Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

#® ROYAL SOCIETY

Sustainable
P OF CHEMISTRY

Energy & Fuels

View Article Online

View Journal | View Issue

Post-mortem identification of lithium plating in

i") Check for updates‘
high energy automotive batteries

Cite this: Sustainable Energy Fuels,
2025, 9, 5342 v b _ ) _ bf
Syed Muhammad Abbas, ©* Anna Jodlbauer,® Martin W|lken|ng,®

Helmar Wiltsche, © < Josef V. Ecker,®® Christian Ellersdorfer, 22 Gregor Gstrein ®?
and llie Hanzu @ *®f

The performance of LIBs deteriorates over time due to various aging mechanisms, among which lithium
plating (LP) is critical. This study investigates LP in commercial high-energy graphite-SiO,/NMC pouch
LIBs cycled until end-of-life (EOL) under LP-inducing conditions. Employing post-mortem analysis
techniques such as ’Li nuclear magnetic resonance (NMR) spectroscopy, inductively coupled plasma
optical emission spectroscopy (ICP-OES), and scanning electron microscopy (SEM), we aim to provide
a comprehensive understanding of LP. Electrochemical methods such as incremental capacity analysis
(ICA) and differential voltage analysis (DVA) were first used to identify LP occurrence in a cell during
artificial ageing (AA). Subsequently, the cells were dissected to prepare post-mortem analysis samples.
ICP-OES revealed an increased soluble lithium (Li) content on the anode surface compared to a fresh
cell, which is attributed to LP. Metallic Li was identified on the anode surface of the cycled cell by “Li
NMR at Knight shifts in the range from 245 to 270 ppm, whereas no metallic Li was detected in fresh
cell. Post-mortem SEM analysis revealed a mossy layer growth on anode sample of the artificially aged

cells that is absent on the anode surface of a fresh cell. This mossy growth is attributed to LP. Elemental
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Accepted 22nd August 2025 mapping also revealed fluorine hotspots on the mossy metallic Li layer, indicating the formation of
lithium fluoride (LiF) as a reaction product between metallic Li and the cell electrolyte. Additionally, as

DOI: 10.1039/d55e00509d the SEM sample was exposed to air during transfer, oxygen hotspot on mossy Li layer in elemental

rsc.li/sustainable-energy mapping indicates the reaction of oxygen and moisture with metallic Li.

voltage drops below 0 V vs. Li/Li", this situation may occur at low
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Introduction

First introduced by Sony corp. in 1991," lithium-ion batteries
(L1Bs) have emerged as the leading energy storage devices due
to their high energy densities, high coulombic efficiency and
low self-discharge.>® These properties make LIBs ideal for
portable electronic devices such as cameras, laptops, and
mobile phones. Additionally, LIBs are largely used in electric
vehicles (EVs) and some electric grid-relevant storage applica-
tions.>* However, the performance of LIBs deteriorates over
their operational lifespan due to various ageing mechanisms.*>”
This study focuses on lithium plating (LP) a critical issue
affecting LIBs performance.*® LP formation occurs when anode
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temperatures, high charging rates (C-rate) and localized/
inhomogeneous pressure.®*™* LP can be identified using non-
destructive/operando methods as well as destructive/post-
mortem methods.>** A non-destructive/electrochemical
identification of LP study was previously conducted in our
laboratory. We were able to identify LP in high energy cells
using data recorded during cycling without damaging the cell.*®
However, there were aspects that could not be clarified without
opening the cell. This study employs post-mortem methods to
further investigate LP. The purpose of post-mortem LP identi-
fication is to further prove the formation of LP that has been
identified using electrochemical methods. Although electro-
chemical methods identify LP without any disturbance in the
cell, the method is limited by the method used and it depends
on the accuracy of recorded data for LP identification. Post-
mortem analysis gives a direct detection/identification of LP
as the anode is directly analyzed after cycling under LP inducing
conditions, however after these investigations the cell cannot be
used further.

By post-mortem analysis, LP can be identified using various
techniques, including “Li nuclear magnetic resonance (NMR)
spectroscopy, inductively coupled plasma optical emission

This journal is © The Royal Society of Chemistry 2025
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spectroscopy (ICP-OES), X-ray photoelectron spectroscopy
(XPS), scanning electron microscopy (SEM), atomic force
microscopy (AFM).'*!%1¢18 Comprehensive summaries of post-
mortem methods used to identify LP in LIBs has been
provided by Waldman et al.,**** Paul et al."* and Janakiraman
et al.* that summarized post-mortem methods used to identify
LP in LIBs. XPS is limited to the surface of sample as the
penetration depth is very low, AFM can be used for surface
imaging but no information about the surface elements can be
obtained. In this study 'Li NMR, ICP-OES and SEM are used to
investigate LP in commercial high energy LIBs. These methods
are selected based on their qualitative ("Li NMR and SEM) and
quantitative (ICP-OES) analysis of LP in commercial high energy
LIBs as in situ methods cannot be applied to commercial LIBs
due to the design and structure of those LIBs.

In literature, ICP-OES has been used to investigate LIBs
cycled under various conditions including simulating normal
driving conditions, lithium ions (Li") amount was analyzed in
comparison to a fresh cell.'” A commercial 5 Ah pouch cell was
aged under laboratory conditions ranging from 25 °C to 45 °
C*"?? and a 1.95 Ah cylindrical cell at elevated temperatures of
60 °C* to analyze electrode composition and Li* content was
analyzed to investigate capacity loss. It is important to
remember that ICP-OES detects all soluble Li* that can be
contributed by SEI, residual electrolyte and LP. Ecker et al.*
conducted a post-mortem analysis on a commercial 40 Ah
pouch graphite/NMC cell cycled at —10 °C with constant
current-constant voltage (CC-CV) protocol until the cell reached
state of health (SOH) 80% based on residual capacity. Their
study use ICP-OES and laser microscopy for post-mortem
analysis to determine the effect of operation condition on LP.
7Li NMR has been used for in situ quantification of dead lithium
(Li) and Li corrosion, formation of metallic Li and operando Li
deposition in laboratory fabricated NMC811/graphite cell.***”
SEM microscopy has been used to observe the morphology of
deposited Li on anode samples of experimental cells.?®?* A 1.5
Ah 18650 NMC-LMO/graphite cell cycled at 25 °C and anode was
studied under SEM to investigate temperature dependent
ageing.** SEM was used for surface morphology of 1.95 Ah 18650
NMC/graphite cell cycled at 20 °C to study LP and non LP anode
areas.”” Low temperature effect on anode surface were also
analyzed using SEM in a 15 Ah pouch cell.*® Zhang et al.*®
conducted post-mortem analysis of a prismatic cell at —10 °C
using SEM and XPS to identify and observe LP growth
morphology.

Unfortunately, a comprehensive post-mortem investigation
of commercial high energy graphite-SiO,/NMC pouch LIBs
cycled under LP boundary conditions (BCs) has not been re-
ported in the literature. The objective of this study is to perform
post-mortem investigation of LP in commercial graphite-SiO,/
NMC pouch LIBs using 'Li NMR, ICP-OES and SEM. ICP-OES
give a quantitative analysis of the total Li on the surface of
anode originating from LP, SEI and residual electrolyte. Please
note that the speciation of Li on the surface may also be
different. While LP leads to metallic Li, the Li from the SEI and
the residual electrolyte is in ionic form. Nevertheless, 'Li NMR
is able to distinguish between ionic and metallic Li resulting in
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direct identification of LP. SEM reveals the morphology and
growth of LP on surface of graphite particles while by EDXS
fluorine and oxygen elemental mapping indirectly reveal LP
spots. In this study, the pouch cells were artificially aged (AA)
until their end of life (EOL) state-of-health (SOH) under LP
boundary conditions (BCs). In addition, this research validates
the findings in our previous study" where only non-destructive
electrochemical methods were used to identify LP.

Methodology

Cell cycling conditions leading to LP were already established in
our previous research.™ A set of LP inducing BCs were selected
based on the feasibility to be applied in our laboratory for
extended number of cycles, the cells were cycled at 15 C and 10 ©
C temperature, between state of charge (SOC) 0% and 90% till
SOH less than 85% was achieved. There, in ref. 15 we used
electrochemical methods such as incremental capacity analysis
(ICA) and differential voltage analysis (DVA) to identify LP. The
same selected electrochemical methods are applied to cell
cycling data in order to investigate the occurrence of LP,
building upon the analysis discussed in our previous study."

In addition, the approach for post-mortem identification of
LP was based on quantitative and qualitative methods. ICP-OES
distinguishes between elements based on their optical emission
and quantifies the amount of constituent elements. In this
research, LP was detected from water soluble Li* and fluorine
ions (F7) are recorded in ICP-OES and ion chromatography
respectively. Indeed, any metallic Li can be also eluted when
a known electrode surface is washed with a known quantity of
distilled water. A higher amount of Li* found from AA anodes,
in comparison to fresh cell, indicates LP. This argument is also
supported by F~ content on the anode, as electrolyte decom-
position products on metallic Li, especially lithium fluoride
(LiF),*® leads to an decreased F~ content in the eluted mass.
Indeed, LiF is an insoluble compound. 'Li NMR can directly
identify LP by distinguishing Li in diamagnetic environments
from metallic Li. In metallic Li, the conduction electrons create
a local magnetic field at the nuclear sites due to their spin
polarization. This hyperfine interaction between the nuclear
spins and the conduction electrons leads to a diagnostic Knight
shift in the NMR resonance frequency. Unlike the (isotropic)
chemical shift, which depends on the local magnetic environ-
ment in (diamagnetic) ionic compounds, the Knight shift in
metals is caused by the Fermi contact interaction. This inter-
action results in a significant upfield shift (higher resonance
frequency) for metallic Li compared to so-called ionic lithium,
which is, e.g., found in the electrolyte and the SEI.*®

SEM and elemental mapping are used to indirectly identify
LP after the samples have been exposed to air. SEM reveals
surface morphology of the AA anode and it can be compared to
the surface morphology of a fresh and real aged (RA) anode.
SEM backscattered electrons images are presented in this study.
Although SEM-EDX cannot identify Li, elemental mapping of
oxygen (O) and fluorine can help indirectly indicate LP because
electrolyte and LP reaction leads to oxygen and fluorine con-
taining by products.***” These by products are concentrated on
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Table 1 Cell specifications and boundary conditions

Cell model
Cell structure (stacked layers)

Lithium-ion battery - pouch
66 separators (alumina coated),
33 anodes and 32 cathodes

Chemistry NMC712/graphite + SiO,
Capacity 64.6 Ah

Nominal voltage 3.65V

Maximum voltage 4.25V

Minimum voltage 2.8V

Boundary conditions

Test protocol CC-cv
C-rate 1.5C
Temperature 10 °C
SOC limit 0-90-0%

LP areas on anode surface and appears as a hotspot of relative
high concentration of oxygen and fluorine elements in
elemental mapping.

ICP-OES provide quantitative analysis of the Li' and F~
species in the anode, a difference in the amount indirectly
indicating the formation of metallic Li. “Li NMR directly iden-
tifies LP, by the very distinct Knight shift of metallic Li. Please
note that, on the one hand, both ICP-OES and “Li NMR provide
information on LP averaged over the chosen sampling area,
which is relatively large. On the other hand, SEM-EDX scan area
range from mm to nm scale, providing a very localized analysis
of LP on the surface of anode. Our selected methods have the
advantage of providing elemental composition, direct LP iden-
tification, on both a localized area and a larger area, where
fluctuations are averaged. Of course, there are some other
experimental techniques that could be used, such as AFM and
XPS. While these techniques are highly surface sensitive, they
also have some disadvantages. For instance, AFM does not
provide elemental composition at all. In the case of XPS, only
the surface chemical composition, i.e. on nm scale, is deter-
mined. Thus, in both case the information is very localized in
comparison to NMR. In addition, the preparation of samples for
AFM and XPS is much more complex than for our chosen
methods and, XPS in particular, requires handling of samples
under a highly pure inert atmosphere. Other in situ methods
require the analysis during cycling of the cell which was not
possible with commercial large format cells. Thus, although
there are for sure methods that are able to provide much more
localized and accurate information, we believe that our choice
of methods is the most judicious in terms of sample

Table 2 Cell nomenclature and ageing history
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preparation, easiness of interpretation as well as an overall
reduced complexity and improved reproducibility. Such
a choice is most likely best suited for the analysis of commercial
cells, offering a good balance in terms of experiment complexity
- data quality ratio.

Experimental

This study was conducted using the same commercial high
energy pouch LIBs as in our previous study.*® The specifications
are described in the Table 1. The cells were cycled while kept
under external mechanical pre-tension and a localized pressure
area to induce localized LP,'***** two cells were cycled at the
same time with a parallel connection and the setup is described
in Fig. S1. The localized high-pressure area was introduced in
the cells in order to evaluate the effects of inhomogeneous
pressure on LP. Thus, localized inhomogeneous pressure is an
additional boundary condition to trigger localized LP. SEM and
7Li NMR samples taken from the localized pressure area were
compared with samples taken from normal pressure areas. The
cells were subjected to a CC-CV charge-discharge protocol with
a cut-off current limit in the CV phase set at C/10. Prior to the
cycling, the cells were discharged to SOC 0% and rested for 15
minutes. An electrochemical characterization (EC) cycle using
CC-CV protocol at 0.5C was then conducted as described in
Fig. S2. Following this EC, test cycling commenced. In the 1st
cycle, the cells were charged to SOC 90% followed by a relaxa-
tion time of 1.5 hours and subsequently discharge cycle to SOC
0%. In the next 4 cycles, the cells were charged to SOC 90% and
discharged to SOC 0% without any relaxation time following the
charge cycle. This protocol was repeated every 5 cycles. The
cycling continued until cell reached a SOH between 80% and
85%. The detailed cycling procedure is described in Fig. S2(a—c).
The BCs are derived from previous study"® are shown in Table 1.
To distinguish the cells used in this study based on their
different ageing history, a nomenclature is provided in Table 2.

LP has been identified in the cycled cells using electro-
chemical non-destructive methods as described in our previous
study.” Characteristic LP peak has been identified in ICA and
DVA curves, see Fig. S3.

Post-mortem analysis anode samples were prepared under
inert environment. As LP only occurs on the negative electrode
(the anode), the separator and cathode were not used for post-
mortem analysis. The cycled cell was dissected in an argon fil-
led glove box, with O, and H,O levels 0.5 ppm, to prevent
exposure of cell components to air and moisture. Samples for
Li NMR qualitative analysis were only taken form anode layer 1
and 7, counting from the cell exterior on the impactor side, see

Cell nomenclature SOH History

Fresh (F) 100% Fresh cell, not used in application

Real aged (RA) 93% Used in a car for ca. 160000 km

Artificially aged not stored (AA_NS) 85% 20 cycles under LP conditions, cell dissected immediately after cycling
Artificially aged stored (AA_S) 82% 20 cycles under LP conditions, cell stored for 11 weeks and then dissected
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Fig. S4(a). As ICP-OES and ion chromatography are quantitative
methods, anode layer 2, 4, 8, 16 and 32 were sampled to
investigate Li* content in different layers of the cell, see Fig. S4.
Another reason to use multiple sample layers for ICP-OES/ion
chromatography was to investigate the effect of temperature
on LP formation as the temperature increase when we approach
layer 32, see Fig. S4. SEM and elemental mapping sample was
prepared from anode layer 5. For ‘Li NMR and ICP-OES,
samples were collected from the middle and tab side of each
layer to investigate the effect of localized pressure as the tabs
side of the cell is at lower pre-tension as compared to the
middle, see Fig. S5. SEM sample sized 1 cm X 1 cm was
prepared from middle of the anode to include the localized
pressure area, the nominal pressure area and the boundary
between the two regions, see Fig. S5.

For ’Li NMR samples preparation, the anode active material
was mechanically detached from the copper current collector by
scrapping it off with a scalpel, taken to 2.5 mm zirconia NMR
rotor tubes that were filled and sealed in the glovebox. ICP-OES
samples were prepared by cutting the anode samples, weighing
them and subsequently immersing them in 50 mL of water
outside the glove box to disperse the active material particles
and dissolve the soluble compounds, including the metallic Li
that reacted with water. The resulting current collector that was
completely stripped of its active material film, was weighed
again to determine the mass of the active material film (calcu-
lated as the difference in weight before and after removal of the
active film layer). The active material dispersed into water was
separated by centrifugation and the clear solutions were used
further for ICP-OES measurements. The anode sample for
FESEM-EDXS was sealed in a pouch for transport and prepared
for analysis under ambient conditions. The potential reaction of
the active material with air was accounted for during the SEM-
EDX analysis.

High-resolution NMR measurements were performed under
magic angle spinning (MAS) conditions using a Bruker Avance
spectrometer connected to a shimmed cryomagnet with
a nominal field of 11.7 T. For acquiring “Li (spin-quantum
number I = 3/2, 194.4 MHz) MAS NMR spectra, a spinning
speed of 25 kHz was chosen, with a delay time of 0.3 seconds
and a total of 2048 scans per sample. The resulting free
induction decays were transformed into the frequency domain
via Fourier transformation without further modifications.
Polycrystalline lithium acetate (CH;COOLi) was used as the
reference material to determine the isotropic chemical shifts in
the "Li NMR spectra.

Li was quantified by ICP-OES (Arcos II, Spectro, Germany) in
radial plasma viewing. The Li I 670 780 nm emission line was
used. For instrument calibration, 5 external calibration solu-
tions in the range of 0.1 to 10 mg L™ were used. They were
prepared from a 1 g L' Li-stock solution (Merck, Germany) and
diluted (3 mol L") nitric acid. The samples were diluted with
3 mol L™ nitric acid (high purity nitric acid produced by sub-
boiling reagent-grade HNO; in a quartz still) prior to analysis.
Fluoride content was determined by ion chromatography. The
samples were diluted with carrier solution (4 mmol L' Na,CO;
+ 1 mmol L™' NaHCO,) prior analysis. A Shodex IC SI-50 4E

This journal is © The Royal Society of Chemistry 2025
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Anion-Column and a SeQuant CARS (Merck Millipore, Sweden)
suppressor were combined with a conductivity detector (Shi-
madzu, Japan). 5 external calibration standards in the range
0.5-20 mg L~" were prepared from a 1 g L™" fluoride stock
solution (Merck, Germany) by dilution with carrier solution.
Samples were filtered with Chromafil Xtra IC-45/25 (Machery-
Nagel, Germany) syringe filters prior dilution to prevent the
introduction of graphite particles onto the separation column.
Surface morphological analysis of the anode samples was
performed using scanning electron microscope (SEM). Along-
side surface morphology analysis, elemental mapping of the
sample surface was also conducted at various magnifications.
Both SEM and elemental mapping were carried out using
a Zeiss Ultra 55 field emission scanning electron microscope
(FESEM) equipped with an EDAX Super Octane system for
energy-dispersive X-ray spectroscopy and elemental mapping.

Results

The ICP-OES and ion chromatography analysis results show the
water-soluble Li* and F~ content in fresh, real aged (RA) and
accelerated aged (AA) cells, Fig. 1(a and b). These analysis shows
water soluble Li and F content on the anode sample'” The
soluble Li" and F~ species have their origin from three internal
sources, namely LP, SEI and residual electrolyte on the anode
sample.>**** In Fig. 1(a), it can be observed that fresh cell
shows the lowest soluble Li" content, whereas real aged cell
shows Li content similar to AA_NS cell and lower than AA_S cell.
For AA cells, stored cell shows higher Li* content as compared to
not stored cell. The soluble Li" content in an AA cell is constant
or slightly decreasing as we move from layer 2 to 32 (we move
form cold side of the cell, kept at 10 °C to the warm that may
reach 22 °C, see Fig. S4). It is also important to note that sample
taken from middle or side of the same anode layer shows no
significant difference in Li* content. This was unexpected, since
the pressure in the middle of the cell was intentionally set to
higher values by the use of a well-defined impactor. It seems
that in the used pressure range, the soluble Li content is not
influenced by the pressure. In Fig. 1(b), it is observed that the
soluble F~ content is lower in fresh cell as compared to RA and
AA cells. The F~ content is similar for real aged and AA, as F~
content is primarily sourced from SEI and residual electrolyte.
AA_S shows higher F~ content as compared to AA_NS cell. The
F~ content also slightly decreases from anode layer 2 to 32 and
no significant difference is observed between sample from
middle or side of the anode layer. Two main reaction products
of LP and electrolyte are LiF and Li inorganic carbonates®®
which are both non-soluble in water. Thus, formation of LiF
compound reduces both Li* and F~ content in ICP-OES and ion
chromatography analysis, the soluble species from the liquid
electrolyte are consumed.

Please note that no replicate experiments were conducted for
Li plating. However, we know from our previous study,'® that Li
plating response is highly reproducible under the chosen
conditions. Since a relatively large area, typically in the order of
100 x 100 mm® was sampled for elemental analysis, the values
that are presented in Fig. 1 are average values over the samples
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ICP-OES and ion chromatography analysis of anode samples from fresh, real life aged (RA) and artificially aged (AA) cells, with error bars.

(a) The water-soluble Li* content in the anode active material film and (b) the water-soluble F~ content in the anode material film. The values are
expressed as weight % relative to the mass of the active material film. The mass of the active material film also includes the remaining electrolyte
as the active films were processed without further treatment after cell opening.

surface. The ICP-OES and ion chromatography determination

error was 1-3% for Li*, and approximately 3.5% for F~.

In Fig. 2(a and b), 'Li MAS NMR spectra of the active mate-
rials of the distinct cells are compared. Li NMR lines mirroring

a)

7. .
Li  metallic Li

—— Fresh cell

—— Real aged
—— Accelerated aged

ionic Li

Li" in non-metallic environments can be observed for fresh, real
aged and AA cells at chemical shifts close to 0 ppm,***** see
Fig. 2(a). In contrast to ionic Li, the characteristic Li NMR line
representing metallic Li is observed at Knight shifts ranging

b)

"L
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Fig. 2 ’Li MAS NMR spectra. (a) Comparison of fresh, real life aged (RA) and accelerated aged (AA) cell, (b) AA cells with different storage history
and sample position. The “S” letter indicates cells that after accelerated ageing were stored for 11 weeks while “NS" indicates non-stored cells, i.e.
cells that were opened the same day after the accelerated ageing was completed. The lines marked with asterisks reflect spinning side bands.
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Fig. 3 SEM anode surface morphology comparison of different cells. (a) Fresh, (b) real aged and (c) AA. A mossy layer, on top of the accelerated
aged sample can be distinguished. This layer, absent in fresh and real aged cells, is the result of lithium plating and can be identified as the remains

of mossy Li plating after air exposure during sample transfer to the SEM.

24~

from 245 to 270 ppm.>*?>**" In the AA anode sample, however
this characteristic peak is not observed in anode samples from
fresh and real aged cells. As mentioned above, for metallic Li
the Knight shift is very large and, thus, clearly distinct from the
chemical shifts of ionic Li species. This finding unequivocally
confirms LP during cycling under the applied BCs in AA cells.
The side bands observed in the spectra, marked with a ‘*’, are
the result of higher order terms present in the dipolar, chemical
shift anisotropy and quadrupolar interactions at a rotation
speed of approximately 25 kHz. The first order terms are
significantly averaged-out by the fast rotation of the sample,
leading to much narrower main resonance lines, as shown in
Fig. 2.

In Fig. 2(b), anode samples from both stored and non-stored
AA cells exhibit a characteristic NMR line revealing metallic Li.
Metallic Li is identified in samples taken from middle of the

This journal is © The Royal Society of Chemistry 2025

anode layer as well as samples from tab side of the layer
(towards the tab) of the same layer. In all collected samples from
AA cells, a strong metallic Li NMR line is observed at 245-
270 ppm.

SEM surface morphology comparison between fresh, real
aged and AA anode samples is shown in Fig. 3(a—c). Graphite
particles are identified in darker shade, whereas SiO, particles
are observed in lighter shade (using the back scattered electron
detector), this is due to higher atomic mass of silicon (Si), see
Fig. 3(a—c). Copper (Cu) residue is also observed on graphite
particles in real aged sample, possible a result of current
collector corrosion, see Fig. 3(b). Also, some Al,O; residues, very
likely from the separator coating are found on both fresh and
real aged sample, Fig. 3(a and b). Most importantly, in Fig. 3(c),
a mossy layer (marked with a yellow boundary) found on top of
graphite particles**** can be distinguished only on AA sample,
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Fig.4 SEM higher magnification surface morphology and elemental EDX mapping of AA anode sample. (a) surface morphology, (b—e) elemental

mapping of carbon, oxygen, fluorine and silicon respectively.

while on fresh and real aged samples it is absent, see Fig. 3(a
and b).

Higher magnification SEM images are shown in Fig. 4(a)
along with elemental mapping, Fig. 4(b-e). The higher magni-
fication Fig. 4(a) provides a clear insight into the remains of the
metallic Li layer that grew on graphite particles. Elemental
mapping of fluorine and oxygen correlates very with each other,
Fig. 4(c and d). Oxygen hotspots overlap fluorine hotspot,
whereas a weaker carbon signal is recorded from the same
sample area due to LP covering the graphite particle, in
comparison to the bright areas where graphite surface is visible,
see Fig. 4(b).

Discussion

In Fig. 1(a and b) the ICP-OES and ion chromatography analysis
shows the variation of soluble Li* and F~ content respectively,

5348 | Sustainable Energy Fuels, 2025, 9, 5342-5353

across different anode layers of the AA cell, compared with fresh
and real aged cells. The Li* detected is attributed to the plated Li
that reacts with water and dissolves completely, the water-
soluble Li-containing SEI (solid electrolyte interphase) prod-
ucts and residual electrolyte.>*** The real aged cell also shows
higher soluble Li* content, this can be attributed to thicker SEI
as compared to fresh cell, as “Li NMR and SEM confirms no LP
occurs in real aged cell. In Fig. 1(a), the trend indicates that
soluble Li" content in AA cell is stable or slightly decreases from
layer 2 to layer 16 and decreases in layer 32. This decrease can be
attributed to 10 °C temperature positive gradient during cycling
as we move from layer 2, kept at 10 °C, to the warmer layer 32,
where the temperature may exceed 20 °C (due to the cell self-
heating during charging), see Fig. S4. As higher temperatures
result in reduced LP, thus a lower Li* content on the anode is
expected on layers where the temperature is higher. Comparing
non-stored (AA_NS) and stored (AA_S) cells, it can be observed

This journal is © The Royal Society of Chemistry 2025
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that AA_S presents a higher soluble Li* content, which can be
attributed to comparatively lower SOH of AA_S after cycling
under LP boundary conditions, see Table 2. A lower SOH after
cycling is a result of higher amount of LP under the applied BCs.
As confirmed by NMR (see below) it can be concluded that even
after storage of 11 weeks, AA_S cells have metallic Li on anode
surface. This result is surprising since it would be expected that
finely divided plated Li would either partially resorb into
graphite or, after a while, would react with the electrolyte and
convert into SEI. Yet, the few weeks of storage is clearly not
sufficient to remove all metallic Li from a cell cycled under LP
conditions. This finding points towards long-lasting conse-
quences following a LP event. Indeed, a cell that contains
metallic Li is expected to have a narrower operational safety
envelope.

In Fig. 1(b), F~ content is shown to decrease until layer 8 as
metallic LP reacts with electrolyte forming the insoluble LiF
compound, resulting in a lower soluble F~ content. In AA_NS, as
we move to layer 16 and 32 the cell temperature increases,
leading to a relatively lower LP. Since the metallic Li quantity is
lower on layer 32 than on layer 16, it results in a lower amount of
electrolyte decomposition by reacting with metallic Li, hence
increase in F~ content that can be traced to the higher elec-
trolyte content on layer 32. This cell is dissected immediately
without storage after cycling for sample preparation, therefore
a higher concentration of F~ is left on anode number 32 surface.
For the AA_ S cell, during storage, LP gradually reacts with
electrolyte forming LiF, hence the slightly decreasing trend of
F~ content across all layers.

“Li NMR analysis shows no presence of metallic Li in fresh
and real aged cells, Fig. 2(a). Metallic Li is observed only in AA
cell anode samples, indicating that the test BCs were suitable
for LP formation as compared to real ageing conditions.
Metallic Li is found around 245-270 ppm as compared to ionic
Li at 0 ppm.>**2® In Fig. 2(b), metallic Li is observed in both
types of AA cell, demonstrating that storage after cycling does
not remove metallic Li in the cells that were cycled within LP
boundary conditions, with significant metallic Li remaining
after relatively long storage. Within the same layer, there is no
significant difference, as LP is observed in both the middle of
the layer and on the tab side. 'Li NMR provides direct confir-
mation of the presence of metallic Li in the cells cycled under
applied BCs. The slight difference in metallic Li peak position in
Fig. 2(b) can be attribute to orientation of metallic Li.*® In
addition, this finding further confirms the previous non-
destructive identification of LP using electrical measurements
only, that constituted the subject of a previous study."®

SEM analysis reveals differences in the surface morphology
between fresh, real aged and AA anode samples, see Fig. 3(a—c).
This mossy layer can be attributed to LP on the anode surface,
and it is clearly distinguishable from fresh and real aged
sample.*?*3>2%3 This mossy growth is identified as LP, outlined
in Fig. 3(c). As the SEM sample was prepared in ambient
atmosphere, it is expected that the metallic Li has reacted with
air and moisture forming Li-carbonates and Li-hydroxide®”
products on the mossy metallic Li. LP also is covered by reaction
decomposition products of LP and electrolyte containing

This journal is © The Royal Society of Chemistry 2025
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fluorine. Thus, LP can be indirectly identified using oxygen and
fluorine elemental mapping. In addition, Fig. 3(a and b) shows
clearly identified SiO, particles in anode active material, along
with Al,O; residue from separator during sample preparation.

In higher magnification images in Fig. 4(a), the morphology
of LP is analyzed, revealing a mossy growth rather than
dendritic growth,* this growth behavior is likely a consequence
of low test temperatures and C-rate.** The elemental mapping
signal from carbon is weaker due to LP on graphite particle that
obscures the graphite underneath, see Fig. 4(b). Exposure of the
SEM sample to air during preparation oxidized metallic Li,
forming Li-carbonate and Li-hydroxide layers which conse-
quently result in an oxygen hotspot on the area where LP has
occurred, Fig. 4(c). Oxygen almost absent on unobscured
graphite, while the oxygen signal is strong on mossy Li areas,
which are perfectly overlapping with areas where fluorine
content is higher. Indeed, as metallic Li surface covers also with
LiF after reacting with electrolyte, elemental mapping shows
higher fluorine content in the mossy Li area. In conclusion, the
overlapped fluorine and oxygen hotspots are the clear signature
of metallic Li that was electroplated on the anode, see Fig. 4(c)
and (d). As a final note, the topography of the Li deposit and its
relative orientation with respect to the EDX detector also affect
the elemental mapping signal strength. For instance, as a weak
signal can be observed from the middle bottom in Fig. 4(b-d),
due to a depressed region in this area, resulting is a weaker X-
ray signal reaching the detector.

ICA and DVA electrochemically confirm the formation of LP
during cycling under LP condition as characteristic Li peaks, as
shown in Fig. S3 and discuss in detail in a previous study,* the
LP is further confirmed through 'Li NMR, ICP-OES and ion
chromatography analyses. Additionally, SEM and elemental
mapping corroborate the formation of LP. The post-mortem
methods are complementary to each other as ICP-OES indi-
rectly identifies LP with Li content, 'Li NMR provides direct
proof of metallic Li on anode surface. SEM and elemental
mapping reveal the morphology of LP and indirectly identify LP
respectively.

In general, LP may occur at the anode at high cell voltages
once the LP inducing BCs are achieved. While in this study, we
have investigated one particular cell chemistry and one cell
design, LP events are for sure possible in other cell chemistries
and designs. As the cell operation voltage window of a cell is
dictated the cell chemistry, it is certain that the cell voltage
where LP occurs will depend on the cell chemistry. For C-SiO,/
NMC or C/NMC chemistry it occurs after 4 V, as demonstrated
in previous studies.'** Then, it is expected that the boundary
conditions for LP will depend on the cell design. For instance,
we can easily imagine that, in a cell designed for high power
operation, LP will occur at much higher C-rates at the same
temperatures, in comparison with cells designed for high
energy applications. Usually, cylindrical cells are normally rated
for high C-rate applications while prismatic cell for moderate C-
rate application. Since temperature is also a key boundary
condition for LP, one can expect to see significant differences
between cylindrical, prismatic and pouch cell battery tech-
nology implementation. Indeed, as the thermal conductivity
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and thermal flux may depend on the geometry of the cell, it is
expected that not only the temperature BC will change from one
geometry to another, but also the LP internal distribution
within the cell may be different, especially if a known temper-
ature gradient is present. Thus, we can conclude that for each
cell type a different set of BCs will be required for the investi-
gation of LP.

Conclusion

This study investigated lithium plating (LP) in high-energy
commercial lithium-ion batteries (LIBs) through cycling until
end-of-life (EOL) state-of-health (SOH) under LP boundary condi-
tions (BCs). LP was first identified by incremental capacity analysis
(ICA) and differential voltage analysis (DVA) as non-destructive
methods. Afterwards the cell was dissected and post-mortem cell
analysis was performed. Inductively coupled plasma optical
emission spectrometry (ICP-OES), ion chromatography, ’Li
nuclear magnetic resonance (NMR) and scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDXS),
were employed to elucidate the mechanisms and extent of LP.

Post-mortem analysis confirmed LP under the applied
boundary conditions. ICP-OES revealed a higher water-soluble
lithium ion (Li") content in artificially aged (AA) cells as
compared to fresh and real aged cells. The difference in SOH
between AA_NS (non-stored) and AA_S (stored) cell is evident,
with AA_S exhibiting lower SOH due to higher LP, hence higher
amount of Li" content that can be eluted with water from the
electrode. The presence of metallic Li was directly confirmed by
“Li NMR in AA cells. SEM revealed the morphology of the LP on
graphite particles, identifying the mossy layer type of LP.
Elemental mapping of fluorine and oxygen provided indirect
confirmation of metallic lithium, highlighting the areas
affected by LP.

Our study reveals that LP can be identified in post-mortem
analysis in commercial high energy LIBs even at SOC 0%
(fully discharged state). Interestingly, once lithium (Li) has been
plated in the cell, we show for the first time that it remains in
metallic Li form for at least 11 weeks. ICP-OES and ion chro-
matography can indirectly identify LP based on soluble Li* and
F~ content in the anode when anode active material layers are
dispersed in water. It was possible through "Li NMR to directly
and unequivocally identify the presence of metallic Li in the
anode active material of an accelerated aged cell, while no
metallic Li was found in a fresh cell anode. SEM revealed the
morphology of LP formations under the selected boundary
conditions. It was possible to indirectly identify LP by corrob-
orating oxygen and fluorine EDX elemental mapping. The
selected methods also had inherent limitations, ICP-OES and
ion chromatography as quantitative methods detect only water-
soluble Li" and F~ content for indirect LP identification. “Li
NMR provides direct LP identification but is limited as a quali-
tative method only. Although SEM reveals the morphology of
LP, it is unable to perform direct Li elemental mapping,
although elemental mapping of other elements (oxygen and
fluorine) is indirectly pointing towards LP.
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The unequivocal identification of LP in our study can serve
as a basis for an enhanced battery management system (BMS)
that can eventually become aware of LP occurrences. In prin-
ciple, the BMS can detect the LP by comparing the on-line
cycling data with a set of BCs that were previously determined
by the method that we presented in this manuscript. The BMS
can also consider the ageing of the cell that will lead to different
BCs. Furthermore, in a more advanced design, based on LP data
as in this study, the BMS can define absolute limits, so called
“no go” conditions for battery operation. These can be
segmented at the battery pack, module and individual cell level.
For instance, once LP was detected in a single cell, an advanced
BMS can either declare it faulty, reduce its operation envelope to
safer levels, and report it for service. Thus, our study may
constitute a foundation for a general LP protection and
handling by the BMS.
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