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Detection of Lithium-lon Cells’ Degradation through
Deconvolution of Electrochemical Impedance Spectroscopy

with Distribution of Relaxation Time

Pietro lurilli* Claudio Brivio, and Vanessa Wood

Herein, a methodology to investigate aging of commercial cylindrical Li-ion cells is
introduced. Distribution of relaxation time (DRT) method is applied to deconvolute
electrochemical impedance spectroscopy (EIS) measurements and separate those
polarization effects that are usually overlapped in the frequency domain by means of
a peak-based representation. Half-cells are built at the beginning and end of life to
link the electrochemical and aging processes occurring at anode and/or the cathode
sides. Moreover, lab-made full-cells are exploited to verify the reproducibility when
compared with cylindrical cells. The results of an extensive analysis of around 500
EIS spectra return an unambiguous attribution of different electrochemical pro-
cesses to different time constants and ultimately to different DRT peaks. Digital
imaging validates graphite degradation, mainly related to lithium plating. Scanning
electron microscopy validates the degradation at NMC cathode, mainly attributed to
particle cracking. It is concluded that DRT peaks allow to characterize cell aging and
their tracking can help to develop more reliable state of health estimators.

on the cell characteristics but they can be
clustered into the so-called degradation
modes: 1) loss of lithium inventory, which
entails the consumption of lithium ions for
decomposition reactions, solid—electrolyte
interface (SEI) layer growth, or lithium plat-
ing; 2) loss of anode active material, and
3) loss of cathode active material, which
both encompass electrode structural disor-
dering, particle cracking, and loss of elec-
tric contact”! Therefore battery cell
measurements should be comprehensive,
to embrace the complex interactions
between the degradation modes, and non-
invasive, to be implemented in battery
management systems (BMSs) and ulti-
mately provide a correct estimation of the

1. Introduction

Nowadays, Li-ion batteries are widely used in stationary energy
storage, electric vehicles, and consumer electronics, thanks to
their ideal performances in terms of energy and power
densities.!"”) However, their aging is still a big uncertainty
being caused by complex physical and chemical degradation
mechanisms which affect the different components inside the
cell®* These mechanisms do not leave a unique fingerprint
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state of health (SoH)—the remaining capac-
ity with respect to the original one.[*”!
Electrochemical impedance spectroscopy
(EIS) is an example of a comprehensive
measurement widely used to characterize Li-ion cells.®'" In lit-
erature, several works applied EIS to investigate and track Li-ion
cells’ aging: a summary of those applications and of the best met-
rological practices is given in our previous work and in the works
of Choi et al. and Meddings et al.*>* In general, the impedance
spectrum of a cell is analyzed and fit with an electric circuit model
(ECM) to extract the parameters related to the single electrochem-
ical processes occurring inside the cell.*'>'®1 However, given
the complexity to separate these processes in the EIS spectra,
the distribution of relaxation time (DRT) is often used to decon-
volute the impedance curves in the time domain and distinguish
polarization effects that are normally overlapped in the frequency
domain."”'® These polarization effects are characterized by
peaks with different magnitudes and time constants that can
be attributed to the underlying physical processes.'” For
instance, Yi et al. applied DRT to investigate the aging of cells
in different conditions.” The authors developed a support vector
machine classifier to analyze the DRT peak variations caused by
lithium plating with respect to cell beginning of life (BoL). A simi-
lar work is presented by Zhou et al., characterizing NMC pouch
cells under high-temperature cycling.*" The authors decoupled
the degradation mechanisms of the anode from the ones on
the cathode by focusing on different DRT peaks. However, they
concluded that a further step was required to confirm the assump-
tions made. Including a reference electrode in the cell or
manufacturing half-cells with the same material of the full-cells
and lithium metal as counterelectrode is the solution normally
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adopted in literature.”>*® In this way, electrochemical character-

izations (i.e., EIS measurements) are done separately on the anode
half-cell and cathode half-cell and reconciled with the full-cells for
validation purposes. Wildfeuer et al. made half-cells from com-
mercial NCA cylindrical cells and performed DRT characterization
on them at different temperatures and state of charges (SoCs).**
They concluded that charge transfer processes on the full-cell are
dominated by the cathode at low SoC and by the anode at high
SoC. Moreover, they found that a transition process between
charge transfer and solid-state diffusion might be attributed to
the anode. Sabet et al. characterized both NCA cylindrical and
NMC pouch cells.>** They attributed the two main DRT peaks
to the SEI layer and cathode charge transfer for both the cell chem-
istries. These insights were also exploited in a following publica-
tion, to investigate accelerated aging of NMC cells.!”’ The authors
attributed the two DRT peak variations 1) to SEI growth and 2) to
cathode particle cracking, cathode—electrolyte interface (CEI)
growth, and cathode dissolution. These conclusions were validated
by means of postmortem analyses, which is the most widely used
process to validate electrochemical findings. Postmortem analyses
allow to investigate the chemical structure and surface morphol-
ogy of the electrodes, providing valuable and detailed information
about the chemical composition and degradation.””?®! For an
exhaustive summary of all the available techniques, their advan-
tages, and limits, the readers are addressed to the review article
of Waldmann et al.*! A simple implementation of imaging tech-
niques combined with half-cell DRT analysis is given by Chen
et al. who studied lithium plating of LCO pouch cells.*® The
authors built symmetrical lithium metal cells to address the influ-
ence of the reference electrode on the DRT profiles of half-cells.
They overdischarged anode half-cells to simulate the existence of
different amounts of lithium plating and highlight its effect on the
DRT profile. Then, they analyzed the results of cycling aging tests
of cylindrical cells at 0°C. Based on their measurements, the
authors attributed the variations of DRT peaks during aging
mainly to the anode electrode. Similar conclusions, on the impor-
tance of the anode in cells’ aging, were drawn by Heins et al., who
studied large-format NMC pouch cells at different tempera-
tures.®) The authors exploited a three-electrode configuration
to deconvolute the effects of the two electrodes but did not perform
further analyses to assess the degradation mechanisms.

Overall, EIS is a comprehensive measurement and DRT is a
promising postprocessing method to analyze cell aging and to
detect the influence of different degradation mechanisms.

bl
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However, there are two main limitations found in the literature.
1) DRT is applied either at BoL, that is, with no aging, or analyzing
a specific degradation mechanism, neglecting other effects.?2*3%
2) DRT peak attribution is not performed univocally, either based
on existing literature or validating the result with half-cells and
postmortem analyses only for the most relevant peaks and not
for the full time constant range.[*-*>3!!

Therefore, the objective of this work is to overcome those lim-
its with an exhaustive methodology that systematically analyzes
DRT profiles and, by means of a validation process, unambigu-
ously attributes DRT peaks to the degradation mechanisms aris-
ing during cell aging. Commercial cylindrical cells are cycled in
different testing conditions to embrace different degradation
mechanisms. EIS measurements are taken from cylindrical cells
and from lab-made full-cells and half-cells containing the
material harvested from the cylindrical cells. The obtained
DRT profiles are analyzed at BoL, to link physical processes to
specific peaks, and at EoL, to link aging effects to the same peaks.
Imaging techniques with different accuracy, complexity, and
duration are exploited to characterize the surface morphology
of the electrodes and validate the earlier attributions between
DRT peaks and degradation mechanisms. Three techniques have
been selected: digital imaging, optical microscopy, and SEM.

The article is structured as follows. Section 2 presents the
developed methodology, which includes all the steps necessary
to fully investigate Li-ion cells with EIS measurements and
DRT postprocessing. Section 3 presents the main findings
derived from the performed aging tests, which include the attri-
bution of DRT peaks to electrochemical processes at BoL, the
attribution of aging phenomena at EoL, and their validation
through imaging techniques. Finally, Section 4 summarizes
the main takeaways from the authors.

2. Experimental Section

The findings of this work were based on testing cylindrical com-
mercial Li-ion cells: LG chem INR21700-M50 with lithium nickel
manganese cobalt oxide cathode (NMC 811) and graphite with
silica particles anode (graphite-SiO,).*?! First, all the cells were
checked in their capacity and impedance values to ensure the
reproducibility of the results. Second, all the cells were subjected
to the same testing campaign following the methodology shown
in Figure 1: 1-a) the cells were cycled with different testing pro-
tocols from BolL till EoL, which was defined for SoH lower than
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Figure 1. Methodology followed in this work: testing, analysis/attribution, and validation.
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80% or End of Test (EoT), which was fixed to 1000 equivalent
cycles (EqC) (Equivalent cycle: it is defined as the ratio between
the cumulated cycled capacity of a cell and two times its nominal
(or initial) capacity.). EIS measurements were done at regular
intervals to update the impedance; 1-b) the cells were discharged
and disassembled to extract the electrode material, which was
used to assemble coin cells and to run imaging for postmortem
analyses. 2) The EIS/DRT measurements from both commercial
and half-cells, pristine and aged, were analyzed to attribute elec-
trochemical processes and assign degradation mechanisms to
the anode or the cathode. 3) Imaging was used to validate the
correctness of the attribution, specifically digital imaging, optical
imaging, and SEM. In total 7 cells were investigated in this work
and the performed experiments are presented in Table 1. The
next paragraphs will provide more information about testing
and disassembly, analysis of DRT profiles, and validation with
imaging techniques.

2.1. Cell Testing and Disassembly

The experiments were performed at the CSEM’s Sustainable
Energy Center, Neuchitel (Switzerland). The first part of the pre-
sented methodology is divided in three steps: cycling aging tests,
cell disassembly, and lab-cell making.

2.1.1. Cycling Aging Tests

The testing setup was composed of: 1) a cell tester Biologic
BCS815 equipped with 32 parallel, 9 V=15 A channels (+ 0.01%
full-scale deflection [FSD] accuracy on the voltage and +0.015%
FSD accuracy on current, for each available range) with an EIS
spectroscope multiplexed and able to range from 10kHz to
10mHzP* and 2) a thermostatic chamber ATT-DM1200T with
—45°C-180°C temperature range.*” The temperature during
the experiments was fixed to 20 °C. As anticipated, the seven cells
were first characterized with capacity tests and EISs to ensure the

www.entechnol.de

reproducibility of the results. Capacity test showed a standard
deviation of 0.5% with respect to the cells’ averaged capacity.
EIS spectra showed a standard deviation of 1.0% on the ohmic
resistance (i.e., the zero-crossing value on the EIS Nyquist plot)
and 3.3% on the polarization resistance (i.e., the full resistivity
down to 10 mHz) with respect to the averaged values.

Different testing conditions were set which differed in the cur-
rent rates (C-rate) and the depth of discharges (DoD) applied dur-
ing the cycling phase. The testing conditions are listed in Table 1,
with the corresponding cell ID. The reference cell (ID:REF)
followed the cycling conditions as defined by the manufacturer
(C/3 both in charge and discharge). Another cell was cycled in the
reference condition but without the constant voltage (CV) phase
(ID:REF_w/0oCV). The remaining cells were cycled with higher
C-rates and/or smaller DoD to explore different aging conditions
and spot different degradation mechanisms.

Regardless from the specific cycling conditions, all experi-
ments alternated cycling phases of 50 EqC and diagnostic phases.
The diagnostic phase included capacity determination (i.e., SoH
measurement) in nominal conditions and EIS characterization at
five SoC levels: 0%:25%:100%. In this way, the impedance
evolution of each cell was tracked during its lifetime and it
was possible to compare cells with different cycling conditions.
The SoC levels were fixed to a specific voltage value extracted by
the cells’ open-circuit voltage (OCV) curve at BoL; those values
remained unchanged throughout the test duration. The last diag-
nostic phase was performed at EoL/EoT condition before cell
disassembly.

2.1.2. Cell Disassembly

Cell disassembly procedure was developed and optimized based
on the existing literature.['*2*?>263538] First the cell was dis-
charged to the minimum voltage (i.e., 2.5 V) at C/3 constant rate
and a CV phase with cutoff current of C/100. After that, the cell
was transferred inside an argon-filled glovebox. A pipe cutter was

Table 1. Overview of the cycling protocol applied to the different tested cells. Legend: “/” test performed; “X” test not performed; “A” anode; “C”

cathode.

Testing protocols

Postmortem analyses Imaging techniques

Cell ID DoD SoC interval ~ Charging rate  Discharging rate  Cell disassembly ~ Lab-cell making  Digital imaging  Optical microscopy ~ SEM
NEW - - - - v v Cv v GV
A v A v A v
REF 100% 0%-100% C/3a) C/3 v v Cv GV Cv
AV AV A v
REF_w/oCV 100% 0%-100% C/3 C/3 v v Cv CX CX
AV A v A X
DOD20 20% 09-20% c/3 /3 v v Cv C: X Cx
AV AV AV
FCO5 100%  09%-100% c/2? c/3 v v v Cx C X
A v AV A X
FC1 100% 0%-100% ¢ C/3 v v/ Cv Cv GV
AV AV AV
FD1 100% 09%-100% C/3a) 1C v v cv Cx CX
AV AV A X

Including CV phase with cutoff current at C/50.
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used to open the cell on the bottom and on the top sides and the
electrodes tabs were cut; the lateral part of the case was removed
using pliers. A scalpel was used to cut the tape that closes the
jellyroll (i.e., electrodes + separator foils) and the cell compo-
nents were unrolled and separated. References of the inward
and outward facing side as well as of the outer and inner roll part
of the electrodes were taken to properly reuse the material in the
following steps. The electrodes were not washed with DMC to
preserve their aged state and properly perform electrochemical
measurements.”>*?! The electrodes were cut following a precise
procedure to guarantee consistency between the different cells
analyzed: 1) adjacent parts of the outer roll of the electrodes were
cut for lab-cell making and for imaging techniques’ application;
2) the electrodes were fixed on a hard substrate with adhesive
tape; 3) coating on one side of the double-coated electrodes
was removed using NMP solvent for both the cathode and anode
material for practical reasons; and*>** 4) the foils were punched
in a central area (i.e., equidistant from the edges) to obtain
15 mm-diameter disk electrodes.

2.1.3. Laboratory Cells’ Making

Lab cells were made in 2025 coin format, including two 0.5 mm
aluminum spacers (at top and bottom) and glass fiber separator
Whatman GF/C with 19 mm diameter. The standard electrolyte
was 1M lithium hexafluorophosphate (LiPFg) in a mixture of
ethylene carbonate, dimethyl carbonate, and diethyl carbonate
produced by Sigma-Aldrich (EC:DMC:DEC, 1:1:1 w/w/w) with
a quantity of 90 pL. Three types of coin cells were made with
the electrodes extracted by the cylindrical cells. 1) Full-cells:
Graphite and NMC were coupled to reproduce the standard cylin-
drical cell and assess the possible differences due to cell making
process or new electrolyte. 2) Anode half-cells: Graphite was
coupled with a disk of lithium metal (reference electrode).
3) Cathode half-cells: NMC was coupled with a disk of lithium
metal.

Three identical samples were built for each cell type, with a
total number of 9 cells, to reduce risks of nonreproducibility
due to assembling process. Cell formation was performed with
two cycles at C/10 after 12 h rest to allow the electrolyte to soak
the electrodes and the separator.’®! The voltage range was
3-4.2V for full and cathode half-cells and 0.01-1V for anode
half-cells. After formation, the cells were characterized with
EIS measurements at voltages corresponding to 0%, 50%, and
100% SoC of the full-cell SoC. The specific voltage values were
chosen performing the OCV curves’ balancing of the half-cells
and of the full-cell as presented in literature.*”! EIS measure-
ments were used to verify cells reproducibility and to discard
the cells with abnormal impedance with respect to their twin
samples. The standard deviation showed a value of 13.6% for
the polarization resistance with respect to its averaged value.
However, it reduced to 5.3% when evaluated down to 0.1 Hz
only, that is, in the most interesting portion of the spectra for
DRT peak attribution. It was therefore concluded that the EIS
spectra of lab-made cells were of similar quality with respect
to the ones of commercial cells, thus confirming the reliability
of the assembly process.
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2.2. Analysis of DRT Profiles

All EIS measurements were checked in their quality and time
invariance with the Kramers—Kronig (KK) criterion, which
returned the residual between the measured spectra and recon-
structed KK spectra.**?1 If the criterion was respected, the DRT
function could be computed as follows.

TR © g(r)
Z(]CU) - Rohmlc +A 1 +ijdT (1)

The DRT calculation was based on the assumption that an
impedance spectrum could be represented as an infinite series
of RC elements and the ohmic resistance. The g(z) function was
discretized and solved applying regularization methods; details
about the mathematical formulation are given in literature by
Wan et al.l**! All the algorithmic steps to compute DRT from
EIS for Li-ion cells were presented in a previous work from
the same authors of this manuscript.’® g(z) function had a
peak-based representation, as shown in Figure 2; specific letter
and number were used to define the origin and the peak position.
The letters used were “S” for cylindrical cells (i.e., the standard
cells), “F” for laboratory full-cells, “C” for cathode half-cells, and
“A” for anode half-cells (e.g., Figure 2 represents the DRT profile
at BoL and 50% SoC for a cylindrical cell). As introduced in
Section 1, each peak could be attributed to a different process
occurring in the cell. For this reason, high-quality and time-
invariant EIS measurements are required; otherwise, the g(z)
function will show artefacts and the peak attribution will not
be reliable.

Three criteria were defined to evaluate which specific phenom-
enon could be attributed to which one of the electrodes and ulti-
mately to which degradation mechanism. Those criteria are used
twofold: 1) to compare DRT measured on lab-made full-cells with
lab-made half-cells’ full-cell and 2) to compare the same between
lab-made full-cells and cylindrical cells. While the first was used
to discriminate between the processes at the cathode or at the
anode sides, the second served to verify the consistency in the
measurements between the cylindrical cells and lab cells.
The chosen criteria were as follows. 1) Time constant (z):
Depending on the value of the time constant, a specific peak
can be attributed to a defined physical process. The four main
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Figure 2. Typical DRT profile of a Li-ion cell and the criteria used to evalu-
ate DRT peaks: time constant, peak magnitude, and peak variation.
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processes that can be allocated were 1) electric and magnetic
effects (z < ~10>s); 2) transport of lithium ions through the
SEI or CEI layers (=10 * <7< ~10 s); 3) electrodes’ charge
transfer (=10 ><7<~10's); and 4) diffusive processes
(> ~10" 5).[22130334244] 1) Peak magnitude: The peak magni-
tude was calculated by measuring the height of the peak, as
shown in Figure 2. This indicator is mainly used to compare
the peaks of lab cells (full or half-cells). 2) Peak variation with
respect to SoX: The peak variation was evaluated with respect
to SoC (i.e., different OCVs) and to SoH (i.e., different aging
stages). In both cases, the indicator allows to understand which
electrode mainly affects the DRT peak behaviors.

2.3. Validation of DRT Results

The DRT peak attributions defined through the presented criteria
were validated via imaging techniques. Three types of imaging
with increasing precision, complexity, and operation time were
performed: 1) digital imaging by means of a nonprofessional
camera, 2) optical microscopy by means of an Olympus
BX53M, and 3) SEM by means of a Thermo Scientific Scios.
Digital imaging was performed by taking pictures of the unrolled
electrodes, to detect macroeffects on the surface, such as defects,
plating, or material exfoliation./?®**! Optical microscopy was used
to detect degradation mechanisms in the micrometer range, such
as cracks in electrode coating, growth of films on the electrode
surface, delamination, or decomposition of electrodes.*! Finally,
SEM was performed to investigate the surface morphology and
electrode microstructure, allowing to relate their changes to deg-
radation mechanisms, such as particle cracking or changes/film
formation on particle surface.*®*¢=*®! Both surface (planar sam-
ples) and cross-section samples were analyzed.

The validation process was performed by connecting the
results obtained by imaging with the results of tentative peak
attributions for lab cells (half and full-cells) and cylindrical cells.
For instance, if cathode imaging reveals particle cracking and the
analysis of cathode half-cell reveals a relevant rise of peak C4 with
respect to BoL value, then this peak is attributed to cathode particle
cracking. Similar conclusions are done if anode imaging reveals
lithium plating and anode half-cell DRT analysis shows a large rise
of peak A2. The validation of full-cells and cylindrical cells was
performed by combining the results obtained from anode and
cathode analyses. However, given the different detection capabili-
ties of the presented imaging techniques, the validation process
could be limited by the precision of the available equipment in
the testing facility where measurements were performed.

3. Results and Discussion

The cells have been cycled with different testing protocols as
already presented in Table 1. Overall, the testing results are pre-
sented in Figure 3, with the SoH progression and EqC for the six
cycled cells (cell ID:NEW was disassembled at BoL, i.e,
SoH =100%). The cell cycled in reference condition (ID:REF)
reached the EoT (testing limit of 1000 EqC) at SoH = 86%.
Increasing the C-rate is detrimental for battery performances.
Higher charging rates are more severe than higher discharging
rates: cell FC1 and cell FCO5 reach their EoL (SoH = 80%) after
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Figure 3. SoH versus EqC for the six cycled cells. Tests were stopped once
EoL (SoH = 80%) or EoT (equivalent cycles = 1000) conditions were met.

92 and 798 EqC, while cell FD1 reached SoH = 81% at the EoT.
Reduction of the DoD (i.e., of the voltage range available for
cycling) brought less-severe cell aging: SoH = 94% at EoT for cell
DOD20. Finally, the cell REF_w/oCV shows an unexpected
trend: only 500 cycles at EoL but with a cycling protocol lighter
than cell REF. This is most probably due to an early-stage slope
change (the so-called “knee”), which can be attributed to film for-
mation on the electrode surface, such as early lithium plating
deposition caused by production defects (electrode surface
defects or electrolyte quantity) and not detectable at BoL.[*”!

3.1. Analysis of DRT Profiles

The DRT profiles of cylindrical cells were derived from the EIS
performed every 50 EqC. On average for the tested cells, the max-
imum residuals between the measurement and KK reconstruc-
tion were lower than 1.1% at BoL and lower than 1.0% at EoL/
EoT, allowing for a reliable DRT calculation. Figure 4 shows an
example of DRT profile evolution at SoC = 50% (the peak S6 was
omitted to better appreciate the changes on the smaller peaks). In
most of the cases, peaks S2, S3, and S4 show the most relevant
trend at increasing cycle numbers with a clear link to the SoH
decrease: for instance, the steepest the capacity fade, the highest
the growth of peak S2.

In the following paragraphs, the criteria explained in
Section 2.2 (time constant, peak magnitude, peak variation) will
be applied to lab-cells and cylindrical cells’ DRT profiles at both
BoL and EoL/EoT. The first serves to discuss which electrochem-
ical process should be associated with which DRT peak and the
second serves to identify which peak should be tracked to identify
which degradation mechanism.

It is worth to mention that for half-cells the presence of the
reference electrode (i.e., lithium metal) influences the imped-
ance response and consequently the DRT profile of the cells.[*”
Symmetric lithium metal cells have been produced to verify that
DRT profiles show one main peak with time constant around
6x10*s.

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 4. 50% SoC DRT profiles trends during cycling of the six tested cells

3.1.1. Assessment at Bol

The first cell that has been disassembled is the ID:NEW
(SoH =100%). Figure 5 shows the DRT profiles at different
SoCs including the results of lab cells (anode, cathode half-cells,

(a) Anode half-cell

] 0% SoC
167 50% SoC
14

T |——100% SoC

g(t) [ohm/s]

10° 10* 103 102 10" 10° 10" 10> 10°
T [s]
Cathode half-cell

K 0% SoC
——— 50% SoC
—— 100% SoC

g(t) [ohm/s]

LU PRI, B, RS, B IR R L LRI LS L
10° 10* 10% 102 100" 10° 10" 10*> 10°
T [s]

. The color scale is based on the SoH (violet = 100% SoH; brown < 80% SoH).

and full-cells). The slight time constants shifts at values lower
than 10~ % s between cylindrical cell and lab cells are mainly given
by differences in the fabrication procedure due to cell format and
cell components. As regards cell format, coin cells are free
from inductive behavior, so the first peak time constant is

(c) Full-cell
- 0% SoC
T % So
1691 500 soc : : Fe6
“|——100% SoC

g(t) [ohm/s]

LR B L IR, SR B SRS B SR,
10° 10* 103 102 10" 10° 10" 10> 10°
T [s]
Cylindrical cell

0% SoC
|——50% SoC o S6 :
— 100% SoC

Figure 5. DRT profiles at 0%, 50%, and 100% SoC of cell NEW (Bol). a) Anode half-cell; b) cathode half-cell; ) full-cell (coin format); and

d) cylindrical cell.
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shifted to lower values with respect to cylindrical cells,
around 10™*5.2**% As regards cell components, lab-made cells
will be always slightly different from the original dismantled cells
due to the different separator and electrolyte additives.”*”!

The criteria defined in Section 2.2 have been applied: 1) to
compare the DRT profiles of anode half-cell (Figure 5a) and cath-
ode half-cell (Figure 5b) with respect to the full-cell ones
(Figure 5c) and 2) to compare the DRT profiles of the full-cell
with respect to the cylindrical cell ones (Figure 5d). The analysis
is performed peak by peak, from 1 to 6, by referring to the
nomenclature previously introduced: “S” for cylindrical cells
(i-e., the standard cells), “F” for laboratory full-cells, “C” for cath-
ode half-cells, and “A” for anode half-cells. 1) Peak 1: Half-cells
(A1, C1) and full-cells (F1) have the same time constant
(r=10""*5s) but slightly different behavior with respect to SoC:
peaks Al and F1 have similar magnitude and are invariant across
SoCs; peak C1, instead, shows an increasing magnitude for lower
SoC. The behavior of C1 could be influenced by the large mag-
nitude of peak C2, especially at 0% SoC. In literature, electric and
magnetic effects due to particle-particle and particle—current
collector interactions are usually attributed in this time constant
range.[21’30’42] Therefore, peaks Al, C1, and F1 are also linked to
these effects. The same phenomenon is also observed in the
cylindrical cell with S1 but at a slightly lower time constant.
2) Peak 2: Half-cells A2 and C2 have similar time constants
values (=7 x 10™*s) while F2 has a slightly bigger one (107> s).
The DRT peaks are influenced by the presence of the lithium
metal reference electrode in the half-cells: this phenomenon is
especially observed in the cathode one where large magnitude
variations at low SoC are registered.’” Peak A2 instead shows
smaller variations with respect to SoC and, given its time con-
stant, is also influenced by the transport of ions in graphite’s
SEI layer, as described in the literature.”’*”! Therefore, by com-
parison of peak magnitudes and knowing that lithium metal is
not included in full-cells, peak F2 is tentatively attributed to
graphite’s SEI layer. Analogously, peak S2 (cylindrical cell) is
attributed to the same phenomena. 3) Peak 3: At the cathode side,
peak C3 shows the lowest magnitude and the smallest change
with SoCs if compared with all other peaks. The time constant
is between 3 x 10 > and 7 x 10 > s at which CEI formation is
typically attributed in the literature.”>?! At the anode side,
half-cell peak A3 has a time constant close to 10 %, in a region
where interface and charge transfer effects could be over-
lapped.1?¢394%5% By looking at the peak magnitude variations
with respect to SoC, A3 shows a behavior typically depicted
for the charge transfer process and similar to peak A4 rather than
peaks A2 or C2 that are related to SEI layer and lithium metal
reference electrode, respectively.*” Therefore, peak A3 is attrib-
uted to graphite charge transfer. When comparing half-cells with
the full-cell, F3 is tentatively attributed to the cathode, due to its
larger magnitude both at SoC = 0% and at SoC = 100%, which
are typically related to the cathode.**?% When analyzing the
cylindrical cell, S3 shows differences (e.g., SoC trend) if com-
pared with F3 but similarities if compared with C4. Therefore,
S3 is tentatively attributed to the cathode. 4) Peak 4: At the anode
side, peak A4 shows a very similar behavior to A3 but time
constant around 107's; therefore, it is attributed to graphite
charge transfer processes. At the cathode side, charge transfer
processes are usually marked by peaks with broad magnitude

Energy Technol. 2022, 10, 2200547 2200547 (7 of 13)
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variations with respect to SoC, in the time constant interval
107%-10" 5.*?°! Given the match found on the cathode half-cell,
C4 is attributed to NMC charge transfer reactions. When analyz-
ing the full-cell, peak F4 cannot be clearly attributed to the anode
nor the cathode. Moving then to the cylindrical cell, S4 shows
large magnitude variations with SoC, as observed for NMC
charge transfer. Peak S4 is therefore tentatively attributed to
NMC charge transfer. 5) Peak 5: At the anode side, peak A5
shows small magnitude and time constant (8 x 10 's) at
SoC = 0% followed by magnitude growth and a time constant
shift to larger values at SoC =50% and SoC = 100%. This peak
is attributed to charge transfer processes, as found in the litera-
ture.?**?], At the cathode side, peak C5 is characterized by a wide
SoC variation and therefore attributed to NMC charge transfer,
similar to peak C4. Moreover, peak C4 and C5 are partially over-
lapped at SoC = 0% SoC. Same behavior is also found in the full-
cell and cylindrical cells with peaks F3/F4 and S3/S4, respec-
tively. If peak F4 is tentatively attributed to NMC charge transfer,
peak F5, which shows the same time constant shift and SoC var-
iations as in peak AS5, is instead attributed to graphite charge
transfer. The same conclusion applies for the fifth peak in the
cylindrical cell (S5). 6) Peak 6: This peak shows the largest mag-
nitude and variations with respect to SoC both for lab cells and
the cylindrical cell. Given the time constant higher than 10s, this
peak is attributed to diffusive processes.[*”) When comparing the
behaviors of peaks A6/C6 with respect to F6, it is hard to define
which electrode has the biggest impact on the full-cell.
Consequently, peak F6 and analogously S6 are attributed to
the diffusive processes occurring at both electrodes.

The summary of DRT analysis at BoL for half-cells, full-cells,
and cylindrical cell is given in Table 2 with the tentative attribu-
tion of physical processes to each DRT peak. The analysis at
EoL/EoT and imaging techniques will be used to refine and
unambiguously validate these results.

3.1.2. Assessment at EoL/EoT

The assessment at EoL/EoT is done by comparing the DRT pro-
files of cells that performed cycling tests with the pristine ones
(ID:NEW) presented in the previous paragraph. Figure 6 shows
the results at 50% SoC for half-cells, full-cells, and cylindrical
cells for different SoH values. As in the previous paragraph,
the peak analysis is performed from peak 1 to peak 6. 1) Peak
1: This peak does not have a clear trend with respect to cells’
SoH both in lab-made cells and in cylindrical cells. In the first
case, the small variability on the magnitude is attributed to
the cells’ assembling process. In the second case, the larger mag-
nitude is observed for cell ID:FC1 that was severely aged (63%
SoH). However, no clear behavior linked to cycling is found and
the attribution to electric and magnetic effects is confirmed with
no specific link to any degradation. 2) Peak 2: Anode and cathode
half-cells show similar magnitudes (peak heights) for peaks A2
and C2 but not related to SoH levels. More in detail, C2 shows a
significant higher magnitude for cells ID:NEW (100% SoH) and
ID:DOD20 (94% SoH) than for all the other cells. This trend is
unrelated to material degradation and is referred to impurities of
lithium metal electrode surface. In the case of A2, the peak vari-
ability can be addressed to differences among the cells in the SEI

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Table 2. Tentative DRT peaks’ attribution at BoL.
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Electric and SEl film Li metal CEl Cathode Anode charge Diffusion
magnetic effects reference electrode charge transfer transfer processes
Anode half-cell Al A2 A2 - - A3, A4, A5 A6
Cathode half-cell C1 - C2 c3 C4, C5 - («3
Full-cell F1 F2 . . F3, F4 F5 F6
Cylindrical cell S1 S2 - - S3, S4 S5 S6
(a) i Anode half-cells c) i8 Full-cells
1[——NEW: 100% SoH 1 [——NEW: 100% SoH :
16 “]|—— DOD20: 94% SoH A6 16 4 |[——DOD20: 94% SoH Fo
14 4|—— REF: 86% SoH ' 14 1| —— REF: 86% SoH T
3 12 4|——FD1:83% SoH = f--4-------d-mmmemde ] \';' 12 4|——FD1:83% SoH = [--4-------d-mmmmnd o fmr M oo
g 10 a FCO05: 79% SoH g 10 a FCO05: 79% SoH
5, - REF_w/oCV: 78% SoH A5 o g ] REF_w/oCV: 78% SoH
—~ ©]|—/—FC1: 63% SoH ~ ° J|——FCl: 63% SoH
E 64 e 6
) =)
4 4 B2 F3
2 2 4
0 . 0 -
105 10* 10° 102 10" 10° 10! 102 10 105 10* 10% 102 10 10° 10 102 10°
T [s] T [s]
b Cathode half-cells Cylindrical cells
(b) g (d)
16 1[——NEW: 100% SoH ||/ NEW: 100% SoH S6
4 |—— DOD20: 94% SoH —— DOD20: 94% SoH
14 | ——REF: 86% SoH —— REF: 86% SoH
' 12 -{|——FD1: 83% SoH |——FD1: 83% SoH
g 10 n FCO05: 79% SoH FCO05: 79% SoH
=) g ] REF_w/oCV: 78% SoH REF_w/oCV: 78% SoH
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w 61 c1 7 A 0
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2
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Figure 6. DRT profiles at 50% SoC of a cell NEW (100% SoH) and of the tested cells at EoL/EoT: a) anode half-cells; b) cathode half-cells; c) full-cells (coin

format); and d) cylindrical cells.

layer. It is worthwhile to mention that larger variations were
expected for this peak related to SEI growth/decomposition
and surface film formation (lithium plating). However, for con-
sistency in the postmortem procedure, the disk electrode for coin
cells was always cut in the same area on the outer side of graphite
that, in most the cases, was not severely aged as the inner part. If
compared with the half-cells, peaks F2 show lower magnitude
but increasing trend at decreasing SoH. Knowing that C2 is
mostly influenced by lithium metal electrode, F2 is tentatively
attributed to the SEI peak (A2), confirming BoL analysis. This
is also true in the cylindrical cell (S2), especially for cells that
reached SoH < 80% before 800 EqC (ID:FC1, REF_w/oCV,
and FCO5). Therefore, peaks F2 and S2 are tentatively attributed
to the SEI layer growth/decomposition. However, given the great
variations in S2, this peak is also tentatively linked to lithium plat-
ing. 3) Peak 3: At the anode side, peak A3 does not show relevant
variations with SoH. At the cathode side, peak C3 shows two
trends: 1) moderate rise in magnitude with no time constant

Energy Technol. 2022, 10, 2200547 2200547 (8 of 13)

variations for cells ID:FC1, ID:REF_w/oCV, and ID:DOD20
and 2) large rise in magnitude and shift toward bigger time con-
stants for cells ID:FCO05, ID:FD1, and ID:REF. Therefore, cath-
ode degradation looks more relevant after a certain number of
cycles (i.e., 700 EqC) and at certain SoH (e.g., SoH < 94%).
Similar peak behaviors are found analyzing F3 and S3 that con-
firm the attribution at BoL and that are consequently attributed to
NMC degradation mechanisms (such as particle disordering and
cracking). 1) Peak 4: Peaks A4 and C4 show a rise in magnitude for
cycled cells compared with cell ID:NEW. In both cases, this phe-
nomenon is attributed to electrode degradation which affects
charge transfer processes. When analyzing F4 and S4, peak var-
iations are less pronounced but show similar trends. Therefore,
and coherently with respect to peak 4 attribution at BoL, peaks
F4 and S4 are tentatively attributed to cathode degradation.
Imaging techniques applied on electrode material will be used
to validate this result. 2) Peak 5: No specific trend with SoH is
found at the anode side, nor at the cathode side. However, when

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Table 3. Tentative DRT peak attribution at EoL/EoT.

SEl growth/ Lithium  Cathode Anode Diffusion
decomposition plating degradation degradation process slow

down
Anode half-cell A2 - - A4, A5 A6
Cathode half- - - C3,C4 - Cc6
cell
Full-cell F2 - F3, F4 F5 F6
Cylindrical cell S2 S2 S3, S4 S5 S6

analyzing the full and cylindrical cells, an increase in magnitude
for aged cells is found, specifically at SoH lower than 80% (IDs:
FC1, REF_w/oCV, FC05). Moreover, DRT profiles at SoC = 0%
and SoC = 100% of the aged cells show similar time constant shift
behavior of peaks F5 and S5 compared with peak A5 of half-cells,
as at BoL. Therefore, F5 and S5 attribution at BoL is confirmed
(anode charge transfer phenomena) and the rise in magnitude
is associated with anode degradation. 3) Peak 6: No specific
trends allow to attribute peaks F6 and S6 to the anode or the
cathode degradation. However, the lower the SoH, the larger
the peak magnitude rise. This phenomenon can be related to
general slowdown of the cells kinetic that influences diffusive
processes. Consequently, this behavior confirms the attribution
of F6 and S6 at BoL.

The summary of degradation mechanisms attributed to DRT
peaks is given in Table 3. This analysis allowed to refine most of
the attributions done already in Table 2 (e.g., the attribution of
the SEI film to the second DRT peak). The tentative attribution
will be validated with the results of imaging techniques that are
given in the next paragraph.

3.2. Validation through Imaging

The DRT peaks attribution performed on lab and cylindrical cells
(Table 2 and 3) has been validated with imaging techniques.
The validation objective is twofold: 1) to address the specific deg-
radation mechanisms occurring at anode and cathode sides and
2) to confirm that specific DRT peaks belong either to the cathode
or anode electrodes. As mentioned in Section 2.3, three techni-
ques have been exploited: digital imaging, optical microscopy,
and SEM. The imaging is performed both on the graphite
electrode and on the NMC electrode.

www.entechnol.de

3.2.1. Graphite Electrode

After cell disassembling and unrolling, the anode looked fragile
and prone to exfoliation on the edges. Digital images have been
taken inside the glovebox on both electrode sides. As shown in
Figure 7 for all the seven cells (NEW + aged), the most relevant
deterioration is concentrated in the inner part of the electrode,
that is, the area close to the positive tab. From left to right,
the first two pictures represent the cell ID:NEW (100% SoH)
and the cell ID:DOD20 (94% SoH): no differences or deteriora-
tion effects are detected. For all the other cells, gray film forma-
tion of variable extent is observed on the graphite surface, which
can be associated with lithium plating.®" These visual findings
have been qualitatively compared with the DRT peak variations of
cylindrical cells. Table 4 assesses on a 0-5 scale the plating for-
mation over the whole electrode surface assuming 0 for cell ID:
NEW and 5 for the most plated electrode (i.e., cell ID:FC1): the
larger the plated area, the larger the rise in magnitude of peak S2.
In fact, deposited lithium leads to a longer path for lithium ions
to intercalate into graphite and consequently blocks the contact
between the electrolyte and SEI layer while reducing the available
surface.?® The process results in an increase of resistance, which
is detected by the S2 peak magnitude rise. Specifically, cell ID:
FC1 reached very low SoH (63%) and shows a spotted covering
on the whole graphite surface (Figure 7g). Similar effect is found
in cell ID:FCO5 (Figure 7e). Cell ID:REF_w/oCV instead shows a

Table 4. Trend of commercial cells’ DRT peaks at 50% SoC compared with
degradation detection made with digital imaging on the anode (graphite).
The peak variation is small (1) or big (11) and evaluated with respect
to NEW cell. Lithium plating is ranked on 0-5 scale between NEW and
FCT cells.

Cell SoH [%] Commercial cell DRT Li plating detection
peaks at 50% SoC with digital imaging
S| s2 s3 sa s5 s Ontheanode
NEW 100 - - = = - - OOoc4a
DOD20 94 e N | [
REF 86 e S N | BOOOd
FD1 81 e L A | EROOO
FCO5 79 e L N | EEECO
REF_w/oCV 78 - - - 1 1 EEECO
FC1 63 oo - = 1 ENEEN

Figure 7. Digital imaging of graphite electrodes: a) NEW cell; b) DOD20 cell; ¢) REF cell; d) FD1 cell; ) FCO5 cell; f) REF_w/oCV cell; and g) FCT cell.
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lower extension of the plated area but is shinier and more homo-
geneous. All the other cells, that is, ID:REF and ID:FD1 in
Figure 7c,d, show a smaller plated area, corresponding to a
smaller rise in magnitude of peak S2. The presence of deposited
lithium on these cells suggests that lithium plating is induced by
SEI layer growth and decomposition, as found in previous
works.>*? These analyses confirm the attribution of peak S2
to SEI layer-related phenomena and to lithium plating.

Optical microscopy has been then applied to some graphite
samples, as listed in Table 1, to investigate deeper graphite deg-
radation at the micrometer scale. Figure 8 shows the results of
optical microscopy applied to cell ID:NEW, cell ID:REF, and cell
ID:FD1 both in a nonplated area and in plated one. In the first
two cases (Figure 8a,b), the graphite structure is clearly visible
over the whole observed area and, despite cell ID:REF reached
EoT at 86% SoH; no structural changes or damages are detected
if compared with pristine graphite (ID:NEW). In the case of
Figure 8c, the graphite structure is visible in the background
but a formation on the electrode surface hinders it partially.
This formation, not visible in electrode pictures, is associated
with SEI layer decomposition which led to lithium plating.

Figure 8. Optical microscope imaging of graphite electrodes: a) NEW cell;
b) REF cell; ¢) FC1 cell in a nonplated area; and d) FC1 cell in a plated area.

www.entechnol.de

When focusing on a fully plated graphite area for the same cell
(Figure 8d), the graphite structure is fully covered by a layer of
lithium metal with visible cracks. SEM imaging is used to inves-
tigate plated and nonplated regions when compared with the
pristine sample (ID:NEW). Figure 9b shows cell FD1 nonplated
region: graphite grains are still visible as in cell ID:NEW
(Figure 9a) but partially covered with film formation. This film
has cracks and irregular morphology as the one observed on the
plated region of cell ID:FD1 (Figure 9c). This confirms that lith-
ium plating, as the product of SEI layer growth, is present also
when not visible with digital imaging. In general, the partial or
full covering of graphite grains could inhibit the ion exchange
during cell charging and discharging processes. Consequently,
the presence of plating not only causes consumption of lithium
ions but also loss of anode material due to its inhibition; this
phenomenon is considered as graphite degradation and, in turn,
affects graphite charge transfer reactions. This conclusion vali-
dates the attribution of peak S5 both at BoL and at EoL/EoT
to graphite charge transfer and its degradation (Table 4).

Overall, imaging applied to the graphite electrode allowed to
validate two DRT peaks: 1) peak S2, which is associated with SEI
layer with its growth/decomposition degradation mechanisms
and lithium plating and 2) peak S5, which with associated with
graphite charge transfer reaction and graphite degradation (loss
of active material).

3.2.2. NMC Electrode

Different from the graphite electrode, NMC electrodes did not
show visible degradation during unrolling. The crosscomparison
of all pictures taken with the digital camera showed no differen-
ces in terms of colors or surface deterioration. Therefore, more
accurate investigations were performed with optical microscopy
and SEM. If the first only allowed to observe the structure of
NMC with its grains, or well-knowm “secondary particles,” the
magnification from SEM provided insights on the degradation
mechanisms. Figure 10 shows the surface and cross-section
SEM images of cell ID:NEW (a—d), cell ID:FC1 (b-e), and cell
ID:REF (cf). In all cases, the cathode structure with secondary
particles of variable sizes is visible. Cell ID:NEW (100% SoH)
and ID:FC1 (63% SoH) are quite similar in terms of particles
size and material brightness. Most probably the severe fast
charge protocol of cell FC1 (cell brought to EoL in less than
100 EqC) impacted only the graphite electrode, with no impact
to cathode. In the case of cell ID:REF, Figure 10c shows small

Figure 9. SEM imaging of anode electrodes: a) NEW cell; b) FC1 cell in a plated region; c) FC1 cell in a nonplated region.
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Figure 10. SEM imaging of cathode electrodes. Planar surface samples: a) new cell; b) FC1 cell; c) REF cell. Cross-section samples: d) new cell; e) FC1 cell;

f) REF cell.

Table 5. Conclusive DRT peaks’ attribution: physical processes and degradation mechanisms.

DRT peaks’ cylindrical cell

S1 S2 S3 S4 S5 N3
Time constant range [s] <107* 1071072 1072-107" 107'-10° 10°%-10 >10'
Physical process Electric and SEl Cathode charge Cathode charge  Anode charge transfer Diffusion processes

magnetic effects

Degradation mechanism - SEl growth/decomposition;

Li plating

transfer/CEl transfer

Cathode particle cracking Graphite degradation Kinetic slow down

cracks and a general higher shininess, which can be attributed to
a higher amount of nonelectronic conductive material in the elec-
trode, that is, to NMC degradation.”® Cracking is more evident,
analyzing the cross-section sample in Figure 10f, where several
secondary particles are affected by these degradation mecha-
nisms compared with the cross-section samples of cells NEW
and FC1 (Figure 10d,e). The differences in degradation between
REF and FC1 can be related to the same difference registered in
DRT peaks S3 and S4 for the same cells (Table 4). While in REF
cell there is a rise in magnitude for both peaks, and this is not the
case for cell ID:FC1. Therefore, it is concluded that peaks S3 and
S4 can be used to track cathode degradation, mostly related to
particle cracking.

3.2.3. Validation: Final Remarks

Imaging techniques allowed to validate the tentative peak
attributions made at BoL (Table 2) and EoL/EoT (Table 3).
The summary of physical processes and degradation mecha-
nisms attributed to the DRT peaks of cylindrical cells is reported
in Table 5, including the time constant range for each peak.

Energy Technol. 2022, 10, 2200547 2200547 (11 of 13)

On one side, the peaks univocally attributed to the anode are
S2, which accounts for SEI layer and its growth/decomposition
(including lithium plating), and S5 which accounts for graphite
charge transfer and its degradation. On the other side, the peaks
univocally attributed to the cathode are S3 and S4, which
both account for charge transfer processes and cathode
particle cracking degradation. Peak S1 accounts for electric
and magnetic effects and it is invariant with respect to cell deg-
radation. Peak S6 accounts for diffusive processes and its
behavior with respect to aging depends mainly by the
kinetic caused in turn by the general degradation at the two
electrodes.

4, Conclusion

EIS and DRT were investigated as a comprehensive measure-
ment and a promising postprocessing method to analyze
cell aging and detect the different degradation mechanisms,
respectively. DRT is a powerful tool to magnify the polarization
effects overlapped in the frequency domain by a peak-based

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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representation with different peaks (six for the tested cells) char-
acterized by different magnitudes and time constants.

Different cycling protocols have been applied on commercial
Li-ion cells to emulate different aging paths, including high
charging and discharging rates and reduced DoDs. We analyzed
DRT profiles at BoL and EoL/EoT and compared them for cylin-
drical cells and lab-made cells in coin formats (full-cells, cathode
half-cells, and anode half-cells). The objectives were to discrimi-
nate between the processes at the cathode or the anode sides by
analyzing the analogies between the lab-made half-cell and
full-cell measurements and relate them to specific DRT peaks
of commercial cells. Imaging techniques (digital imaging, optical
microscopy, and SEM) on samples extracted from the cylindrical
cells were used to assess the degradation mechanisms at cathode
and/or anode and ultimately to validate their tentative DRT peaks
attribution.

The summary of physical processes and degradation mecha-
nisms attributed to the six DRT peaks is as follows: 1) peak S1 is
invariant with respect to aging and attributed to electric and mag-
netic effects; 2) peak S2 is attributed to ion transport trough
graphite’s SEI layer and it is influenced by SEI growth/decom-
position and lithium plating degradation mechanisms; 3) peaks
S3 and S4 are attributed to cathode charge transfer reactions and
to NMC degradation due to particle cracking; 4) peak S5 is attrib-
uted to graphite’s charge transfer reactions and its related graph-
ite degradation; and 5) peak S6 is attributed to diffusive processes
and accounts for general kinetic slow down due to general deg-
radation at both electrodes.

The use of imaging techniques validated the different aging
attributions at the graphite and NMC electrodes. In the first case,
lithium plating was detected via digital imaging and optical
microscopy and its formation from SEI layer growth/decompo-
sition was confirmed with SEM. In the second case, only SEM
imaging gave enough accuracy to appreciate particle cracking
degradation on the cathode material. Therefore, it is concluded
that digital imaging can be used as a validation tool to spot
“macro” degradation effects on the electrode surface, while more
complex tools (e.g., optical microscopy, SEM) should be used to
differentiate between them and to assess their severity.

Overall, the methodology presented in this work included:
1) cell testing with different aging conditions with EIS measure-
ments at regular intervals and cell disassembly for postmortem
analyses (lab-cell making and imaging); 2) analysis of DRT
profiles at BoL and EoL for peaks’ attribution, comparing
lab-made cells (half-cells and full-cells) with cylindrical cells;
and 3) validation of the peaks’ attributions through digital
imaging, optical microscopy, and SEM applied on anode and
cathode electrodes. All these steps can be replicated and applied
to other Li-ion cells with different format sizes or cathode
chemistry. However, the application of the presented methodol-
ogy could be limited by two factors: 1) DRT calculation depends
on the quality of EIS measurements both for commercial and for
lab-made cells; therefore, it is necessary to collect reliable meas-
urements; 2) the validation of micrometer-scale degradation
mechanisms is only possible with expensive and complex tech-
niques (such as SEM).

The findings of this work could be used to develop suitable
indicators associated with DRT peaks. These indicators could
be used twofold: 1) to reliably estimate the SoH, avoiding long

Energy Technol. 2022, 10, 2200547 2200547 (12 of 13)

www.entechnol.de

full-capacity measurement, and 2) to build more robust battery
models (e.g., ECMs) based on parameters that are mapped from
BoL to EoL.
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