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Degradation of low cobalt lithium-ion cathodes was tested using a full factorial combination of upper
cut-off voltage (4.0 V and 4.3 V vs. Li/Li*) and operating temperature (25 °C and 60 °C). Half-cell
batteries were analyzed with electrochemical and microstructural characterization methods.
Electrochemical performance was assessed with galvanostatic cycling, cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) supported by distribution of relaxation times (DRT)
analysis. Electrode microstructure was characterized with scanning electron microscopy (SEM), X-ray
diffraction (XRD), and X-ray absorption near edge structure (XANES) imaging. Higher cut-off voltage
cycling shows presence of NiO, formation, a low diffusivity rock-salt phase, in both CV and XRD data.
XRD patterns confirmed that the rock-salt phase was beginning to form at the low cut-off voltage at
high temperature, but in much lower intensity than at the high cut-off voltage. Higher temperature
accelerates degradation processes at both voltages. Degradation factors at high temperature include
NiO, formation, cathode material dissolution, and electrolyte decomposition. SEM analysis suggests that
supporting phases may isolate and disconnect active material particles reducing capacity retention and
battery life cycle. DRT analysis and XANES imaging show that both high temperature samples revealed

Received 9th September 2024, a NiO, phase based on an increased diffusive impedance and a visible shift in the XANES spectra. The

Accepted 8th December 2024 low cut-off voltage, high temperature sample showed a split peak and shift to lower energies indicating
early formation of the NiO, phase. The diffusive impedance, which hinders intercalation and

deintercalation, is driven by the formation of the NiO, phase. While primarily driven by cut-off voltage,
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rsc.li/energy-advances elevated temperature also contributes to this degradation mechanism.

LIBs. Advancements in battery materials and microstructures
have helped reduce, but not eliminate, variations in key drivers
of degradation such as cell voltage, temperature, local current

1. Introduction

Further development of the next-generation lithium-ion battery

(LIB) requires increased energy density paired with the cap-
ability for fast charging. This development needs to keep pace
with the increasing market share projection for electric vehicles,
demand for mobile devices, and need for grid-scale energy storage.
Electrodes that are capable of increasing the cell energy density
and capacity have been studied and developed throughout the past
forty years by optimizing active materials and microstructural
geometries." ™ Although promising, these materials still pre-
sent a range of challenges covering areas of performance,
reliability, and sustainability. Among these challenges, battery
degradation limits the performance and reliability of current
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density, and heat generation. These conditions have been
shown to contribute to the degradation of both cathode and
anode." A better understanding of the degradation mechan-
isms that affect next generation batteries is necessary for the
design and development of the batteries needed to support a
more sustainable global energy infrastructure.

Graphite, the common commercial anode active material,
yields a theoretical capacity of 372 mA h g™, whereas most
cathode active materials are limited to capacities under
200 mA h g™, This capacity asymmetry is a primary motivation
for pursuing higher capacity cathode materials to improve overall
cell capacity. The most common active material used commer-
cially for anodes is graphitic carbon, while commercial cathodes
use lithium-transition metal oxides. Specifically, layered transition
metal oxides of the form LiMO, (M: Ni, Co, Mn, or a combination
thereof) offer a route to increase overall capacity.””"> Forms of the
oxide Li(Ni,Mn,Co;_,_,)O,, or NMC, offer theoretical capacities of
up to 250 mA h g~ . For these materials, there is a drive to reduce

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0003-4287-362X
https://orcid.org/0000-0002-4845-1850
https://orcid.org/0000-0003-0251-6337
https://orcid.org/0000-0002-1170-245X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4ya00530a&domain=pdf&date_stamp=2024-12-16
https://doi.org/10.1039/d4ya00530a
https://doi.org/10.1039/d4ya00530a
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00530a
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA004002

Open Access Article. Published on 10 December 2024. Downloaded on 4/24/2025 8:49:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

or eliminate cobalt content due to supply chain sensitivity as
well as environmental and humanitarian issues in the cobalt
supply chain.

One of the most common solutions for reducing the amount
of cobalt in NMC cathodes is the increase of Ni content, which
is favorable due to the higher specific capacity achieved with
higher Ni content.'®'” However, increasing Ni content results
in faster electrochemical cell degradation and increases ther-
mal instability."®'® The electrode structure can significantly
influence the thermal and electrochemical responses of Li-ion
batteries, further affecting their performance under varying
operational conditions.*>*' This degradation is associated with
several phenomena including oxygen release from the active
material, impedance rise, transition metal dissolution, and
fracture of the active material microparticles.”?* It can be
mitigated by restricting operating voltage, as the key degrada-
tion mechanisms are driven largely by crystal structure changes
at higher voltages. However, this approach inherently reduces
the overall cell capacity.’

In addition to degradation due to increase Ni content,
temperature is another major factor that influences cathode
degradation.>*”®” Temperature cycling above 60 °C accelerates
capacity and power degradation through different mechanisms.
At increased temperatures, most reactive cathode materials
(using Fe**, Mn”*, and Ni*" metal ions for intercalation
reactions) may also suffer from partial dissolution when react-
ing with hydrofluoric acid (HF), which is a remnant from trace
water impurities during cell assembly that reacts with LiPFg
commonly used as the salt in the electrolyte. Damage to the
solid electrolyte interphase (SEI) and electrolyte decomposition
can occur due to this side reaction.>®*® Electrolyte decomposi-
tion can increase the SEI layer in the cathode and lead to loss of
lithium inventory.">° To further understand the degradation
within LIBs without the need for invasive techniques, EIS, a
non-invasive technique, has been of recent interest to improve
understanding of diffusion, mass transport, and other impe-
dance effects.*® Electrochemical reactions at the electrode-
electrolyte interface can be divided into a series of multistep
including mass transport and charge-transfer

3132 that each occur at distinct rates and frequencies,
33,34

processes,
processes,
and may impact battery behavior over different timescales.
The use of EIS enables analysis of the time-dependent mechan-
isms based on the response of the system collected at a range of
frequencies.

The predominant method of analyzing EIS is through the use
of equivalent circuit models (ECMs). ECMs allow for the tracking
of impedance changes occurring within the cell by correlating
them to specific circuit parameters. Determination of a proper

Table 1 Lithium-ion DRT peak attributions from literature
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equivalent circuit often relies on individual experience and litera-
ture reports, but it is also possible to have multiple circuits that
statistically fit the collected data or multiple processes occurring
in a similar frequency range. The non-unique nature of ECMs
brings challenges to accurately analyzing collected EIS results.*>”

In these cases, it is difficult to determine the best circuit to
describe the observed physical behavior. Due to the ambiguity
of some equivalent circuit models, multiple research groups
have applied the method of distribution of relaxation times
(DRT) to impedance data as an alternative analysis method.**3°
These models use measured impedance at specific frequencies
to analyze frequency dependent polarization effects. DRT
analysis has been successfully used to detect lithium plating
during fast charging,’® to evaluate aging mechanisms during
low temperature and high temperature cycling,*! and to deter-
mine predominant processes within the impedance spectra of
lithium-ion batteries.>*3"*

EIS coupled with DRT can provide valuable insight into LIB
degradation. Since the time constant distribution produced
by DRT is a frequency dependent process, it is possible to
identify electrochemical phenomena based on the location of
individual peaks within the distribution.** Peak attributions for
lithium-ion batteries have been identified in literature using
data collected from full cells, half cells, and symmetrical cells,
as shown in Table 1. Tracking the evolution of these peaks
provides an unambiguous means of assessing degradation
mechanisms.

Direct observation of battery microstructure with X-ray
imaging provides a strong complement to electrochemical
analysis for layered oxide cathode materials.**">° X-Ray micro-
tomography can be employed to quantify transport properties,
geometrical features, and morphological parameters, which
are critical for understanding battery performance and degrada-
tion.**** X-Ray tomography provides micro- and nano-scale 3D
visualization of battery materials with the capability for discerning
chemical composition. X-Ray absorption near-edge structure
(XANES), an analytical technique, is typically used to track
changes of oxidation state in electrochemically active elements
by investigating the cross section of an absorption edge. Three
primary sections of the XANES region are typically analyzed.>?
First, the intensity of pre-edge features is affected by the coordi-
nation geometry of the central atom. Second, at the edge,
a formal oxidation state may be assigned as the energy of the
edge. Third, beyond the edge, the coordination shells can be
investigated as scattering occurs from neighboring atoms.
Recent research on cathodes has analyzed the XANES spectra
at the white-line position, known as the principal absorption

maximum.**** By tracking the white-line position, research on

Frequency range (Hz) Peak attribution Ref.

107 '-10" Constant phase and solid-state diffusion 34 and 36
10'-10” CEI (cathode electrolyte interphase) 35-37, 41 and 42
10%-10? SEI (solid electrolyte interphase), lithium counter electrode 34, 35 and 42
10%-10° Contact resistance 35, 36 and 42
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nickel-rich layered cathodes showed significant differences
in the probability density distributions for the degradation
response of two different electrolytes, which explicitly showed
changes within the oxidation states of the samples.*?

In this paper the combined effects of upper cut-off voltage
and operating temperature are analyzed for low-cobalt LIB
cathodes. A full factorial set of experiments for high and low
values of each variable is tested. Cycling tests and electro-
chemical characterization, including EIS supported by DRT
analysis, are paired with materials characterization including
SEM, XRD, and nanoscale XANES imaging. Combined these
methods provide a picture of degradation in both the crystal
structure of the active material and cathode microstructure.
While the upper cut-off voltage is found to drive degradation
behavior, the results demonstrate that temperature also con-
tributes to performance degradation, even under voltage con-
ditions that are expected to have lower risk of performance
degradation.

2. Methods

2.1. Materials and battery fabrication

Cathodes were produced using Li(Niy gMn, ;€04 1)O, (NMC811)
active material (MSE Supplies). The fabrication of slurries
consisted of mixing the active material (AM), carbon black
(MSE Supplies) as the conductive additive (CA), and PVDF
(Sigma Aldrich) as the binder (B) in a ratio of 90:5:5 (AM: CA: B)
by weight. These components were mixed with N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich) solvent by a 4:1 volume to
mass ratio, to get a slurry consistency that facilitated casting.
The mixture was then mixed in an automatic vortex mixer
(VWR-120 V) intermittently for 20 minutes using glass or
zirconium balls.

Prior to casting, the cathode foil substrate was cleaned and
etched on both sides using deionized water and isopropanol as
described by Minter et al.>* The substrate used was a 15 um
thick aluminum (Al) foil (Electrodes and More). After substrate
cleaning, the electrode slurry was cast on the foil with a wet
thickness of 150 pm using an automatic coater with a doctor
blade (Elcometer 4340). Following casting the electrode was
dried for 12 hours at ambient conditions before drying for
6 hours under vacuum at 85 °C using the vacuum oven
(JeioTech-OV11).

Different types of battery assembly formats were used for
testing, specifically test cells, single layer pouch cells, and coin
cells. All batteries were assembled and cycled in a half-cell
format. The main components of these batteries are Li foil
(anode), Celgard separator (MTI Corporation), 1.0 M LiPF4 in
ethylene carbonate and diethyl carbonate (EC/DEC) electrolyte
(Sigma-Aldrich, battery grade) and NMC cathode on Al sub-
strate. These cells were assembled under a glove box filled with
argon. Test cells from EL-cell and MTI were assembled and
cycled for half-cell formats. As with test cells, half-cell pouch
cells were manufactured using the same ratios and preparation
sequence. The main difference in the formats resides on the
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sealing of the pouch cell battery; whereas with the test cells it is
done by applying manual pressure, with the pouch seal it needs
to be done with a thermal sealer. Finally, half-cells were also
prepared in coin cell format using the electric coin cell crimp-
ing machine (Micro&Nano Tools ECCCM-160E-A). The pressure
used for crimping each battery was 1.30 T. All formats showed
proper electrochemical data results and repeatability consistent
with data in the literature.>*™’

2.2. Cycling and electrochemical characterization

Several electrochemical techniques were applied to the fresh
and cycled batteries to assess changes in performance that
occur due to voltage and temperature conditions. These tests
included galvanostatic cycling with potential limitation (GCPL),
cyclic voltammetry (CV), and electrochemical impedance spec-
troscopy (EIS) supported by distribution of relaxation times
(DRT) analysis. Primary electrochemical tests were run on a
BioLogic VSP Modular 4 channel potentiostat/galvanostat.
A separate BioLogic SP150 single channel potentiostat/galvanostat
was also used to support this testing. Additionally, a 16-channel
Neware BTS4000 was used for supplemental GCPL cycling of
coin cell batteries.

Prior to cycling and electrochemical characterization, all
batteries were subject to an initial SEI formation, following
the cycling protocol shown in Table 2. Note that all voltages
reported for the half-cell batteries are taken relative to the Li/Li"
redox couple unless indicated otherwise. All formation cycling
was performed under ambient conditions. Initially the batteries
were held at open circuit voltage (OCV) prior to charging at C/20
until an upper cut-off voltage (UCV) of 4.0 V was reached. The
voltage was held for 2 hours or until current was less than
0.05C. This step was followed by a discharge step down to 3.2V,
and finally a charge step to 4.0 V and hold for 2 hours. After the
formation cycle, batteries were connected to the potentiostat
to perform initial EIS studies. Following EIS the cells were
either subjected to CV testing or cycled using the incremental
charging protocol.

2.2.1. Cycling studies. Cycling studies were done with an
incremental C-rate cycling protocol (Table 3), the lower cut-off
voltage window was sustained at 3.0 V while the UCV varied
depending on the low (4.0 V) or high (4.3 V) condition. Initially
the batteries were left 1 hour at OCV. After this period a
constant 0.1C charge current was applied until the specified
UCV was reached. Once reached the voltage was held for 2 hours
or until current was less than 0.05C. This voltage hold was
followed by a discharge step down to 3.0 V. This loop was

Table 2 Formation cycling protocol steps for NMC half-cells

Step Action Voltage range (V) C-Rate Time elapsed (hours)

1 Rest ocv 0 1
2 Charge [OCV-4.0] 0.05C 20
3 Hold 4.0 Until <0.05C <2
4  Discharge [4.0-3.2] 0.05C 20
5  Charge [3.2-4.0] 0.05C 20
6 Hold 4.0 Until <0.05C <2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Incremental cycling protocol steps for NMC811 half-cells. The
0.1C loop is presented. Incremental C-rates (0.1C, 0.2C, 0.4C) are applied
using the same protocol

Step Action Voltage range (V) C-Rate Time elapsed (hours)

1 Rest ocv 0 1
2 Charge [OCV-UCV] 0.1C 10
3 Hold ucv Until <0.05C <2
4  Discharge [UCV-3.0] 0.1C 10
5 Charge [3.0-UCV] 0.1C 10
6 Hold ucv Until <0.05C <2
7  Return to step 2 until count equals 5 cycles

repeated 5 more times before stepping to the next C-rate.
An example for the initial loop is shown in Table 3. The same
charge and discharge loop was maintained, skipping the initial
OCV period, with increasing C-rates of 0.1C, 0.2C, 0.4C, and
then cycled back again to 0.1C cycles. All of the abovemen-
tioned cycles were repeated 5 times each for a total of 25 cycles.
These studies were performed at 25 °C and 60 °C in a full
factorial arrangement for each high and low setting for UCV
and temperature. Temperatures were maintained using a
benchtop environmental chamber (Electro-Tech Systems). After
completing the protocol, EIS and CV were performed on each
battery to assess their electrochemical conditions. Details of
these measurements are provided below.

In the above protocol, even though the C-rates are incre-
mental they do not exceed C/2 rates to prevent entering into the
fast charging region, which can exacerbate degradation of
the Li metal anode rather than the cathode.’®* Presence of
Li plating and dendrites are expected in the Li metal anode,
mainly due to its reactive nature. Hence, the capacity fade is
impacted by degradation of the anode in all of the experiments.
Nevertheless, choosing a Li foil as anode maintains a contin-
uous pool of available Li for cycling. With this consistent
arrangement it is still possible to assess the main degradation
mechanisms of the NMC electrode and establish the connection
between capacity fade and cathode microstructural degradation.

2.2.2. Electrochemical characterization. Electrochemical
characterization was performed using CV and EIS. The CV
technique partially degrades the batteries. Therefore, to obtain
the initial CV curves, an uncycled battery was used in order to
avoid further degradation. For the values obtained after the
tests, CV was applied after the incremental cycling protocol was
finished. EIS was performed before and after the incremental
cycling protocol. Cyclic voltammetry was performed with scan
steps of 0.1 mV s~ !, from vertex potentials from 3.0 V up to
4.0 V or 4.3 V. The recorded current was averaged over 10
voltage steps through five repetitions of the scan. EIS was used
to understand the impedances of the fresh and all cycled cells
configurations, and to correlate these resistances to perfor-
mance degradation. EIS measurements were performed at 0,
20, 40, 60, 80 and 100% SOC with a multi-channel potensiostat/
galvanostat (Bio-logic VMP-5). The frequency range was 100 kHz—-
0.01 Hz, with a 5 mV sinusoidal perturbation amplitude.

The DRT model has been used to find the characteristic
distribution of the EIS timescales. Derivation of the basic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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model has been extensively outlined within multiple publica-
tions and should be referenced for questions regarding the
statistical treatment of the data.***®*° The analysis in this
publication was conducted using research from Li et al., which
presents the connection between the distribution of relaxation
times and the impedance data as:

00

g(0)

Z — R, +R,| —2
prr (/) + pJO 1+ i2nft

where Zpgrr(f) is the measured impedance data at frequencies,
f, R, is the high frequency cut-off resistance, R, is the polar-
ization resistance, and g is the distribution function of relaxa-
tion time constants.>® To ensure the data collected via EIS
was of high enough quality to extract physical constants, the
Kramers Kronig test for linearity and time invariance was
conducted on the EIS data.**®°® The KK residual, which is the
difference between the theoretical and experimental impedance
values from the Kramers Kronig test, is then evaluated. KK
residuals below 1% represent data that is exceptionally fit for
DRT analysis and can be used to extract physical constants.®® For
this work, the Lin-KK Tool created by the Institute for Applied
Materials has been used.®*®® All data presented in this work has
been checked using Lin-KK to determine that the quality was high
enough to be used for further DRT analysis.

2.3. Materials characterization

2.3.1. Scanning electron microscopy. SEM imaging was
performed using a LEO 1550 SEM available in the University
of Alabama in Huntsville Nano and Micro Devices Center.
SEM images were taken at two different accelerating voltages
(10 kv and 15 kV) of secondary electron detector (SED) and
backscattered images (BS). These images were used to compare
morphology and material polarization respectively, for the
pristine and cycled electrodes microstructural surfaces. In this
paper the format of comparison will be shown using first BS
images at the lowest resolution to observe the contrast between
different cathode materials (AM from CA:B regions) of the
cathode samples. SED and BS from a general low-resolution
comparison were used for observing the general distribution
of the particles within the supporting phase. Finally, higher
resolution images were taken to observe detailed regions of
interest (<10 pm).

2.3.2. X-Ray diffraction. X-Ray diffraction data for the pris-
tine cathodes and all cycled combinations was obtained after
the electrodes were cycled and disassembled. X-Ray diffraction
patterns were obtained using Cu-K, radiation in a Rigaku
MiniFlex 600 XRD system. The resulting data was analyzed to
further understand the evolution of the crystal structure varia-
tion that was observed in the cycling, electrochemical, visual,
and SEM characterizations. Primary assessment was made
through comparison of electrode XRD patterns to standards
from the International Centre for Diffraction Data (ICDD)
database. The XRD results will help to clarify how the impact
on the basic ionic interaction at the NMC crystal level structure
can affect the performance and evolution of the cathodes at
different mesoscale levels.

Energy Adv., 2025, 4, 304-319 | 307


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00530a

Open Access Article. Published on 10 December 2024. Downloaded on 4/24/2025 8:49:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

2.3.3. Transmission X-ray microscopy. Ex situ X-ray micro-
scopy was conducted using the full-field transmission X-ray
microscope (TXM) at the National Synchrotron Light Source II
(NSLS-II) Full-field X-ray Imaging (FXI) beamline (18-ID) at
Brookhaven National Laboratory. Samples from varying electro-
des were carefully cut into triangles and sealed between Kapton
film. To ensure that all samples would be acceptable for
analysis, they were viewed in an optical microscope to ensure
that the pointed tip of the triangle remained intact, which
allowed for the collection of 3D XANES data. Data was collected
at an energy range of 8230 eV to 8700 eV with 62 steps using an
exposure time of 0.05 seconds. At each energy level the sample
was rotated from 0 to 200° using a 0.3° step size. The resulting
pixel size was 43.3 nm. Seven datasets were collected, of which
two were pristine, two were high temperature and high cut-off
voltage, one was high temperature and low cut-off voltage, one
was room temperature high cut-off voltage, and one was room
temperature low cut-off voltage. Representative samples were
chosen based on the usability of the results gathered from
electrochemical characterization following the procedure out-
lined above. Particular attention was given to the EIS results to
ensure that the imaged samples would correspond to datasets
that could be further analyzed using the DRT method.

An open-source software, TXM-Sandbox, was used to recon-
struct the tomographic datasets and determine the Ni K-Edge
white-line position.®” White-line position is referred to as the
absorption edge maximum that can be used as a feature of the
XANES spectrum to track valence state charge.®® A watershed
threshold was then applied within ImageJ on the tomographic
reconstructions to remove the background.®® The background
value was set to zero, while particle values were set to one. This
threshold was then multiplied by the 3D-XANES dataset using
the image calculator plug-in to mask the background and retain
the desired particle data. Ten slices that were equally spaced
apart within the image stack were then chosen for further
analysis. Equal spacing was chosen to ensure that there was
adequate representation from the entire image stack. The
chosen image slices were then imported into MATLAB for
viewing and analysis. Histograms were generated using the
histfit function with kernel distribution, a nonparametric
representation, to avoid making assumptions regarding the
distribution of the data.

The particle size distribution (PSD) for the NMC811 active
material was also calculated based on the X-ray microscopy
dataset. For the PSD analysis, X-ray nanotomography data
collected at 8350 eV as part of the larger XANES imaging scan
was used. An open source toolbox MATBOX’® and FIJI®® were
used to process and segment the tomographic reconstructions
to remove background and noise. The PSD was then calculated
on these segmented images. FIJI was used to visually review and
crop the dataset prior to further processing in MATBOX. The
RO, filtering, and segmentation module in MATBOX was used
to filter and segment the dataset. This tool was used to apply a
median filter, up/down scale the dataset, and apply contrast
correction. MATBOX was also used to fully construct a 3D
microstructure for visual analyses. The fully segmented dataset
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was then passed to PSD calculation with the MATBOX charac-
terization module. MATBOX has a variety of numerical methods
for calculating particle size and particle size distribution. For this
analysis, the continuum particle size distribution (c-PSD) numer-
ical method was used to calculate particle size distribution. The
¢-PSD method in MATBOX applies a spherical assumption for
voxels, and as a result produces an underestimate of the actual
phase size. The PSD analysis was performed on a region
of interest from each electrode with an average ROI size of
17.5 pm X 11.9 pm X 11.6 um. These ROIs had an average
volume of 2426 pm?® with a standard deviation of ~38 um?>.

3. Results and discussion

3.1. Cycling and electrochemical characterization

For the different cycling cases, there is a notable capacity fade
throughout the combinations of operating parameters when
cycled incrementally from 0.1C through 0.4C. A summary of
representative cases for each cycling condition are shown in
Fig. 1a, where the average capacity retention (%) is shown for
the respective C-rate for each temperature and voltage combi-
nation. These averages were taken over each set of five cycles
within the cycling protocol outlined in Table 3. The first and
last bars at each condition indicate the capacity retention at the
initial and final set of cycles at 0.1C. Higher retention values
around 75% are found for the low temperature conditions.
These are lower capacity retention values compared to commer-
cial LIBs. These discrepancies arise by the use of the Li metal
anode in presence of carbonate electrolytes. Electrodes cycled at
high temperature show a considerable performance loss just after
a few cycles, which is related to the Li metal anode. Visual
inspection of the Li electrodes after cycling showed limited
degradation for the low temperature, low cut-off voltage case.
The Li metal electrodes cycled at high temperature (60 °C) con-
tained dark regions suggesting increased transfer of material from
the cathode, likely transition metal dissolution accelerated by
elevated temperature operation.””>”! Representative images are
provided in Fig. S1 (ESIt).

Analysis of the capacity retention results throughout the
cycles show how operating at high temperature or higher UCV
can drastically decrease the overall performance of the battery.
The samples cycled to 4.0 V at 25 °C remained with the best
capacity retention, while the 25 °C case at higher cut-off voltage
showed some performance recovery when returning to a lower
C-rate. The batteries cycled at 60 °C fail abruptly after a few
cycles. While it is expected that cycling to 4.0 V at 60 °C should
have better capacity retention than the 4.3 V at 60 °C case, the
influence of anode degradation may have contributed to the
lack of performance recovery when cycling to 4.0 V at 60 °C. The
overall degradation mechanisms related to the anode failure
are well-studied in the literature.”>””® However, further analysis
has to be done to fully understand the underlying cathode
degradation mechanisms for each case. A deeper assessment
of the battery electrochemical behavior and review of micro-
structural characteristics reveals that cathode degradation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Overview of the average capacity retention (%) obtained from
the different cycling condition applied: 4.0 V at 25 °C, 4.3V at 25 °C, 4.0V
at 60 °C, and 4.3V at 60 °C (b) cyclic voltammogram of a pristine cathode
scanned from 3.0 to 4.3 V vs. Li/Li* with key crystal structure transitions
between hexagonal phases (H1, H2, and H3) and the monoclinic phase (M)
for NMC811 highlighted near 3.8 V (H1 - M), 41V (M - H2), and 4.25 V
(HL > H2) vs. Li/Li*.

mechanisms are also impacted by the higher cut-off and the
elevated operating temperature.

Fig. 1b shows the characteristic CV curve for the pristine
cathode scanned up to 4.3 V, which is used as comparison for
all the initial peaks against the cycled ones. CV data for 4.0 V is
not used for comparison since it lacks the peak associated with
the hexagonal phase transition H2 — H3 found at operating
potentials above 4.15 V. In the case shown, all the main peaks
are observable but vary slightly on the position from literature.’
This variation can be attributed to variations in the cathode
composition (AM:CA:B) or cell assembly differences. The main
phase transition peaks are found around 3.8V, 4.1V, and 4.25V
vs. Li/Li", which are correlated to the transition phases from
hexagonal to monoclinic (H1 — M), monoclinic to hexagonal
(M — H2), and between hexagonal phases (H2 — H3). This
behavior also shows full reversibility in all of the phase transi-
tions through the redox process. It is important to note, that
some of the other transitions between phases might still be
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happening in the electrodes but will be only visible while
scanning at slower scan rates. However, for a consistent com-
parison between cycling conditions, the same scan rate was
applied to ascertain the degradation effects in the resulting
voltammograms.

With the main peaks of phase transition from the pristine
samples characterized, these peaks were compared against the
response of the cycled cathodes. Comparisons of representative
electrodes cycled under the varied voltage and temperature
conditions showed that the 4.0 V combinations maintained
their H1 < M transition peaks. The 4.3 V at 25 °C voltammo-
gram (Fig. S2, ESIt) showed elongation but maintained slight
phase transitions of H1 < M and H2 < H3 that suggested
higher degradation compared to the lower UCV (4.0 V). The
elevated temperature data for CV contained a greater degree of
noise when scanning up to 4.0 V. This condition can be
explained due to different degradation mechanisms manifest-
ing at higher temperatures, related to diffusive resistance, that
may contribute to noise acquired in the current signal. For the
4.3 V at 60 °C condition, no appreciable signal was obtained
for the scan rate applied, indicating cell failure after cycling.
The reduced prominence of peaks seen in the CV data suggests
the cathode cannot achieve the same initial first-order phases.
These changes along with reduced capacity retention suggest
alteration of the active material crystal structure and the
electrode microstructure.

Further understanding of the internal impedances related to
cathode degradation can be obtained using the EIS. Impedance
evolution seen due to the variation in state of charge (SOC) is
presented in Fig. 2a to identify the main impedances encoun-
tered for the pristine cathodes. The results from the EIS consist
in different semicircles. The first semi-circle, commonly asso-
ciated to the surface resistance (Ry), is minimal because of the
initial high availability of Li in the system from the Li metal
anode. The second semi-circle related to the charge transfer
resistance (R.) will be the main analyzed parameter related to
the Li* intercalation into the cathode, while the tail at lower
frequencies indicates diffusive (Warburg) impedance. The asso-
ciated internal resistances increase while moving from 100%
to 0% SOC. These values tend to be higher on fully lithiated
states which can be related to the depletion of the lithium
available for storage during the intercalation process. This
general evolution of impedance at different SOC aligns with
expectations from values in literature,”””’® indicating that the
averaged Nyquist plot is an accurate comparison methodology
to further understand the overall internal resistances of cycled
batteries.

The general EIS comparison for all cases is shown in Fig. 2b.
A gradual change in the charge transfer resistance is found in
the second semi-circle evolution for all cases, which suggests an
increase of the intercalation resistance of the electrodes related
to changes in the microstructure and disappearance of transi-
tion phases while the batteries were cycled for each condition.
Both batteries cycled at 25 °C present similar average patterns
on the increase on the charge transfer resistance, R.
As expected, the 4.3 V case has higher resistance values than
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Fig. 2

(a) EIS of different SOC for pristine NMC811 sample. (b) Comparison of EIS average curves for the cycling conditions applied. DRT analysis of

batteries prior to cycling and after cycling to (c) 4.0 V and (d) 4.3 V vs. Li/Li*.

the 4.0 V, indicating that the irreversibilities presented while
charging at UCV increase the charge transfer resistance.

Most notable are batteries cycled at the elevated temperature
(60 °C), which present the highest impedance values for low
frequencies corresponding to the overall bulk diffusion resis-
tance. Especially for the 4.3 V at 60 °C condition the resistance
is purely diffusive. The charge transfer semi-circle is signifi-
cantly reduced, giving insights that the transition of the main
degradation mechanism is related to the lack of overall diffu-
sion within the electrode, which explains why it was difficult to
get a clear signal on the CV scan. This development can be
explained either by blockage of the porous network, driven by

310 | Energy Adv, 2025, 4, 304-319

electrolyte decomposition into LiF, and LiP5 layers that cover
the secondary NMC particles, or by the presence of NiO rock-
salt surface formation already observed from the CV analysis.
The first effect could potentially be observed by SEM, while the
latter effect can be confirmed by analyzing the crystal structure
of the batteries cycled at high temperature using XRD. All of
these phenomena hinder the ability for Li diffusion and the
intercalation and charge storage capacity that it supports, while
accelerating the Li depletion rate and capacity fade.

To further clarify the electrochemical changes due to the
appearance of the rock-salt phase, DRT analysis was con-
ducted on the electrochemical impedance spectra taken after

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00530a

Open Access Article. Published on 10 December 2024. Downloaded on 4/24/2025 8:49:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

formation of the solid electrolyte interphase (SEI) and after
cycling. Prior to cycling, the primary contribution was initially
found to be from the cathode electrolyte interphase (CEI) and
SEI, shown in Fig. 2c and d as designated by the respective
cut-off voltage. Fig. 2c shows that at low cut-off voltage cycling
conditions under ambient temperature cycling the contribution
shifted from the CEI to diffusion resistance, but changes within
the SEI and CEI were still detected. High temperature cycling
conditions within the low cut-off voltage samples showed that
the diffusion resistance again increased and the contributions
from the CEI and SEI decreased. Fig. 2d shows that at high
cut-off voltage cycling conditions, ambient temperature cycling
showed that diffusion was becoming the main contribution but
changes due to the CEI were still evident. High temperature
cycling conditions in the high cut-off voltage samples showed
that the mechanism was completely taken over by diffusion,
due to the lithium transport being limited by the rock-salt
phase or electrolyte degradation.

3.2. Microstructural characterization

The insights obtained from the cycling and electrochemical
characterization need to be further expanded to link the cycling
and electrochemical performance degradation with micro-
structural changes. To this end, the different batteries were
disassembled inside an argon-filled glove box and a suite of
characterization methods were applied to assess changes in
the materials relative to pristine electrode materials. Methods
applied included visual inspection and checking electrodes
with optical microscopy, SEM, XRD, and XANES nanotomo-
graphy. Representative results from a pristine sample are
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shown in Fig. 3. These include SEM images showing particle
and binder regions (Fig. 3a), a reconstructed cross-section
from X-ray nanotomography data taken at an energy of 8350 eV
showing the NMC811 active material (Fig. 3b), the XANES
spectra of the pristine NMC811 over the range of scanned
energies (Fig. 3¢), and a representative distribution of whiteline
peak energies within the active material (Fig. 3d). Fig. 3a and b
show that some particle fracture exists in the AM for the
pristine electrodes, due to the manufacturing process. Fig. 3c
and d confirm the consistency of the NMC811 XANES data
relative to other XANES data for NMC.*>™*>

As a first step, electrode samples were assessed with optical
microscopy to visually characterize the NMC811 and Li electro-
des. After disassembly the cathodes cycled to 4.0 V at 25 °C and
those cycled to 4.3 V at 25 °C did not present severe changes in
their surfaces. For the cathode cycled to 4.0 V at 25 °C, slight
surface breakage is observed and the macrostructural particles
for NMC were visible as bright metallic-looking spheres (Fig. S4,
ESIT). In contrast, the cathode cycled to 4.3 V at 25 °C cathode
showed slight surface cracks and visual presence of white spots
that could be deposits of electrolyte salts. Likewise, the cathode
cycled to 4.0 V at 60 °C presented heavier presence of the
electrolyte-salt formation than seen in the cathode cycled to
4.3 V at 25 °C. Finally, the most extreme case was found in the
cathode cycled to 4.3 V at 60 °C where heavy electrolyte-salt
decomposed deposits are found near surface cracks, while dis-
colored regions are also found that were also observed in the Li
side (Fig. S5, ESIt). These multiple defects found in the cathode
cycled to 4.3 V at 60 °C explain the failure acceleration by the
internal short circuit reactions from the aggressive electrolyte-salt
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Fig. 3 Representative data for pristine cathodes (a) SEM image of active material and carbon-binder regions, (b) cross-section images from X-ray
nanotomography reconstruction with inset particle detail, (c) XANES spectra from 3D active material regions, and (d) distribution of whiteline peak energy

values (scale bar indicates 2 um).
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decomposition, particle cracking, and blockage of lithium
passage.”’

3.2.1. SEM analysis. To observe the surface characteristics
of the cells, higher resolution images of the cathode micro-
structure were obtained using SEM. This helps to create a
qualitative picture of the degradation effects under the differ-
ent cycling conditions that cannot be appreciated with an
electrochemical or visual bulk analysis approach.

A representative image from a pristine cathode is shown in
Fig. 3a. Additional versions of this image from BS and SED are
shown in Fig. S6 (ESIt). Fibrous structures related to the binder
partially cover some of the particles in Fig. 3 and Fig. S6 (ESIT).
Also, the morphology for clusters and single particles are
shown in Fig. S6b and d (ESIY) respectively, here the spherical
morphology for the secondary particle is formed from the
agglomeration of granular primary particles. These features
are consistent with the literature.®>®" Aggregates of circularly
elongated primary and secondary particles are usually observed
before degradation, as well as some regions with particles
broken half-way, which is from the manufacturing processes
or electrode handling.

SEM images from the cycled electrodes at each voltage and
temperature condition are shown in Fig. 4. The cathodes cycled
to 4.0 V at 25 °C (Fig. 4a) and 4.3 V at 25 °C (Fig. 4c), compared
to the pristine samples, show slightly more cracks in the
boundary grain structure. Expansion and microcracks from
the bigger secondary particles (>10 pum) are also observed.
These particles are more susceptible to concentration gradients
and resulting diffusion-induced stress compared to smaller size
particles as shown in previous simulation results.>** This
process is beneficial to some extent because it exposes new
active material to electrochemical reactions and may increase
the cell cycling capacity. However, it can also be detrimental
due to the oxygen liberation from within the particle and
consumption of electrolyte.

The SEM imaging for cathodes cycled to 4.0 V at 60 °C
and 4.3 V at 60 °C SEM images are found in Fig. 4b and d,
respectively. These show wider gaps than previous conditions
accompanied with an increased degradation of the cathode’s
surface. From this visual analysis different observations can be
determined. The complete breakage of the secondary particles
is present for both cases. This feature can be observed from the
primary particles being exposed and deintercalated from
the sphere-shaped secondary particle. This process is acceler-
ated by the kinetics of the higher temperature cycling. Finally,
the secondary particles are shrouded with the non-conductive
decomposed electrolyte layer. The darker fading in the images
indicates the non-conductive nature of the layer and explains
the failure mechanism and decay for continuous high tempera-
ture cycling conditions.

SEM image analysis implemented on the pristine and
cycled NMC811 cathodes shows breakage of boundary grains,
secondary particle breakage related to oxygen liberation and
NiO, formation, and appearance of a non-conductive layer
that covers the overall surface were observed. These observa-
tions connect with the capacity fade found in the cycling and
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electrochemical analysis. The observed breakage of the main
particles is related to the anisotropic expansion and contrac-
tion of the AM crystal structure, and literature relates the
oxygen liberation with the formation of a NiO, phase for
higher cut-off voltages.'***® To fully understand and link
these changes XRD analysis is implemented to show the
implication of these degradation mechanisms at the crystal-
line structure scale.

3.3. X-Ray diffraction analysis

X-Ray diffraction was performed on pristine samples from
electrode sheets for reference. XRD data for all cycled com-
binations were obtained after the cathodes were cycled and
extracted from the half-cell batteries. The resulting data was
analyzed to further understand the evolution of the crystal
structure in the cycled active material. These results will help
to clarify how the impact on the basic ionic interaction at the
NMC crystal structure level can affect the performance and
evolution of the cathodes at different mesoscale levels.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Overall XRD patterns for references, pristine, and cycled electrodes

samples. (b) XRD patterns for references, pristine, and cycled electrodes
samples around the 19° 260 angle. Results show a non-reacting rock-salt
NiO, phase in the crystalline structure of samples cycled at the high cut-off
voltage with greater presence at elevated temperature.

For the initial analysis approach XRD spectra were com-
pared for all samples (Fig. 5) to correlate any variation in the
cycled peaks with any additional side phases found in their
crystal structure. Data from the pristine pattern shows similarity
with the NMC811 XRD ICDD reference database, with a small
difference in the peak location around the 65° 20 value (Fig. 5a).
This difference corresponds to the peak splitting of the (110)/(108)
plane that indicates the presence of two hexagonal phases. This
feature is common for freshly prepared Ni-rich electrodes, and
usually disappears after the first formation cycle.®*

The first relevant changes are observed in the 20 region
between 16° and 22° as highlighted in Fig. 5b. Appearance of a
new smaller peak around 19° near 18.8° that corresponds to
the (003) plane that pushes the (003) towards lower angles,
which is only visible for both higher UCV (4.3 V) cases. This
shift continues until the two peaks coexist at higher state of
charge above the H2 — H3 transition. This feature is linked to
the rock-salt phase formation.?> Seen near this peak in Fig. 5,
denoted with blue colored asterisks for the 4.3 V at 25 °C and
4.3 V at 60 °C conditions at 19.07° and 19.13° respectively, are
peaks that match with the NiO, reference located at 19.29°.
Oxygen vacancies and tetrahedral site hopping mechanisms
that occur around the 3.95 V and 4.15 V vs. Li/Li" levels promote
the creation of this side phase reaction when Ni*" reacts with
0 creating the NiO, phase. This phase is expected to occur

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with increased upper cut-off voltage. It is also seen that this
feature is stronger in the high temperature data and shows
signs of emergence in the cathodes cycled to 4.0 V under
elevated temperature conditions. This behavior connects how
the appearance of NiO, phases that occur when cycling up to
4.3V can promote strains on the lattice parameters that is then
observable at the microstructural scale. It also suggests that
temperature can contribute to the emergence of this phase and
the overall performance degradation of the cathode, even under
conditions expected to present lower degradation risk. As noted
above and indicated in the CV data (Fig. 1b), electrochemical
activity associated with the H2 — H3 phase transition and
formation of NiO, in the cathode active material initiates at
around 4.15 V and becomes stronger with increased voltage.
With increased temperature serving as an additional driver, the
initiation of this phase formation could move to lower voltages
closer to 4.0 V that are typically considered safe for reliable
operation. The emergence of the NiO, feature in cathodes
cycled to 4.0 V at 60 °C suggests this is the case.

The XRD patterns confirm that the rock-salt phase was
beginning to form within the low cut-off voltage high tempera-
ture cycling condition, but in much lower intensity than that of
the high cut-off voltage condition. This observation clearly
shows that the diffusion mechanism, which hinders intercala-
tion and deintercalation and is observed with increasing inten-
sity in the DRT analysis, is driven by the formation of the non-
conductive rock-salt phase. While primarily influenced by cut-
off voltage, elevated temperature may also contribute to this
degradation mechanism. The combination of different electro-
chemical and microstructural characterization techniques sup-
ports this observation and demonstrates that DRT analysis is
an effective method to better understand the driving mechan-
isms behind battery degradation.

3.4. X-Ray microscopy analysis

The changes observed in the active material made with SEM
imaging are further revealed in analyzing the X-ray tomography
data. An initial assessment based on absorption contrast image
data at 8350 eV was made for each of the cathode cases. A cross-
section image for a pristine cathode sample is shown in Fig. 3b.
Cross-section images for cycled electrodes are shown in Fig. 6a-d.
Here the increased internal fracture of the active material particles
can be seen, with a significant fracture of an active material
particle seen for high voltage, high temperature sample (Fig. 6d).
Some fracturing was observed in the pristine samples as a result
of processing before cycling. For the particle shown the Fig. 6d the
fracture displays a more irregular, opening morphology than the
cleaner particle breaks observed in the pristine samples.

The 3D data from the reconstructed X-ray images permits a
more detailed and quantitative size assessment than the SEM
image data. To this end, the particle size distribution (PSD) was
calculated for all the five samples using MATBOX. Fig. 6e shows
PSD data for all five samples. The change in voltage and
temperature has significant effects on the particle size distri-
bution within lithium-ion battery electrodes. This change in
particle size distribution can influence battery performance.

Energy Adv,, 2025, 4, 304-319 | 313
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Based on Fig. 6e, the overall trend indicates that the NMC811
electrode exhibits a higher particle size distribution (PSD) at
low voltage, at room and high temperature in comparison to
the pristine and high voltage electrodes under the same tem-
perature conditions. During cycling of lithium-ion batteries,
the electrode particle expands and contracts slightly which can
change the particle size distribution. This is due to the lithia-
tion and delithiation of the electrodes during the charging and
discharging process. The change in particle size distribution
between different NMC811 electrodes depends on the cycling
conditions. When comparing high and low voltage electrodes,
higher voltage electrodes are more delithiated compared to
low voltage electrodes. For Ni-rich NMC (Ni, > 0.5), when
charging above 4.2 V leads to an abrupt c-axis lattice shrinking
during the H2 to H3 transition. This phase transition involves a
rearrangement of lithium and transition metal ions, which
results in a more compact structure.®® This shrinkage can induce
local stress accumulation and microcrack formation, which initi-
ates several degradation mechanisms, such as surface reconstruc-
tion, electrolyte oxidation, and particle cracking.""*
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The low voltage electrodes show similar behavior, however
the active material in low voltage electrodes does not expand as
much as the active material in high voltage electrodes because
they do not go through the H2 to H3 phase transition. This
results in lower mechanical stress, fatigue, and cracking that
can be related to the observed particle size distribution that is
shifted toward larger sizes.

Similar to voltage, temperature also shows influence on
particle size distribution. Temperature can have a profound
effect on the kinetic processes taking place within the battery,
including diffusion rates, reaction kinetics, and mechanical
stress. Higher temperatures generally increase the rates of
chemical reactions and diffusion of ions within the electrode
materials. This leads to faster lithiation and delithiation in
electrodes which affects the particle size distribution as seen in
Fig. 6. When comparing high temperature electrodes with room
temperature electrodes, at low temperatures lithium-ion mobi-
lity becomes limited, and affects the reaction kinetics. This
results in incomplete lithiation and delithiation, also contri-
buting to uneven particle size distribution within the electrode.
When comparing the pristine electrode with other electrodes,
it can be seen that it fits in between high and low voltage
electrodes. This is because unlike high and low voltage electro-
des, pristine electrode particles do not expand or contract, due
to that the particle size does not increase from expansion or
decrease by fracture and cracking.

Oxidation state changes in the active material can also
provide insight into degradation. The distribution of whiteline
peak positions are shown in Fig. 7. Fig. 7a-d show the two-
dimensional white-line position mapping of samples from each
cycling condition. A comparison of the resulting histogram
distributions for each experimental condition is shown in
Fig. 7e. Fig. 7a shows particles cycled at low cut-off voltage
(4.0 V vs. Li/Li") and room temperature (25 °C) conditions.
On the larger particles, there is a clear distinction that the
oxidation state increases from the interior of the particles to the
exterior edges, which results in the wide distribution seen in
Fig. 7e. At high cut-off voltage (4.3 V vs. Li/Li"), room temperature
conditions, the particles show an overall increase in energies
which is shown in Fig. 7b. There does not appear to be a
distinguishable trend between the energies at the exterior and
interior of the particle. Fig. 7c represents the low cut-off voltage,
high temperature (60 °C) sample. The particles have a distinct
decrease in energy at the particle edges, which is likely due to
starting the formation of the rock-salt phase. The high cut-off
voltage, high temperature sample in Fig. 7d shows a clear decrease
in energies with respect to the other samples. The change is due to
the intense degradation of the particles, which is also seen in the
XRD analysis, SEM images, and EIS plots.

The local observations from the 2D maps are shown in the
aggregate histogram data for all of the samples in Fig. 7e.
Pristine NMC811 has a thinly distributed peak at 8351.1 eV,
while the charged (delithiated) samples from cathodes cycled to
4.0 Vand 4.3 V at 25 °C, shift to higher energies for the white-
line peak, 8351.5 eV and 8351.8 eV respectively. This is con-
sistent with literature, which states that as the state-of-charge is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increased, lithium content is decreased, and the Ni K-edge
oxidation state shifts to higher energies.*****° Considering the
high temperature samples, cycled to 4.0 V and 4.3 V at 60 °C, a
NiO, rock-salt phase was expected based on preliminary XRD
analysis. The NiO, was predominantly seen in the high cut-off
voltage, high temperature sample. NiO XANES spectra is known
to have a sharp edge around 8350 eV.%° A significant decrease in
energy to 8349.5 eV is observed in the sample cycled to 4.3 V at
60 °C, which is likely due to the formation of the NiO, phase
also observed in the XRD data. Within the low cut-off voltage,
high temperature sample, a split peak develops at 8350.8 eV
and 8351.2 eV. Based on XRD analysis, the NiO, rock-salt phase
is beginning to form but is not seen as clearly as in the high cut-
off voltage, high temperature sample. The split peak and shift
to lower energies are likely due to the NiO, rock-salt phase
beginning to form.

4. Conclusion

The degradation of low-cobalt NMC was assessed with a suite of elec-
trochemical and microstructural characterization methodologies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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This approach used complementary strengths of each method
to understand the degradation mechanisms that manifest over
multiple length scales within the cathode. A connection between
morphological and chemical changes within the cathode micro-
structure, charge cut-off voltage, and operating temperature has
been developed through a combination of cycling conditions,
XRD, DRT, and XANES imaging. Based on the results shown
above, it is clear that temperature and cycling conditions directly
impact the degradation seen within NMC cathodes. High cut-off
voltage samples showed significant development of a low diffu-
sivity rock-salt phase that was confirmed through XRD and
XANES imaging. To further understand the electrochemical
changes due to the appearance of the rock-salt phase, DRT
analysis was successfully implemented and evaluated. Results
from DRT confirmed that at high cut-off voltage and high
temperatures, the mechanism was completely taken over by
diffusion due to the lithium transport being limited by the rock-
salt phase or electrolyte degradation. High temperature samples
showed an accelerated degradation process at all voltages and
included the formation of a low diffusivity rock-salt phase,
cathode material dissolution, and electrolyte decomposition.

These observations clearly show that the diffusion mechanism,
which hinders intercalation and deintercalation, is driven by
the formation of the non-conductive rock-salt phase. While
primarily influenced by cut-off voltage, results show that elevated
temperature also contributes to this degradation mechanism. The
combination of different electrochemical and microstructural
characterization techniques supports this observation and
demonstrates that DRT analysis coupled with X-ray imaging
techniques is an effective method to better elucidate the driving
mechanisms behind battery degradation.

Data availability

Relevant data are available on Zenodo through DOI https://doi.
org/10.5281/zenodo.13732652. This data includes electrochemi-
cal data from CV and EIS/DRT measurements, reconstructed
X-ray nanotomography data, and segmented XANES data showing
the whiteline peak distributions in the active material. Full
imaging datasets are not provided at this time as they significantly
exceed Zenodo storage limits. These datasets can be provided by
the authors upon request.
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