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Overcharge Study in Li;sTisO;, Based Lithium-Ion Pouch Cell
I1. Experimental Investigation of the Degradation Mechanism

Arnaud Devie,>* Matthieu Dubarry,®*** Hung-Ping Wu,” Tsung-Han Wu,”
and Bor Yann Liaw?***

“Electrochemical Power Systems Laboratory, Hawaii Natural Energy Institute, School of Ocean and Earth Science and
Technology, University of Hawaii at Manoa, Honolulu, Hawaii 96822, USA
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An LiyTisOq; || LiNij;3Mny3Coy/30; lithium-ion pouch cell has been subjected to an overcharge early in its cycle-life and kept
cycling it up to 1500 cycles afterwards. We report on the non-invasive experimental verifications we conducted to corroborate our
initial findings obtained via incremental capacity analysis. First, we used incremental capacity analysis on the negative electrode
during overcharge to bring evidence of electrolyte reduction below 1 V vs. Li/Li*. Second, we used X-ray computerized tomography
(CT scan) to demonstrate that gas bubbles were trapped between layers of positive and negative electrodes, thereby disabling the
ionic conduction pathway between the two and causing capacity fade. Third, we administered a massage to the pouch cell to establish
that the gas bubbles could be displaced, thereby recovering about 60% of the faded capacity. Finally, we proposed a new approach
based on the study of the open-circuit voltage to describe quantitatively the gains of active materials that led to the partial capacity
recovery.
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Lithium-ion batteries remain as the choice for electric vehicles
and utility-scale energy storage applications. The battery pack used
in these applications usually comprises tens or hundreds of cells in
series to reach a practical voltage of 300 to 600 V. Typically, the same
charging or discharging current flows through a string at all time,
which means that all cells in series typically charge or discharge at
the same pace. A problem arises when one or more cells in the series
that have less capacity than the others may get overcharged. In this
study, we investigated the abuse tolerance of a lithium-ion cell under
an overcharge scenario.

In part one of this work, we reported on a case study of an over-
charging event that occurred after 125 cycles of aging Lis TisO1, (LTO)
|| LiNij;3Mn;3Coy30, (NMC) commercial cells used in energy stor-
age systems.! Figure 1 summarizes the results of the long term cycling
experiment as reported previously.! Apart from the controlled over-
charge, the reference and overcharged (O/C) cells had been cycled
under identical voltage, current and temperature conditions. While
the reference cell exhibited an extremely small capacity fade over
the course of 700 cycles, the overcharged cell lost about 23% of its
initial capacity after 700 cycles (15% shortly after overcharge and an
additional 8% from the 150™ cycle to the 700" cycle).

In recent years, our battery research group has developed capa-
bilities in emulating the degradation of lithium-ion cells for battery
diagnosis and prognosis based on the application of incremental ca-
pacity analysis at the full cell level.> According to the results of this
incremental capacity analysis, the overcharge imposed to the cell was
found to introduce a two-stage degradation pattern. During the first
stage, in the immediate aftermath the overcharge, a combination of
8% loss of lithium inventory (LLI), 15% of loss of active material on
the delithiated positive electrode (LAMgepg), and 15% loss of active
material on the lithiated negative electrode (LAMjng) have been found
to be responsible for the observed 15% capacity fade. In the second
stage, which encompasses 600 cycles following the overcharge, we
have found that an additional capacity fade, on the order of 8%, could
be attributed to 8% LAMpg and 8% LAMEg.

Based on these findings, the hypothesis that gas evolution occurred
at the electrodes induced by transient highly reductive conditions
during the overcharge was developed. This hypothesis is described
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in details in the first part of this study' and summarized in the next
section. In this follow up study, we investigated this hypothesis using
X-ray computerized tomography (CT scan), a non-invasive, in-situ
imaging investigation technique. First, we attempted to validate the
assumption that highly reductive conditions were present at the time
of the overcharge. Second, we attempted to visualize the existence
of gas bubbles within the electrode stack. Finally, we attempted to
displace these gas bubbles by hand massage in hope of restoring
ionic conduction pathways to the supposedly deactivated portions of
electrodes. If our hypothesis held and gas bubbles were indeed the
main driver for capacity fade of the O/C cell, then one would expect
to recover a large extent of the 23% of capacity lost following the
overcharge.

Proposed overcharge degradation mechanism hypothesis.—Re-
garding the first stage (i.e. the overcharge itself); the occurrence of
LLI suggests that electrolyte decomposition has been induced by lo-
calized severe reductive conditions likely to occur at the negative
electrode, and/or localized severe oxidative conditions, which may
occur at the positive electrode. Since gas evolution inside the cell has
been shown to accompany LLL it is reasonable to assume that 8%
LLI must translate into a very significant release of gas within the
cell over a very short time frame. Such a rapid gas evolution might
generate enough mechanical stress on the electrode stack to create
mechanical separation (space) in between some portions of NE and
PE and/or displacement of liquid electrolyte by gas bubbles, resulting
in a blockage to the ionic pathway. Such a scenario would result in
physical insulation of active material (AM) from both PE and NE in
similar proportions, as suggested by an equal amount of LAM at the
PE and NE in opposite lithiation states (i.e. 15% LAMg.pe and 15%
LAM;jing). A schematic of this mechanism is shown in Figure 1a. In-
sets (a-d) in Figure 1 depict a simplified schematic of an O/C LTO ||
NMC pouch cell, where a single layer of electrode stack is shown in
a sealed soft pouch. The presence of liquid electrolyte is symbolized
by a blue tint while gaseous products are pictured as white clouds.
Initially, there is no trace of gas in the layers (Fig. 1a). During the
overcharge event, gas was released as a product of electrolyte decom-
position at the electrolyte || LTO interface (Fig. 1b) and produced tiny
gas bubbles. These bubbles would then permeate toward the center of
the pouch cell since it is the location that exhibits the least amount of
resistance to any mechanical deformation (whereas corners and sides
shall have high resistance to deformation). Once overcharge condi-
tions were terminated, a finite volume of gas could gather and form a
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Figure 1. Capacity retention as a function of cycle number on the baseline
cell (gray) and the O/C cell (black). Insets: schematic representation of the
proposed gas evolution: (a) before, (b) during, (c) after and (d) long after
overcharge. The blue tint represents the presence of liquid electrolyte, a cloud
represents gas bubbles.

sizeable gas pocket, which spread over a large area between the two
electrodes current collectors (Fig. 1c¢).

Regarding the second stage of degradation, the absence of LLI
should be synonymous with no additional gas generation. However,
the previously released gas would still be present. The intricate in-
teraction of cycle-induced swelling/contracting within the electrodes
and the gas volume distribution (with its associated pressure gradient)
might act as the culprit for the propagation of the gas bubbles over a
larger portion of the electrode stack. This would result into additional
mechanical separation and ionic insulation of active materials in the
electrode matrices and the stack, as pictured in Figure 1d where the
same finite volume of the gas pocket as in Figure lc spread over to
a larger footprint as cycle aging continues. Again, the observation of
a similar quantity of LAM at both PE and NE (8% LAMg and 8%
LAMpg) provided support to this hypothesis.

Experimental

Overcharge protocol—Several commercial-grade LTO || NMC
large-format pouch cells were acquired from a commercial manufac-
turer. Two of these cells, the O/C cell and the baseline cell, were
subjected to the same cycle aging conditions, with and without the
overcharge event respectively.! In order to validate the formulated
hypothesis regarding the evolution and propagation of gas within the
O/C cell, a third cell, the CT cell, has been used to replicate the
overcharge event while monitoring gas evolution via CT scanning.
The overcharge event was imposed to the CT and the O/C cells in
an identical fashion: following a routine C/3 cycle aging to discharge
the cell to 1.8 V, both cells were recharged using a CC-CV charging
schedule (CC = C/4 t0 3.6 V and CV = 3.6 V with a cutoff at C/25)
to create the intended overcharge event. We imaged the CT cell using
the CT scanning technology before and after imposing overcharge
conditions.

Computerized tomography scanning (CT scan).—CT scan char-
acterization is a non-destructive way to image the internal physical
structure of a cell at varying depth. The CT scan technique is often
used by battery manufacturers to ensure the proper alignment of elec-
trode sheets and to detect the presence of internal defects within a
cell. In battery studies, this technique is used to observe and assess
the internal construction of the cell and any variations between test
conditions or samples.'>!* Our experiment was conducted on a Shi-
madzu SMX-225CT scanner using the following test settings: tube
voltage set to 210 kV and tube current set to 130 wA. Additionally,
we selected to operate in off-set mode because it offers the finest
resolution for samples larger than 10 cm in width. Due to elevated
power settings, the presence of filter became mandatory to protect the
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Detector

Figure 2. Experimental setup for the X-ray computerized tomography imag-
ing of the O/C cell.

detector and we employed a 0.5 mm thick copper plate filter. Figure 2
presents a schematic example of the test setup for a pouch cell inside
a CT scanner.

Using this setup, the image resolution was found to be sufficient
to distinguish features of 300 pwm or larger. Unfortunately, any feature
that is smaller cannot be singled out and it is then difficult to distin-
guish the anode and cathode layers since their thickness is about 100
pm. Nonetheless, using this imaging technology, we sought to locate
gas bubbles, 300 wm thick or more, within the electrode stack. The
pouch cell was scanned from top to bottom over about 150 increments
of depth progressing along the smaller dimension of the cell (i.e. its
thickness). We also scanned the pouch cell from one end to the oppo-
site end along the width. Scans with the most prominent features were
selected for presentation. In the CT scans presented in this paper, a
light colored area is indicative of the presence of matter, whereas a
dark colored area is indicative of voids in the assembly.

Massage.—Upon confirmation of the presence of gas bubbles in-
side the stack by the CT scans, an attempt to displace existing gas
bubbles was made. In order to do so, we performed a brief massage
by hand with the O/C pouch cell lying flat on a table. Specifically,
the pouch cell was rubbed from the center to the edges so that gas
bubbles trapped within the core of electrode stack could be moved to
the periphery and possibly escape the stack through its edges. Refer-
ence performance tests, identical to those described previously,' were
carried immediately before and after the massage procedure to detect
changes in the returned capacity and/or the thermodynamic configu-
ration of the cell. As a precaution, the cell was fully charged before
the massage because we were expecting to reconnect portions of elec-
trodes in a state associated with the end of charge (capacity lost as
a result of an overcharge). The decision to fully charge the cell was
aimed at mitigating composition gradients within the cell’s electrodes,
which might have resulted in elevated internal currents. The voltage
of the cell was monitored and recorded using a 22-bit USB Personal
DAQ/56 data acquisition system from Measurement Computing. The
sampling period was of 2 seconds for a total experiment duration of 5
minutes.

Results and Discussion

Electrochemical characterization of the overcharge event.—Fig-
ure 3a summarizes the voltage vs. capacity data collected during the
overcharge and the subsequent discharge. It can be seen that during a
regular charge to an end-of-charge (EOC) voltage of 2.8 V, approxi-
mately 15 Ah were returned to the cell. When the cell’s voltage was
increased to the 3.6 V end-of-over-charge (EOOC) voltage, and addi-
tional 2.4Ah were returned to the cell. At this point in time, the O/C
cell started to exhibit a very noticeable swollen shape - typically in-
dicative of gassing - which perdured until the time of the writing. In the
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Figure 3. Representation of the 116% overcharge event. (a) Measured cell’s
voltage while overcharging (in blue) and during the subsequent discharge (in
gray). Solid circles showcase the regular end-of-charge (EOC) cut-off voltage
(in black) and the end-of-overcharge (EOOC) cut-off voltage (in red). (b)
Cell’s voltage and electrodes’ potentials as modeled in the ‘alawa toolbox. A
solid line indicates the data were measured whereas a dashed line indicates the
data were extrapolated. Crossbars highlight the excursion into overcharge. As-
modeled end-of-charge and end-of-overcharge potentials of both electrodes
are reported on the right Y-axis.

subsequent discharge, the O/C cell returned roughly 85% of the previ-
ously measured reversible capacity (i.e. 12.8 Ah), which implied that
the additional 2.4Ah returned capacity were not reversible and even
detrimental to the cell. Looking at the shape of the voltage response
in details it can be seen that during the overcharge, the evolution of
the voltage curve beyond 2.8 V seems oddly shaped in comparison to
the voltage curve below 2.8 V. The curvature became convex above
2.8 V whereas it was mostly concave below 2.8 V. Investigating this
voltage curve, in particular in its portion over 2.8 V might then reveal
the impact of the overcharge with respect to each of the electrodes.

To investigate the behavior of each electrode individually under
overcharge conditions, the main hurdle was to probe the electrode’s
potential. A commercial sealed pouch cell is not built with a third
reference electrode and therefore, there is no direct potential sensing
capability of individual electrode response. In order to circumvent this
limitation, we estimated the individual electrode responses using the
emulated cell model derived in part I of this work.! This model is the
basis for our in-situ inference technique and consists of two datasets
and two parameters. According to the ‘alawa model>'* the reconstruc-
tion of a cell’s voltage curve can be accomplished by composing the
half-cell characteristics of PE and NE, as measured in ad-hoc experi-
ments, and adjusting two parameters, the loading ratio (defined as the
ratio of the specific area capacity in the NE versus that in the PE) and
the initial offset (defined as the SOC slippage of the NE with respect
to the SOC of the PE).

A visual representation of the emulation of a fresh commercial cell
is presented in Fig. 3b. According to our simulations,' the loading
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ratio of a fresh cell is 77% and the offset 6%. A loading ratio lower
than 1 implies that there is excess capacity in NMC at the end of
charge. Specifically, we derived that upon completion of a regular 2.8
V charge, the potential at the surface of NMC is 4.15 V vs Li/Li"
(all potentials thereafter are expressed versus Li/Li*), and thus NMC
is far from being fully delithiated. The corresponding potential at
the surface of LTO is 1.35 V. We corroborated our findings with the
help of a patent filed by the manufacturer.'> Based on the information
disclosed in this document the NMC and LTO electrodes do indeed
reach surface potentials of 4.15 and 1.35 V at the end of charge,
respectively.!

With the accuracy of the model in the [1.8 - 2.8 V] domain es-
tablished, the cell’s model introduced in Fig. 3b can be further used
to estimate the LTO potential evolution during the 3.6 V overcharge.
Indeed, although we did not have actual half-cell data of the LTO
potential evolution in the [2.8 - 3.6 V] domain, we had measurement
for the NMC half-cell up to 4.4 V. Consequently, the extrapolated
LTO potential evolution could be composed by subtracting the cell’s
voltage from the NMC potential, as showcased in Fig. 3b in the OC
domain where solid lines are an indication that NMC and full cell
data were measured while a dashed line indicates that LTO data were
inferred.

Based on this extrapolation, we estimated that when the O/C cell
reached 3.6 V, NMC reached a potential of 4.26 V while LTO dropped
to 0.66 V. A surface potential of LTO of 660 mV was not compatible
with lithium plating conditions, but it could indicate that electrolyte
reduction conditions (i.e. lower than 1 V) were present at the NE during
overcharge. Moreover, the potential reached by the PE (i.e. 4.26 V)
did not appear to be high enough to trigger electrolyte oxidation in
any significant proportion. Indeed, this potential is comparable to the
one a NMC electrode would reach during a typical usage of a graphite
|| NMC cell: when charged to 4.2 V, the actual surface potential of
the NMC electrode tends to reach 4.28 V as a result of the graphite’s
80 mV potential during the final stage of intercalation.'® We therefore
reached the conclusion that the NMC electrode did not overcharge
during the 3.6 V overcharge imposed to the O/C and CT cells and that
our investigation on the origin of the gassing should be focused on
LTO.

With conditions for lithium plating and electrolyte oxidation ruled
out, our focus could be narrowed further down towards possible
electrolyte decomposition by reduction at the NE. To further investi-
gate these reductive conditions, we differentiated the LTO’s capacity
with respect to the LTO’s potential to yield the dQ/dV curve show-
cased in Fig. 4. The use of dQ/dV curves for analysis of electrolyte
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Figure 4. dQ/dV curve of the LTO electrode during overcharge obtained
through differentiation of the extrapolated electrode’s potential (see Fig. 3b).
Two peaks in the IC curve are identified: @ around 1 V, ® around 0.7 V. Solid
circles showcase the regular end-of-charge (EOC) cut-off potential (in black)
and the end-of-overcharge (EOOC) cut-off potential (in red).
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Figure 5. Tomograms of a pouch cell: before overcharge (a) in the Y-Z plane and (c) in the X-Y plane; after the overcharge (b) in the Y-Z plane and (d) in the X-Y
plane. Remarkable features are highlighted using red rectangles. Matter colored in white, void colored in black. The largest bubbles are approximately 20 mm in

diameter and the most visible gaps are 500 pwm in thickness.

decomposition accompanying SEI formation has been successfully
employed previously.'”2! While a regular 2.8 V charge allowed the
LTO potential to reach 1.35 V at its lowest, it was established that
under the imposed overcharge conditions, the LTO potential evolved
down to 0.66 V. The IC curve presented Fig. 4 showcases the presence
of two peaks between the normal end-of-charge potential of 1.35 V
and the end-of-overcharge at 0.66 V: @ around 1 V, @ around 0.7 V.
The shapes and potentials associated with both peaks are reminiscent
of the peaks observed by other researchers during known occurrences
of carbonate solvent based electrolyte decomposition.?>2*

From this electrochemical analysis, one can conclude that the over-
charged LTO || NMC pouch cells encountered reductive conditions
compatible with decomposition of carbonate solvent based electrolyte
under the 3.6 V overcharge conditions. As a result of this electrolyte
decomposition, generation of gaseous products is a likely outcome
based on the available literature.?*’

Gas evolution (CT-scan experiment).—Visual indication of
gassing (swollen pouch cell) as well as inferred indication of elec-
trolyte decomposition at the interface between electrolyte and LTO
prompted us to investigate the internal structure of the O/C cell to try
to assess the spatial distribution of gas in the cell and understand how it
affected the cell’s capacity. A pristine cell, the CT cell, was devoted to
this experiment. Before the overcharge, the CT cell offered a uniform
white halo under CT scan imaging in both the Y-Z (Fig. 5a) and X-Y
(Fig. 5¢) planes and did not exhibit any visible gas bubble within the
electrode stack. This was expected because, when not abused, these
cells present a tightly packed appearance, indicative of an absence
of gaseous byproducts. After the overcharge, a large volume of gas
is visible in the region between the top of the stack and the soft bag
(Fig. 5b). A white curve line is visible and corresponds to the edge
of the top wall of the soft bag. Furthermore, a dark stripe, located at
mid-depth, emerged in the Y-Z plane. At mid-depth, the presence of
a number of moderate-size gas bubbles is evidenced by the CT scan
in the X-Y plane.

The CT scan analysis showcased two areas where gasses seemed
to accumulate: at the top and at mid-depth of the cell. So long as
a sufficient volume of liquid electrolyte remained in the cell to wet
the entirety of the electrodes, we do not expect the gas trapped at
the top of the cell between the electrode stack and the soft bag to

cause any capacity fade. On the contrary, it is our belief that the
gas bubbles evidenced by voids at mid-depth in the electrode stack
mechanically separated viable portions of the PE and NE from each
other, disabling the ionic conduction pathway in the process. This ionic
conduction pathway blockage would provide the basis for explaining
the occurrence of LAM at both the PE and the NE. If this is true, then
displacing these trapped gas bubbles away from the electrode stack
and into the larger gas volume trapped under the top wall of the soft
bag and permit the liquid electrolyte to wet the separator again should
restore the ionic conduction pathway and allow these disabled areas
to become active again, therefore regaining some of the lost capacity.
In addition, breaking up the larger gas bubbles into tinier ones could
help partially restore ionic conductivity as well.

Recovery massage.—To test this capacity recovery hypothesis,
we administered a massage to the O/C cell. A recording of the in-
stantaneous voltage across the O/C cell is displayed in Fig. 6. While
rubbing the cell, the voltage across the cell was decreasing from
approximately 2.62 V down to 2.54 V by the time the massage stopped.
In particular, the voltage dropped rapidly within the first minute of the

2.64

* 3eginnin5g of massage
2.62 =

2.54 r—

2.52
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Figure 6. Open-circuit voltage of the O/C pouch cell while administering a
massage by hand for 5 minutes. The massage began after 30 seconds.
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Figure 7. Consequences of the massage therapy on the O/C cell: (a) voltage
curves during C/25 discharge as measured before overcharge (in gray), imme-
diately before the massage (in black) and immediately after the massage (in
blue); (b) dQ/dV curves before overcharge (in gray), immediately before the
massage (in black) and immediately after the massage (in blue). Solid lines
are indicative of experimental data while markers are indicative of ‘alawa em-
ulationsdata. ABCD markers are used to identify important features on these
curves.

rub. Thereafter, the evolution slowed down and after interrupting the
massage, the voltage across the cell settled into a close-to-equilibrium
state. There were two possible explanations for the observed voltage
decrease. The first one is that while pressing the cell, local short-
circuits were created that drove the cell’s voltage down by slightly
self-discharging the cell. Another way the cell’s voltage could de-
crease in the observed fashion would be by connecting active material
with a lower SOC to the existing active material. The respective SOCs
would then equalize toward a weighted average quantity under the
driving force of the concentration gradient and we would attain a
rather stable lower OCV after some time. With the voltage settling
down after a few minutes, we judged the short-circuit scenario less
likely as it would continue to self-discharge the cell and favored the
second “reconnection” scenario. To make sure, we submitted the post-
massage O/C cell to a reference performance testto figure out whether
or not the capacity of the cell had changed and whether or not the
thermodynamic balance of the cell had been modified owing to the
massage.

Figure 7a presents the C/25 voltage vs. capacity characteristics of
the O/C cell in the fresh state (in gray) as well as before (in black) and
after (in blue) the administered massage. By the time the massage was
administered, the O/C had been cycled for 1500 cycles and presented
an overall capacity loss of 25%, to be compared to the 23% after
700 cycles reported in our previous communication. As expected, the
massage allowed to recover some capacity and after the massage, the
cell returned 13.45 Ah as opposed to 11.35 Ah before. However, it did
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not recover its initial capacity (15.0 Ah). The capacity recovered by
massage was on the order of 18.6% of the capacity before the massage
or 14% of the capacity of a fresh cell. For the sake of consistency,
for the remainder of this discussion, all quantities will be expressed
on a scale based on a fresh cell. In order to verify that the significant
capacity recovery was induced by the reconnection of portions of
NMC and LTO electrodes disabled by the presence of gas bubbles,
we performed a dQ/dV analysis' on the C/25 data recorded, Figure
7b. To facilitate the discussion, the ABCD markers from the first part
of this work! have been re-used. First, the region ‘A’ did not move
as a result of the massage, which tends to indicate that the offset was
not affected by the massage and its associated reconnection of AM.
Second, the intensity of the regions ‘B’ and ‘C’, associated with the
amount of PEAM, increased significantly. This is a direct indication
that more PEAM is being utilized inside the cell, thus reflecting an
increase of accessible PEAM owing to the administered massage.
Finally, the position of the region ‘D’ did not move much as identified
by the fact that the transition from shoulder to tail occurred at more or
less the same cell’s voltage. In the previous part, we established that
the locations of the regions ‘A’ and ‘D’ are very sensitive to the loading
ratio of the cell.! The fact that both ‘A’ and ‘D’ markers maintained
their positions suggests that the relative amounts of PEAM and NEAM
(i.e. the loading ratio) remained the same through massaging. Since
it was unambiguously determined that more PEAM is involved in the
reaction (i.e. regions ‘B’ and ‘C’), the only way that the loading ratio
would have remained constant is that similar amounts of NEAM have
been reactivated as well. In fact, this appears to be the reverse process
of how the capacity had been lost in the first place - reactivation vs.
deactivation of AM in similar proportions from NE and PE.

Analysis of the capacity recovery.—What proportions of NEAM
and PEAM were recovered precisely because of this massage can be
investigated with help of the model of the cell represented in Figure
3b. Indeed, it can be established that the capacity of the cell in the
[1.8-2.8] V range is strictly equal to the capacity of the NE by virtue of
the NE being the limiting electrode at both end-of-charge and end-of-
discharge. As a result, the fact that the massaged cell recovered 14%
of its initial capacity was a trivial indication that the 14% of the entire
NEAM had been reconnected. And because we established earlier
that the loading ratio remained constant throughout the massage, we
concluded that 14% of the entire PEAM were recovered at the same
time. This 14% recovery was corroborated by a similar increase in the
average intensity of the marker ‘C’, which we previously identified to
be a direct probe of the total quantity of PEAM. Overall, we estimated
that 14 of the 25% of the lost AM had been recovered because of the
massage. That means that we were seemingly able to reconnect 55%
of the disconnected AM through massage.

We then tried to take this analysis one step further by providing
an estimate of the lithiation state of both PEAM and NEAM as they
were recovered. That is, we sought to quantify what proportion of
the recovered PEAM was lithiated and what proportion of the recov-
ered NEAM was delithiated. In essence, the recovered AM was a
combination of gain of active material (GAM) from both electrode in
each lithiation state: GAMgepe, GAMiipe, GAMgeng and GAMing. In
the paragraphs below, it is important not to confuse SOC quantities
with AM quantities, which are different normalized quantities. The
percentage of AM is normalized to the initial quantity of AM in the
fresh cell. The SOC is normalized to the available amount of active
of AM and will be comprised between 100% and 0% at any stage of
the life of the cell. To help distinguish between them and avoid any
possible confusion, we represented SOC quantities as percentages of
SOC (%soc) and we represented quantities of AM as percentage of
AM (% am)-

Figure 8 shows the recovery scheme for PEAM with stacked ver-
tical bars that represent the distribution of the states of PEAM as
delithiated, lithiated and inactive (i.e. LAM). The objective of the
analysis to follow is to estimate these three quantities both pre- and
post-massage and use that knowledge to deduct the state of the recov-
ered portion of PEAM (i.e. GAM).
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Figure 8. A stacked columns representation of the evolution of the positive
electrode active material pre- (left), during (GAM, center) and post-massage
(right). “LAM?” stands for Lost Active Material, “li” for lithiated state, “de”
for delithiated state and GAM for Gained Active Material.

We begin with quantifying the overall amount of PEAM recovered
because of the massage with respect to the initial PEAM quantity
(i.e. 100%am). In the section above, we estimated that the recovery of
PEAM amounted to 14%ay. That is:

recovered QPE = GAMPE = GAMliPE + GAMdePE = 14170AM [1]

It can further be established that the proportions of lithiated and
delithiated AM recovered at the PE are proportional to the SOC of
the recovered AM. Indeed, as the SOC is normalized on the available
AM, the lithiation state is directly proportional to the SOC. For GAM
in Figure 8, it results that:

GAMyepe = GAMpE*recovereaSOCpE [2]

GAM[iPE = GAMpg * (100 - recoveredSOCPE) [3]

Where ,ccovereaSOCpg refers to the SOC of the recovered AM
alone. This ,ecovereaSOCpE 1s therefore the parameter we need to
calculate to be able to approximate the lithiation state of the GAMpg.

With the help of Figure 8, we can establish that the ,.coverea SOCpE
can be expressed from the SOCs of the PEAM pre- and post- recovery,
preSOCpg and p,, S O Cpp respectively. To visualize this relationship
we can use an analogy and look at the 3 vertical stacked bars as liquid
columns of the same diameter. In this analogy, the delithiated PEAM
corresponds to the volume of liquid and the SOC to the percentage of
filling relative the height of the column. Using this analogy, the gain
of active material can be seen as the transfer of the liquid from the
Pre and the GAM columns into a Post column, whose height is the
sum of the height of the Pre and GAM column. The volume of liquid
in the Post column will then be equal to the volume of liquid in the
Pre column plus the volume of liquid in the GAM column. Since all
columns have the same diameter, the volume is directly proportional
to the percentage of filling times the height of the column. From this
analogy, a weighted average relationship between the different SOCs
and their respective amounts of active material that can be deciphered:

postSOCpE*post QPE = recoveredS OCpE*recoverea QPE
+ preSOCpe*pre QpE [4]
Which can be rewritten as:
recovered S OCpE

= (po.vt SOCPE*p(m QPE_preSOCPE*pre QPE) recovered QPE
(5]

At this stage, we are looking at Equation 5 where the quantities
of PEAM are known (1e I"’-”QPE = 89%AM7 pre QPE = 75%AM
and ;ecovered Q pE = 14% 4p) but where all three SOCs are unknown.
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Therefore, to solve this equation, we need to estimate ,.,SOCpg and
post SO Cp . With the help of the model developed for the full cell in
the first part of this study,' we can relate the OCV measured across the
full cell before and after recovery (see. Fig. 6) to the SOC of the PE,
which will allow us to estimate the SOCs. Indeed, at end-of-charge,
we expect the NE to be at the very end of its potential plateau at
equilibrium and therefore present a fairly constant 1.58 V potential.
By subtracting these constant 1.58 V from the measured OCV (i.e.
2.62 V pre-recovery and 2.54 V post-recovery), we could obtain a
rough estimate of the potential of the PE at equilibrium and therefore
estimate the SOC of the PE using the SOC = f(OC V) characteristic
collected for this NMC-based PE. That is:

postSOCPE = fSOC (postOCV_p/ateaMVNE) [6]

preSOCPE = fSOC (pre OCV_plateau VNE) [7]

Where ,,,OCV = 262V, ,,, OCV = 254V and piareau Ve =
1.58 V.

Using Equations 6 and 7 it was found that the SOCs of the PE were
88%soc and 82%soc pre-recovery and post-recovery, respectively. As
aresult, recoverea S O Cpp must have been around 50%soc according to
Equation 5. Using Equation 2 and 3, we can now estimate GAMgcpg
and GAMHPE to be 7%AM«

Following this investigation of the lithiation of the PEAM, the
next step is to investigate the recovered NEAM. Since we already
estimated that the recovery of NEAM amounted to 14%an, We can
first establish that:

recovered ONE = GAMpyg = GAM i+ GAM geng = 14%am [8]

Also, since we previously observed that the offset was largely
unaffected by the recovery, as indicated by a stationary ‘A’ marker,
we can use this information to estimate G A M; y . Indeed, we showed
in a prior study that the offset is affected by the sole evolution of two
quantities, the loss or gain of delithiated PEAM and/or the loss or gain
of lithiated NEAM.> This relationship can be transcribed as:

AOFS = 0% < GAMdepE — LR x GAMliNE =0 [9]

Where AOF'S is the variation of the offset because of the recovery
(i.e. null) and LR is the loading ratio at the time of the recovery (i.e.
0.77).

Because GAM,.pr had been evaluated earlier (i.e. 7%an), We
were able to solve Equation 9 for GAM; y g and found it to be 9.1% am .-
Finally, using Equation 8, we can estimate GAM .y to be 4.9% .
This serves as an indication that the SOC of the recovered NEAM was
around 65% (i.e. predominantly lithiated).

We sought confirmation of these findings by emulating the cell
using the ‘alawa degradation diagnosis toolbox after the massage.'*
GAM were emulated by inputting negative quantities in the relevant
LAM parametric fields (i.e. representing a gain as a negatively signed
loss). The result of this emulation can be found in Figure 7b where
the experimental data are represented as solid lines while the emu-
lated data are represented as markers. The fit between emulation and
experimental post-recovery (in blue) is satisfactory with the notable
exception of the tail region beyond ‘D’ (i.e. above 2.5 V) where the
experimental curve lies higher than the emulated curve. Based on our
emulation, the tail should quickly return to a near-zero intensity be-
cause pristine LTO has little electrochemical activity in the potential
range below 1.35 V. We estimated that this extra capacity at high volt-
age accounted for less than 16% of the recovered capacity. At the time
of writing, the origin of this increased electrochemical activity at low
potential on the NE (i.e. high cell voltage) could not be explained.

Conclusions

In this paper, we validated the hypothesis we proposed initially re-
garding how a LTO || NMC pouch cell having sustained an overcharge
had been losing capacity through the generation and entrapment of gas
bubbles within the electrode stack. First, using a dQ/dV analysis, we
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identified the transient reductive conditions, which in the context of
a LTO-based cell resulted into substantial electrolyte decomposition.
Second, we used a CT scanner to image the internal structure of a cell
before and after overcharge and obtained evidence of the presence of
gas bubbles trapped between PE and NE within the electrode stack.
The physical separation of both electrodes created by these gas bub-
bles appeared large enough to disrupt the ionic conduction pathway,
therefore disabling portions of otherwise perfectly viable electrodes.
This was later demonstrated by administrating a massage to the O/C
cell in an effort to displace the trapped gas bubbles outside of the
electrode stack. The massage helped reconnecting 14 of the 25% of
the lost active materials and restore nearly 60% of the capacity lost
to the overcharge and its aftermath. Ultimately, this study illustrates
the durability of this LTO || NMC cell design against overcharge. It
also showcases the detrimental effect of electrolyte-reduction-induced
gassing with LTO electrodes allowed to discharge below 1 V and ex-
plains the mechanism through which the overcharge drove the capacity
to fade.
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