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Multimodal quantification of degradation pathways dur-
ing extreme fast charging of lithium-ion batteries†

Eric J. McShane,a∗ Partha P. Paul,b,c,d∗ Tanvir R. Tanim,e Chuntian Cao, f Hans-Georg
Steinrück,g Vivek Thampy,b Stephen E. Trask,h Alison R. Dunlop,h Andrew N. Jansen,h

Eric J. Dufek,e Michael F. Toney,i, j,‡ Johanna Nelson Weker,b,‡ and Bryan D. McCloskeya,‡

Enabling fast charging of Li-ion batteries will be a key step towards realizing the technology’s full
potential in electric vehicles. Currently, fast charging is limited by a variety of processes that reduce
cell capacity upon extended cycling. Using a multimodal approach combining incremental capacity
analysis (dQ/dV), high energy X-ray diffraction (HEXRD), and mass spectrometry titration (MST),
we identify specific degradation mechanisms — including Li plating, dead LixC6 formation, Li2C2
formation, solid carbonate solid-electrolyte interphase (SEI) deposition, and loss of positive electrode
active material (LAMPE) — that occur during extended fast charge cycling. We find that Li plating
is the major source of capacity loss in cells cycled at 6C, while non-carbonate SEI species deposition
on the graphite anode is the main source of capacity loss when cycled at 4C. We also study local
degradative phenomena by examining specific ~1-5 cm2 regions of the cells using HEXRD and
MST. We find that plated Li is often collocated with dead LixC6, Li2C2, and solid carbonate SEI
species, and these additional species cumulatively account for ~20% of the capacity lost during 6C
cycling. Finally, in a cell with an anomalously high amount of LAMPE (quantified via dQ/dV), we
find that regions of cathode degradation were accompanied by non-carbonate SEI products on the
adjacent region of the anode. We postulate that this phenomenon arises due to crosstalk between the
electrodes, wherein soluble electrolyte oxidation products formed at the delithiated cathode migrate
to the graphite anode and are ultimately deposited on the graphite surface. This work demonstrates
the utility of combining multiple characterization techniques to reveal a more holistic understanding
of degradative phenomena that occur across multiple length scales during fast charge.

1 Introduction
Lithium-ion batteries (LIBs) hold promise to mitigate the dele-
terious effects of climate change by enabling the transition from
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internal combustion engine vehicles to electric vehicles (EVs), but
key challenges must be resolved to unlock the full potential of the
technology. Although the cost of LIBs has decreased dramatically
over the last decade (~20% per year)1, technological improve-
ments to LIBs, such as improving the fast charge capability, will
be necessary to hasten this transition going forward2. While EVs
can be slowly charged with residential outlets with minimal ca-
pacity loss, long trips necessitate faster charging, which can be
accompanied by substantial capacity loss3. For this reason, there
is significant interest in designing extreme fast charge (XFC) ca-
pable LIBs, which can be charged to 80% capacity in ~10 minutes
while retaining reasonable energy density3.

A number of degradation processes occur across various length
scales (from the cell scale to the atomic scale), which limit LIB
performance during XFC cycling4. In general, XFC charging is
associated with high overpotentials, which trigger pernicious side
reactions at both electrodes and ultimately result in impedance
rise and cell capacity fade4. In subsequent paragraphs, we intro-
duce the primary degradation processes that have been shown to
substantially contribute to capacity fade when fast charging bat-
teries.

The most prominent of such side reactions, Li plating, occurs
when Li+ is reduced to Li metal on the graphite anode surface
instead of intercalating between graphitic layers. Once plated,
Li is prone to lose electronic contact with the graphite particle,
thereby reducing the inventory of cyclable Li within the cell5. Ad-
ditionally, Li metal is often collocated with electrochemically in-
active lithiated graphite (LixC6), which likely becomes dislodged
from the bulk graphite electrode due to stresses imparted by the
volumetric expansion of plated Li and expansion of the graphite
particles themselves during charge6–8. Hereafter, we refer to ir-
reversibly plated Li as "dead Li," and we refer to lithiated graphite
which is no longer cyclable as "dead LixC6."

Plated Li is also highly reactive with both the electrolyte (typi-
cally LiPF6 in a blend of ethylene carbonate (EC) and linear car-
bonates9, such as ethyl methyl carbonate (EMC)) and species
present in the solid-electrolyte interphase (SEI) on graphite. The
SEI is initially formed during the first few slow cycles (often called
"formation cycles") after the battery is assembled, and it is com-
prised of electrolyte salt and solvent degradation products, in-
cluding primarily lithium fluoride (LiF) and solid carbonates, such
as lithium ethylene dicarbonate (LiEDC), lithium ethylene mono-
carbonate (LiEMC), and lithium carbonate (Li2CO3)10–13. The
reaction of plated Li with the electrolyte is known to result in ad-
ditional solid carbonate formation, and the reaction of plated Li
with solid carbonate species initially present in the SEI is known
to form lithium acetylide (Li2C2)14,15. These SEI species are of-
ten referred to as "inactive Li," as they cannot be oxidized upon
battery discharge and therefore reduce the amount of cyclable
Li within the cell. The LIB aging mode by which dead and in-
active Li are created is referred to as "loss of lithium inventory,"
or LLI16. We note that electrolyte oxidation and the formation
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of a cathode-electrolyte interphase (CEI) can also be classified as
LLI, and CEI formation begins to occur at ~4.1-4.2 V17. Although
CEI formation was not directly quantified in this work, we pro-
pose that cathode-electrolyte interactions play a non-trivial role
in a corner region of one particular cell, as will be discussed in
Section 3.2.2.

In addition to LLI, loss of lattice sites for Li intercalation on the
electrodes can also lead to capacity fade during fast charge. The
cathode employed in this work, lithium nickel manganese cobalt
oxide (LiNi0.5Mn0.3Co0.2O2, or NMC-532), is known to crack as
it is being rapidly delithiated during fast charge, leading to capac-
ity fade due to the loss of active sites for Li intercalation within
the positive electrode18–20. This LIB aging mode is referred to as
"loss of positive electrode active material," or LAMPE

21. We note
that only cathode particle cracking which results in electronic iso-
lation of cathode fragments would contribute to LAMPE. Less se-
vere cracking that does not induce electronically isolated particle
fragments would instead manifest as an impedance rise in the
cell. Regarding loss of negative electrode active material, we re-
fer to electronically isolated lithiated graphite particles as dead
LixC6, and loss of delithiated graphite material was not explored
in this work, as we found in a prior study that this aging mode
occurs to a negligible extent in our tested cells18.

The two major forms of capacity loss — LLI and LAMPE — of-
ten both occur to varying extents within a cell, and they can be
intricately tied to one another, making it challenging to discern
their individual contributions to the capacity fade. For example,
highly delithiated surfaces created upon cathode particle crack-
ing (LAMPE) can react with the electrolyte to form oxidized sol-
uble species, which can in turn be reduced and deposited on the
graphite anode22–24. Incremental capacity analysis (dQ/dV, de-
scribed in Section 2.2) allows one to quantify the extent of both
LLI and LAMPE by fitting a simulated dQ/dV profile to the ex-
perimentally measured dQ/dV profile as the battery ages19,25,26.
dQ/dV analysis is advantageous because it is easy to implement,
as it only requires standard current and voltage data from cell cy-
cling. However, while it provides an estimate of the relative con-
tribution of LLI and LAMPE to the global capacity fade of the cell, it
does not provide spatially-resolved information about the chemi-
cal origin of capacity loss. This local information becomes espe-
cially important when studying degradation mechanisms during
fast charge, as various recent studies have revealed the hetero-
geneous nature of degradation across cm2 local regions of pouch
cell electrodes during XFC cycling7,27–29.

Thus, to supplement the global (electrode- and cell-scale) in-
formation from dQ/dV analysis, we utilize additional character-
ization techniques which provide local, chemically specific infor-
mation about degradation processes. The first local technique we
employ, in situ high energy X-ray diffraction (HEXRD), offers a
millimeter-scale spatial resolution and can be used to quantify
LiC12, LiC6, Li metal, and the average lithiation state of the NMC
locally at the end of cycling30. The results of such HEXRD mea-
surements on the four cells studied in this manuscript have also
been discussed elsewhere8,30. In this work, we combine HEXRD
measurements with mass spectrometry titration (MST) measure-
ments (performed on ~1-5 cm2 pieces of the extracted graphite
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electrodes after cycling), through which we quantify dead Li,
dead LixC6, and inactive Li (including both Li2C2 and solid car-
bonate SEI species)14. By correlating the titrated parts of elec-
trodes to the appropriate location on the HEXRD maps of the full
electrodes, we quantify the extent of local degradation mecha-
nisms (including plated Li, dead LixC6, Li2C2, and solid carbonate
deposition) to complement the global dQ/dV analysis.

Capacity fade mechanisms that arise during XFC cycling have
been thoroughly studied, but each has study has had certain lim-
itations that we aim to bridge in this work. For example, prior
work revealed that dead Li, solid carbonate SEI growth, and (to
a lesser extent) Li2C2 deposition all contribute to capacity fade
during XFC cycling in Li-graphite coin cells, but the same insights
have not yet been extended to full pouch cells, and the spatial
collocation of dead Li and SEI species across a full electrode has
not yet been explored14. In a similar vein, degradation mech-
anisms that arise over the course of many fast charge cycles in
full pouch cells have been elucidated using rest voltage signature
analysis31–33, dQ/dV analysis34–38, and machine learning algo-
rithms39. These studies showed that LLI contributes a significant
portion of the lost capacity over XFC cycling, and LAMPE plays
a secondary yet non-trivial role40. However, the techniques in
each study were necessarily applied only at the global cell scale,
and information about local degradation mechanisms could not
be ascertained41. Finally, previous HEXRD measurements on the
same cells used in this work have uncovered trends regarding lo-
cal degradation, such as the spatial collocation of dead Li and
dead LixC6, but these measurements were only conducted at the
beginning and end of the 450 cycle fast charge procedure, and
other degradation mechanisms, such as SEI growth, were not cap-
tured by the HEXRD measurements8,30.

With these prior findings in mind, we address three major ques-
tions in this work. First, what is the global correlation between
the amount of specific SEI components (solid carbonate SEI and
Li2C2) and the amount of plated Li among four tested cells? Sec-
ond, how do these global correlations manifest at the local scale?
Finally, what is the role of local LAMPE, and how can local (here
cm2 length scale) degradation at the cathode influence degra-
dation processes at the anode? Using a unique combination of
dQ/dV, MST, and HEXRD measurements, we address these ques-
tions and quantify the extent of specific degradation mechanisms
that occur during prolonged fast charge cycling. The insights
gleaned from this work can inspire novel electrolyte composi-
tions, electrode architectures, and cell preparation procedures to
minimize capacity loss during fast charging.

2 Materials and Methods

2.1 Pouch Cell Cycling

Four single-layer pouch cells, each of which underwent 450 XFC
cycles, were studied in this work. These same four cells were
also analyzed in previous work8,29,30, but key details about the
cells are repeated here for clarity. The cells were assembled in
the Cell Analysis, Modeling, and Prototyping (CAMP) Facility and
consisted of graphite anodes (3.0 mAh/cm2, 34.5% porosity),
nickel manganese cobalt oxide-532 (LiNi0.5Mn0.3Co0.2O2) cath-

odes (2.67 mAh/cm2, 35.4% porosity), and Celgard 2320 sep-
arator wetted with 1.2 M LiPF6 in 3:7 by weight ethylene car-
bonate:ethyl methyl carbonate electrolyte. Each anode had an
area of 14.9 cm2 and a thickness of 70 µm with a 10 µm Cu cur-
rent collector, while each cathode had an area of 14.1 cm2 with
a thickness of 71 µm with a 20 µm Al current collector. The full
composition of each electrode can be found in the ESI Section S1
†.

The formation protocol, described in depth elsewhere8,42, con-
sisted of three constant-current (CC) C/10 cycles followed by
three CC C/2 cycles with 3.0 and 4.1 V cutoff voltages. After
formation, each cell stack underwent 450 fast charge cycles at 30
oC with an applied cell pressure of ~15-30 kPa. The discharge
protocol remained the same among all cells (a CC C/2 discharge
from 4.1 V to 3.0 V), and three different charging protocols were
studied:

1. 4C CCCV: The cell was charged at constant current (CC) us-
ing a 4C rate until 4.1 V was reached, followed by a constant
voltage (CV) hold at 4.1 V until 15 minutes of total charge
time had elapsed.

2. 6C CCCV: The cell was charged at 6C until 4.1 V was
reached, followed by a CV hold at 4.1 V until until 10 min-
utes of total charge time had elapsed.

3. 6C 2-step: The cell was charged at 6C until 4.1 V was
reached, followed by a CC step at a lower rate. This lower
rate was set as the theoretical rate required to fully charge
the remaining capacity by the end of the full 10-minute
charge. However, if 4.1 V was reached during this lower
rate CC step, a CV hold at 4.1 V was used for the remainder
of the 10-minute charge time29.

The cycling protocols used in the four tested cells are summa-
rized in Table 1. The nomenclature is consistent with that used in
prior studies on the same cells8,30.

Table 1 XFC charging protocols for all tested cells

Cell Name XFC Charging Protocol
4C-a 4C CCCV
6C-a 6C CCCV
6C-b 6C 2-step
6C-c 6C 2-step

After every ~25 cycles, a CC C/20 reference performance test
(RPT) cycle was conducted to determine the reversible cell ca-
pacity as a function of cycle number. The capacity losses for each
cell over the 450 XFC cycles, as well as the cell capacities post-
formation and post-XFC, are provided in ESI Section S2 †. After
the final RPT (450th) cycle (ending with a C/20 discharge to 3.0
V followed by a resting period of 1-3 months with no applied
pressure), the cells were characterized with HEXRD. The respec-
tive results of such measurements are also reported in previous
work8,29,30. The cells were subsequently disassembled in an Ar
glovebox, and MST was performed on the extracted anodes. Cell
6C-a was a slight exception, as the graphite electrode was charged
to ~7.5% state of charge (SOC) after HEXRD measurements but
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before MST was performed. To account for this, a correction was
applied to the dead Li measured via MST in this cell in order to
directly compare HEXRD and MST measurements. As explained
in ESI Section S3 †, this correction induced only an additional
~2.5% error in the dead Li in this cell compared to other cells.

2.2 Incremental Capacity Analysis

Incremental capacity (IC, or dQ/dV) analysis of the RPT cycles
was used to quantify the total amount of LLI and LAMPE that oc-
curred within the tested cells via shifts or changes in the area of
measured dQ/dV peaks18,25,43. Experimentally collected dQ/dV
profiles were compared against dQ/dV profiles generated using a
previously developed electrochemical model with tunable inputs
for LLI and LAMPE

25. LLI and LAMPE were manually tuned to
minimize the root-mean-square error (RMSE) between modeled
and experimental dQ/dV profiles using a Matlab-based simula-
tion toolbox called “Alawa”25,44. This toolbox has been used to
analyze similar pouch cells in previous work18. The error associ-
ated with fitting of the dQ/dV profiles to extract LLI and LAMPE

values was estimated to be ±5% of the fitted value, which was
determined based on an analysis of the RMSE between the fitted
and experimental dQ/dV profiles in the prominent peak regions
(~3.45 V and ~3.6 V). The RMSE generally remained between
0.7% to 5.7% for the peak at 3.45 V and 3.3% to 14.0% for the
peak at 3.6 V. LLI and LAMPE values were then extracted from the
curves of best fit, and representative experimental and modeled
dQ/dV profiles are shown in ESI Section S4 †.

We note that not all LLI or LAMPE directly contributed to ca-
pacity loss, as capacity fade is generally dictated primarily by the
most dominant aging mode. We thus use the subscript "CL" to
describe the amount of a given aging mode which directly con-
tributes to capacity loss. This will be elaborated upon in Section
3.1.1. In general, we found that LLI was the dominant aging
mode and closely matched the total capacity lost. Thus, we con-
cluded that LLI was equivalent to LLICL. LAMPE,CL, which was
generally less than LAMPE, accounted for the small difference be-
tween total capacity lost and LLI.

2.3 High Energy X-ray Diffraction Mapping

HEXRD is an in situ, quantitative method used to obtain the
amount of dead Li and LixC6 species in cells, as well as cath-
ode and anode SOCs over XFC cycling6–8,27,45–47. By rastering a
millimeter-sized X-ray beam over the entire pouch cell (~14 cm2

cross-sectional area) in the discharged state, one can obtain both
local (mm-scale) and global (electrode-scale) information about
LLI from irreversibly plated Li and dead lithiated graphite8,29,30,
along with the cathode SOC45. The high X-ray energy, flux, and
area detectors available at synchrotron sources allowed for such
non-destructive analyses in a reasonable amount of time (under 3
hours). We have previously used HEXRD to quantify the amount
of irreversibly plated Li, dead LiC6, and dead LiC12 over the entire
cell8 and examined the spatial collocation of plated Li, dead LixC6
species, and the loss of Li in the cathode in the same cells studied
in this work8. We note the importance of care in quantification
as there have been claims of amorphous Li, but for these reports

the conclusions appear to be based on erroneous use of powder
XRD formalisms, and these claims should be regarded with cau-
tion48. We here combine the HEXRD results with complementary
characterization techniques which provide additional synergistic
insights into degradation processes. The more dilute lithiated
graphite phases, such as LiC18 and LiC30, were only present in
negligible quantities, and thus did not contribute significantly to
the total amount of lithiated graphite. All HEXRD measurements
were conducted in the fully discharged condition (3.0 V) of the
cells. For details on the set-up of the HEXRD experiments, ex-
perimental parameters, and data analysis workflow, we refer the
readers to our previous publication30.

2.4 Mass Spectrometry Titration
After HEXRD measurements were performed, the pouch cells
were disassembled in an Ar glovebox, and optical images of
the graphite anodes were captured. The electrodes were then
rinsed in dimethyl carbonate to remove residual electrolyte from
the electrode pores. Subsequently, mass spectrometry titration
(MST), which has been described in depth elsewhere14, was used
to quantify various Li-containing species present on the graphite
electrodes by measuring the amount of gas evolved upon their re-
action with acid. To obtain local information about SEI species
and to avoid saturating the relevant ion currents on the mass
spectrometer, the amount of sample titrated was limited to ~1-
5 cm2 (measured by ruler) pieces of the full graphite electrode.
Although this area measurement did induce a small amount of
experimental error, the errors associated with the area measure-
ments were much less than the errors associated with baseline
correction of the gas evolution signatures during MST measure-
ments (~5-10% error)14. The electrode was cut using ceramic
scissors to avoid corrosive reactions during the cutting process.

Three main classes of species were quantified with MST:

1. Dead Li and dead lithiated graphite (LixC6): This class
of species encompasses both irreversibly plated Li metal and
LixC6 that is electronically isolated from the bulk electrode,
rendering it electrochemically inactive. Li and LixC6 could
not be individually quantified with MST, but the cumulative
amounts of Li and LixC6 measured via MST and HEXRD are
compared in ESI Section S5 †. This comparison reveals that
MST measurements consistently yield ~20% more combined
dead Li and LixC6 compared to HEXRD measurements (pos-
sibly due to the presence of nanocrystalline Li deposits that
are not observable in HEXRD).

2. Solid carbonate species: This class of species includes
lithium ethylene dicarbonate (LiEDC), lithium ethylene
monocarbonate (LiEMC), and Li2CO3. We note here that
a single LiEDC is comprised of two solid carbonates, as there
are two carbonate groups per LiEDC, and a single LiEDC
molecule would evolve two CO2 molecules upon acid titra-
tion. Likewise, LiEMC and Li2CO3 are comprised of one solid
carbonate each.

3. Lithium acetylide (Li2C2): This species likely forms as a
result of the reaction of plated Li with solid carbonates in
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the SEI14,15.

Upon exposure to a 3.5 M H2SO4 titrant, dead Li/LixC6, solid
carbonates, and Li2C2 evolved H2, CO2, and C2H2 gas, respec-
tively, according to Reactions 1-6. These gases were quantified
with an in-line mass spectrometer (which had been previously
calibrated with control solutions of each analyte gas in Ar), and
the total amounts of each species were determined. Example cal-
culations showing the conversions between the amounts of each
species and the corresponding capacity losses are shown in ESI
Section S4 †.

Li+H2O−−→ LiOH+
1
2

H2↑ (1)

LiC6 +H2O−−→ LiOH+C6 +
1
2

H2↑ (2)

(CH2OCO2Li)2 (LiEDC)+2H+ −−→ (3)

(CH2OH)2 +2Li++2CO2↑

HOCH2CH2OCO2Li (LiEMC)+H+ −−→ (4)

(CH2OH)2 +Li++CO2↑

Li2CO3 + 2 H+ H2O + 2 Li+ + CO2↑ (5)

Li2C2 + 2 H+ 2 Li+ + C2H2↑ (6)

2.5 Combining MST and XRD Measurements
MST and HEXRD measurements afforded complementary infor-
mation which could be leveraged to gain a more holistic under-
standing of the degradation mechanisms that occurred within the
cells. In order to combine insights about local (cm2) degradation
gained from both MST and HEXRD, we cut each electrode into
multiple regions and performed MST on each region separately,
as shown in ESI Section S6 †. For Cell 6C-a, we cut the graphite
electrode strategically to isolate regions with visually similar plat-
ing features. Specifically, Regions B and C in ESI Section S6 †
appeared to have a dense layer of plated Li, Region E had sparser
Li plating, and Region A was largely free of Li plating. Each region
was then correlated with the appropriate location on the HEXRD
map of the Cell 6C-a anode, as shown in ESI Section S6 †. The
other three cells studied were not cut along Li plating contours,
and therefore similar local analyses were not performed.

It was also important to decouple the amount of Li-containing
species present after formation cycling from the species formed
during XFC cycling. In general, the initial SEI (containing pre-
dominantly LiF and solid carbonate species along with some
Li2C2) is formed during formation cycling, but the SEI can evolve
during fast charge cycling, especially when Li plating ensues14.
The graphite electrode in our cells also remained ~2% lithiated af-
ter formation cycling because the 3.0 V lower cutoff potential em-
ployed during formation cycling limited the maximum graphite

potential to ~1.0 V, meaning the graphite did not become fully
delithiated18. To separate the remnant LixC6 after formation cy-
cling from the dead LixC6 which formed during XFC cycling, we
used a methodology which has been described in detail in previ-
ous work8. To determine the amount of SEI species present af-
ter formation cycling, we titrated an extracted graphite electrode
from a cell (which was nominally identical to the other four cells
tested before cycling) that had undergone only the formation cy-
cling procedure to determine the "baseline" amount of each SEI
species. We note that solid carbonate SEI species deposited dur-
ing formation cycling are predominantly formed via the reduction
of EC, and Li2C2 likely formed via the reduction of solid carbon-
ate species in intimate contact with the highly reactive lithiated
graphite surface49. We measured baseline amounts of 1.2 ± 0.1
µmol/cm2 solid carbonates and 37 ± 7 nmol/cm2 Li2C2, and we
attributed any increase in solid carbonates and Li2C2 above the
baseline amounts to additional SEI deposition during fast charge.
Example calculations of XFC capacity losses due to dead Li, solid
carbonates, and Li2C2 can be found in ESI Section S4 †. Finally, all
subsequent mentions of the amounts of any Li-containing species
(e.g., dead Li, solid carbonates and Li2C2) in this manuscript re-
fer to the amounts generated during XFC cycling (i.e., obtained by
subtracting the formation cycling baseline amounts from the to-
tal measured amounts). Since no plated Li was detected prior to
XFC cycling and measurements on the graphite electrodes were
conducted in the discharged state (after a slow C/20 cycle), all
measured plated Li is irreversibly plated Li which formed during
XFC cycling.

3 Results and Discussion
The results obtained from the combination of dQ/dV, MST, and
HEXRD measurements are discussed at two length scales. At the
global (full cell) scale, the contribution of various LLI mechanisms
to the capacity fade across the cells are presented. In particular,
the influence of charging rate and protocols on the nature of XFC
degradation behavior is discussed. Finally, we examine two cells
(Cell 6C-a and Cell 6C-c) to obtain local (cm2) insights into their
degradation mechanisms. We reiterate that the subscript CL is
used in the proceeding section to denote LLI or LAMPE which di-
rectly contributes to capacity loss, while LLI or LAMPE with no
subscript indicates the total amount of LLI or LAMPE measured
via dQ/dV.

3.1 Insights into Global Degradation

This sub-section discusses the global insights obtained from the
combination of dQ/dV, HEXRD, and MST measurements.

3.1.1 Contributions of Degradation Mechanisms to Global
Capacity Fade

We first sought to determine the individual contributions of the
two broad categories of cell degradation —LLI and LAMPE —to
capacity loss in each of the four tested cells using dQ/dV analysis.
LLI and LAMPE can both occur simultaneously, but typically only
one mode is the major contributor to capacity loss25. In all four
of our tested cells, we determined that LLI was the major degra-
dation mode, as LLI accounts for most —but not all —of the total

Journal Name, [year], [vol.],1–13 | 5

Page 5 of 13 Journal of Materials Chemistry A



capacity lost over cycling for each of the four cells (see Figure
1(a-d)). As such, we concluded that all LLI directly contributed
to capacity loss.

The remaining portion of capacity loss which was not en-
compassed by LLI was ~1-2% for each cell, yet LAMPE was
~4-13% among the four cells, indicating that a significant por-
tion of LAMPE did not directly contribute to capacity loss (i.e.,
LAMPE>>LAMPE,CL). We rationalize this by assuming that LLI
and LAMPE may both influence capacity loss in regions of the
cells with small amounts of plated Li, but LAMPE is dwarfed by
LLI in regions with large amounts of plated Li. Although a sizable
portion of LAMPE does not directly contribute to capacity loss,
the accumulation of LAMPE over cycling provides insights which
would not otherwise be apparent from cell capacity data. For
example, we find that the measured amount of LAMPE for Cells
4C-a, 6C-a, and 6C-b is only ~4-7%, but it is notably higher in
Cell 6C-c (~13%) by the end of 450 fast charge cycles, with a sud-
den increase in the rate of LAMPE accumulation starting at ~225
cycles for Cell 6C-c. We will discuss further implications of this
higher LAMPE in Cell 6C-c in subsequent sections.

Fig. 1 Capacity loss during extreme fast charge (XFC) cycling as a
function of cycle number overlaid with total LLI and LAMPE obtained
from dQ/dV analysis for (a) Cell 4C-a, (b) Cell 6C-a, (c) Cell 6C-b, (d)
Cell 6C-c. Cycling data for these cells taken from Refs8,29,30.

In addition to delineating between LLI and LAMPE, we also
quantified the contributions of specific mechanisms of LLI (plated
Li, dead LixC6, Li2C2, and solid carbonate deposition) to the
amount of XFC capacity lost in each cell. We quantified each LLI
mechanism individually using a combination of HEXRD and MST
(as explained in Section 2.5), and any remaining lost capacity that

was not accounted for by either of our employed techniques was
attributed to the parasitic formation of SEI species that we could
not measure using any of the techniques (e.g., LiF, oxalates, suc-
cinates, etc.)50. Charalambous et al. previously used HEXRD to
observe the presence of LiF in SEI adjacent to plated Li deposits6;
however, such HEXRD analyses can only be conducted ex-situ on
anodes which have been removed from the cell casing. We expect,
although cannot confirm, that the majority of the unaccounted
XFC capacity loss arose from either LiF deposition on the anode,
as it is typically reported to be an abundant graphite SEI compo-
nent11,12,51,52, or from other species occasionally observed from
electrolyte oxidation, such as lithium oxyfluorophosphates22.

Figure 2 shows this consolidated information across all of the
cells. For the three cells cycled at 6C, dead Li and dead LixC6
(measured via MST) are significant contributors to the cell capac-
ity fade, which is consistent with previous work8. We note that
dead Li and LixC6 were also separately quantified via HEXRD. We
found that the HEXRD-measured amounts of dead Li and LixC6
were consistently ~20% lower than the MST-measured counter-
parts, possibly due to the presence of nanocrystalline Li deposits
(see ESI Section S5 †). Li2C2 and solid carbonate species are also
minor contributors to the cell capacity fade in the three cells cy-
cled at 6C. On the other hand, Cell 4C-a shows almost no capac-
ity losses from plated Li, dead LixC6, solid carbonate species, or
Li2C2. In this cell, most of the XFC capacity loss over 450 cy-
cles (~7.5% of the pre-XFC capacity) is due to the SEI species
that are unaccounted for by both HEXRD and MST. Given that
the charge time per cycle in Cell 4C-a was 15 minutes (compared
to 10 minutes for Cells 6C-a and 6C-b, and 6C-c), we hypothe-
size that the longer time Cell 4C-a spent at high voltage, as well
as the absence of Li plating, resulted in an SEI that was com-
positionally distinct from the SEIs formed in Cells 6C-a, b, and
c. The SEI formed during fast charging of this cell may con-
tain LiF (which has been commonly reported as a prominent SEI
component on graphite)11,12,52 or other amorphous components.
Complementary characterization (e.g., with X-ray photoelectron
spectroscopy) would be needed to test this hypothesis in future
work. It is also worth noting that, while almost no solid carbon-
ate SEI species were deposited in Cell 4C-a during XFC, a signifi-
cant amount of solid carbonate SEI species (corresponding to ~20
µmol Li) was deposited in Cell 6C-a. As both Cells 4C-a and 6C-a
were charged with CCCV protocols at different rates, we specu-
late that the deposition of solid carbonate SEI species is highly
rate dependent, and large overpotentials are likely required to in-
duce mossy plated Li, which ultimately reacts with electrolyte to
form solid carbonate species53,54. CEI formation may have also
contributed to LLI, especially on NMC particles near the separa-
tor, which may become more delithiated (and hence more reac-
tive with electrolyte) compared to NMC particles close to the Al
current collector.55.

Cells 6C-a and 6C-b had smaller amounts of capacity loss
from "Other SEI" compared to Cell 4C-a, indicating less non-
carbonate/Li2C2 species were deposited during XFC in these cells.
Cell 6C-c, however, had both a large capacity loss from "Other
SEI" and an anomalously high amount of LAMPE (Figure 1(d)),
although only a small portion of LAMPE directly contributed to
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capacity loss (LAMPE,CL < LAMPE). We hypothesize that hetero-
geneous current distributions within this cell (perhaps due to lo-
calized poor wetting in one corner of the cell, which will be dis-
cussed in Section 3.2.2) caused some regions of the cathode to
become overdelithiated compared to the bulk electrode during
charge. It has also been shown that NMC particles which undergo
deep delithiation are prone to crack20,56, and we observe evi-
dence of localized NMC particle cracking in this cell as well in the
partially delithiated state. The partially delithiated NMC surfaces
created upon cracking would be highly reactive with the elec-
trolyte, which can be oxidized at potentials of 4.1 V and above17

to form soluble species in the electrolyte, such as lithium oxyflu-
orophosphates17,22,23. These soluble species may have then been
reduced at the graphite electrode and deposited on the graphite
surface completing a "crosstalk" mechanism in which a degrada-
tion process originating at the NMC cathode eventually results in
SEI deposition at the graphite anode12,57,58. This speculation is
consistent with our titration results (Figure 2), which show that
solid carbonates and Li2C2 alone cannot account for the large
amount of LLI in Cell 6C-c. Local analyses of plated Li on the
anode and the SOC distribution on the cathode also support this
suggestion, as will be discussed in Section 3.2.2.

Finally, we stress that the global capacity fade of these cells
was almost completely governed by LLI, and was predominantly
due to Li plating for the highest-tested 6C charge rates, which
is in line with our previous work8. This finding has important
implications for the realization of XFC charging in batteries, es-
pecially for EVs. With thicker electrodes, while the capacity of
the anode increases, the propensity to irreversibly plate Li on the
graphite anode also increases due to an exacerbation of the lithi-
ation gradient across the anode thickness59. Thus, in order to
achieve XFC charging with commercially relevant energy den-
sities (≥3mAh/cm2 as in this work), methods will need to be
developed to limit LLI through irreversible Li plating in thicker
(≥70 µm) electrodes. Thus, cell improvements to enable XFC cy-
cling in commercially relevant cells should generally focus more
on ways to minimize Li plating, such as enhanced electrolyte wet-
ting, greater ionic conductivity in the electrolyte, or improved an-
ode architectures60,61.

3.1.2 Global Correlations Between Degradation Products

Having now established that Li plating plays a significant role
in XFC capacity fade at a charging rate of 6C, we turn to ways
in which Li plating can in turn induce other LLI mechanisms.
For example, plated Li can block deintercalation pathways for
LixC6

29, or it can react with SEI or electrolyte components to
form Li-containing salts, which depletes the Li inventory in the
cell9. Thus, plotting the global amounts of various LLI prod-
ucts in Figure 2 as a function of the total plated Li can shed
light on how additional LLI mechanisms are correlated to Li
plating during XFC cycling. Figure 3 shows the global correla-
tions between the amounts of various SEI species and the to-
tal amount of irreversibly plated Li (measured via HEXRD) over
the four cells analyzed in this study. We note that the plotted
amounts of Li2C2, solid carbonates and LixC6 in Figure 3 rep-
resent the amounts formed only during XFC cycling since the

Fig. 2 Contributions of various degradation mechanisms — includ-
ing combined dead plated Li and dead LixC6 formation (measured via
MST), solid carbonate SEI deposition (measured via MST), Li2C2 for-
mation (measured via MST), loss of positive electrode active material
(LAMPE,CL, measured via dQ/dV), and other SEI deposition (not cap-
tured by any of the applied characterization techniques) — to the XFC
capacity loss of four tested cells after 450 XFC cycles. Plated Li and dead
LixC6 have also been quantified for these cells via HEXRD in previous
publications8,30.

baseline amounts present after formation cycling have been sub-
tracted out.

In Figure 3(a), we find that the amount of Li2C2 SEI species
is positively correlated with the amount of plated Li across the
four cells. The Li2C2 observed in Cell 4C-a likely formed via the
reduction of solid carbonate species in contact with the lithiated
graphite surface over many cycles, as no plated Li was measured
in this cell. The increase in Li2C2 above the amount observed in
Cell 4C-a for Cells 6C-a, 6C-b, and 6C-c, which all had plated Li, is
therefore attributed to the reaction of the outer surface of plated
Li deposits with other SEI components14,15. This hypothesis im-
plicitly assumes that dead plated Li is intertwined with other SEI
species on the anode, such that Li and other SEI species may be in
intimate contact. We speculate that, as more dead Li is deposited,
the contact area between dead Li and solid carbonate SEI species
increases, resulting in additional conversion of solid carbonates
to Li2C2.

The amount of solid carbonate SEI species is also positively cor-
related with the amount of plated Li, as shown in Figure 3(b).
We hypothesize that solid carbonate deposition during XFC cy-
cling occurs via a reaction of plated Li with electrolyte, and is
thus governed by the amount of plated Li surface area in contact
with electrolyte. The correlation between plated Li and solid car-
bonates may be superlinear (rather than linear), but we acknowl-
edge that this is heavily influenced by Cell 6C-a, which had a
substantially larger amount of solid carbonates than would be ex-
pected based on a linear trend with the other three cells, so more
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data points would be needed to further validate this trend. Pre-
vious studies have reported a similar superlinear correlation be-
tween the amount of solid carbonates deposited and the amount
of fast charge cycles completed, which the authors attributed to
a Li "breakthrough" effect, whereby Li deposited after extended
cycling became mossy and protruded out of the existing SEI, re-
sulting in a sudden increase in solid carbonate deposition due to
intimate contact between the mossy Li and the electrolyte sol-
vent14.

Finally, we observe a near-linear relationship between the
amount of dead LixC6 and irreversibly plated Li across the cells
in Figure 3(c). Our previous work has shown that dead Li and
LixC6 in these cells are not only correlated at the cell-scale, but
also collocated at the local scale8. Such collocation may arise due
to lithiated graphite particle dislodgement during rapid lithiation,
which can be further exacerbated by interparticle stresses induced
by plated Li6,7. Plated Li may also physically block pathways for
Li+ transport through the graphite SEI, which could prevent lithi-
ated graphite from being delithiated, as discussed in our earlier
work29. We refer readers to ESI Section S7 † for more informa-
tion about how these global correlations between plated Li and
other species hold over the local scale in specific regions of Cell
6C-a.

Fig. 3 Global correlations between the amounts of (a) Li2C2 (measured
via MST), (b) solid carbonate SEI species (measured via MST), and
(c) lithiated graphite (measured via HEXRD) formed during XFC and
the amount of irreversibly plated Li (measured via HEXRD) across four
different cells. The presented data are global measurements normalized
over the entire cell area (~14.9 cm2). The total amount of plated Li and
LiC6 measured via HEXRD in each of these cells has also been reported
in previous publications8,30.

3.2 Quantification of Local Degradation Mechanisms
This section discusses the local insights into cell degradation, as
obtained from the combination of dQ/dV, HEXRD, and MST. "Lo-

cal" here refers to ~1-5 cm2 regions of the full graphite electrode,
which surprisingly show degradation behavior that deviates from
the global full electrode average degradation behavior. In partic-
ular, we discuss the variation of degradation mechanisms across
the full area of Cell 6C-a and the anomalously high LAMPE ob-
served in Cell 6C-c. Cell 6C-a was chosen for local analysis be-
cause it was strategically cut along the boundaries of regions with
distinct Li plating patterns, whereas the other cells were cut in a
grid-like manner which did not necessarily isolate regions with
homogeneous coverage of plated Li. Cell 6C-c was also chosen
for local analysis because one particular region exhibited anoma-
lously low cathode SOC which was collocated with an unidenti-
fied SEI species on the adjacent area of the anode. We speculate
that this unidentified SEI species, which diffracts in the region of
plated Li, may be a thick film of lithium oxyfluorophosphates that
is deposited due to local electrolyte degradation spurred by the
reactive, partially delithiated cathode.

3.2.1 Cell 6C-a: Heterogeneity of LLI Mechanisms Across the
Cell

The graphite electrode extracted from Cell 6C-a was cut into six
regions (labeled A-F in Figure 4(a)) which had visibly distinct Li
plating patterns, and each region was separately titrated using
MST. Region A (the outer edge region indicated by the dashed
box in Figure 4(a)) had no visible plated Li and likely remained
at lower lithiation states (based on the limited amount of SEI
species and LixC6 measured via MST) during cycling compared
to Regions B-F. We note that the graphite electrode was oversized
compared to the cathode by ~0.8 cm2, so Li+ preferentially in-
serted into the central regions of the graphite electrode during
XFC. However, Region A (where no plated Li is visible) encom-
passes ~6.6 cm2 of electrode area, which is much larger than the
~0.8 cm2 anode overhang region. This reveals the important role
of edge effects in cells with anode overhang. Even though only
~0.8 cm2 of the graphite electrode area was not directly covered
by the cathode, the amount of plated Li was substantially reduced
even in the the edge region of the graphite which was covered by
the cathode. This may have occurred due to poor electrolyte wet-
ting at the edges of the cathode, which rendered the edge regions
of the adjacent graphite less utilized. Another possible explana-
tion is that Li+ ions liberated from the NMC cathode edges during
fast charge had ample available graphite sites within close prox-
imity, allowing Li+ to be inserted over a broad area along the
edge region. This in turn reduced the graphite SOC on the edges
compared to the center and decreased the propensity for Li plat-
ing in the edge region —even in some edge regions which were
covered by the cathode.

There was also a distribution of Li plating patterns in the cen-
tral regions. Region E, for example, appeared to have a sparse
amount of plated Li, while Regions B and C had optically ap-
parent dense layers of plated Li. As discussed in Section 2.5,
each electrode piece was correlated to the appropriate location
on the HEXRD map of Cell 6C-a, allowing us to compare MST
and HEXRD measurements over specific regions of the electrode.
With a broad distribution of plated Li coverage (measured in µmol
Li/cm2) among the different regions, we could uncover relation-
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ships between local plated Li coverage and the local amounts of
SEI and LixC6 in each region. The combined results of this analy-
sis are shown in Figure 4.

Several interesting trends are apparent from this local (~1-5
cm2) analysis. First, as shown in Figure 4(b), the amount of solid
carbonate species locally is weakly correlated with the amount
of plated Li, although there is significantly more scatter in the
data compared to the global correlation in Figure 3(b). Solid car-
bonate species deposited during fast charge have been previously
proposed to form via the reaction of plated Li with the electrolyte
solvent14. Thus, if the plated Li is columnar or otherwise uni-
form in morphology, it is likely to remain well-encapsulated by
the existing SEI, and minimal additional solid carbonates would
be deposited during charge. On the other hand, mossy Li, which
is commonly observed during fast charging53,62, has a high ex-
posed surface area and is more prone to react with electrolyte
to produce additional solid carbonate species. We thus speculate
that the morphology of plated Li may vary substantially across the
different regions of the electrode, with regions covered by mossy
Li containing large amounts of solid carbonate species. Figure
4(c) shows a yet weaker correlation between the amount of Li2C2

deposited during fast charge and the amount of plated Li, despite
the stronger linear correlation at the global scale. Although there
is considerable scatter in the data, as Li2C2 has been proposed
to form via the reaction of plated Li with solid carbonates in the
SEI14,15, this finding may suggest that the surface area of plated
Li in intimate contact with carbonate SEI species varies across the
cell. We speculate that an uneven stack pressure distribution on
this cell may have induced this behavior63. Regions B and D on
the left side of the cell (as viewed from the perspective of Figure
4(a)) had relatively more Li2C2 —possibly due to the compres-
sion of the cell which promoted contact between plated Li and
Li2C2 —while Regions C and F on the right side of the cell had
relatively less Li2C2 (perhaps similarly due to less local applied
pressure). Finally, the dead LixC6 (measured via HEXRD) shows
a linear correlation (with far less scatter compared to the other
species) with the amount of plated Li in each region of the cell
(Figure 4(d)), which is similar to that observed at the global scale
and is consistent with previous work8. The data shown in Figure
4 is plotted onto Figure 3 in ESI Section S7 † to provide further in-
sight into how each correlation holds over a broad range of plated
Li coverage from the global to local scale.

In general, local correlations between the amount of plated Li
and SEI species/LixC6 (analyzed on ~1-5 cm2 pieces of a full elec-
trode) appear weaker than those observed at the global scale. This
demonstrates the important role of heterogeneities (such as the
morphology of plated Li deposits, stack pressure distribution, and
electrode wetting uniformity) that arise within a cell during XFC
cycling. We note that these heterogeneities are not unique to our
study, as similar heterogeneous Li plating patterns have been ob-
served in other pouch cells that underwent XFC cycling18,28. Go-
ing forward, it will be important to better understand the origin
of these heterogeneities using additional characterization tech-
niques (e.g., scanning electron microscopy of Li deposits, external
pressure sensors, etc.) so that future improvements to the anode,
electrolyte, and cell design can be tailored to minimize Li plating.

Fig. 4 Local variation of degradation mechanisms in Cell 6C-a. (a) Image
of electrode that was cut into six regions (marked A-F). Each region was
separately titrated to quantify Li and SEI species. Correlation between
the amount of plated Li (measured via HEXRD) and (b) carbonate SEI
(measured via MST); (c) Li2C2 (measured via MST); and (d) dead LixC6
(measured via HEXRD) formed during XFC cycling per unit area of anode
measured across the six regions. The total amount of plated Li and LiC6
measured via HEXRD in this cell have also been reported in previous
publications8,30.

3.2.2 Cell 6C-c: Influence of Local LAMPE on LLI and XFC
Capacity Fade

Cell 6C-c exhibits anomalous behavior compared to the other cells
charged at 6C in many ways. Although the XFC capacity loss
(~20%) is about the same as Cells 6C-a and 6C-b by the end of
cycling, the measured amount of irreversibly plated Li is signifi-
cantly lower in Cell 6C-c (shown in Figure 2), and a significantly
higher portion of LLI is unaccounted for by HEXRD or MST. We
also see that the trend in the XFC capacity fade over cycling for
Cell 6C-c is very different from Cells 6C-a and 6C-b (Figure 1(b-
d)). While the capacity fade for Cells 6C-a and 6C-b plateaus be-
yond 200 XFC cycles, the capacity fade for Cell 6C-c continues to
increase after 200 cycles, which suggests a different degradation
mechanism may have occurred. Additionally, while the LAMPE of
Cells 6C-a and 6C-b is fairly linear with cycle number, the LAMPE

of Cell 6C-c increases abruptly around 200 cycles. In Figure 5(a),
we emphasize these changes by taking the derivative of the total
XFC capacity fade, LLI, and LAMPE with respect to cycle number
so we can better visualize how degradation modes evolve in Cell
6C-c over cycling39. d(LAMPE)/dN is constant up to ~200 cycles,
followed by an abrupt quadrupling of the rate at cycle ~225 and
then another constant rate regime for the remaining ~200 cycles.

The optical image of the anode (Figure 5(b)) after XFC cycling
along with the HEXRD maps in Figure 5(c-d) provide further in-
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sight into the possible origin and consequences of this sudden
spike in LAMPE. We focus on the bottom right corner, which is
highlighted by the cyan box in Figure 5(b-d). In the boxed re-
gion, integration of the HEXRD peak related to plated Li suggests
an anomalously large amount of plated Li in the region (Figure
5(c)). However, there is no obvious optical evidence of plated Li
in this region (Figure 5(b)), and the HEXRD map of LiC6 (see ESI
Section S8 †), which is typically collocated with plated Li, does
not show any notable features in this region6,8. These observa-
tions led us to conclude in a previous work that the bottom right
corner likely did not contain plated Li30. Here, MST measure-
ments of the amount of dead Li also suggest that the bottom right
corner does not contain plated Li. In fact, the combined amount
of dead Li and dead LixC6 in this region is within error of the
amount of LixC6 present after formation cycling (~2 µmol/cm2

dead Li).
A closer look at Figure 5(d) also shows a local decrease in the

Li occupancy (per unit cell of NMC) in the cyan box, calculated
from the NMC unit cell volume. A smaller NMC unit cell volume
is reflective of a smaller amount of Li per unit cell of NMC64,
since a lower amount of Li close to the discharged state of the cell
results in a contraction of the unit cell along its c axis65. Thus, the
cathode in the cyan box region is less lithiated than the majority
of the electrode, suggesting that LLI occurs in this region from an
unknown source8.

We hypothesize that the cyan box region consists of a large clus-
ter of cracked NMC particles, which are at ~20% lower lithiation
state than the majority of the electrode due to particle cracking
that occurred suddenly at cycle ~225 during fast charge. This
notion is supported by previous studies, which revealed that loss
of cathode active material can occur along the edges of the elec-
trode and suggests that particle damage or particle delamination
may occur on the electrode edges during the cutting process56.
Additionally, the separator completely encased the cathode in our
study, and the creased separator in the corner region of Cell 6C-c
may have imparted additional stress on the cathode particles or
influenced the wetting of the electrode pores, which may have
resulted in particle cracking66,67. This underscores the important
role of edge effects, which should be closely analyzed in future
studies of pouch cells with wrapped separators. Mn dissolution
could also play a role in the lower lithiation states of the NMC par-
ticles in the cyan box region, but a recent study of graphite/NMC
pouch cells which underwent similar cycling procedures revealed
that less than 0.1% of the Mn from NMC dissolved into the elec-
trolyte and deposited on the anode40.

It is also notable that the other cathode regions with lower lithi-
ation states (e.g., the middle-left portion of Figure 5(d)) corre-
spond to regions of high Li plating, which may be deposited pre-
dominantly during the first ~150 XFC cycles (corresponding to
the high early values of d(LLI)/dN) in Figure 5(a)), as the same
collocation of delithiated NMC and plated Li is also observed in
Cells 6C-a and 6C-b. As previously noted, however, MST measure-
ments suggest that the amount of plated Li is minimal in the cyan
box region of the Cell 6C-c graphite anode despite the large inten-
sity of a HEXRD peak that overlaps with Li in this region. We thus
speculate that some unknown species which diffracts at a similar

Bragg angle to Li is deposited on the anode due to a crosstalk
mechanism, whereby the oxidized electrolyte species formed at
the cracked NMC cathode particle surfaces migrate to the graphite
anode and ultimately deposit the graphite surface. Based on pre-
vious literature, the onset for electrolyte oxidation may occur on
NMC surfaces at as low as 4.1-4.2 V17. Thus, it is possible that
the delithiated NMC in the cyan box region was reactive towards
the electrolyte. Whereas most of the NMC particles only reach
~4.1 V intermittently during XFC charging protocol, cracked par-
ticles may have poor electronic connectivity to the bulk electrode,
and thus remained at a high oxidative potential for the entirety
of cycling, reacting constantly with the electrolyte over time. The
species formed on the graphite anode could be a lithium oxyflu-
orophosphate species, which has been proposed to form due to
electrolyte oxidation on NMC22. These species do not have well-
studied scattering behavior and may overlap with the Li HEXRD
peak, as we observe in Figure 5(c). We acknowledge, however,
that this scattering behavior could arise from a different uniden-
tified species, and we encourage those who conduct similar scat-
tering experiments in the future to attempt to identify the true
origin. More commonly reported SEI species, such as LiF, do not
have HEXRD peaks which overlap with Li and are therefore un-
likely to explain the observed behavior6. With all this in mind, we
propose that local NMC particle cracking in the cyan box region
occurred after ~225 cycles due to fatigue induced by separator
creasing effects, resulting in the sudden spike in LAMPE shown in
Figure 5(a)). This cracking then resulted in a crosstalk mecha-
nism, whereby oxidized electrolyte species formed at the cracked
NMC were ultimately reduced on the graphite surface. We thus
observed an increase in d(LLI)/dN after ~225 cycles (shown in
Figure 5(a)) and detected an unknown species on the graphite
surface with a HEXRD peak which overlaps with Li (shown in
Figure 5(c)).

In all, through a combination of different analytical and exper-
imental techniques, we provide some evidence for local crosstalk
between the electrodes. Additionally, although LLI dominates ca-
pacity fade in the cells globally, the local mechanism of degra-
dation is likely more variable, and LAMPE can play a non-trivial
role. Such an analysis would not be possible if the characteriza-
tion techniques employed in this work were used individually.

4 Conclusions
In this work, we elucidated and quantified specific degradation
mechanisms — both locally and across full electrodes — in LIBs
that underwent 450 XFC (4C-6C charging rates) cycles. This
degradation analysis was done multimodally, using global electro-
chemical analyses (dQ/dV) complemented by local HEXRD and
MST measurements. We found that LLI primarily governs the
capacity fade of the four tested cells, predominantly through ad-
ditional SEI formation at a charging rate of 4C and through irre-
versible Li plating on the anode at 6C. In the cells cycled at 6C,
LLI mechanisms such as dead lithiated graphite and SEI formation
accounted for ~20% of the observed capacity fade, and correla-
tions revealed between each species uncovered physical insights
into the nature of each degradation mechanism. While we found
evidence for the existence of LAMPE in all cells, the amount of
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Fig. 5 Indirect influence of the local LAMPE (bottom right corner, high-
lighted by the cyan box) on LLI and XFC capacity loss in Cell 6C-c. (a)
Evolution of the rate of LLI, LAMPE and cell capacity fade accumula-
tion over XFC cycling, as calculated from Figure 1d. Each data point
was calculated using the expression (Cap(i+1)–Cap(i))/(N(i+1)–N(i)),
where Cap refers to XFC Cap., LLI, or LAMPE, i refers to a data point
index, and N refers to the cycle number. (b) An optical image of the
extracted anode after 450 XFC cycles, showing regions with optically ap-
parent irreversibly plated Li. Cyan box region shows no visually apparent
plated Li. (c) HEXRD map of irreversibly plated Li on the anode in the
discharged condition after 450 XFC cycles. Region of high "plated Li"
XRD peak intensity in cyan box likely does not arise from plated Li, as
no visual evidence of plated Li is observed in panel b. (d) HEXRD map
of the NMC unit cell volume (which is correlated with the average Li
per unit cell), showing relatively higher delithiation in cyan box region
compared to majority of electrode area.

LAMPE was dwarfed by the amount of LLI due to SEI formation at
4C rates and due to Li plating at 6C rates. Local LAMPE did, how-
ever, play an important role in one cell, where physical degrada-
tion of one region of the cathode likely spurred a chain of events
that ultimately resulted in additional SEI deposition on the an-
ode. The depth of insights gleaned in this work were made possi-
ble by the synergy of complementary characterization techniques
employed, and we recommend a similar multimodal approach be
utilized in future studies of degradation during XFC cycling.
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