. The cells fast charged at -10 °C were then disassembled
and subjected to a post-mortem analysis, in order to investigate the failure modes
associated to fast charging at a low temperature. Even though several degradation
modes were observed, the main cause for performance decay and cell failure was
a loss of lithium inventory caused by an abnormal growth of the anode solid
electrolyte interphase (SEI). Lithium plating and graphite exfoliation were
determined to be the main causes for SEI growth. Finally, a comparative analysis
was performed on the battery component choices and manufacturing parameters,
which provides guidance towards the manufacturing of cells more capable of

sustaining repeated fast charges at ambient and low temperatures.

Key words: Li-ion batteries, fast charging, low temperature, post-mortem analysis,

failure mode.



1. Introduction

In recent years, the adoption of electric vehicles (EVs) has taken a strong
momentum, with billions of investments being committed by both the automotive
industry and battery manufacturers. According to the International Energy
Agency’s Global EV Outlook 2021 report, “electric car registrations increased by
41 % in 2020, despite the pandemic-related worldwide downturn in car sales in
which global car sales dropped 16 %.” [1]. Even if the cost of lithium-ion batteries
(LIBs) has decreased tremendously in recent years thanks to economies of scales
allowed by the construction of multiple factories worldwide, it still represents a
significant part of an EV cost. One opportunity to lower the cost of EVs would be
to equip vehicles with batteries having smaller capacities but the capability to be
charged quickly (typically below 15 min), allowing long term travels through
multiple charging on the way. However LIBs are notoriously limited in terms of
charging rate, especially at low temperatures, mainly due to the slow kinetics of
lithium ion intercalation into the graphite anode [2]. The need to better understand
the issues and challenges related to repeated fast charging, especially at low
temperatures, has triggered multiple investigations [3-5]. Studies on
LiFePOua/graphite cells revealed a stronger capacity decay at high charge rates,
lithium plating being identified as the main aging mechanism, leading to
progressive loss of lithium inventory due to continuous solid electrolyte interphase
(SEI) growth [6-7]. Investigations on Nickel Manganese Oxide (NMC)/graphite and
Nickel Cobalt Aluminum (NCA)/graphite cells revealed similar degradation modes
[8-13], significantly amplified at sub-zero temperatures [14-15]. Indeed,
temperature and charging rate were clearly identified as correlated factors in

several studies [16-18].

However, very few studies have comparatively tested commercially available cells
to assess their fast charging capabilities, understand their limitations and
investigate the best current manufacturing practices that enable better fast
charging. Popp et al. recently reported a study on several high energy cells of
18650 and 21700 formats for the European iModBatt project, and concluded that

most of the cells were only suited for automotive applications if no fast charging at
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high C-rates was applied [19]. Sturm et al. investigated the effect of different
cylindrical form factors and electrode tab designs on the fast charging capability of
cells and observed significant differences from these metrics on the rate capability,
thermal behaviour and onset conditions for lithium plating [20]. Mathieu et al.
investigated three cells of different chemistries and manufacturers, and confirmed
that the fast charging performance was greatly affected by materials and cell
design, with different failure modes involved: lithium plating, mechanical
degradation and SEI growth [21].

In this study, the fast charging capability of multiple commercial cells was
comparatively investigated at ambient and low temperatures. The five best cells
were then repeatedly fast charged and a post-mortem analysis was carried out to
reveal the failure modes and understand how the choices of manufacturing

parameters influence the fast charging capability of cells.

2. Experimental
2.1 Testcells

Multiple Li-ion cells of the 18650 format from major battery manufacturers were
purchased from various distributors. The selection was based on two main
characteristics: fast charging capability and good low temperature cycling
capability. Moreover, the selection was done to include all most common battery
chemistries as well as various energy grades (from high energy to high power). In
particular, a series of cells (#6 in Table 1) was retrieved from an EV module. The
EV traveled less than 10,000 km according to the information provided. These EV
cells were used as benchmarks, but their unknown electrochemical and thermal

history had to be taken into consideration in the interpretation of results.

The rated capacity of each cell was confirmed using a protocol from the USABC
Electric Vehicle Battery Test Procedures Manual (Rev. 3, June 2015) and

consistent batches of cells were selected for the study. Eleven types of cells were



finally down selected, which demonstrated rated capacities matching the data from

the manufacturer, as well as good cell-to-cell consistency.
2.3 Equipment

Cells were cycled using an Arbin BT2000 10A battery cycler. Temperature
controlled chambers were either a VWR Symphony incubator for 10 and 23 °C
testing or a Marvel Scientific freezer for 0 and -10 °C testing. Electrochemical
impedance spectroscopy (EIS) was performed at room temperature using a
Solartron 1260 Frequency Response Analyzer coupled to a Solartron 1287
Potentiostat controlled via the Zplot software (Scribner Associates). Frequency
sweeps were carried out between 5 kHz and 5 mHz at 10 % state of charge (SOC)
in galvanostatic mode using a 300 mA signal amplitude. EIS data fitting was
performed using the Zview software (v3.5 Scribner Associates).

2.2 C-rate testing

The charging capability of the cells was assessed with a charge rate map at three
different temperatures: 23, 5, and -10 °C. The rate map consisted of a single cycle
between 2.5 V and 4.2 V (3.8 V for Lithium Iron Phosphate (LFP)-based cells)
using a CC-CV (constant current-constant voltage) charge protocol with a
progressive increase in rate between C/5 and 2C, C/3 discharges and 10 min

open-circuit resting periods between each charge and discharge.
2. Cell cycling and storage

The five best performing cells from the C-rate testing were cycled for up to 300
cycles using a conventional CC-CV charge protocol between 2.5V and 4.2 V (3.8
V for the LFP-based cell) at a CC charge rate of 2C and a CV step until 80 % of
the nominal capacity was reached or total charging time (CC+CV) reached 30 min.
This protocol replicates the requirement for EV fast charging of reaching 80 % of
the nominal capacity in 30 min. The CC discharge rate was set at C/3. The cells
were allowed to rest for 10 min at open-circuit between each charge and discharge.
Every 100 cycles, the cell's state of health (SOH) was monitored using a C/3
charge/discharge rate at 23 °C.



In parallel, calendar ageing tests were carried out by placing storage cells at 10 %
SOC in the environmental chambers alongside the cycling cells. Cycling and
calendar ageing tests were performed at four different temperatures: 23, 10, 0, and
-10 °C. EIS was measured at the beginning and the end of cycling. Each testing

condition was performed in duplicate.
2.4 Post-mortem analysis

X-ray computed tomography (X-CT) was performed on cells before and after
cycling at -10 °C, using a Nikon HMX ST-225 scanner (microfocus X-ray source:
tungsten reflection target) to reveal the internal structure of the cells and eventual
macroscopic changes after cycling. 3D images were reconstructed using Nikon CT
Pro 3D software v3.1.12.

Fresh and cycled cells were disassembled in a dry room and the electrodes were
recovered for analysis by optical microscopy (OM) using an Olympus BX53M

microscope and scanning electron microscopy (SEM) using a Hitachi S-470.

3. Results
3.1 Cell performance
Charge rate mapping

A summary of the charging capabilities of the eleven selected cells at three
different temperatures is shown in Table 1. The cells were ranked from left to right
from high energy to high power grade. A colour code for battery performance was
used for a clearer visualization of the charging capabilities. At 23 °C, most cells
were capable of charging more than 80 % of their rated capacities up to 2C rate,
with the exception of a high energy cell having a lithium cobalt oxide (LCO) cathode.
However, when the temperature was decreased to 5 °C, high energy cells started
to show limitations in their ability to charge more than 80 % of their capacity at
rates faster than C/3. At -10 °C, the great majority of the tested cells were unable
to charge 80 % of their rated capacity independently of the charging rate. However,
it is interesting to note that multiple cells were capable of charging above 70 % of
6



their rated capacity during the 30 min charging time at 2C, and were therefore just
outside of achieving the commonly accepted definition of EV fast charging. Finally,
cell #11 (based on a LFP cathode and an artificial graphite (AG) anode) was the
only cell in this study that maintained over 80 % of its nominal capacity at all

charging rates and temperatures.

It is also interesting to examine only the CC charging step (not considering the
capacity charged during the CV step). This allows to compare how much capacity
is stored during the application of current (which is the actual difference between
C-rates). Table 2 shows the same data as Table 1, but taking into consideration
the capacity reached after the CC step only. These results reveal that the CV step
was needed for most cells to charge over 80 % of their capacities when high C-
rates were applied, even at 23 °C. The need for CV step was more obvious when
lowering temperatures to 5 °C and became mandatory for all cells at -10 °C, even

cell #11, which charged mostly during the CV step at 2C.

Fast Charging Cycle Life Assessment

Based on the charge mapping, the 5 best contenders, cells #4, #6, #8, #10 and
#11, were submitted to fast charging for 300 cycles. Figure 1 shows the capacity
decay of the cells at four different temperatures: 23 °C, 10 °C, 0 °C and -10 °C.
Figure S1 displays the same curves for each cell. At 23 °C, all cells except cell #6
where able to sustain fast charging for 300 cycles without significant capacity loss.
Cell #6 could not sustain repeated fast charging at all temperatures. Given the
unknown history of this cell series, it is not possible to make a clear side-by-side
comparison. However, a control cycling test at C/3 charge rate was carried out on
two cells, which confirmed that they were able to sustain regular charging without
performance degradation for at least 100 cycles (Figure S1). This suggests that

fast charging was explicitly responsible for performance degradation.

At 10 °C, the energy cell #4 showed performance decay after approximately 75
cycles, while the balanced cell #8 started to show an impact after 200 cycles. At

0 °C, the performance degradation started very early for both energy and balanced
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cells, whereas the power cells were still able to maintain their performances. The
results obtained at -10 °C for the energy and balanced cells are not very different
than those obtained at 0 °C, with an amplification of the degradation rate. The two
power cells began to show some capacity decay at 0 °C (23 % and 19 % over the
300 cycles for cell #10 and #11, respectively). In addition, these two power cells,
which were able to charge to 80 % of their rated capacity at 23, 10 and 0 °C,
revealed a diminution of the chargeable capacity at -10 °C at the beginning of
testing, namely 73 % and 59 % for cells #10 and #11, respectively as shown in
Figure S1.

SOH cycles (C/3 charge and discharge cycle at 23 °C) were applied every 100
cycles and their results are displayed in Figure 2. The cells’ SOH generally
followed the same trends as the fast charging cycles, demonstrating that the
performance decay was caused by degradations of the battery components rather
than reversible phenomena or temperature limitations. To explore the temperature
dependency of the degradation, the rate of capacity decay was plotted using the
Arrhenius equation (Figure 2f) [22]:

a
o T

where r is the degradation rate, A a pre-exponential factor, Ea the activation energy,

r = Aexp(—

T the temperature and ks the Boltzmann constant. Interestingly, the activation
energies associated with the capacity decay seemed to be very close for all cells
except cell #6, even if non-negligible errors exist in the fitting of the results by the
Arrhenius equation (determination coefficient R? ranging between 0.923 and
0.981). The average activation energy (-0.57 + 0.2 eV) for capacity decay was also
similar to the data obtained by another research group during low temperature
operation of LIBs [22, 23]. These results indicate that a similar degradation mode,
specific to low temperature fast charging, was involved in all cells except #6,
independent of the battery chemistry or manufacturing parameters. According to
Waldmann et al., lithium plating is possibly the degradation mode associated with

this activation energy [23]. It also indicates that the accelerated degradation mode



occurring in cell #6 is not correlated to the charging temperature. The unknown

history of these cells is possibly responsible for their particular behaviour.

Alongside cycle life tests, calendar life tests were investigated in parallel at each
temperature and the SOH of the calendar cells was assessed at the same time as
the cycled cells. All calendar aged cells preserved their full performances during

the entire duration of the experiments (Tables S1-S5).

These results show that repeated fast charging is possible with present LIB
technologies, even with cells built for energy applications such as EVs. However,
the temperature has to be maintained above a certain value to maintain the battery
cycle life. The threshold is different from cell to cell, with high power cells showing
better capabilities to charge quickly at lower temperatures compared to more
energy-dense cells.

3.2 Analysis of failure modes

A series of analytical techniques were used to investigate the failure modes
associated with the performance decay observed in Figure 1: EIS, X-CT, as well
as cell disassembly and analysis of the battery components using photography,
SEM, OM and X-Ray diffraction (XRD).

EIS Analysis

Figure 3a shows a typical Nyquist plot of a cell (specifically, cell #8 before cycling),
as obtained from an EIS measurement, along with its fitting curve. The plot
consists of an ohmic resistance at high frequencies, two depressed semi-circles in
the mid-frequency range, followed by diffusion behaviour at low frequencies,
characterized by a 45° tilted line. The Nyquist plot of a LIB can be precisely
simulated by an equivalent circuit model (ECM), such as the one shown in Figure
3b [24-27]. It is composed of an inductive loop (L) connected in series with a
resistor (high-frequency ohmic resistance Ronm), two branches consisting of
resistors (Rser and Rcr) in parallel with Constant Phase Elements (CPEsel and
9



CPEcr), each branch modeling different charge transfers occurring in the battery
and finally a Warburg impedance element (Zw). It can be seen in Figure 3a that
this model fits the experimental data with accuracy. An explanatory Nyquist plot of
the ECM is displayed in Figure 3c. One branch, representing the first depressed
semi-circle at mid-frequencies, describes the impedance due to the SEI, related
mostly to the anode side [26, 28], while the second depressed semi-circle at mid-
frequencies represents the impedance related to the electrodes double-layer
capacitance and charge transfer phenomena (the charge transfer reaction on the
cathode side being the major contributor to this resistive loss) [26, 28, 29]. The
Warburg element represents the impedance related to the diffusion of ionic species
at the vicinity and in the porosity of the electrodes (i.e. mass transfer). CPEs are
used instead of capacitors due to the porosity and tortuosity characteristics of the
electrodes [30, 31]. The inductive component at high frequencies is related to
either the electric wiring used for cell connection, and/or the winding of the jelly roll
(which depends on both its radius and electrode length) [32]. This high frequency
behaviour can be neglected in the discussion since it is not related to the electrode
electrochemical processes themselves.

Figure 4 shows, on the left side, the Nyquist plots of the five cells before and after
repeated fast charging at different temperatures and, on the right side, the
variations of each impedance element (Rohm, Rsel, Ret and Rw), as determined by
the fitting of the curves according to the ECM shown in Figure 3. The results
displayed in Figure 4 clearly show that each cell experienced different impedance
variations upon repeated fast charging.

At 23 °C, all cells except #6 had generally lower impedances after cycling,
suggesting an overall optimization of the electrochemical processes. Cells #4 and
#11 showed a marked decrease of Rct whereas cells #8 and #10 had a stronger
decrease in Rsei. On the other hand, cell #6 experienced an increase in all
impedance elements and, in particular, a major rise of Rsel (+287 %), which can
explain why the cell was not able to sustain repeated fast charging even at 23 °C
(Figure 1).
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Fast charging at lower temperatures caused different behaviours depending on the
cell. Cell #4 showed a progressive increase in Rohm, Rser and Rw with decreasing
temperature, with Rsei becoming the major impedance rise contributor at O and -
10 °C. Conversely, cells #8 and #10 did not experience any increase of Rsei at any
temperatures and cell #11 only experienced a slight increase. The Rcrt of most
cells showed a decrease after repeated fast charging. Such Rcr decrease has
already been observed and was tentatively explained by an increase in double
layer capacitance due to particle cracking [33, 34]. On the other hand cell #10
showed a marked increase of Rcr at 10 and 0 °C, which did not result in observable
performance degradation (Figure 1). The reason why this increase of Rct was not
observed at -10 °C is unclear. A similar Rct increase has been reported for low
temperature cycling and was associated to decreased charge transfer kinetics on
the cathode side [28]. The fact that the intercalation of Li* in the cathode is
occurring during the cell discharge (carried out at a reasonably slow rate of C/3 in
the present study) might explain why this particular degradation mode did not
impact cell #10’s fast charging performances. Note that the impact might be more
substantial on the fast discharge capability of the cell, but this investigation was
not part of the present study.

Overall, if no clear trend of the impact of repeated fast charging on the impedance
of Li-ion cells could be extracted from these results, some observations can be
highlighted:

e For all conditions where the cells showed a minimal performance decay,
Rohm had a maximum increase of 7 %, Rsel of 30 % and Rw of 30 %, which
seems to point towards 1) the preservation of the electronic interface
between the active materials and the current collectors, as well as the
electronic percolation within the active layers, and 2) a minimal electrolyte
degradation (no excessive SEI growth, pore blocking and salt molarity
decrease). In these cases, Rcr variation (increase or decrease) does not
appear to be associated with fast charging performance degradation.

e When looking at conditions where the cells experienced a notable

performance decay, diverging impedance variations were observed,
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depending on the type of cell: for cell #4, the degradation was associated
with a strong increase in Rohm, Rser and Rw; for cell #6, only Rsei showed a
strong increase; for cell #8, the degradation came along with an increase of
Rohm and Rw. It points towards several failure modes associated to fast

charging, that cannot be solely determined by EIS.

X-ray microcomputed tomography (X-CT)

X-CT was performed after repeated fast charging at -10 °C to investigate the
combined effects of fast charging and low temperature on the structural integrity
of the jelly rolls. Figure 5 shows longitudinal and axial images of the cells, extracted
from 3D-reconstructed images of the cells. The axial images were taken at mid-
height, except for cell #6, for which it was taken higher in the cell to characterize
the deformation observed at the core of the jelly roll. The images show that cells
#4, #6 and #10 were constructed without a centre pin whereas cells #8 and #11
have hollow centre pins. Notably, the two cells whose performances did not
degrade significantly after fast charging at -10 °C (#10 and #11) did not show any
sign of jelly roll deformation. On the other hand, the three other cells, whose
performances did degrade significantly during fast charging, all showed some
signs of jelly roll deformation. For cell #4, the damage was obvious, with the centre
of the cell having been totally filled [13]. The deformation of the jelly roll towards
the centre is also observable at the top and bottom of cell #6 but to a lesser extent..
However, it is important to consider that this cell failed very quickly and testing was
stopped after only 60 cycles (Figure 1). The lower amount of deformation might be
due to the brief cycling life. Cell #8 also experienced some mechanical tension at
the core of the jelly roll (red arrows), better seen on high magnification images
(Figure S2). It is believed that the presence of a centre pin has prevented more

degradation in this cell, by limiting the space for deformation [35, 36].

Interestingly, the macroscopic deformations observed by X-CT do not particularly
match the performance decay depicted in Figure 1, suggesting that they are not

causes but rather consequences of the degradation modes. For instance, the
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performances of cells #4 and #8 did decay at a similar rate at -10 °C, and the
presence of a centre pin preventing the jelly roll deformation in cell #8 did not inhibit

the cell's performance degradation.

Post-mortem analysis

In order to get more detailed information on the failure modes related to fast
charging at a low temperature, cells cycled at -10 °C and uncycled cells were
disassembled to recover their components for further analysis. Their main
characteristics are summarized in Figure 6 and Table 3. From this information, it
is clear that the thicknesses of the non-active components (current collectors and
separator) were lower in the two higher energy cells. This seems a logical choice
to maximize the energy density, even if scarce information is available on the
manufacturing variations between cells build for energy or power applications [37].
Trends are less obvious for the thicknesses of the active layers: for instance, cells
#4 (energy grade) and #10 (power grade) have similar coating thicknesses on both

anode and cathode.

After repeated fast charging at -10 °C, some differences can be observed. The
most important variation is the anode thicknesses for the high energy cells, which
have increased significantly (+6 um for the active layers; +2 um for the copper
current collectors).The cathode thicknesses, on the other hand, did not show

substantial changes.

Figure 7 shows photographs (left), SEM images of the surfaces (centre) and OM
cross-sections (right) of the anodes. In the SEM and OM pictures, the fast charged
anodes are compared side-by-side with fresh anodes. It can be observed that the
anodes of cells #4, #8 and #10 were made of natural rounded graphite, whereas
cell #11 consisted of artificial flake graphite and cell #6 of a mix of both types of
graphite. Several degradation modes could be macroscopically observed on the
photographs: grey deposits (cells #4 and #8), active material partial delamination
(cell #6) and lithium plating (cell #11). On cells #4 and #8, the grey deposits were

mostly uniformly distributed on the anode surface, showing a homogeneous
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degradation of the whole electrode. Interestingly, the anode delamination
observed for cell #6 was located mainly at mid-height of the cell, corresponding to
the area where no macroscopic deformation of the jelly roll was observed by X-CT
(Figure 5). Cell #11 also showed a particular geometric profile of degradation, with
a differentiation between bottom and top (where Li plating occurred) vs. middle-

height (where no obvious degradation could be observed).

When looking at the SEM surface images and OM cross-sectional images, the
grey deposits appear to be dense surface films covering the anode surfaces, and
increased the anode thickness by 5 to 10 um for high energy cells (Table 3). Such
films have already been observed in several post-mortem studies [38-41] and have
been attributed to an abnormal SEI growth caused by excessive electrolyte
decomposition at the electrode surface. These results align well with the EIS
results, except for cell #8 which rather showed a decrease in the impedance
attributed to the SEI (Figure 4). This suggests that EIS diagnostic alone cannot
always provide an explanation to the observed responses. In this specific case,
multiple equivalent circuit fitting variations were attempted, taking into
consideration the uncertainty lying in the deconvolution of the two semi-circles
related to the SEI and charge transfer contributions in the Nyquist plots obtained
after low temperature fast charging. However no equivalent circuit led to results
that could be correlated to the presence of a significant SEI layer as observed in
Figure 7. On the other hand, the SEI layer on cell #6’s anode surface was much
thinner compared to cells #4 and #8, even if it was still clearly visible. This was to
be expected since the cell failed very quickly, achieving only 60 cycles. It can
however be observed that the EIS analysis suggested that the SEI growth was the
main failure mode. In this case, both contributions were well deconvoluted in the
Nyquist plot and the data fitting was accurate. These apparently contradictory
results clearly demonstrate that EIS alone is not sufficient to establish a clear
diagnostic and that post-mortem analysis is mandatory to properly investigate
battery degradation modes. In this particular case, the thickness of the SEI layer
did not seem to be the sole explanation to performance degradation, but it can be
hypothesized that a particularly insulating SEI layer could have formed.
14



The growth of an SEI film on the anode surface has been extensively investigated
[42]. It is formed during the first charge of the cell through reductive degradation
reactions of the electrolyte components at the anode surface. The SEI passivation
layer stabilizes the electrode surface towards further electrolyte degradation. An
abnormal growth of SEI can be associated to either a defective native SEI layer or
degradation caused by extreme cell cycling conditions. The two predominant
phenomena that have been observed to lead to abnormal SEI growth are 1)
graphite exfoliation caused by solvent co-intercalation at high charging rates,
which leads to new graphite surface being put into direct contact with the
electrolyte, causing more reductive passivation reactions to occur [43, 44], and 2)
lithium plating, which comes into competition with Li* intercalation whenever its
reaction potential is reached (i.e. 0 V vs. Li*/Li). This condition can be achieved
either by charging at high rates or at low temperatures, the latter being known to
increase the cell’s internal resistance, therefore amplifying the overpotentials at
both electrodes. Understandably, during fast charging at low temperatures, the
best conditions for lithium plating are met [17]. When lithium is plated during charge,
it can either intercalate into the graphite during the relaxing step at the end of
charge [45, 46] or be stripped during the discharge [47-49]. However, the lithium
plating/stripping process is not 100 % efficient, since lithium metal is unstable in
contact with the electrolyte. This causes spontaneous reduction of electrolyte
components to form a SEI-type passivation layer at its surface [50]. Some of it will
also be electrically disconnected from the electrode upon stripping (which is

usually referred to as “dead lithium”) [50].

The anode recovered from cell #11 clearly showed plated lithium, which can also
be observed as nodule-like deposits on SEM images, Figure S3. However, neither
cells #4, #6 or #8 (which all presented surface films) showed any visual trace of
plated lithium. The fact that metallic lithium was not directly observed during cell
disassembly does necessarily mean that lithium was not plated. As explained
above, lithium spontaneously reacts with the electrolyte even after having been
plated, generating a number of organic and inorganic species that accumulate on
the particle surface and increase the SEI thickness. Given that a few weeks passed
15



between the end of cycling (in the discharged state) and the cell disassembly, it is
conceivable that the lithium plated in cells #4, #6 and #8 could have been
converted to SEI film during the storage time before cell disassembly [50]. If so,
the film surface is expected to contain a significant amount of Li2CO3[42]. An XRD
characterization of cell #4’s anode surface indeed demonstrated the presence of
several peaks attributed to Li2COs, namely a peak at 21.3° and a double-peak at
30.6 and 31.8°, respectively attributed to the diffractions of the 110, 202 and 002
planes of Li2COs (Figure S4). A deeper study on the fast charging of cell #4 showed
that the presence of Li2CO3s was correlated with the cycling temperature [13]. The
reason why the lithium plated on the anode of cell #11 did not convert into Li2COs3
is unknown but might arise from differences in electrolyte formulation and possible
additives. Notably, cell #11 still had liquid electrolyte present at the disassembly
whereas all other cells were apparently dry, suggesting that the electrolyte in cell
#11 did not react as much with the plated lithium as with the other cells. However,
the anode surface of cell #11 showed that the artificial graphite particles were
partially embedded in a pronounced SEI layer, observable as a dark taint in SEM
and a dark line on the OM cross-sections. On the other hand, cell #10 did not show
any evidence of either plated lithium or abnormal SEI surface film. The only
observed degradation mode was a partial surface delamination of the active layer
during cell disassembly and separation with the separator layers. The SEM and
OM analysis were performed on places where no or minimal delamination occurred
(Figure 7). The surface showed that graphite particles are being embedded in a
thin SEI surface layer, but its growth was limited compared to the other cells, and
could be barely seen on the cross-sectional images.

Besides lithium plating, graphite exfoliation was also observed for cells #4 and #8,
which is more obvious on high magnification cross-sectional images (Figure S5).
As explained above, graphite exfoliation is a degradation mode that not only
reduces electrode capacity by destroying the particle structure, but also promotes
SEI growth by exposing new unprotected carbon surface to the electrolyte. Indeed,
in Figure S5, the exfoliated sheets are totally embedded in the top SEI layer. It can
also be seen that exfoliation tends to occur only for the particles located at the
16



surface of the electrode. It can be further noted that from Figure S5b, cell #6 did

not experience strong graphite exfoliation nor SEI growth, as previously discussed.

Figure 8 shows photographs (left), SEM microscopy images of the surfaces
(centre) and OM cross-sections (right) of the cathodes after repeated fast charging
at -10 °C. As with anodes, the SEM and OM pictures depict fast charged cathodes
side-by-side with fresh cathodes for a better visualization of the changes.
Macroscopically, the cathodes seem to have been much less affected by fast
charging at low temperatures, compared to the anodes. During cell disassembly,
some brittleness was however noted at the core of the jelly roll of cell #4,
suggesting aluminum corrosion [13]. Although this degradation mode has not been
explicitely correlated to fast charging in other studies, its occurrence can be
expected at low temperatures, where the overpotentials generated by high current
densities are amplified and can lead to anodic side-reactions such as aluminum
corrosion [5]. Partial delamination of the cathode active layers (staying attached to
the separator) was observed for cell #10 and to a lesser extent for cell #4. On the
other hand, for cell #6 it was the separator that partially delaminated to stay

attached to the cathode surface.

The cathode analysis by SEM and OM showed no critical failure modes apart from
the aluminum corrosion on cell #4, which could be confirmed by the cross-sectional
image where the interface of the current collector with the active layer showed a
noticeable blurriness. No cracking of the secondary particles could be obviously
observed for any of the active materials (NMCs, NCA, LFP), even at a high
magnification (Figure S6), suggesting that repeated fast charging at low
temperature did not critically affect the oxides or olivine lithium intercalation
compounds, contrary to what has been seen in other studies, in particular for Ni-
rich cathodes [51-54]. It is possible that the reversibility of the cracking with the
cells state-of-charge prevented the observation of cracks, as evidenced by Park et
al. [55], but it does not seem to have been a significant failure mode. The surface
of cell #4’s cathode showed a thin oxidative passivation layer, usually referred to

as the cathode electrolyte interphase (CEIl) [56-58]. This CEl is formed through
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electrolyte oxidative side-reactions, also involving the consumption of lithium
species, decreasing the lithium inventory of the cell. However, the extent of CEI
observed on the surface of cell #4’s cathode is not thought to be a significant failure
mode. A thinner CEI layer could also be observed on the surfaces of the cathodes
from cells #8 and #10.

4. Discussion

The post-mortem analysis revealed several failure modes that help explain the
performance results obtained during repeated fast charging at low temperatures
(Figures 1 and 2). From the results, the major failure mode in the majority of the
cells was an obvious loss of lithium inventory caused by an abnormal SEI layer
growth on the anode side. This failure mode, as already reported in multiple studies,
was predominantly caused either by fast charging, low temperature charging or
both [7, 18, 38, 59]. In the present study, the SEI growth is believed to be caused
mainly by lithium plating and in some cases (likely to a lesser extent) by graphite
particle exfoliation.

Even though the five best cells of the study have very different characteristics
(chemistries, energy densities, components and manufacturing parameters, etc.),
and a strict comparison is thus difficult to carry out, it is still interesting to study the
similarities and differences between the cells that were able to sustain repeated
fast charging at low temperatures (#10 and #11) and those that couldn’t (#4, #6
and #8).

The most obvious difference is the energy density. High energy cells (#4, #6 and
#8) seem to be less efficient at fast charging compared to high power cells. With
the distinction that cell #11 is not considered a high power cell for the same
reasons as cell #10, as will be further discussed below. Usually, “power cells” are
less energy dense than “energy cells” because of a number of manufacturing
choices that decrease the amount of active materials in favour of inactive materials
(thicker current collectors, higher content of conductive additives, etc.). Indeed,

increasing the relative content of these inactive components allows to enhance the
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kinetic and thermal capabilities of the cell. The difference between energy and
power cells is well-illustrated by the differences between cells #4 and #10 (both
from the same manufacturer): both have NMC cathodes and natural graphite
anodes, but cell #10 delivers half the energy of cell #4 for the same volume (1.5
vs. 3 Ah).

On the other hand, cell #11 delivers a low energy density (1.1 Ah) not because of
particular manufacturing choices, but because it is based on an LFP cathode.
Indeed, Li-ion cells with LFP cathodes have a lower voltage (nominal 3.2 vs. 3.65
V), which limits their energy density. Moreover, LFP particles are usually in the
submicron size range to mitigate the low electronic conductivity of LFP, which
significantly lowers their packing density. Therefore, the low energy density of cell
#11 does not come from specific manufacturing choices but from limitations due
to the cathode active material. However, the power capabilities of this cell do come
from specific manufacturing choices, which will be discussed below.

An interesting result from this study is that the cathode chemistry itself does not
seem to be a critical parameter to enable fast charging: from this study, the five
best cells included NMC811, NMC532, NCA and LFP, and all of these cathodes
appeared to sustain repeated fast charging at a low temperature with no obvious
degradation. Even more interestingly, the fast charging ability also seems to be
unrelated to the type of graphite, the two cells capable of repeated fast charging
at -10 °C having either a natural graphite anode (#10) or an artificial graphite anode
(#11).

The results of the post-mortem analysis allowed to observe some useful trends on
the impact of the manufacturing parameters on the fast charging capabilities at low
temperatures:

e Anode active layer: The thickness of the anode active layer showed a logical
trend, with thinner anodes enabling better fast charging capabilities [60, 61].
However, it does not seem to be the main parameter driving the fast
charging ability, as illustrated by the small difference between the anode
thicknesses of cells #4 and #10. The active layer formulation might have a
stronger impact, with the best cells incorporating conducting additives
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(carbon black for cell #10; carbon nanotubes/nanofibers for cell #11, Figure
S7), contrarily to the higher energy cells. The presence of conducting
additives in the anode formulation might appear unnecessary since the
graphite itself already possesses a good electronic conductivity. However
several studies have pointed out their benefits in terms of cycling stability
[62-64] and rate capability [65]. The improvements were shown to come
from Dbetter particle-to-particle electronic interactions, and recent
investigations even suggested an active role of the conducting additives in
the formation and mechanical properties of the SEI layer [66, 67]. The
smaller particle size might have played a positive role for cell #11 by offering
a higher surface area for lithium intercalation and decreasing the Li* solid
diffusion distance inside the particles, thereby minimizing the local
overpotentials and possibly partially suppressing lithium plating. The
benefits of the use of small size artificial graphite to enable sustainable fast
charging, has been recently demonstrated. [68] The density and tortuosity
of the active layer is another parameter that might have had a substantial
impact on the cells fast charging capability. Indeed, on the OM and SEM
pictures of Figure 7, the active layers from cells #4 and #6 appear denser
than cells #8 and #10 (even though no quantitative analysis was carried
out). Anodes with higher porosity and lower tortuosity have already been
demonstrated to enhance the fast charging capability of Li-ion cells, either
using laser patterning [69, 70] or a controlled orientation of the graphite
flakes [71, 72].

Cathode active layer: Similar to the anode, the cathode formulation seemed
to affect the fast charging capability more than its thickness (cells #4 and
#10 had the same cathode active layer thicknesses but very different
abilities to sustain repeated fast charging). All five cells had a certain
amount of conducting additives to enhance the electronic percolation in the
cathode layer, but cell #10 visibly had a much higher content of it than cells
#4, #6 and #8. Cell #8 also comprised carbon nanotubes (or nanofibers), to
further enhance the electronic percolation in the cathode (Figure S7).
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Current collectors: High power cells usually have thicker current collectors
compared to energy cells, in order to decrease the cell resistance and better
extract heat when high current densities are applied [37]. However, in this
study, the thickness of the anode current collectors did not seem to have a
critical impact on fast charging, the majority being in the 10 + 2 um range.
However, the higher thickness for cell #10 (18 pum) might have been a
differentiator, helping extract the heat more efficiently, thus decreasing the
occurrence of thermally initiated side reactions. Having thick current
collectors might not be necessary for cell #11 to achieve an efficient heat
extraction, given its lower energy density. On the cathode side, cell #10 was
also differentiated by having a current collector twice as thick as the higher
energy cells (#4, #6 and #8).

Separator: One manufacturing choice that seems obvious between energy
and power cells is the separator thickness (Figure 6 and Table 3): 11 um
for high energy cells vs. = 18 ym for balanced or power cells. This could be
seen as counter-intuitive since thinner separators would seem more
appropriate to enable faster kinetics. It can therefore be concluded that the
separator thickness had no notable impact on the cells’ capability to charge
quickly. It is hypothesized that the higher thickness of the separators in
power cells is a measure of safety rather than of performance optimization.
Similarly, the presence of a ceramic coating on either one or both sides of

the separator did not seem to be a critical factor for fast charging.

The case of cell #11 is particular, as already mentioned above. Its energy density
is low because of the particularities of the LFP cathode; however, this does not
directly mean that LFP cells can always deliver high power. Other LFP cells tested
in a preliminary study had very limited fast charging capabilities (Table S6). The
fast charging capability of cell #11 appears to come from specific manufacturing
choices. We can first note that the submicronic size of the LFP particles brings an
opportunity for fast and efficient ion mobility in the cathode layer, as well as a
decreased Li* solid diffusion distance inside the particles, which is in favour of high

power in charge as well as discharge modes. The manufacturer also chose to build
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its anode with small size artificial graphite particles, which is also an advantage in
terms of ion mobility within the anode layer, as already discussed, even if it
negatively affects its packing density. It is a definite choice of power vs. energy
since the small size of the graphite particle will increase the electrode surface area
and therefore the loss of lithium inventory during the growth of the SEI layer during
the cell formation. Other choices made by the manufacturer towards high power
capability, and in particular fast charging, include a very thin anode active layer (38
pm) and the addition of carbon nanotubes/nanofibers to enhance the electronic
conduction and possibly decrease the active layer density to enhance the ionic
flow. Another technical choice that may have improved the high power capabilities
of the cell is the addition of a carbon layer at the surface of the aluminum current
collector (Figure 8 and Table 3), which is known to increase the adhesion of the
active layer and decrease the interfacial resistance, allowing for higher current

densities.

Finally, it must be noted that another key component of the battery was not
investigated in this study: the electrolyte. Recent reports on the impact of
electrolyte formulations on fast charging capabilities identified improvement
opportunities through the use of novel solvents, addition of low viscosity co-
solvents, specific salts or additives [73-78]. In particular, it was observed that the
electrolytes that are best fitted for long-term fast charging performance are not
necessarily those having the highest conductivities and lowest viscosities, but
rather those ensuring the most stable electrode interfaces (SEI and CEl) [76, 79].
Differences in the electrolyte formulations might have led to differences in the
ability to fast charge at lower temperature, that have not been taken into account

in the present study.

5. Conclusions

A majority of the commercial Li-ion cells tested in this study were able to charge at
a high rate at 23 °C, but their fast charging capabilities decreased significantly at

lower temperatures. Interestingly, the five cells showing the best charging
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performances included two energy cells, one balanced cell and two power cells,
suggesting opportunities to assemble cells having both a reasonably high energy
density and fast charging capabilities, as is required for EVs. Besides, a number
of anode and cathode chemistries were represented in the five best cells,
suggesting a minor impact of the chemistry itself on their fast charging capabilities.
The best cells were repeatedly charged at 2C for 300 cycles at different
temperatures and then disassembled for post-mortem analysis. The main failure
mode that was identified for the majority of failed cells was an excessive anode
SEI growth that progressively consumed the lithium inventory. The observations
suggest that SEI growth was caused primarily by lithium plating and graphite
exfoliation. Considerations on the best manufacturing choices to optimize fast
charging capabilities were discussed and some trends could be extracted. The use
of thicker current collectors and the addition of conducting additives in the anode
active layer could enhance the heat extraction and electronic percolation, and
possibly decrease the layer density to provide more efficient ionic pathways. Our
observations suggest that the electrode formulations themselves have a strong
impact on the fast charging capabilities of LIBs. For instance, the use of artificial
graphite of small particle size [68] or the mixing of graphite with hard carbon [80]
have been recently proposed as anode materials with improved fast charging

performance.

Further studies at the National Research Council of Canada (NRC) include the
investigation of the effect of manufacturing parameters such as electrode loadings
and porosities, negative-to-positive ratio and electrolyte formulation. The results
obtained with both laboratory cells and state-of-the-art R&D pouch cells will be

published in a forthcoming paper.
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Cell type #1 #2 #3 #4 #5 #6 #7 #3 #9 #10 #11
Capacity (Ah) 3.5 3.45 3.2 3 2.95 2.8 2.6 2.6 2.2 15 1.1
Chemistry NMC811| NCA [ nmcg11| NMCBIL| Lco NCA NCA NCA | NMC532 | NMC532|  LFP
NG4Si0, | NG+SIi0, NG | NG+SiO, Gr AG+NG | NG+Si0, NG NG NG AG
C/s 89% %6% 94% 97% 85% 98% 96% 97% %% 96% 9%
c/4 38% 95% 92% 97% 84% 97% 95% 96% 9% 96% 9%
c/3 86% B% 90% 95% 82% 94% 955 96% 97% 96% 100%
c/2 34% 1% 88% 9% 20% 94% 955% 96% %% 96% 100%
1C 31% 0% 858 92% 96% 945 96% 949 96% 100%
2C 20% 82% 92% 53% 96% 949 96% 2% 97% 100%
c/5 80% 81% 88% 87% 89% 84% 85% 88% 95%
c/a 80% ’7% 87% 28% 83% 4% 883% 952
c/3 26% 83% 88% 83% 4% 87% 952,
c/? 24% 38% 85% 87% 83% 2% 87% 952,
1C 83% 27% 84% 87% 83% 80% 86% 96%
2C 82% 27% 80% 89% 84% 86% 97%
C/5 3% 81% 87%
C/4 13% 3%
C/3 60% 54% 11% 83%
C/2 59% 47% 1% 83%
1C 35% 13% 9%
2C 52% 32% 60% 11% 50% 0%
Colour code: >80% ; ; <60%

23 °C

5°C

-10°C

Table 1. Percentage of nominal capacity vs. C-rate after a complete CC-CV charge

for three different temperatures.

Cell type #1 #2 #3 #4 #5 #5 #7 #3 #9 #10 #11
Capadity (Ah) 3.5 2.45 2.2 3 2.95 2.8 2.6 2.6 2.2 15 1.1
Chemistry NMC811| NCA [ nmcgia| NMCBIL| Lco NCA NCA NCA | NMC532 | NMC332|  LFP
NG#5i0, | NG+SiO, | NG | NG:Sio,| Gr AG+NG | NG+SIO,| NG NG NG AG
/s 82% 2% 87% 93% 96% 93% 94% 91% 93% 94
C/4 6% 83% 91% 94% 92% 92% 91% 92% 9%
C/3 2% 87% 92% 91% 91% 20% 91% 9%
c/2 80% 87% 88% 87% 2% 88% 9%
1C 57% 29% 82% 81% 82% 93%
2C 36% S0% 38% 57% 0% 58% 25% 9%
C/s 81% 85% 83% 20% 84% 0%
C/4 59% 83% 81% 82% 9%
C/3 59% 48% 80% 80% 8%
c/2 55% 14% 87%
1C 46% 52% 48% 0% 56% 24%
2C 14% 19% 13% 46% 0% 46% 57% 0% 559%
/s 58% 23% 80%
c/4 53% 52% 59% 2% 20%
c/3 43% 0% 58% 1% 59%
c/2 43% 30% 50% 58% 0% 54% 55%
1C 33% 0% 38% 5096 0% 51% 43% 59% 12% 60%
2C 0% 0% 6 3% 0% 0% 1% 51% 0% 54% 5%
Colour code: >80% ; ; <60%

Table 2. Percentage of nominal capacity vs.

different temperatures.
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Figure 1. Charged capacity vs. cycle number for five cells cycled using a 2C

(charge) and C/3 (discharge) protocol, at four different temperatures.
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derived from graphs (a-e).
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Figure 3. (a) A typical Nyquist plot of the investigated cells; (b) Equivalent Circuit

Model (c) Characteristic features of the EIS spectrum.
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Figure 4. Nyquist plots of the cells before and after cycling at various temperatures
(left), and variation percentage of the impedance contributions after cycling,
obtained through the fitting of the Nyquist plots using the model described in Figure

3. All EIS data were recorded at 23 °C.
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Cell #4 Cell #6 Cell #8 Cell #10 Cell #11

Figure 5. Longitudinal (top) and axial (bottom) X-CT images after repeated fast
charging at -10 °C. Yellow arrows indicate the height of axial images. Red arrows

show structural damage to the jelly roll.
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a) Current collectors and separator b) Electrode active coatings
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Figure 6. Measured thickness of cell components. a) Current collectors and
separator; b) electrode active coating before cycling and variations after fast

charge cycling at -10 °C.

Cell type #4 #6 #8 #10 #11
Current collector type Cu Cu Cu Cu Cu
Current collector (um) F/C* 10/12 8/10 10/12 18/ 16 12/12
Anode  Active material NG+Si0; AG+NG NG NG AG
Conducting additive - - - CB CNT/CNF
Average active thickness (um) F/C 55/61+3 80/86+3 62/70%4 50/50% 1 38/38%2
Separator Thickn-ess (pm) 11 - 11 - 18 18 20 -
Ceramic coating anode-side anode-side - - double-side
Current collector type Al Al Al Al Al + coating
Current collector thickness (um) F/C 14 /13 15/15 16/ 15 30/30 20/20
Cathode Active material NMC811 NCA NCA NMC532 LFP
Conducting additive CB CB CB+CNT/CNF CB CcB
Average active thickness (um) F/C 46/46+2 63/64+3 48/49+3 46/45+2 79/76+1

* Fresh cell / Cycled cell

Table 3. Main characteristics of the cells (fresh and cycled at -10 °C) from post-
mortem analysis. Cu: copper; Al: aluminum; NG: natural graphite; AG: artificial

graphite: CB: carbon black; CNT: carbon nanotubes; CNF: carbon nanofibers.
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Cell #8

Cell #11

Figure 7. Post-mortem analysis of anodes after repeated fast charging at -10 °C.
SEM and OM pictures display fresh electrodes on the left side and cycled cells on

the right side. SEM scale bar: 20 um; OM scale bar: 50 pm.
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Figure 8. Post-mortem analysis of cathodes after repeated fast charging at -10 °C.
SEM and OM pictures display fresh electrodes on the left side and cycled cells on

the right side. SEM scale bar: 30 um; OM scale bar: 50 pm.
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