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Lithium deposition on anode surfaces can lead to fast capacity degradation and decreased safety properties of Li-ion cells. To avoid
the critical aging mechanism of lithium deposition, its detection is essential. We present workflows for the efficient detection of Li
deposition on electrode and cell level. The workflows are based on a variety of complementary advanced physico-chemical
methods which were validated against each other for both graphite and graphite/Si electrodes: Electrochemical analysis, scanning
electron microscopy, glow discharge-optical emission spectroscopy and neutron depth profiling, ex situ optical microscopy, in situ
optical microscopy of cross-sectioned full cells, measurements in 3-electrode full cells, as well as 3D microstructurally resolved
simulations. General considerations for workflows for analysis of battery cells and materials are discussed. The efficiency can be
increased by parallel or serial execution of methods, stop criteria, and design of experiments planning. An important point in case
of investigation of Li depositions are rest times during which Li can re-intercalate into the anode or react with electrolyte. Three
workflows are presented to solve the questions on the occurrence of lithium deposition in an aged cell, the positions of lithium
deposition in a cell, and operating conditions which avoid lithium depositions in a cell.
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Increased sustainability and reduced dependency on foreign
critical resources (e.g. Co and Li) go hand in hand with increased
cycle life and second use of aged Li-ion batteries. The usable
lifetime of Li-ion batteries is limited by aging mechanisms on the
material, electrode, and cell level.'”'” Known aging mechanisms on
the anode side include continued growth of the solid-electrolyte
interphase (SEI) on graphite anodes 1411715 degradation of the Si
component in graphite/Si anodes,'® 2 transition metal dissolution
from the cathode and ml_gratlon to the anode,”*° as well as
electrode deformations.’

Li deposition on graphite and graphite/Si anodes is a critical
aging mechanism that leads to rapid capacity degradation by reaction
of deposited metallic Li with electrolyte and formation of electro-
nically insulated “dead Li.”8!""17:18:243345 [ i gepositions can even
reduce the safety level (internal short circuit due to Li dendrites and
exothermic reactions with the electrolyte).®*%*>! For example
under the quasi-adiabatic conditions during accelerated rate calori-
metry (ARC) experiments, the onset of self-heating (indicating
exothermic reactions) and the onset of thermal-runaway was
significantly reduced for cells with Li plating compared to fresh
and aged cells without Li depositions.***"4°

Li deposition on negative electrodes often occurs during fast
charging, at low temperatures, and at high states-of-charge
(SOC).B10:17:33-35.37.3845.52-57 1y particular in case of graphite/Si
anodes, degradation of the Si component (loss of anode active
matenal1 °%) during aging can also lead to increased susceptibility
of a cell to Li deposition.'® In case clogging of the anode pores

“E-mail: thomas.waldmann@zsw-bw.de

occurs during aging, Li deposition can also happen in later stages of
aging.’

Although these are general trends, the exact operating conditions
to avoid Li deposition need to be determined for each cell
type.3*+3345 Post-Mortem analysis shows that there is a difference
between Li deposition (generic term) happening at low temperature
charging even at moderate C-rates (homogeneous Li plating) and at
high temperature charging with high C-rates (local Li deposition).®

In literature, there is a variety of physico-chemical methods to
detect Li deposition on anodes of Li-ion batteries, while most
methods rather (Provide hints than evidence for this degradation
mechanism,3-33-36:46-48:53-56.60-69 e existing techmgues can be
divided into electrochemical, 8-3373%:41:49:46.53.56.57.60-63.69-75
sity, 18:35:36.48,65-67.69.75-80 in iy, 20:68.69.75.81-84 an d
operando!7-4-36:60.64.69.7585 athods. Paul et al. recently divided
the available methods into global vs local, direct vs indirect, as well
as quantitative vs qualitative.®’

Simulations of Li depositions have been performed in full cells
with 3D microstructurallgf resolved electrode models,*™°
pseudo-3D,*%? pseudo-2D,”*8?3194 and 1D models, "7 as
well as by first-principles calculations.mg"m Validated electroche-
mical models, or digital twins of the battery cell, are able to predict if
and where in a cell Li deposition occurs. Therefore, simulations
support experimental characterization methods.

However, there is still a need for efficient workflows (WF) with
combination of various physico-chemical methods to increase the
trustworthiness of the results. A WF can be defined as a spatial and
temporal sequence of interrelated operations.''""!'? In general, WFs
can increase efficiency by planning tasks (especially if they are
repetitive), minimizing time and costs. In a chemical analytical
pathway, the WF covers the sample preparation and handling, as


https://orcid.org/0000-0003-3761-1668
https://orcid.org/0000-0001-9952-8507
https://orcid.org/0000-0002-9792-0414
https://orcid.org/0000-0002-0951-947X
https://orcid.org/0000-0001-7392-2565
https://orcid.org/0009-0006-8719-1760
https://orcid.org/0009-0008-9818-1095
https://orcid.org/0000-0001-9283-2397
https://orcid.org/0000-0002-6906-1683
https://orcid.org/0000-0003-2483-8257
https://orcid.org/0000-0002-5204-5388
https://orcid.org/0009-0004-0321-3252
https://orcid.org/0000-0003-2336-6059
https://orcid.org/0000-0001-9075-9085
https://orcid.org/0000-0002-9566-6088
https://orcid.org/0000-0003-2703-4369
https://orcid.org/0000-0003-1449-8172
https://orcid.org/0009-0004-8278-1089
https://orcid.org/0000-0002-5118-5215
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ad5ef8
https://doi.org/10.1149/1945-7111/ad5ef8
https://doi.org/10.1149/1945-7111/ad5ef8
mailto:thomas.waldmann@zsw-bw.de
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/ad5ef8&domain=pdf&date_stamp=2024-07-15

Journal of The Electrochemical Society, 2024 171 070526

well as the sequence of the methods to be applied and data
evaluation.
The applied methods in a WF must

(1) complement and balance each other’s strengths and weak-
nesses. Using methods with different measurement principles can
help to identify and avoid systematic errors.

(2) deliver reliable results, i.e. the results of each method must
be reproducible with the same method.

(3) be validated against each other.

For example, we recently performed a method validation for
voltage relaxation, glow discharge optical emission spectroscopy
(GD-OES) depth profiling, and optical microscopy (OM),* as well
as for GD-OES and neutron depth profiling (NDP) resulting in a
very high benefit of sample characterization. -

By using complementary methods, possibly in combination with
data-driven or simulation-based techniques, analysis results can be
made more efficient and reliable. The specific WF depends on the
scientific question. Existing WF-like descriptions focus on cell
disassembly and Post-Mortem analysis,”* as well as development
of charging procedures.!'*!''> However, in case of the detection of
Li depositions on anodes in Li-ion batteries, no WF is available in
literature so far.

In the present paper, we firstly give insights into battery
characterization WFs in general. Secondly, the considered charac-
terization methods and their validation are described briefly. Finally,
we present three WFs on the questions of (i) the occurrence of Li
deposition in an aged cell, (ii) the positions of Li deposition in a cell,
and (iii) operating conditions which avoid Li depositions in an aged
cell.

General Considerations for Battery Characterization Workflows

This section describes WFs for characterization of battery cells
and materials in general and for Li depositions in particular.

Figure 1 shows two basic general characterization WFs. The
characterization techniques depicted in Fig. la are implemented
sequentially. A sequential WF allows to decide if more tests are
required after each measurement. The methods 1 to n can be
arranged within the WF by increasing efforts, i.e. costly measure-
ments (often giving more insights) might not be necessary if
previous results have already delivered the information needed.
For example, ex situ OM is a less expensive method (e.g. no pumps
and high vacuum needed) compared with X-ray photoelectron
spectroscopy (XPS). However, OM also provides much less insights
compared with XPS. Consequently, the serial approach (e.g. OM —>
XPS) has the potential to be more cost effective, since less effort
might be needed to get a sufficient result. On the other hand,
application of different methods in series and the decisions in
between the application of the characterization methods is usually

more time consuming than applying the methods in parallel. Another
possibility to determine the sequence of characterization methods in
a WF is starting with broad-spectrum methods to get a general
overview of the sample and more specific insights by subsequent
measurements.

Figure 1b depicts a potentially faster WF, where the methods are
applied in parallel. In more complex characterization WFs, some
methods might be also carried out in parallel, while others are in
series. One reason for conducting parallel measurements is the
complementarity of methods, which enhances the reliability of the
results.

The time needed to perform measurements can be very diverse
for different methods. For example, while the observation of Li
depositions with OM can be performed in several minutes, a GD-
OES measurement to analyze the Li content in an electrode takes
several hours since a crater has to be sputtered into the sample and
more evaluation time is required. To take this into account in time-
optimized WFs, a sequence of different fast methods (or a lot of
measurements with one fast method) might be performed in series,
while at the same time measurements with slow methods are
conducted in parallel.

The samples can generally either be complete battery cells
(electrochemical or other non-destructive tests) or material samples
(anode, cathode, separator, or electrolyte) obtained from disassembly
(Post-Mortem analysis) of a cell. In case the same samples are used
for subsequent measurements, it must be considered that previous
methods are not destructive. Further considerations are how many
samples have to be taken and how homogeneous the samples are.

Due to possible relaxation processes' #6-332662116-120 4, the
electrodes, rest periods must be well considered. Especially in the
case of Li depositions, re-intercalation into 6graphite and alloying
with Si of the anode is likely to happen.*®>>362117 Iy case the rest
time between the end of cycling and disassembly is too long, a part
of the reversibly deposited Li could re-intercalate into
graphite 3473366268117 This was observed in voltage relaxation
curves which were recorded directly after the end of constant current
charging during neutron diffraction for graphite anodes in commer-
cial cells,”® for graphite/Si anodes in commercial cells,'” in in situ
measurements of cross-sectioned full cells,’® as well as in experi-
ments of Li metal which was pressed on a graphite electrode surface
(for example see Fig. 2a and video S1 in supporting
information)."'”'?""'*2 In Post-Mortem experiments of cells with
Li plating, where disassembly was carried out directly after the end
of cycling and after a rest time of 8 days at 25 °C clear differences
were observed: (i) The Li peak in GD-OES measurements was lower
and broader (compare Figs. 2b, 2c), (ii) the anode appeared less
shiny and more grayish (compare insets of Figs. 2b, 2¢), and (iii) the
film covering the graphite particles appeared not dendritic anymore
in scanning electron microscopy (SEM) measurements (compare
Figs. 2d, 2¢).¥’

a)

Input Output
o [ W
needed? yes

l sample I—)l method 1 ’ [ method n H Results I

b)

Input Output

| sample method 2 ‘ Results

Figure 1. Basic WFs defining the sequence of n methods applied on a sample for (a) serial and (b) parallel characterization. For the specific WFs on detection of
Li depositions below the methods are in parallel, however, they could in principle be also in series.
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Figure 2. (a) Li metal pressed against a graphite anode after the given rest times."'” (b), (c) GD-OES and (d)-(e) SEM measurements of anodes taken from
commercial 18650 cells after cycling under Li plating conditions.*” The insets in (b), (c) show photographs of the anodes directly after cell disassembly.*” The
insets in (d), (e) show magnifications with 6 x 6 pym 7 (b), (d) Cell disassembly directly after the end of cycling and (c), (e) disassembly after 8 days of rest at
25°C.*” Simultaneously measured voltage relaxation (f) and integral intensity of LiCe in operando neutron diffraction experiments at the STRESS-SPEC
instrument (g).56 (f) and (g) use the same color code. (a) Reprinted with permission from Ref. 117, (b)—(e) modified with permission from Ref. 47,

(), (g) reprinted with permission from Elsevier from Ref. 56 Copyright Elsevier.

Exemplary measurements of voltage relaxation after charging are
shown in Fig. 2f.°° If Li deposition is present on the anode after
charging, the beginning of the voltage relaxation curve is dominated
by a mixed potential.®*®® In case a part of the deposited Li is
reversible, re-intercalation will happen and the mixed potential
changes towards the potential of the pure anode without Li.%* This
leads to a different shape of the voltage relaxation curve.®® In Fig. 2f,
this is the case for charging rates >0.5 C (light blue, blue, and purple
curves). In contrast, the voltage relaxation curves after charging at
C-rates <0.5 C (green, orange, and red curves) have a steadily
declining shape indicating no Li depositions.>® Others observed the
same trends and similar curve shapes for other cell types.'”3>'!*

Figure 2g shows changes of the LiCg integral intensity in operando
neutron diffraction experiments with the STRESS-SPEC instrument
(same colors as in Fig. 2f).%° For <0.5 C (green, orange, and red data
points), the integral intensities undergo only minor increases, whereas
for 20.5 C (light blue, blue, and purple data points) a significantly
higher non-linear increase is observed.”® The operando neutron
diffraction experiments with graphite anodes (Fig. 2g) are in full
accordance with the voltage relaxation of the same cell (Fig. 2f)*® and
with earlier neutron scattering results by Zinth et al.>>

If deposited Li is re-intercalating during a rest time into graphite/Si
anodes, the mechanism differs slightly.'” Li is mostly intercalating

into graphite first (and most likely also in parallel alloying with the Si
compound) and is then rearranged from graphite into the Si
compound.'” In neutron diffraction experiments, this is observed by
an increase of the LiCgq integrated intensity (as for graphite anodes
without Si>>°) followed by a decrease of the LiCg integrated intensity
(due to the presence of the Si compound).'” Interestingly, the change
of the LiCq integrated intensity from neutron diffraction experiments
coincides with the turning point of the differential voltage curve of the
simultaneously measured voltage curves.'”

Additionally, ARC experiments performed directly after the end
of cycling under Li plating conditions showed significantly different
onset temperatures (~35 °C) compared to ARC tests performed after
>8 days of rest time (~75 °C, near the level of fresh cells).*® In this
rest time, deposited Li partly re-intercalates into graphite and reacts
with electrolyte.*®

Spontaneous intercalation of Li adatoms into highly oriented
pyrolytic graphite (HOPG) surfaces was also observed in surface
science experiments.''®~'2%!%3 Density functional theory (DFT)
calculations showed that the barriers for Li crossing a defect-free
graphene plane through a Cg¢ ring are as high as 10.2 eV, however,
this barrier is reduced by defects (e.g. 2.36 eV for a divacancy).'**
The high barrier makes it unlikely that Li intercalates through a
defect-free basal plane into graphite. In contrast, the mobility of Li
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adsorbed on a clean graphene surface is high due to the low
diffusion barrier which is in the range of ~0.2-0.4 eV as predicted
by DFT calculations.'*>'?® Mandeltort et al. determined an activa-
tion barrier of (0.16 = 0.02) eV for intercalation of Li from a HOPG
surface into HOPG.'*® The authors claimed that Li intercalation
into graphite bulk most likely takes place at defects and step edge
sites of the HOPG basal plane, which are reached via Li surface
diffusion.'? In contrast to HOPG in ultra-high vacuum, the presence
of a SEI layer and of liquid electrolyte has to be considered. In
graphite particles, the re-intercalation of deposited Li metal likely
takes place at defects and edge sites of the basal plane and through
the edge plane.

In accordance with this, Li metal pressed against a graphite anode
(Fig. 2a) leads to dissolution of Li and lithiation of graphite.''” This
reaction happens even without electrolyte, however it is much faster
with electrolyte.!'” In model cells and simulations with a graphite
anode in contact with Li metal against a Li counter electrode, it was
found that the minimum of the potential in the relaxation corre-
sponds to the point in time when the Li is completely dissolved.'"’

All these results from complementary methods show the im-
portance of considering the influence of rest periods in case of
samples with Li depositions. We stress that it is very important for
all WFs to know and control the time between the end of cycling and
the beginning of the cell disassembly, because re-intercalation and
reaction of Li with electrolyte will reduce the amount and mor-
phology of detectable Li metal. In some cases this might be difficult,
e.g. for aged batteries from an application in the field. However, also
in such cases, the possibility of re-intercalating or reacting Li has to
be considered.

When samples are taken from disassembled cells, they are often
washed to reduce remaining electrolyte conductive salt (mostly LiPF)
and prevent corrosion issues.”'1>#=76127-136 O the other hand, one
has to keep in mind that soluble components, e.g. a part of the SEI will
also be removed by the washing procedure.'”’ Therefore sample
washing should be carried out in a defined and reproducible way to
allow comparability.” Dimethyl carbonate (DMC) is most commonly
used for sample washing.”'""'%4>76127-136 gome authors apply ex-
tensive washing,' !> while others chose dip Washin%%127 (e. & 2 min in
DMC!?’), and others do not wash their samgles.7”3’42’52’53’ 37138 The
omission of sample washing7’33’42‘52‘53‘137‘1‘8 retains not only the
soluble compounds but also the residual LiPFg in the samples. In
case of samples with Li deposition, washing with DMC will most likely
not wash away Li metal. Instead, metallic Li will react with DMC and
the soluble parts of existing SEI will be affected.

The high reactivity of Li depositions with N,, O,, CO,, and H,O
has also implications for sample preparation and handling. The
reaction of Li is not only affected thermodynamically by the low
redox potential of Li/Li* vs SHE of —3.045 V,"*° but also by the
high specific surface area of mostly dendritically deposited
L. 3:39:36.47.66-68.72.109.110.140-147 gafety precautions must be taken
when handling anode samples with Li deposition, because Li
depositions from cells in contact with water can cause fire.*

Otto et al. characterized the passivation layers on differently
prepared and stored Li metal samples by energy dispersive X-ray
spectroscopy (EDX), XPS, and time-of-flight secondary ion mass
spectrometry (ToF-SIMS).'*® Their measurements indicate a bi-
layered structure composed of a hydroxide layer and carbonate on
top of an oxide-rich layer which is in contact with Li metal.'*® The
thickness and composition of the surface passivation layers on Li
metal depend on the preparation, storage, and transport conditions of
the samples.'*® The authors showed that storage in a glovebox is not
sufficient to fully prevent sample changes during a storage time of 2
weeks. !4 Therefore, the authors recommend storing Li metal
containing samples in sealed pouch bags, even in Ar-filled glove
boxes when a storage time of one day is exceeded.'*® In Ar-filled
glove boxes, p(H,0), p(O,), and p(N,) should be controlled.'*
N,-filled glove boxes are not recommended due to the reaction with
Li to LizN. While very thin passivation layers might be only
detectable by surface sensitive methods such as ToF-SIMS and

XPS, air contact of samples has most likely no large effect on SEM
observations, where the form of dendritic structure is often still
maintained.*~%*” However, if anode samples with Li depositions
get into contact with air, it must be considered that the observed
dendritic structures are not Li metal but most likely Li oxides or
hydroxides.

Most EDX devices are not capable to detect Li. However, recent
progress in windowless silicon drift detectors (SDD) allows to detect
the low energy X-rays needed for Li detection. Hovington et al.
showed that Li K« lines can be detected by EDX using a windowless
detector from Oxford Instruments.'>® Recent studies showed, that this
technique can also be used for a quantitative analysis of Li."”"'>* For
standard EDX detectors an intentional exposure of anodes samples
with Li deposition to air can have an advantage in EDX: If Li reacts
with oxygen, the reaction product is enriched with oxygen which can
then be detected by EDX giving a hint on Li deposition.*®!?

When samples are transported or shipped to other measuring
facilities within a WF, it is important to pay attention to the
packaging. Not only the airtightness is important, however also the
mechanical properties. Li is one of the softest metallic materials with
the highest ductility.'>*'>* Therefore we recommend placing the
samples in a container that cannot be compressed from outside.
Additionally, if samples are transported by parcel shipping, dan-
gerous goods regulations for the transport of the respective chemi-
cals must be followed.

Additionally, the minimum material amount needed for each
analysis method has to be considered. When aging mechanisms are
analyzed, it is good practice to compare the results from aged cells
with fresh cells that can be expected to be not affected by aging
mechanisms.” The fresh cells provide a baseline, e.g. in terms of the
amount of irreversibly trapped Li in the anode.

Deviations from an ideal WF cause frictions, leading to delays
and in the worst case to measurements which have to be repeated.
For a WF with the lowest possible friction, sample labeling and
excellent communication are essential.

Method Selection for Detection of Li Depositions in Efficient
Workflows

A distinction of methods can be made between simple methods
(with rather low cost and low preparation effort) and advanced
methods that offer added value. Some methods rather provide hints
on Li deposition (e.g. observation of dendritic structures on the
sample surface), while other methods deliver evidence (e.g. con-
firmation of metallic Li present in the sample). On the other hand,
the combination of a critical amount of hints might be adequate to be
sufficiently sure about the presence of Li depositions on an anode.

Since each method can only be used to observe certain aspects of
the sample properties, a combination of complementary methods is
very advantageous.”'> Examples are surface/bulk sensitive
methods, different resolutions of methods, or the proximity of a
setup to real cells. It also has to be considered in a WF with multiple
methods which provide hints on Li depositions that the combination
of results from several methods can make the result more reliable.
Furthermore, techniques can be divided into qualitative, semi-
quantitative, and quantitative methods.

A variety of methods for investigation of Li depositions is
available in literature.?””> In this review, we focus on the methods
available in our consortium which were validated against each other
and deliver reproducible results on Li deposition (see Table I and
Fig. 3 for overview). However, some of the methods discussed in the
present paper might be exchanged by other methods, such as 'Li
NMR,30:156.157 dilatometry,“’64 multi-directional laser scanning,158
as well as ultrasound'>” after their validation. We note that
implementing other methods in an existing WF requires work,
such as validation by complementary methods with the same
samples.

As shown in Fig. 3, the selected methods in WF 1-3 include
surface sensitive (OM, SEM, EDX), cross-sectional (IOM), depth



Table I. Overview on physico-chemical and electrochemical methods for detection of Li depositions which were considered in this review.

Chemical/electrochemical Type of
# Method Detection principle Surface/bulk/cell detection of Li WF result References
1 GD-OES Sample sputtering in Ar plasma, detection by OES, semi- surface/bulk (depth yes 1-3 evidence 18.35,36.47.76.78, 113
quantitative evaluation of deposited Li amount profiling)
2 NDP Non-destructive, isotope sensitive nuclear technique to quantita- surface/bulk (depth yes 1-3 evidence 113.168,172,173,175.196-198
tively probe depth specific concentration profiles of specific profiling)
elements, such as Li, from the residual energy spectrum of emitted
charged particles
3 IOM In situ optical microscopy of cross-sectioned full cell, color surface/bulk (cross- no 2 strong hint 68,178,181
change of lithiated graphite and direct observation of Li deposi- sectioned cell)
tions
4 OM Dendritic structures on pm scale surface no 1-3 hint 3
5 SEM Dendritic structures on pm scale surface no 1-3 hint 35,36,47.66.67
6 EDX Reaction of deposited Li with oxygen/air and subsequent detec- surface no 1-3 hint 36,113
tion of oxygen by EDX
7 3-electrode cells Measurement of anode potential vs Li/Li" in 3-electrode full cell surface yes (condition: anode potential 3 evidence 34,40,195
<0V vs Li/Li*")
8 Simulation Calculation of amount and spatial distribution of plated Li surface/bulk simulation 2,3 evidence 86.88.89.92.98.100
9 Voltage relaxation Tracking of the cell voltage in the relaxation phase after charging cell no 3 hint 18.56.62.72
(after charging)
10 Voltage (discharge Tracking of the cell voltage during (slow) discharging to observe cell no 1-3 hint 46.47.52.61
curve) possible plateaus
11 Arrhenius analysis Arrhenius plots of aging rates; Li plating is indicated by higher cell no 3 strong hint 11:37.38,45.50.195

aging rates for lower temperatures

9TS0LO TLY $T0T ‘4121008 [Do112Y20.4193] Y], Jo [puinof
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Figure 3. Overview on physico-chemical and electrochemical methods for detection of Li depositions which were considered in this review.

profiling (GD-OES, NDP), as well as electrochemical (3-electrode
full cells, voltage relaxation, discharge voltage curves, Arrhenius
analysis) techniques. The available simulations cannot be assigned
to just one of these categories, since they include 3D resolved
microstructures of anodes and cathodes (including their surfaces)
and they connect the physico-chemical to the electrochemical
methods.

GD-OES is a spectroscopic method that provides depth-resolved
information about the elemental distribution and in a samg)le from the
anode surface to the current collector,'>!6718353647.76.78.131.160-166 Ay
Ar plasma is used to remove sample atoms layer by layer in a
sputtering process. The ejected atoms undergo further collisions with
the plasma components, getting excited and emitting photons of
characteristic wavelengths upon energy release.'®” In the spectrometer
unit, the emitted light is split into its spectral components and their
intensities are detected by photomultiplier tubes or a charge-coupled
device (CCD).'®! After calibration with a set of lab-coated reference
samples of known Li content, the amount of Li in anodes from
disassembled Li-ion cells can be quantified.*® Using semi-quantitative
approaches, it is possible to determine the minimum amount of
metallic Li in the sam})le and thus detect Li deposition on graphite®®*’
and graphite/Si.'83>113

NDP is a non-destructive nuclear analytical method that is highly
sensitive to some specific light isotopes (e.g. “He, °Li, '°B,
N, ..)"%%1%% and is used to obtain depth specific content of these
elements in solids. Upon irradiation of a material with a neutron
beam, these isotopes absorb the neutrons and emit charged particles
with well-defined energies. E.g. absorption of a neutron by °Li
isotope results in creation of triton (*H) and alpha (*He) particles.
Energy loss of these charged particles is measured after they
penetrate to the surface. The amount of energy that the alpha and
triton particles lost in this process is directly related to the original
position of the neutron absorption in the material. The energy loss
depends on their path length, material composition, and material
density. In the case of battery electrode characterization, a depth
profile of °Li content within the sample can be determined.'’%!”!
NDP has therefore become a widely used characterization technique,
which provides information about the Li content originating from all
Li containing compounds in the analysed electrodes.'’*~!"°

In situ optical microscopy (IOM) methods have been used to
investigate Li deposition on Li metal anodes'**'*'"” and other anode

materials.%%7>1#>178-180 By choosing a cross-sectioned full cell optical
setup, a near realistic cell configuration was reached by Hogrefe
et al. 178! Dye to the cross-sectional view, lithiation gradients
through the anode coating can be observed by the different colours of
Li-graphite intercalation compounds (Li-GICs: LiCyg: blue, 88183
LiC,,: red,"8'2183 and LiCq: yellow/golden'®*'8%) 55178 Additionally,
the nucleation of Li depositions, growths of Li dendrites, and internal
short circuits by these dendrites can be directly observed, which become
evident by the appearance of shiny-silver, dendritic, and moss-like
structures on the anode.®®

Ex situ OM is based on the reflectance of visible light from the
sample surface. The resolution of OM is physically limited by
Abbe’s diffraction limit, first described in 1873,"* which is
~0.2 im."8186 With OM, Li depositions can be identified as
shiny-silver deposits with their dendritic and moss-like structures
on the anode surface differing strongly from the graphite particles
and the pores in between. As OM also provides color information
from the sample, the Li amount of Li in a graphite particle and the
spatial homo eneit%/ of the local SOC of an electrode can be
assessed. OB 7178180 14 contrast to IOM described above, the use
of ex situ OM is not as widespread in the literature. The advantage of
OM is that, when placed inside a glovebox, the electrode surface can
be viewed directly by optical microscopy without a glass window
protecting the lens from reactive active materials and the electrolyte,
allowing images with a higher resolution and low preparation effort.

SEM utilizes a focussed electron beam that is scanned over a
small area of the specimen to acquire a 2D image with high
resolution. The interaction of the primary electron beam with the
sample creates different types of electrons, which carry specific
information from the sample, such as sample topography (secondary
electrons) or composition (backscattered electrons), and which are
used to generate the image.'®” In addition, the electron beam creates
characteristic X-rays, which can be used for chemical analysis by
means of EDX.'"™ Li depositions can be identified by their
morphological characteristics, as their dendritic, needle-like, or
mossy appearance signiﬁcantly differs from those of anodes without
Li depositions. 4476467 Dye to the small area measured by SEM,
it is important to observe several spots of the sample to get a reliable
picture on the presence of Li depositions. Detecting Li with EDX is
challenging as X-rays generated by the interaction of the electron
beam with Li cannot be detected by most common systems. For the
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detection of Li with EDX, a windowless detector with high
sensitivity and high energy resolution in the low eV range is
necessary.'>°15!% However, direct detection of Li deposition by
EDX was not validated yet and is therefore not explicitly included in
the WF.

In 3-electrode full cells, the anode potential becomes measurable.
Deposition of bulk Li metal is thermodynamicallg Ipossible when the
anode potential drops below 0V vs Li/LiT™ 33440195 Kinetic effects
might shift the onset half-cell voltage for Li plating by a few tenth of
millivolts." Still, the “0 V criterion” serves as a tractable condition
to exclude Li deposition on the anode surface. In order to monitor
the anode potential, the insertion of a third electrode, mostly Li
metal reference electrodes, allows to test the experimental conditions
(e.g. temperature, current) when 0V vs Li/Li" is reached.>*0:°!

Simulation of Li deposition in Li-ion batteries is an established
method to assist, guide, or complement experimental techniques.
The reduction of Li* ions to Li metal occurring at the particle
surface of active materials is modelled based on Butler-Volmer-like
kinetics. In this model setup Li deposition on the solid competes
with Li intercalation into the solid. A mass balance of the plated Li is
used to calculate the temporal evolution of the Li film on the particle
surface. Arora et al. were the ﬁrst to report a continuum model for Li
deposition in Li-ion batteries.'°! The model was adol)ted and also
extended in several studies, 88,91,92,97,100,102,107,192-19 by in-
cluding thermal effects,”'*”"!%% additional active materlals 97.193 or
the formation of dendritic structures.'?%'* Moreover, both irrever-
sible and reversible Li deposition was investigated in simulation
studies.'*%!%%193 In the latter case Li stripping was considered either
by chemical intercalation into the active material or dissolution in
the electrolyte,38-:8%:97:100:102.106.107.193 (3 g ape et al. pointed out the
importance of the correlation of degradation mechanisms.'®> While
typically the effect of the SEI on Li deposition was neglected, recent
publications suggest varying modelling strate égles to describe inter-
actions of these two degradation phenomena,?!:97-98:106:193.194 1y 4
to high computational complexity, several simulation studies deter-
mine the risk for Li deposition bz merely calculating the over-
potential of the deposition reaction.”®'%*1%%197 please note, that in
contrast to experimental 3-electrode measurements (see above) the
Li overpotential, or “OV criterion,” is evaluated locally at the
electrode/electrolyte interface in simulations.

Tracking of the cell voltage in the relaxation Ehase after charging
can give a hint on reversible Li depositions.' The mixed
potential of lithiated graphite in contact with re-intercalating Li
metal leads to a different shape of the voltage relaxation
curve.'#°%%272 In particular, the derivation of the voltage relaxation
curve with respect to time also shows a minimum in the case of Li
depositions.*® The position of the minimum is an indicator for the
amount of deposited/re-intercalated Li.”®

Monitoring the cell voltage during a (slow) discharge can give a
hint on reversible Li depositions.***’>*®! In case stripping of
previously deposited Li is happening during the discharge, a plateau
is observed at the beginning of the discharge due to the mixed
potential of lithiated graphite and Li metal.***°*¢! We note that
both, the voltage relaxation and the discharge curve should be
compared with a fresh cell without Li deposition as a baseline.

Aging rates can be obtained from capacity fade as a function of
time or cycles.''*7384359195 The aging rates are temperature depen-
dent and often follow an Arrhenius-like behavior,!!:37-3%45:50:195
While the values of the activation energies obtained from such
Arrhenius plots must not be over-interpreted, negative apparent
activation energies (faster aging with lower temperatures) indicate Li
plating, 1137384550,

In case of anode samples with Li depositions, we recently
compared GD-OES depth profiling with SEM, voltage
relaxation,”> and OM,* as well as NDP.'"’ Li plating was
consistently indicated by voltage relaxation curves*®*’ and capacity
increase during rest times*®*’ (both indicating Li re-intercalation
into gra?hlte) a voltage plateau at the beginning of the discharge
curve (indicating Li stripping), low Coulomb efficiency™®

(indicating side reactions), faster aging at lower cycling
temperatures*®*’ (positive slope in Arrhenius plot of aging rates
indicating Li plating), as well as GD-OES depth profiling®®*** and
dendritic structures in SEM measurements.*®*” Anode potentials vs
Li/Li" from 3-electrode measurements in full cells at ZSW were
correlated with aging rates obtained at other institutes and showed
consistent results.>® The consistency of Li deposition occurring
mainly on the surface of anodes is consistently shown for GD-OES,
NDP, IOM, and simulations in WF 2 of this paper.

Workflows for Detection of Li Depositions

In this section we present different WFs for the analysis of Li
deposition with a focus on experimental methods. The WFs answer
the question if, where, and under which conditions Li deposition
occurs in aged Li-ion cells. Simulation approaches (digital twins)
complement the experimental techniques and support the analysis.
Additional characterization of pristine cells is required to parame-
trize and validate the digital twins of the cells. However, predictive
capabilities of simulation approaches are highly relevant to analyze
critical geometrical scenarios on cell and electrode level (WF2), as
well as optimal operation conditions (WF3).

WF 1. Is Li deposition present in an aged cell?.—In some cases,
it might be required to know if Li depositions are present in an aged
cell. For example, if cells are intended to be re-used in second life
applications, Li depositions should be excluded because they could
have negative effects on safety®****>! and could even accelerate
the following aging.'®>

If the cells originate from lab-tests, the maximum rest time
between the end of cycling and cell disassembly of two hours should
be complied with (see discussion above). However, cells in this WF
may also originate from applications in the field where they have
been used under real-life conditions. One difference to cells tested in
the lab is that cells used in the field are usually not continuously
charged and discharged. Instead, cells in applications are rather only
partly charged/discharged, and may have extended rest times.
Furthermore, in case of cells from applications, it is often not
possible to comply with the maximum rest time of two hours. In
consequence, if Li depositions are detected in cells from the field,
they correspond mostly to irreversibly deposited Li and part of them
have most likely reacted with electrolyte.

Figure 4 shows a WF for determining if Li depositions are
present in an aged cell. First, the cell is pre-inspected, which
includes the measurement of internal resistance and cell mass, as
well as capacity determination. Comparison of the measured cell
mass with that of a fresh cell of the same type gives a hint on
possible leakage of the cell. In case of leakage, H,O and O, are very
likely present in the cell and will react with Li and change the results
of the analysis. If available, aging data might be evaluated as well, e.
g. regarding voltage relaxation after chargmg,47 S66272 o1 features in
the discharge curve, 4647.52.61 faster aging durln% lower temperatures
compared to aging at higher temperatures,' 378434759 or capacity
recovery.®?

In order to reduce the electrochemical energy content of the cell
and therefore the risk for the experimenter, the cells should be
discharged to the end-of-discharge voltage before disassembly.
Discharge below the end-of-discharge voltage can result in Cu
dissolution from the anode current collecting foil.'®*!+199293 Cy
dissolution to Cu®* or Cu™ gets thermodynamically allowed when
the anode potential increases above 3.38 V or 3.56 V vs Li/Li",
respectively.'®* Furthermore, Fliigel et al. showed for seven types of
commercial cells, that the additional discharge from the end-of-
discharge voltage to 0 V leads only to minor decreases of cell energy
corresponding to negative SOCs of —3% to —9%.'®* Therefore, the
end-of-discharge voltage given in the data sheet is a good compro-
mise for disassembly.’

It has to be considered that in discharged aged cells, a part of the
Li might have been stripped or electrically disconnected. Therefore,
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Figure 4. WF 1 for answering the question if Li deposition is present in an
aged cell (OM = optical microscopy, SEM/EDX = scanning electron
microscopy/energy dispersive X-ray spectroscopy, GD-OES = glow dis-
charge optical emission spectroscopy, NDP = neutron depth profiling).

the detected Li depositions on the anode from a discharged aged cell
by physico-chemical methods is the sum of irreversible and “dead
Li.”

The discharge curve may yield first hints on Li deposition.
Fig. 5 shows a shoulder in the discharge curve of a cell with Li
plating.* This shoulder results from Li stripping as a parallel reaction
of Li de-intercalation from the anode.®’ However, care must be taken
in the interpretation of this shoulder, since other effects might also
affect the voltage curve:

46,47,52,61

(1) The cell temperature influences the cell voltage®***%% and

therefore might influence the discharge voltage curve as well. Hence,
it is imperative to monitor the cell temperature while discharging, for
instance, via a thermocouple that is fastened to the surface of the
cell.

(2) The electrochemical data obtained from a cell reflects the
entire anode and cathode region. If Li depositions are only present in
a limited section of the anode, the plateau may not be significant in
the discharge curve.

(3) Only reversibly deposited Li can be stripped during dis-
charge. Electrically disconnected Li (“dead Li”) or Li metal covered
by a thick passivation layer will not contribute to the plateau in the
discharge voltage curve.

Hence, the plateau observed in the discharge voltage curve may
merely indicate the existence of reversible Li depositions in a cell.
Nonetheless, the lack of a voltage plateau does not necessarily
preclude the existence of Li depositions, for instance, if Li
depositions are present in limited regions of the anode only or in
case of “dead Li.” Since electrochemical measurements are aver-
aging on the whole anode area in the cell, small amounts of
deposited Li might not lead to features in the voltage curves.

We would like to note that particularly the quantification of
irreversible and even reversible depositions is not possible from
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Figure 5. Voltage plateau in discharge curves as an electrochemical
indicator for reversible Li deposition on anodes by Li stripping. Reprinted
with permission from Ref. 46.

discharge voltage curves. For quantification of the amount of
deposited Li, more sophisticated physico-chemical experimental
methods are needed as discussed below.

If the shoulder in the discharge voltage plateau is already
observed in an early stage of the WF, it has to be decided whether
this information is enough to judge if the cell contains Li depositions
or if further methods have to be applied. In case the voltage plateau
is not observed, further measurements are required (see yes/no
decision in Fig. 4).

Further measurements within WF 1 necessitate cell disassembly.
To ensure a well-controlled environment, the disassembly should be
performed inside an Ar-filled glovebox to prevent reactions of H,O,
0O,, and N, with the deposited metallic Li in the cell.

During cell disassembly, the separation of anode, cathode, and
the separator must be carried out with care by a trained expert.
Stacked cells (pouch and prismatic cells) contain several anodes,
cathodes, and separators, while wound jellyrolls (cylindrical, pouch,
and prismatic cells) contain only one rolled anode and cathode. The
specimens for subsequent examination should be collected from the
most prominent regions, e.g. white or grey deposits (see Figs. 8a—8c
as examples).

As an example, Fig. 6 shows consistent measurements of
complementary methods for graphite/Si anodes with and without Li
depositions. Figures 6a, 6b displays SEM measurements without
(0.5 C charging) and with Li dendrites (1 C charging), respectively.*
Figures 6¢c—6e show OM measurements in a glovebox, where the
amount of dendritic structures is increasing with SOC.*> GD-OES
measurements of samples without Li depositions (0.5 C, black data)
and with Li depositions (1 C, red data) are depicted in Fig. 6f>

The ex situ methods OM>> and SEM?>-3647:6657 are comparably
cheap and fast and deliver further hints on Li depositions, due to
their dendritic growth (see Figs. 6a—6e). It is noted that the dendrites
are still visible, even if the samples had air contact before SEM
measurements. Figure 7 shows the surface of a graphite anode at
80% SOC, partially covered by Li. When exposed to air, the lithiated
graphite particles and the Li deposition change optically with
increasing exposure time. The color change of the graphite particles
is known to be caused by spontaneous de-lithiation in the presence
of air/humidity, and the formation of Li-(hydro)oxides forms on the
surface of the graphite particles.’”® The de-lithiation proceeds
through sequential stages—from LiC¢ (gold) to LiCy, (red), LiC;g
(blue), and finally graphite (black/gray). After only 30s of air
exposure, almost all of the previously golden and red graphite
particles have turned blue. After 60 s, most particles have turned
blue or black. After 300 s on air, all graphite particles are black and
further air exposure does not lead to any further clear optical change.
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Figure 6. Ex situ measurements of graphite/Si anodes with 20.8 wt% Si in Post-Mortem analysis. (a), (b) SEM measurements of graphite/Si anode a) without Li
depositions (after charging at 0.5 C) and (b) with Li depositions (after charging at 1 C). The samples in (a), (b) were transported through air from an Ar-filled
glovebox to the SEM device. (c)—(e) ex situ OM images of graphite/Si electrodes from half cells opened at different SOCs. The samples in (c)—(e) were
investigated without air contact inside an Ar-filled glovebox. (f) GD-OES measurements of anode samples without (black curves, after 0.5 C charging) and with
Li depositions (red curves, after 1 C charging). The two red and black curves are reproduced GD-OES measurements. The GD-OES measurements were

conducted after air contact. Reprinted with permission from Ref. 35.
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Figure 7. Ex-situ OM images of a graphite electrode after charging to 80% SOC at a rate of 1 C showing changes of the visual appearance of deposited Li (grey/
silver) and inhomogeniously lithated graphite (gold and blue/purple) after exposing the sample to ambient air.
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With Li depositions, the optical changes occur later, starting with a
matt haze after about 300 s (see Fig. 7). With increasing exposure to
air, this haze turns blueish (600 s) and makes it hard to recognize the
fine structures of the Li depositions by ex-situ OM. The main
reaction products of Li with moist air are most likely Li oxides and
hydroxides.

Observation of dendritic structures on an anode by SEM or OM
is a hint on the presence of Li depositions. However, these methods
do not give evidence on Li depositions since Li is not chemically
proven and e.g. Cu grows also in a dendritic manner.?9%27-2%8
However, Cu and Li dendrites might be differentiated by their color
in OM and by image contrast in SEM measurements. On the
contrary, the lack of dendritic structures observed via SEM does
not definitively prove the absence of Li depositions. For microscopy
measurements, it is generally necessary to consider that the observed
area is relatively small. Therefore, in a WF it is necessary to measure
several positions of the samples to ensure an accurate representation.

GD-OES and NDP are complementary depth profiling methods
which were validated against each other.''® Figure 6f shows GD-
OES measurements of a graphite/Si anode without (black curves)
and with Li plating (red curves).*> The Li content on the anode
surface is significantly increased in case of Li depositions. The Li
amount detected by GD-OES corresponds to the sum of Li being
intercalated in the anode, SEI growth and Li deposition. In order to
keep the amount of intercalated Li as low as possible, it is necessary
to investigate anodes from cells disassembled in the discharged state.

To determine the contribution of metallic (deposited) Li by GD-
OES, a semi-quantitative approach has been developed by Ghanbari
et al. for graphite anodes assuming that Li,O is the only SEI
component and that all oxygen (O) detected originates from this
species.’® Therefore, it is possible to calculate the demand of the
required Li in Li,O to match with the measured O content. As Li,O is
the SEI compound binding the highest Li amount, this method gives
the maximum proportion of SEI growth and the minimum proportion
of metallic Li on the total Li content in the anode.*® If the difference
between the detected Li content and the calculated Li amount in Li,O
is positive, Li was deposited on the graphite anode surface.*®

In case of graphite/Si anodes, Li silicates as well could be
assumed to be the predominant SEI component forming on Si
components.'® However, due to the presence of formed SiO, species
in this kind of anodes, the amount of O detected by GD-OES can no
longer be traced back to Li,O only.'® Therefore, an enhanced GD-
OES method was developed by Fliigel et al. for Li deposition on
graphite/Si anodes.'® In order to determine the O content originating
from the Li,O species (which is used analogously to calculate the
required amount of Li to form Li,O), the measured O content is
corrected by the amount of O bound in SiOy using the amount of Si
detected by GD-OES (see Eq. 3 in Fliigel et al.'®). Since the exact
stoichiometry of the SiO, component is unknown, this approach
results to a corridor within which the minimum amount of deposited
Li on graphite/Si anodes is located.'®

Once all experiments have been completed, the data should be
analyzed comparing the results of the different electrochemical and
physico-chemical analysis methods to decide if Li depositions are
present in the investigated cell or not. It is noted, that in some cases
it might not be necessary to apply all proposed characterization
methods. However, the combination of the proposed complementary
methods produces more reliable results. We further note that the
analysis methods do not necessarily have to be performed in parallel,
but alternatively in series (see Fig. 1 and discussion above).

WF 2: Where in a cell do lithium depositions occur?.—Figure 8
shows different morphologies of Li depositions on anodes.**3*2%
An example of an anode with Li plating—the deposition mor-
phology which is most homogeneous on a macroscopic scale—is
shown in Fig. 8a>* It is noted that although Li plating looks
homogeneous on a macroscopic scale, its microstructure is still
dendritic.***” Homogeneous Li Elating occurs mainly during char-
ging at low temperatures.®**+7-%4

Different groups’®%+29%210 gbserved marginal Li depositions, i.e.

local deposition at the border of an anode. An example of marginal
Li deposition on anodes of a 22 Ah pouch cell is shown in Fig. 8b.2%
Grimsmann et al. explain marginal Li depositions by an imbalance
of the Li distribution in the cathode forming by Li diffusion into the
anode overhang after charging.”®® Additionally, Tang et al. found in
simulations that the current density can be significantly increased at
the edge of the electrodes.”® Other reasons for marginal Li
deposition could be lower temperatures at the edges of the cell,
misalignment of the electrodes during manufacturing, a too small
anode overhang, or a different coating thickness at the edge of the
anode.® Unlike Li plating, marginal Li deposition does not necessa-
rily occur at low temperatures only.?’

Local Li depositions occur preferentially at high temperatures
(above ~45°C) in combination with high charging
currents, 27880130211 o1 qye to pressure inhomogeneities.*> An
example of local Li deposition is shown in Fig. 8¢.*® A mirror-like
pattern from the depositions on the anode was found on the separator
and the cathode by different authors.”®%" Reasons for local Li
depositions can be locally high charging currents at the border of
dried areas or gas bubbles*®***!* or at defects of the separator with
closed pores.”'! Foreign particles>'> which are weakening the
separator, could possibly also lead to locally increased current
densities and therefore to local Li deposition. Additionally, local
inhomogeneities of the coating thickness of anode or cathode, as for
instance observed by Wu et al.,>'* will lead to a locally different N/P
ratio and therefore also to the risk of local Li deposition.

Additionally to the distribution of Li depositions on anodes, the
morphologies and the amounts of deposited Li might differ
throughout the different anodes in an electrode stack inside a cell
and for the different coating sides of the anodes. Therefore, all
anodes from an electrode stack (e.g. from a pouch cell or a prismatic
cell) should be investigated carefully (Fig. 8e).

The unrolled jellyroll of a cylindrical cell is depicted in Fig. 8f.
Cylindrical cells typically contain only one anode in the jellyroll. In
similarity to the case of stacked electrodes, the positions in an
unwound jellyroll can be defined by introducing x/y axes to the
anode. In case of cylindrical cells, it is important to mark the inner
and outer parts of the jellyroll, corresponding to the positions near to
the core and to the housing of the cells, respectively. Furthermore, it
is important to mark the concave and convex side of the electrodes,
as e.g. differences in the porosity and aging might occur.>'® Flat
wound jellyrolls can be present in pouch and prismatic cells
alternatively to stacked electrodes. Special attention should be paid
to comparing the flat and curved parts of the electrodes, since
differences can be expected in the regions with high
curvature.?' 3216

Figure 8d depicts a cross-section of an anode. Inhomogeneities in
anodes from aged cells can also occur in the anode coating.
Therefore, the z-axis marks the path into the anode depth, from
the anode surface (z = 0, near the separator) to the current collector.
We note that in case of Li plating on the surface of the anode
coating, the surface (z = 0) is shifted to the surface of the plated Li.

WF 2 for answering the question of where in/on the anodes Li
deposition occurs in a cell is shown in Fig. 9. An aged cell is pre-
inspected, discharged, and disassembled, similarly as in the WF 1
(see previous section). The electrochemical data from aging and
from the discharge curve might give hints on the presence of Li
depositions in the cell, however, not where it is located in the cell.

The samples are taken from areas with suspicious features that
could possibly be Li depositions. For this, all anodes and all their
coating sides must be carefully examined. The positions on an anode
should be marked using the x/y coordinates given in Figs. 8a—8c, 8e
for pouch cells and in Fig. 8f for cylindrical cells (e.g. 18650, 21700,
46800). After performing OM, SEM, GD-OES, and NDP with these
samples, it can be judged if the suspicious features at the selected x/y
positions contain Li depositions from experimental point of view.

Additional to the analysis of an aged cell, structural and
electrochemical measurements on fresh cells allow the determination
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Figure 8. (a)-(c) Different morphologies of Li depositions on anodes from aged pouch cells with different graphite/NMC chemistries. (a) Homogeneous Li
plating on an anode of a 20 Ah pouch cell after 8 cycles at 0.5 C and 3 cycles at 0.6 C at —5 °C.>* (b) Marginal Li deposition on the corner of an anode of a 22 Ah
pouch cell after 4 full cycles with 2.5 C charging rate and a cut-off voltage of 4.15 V at 25 °C.?* (c) Local Li deposition on the anode of a 16 Ah pouch cell after
cycling at 45 °C with 3 C charging until 89.4% capacity retention.*® Definition of x/y-plane for anodes from pouch cells (a)—(c),(¢) and for an unwound anode
from a cylindrical cell (f). (d) Definition of z-direction in the anode coating. In case of Li plating on the surface of the anode coating, the surface (z = 0) starts on
the surface of the plated Li. The schemes in (d)—(f) are not drawn to scale. (a), (b) Reprinted with permission from Elsevier,”**% Copyright Elsevier. (c)

Reprinted with permission.’® Copyright American Chemical Society.

of input parameters for simulations and validation of the digital
twins. 5012697196 gpecific care has to be taken to balance high
spatial resolution and sample volume during imaging and recon-
struction of representative electrode microstructures.”’’ Both para-
meters significantly affect the determination of characteristic micro-
structural properties of cell level simulations like tortuosity and
specific surface area. The deposition of metallic Li within the cell
induced for example by tab tearing®® or non-uniform temperature
distributions®' were simulated and analyzed. At this scale are not
only electrochemical models but also equivalent circuit models and
data-driven models utilized.'*?

A modified version of WF 2 can also be applied to answer the
question where in the anode coating of a given area Li depositions
occur (z-direction in Fig. 8d). In this modified WF, IOM is added.
Theoretically, Li could (i) deposit homogeneously through the depth
of the anode, (ii) it could be randomly distributed, or (iii) enriched
on the anode surface (near the separator). The depth profiling
methods GD-OES'8:333647.76.78.113 41,4 NDP!!31%S provide Li depth
profiles several um from the surface. However, both methods cannot
distinguish between metallic, oxidized, or intercalated Li. Therefore,
the cells should be disassembled in the discharged state to avoid the
presence of larger amounts of intercalated Li. Simulations on
electrode level, ideally microstructurally resolved simulations on
reconstructions of the electrodes, provide information on Li
dynamics with high spatial resolution. The simulations allow to

deconvolute local information on intercalated Li, metallic Li,%® and
SEI thickness.>'® Thereby, the simulations can be correlated to
results of depth profiling methods and grovide additional insight on
the influence of local inhomogeneities®>>'” on metallic Li deposi-
tion.

In contrast, OM and SEM measurements of the anode surface are
not able to determine the distribution of deposited Li in the anode
coating. Both methods cannot make any statements on the Li
distribution in the z-direction apart from the surface (z =0 um).
For instance, Figs. 6b—6e show that Li dendrites are present on the
anode surface, however, the data do not contain information on
deeper layers of the anode coating.

For different cell types, GD-OES, NDP (Fig. 10a),'"* IOM
(Fig. 10b),°® 3D microstructurally resolved simulations (Fig. 10
c),87‘88 as well as OM,* SEM on the anode surface® lead to the
consistent result that Li depositions occur mainly on the anode
surface, i.e. near the separator. A consistent result was found for
GD-OES depth profiling of samples from different types of
commercial and ilot-line  built Li-ion cells with Li
depositions.'#3>36477678 "Eor graphite anode samples from the
same type of 16 Ah pouch cells consistent results were obtained for
GD-OES,*® SEM of cross-sectioned anodes,*® EDX mapping of the
oxygen content of GD-OES craters,*® and "Li NMR.*

Simulations showed that the criterion for Li deposition is fulfilled
first on the anode surface.*86-8%101102 1 consistence, IOM
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measurements showed by the color change of lithiated graphite that (e.g. 0.308 eV for Lig,Cg vs 0.4 eV for LiCg)**° and higher lithiation
the anode surface gets lithiated first for increased charging C-rates. of the particle surfaces*** contributes to favoring Li depositions on
The higher diffusion barrier for Li in higher lithiated graphite?****! the anode surface instead of only intercalation into graphite.
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WF 3: Under which operating conditions does Li deposition
occur? —Increasing the cycle life is possible by avoiding Li
depositions during charging ®'0-113%33.37.38.40.223.224 1 4 jepositions
can be avoided bg/ keeg)inig the anode potential positive vs
Li/Li* 810:34:4045.57.86.162.181.225-227 (yne difficulty is that many cell
types (e.g. all commercial cells) do not contain a reference electrode,
so that the anode potential cannot be measured. In the laboratory,
however, it is possible to construct 3-electrode full cells that include
a reference electrode.***

One approach to increase the cycle life of commercial 2-electrode
cells by avoiding Li depositions is to implement reference electrodes
in 3-electrode prototype cells and use the results of the anode
potential measurements later in 2-electrode cells without reference
electrode.'®" Alternatively, electrodes from commercial 2-electrode
cells can be reconstructed into 3-electrode full cells to measure
anode potentials.*****> Although such approaches do not take aging
into account, cycle-life was shown to increase significantly in the
corresponding 2-electrode cells.***** Additionally, charging pro-
tocols based on simulation predictions have been successfully
developed.”’

We would like to point out that it is very important to determine
the anode potential vs Li/Li™ in full cells, e.g. including a graphite/Si
anode, a NMC811 cathode, and a Li reference electrode. The anode/
cathode interaction is a crucial aspect of full cells. As only the
difference between cathode and anode is measured in 2-electrode
cells, overvoltages on anode or cathode side can shift the potential of
the other electrode in an undesired direction leading to harmful
side-reactions.'®*???° Consumption of active Li" can also cause
undesirable shifts in the electrode potentials.** By monitoring the
individual electrode potentials, the identification of the aging
mechanism of cells can be supported.®*>%%>"

Figure 11 shows a WF for determining the operating conditions
to avoid Li depositions. This procedure is possible for both,
commercial cells and prototype cells. In case of prototype cells,
where the electrodes, electrolyte, and separator are typically avail-
able before they are built into a cell, they can be used directly for
further analysis. Also in case of building 3-electrode full cells with
reference electrode, the electrodes, electrolyte, and separator can
directly be used to build these cells. Detailed structural and
electrochemical characterization on each component provides in-
formation and input for creation of digital twins. Additionally, data-
driven techniques can be used to inform and enhance the
models. 3%

In case of commercial cells (as shown in Fig. 11), the effort is
higher, since cell disassembly is needed to obtain the material
composition in the cells. Special care must be taken to avoid
contamination of the electrodes (active material anode/cathode,
humidity, oxygen) during disassembly. Consequently, disassembly
must be carried out in an Ar-filled glovebox, while after washing
removal of electrode coatings from the back of electrodes and cell
re-assembly can be done in a dry room.***** One example in
literature is the re-construction of graphite anodes and NMC
cathodes from commercial 16 Ah Qouch cells into 3-electrode pouch
cells with a Li reference electrode.®* The experiments showed a high
reproducibility of the anode potential measured at various tempera-
tures, ranging from 5 °C to 45 °C, for the repeated reconstruction of
cells.** Furthermore, the voltage curves of the reconstructed 3-
electrode cells and the original 16 Ah cells were in very good
agreement.>* Although, the separator and electrolyte in the recon-
structed cells were not exactly the same as in the original 16 Ah
cells, the aging behavior of the original cells carried out in other labs
was in good agreement with the measurements of the reconstructed
3-electrode full cells.** Harvesting electrolyte from a commercial
cell is generally challenging as free electrolyte is often absent. Even
if the electrolyte is replicated, obtaining the exact composition
remains challenging since additives may have been consumed during
cell formation. On the other hand, additives are often incorporated

into the SEI, which might mostly still be present in the reconstructed
cells.

The test conditions for the 3-electrode cells and the aging conditions
for the original cells in Fig. 11 should be the same. Typical variations
are the ambient temperature, the end-of-charge voltage (or the SOC),
and the charging C-rate’1133-35:37-3945505.509304181 Bor e 3.
electrode cells, a few cycles are sufficient as the anode potential is
measured at each charge, whereas for the aging experiments a
significant amount of irreversibly deposited Li must be generated by
longer cycling. The electrochemical data obtained during cyclic aging,
can already give hints on whether Li depositions have occurred under
the given conditions. Such hints might be obtained from voltage
curves®33:47:52:55.:56,62,233 (see also above) and from the temperature
dependency of the aging rate,!'?7-384550

The agin$ rate can be obtained from the slope of the capacity
fade curve.'T?7384550 If the aginfg rate is increasing with lower
temperatures, Li plating is likely.''?7=%4330195 Thijg behavior is
typically determined from an Arrhenius plot of the aging rates with a
high temperature SEI growth branch and a low temperature Li
plating branch for the dominant aging mechanism.''-37=274350.195 1y
an efficient WF, it might not be necessary to measure all data for a
complete Arrhenius plot, instead two selected temperatures might be
sufficient to get a hint on Li deposition in the observed temperature
range.

Additionally, the electrochemical data obtained during cyclic
aging can be applied to train electrochemical models. Predictive
power of the models allows to extrapolate aging rates and helps to
avoid critical operation conditions. Hybridization with machine
learning approaches or reduced models can be used to control
battery operation in the battery management system (BMS).”

The set of aging conditions might be reduced by means of a
design of experiments (DoE) approach for increased efficiency.**
In software-based DoE planning, the test matrix varies several
operating parameters producing experimental test plans to obtain
statistically validated results with minimized effort. For example,
temperature and C-rate are varied in one experiment, instead of
variation of only temperature in one experiment and only the C-rate
in another experiment. The more parameters are varied, the more
the DoE approach can reduce the number of experiments and
therefore decrease the test time and resources compared to a
conventional test matrix approach.”** Additionally, data-driven
techniques, such as Bayesian optimization, can help to further
reduce experimental efforts.”>> We note that for certain applica-
tions which run for instance at an approximately constant tem-
perature, a reduction of the aging test plan might also be possible
without DoE planning.

As part of an efficient workflow, it may be unnecessary to carry
out multiple sample preparations (e.g. n x 4 sample characterizations
with OM, SEM/EDX, GD-OES, and NDP). Instead, the number of
cells to be analyzed by analytical methods might be reduced
beforehand by evaluating the data of e.g. the extreme cases.

An example of a part of WF 3 was shown by Fliigel et al., who
investigated Li plating on graphite and graphite/Si anodes.* The
tests were conducted in pouch full cells with the same anode areal
capacity for the different Si contents, i.e. the anode coating
thicknesses decreased with increasing Si content.®® In order to
ensure the comparability of the results, the cells with different Si
contents had the same N/P ratio as well as very similar electrode
porosity and tortuosity.>> The results of voltage relaxation curves,
GD-OES, SEM, and OM showed the clear trend of a higher critical
charging C-rate leading to Li plating at O °C with higher Si content,
due to lower anode coating thickness.®

The outcomes of WF 3 often result in the typical trends, i.e. a
higher susceptibility to Li depositions with lower temperature,
higher SOC, and higher charging C-rate ®'0-17-33-35.37.38:45.52-57.102
These trends can be expected for most Li-ion cell types, however,
the exact parametrization needs to be measured for each cell type.



Journal of The Electrochemical Society, 2024 171 070526

Input Output
aging data . =
fresh cell condition 1 1 evaluation - Li d}ep051tlon
* > in cell
- yes/no
B aging mors rasuls ho
pre-inspection condition 2 E— neaded? *
Y : data
discharge . pre-inspection = oM » evaluation
aging AL
Y > condition n [ 4
disassembl . discharge > SEM/EDX - ©
: ¥ Electrochemical & e / =
Y Arrhenius analysis —
UsinpEs di b GD-OES S
preparation ﬁ Isassembly Eagl -, E
2
c || Fessem s g nop 5
preparation o
2 Y o
© 3D model of g
P anode & cathode ~
(=] o
a Y
Simulation
(
3-electrode charging
full cells condition 1
©
charging =
™ condition 2 [ % g
. 5>
= ©
p o £
. 5 R
charging 1)
> condition n w

Figure 11. WF 3 for answering the question under which operating conditions Li depositions occur in a certain cell type (FIB/SEM = focused ion beam milling
with scanning electron microscopy, OM = optical microscopy, SEM/EDX = scanning electron microscopy/energy dispersive X-ray spectroscopy, GD-OES =

glow discharge optical emission spectroscopy, NDP = neutron depth profiling).

Conclusions

In the present paper, we reviewed literature on electrochemical
and physico-chemical methods to detect Li depositions on graphite
and graphite/Si anodes of Li-ion cells and developed three efficient
workflows (WF 1-3) to characterize Li depositions.

The rest time between the end of a cycling test and the detection
of Li depositions turned out to be critical in the WFs, since (i) Li
depositions can re-intercalate into graphite and alloy with Si of the
anode and (ii) deposited Li can react with electrolyte resulting in
non-metallic Li compounds during rest times. We therefore strongly
recommend to plan and document rest times before and during
execution of a WF, respectively. Two hours maximum rest time at
room temperature between the end of cycling experiments in the lab
and cell disassembly can be used as a good guideline.

In terms of the characterization methods used, it is important to
distinguish between methods that provide hints on Li depositions (e.
g. microscopic dendritic structures on the anodes) and methods that
provide an electrochemical or chemical evidence of Li metal. For the
presented WFs, we choose the methods available and suitable, such
as ex situ OM, SEM, EDX, GD-OES depth profiling, NDP,
simulations mainly based on 3D microstructures (microstructures
obtained from FIB/SEM measurements), as well as measurements of
anode potentials in 3-electrode full cells with Li reference electrode,
voltage relaxation and discharge curve evaluation, and Arrhenius
analysis of aging rates. The methods used in the WFs were selected

since they had previously been validated against each other and had
delivered consistent results.

WF 1 answers the question of whether Li deposition is present in
a certain aged cell. Such cells may originate from applications where
they have been used under real-life conditions in the field. Therefore,
the compliance with maximum rest times is often impossible for
cells from the field and the observed depositions correspond mostly
to irreversible Li. Essentially, WF 1 includes inspection of the cell
prior to disassembly, discharging, and analysis of the anodes. In case
the electrochemical information from the discharge curves (voltage
plateau as hint) is regarded to be sufficient (e.g. together with other
complementary information available), it might not be necessary to
disassemble the cell. However, for cells from the field this is difficult
since most of the reversibly deposited Li might not be available
anymore due to long rest times. Disassembly is also necessary in
case Li depositions in small areas of the anode have to be excluded,
since electrochemical data averages over the whole electrode area.
After disassembly, OM, SEM/EDX, GD-OES, and NDP are
recommended for physico-chemical analysis of the anodes.

WEF 2 answers the question where Li depositions occur within a cell.
Li depositions can occur (i) on different anode sheets of stacked cells,
(i1) at different x/y positions on one anode of a cell, and iii) in different
z positions within the depth of an anode coating. It is good practice to
compare measurements from suspicious and non-suspicious x/y posi-
tions on an anode after cell disassembly. Typical x/y distributions of
deposited Li are (i) homogeneous Li plating (often after low
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temperature charging), (ii) marginal Li deposition, and (iii) local Li
deposition (often after charging at high C-rates and high temperatures).
Regarding the distribution of Li depositions in the depth of the anode
coating (z-direction), the complementary methods OM, SEM, 10M,
GD-OES, NDP, and simulations revealed consistently that Li is mostly
located on the anode surface, i.e. near the separator.

WF 3 answers the question of the operating conditions (temperature,
charging C-rate, SOC window, ...) under which Li deposition will occur
in a given cell type. 3-electrode full cells with reference electrodes are
helpful to determine the onset of Li deposition via measurements of the
anode potential vs Li/Li* for different operating conditions. Such
measurements are also possible by reconstructing the electrodes from
commercial cells into 3-electrode full cells. Additionally, cyclic aging
tests in combination with cell disassembly are very helpful to determine
under which aging conditions Li depositions occur in a certain cell type.
A software supported DoE approach can be utilized to reduce the
number of experiments. The results obtained by WF 3 can give a good
overview on the aging behavior of a certain cell type. WF 3 can therefore
help to increase cycle life by choosing optimized operating windows. We
note the results will most likely reflect the general trends (e.g. more Li
plating below a threshold temperature at a given charging C-rate),
however, the exact parametrization has to be measured for each cell type.

The WFs developed in this paper are very useful for avoiding Li
deposition in first and second life applications, for failure analysis,
and for improving battery safety and extending battery life. In
addition, the bundling of highly specialized equipment together with
simulation can provide a much deeper insight into the mechanisms
of Li plating and thus boost the efficiency of the investigations
significantly. The increased cycle life gained by the WFs has the
potential to increase sustainability and reduce resource dependency
on critical raw materials through longer battery use before recycling.
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