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Abstract

The deep lithiation of LixNiaMnpCocO2, a + b + ¢ = 1 (NMC), was studied from x = 0.2 to x =
2. The electrochemical features of the overlithiated materials were linked to structural changes
identified by X-ray diffraction (XRD) and to the variations of the oxidation state of the
transition metals (TMs) observed by X-ray absorption spectroscopy (XAS). Detailed
electrochemical characterization of LiNig33Mno.33C003302 (NMC111), LiNig4Mno4C00202
(NMC442), LiNiosMno3C00202 (NMC532), LiNigsMno2C0020> (NMC622), and
LiNig.gMno.1Co00.102 (NMC811) combined with XAS and XRD investigations were used to
understand the impact of the TMs ratio and the presence of Ni** ions on the reversibility of the
insertion of extra lithium ions and linked to the superior reversibility of NMC532 and NMC622
upon deep lithiation. The impact of the electrolyte degradation at low potential on the formation
of a cathode protective layer was studied by On-line Electrochemical Mass Spectroscopy
(OEMS).

A novel method for characterization of the open circuit potential vs. state of lithiation curves
(referred to as OCP curves) was established using the understanding gained upon overlithiation
of cathode materials. The new method was optimized by combing several cycles to identify the
current bias, slow-rate cycles at C/50 and C/25 to identify a trust regime where the OCP can
be extracted from the average of the lithiation and delithiation curves, and discharging pulses
allowing the material to reach its true relaxation potential in the lithiation states outside of the
trust regime. By providing a standardized mapping process from the measured gravimetric
capacity to the state of lithiation, and improving characterization in the region of the curve that
is close to the lithium content of 1, this novel method ensures increased accuracy of the OCP
curves of cathode materials, which is a critical aspect of physics-based battery management

systems.
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Introduction

Introduction

This year 2021 marks a tipping point in the handling of our planet’s energy resources. With
the entire world forced to a stop because of a global pandemic, the impact of human activity
on greenhouse gas emissions was directly measured.! The need for practical renewable energy
sources to fuel the global energy requirements is widely acknowledged, with tremendous
efforts made in research. The spectrum of renewable energies is vast and unevenly distributed.
Solar, wind, and tide have geographical limitations, to which the grid infrastructure’s growing
problems add. Those drawbacks can nevertheless be overcome, and renewable energy sources
can be combined with energy storage solutions to achieve a clean energy supply chain. Intense
efforts have been made on devices such as fuel cells, super capacitors and batteries, with
rechargeable batteries the leading energy storage technology in terms of safety, cost-
effectiveness, portability, high energy and power density, and good cycle life.? Because of their
remarkable capabilities, lithium ion batteries (LIBs) have allowed battery electric vehicles
(BEV) to revolutionize the automotive industry over the past few years, and they have the

potential to change the entire mobility sector.

The success story of rechargeable batteries was crowned in 2019 with the Nobel Prize in
Chemistry awarded to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for
their contributions to the development LIBs. LIBs are the most successful rechargeable
batteries owing to their small size and high energy density, due to the low reduction potential
of lithium (-3.04 V vs standard hydrogen electrode). The research on improving the
performances of LIBs focuses on its components: the cathode, the anode, the electrolyte and
the separator. The current LIB technology consists of the following: a cathode material made
of a Li intercalated transition metal (TM) oxide; an anode material such as graphite, lithium
titanium oxide (LisTisO12), silicon based materials, or ideally Li metal; an electrolyte
comprising alkyl carbonate solvents and one or several Li salts. The electrolyte medium, made
of separator and electrolyte, is a conductor for ions and an insulator for electrons. As depicted
in Figure 1 upon discharging (lithiation), the Li ions diffuse from the anode and intercalate in
the cathode via the electrolyte medium, while the electrons reach the cathode via an external

circuit. The reversed process occurs upon charge (delithiation). Upon current interruption, the
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equilibrium potential of the battery is proportional to the difference in chemical potentials of
the cathode and the anode. In order to improve the capacity of the battery, the specific capacity
of one of its components must be increased. Because the specific capacity of the anode is much

lower, focus has been put on improving the chemical potential of the cathode material.

—

)

Anode

"

X

Figure 1: Schematic of a lithium-ion battery with a graphite anode and layered oxide cathode, its components,

and the principle of Li ion and electron transport upon lithiation.

The implementation of batteries in portable electronics or electric vehicles (EVs)
requires a close control and monitoring of the states of the batteries to ensure safe and reliable
operations. This control over the battery is provided by the battery management system (BMS).
Additionally, the BMS should optimize the energy delivered by the battery at all times and
inform the user of the states of the batteries. A sophisticated advanced battery management
system (ABMS) has been developed with a physics-based electrochemical model.? This ABMS
requires a deep understanding of the fundamental properties of the battery components and the
principle operations of the battery. In order to provide accurate estimations of the state of the
battery, the parameters of the cathode, the anode, and the electrolyte must be investigated in
details. The work of this thesis will focus on a key parameter of the cathode materials: the open-
circuit potential as a function of the Li content (OCP curve).

The most common cathode materials have the following structure: layered-structure
oxides LiIMO; (M one or several 3d TMs such as Ni, Mn, Co, Al), with a a-NaFeO;-like

structure from the R3m group; spinel-structure oxide LiM2O4 from the space group Fd3m; and

2



Introduction

olivine phosphate LiMPO4 from the orthorhombic Pnma structure. Layered materials are the
most promising and practical cathode materials and have been extensively studied since the
first commercialization of LIBs by Sony in 1991 based on the layered cobalt-oxide cathode
developed by Goodenough.* Even though LiCoO, (LCO) cathodes are still used in commercial
batteries, Co has been progressively replaced by other TMs such as Ni (LiNiO> — LNO) or Mn
LiMnO, — LMO) in order to reach more stability, access more capacity, and lower the cost and
toxicity of the material. To overcome the drawbacks of the individual layered materials, binary-
layered oxides have been studied, and ternary-layered oxides such as LiNi2MnyCo.O> (with a
+b+c=1, NMC) and LiNi,CopAlcO2 (witha +b + ¢ =1, NCA) were introduced as the most
promising cathode materials. The high practical capacity of NMC electrodes, ranging from
200-210 mAh.g™! has placed this material at the center of numerous research studies.>® One
path to improve the capacity delivered by NMC cathodes is to increase the proportion of Ni in
the material, creating a Ni-rich NMC cathode. Those cathodes are the state-of-the-art material
in LIBs and current challenges include improving their capacity without sacrificing stability

and kinetics.

The stability of NMC materials has been extensively studied at high potential, but little
research has been done on the low potential stability of these electrodes. This potential region
in the NMC cathodes is of interest for the ABMS, as the physics-based model requires
information about the bulk and the surface of the particles, which can reach a higher lithiation
degree than the bulk of the material upon lithiation. A detailed study of NMC cathode materials
is proposed in this thesis in order to gain fundamental understanding of the states of the cathode
materials at high lithiation degree. First, an electrochemical study of various stoichiometry of
NMC materials is done in the classic potential window of 3.0 V to 4.3-4.4 V vs Li/Li*. The
potential of the cycling window is lowered to ~ 1.6 V vs Li/Li" to regain the initial capacity,
and then lowered further to ~ 0.8 V vs Li/Li" to reach the theoretical stoichiometry of ~ 2 Li
ions per NMC structure. New lithiation and delithiation profiles are observed upon this
extended potential window, and linked to theoretical calculations of the valence change of the
TMs. In a second part, the structural changes expected from the electrochemical study are
investigated with X-ray diffraction and the valence of the TMs is studied with X-ray absorption
spectroscopy. An understanding of the TMs’ implication upon deep lithiation is proposed for
various stoichiometry of NMC materials. In a third part, the influence of the electrolyte on the
cycling in this extended potential window is investigated by an electrochemical study of

commercially relevant electrolytes, coupled with an X-ray absorption spectroscopy
3
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investigation, and analysis of the gases evolving in the cells. After determination of the
exceptional stability of the lithiation of NMC materials to the Li content of 1, the fundamental
understanding of this deep lithiation is used to develop a new method to determine the open-
circuit potential as a function of the Li content (OCP curve). This method allows additional
characterization of the material in the tail region, at a Li content that the surface of the material
can access upon lithiation in the classic potential window vs graphite, and the setting of the x-
axis with the determination of the xLi = 1 position. This OCP curve determination method
provides a key electrode parameter for the ABMS, and is proposed as a new standard to

compare cathode investigation between research groups.
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Experimental techniques

Overview of the experimental techniques

A combination of complementary experimental techniques was used in order to
investigate different aspects of cathode materials upon deep lithiation. Due to the use of a slow
cycling rate of C/10 in the electrochemical experiments, no electrolyte polarization is expected
to occur, and the electrochemical signal is expected to come from the entire thickness of the
electrode, as represented in Figure 2. a. Ex-situ techniques were used to diagnose the changes
occurring in the material at different stages of lithiation and delithiation, using electrodes
harvested from half-cells. X-ray diffraction (XRD) was used to investigate the crystal structure
of each electrode after certain cycling conditions, averaging the information throughout the
entire thickness of the electrode, as shown in Figure 2. a. To complement the information
obtained on the structure of the active material, X-ray absorption spectroscopy (XAS) was used
to determine the oxidation state of each transition metal and identify which elements were
involved in the structural changes upon deep lithiation. Hard XAS was used to investigate the
K-edge of the TMs in the electrodes, giving an overview of the changes occurring in the bulk
of the material in similarity to XRD, and soft XAS was used to highlight the differences
between the subsurface and the superficial layers of the electrode by probing the L-edge
transitions. As represented in Figure 2. a and Figure 2. c, soft XAS measurements provide
information on the top 5 nm of the electrode in the total electron yield (TEY) mode, as well as
within the first 50 to100 nm with the fluorescence yield (FY) mode, giving, in combination
with hard XAS, a depth-resolved picture of the oxidation state variations leading to the
structural changes observed via XRD.

Additionally, in order to capture any potential intermediate states and reliably identify
the reactions taking place upon deep lithiation, in-situ synchrotron XRD measurements were
done on customized coin cells. As represented in Figure 2. b, the in-situ XRD measurements
captured the changes occurring in the bulk of the cell upon cycling through a Kapton window.
In-situ measurements also allowed to exclude any contamination resulting from the sample
preparation as well as side reactions induced by the highly reactive lithiated electrodes.” In a

custom-design cell, the gases evolving during cycling of the electrode were captured with an
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on-line electrochemical mass spectrometer (OEMS), giving information on both the electrolyte

and the cathode reactions upon deep lithiation, as represented in Figure 2. b.

a.
Cad > @ W
Electrode coating
m I “ I “ I (thi‘:kness ) um)
Current collector
(Al - thickness 20 um)
Probed with Probed with Probed with hard Probed with soft
electrochemistry XRD XAS (K-edge) XAS (L-edge)
b. c
Incident X-rays TEY (~5 nm)

Kapton +
perforated cell top

I “ ’U Lithium
Separator + Electrolyte
fe® 80838 "] | Cathoe
Current Collector
Probed with Probed with
in-situ XRD OEMS

Figure 2: a. Comparison of the different depths probed by the experimental methods used on an electrode with a
coating of thickness 38 um, aluminum sheet of thickness 20 um and secondary particles of diameter of 7—10 um;
a. Electrochemistry, XRD, hard XAS (K-edge) and soft XAS (L-edge); b. In-situ XRD in an in-situ coin cell with

Katpon, operando OEMS measurement, c. Depths probed by incident soft X-ray on a single secondary particle.

Cell preparation

The positive electrodes used in this study were produced at the U.S. Department of
Energy’s (DOE) CAMP (Cell Analysis, Modeling and Prototyping) Facility, Argonne National

Laboratory and their compositions are listed in Table 1.

Table 1: Electrodes composition

Material Quantity  Provenance Coating loading

NMCI111  LiNio33Mno33C003302 90 wt. %  Toda, USA 11.22 mg.cm™
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C45 Swt. % Timcal/Imerys
Graphite & Carbon,
Switzerland
5130 PVDF Swt. % Solvay, Belgium
NMC442  LiNig4Mno.4C00.20> 90 wt. %  Toda, USA 11.76 mg.cm™
C45 S wt. % Timcal/Imerys
Graphite & Carbon,
Switzerland
5130 PVDF Swt. % Solvay, Belgium
NMC532  LiNig.sMng3C00.20; 90 wt. %  Toda, USA 11.40 mg.cm™
C45 Swt. % Timcal/Imerys
Graphite & Carbon,
Switzerland
5130 PVDF Swt. % Solvay, Belgium
NMC622  LiNipcMng2Co020:2 90 wt. % ECOPRO, Korea 10.03 mg.cm™
C45 Swt. % Timcal/Imerys
Graphite & Carbon,
Switzerland
5130 PVDF Swt. % Solvay, Belgium
NMC811  LiNigsMng.1Co0.102 90 wt. %  Targray, Canada 9.12 mg.cm™
C45 Swt. % Timcal/Imerys
Graphite & Carbon,
Switzerland
5130 PVDF Swt. % Solvay, Belgium
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Electrochemical measurements were performed in four different setups. The setup
referred to as half-cell consisted in 2032 coin cell (Hohsen, Japan) as shown in Figure 3. a. The
electrodes were prepared using 14 mm diameter punch (Hohsen, Japan) and brought into the
glovebox after drying overnight at 120 °C under dynamic vacuum. A 15 mm disk of lithium
metal foil (99.9% purity, 500 pm, Rockwood lithium, USA) was used as the anode. Anode and
cathode were separated by two layers of Celgard 2325 (Celgard, USA) with a diameter of 18
mm, which were wetted using 30 pL of electrolyte. Two spacers, both with a diameter of 15.5
mm and a respective thickness of 1 mm and 0.5 mm (Hohsen, Japan), were added to the coin

cell for compression.

The setup referred to as in-situ coin cell consisted in 2032 coin cell (Hohsen, Japan)
with a hole in the top layers as well as the bottom cap to allow for characterization in
transmission mode upon cycling, as shown in Figure 3. b. A hole was drilled in the middle of
the top and bottom cap (diameter of 2 mm) and sealed with Kapton film and epoxy glue to
ensure a seal for the time of the experiments. A hole was also drilled in the middle of the two
spacers to allow for measurements using X-rays in transmission mode. The building procedure

follows the coin cell building procedure.

Kapton film
a. b. &epoxy
Top cap Top cap
— — Spring — — Spring
o 0 Spacers . — Spacers
Lithium Lithium
$ & @ Separators : & & & . Separators
& & 9 : Electrolyte : & ¢ Electrolyte

R Catile et Cathode

Bottom cap

Bottom cap

Kapton film

A & epoxy

Figure 3: a. Schematic of a coin cell setup, b. Schematic of an in-situ coin cell setup

The setup referred to as EI-Cell consisted of an ECC-PAT-Core El-Cell (EL-CELL,
Germany) and was used to allow for quick and safe harvesting of the cathode for ex-situ XAS
measurements of NMC622, in a first set of experiments. The anode was placed at the bottom

of the El-cell and separated from the cathode using one layer of Celgard 2325 and one 260 um
8
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thick glass fiber separator (ECC1- 01-0012-D/L; El-Cell, Germany), with the glass fiber
separator coming into contact with the cathode. 100 ul of the electrolyte was used for each El-

cell.

The setup referred to as gas analysis cell consisted of a custom design described in the
work of Metzger et al.®'°. Two cathode materials were used for the gas analysis measurements,
carbon nanofoam paper (250 um thick, Grade II, Marketech, USA) composed of 87 wt%
nanoporous carbon and 13 wt% carbon fiber with a reported BET surface area of 600 m?/g, and
a NMC622 electrode prepared in house. The NMC622 electrode was prepared by dispersing
87.99 wt% of LiNio.sMno2Co00.20; active material powder (NMC622, ECOPRO, Korea), 6.0
wt% conductive carbon (Super C65, Timcal, Switzerland), and 6.01 wt% polyvinylidene
fluoride binder (PVDF, Sigma-Aldrich, USA) in N-methylpyrrolidone (NMP, anhydrous,
99.5%, Sigma-Aldrich, USA). The slurry was mixed in two sets of 5 min at 2000 rpm in a
planetary mixer (Thinky, USA). The ink was spread on Celgard 2325 (Celgard, USA) sheet in
order to allow for a better time response of the gas measurement,'® using a gap bar coater
(Elcometer 4340, United Kingdom). The electrode sheet was dried overnight at ambient
conditions. The electrodes were prepared using a 17 mm diameter punch (Hohsen, Japan) and
brought into the glovebox after drying overnight at 120 °C under dynamic vacuum. The loading
of the active material was 15.83 mg.cm™. The cell stack consisted of a lithium metal disk (18
mm diameter, 500 pum thick, Rockwood lithium, USA) placed at the bottom of the cell,
separated from the cathode by a Celgard 2325 disk (19 mm diameter, Celgard, USA) soaked
with 100 pL of electrolyte. A stainless steel mesh was placed on top of the cathode in place of

current collector to allow for gas diffusion in the cell, as represented in Figure 4. a.
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annels for gases
(not shown)

(] Ch:
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Figure 4: a. Schematic of the cross section of the custom gas analysis cell; b. Picture of the custom gas analysis
cell

All the cells built for this study have been assembled inside an argon-filled glovebox
(MBraun, Germany; <I ppm H20 and <1 ppm O2). Unless specified otherwise, the electrolyte
consisted of 1 M LiPFs dissolved in a 50:50 mixture (by weight) of ethylene carbonate (EC)
and diethyl carbonate (DEC) (Gotion, USA). The different electrolytes used for the study of

the influence of the electrolyte on the deep lithiation in chapter 3 are summarized in Table 2.

Table 2: Electrolytes used and compositions

Salt Solvent (by weight) Supplier

IM LiPFs EC:DEC (50:50) Gotion, USA
IM LiPF¢ EC:DEC:FEC (45:45:10) Gotion, USA
IM LiClO4 EC:DEC:FEC (45:45:10) BASF, Germany
IM LiPF¢ EC:EMC:DMC (30:40:30) Gotion, USA

The different ex-situ characterization techniques were performed on harvested cathode
materials. A first set of experiments was done on NMC622 cathodes harvested from El-Cells

(results presented in Figure 2. 8, Figure 2. 9, Figure 2. 17, Figure 2. 19, and Figure 2. 20) and

10
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a second set of experiment was done with all NMC cathode materials harvested from coin cells
(results presented in all other figures). After undergoing the desired cycling protocol, the coin
cells were brought inside the glovebox and safely opened without shorting by using a coin cell
disassembling tool (Hohsen, Japan). The positive electrodes were collected and washed
individually in a DMC solution for at least 3 minutes in order to remove potential solid residues.
The samples were dried overnight under vacuum inside the glovebox before any

characterization.

Electrochemical measurements

The assembled half-cells were connected to a battery tester (Arbin, USA) and cycled in
a temperature chamber (TestEquity, USA) at 25°C. The cells were left at OCV for 6-10 hours
to allow sufficient wetting. The current for the lithiation and delithiation of the cells was set to
a C-rate of C/10 based on about 75% of the theoretical capacity (for NMC622, 1C=212 mA.g
1. The cells were cycled to an upper cut-off potential Vigh (Vhigh = 4.4 V vs Li/Li" for the cells
containing LiNizMnsCo.O2, with a < 0.8, and Vrigh = 4.3 V vs Li/Li" for the cells containing
LiNiaMnpCocO2, with a = 0.8) and discharged to different capacity-determined points. Data
was collected every 30 seconds or 3 mV. Unless specified otherwise, all cells underwent a
formation procedure consisting of a C/10 charge to Vnigh followed by a discharge/charge cycle
between 3.0 V and Vhigh to ensure that the behavior of each cell was reproducible. The choice
of Vhign for each material was done in order to limit the side reaction in the active material with
the electrolyte of choice based on the current literature understanding.!'"!3 The electrochemical
results shown in this report represent one set of data for each material. Several cells were
prepared and underwent the same cycling protocol (at least 2 for each experiments). The in-
situ coin cells and gas analysis cells were cycled on a BioLogic battery tester (BioLogic,

France).

e Data processing

The data was processed with MATLAB. In order to report the gravimetric capacity of
the active materials, the charge and discharge capacities (mAh) were extracted from the battery
cyclers and converted to gravimetric capacity (mAh.g™!) using the mass of the active material.
Unless the cell did not undergo a formation cycle between 3.0 V and Viign, a correction factor
was applied to the current in order to correct for the inherent current bias of each Arbin channel.

The current bias was extracted by minimizing the difference in capacity at Viigh for two
11
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consecutive cycles. The correction applied on the current was always within the calibration
error of the Arbin battery cycler (< 0.05% of full-scale range of current). This current bias
correction allowed reliable comparison between cells that underwent the same protocol on
different channels or testers as well as comparison to literature data. The lithium content of
each pristine electrode was assumed to be 1, corresponding to the theoretical capacity of the
material. The gravimetric capacity scale was converted to lithium-content scale by dividing it

by the theoretical capacity of the material.

X-ray diffraction (XRD)

The crystal structure of the samples was studied using X-ray diffraction (XRD) with Cu
Ko radiation on a Bruker D8 ADVANCE diffractometer (Bruker, USA). The scans were
collected from 10° to 70° (20) at a step size of 0.05 and a rate of 3 seconds per step. The scans
were interpreted using the TOPAS software.

e Synchrotron XRD

The in-situ XRD study was performed at beamline 2-1 at the Stanford Synchrotron
Radiation Lightsource (SSRL). The measurements were done at room temperature using an in-
situ coin cell previously described, allowing penetration of the incident X-ray beam in
transmission mode. The XRD patterns were collected every 15 minutes during galvanostatic
discharge at a current density of 21 mA.g™!. To allow for better data comparison with the ex-
situ XRD measurements, the 2q scale was converted to angles corresponding to the Cu Ko even

though the energy used for the measurements was of 10 keV.

X-ray absorption spectroscopy (XAS)

e Hard XAS

The X-ray absorption spectroscopy (XAS) measurements were performed at SSRL. The
changes in the oxidation state of TMs in the bulk of the material were measured with a series
of hard XAS measurements at the K-edges of the elements of interest (Ni, Co, Mn). The
XANES spectra result from the excitation of the metal 1s electron to a valence orbital. The
quadrupole-allowed pre-edge transitions correspond to the 1s = 3d excitations, while the

dipole-allowed edge transitions consist of 1s = 4p excitations. The shapes of the pre-edge and

12
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edge peaks are related to the structural environment of the element, while the position of the
edge in a XANES spectrum is known to be sensitive to the oxidation state of the element, where
a shift to the higher energies corresponds to an oxidation of the element and a shift to the lower
energies corresponds to a reduction of the element.!*!3

Hard XAS data for the TMs K-edge of Ni and Co were collected in transmission mode
at the beam line 2-2 using a Si (220) monochromator detuned by 40% to reject higher
harmonics. Mn K-edge data was collected in transmission mode at beam line 4-3 using a Si
(111) monochromator with a 10% detune. Energy calibration was carried out by using the first
inflection point of the spectrum of the TM foils as a reference (Ni K-edge = 8332.8 eV, Co K-
edge = 7708.9 eV, and Mn K-edge = 6539.0 eV). An absolute energy shift was applied to all
Mn spectra, so that the Mn** edge of the pristine material matched the Mn*" edge of MnO: in

Manceau et al.'®

The step size for measurements was 0.2 eV in the region of interest and a spot
size of 1 x 8 mm was used. X-ray absorption near-edge structure (XANES) data were analyzed
and normalized using SIXPACK XAS package,!” with the photoelectron energy origin (Eo)

determined by the first inflection point of the absorption edge jump.

e Soft XAS

The surface of the particles was investigated with soft XAS measurements, using both
Total Electron Yield (TEY) and Fluorescence Yield (FY) modes. The measurements were
executed at the L-edge of Ni, Co, and Mn, probing the electron dipole transition from the 2p
core level to the 3d valence states.'® The TEY mode detects the oxidation state of the elements
in the top 5 nm of the film and the FY mode probes deeper into the bulk of the material (~ 50-
100 nm)." The differences in the spectra obtained in TEY mode (surface) and FY mode
(subsurface) or hard XAS (bulk) will provide information on which electrochemical processes
are first occurring at the surface of the particles.

Ni, Mn, and Co L-edge were probed at the beamline 8-2 under ultrahigh vacuum (10~
Torr) in a single aluminum sample holder at room temperature using a ring current of 500 mA,
a 1100 lines per mm spherical grating monochromator, and a spot size of 1 x 1 mm. The
harvested cathode samples were attached to an aluminum sample holder via conductive carbon
tape in an argon-filled glovebox (MBraun, Germany; < 1 ppm H2O and < 1 ppm O2). The
prepared aluminum holder was then packed into pouch bags and double sealed inside the

glovebox prior to transport to the experimental beam line station. Transfer of the samples into

13
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the ultrahigh vacuum chamber was done with the help of a glove bag filled with argon to
minimize their exposure to air. Both total electron yield (TEY) and fluorescence yield (FY)
data were acquired in a single load. The baseline of the L-edge data was subtracted and the area
normalized with the PyMca software?” within the range of 633-645 eV for Mn, 771-800 eV for
Co and 845-875 eV for Ni.

On-line electrochemical mass spectrometer (OEMNS)

The gases evolving inside the custom-made cell hardware were measured operando
using an on-line electrochemical mass spectrometer (OEMS) described in details in the work
of Metzger et al.> 121”24 The system consisted of the custom gas analysis cell of volume 14
mL, presented in Figure 4. b, placed in a controlled temperature chamber (KB23, Binder,
Germany) held at 25°C, connected to the mass spectrometer system (Pfeiffer Vacuum,
Germany) heated to 120°C, under vacuum < 10” mbar as seen in Figure 5. The gas molecules
were transported from the cell through a crimped capillary (Vacuum Technology Inc., USA)
to the vacuum chamber where they were ionized by a gas-tight crossbeam ionization source
with tungsten filaments. The ionized molecules were separated according to their mass-charge
ratio (m/z, in the range of 1-128 amu in a quadrupole mass analyzer with a molybdenum rod

system. The ions were then filtered and sent to a secondary electron multiplier detector (SEM).

Gas :;:';:z:mon — Operando Gas

(10 sccm gas feed) Analysis setup
q. \ Heated 1/16” capillary
[ \4 ¥ petween cell and MS

\ - preiffer EVR bleed valve Heated UHV chamber

trol containing quadrupole
mass analyzer

1 pfeiffer PrismaPlus
. :_“‘ secondary electron

for flow/pressure con
[

multiplier (SEM) detector

Pressure and
flow digital
control unit

B>
B

/ o ; 7 = - === d :
/ hamber containing siffer turbo-pump an ’ rature
/ erature C = ake-out tempe!

T?mp omigas;analysis.cell = membrape pre-pump ______B R

COpUONEi=]

Figure 5: Picture of the OEMS setup
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The OEMS system allows for a quantitative analysis of the gases evolving or being
consumed inside a tight battery cell over multiple charge/discharge cycles. The gas flow rate
was limited by the capillary to = 1 uL/min in order to ensure a short enough response time of
the gas measurement in comparison to the processes occurring inside the battery cell (< Is
compared to minutes). The custom setup ensures minor changes in the gas headspace pressure

over measurements of = 30 hours.

After assembly under inert atmosphere, the cell was connected to the mass spectrometer
system and a potentiostat (SP-150, BioLogic, France). The cell was held at OCV for 6 hours
during which the ion current signals reach a stable baseline value. After the equilibration phase,
the cyclic voltammetry was done at a scan rate of 0.1 mV/s from OCV (=2.5V)to 0 V and 1.5
V vs Li/Li" in order to identify the potential threshold triggering gas evolution for a specific

electrolyte.

e Data processing and analysis

The data is represented with the ion current signal on the y-axis and the measurement
time on the x-axis. In order to eliminate the signal fluctuations due to minor pressure changes
throughout the measurement, all ion currents (Iz) are normalized to the ion current of argon
(Is6) as it is the main gas present upon cell building. The normalized ion currents are denoted
I7/ Iz6. The signals measured during the equilibration phase are extrapolated to the measurement
time using an exponential fit function in order to create a baseline with respect to which the
signals of the gases evolving are monitored during the experiment. The signals are smoothed
with a Savitzky-Golay routine. The conversion of the ion currents to concentrations can be
done by using calibration gases that are purged in the cell after the measurement. The
calibration is done with 2000 ppm of H», O>, CoHs4, CO, and CO; in argon. Additionally the
concentrations of the gas evolving can be converted into absolute amounts in units (mol) using
the cell volume and the molar volume of the gases. By normalizing the data to the BET surface

area of the electrode, the results can be reported in pmol/m?.
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Chapter 1: Electrochemical overlithiation of NMC

cathode materials

Introduction

The omnipresence of lithium-ion batteries (LIBs) in our society has sparked significant
research activity on the materials of the cathode, the anode, and the electrolyte. The
requirements to improve cathode materials are a high reversible capacity, a high energy density
as well as a long lifetime. In addition, the materials must satisfy the high safety and cost
standards.?> %" Layered oxides have been the state-of-the-art choice in cathode materials for
many years, with LiCoO2 (LCO) material being the most widely used. LCO has a high
theoretical capacity of 274 mAh.g™! and reaches the practical capacity of ~ 140 mAh.g! 4%
The high toxicity and high cost of cobalt have driven research towards the use of different
transition metals (TMs), and LiNiO> (LNO) became an attractive alternative due to its high

t.2% The synthesis difficulties of this material and its instability

discharge capacity and lower cos
due to cation mixing between the Ni and Li ions have hindered its use in commercial
batteries.’*? The use of spinel LiMn,O4 was motivated by the abundance and low toxicity of
Mn. However, the material exhibits a low capacity of ~ 120 mAh.g™! and the reduction of Mn**
ions, leading to Mn dissolution and deposition on the anode, is detrimental to the cycle life of

the spinel LiMn2O4 cathode.>*3*

The stability of the Ni-based layered oxide was improved by the use of ternary layered
oxides with the addition of Mn, Co or Al, permitting their use in LIBs.* Consequently, layered
cathode materials with high theoretical capacity of ~ 280 mAh.g™!, such as LiNiosCo0.15Al0.0s02
(NCA) and LiNi:2MnpCocO2 (NMC, a + b + ¢ =1), have been implemented in electric vehicles
(EV5s).3*! Ni-rich NMC materials (with a > b, ¢) have emerged as high capacity materials with
reduced cost and toxicity.'>*** Because of their implementation in EVs and their promising

performance, the following study is focused on NMC materials.
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Figure 1. 1: a. Ternary diagram of the NMC materials studied with the main contribution of each transition
metal; b. Typical electron configuration in layered oxides, with ions susceptible to Jahn-Teller distortion in

blue. The configurations 3d°- 3d° - 3d’ are shown in low spin.
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In the different stoichiometry of NMC materials, each TM contributes to key features, as
highlighted in Figure 1. 1. a. Ni contributes to a higher capacity of the material, Co contributes
to kinetics, with impact on the cycling rate, and Mn contributes to the structural stability and
the safety of the cathode material. The presence of Co was shown to reduce the disordering of
the Li and TM layers by limiting the extent of cation mixing.*® Mn, which remains in the
valence state 4" upon cycling, also stabilizes the layered structure while Ni is the main redox
active transition metal.*® The electronic configuration of the typical states of Ni, Co and Mn in
NMC materials are presented in Figure 1. 1. b. The valence state of Mn and Co in the pristine
NMC materials are respectively 4 and 3*.%%” The valence of Ni varies with the amount of Ni
and Mn present in the materials, with Ni exclusively in a divalent state in pristine NMC111
and NMC442, and Ni in a mix of divalent and trivalent states in pristine Ni-rich NMCs. Upon
cycling, a spontaneous symmetry breaking occurs in the presence of a single electron in the
doubly degenerate e, orbitals, as marked in blue in Figure 1. 1. b (corresponding here to the
elongation of the bond to the ligand). The Jahn-Teller distortion causes one eg level to go down
in energy and the other one to go up, lowering the overall energy of the system, and inducing

detrimental lattice strain.®*®

The standard cycling window of NMC materials is imposed by the potential of the graphite
anode, resulting in a half-cell equivalent potential for the cathode ranging from 3.0 V to 4.3 —
4.5 V vs Li/Li* 274290 In this classic potential window were mainly Ni is active, the typical
practical capacity delivered in half-cells upon the first charge increases with increasing Ni
content, with NMC111 delivering 160 mAh.g"! and NMC811 delivering 200 mAh.g"! at
C/10.4*% A known feature of NMC materials, the capacity lost between the first charge and
the subsequent discharge, varies between 10 and 15% of the practical capacity. This apparent
capacity loss has been interpreted in various ways in literature. Delmas et al. justified this
capacity loss as an impossibility for Li to intercalate back into the layered oxide material after
a first charge because of lattice collapse. This phenomenon is thought to be due to a certain
amount of divalent Ni ions being present in the Li layer (r,;+ = 0.76,7y;2+ = 0.694) as a
result of the synthesis of LNO materials.’? The oxidation of the Ni** present in the Li layer to
Ni*" upon charge leads to a decrease in size (ry;3+ = 0.56A), creating a local collapse of the
lattice and hindering the Li intercalation in the cathode material. The re-intercalation of the Li
in the neighboring site becomes difficult but is assumed possible at very low rate.’!*? Arai et
al. hypothesized that the observed capacity loss in Ni-based layered oxides is irreversible and

due to the creation of inactive amorphous regions at high potential (x < 0.2 in LixNiO2) upon
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first charge.’® This assumption was invalidated by the demonstration of Delmas et al. that the
capacity loss is still present when the first charge of the material is done up to a lower

15" Kang et al, building up on the work of Mueller-Neuhaus et al,** attributed this

potentia
apparent capacity loss to diffusion limitation due to the formation of a LiMO»-like phase on
the surface of the particles upon the voltage drop observed during lithiation?®>3-5% but no

detailed investigation of the properties of NMC cathodes upon deep lithiation exists.

To gain insight on the structure of the industry-relevant NMC cathodes, we investigate
different NMC materials in an extended potential window of 4.4 — 4.3 V to 1.6 V vs Li/Li"
with galvanostatic cycling and confirm that the so-called irreversible capacity loss can be
recovered when discharging to a lower cut-off potential. As will be presented in chapter 4, the
understanding of the potential LizMO,-like phase formed at the surface of the particles is
critical to the parameterization of the advanced battery management system (ABMS). In order
to study this phase in NMC materials, we decrease the potential further down to 0.8 V vs Li/Li"
in an attempt to extend the formation of this phase to the bulk of the material. We observe that
by a deep lithiation of NMC electrodes, we can access more than 500 mAh.g™!, suggesting the
accommodation of about two Li ions per structure. Finally the reversibility of these deep
lithiations is investigated upon delithiation back to 4.4 — 4.3 V vs Li/Li" and compared across

different cathodes of the NMC family.
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1. Electrochemical study of NMC materials in the classic potential
window

We begin electrochemical characterization of NMC electrodes by examining a well-
recognized feature of Ni-containing cathode materials: the first cycle capacity loss.2”#%38 We
do so by characterizing the electrodes at a C-rate of C/10 in a conventional window of 3.0 V to
Vhigh. The materials LiNig33Mno33C003302 (NMC111), LiNip4Mno4C00202 (NMC442),
LiNio.sMno3C00202 (NMC532), LiNig.sMno2C00202 (NMC622), and LiNiosMng.1Co0.102
(NMCS811) are presented in Figure 1. 2, with the first charge from open-circuit potential (OCP)
to Vhign in a dotted line, and the following cycle between Viigh and 3.0 V in a dashed line. The
upper voltage cut-off Vhign is chosen as the potential at which the cathode degradation is
minimized, based on the current understanding in literature, with Vhigh = 4.4 V vs Li/Li" for
NMC materials with a Ni content below 0.8 (a < 0.8 in LiNiaMnyCocO2), and Vihigh=4.3 V vs
Li/Li" for NMC materials with a Ni content of 0.8 (a = 0.8 in LiNiaMnpCo.0,).!!"!* The Li

content X in LixNiaMnpCocO2 (atb+c =1, a > b) is calculated by coulomb counting, assuming

that the pristine electrode is fully lithiated. (Table SI. 1)

As seen in Figure 1. 2 and summarized in Table 1. 1, upon the first delithiation from the
OCV to Vhigh, the electrodes deliver a capacity ranging from 184 to 227 mAh.g '. The capacity
accessed upon the first charge increases with increasing Ni content. During relithiation to 3.0
V vs Li/Li", the electrodes recover from 168 to 198 mAh.g"!, which corresponds to a first-cycle
coulombic efficiency (CE) ranging from 87 to 91 %, in line with the literature reports
summarized in Table 1. 2.34%3% As listed in Table 1. 1, the CE tends to decrease with the
increase of Ni content, with a high CE for NMC111 of 91.2% and a lower CE of 87.5% for
NMCSI11.
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Figure 1. 2: Lithiation/delithiation profile of LiNiuMnyCo.O>, with a+b+c =1, a>b, IM LiPFsin EC:DEC 50:50

half-cells cycled at 0.1C at 25°C to Vg (dotted line) and subsequent cycle between 3.0 V and Vg, (dashed line)
with a 30 min rest between lithiation and delithiation; a. NMCI111 (Viigh = 4.4 V); b. NMC442 (Vg = 4.4 V); c.
NMC532 (Viigh = 4.4 V); d. NMC622 (Viigh = 4.4 V); e. NMC811 (Viigh = 4.3 V), f. dQ/dV vs V summary of NMC
materials - cycle to 3.0 V. A loss of capacity of 10-15% is observed after the first delithiation.

Table 1. 1: Capacity reached upon first delithiation and subsequent lithiation between Vg, and 3.0 V and

corresponding coulombic efficiency

Cathode Capacity reached upon the 1 Capacity reached upon the 1% 1% Cycle
material delithiation to Vhigh (mAh.g™') lithiation to 3.0 V (mAh.g")  CE (%)
NMCI111 183.76 167.51 91.2
NMC442 191.89 170.54 88.9
NMC532 198.58 175.21 88.2
NMC622 210.23 188.95 89.9
NMCS811 226.97 198.51 87.5
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2. Regain of the first cycle capacity loss

As presented in Figure 1. 3, at a low rate of C/10, lowering the cut-off potential from 3.0 V
to 1.8 — 1.1 V vs Li/Li" allows for a complete recovery of the initial capacity of the first
delithiation for each NMC material. The observed necessity to decrease the lower cut-off
potential to recover the lost capacity without reducing the applied current is also consistent
with a previous study focusing on LNO.3® Furthermore, several other publications, which have
characterized the first cycle capacity loss of Ni-containing electrodes including LiNijyFe,Oo,
NMCI111, NMC532, and NCA, have shown that the potential needed to recover the first cycle
capacity loss is C-rate dependent and can vary from 3.0 V to 1.0 V vs Li/Li", depending on the
magnitude of the applied current and the type of the cathode material.>>*°1:2 Weber et al.
demonstrated the possibility to recover the capacity lost in NMC532 by holding the potential
at 3.0 V vs Li/Li*.* The potential needed to recover 100% of the initial charge capacity for

various materials is summarized in Table 1. 2.

Table 1. 2: First cycle coulombic efficiency and recovery potential of the initial charge capacity of different

cathode materials

Cathode type 1* cycle CE (to 3.0 V) Recovery References
LiNiO> 92% @ C/40 ~2.0V Dahn 1990%°
LiNij.yFe O, 83% @ C/50 ~19V Mueller-Neuhaus 2000
LiNi0.33C00.33Mn03302  89% @ 8 mA/g 1.47V Kang 2008
LiNi033C0033Mno3302 91% @ C/10 1.38V This work
LiNig4Mng4C00.0> 82% @ C/20 Not studied ~ Li2015%
LiNi0.4Mno 4C00.202 89% @ C/10 1.13V This work
LiNiosMno3Co00202  89% @ C/50 Hold at 3.0 V. Weber 2017%?
LiNio.sMno3C00202 88% @ C/10 1.58V This work
LiNiosMno2C00202  90% @ C/20 Not studied ~ Arumugam 2016°°
LiNig.sMng2C00.0> 89% @ C/10 1.60 V This work
LiNiosMno.1C00.102  91% @C/20 Not studied ~ Li2015%
LiNio8Coo0.15Al00502  87% @ 8 mA/g 1.81V Kang 2008
LiNio.8Co0.15Al0.0s02  87% @ C/10 1.79V This work

LiCoO» 98% @ 8 mA/g 1.17V Kang 2008
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Our results are in line with the interpretation of Mueller-Neuhaus et al. that the term
“irreversible capacity loss” is a misnomer and that the capacity accessed upon the first charge
can be accessed upon different conditions.*® The possible collapse of the lattice upon the first

charge due to the presence of divalent Ni ions in the Li layer is not investigated in details in

our experiments.
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Figure 1. 3: Lithiation/delithiation profile of LiNiuMnyCo.O>, with a+b+c =1, a>b, IM LiPFsin EC:DEC 50:50
half-cells cycled at 0.1C at 25°C to Vg (dotted line), cycle to 3.0 V (dashed line), and cycle to xLi = 1 (called
OL1) with subsequent delithiation to Vg, with a 30 min rest between lithiation and delithiation;, a. NMC111 (Vg
=4.4V); b. NMC442 (Viigh = 4.4 V); ¢. NMC532 (Vigh =4.4V); d. NMC622 (Viyigh = 4.4 V); e. NMC811 (Vhign
=4.3 V), We observe a regain of the initial capacity by lowering the potential to ~1.4 — 1.8 V vs Li/Li".
Recovery of the first cycle capacity loss by decreasing the lower cut-off potential below
2.0 V vs Li/Li", as was done in Figure 1. 3 with NMC electrodes, triggers the apparition of a
plateau in the lithiation profile. This plateau is expected to correspond to a two-phase
coexistence region.’>% The potential of this plateau at C/10 is different for each NMC

stoichiometry, ranging from 1.1 V to 1.7 V vs Li/Li", and is summarized in Table 1. 3. The
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potential at which this plateau appears for each NMC is clearly visible in the differential
capacity plot in Figure 1. 4, where the plateaus appear as sharp horizontal peaks.

dQ/dV

—— NMC111
[ — NMC442
i — NMC532
= — NMC622
- — NMC811

1.0 1.8 2.0 2.5 3.0 3.5 4.0 4.5
E (V vs LilLi")

Figure 1. 4: dQdV vs V of lithiation to xLi = I and subsequent delithiation to Vg for all NMC cathodes

As presented in the work of Dahn et al. on LNO® and Johnson et al. on different Ni-
based layered oxides,®”*® the extra capacity accessed upon lithiation of the NMC cathodes to
xLi =1 1s assumed to be due to the formation of a Li-rich layer at the surface of the particles.
The sharp voltage drop and the transition to a two-phase plateau is understood as a change of
mobility of the Li ions in the intercalation host, as described by Van der Ven et al.®® They
proposed a model for the intercalation of Li ions in LCO showing that Li ions can either directly
hop through octahedral sites — process called monovacancy hopping, or hop through an
adjacent tetrahedral site — process called divacancy hopping. The simulations and calculations
of activation barriers suggest that the divacancy hopping path is favored as long as enough

vacancies are available. The potential drop observed below ~ 3 V vs Li/Li" is triggered by an
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accumulation of Li at the surface of the particles, filling enough sites to prevent divacancy
hopping. Li insertion at the surface of the particle is then done through monovacancy hopping,
as depicted in Figure 1. 5, requiring a much bigger activation energy leading to a lower
diffusivity of the Li. The transition between the divacancy hopping regime and the
monovacancy hopping regime is dependent on kinetics and is expected to occur at xLi = 1 at
infinitely slow C-rate, as depicted in Figure 1. 5. After the transition to the monovacancy

hopping regime, a Li-rich phase is formed on the surface of the particles leading to a two-phase

lithiation plateau.

Li in octahedral site
Li in tetrahedral site
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Figure 1. 5: Schematic of the different vacancy hopping regimes upon Li insertion during lithiation in LiMO,

(M = Ni, Mn, Co, and or Al) materials and formation of a Li-rich Li>MO:-like surface phase; Li ions in green,
TM ions in blue, and O ions in red. The transition from divacancy hopping to monovacancy hopping leads to a
voltage drop due to slower Li diffusion. If Li ion are continuously inserted in the material in the monovacancy

hopping regime, a Li-rich phase forms on the surface of the particles leading to Li in tetrahedral sites in the Li
slab.
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In Figure 1. 4, we observe that higher Ni content leads to higher potential for the
lithiation plateau. From the TMs involved in the reduction in the classic potential window, we
expect Ni to be reduced at such potentials.® This hypothesis is supported by the ~1.8 V vs Li/Li"
plateau observed by Dahn et al. upon deep lithiation of LNO.® The oxidation state of Ni in the
pristine electrodes is calculated in Table 1. 3 from a pristine material with Co®>" and Mn*". Two
categories can be identified within the NMC electrodes: the NMCs with a Ni:Mn ratio equal to
1 (NMC111 and NMC442), and the Ni-rich NMCs where Ni > Mn, Co. The ‘Ni =Mn’ NMCs
only have divalent Ni in the pristine material. Ni-rich NMCs have a mix of divalent and
trivalent Ni, leading to an increase in the valence of Ni with the increase of Ni present in the
electrode. The higher potential observed for the plateau of NMC811 indicates that the redox-
active energy level of the TM involved along the NMC811 plateau is at a higher energy level
than for the other NMC cathodes, which correlates with the abundance of trivalent Ni in the

material .®

The potential of the plateau observed upon lithiation to xLi = 1 for NMC442 is higher
than that of NMC111. Because from the theoretical calculations both pristine cathodes contain
only divalent Ni, the potential of the plateau would be expected to be similar. NMC111 is
known to have a higher amount of disordering in the structure that could lower the Li diffusion
due to Ni atoms in the Li slab, and justify the difference in potential threshold observed for the
apparition of the plateau.®’’>’! The valence of Ni in NMC111 will be investigated with

characterization techniques in chapter 2.

Table 1. 3: Oxidation state of Ni in the pristine material based on a pristine material with Co*" and Mn**,

proportion of Ni**/Ni**, and potential of apparition of the first plateau upon deep lithiation to xLi = 1.

Cathode material Ni oxidation state in Ratio Potential of plateau #1
pristine material Ni%* Ni**

NMCI111 +2 0.33 0 138V

NMC442 +2 0.4 0 1.13V

NMC532 +2.4 0.3 0.2 1.58V

NMC622 +2.66 0.2 0.4 1.60 V

NMCS811 +2.875 0.1 0.7 1.79V
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After lithiation to xLi = 1, the subsequent delithiation back to Vhign presents a sharp
transition from the low potential to ~2.25 V vs Li/Li", where a kink can be observed, followed
by a second sharp potential increase to ~ 3.5 V vs Li/Li", where the Li deintercalation leads to
a rapid voltage change. A third regime above ~ 3.5 V vs Li/Li" follows the same profile as the
delithiation in the classic potential window, indicating that the NMC structure is intact after
lithiation to xLi = 1 (See comparison of delithiation curves in dQ/dV vs V plot in Figure SI. 2

in appendix section).

The delithiation profile of NMC811 presents the particularity of having a more significant
kink upon delithiation at ~2.25 V vs Li/Li" than the other NMC cathodes. The two-phase
equilibrium of a NMC particle lithiated to OL1 is depicted in Figure 1. 6 through a scheme of
a cross section of a NMC particle. From the different intercalation regimes presented in Figure
1. 5, we expect a Li gradient in Li,MO; phase at the surface of the particle. We assume that the
Li diffusion in the Li2MO> phase (purple) is comparable with the Li diffusion in the divacancy
hopping regime of the LiMO; phase (red), leading to the Li diffusion in the monovacancy
hopping regime being the rate-limiting step. From this interpretation, we can exemplify a
bigger Li gradient in the Li2M Oz phase at the surface of the particle than the Li gradient in the
subsurface and bulk of the particle in the LiIMO> phase. Upon current interruption after infinite
time, we expect a relaxation of both gradients towards a homogenous, fully lithiated LiMO>
phase. The presence of the kink in the potential profile upon delithiation suggests an incomplete
relaxation of the surface gradient in the LinMO; phase, leading to a two-phase coexistence upon
the 30 min relaxation period in this cycling protocol,>* as depicted for the particle at xLi = 1
after relaxation. To support this hypothesis, a second NMC811 half-cell was cycled with the
same protocol with the difference of a 10 hours rest period after lithiation to OL1. The results
presented in the appendix section in Figure SI. 3 highlight the diminution of this low voltage
kink in the delithiation profile, supporting the hypothesis of the gradual disappearance of a Li
gradient in the LinMO; phase at the surface of the particles upon current interruption, as
depicted in blue in Figure 1. 6. The study of the Li diffusion in the LioMO> phase to validate
our assumptions could lead to a detailed investigation in a follow up work, using galvanostatic
intermittent titration technique (GITT) measurements. The predominance of this kink in the
NMCS811 cathode suggests that the Li diffusion in monovacancy hopping regime is dependent
on the NMC composition. A higher degree of cation mixing in the NMC811 material could

lead to a lower Li diffusion in this regime. No irreversibility is observed for one cycle for the
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NMC materials upon delithiation back to Vg after deep lithiation to xLi= 1 (OL1), suggesting
no apparent side reactions (CE > 99%). The difference in kinetics observed for NMC811

suggests that irreversibility may arise in this Ni-rich material upon several overlithiation cycles.

xLi=1

Divacancy hopping
..
insertion regime

Monovacancy hopping

insertion regime T~/ xLi = 1, after relaxation
* Li,MO,-like phase

Divacancy hopping
insertion regime

Monovacancy hopping
-
insertion regime

=+ Li,MO,-like phase

Figure 1. 6: Schematic of a cross section of a NMC particle at different states of lithiation. When xLi = 1, the
Li; surface phase (purple) presents a gradient that relaxes upon current interruption as Li diffuses towards the
bulk, decreasing the proportion of Li; phase in the particle. The relaxation gradient of the Li; phase is assumed
to be limited by the diffusion in the monovacancy hopping regime (blue) in the LiMO: phase (red), leading to a
kink in the potential upon delithiation particularly visible for NMC811

The suspected reversibility of this overlithiation process to xLi = 1 is investigated over
several cycles for NMC622, and the cycling profile of the first 5 overlithiation cycles is
presented in Figure 1. 7. a. The capacity upon lithiation is based on coulomb counting to match
the previous delithiation capacity and the delithiation is voltage controled to Vhigh=4.4 V vs
Li/Li". A “walking” of the cycles towards the right can be observed in the cycling, possibly
due to some capacity reached upon lithiation not being recovered upon delithiation.”> The
delithiation capacity vs cycle number of the NMC622 half-cell is plotted in Figure 1. 7. b,
highlighting the increase in lithiation capacity and the capability of the cell to cycle to OL1 for
~ 40 cycle before deteriorating. The relative reversibility of this overlithiation over an extended

amount of cycles will be investigated with characterization techniques.
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Figure 1. 7: a. Lithiation/delithiation profile of NMC622, IM LiPFsin EC:DEC 50:50 half-cell cycled at 25°C
at 0.1C; 1I*' charge to Vg, (dotted line), cycle to 3.0 V (dashed line), and cycles to xLi = 1 (called OLI) with
subsequent delithiations to Vg, b. Charge capacity vs cycle number. The lithiation of NMC622 to xLi = I can
be sustained for ~ 40 cycles.

In an attempt to characterize and understand the suspected Lio MO, phase formed at the
surface of the particles, the lithiation of the NMC cathodes is continued at lower potentials in

order to extend the formation of an overlithiated phase into the bulk of the particles.
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3. Deep lithiation to lithium content above xLi =1
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Figure 1. 8: Lithiation/delithiation profile of LiNisMnyCo.O:, with a+b+c =1, a >b, IM LiPFsin EC:DEC 50:50
half-cells cycled at 0.1C at 25°C to Viyign (dotted line) ), cycle to 3.0 V (dashed line), and cycle to xLi = 2 (called
OL2) with subsequent delithiation to Vg, with a 30 min rest between lithiation and delithiation; a. NMC111 (Vg
=4.4V); b. NMC442 (Viigh = 4.4 V); ¢. NMCS532 (Viigr = 4.4 V); d. NMC622 (Vigr = 4.4 V); e. NMC811 (Viigh
=4.3V). The “Ni = Mn" NMCs present one low voltage plateau and the Ni-rich NMCs present two clear plateaus.
About 315 mAh.g”" extra capacity is accessed upon lithiation to xLi = 2 with various degrees of reversibility.
For LNO and LiMny 5Nio 502 cathodes, it has been demonstrated that it is possible to extend
the formation of the Li,MO; phase beyond the surface and into the bulk of the particles for at
least one cycle.5%78 To determine if cathode materials from the NMC family are also capable
of forming bulk LixMO> phase, we lowered the cut-off potential of different NMC electrodes
until enough coulombs could be passed to reach a Li ion stoichiometry of ~2. Figure 1. 8 shows
the resulting lithiation/delithiation profiles of NMC electrodes, after they were characterized
between Vhigh and ~ 0.8 V vs Li/Li*. The extended cycle allows NMC materials to access an
additional ~ 315 mAh.g ™! of gravimetric capacity, detailed in Table 1. 4, which corresponds to

xLi ~ 2.06 (see assumptions and calculation in appendix section Table SI. 1).
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Table 1. 4: Capacity accessed in the classic potential window compared to the capacity accessed along the first

plateau, extra capacity accessed upon deep lithiation to OL2 (xLi = 2)

Cathode Capacity accessed Capacity accessed  Capacity Total extra
material in the classic along 1% plateau — accessed up to  capacity —
potential window region I (mAh.g')  OL2 (mAh.g') region 2
(mAh.g") (mAh.g!)
NMCI11  167.51 - 483.56 316.05
NMC442  170.54 - 488.55 318.02
NMC532 175.21 104.52 496.60 321.39
NMC622  188.95 149.92 505.69 316.74
NMCS811  198.51 98.72 512.93 314.42

We note that the decrease in the lower cut-off potential to ~ 0.8 V vs Li/Li" introduces
interesting features to the lithiation/delithiation curves. In Figure 1. 9 we observe that the “Ni
= Mn” cathodes present one low potential lithiation plateau whereas the Ni-rich NMCs present
two clear plateaus at approximately 1.6 V and 1.0 V vs Li/Li", and a third plateau initiated at
approximately 0.8 V vs Li/Li". The potentials at which each plateau appear are listed in Table
1. 4. The capacity accessed along the first plateau (Region I) for Ni-rich NMCs is listed in
Table 1. 4. In agreement with the observations made on LNO, we hypothesize that the capacity

accessed along the first plateau is a result from the reduction of Ni** to Ni**.%°
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Figure 1. 9: Lithiation/delithiation profile of NMC111, NMC442, NMC532, NMC622, and NMC811 IM LiPFsin
EC:DEC 50:50 half-cells at 0.1C to xLi = 2 (OL2) and subsequent delithiation to Vig. The potential of the
plateaus is compared, highlighting that the potential of the plateau increases with increasing Ni content for Ni-
rich materials.

To elucidate the origin of the extra capacity observed, we start by calculating the amount
of capacity that would result from the reduction of the trivalent Ni ions present in the Ni-rich
NMCs. The amount of capacity associated with the valence change of Ni ions to the oxidation
state 2" is presented in Table 1. 5. The valence change from the pristine to Ni** is expressed in
capacity (coulombs converted to mAh.g™!) by dividing the moles of electrons (capacity in
coulombs divided by Faraday’s constant) by the moles of Ni ions in each cathode. The
calculations in Table 1. 5 indicate that the total capacity accessed along the first plateau cannot
originate only from the reduction of trivalent Ni ions for NMC532 and NMC622 and must
involve the reduction of other transition metals. In a second step, we estimate the capacity
associated with the valence change of Mn and Co to the oxidation state 2", detailed in the
appendix section Table SI. 4 - Table SI. 6. The contribution of any individual TM upon

reduction to TM?" is far below the capacity reached upon lithiation to xLi = 2.06, but the sum
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of the capacity coming from reduction of all TMs approaches the capacity observed via
electrochemistry, indicating that all TMs must be involved in the reduction to reach the capacity

at xLi=2.

Table 1. 5: Calculations for estimating the capacity associated with reduction of Ni ions in Ni-rich NMC cathode

materials from their pristine oxidation state (valence) to 2*

Element Ni in Ni in Ni in Comment
NMC532  NMC622  NMCS8I11

Initial stoichiometry 0.5 0.6 0.8 Li1NiaMnpCocO>

Initial valence 2.4 2.66 2.875 From Wu et al.”® Tian et
al.¥, Gao et al.*¢

Valence: reduction to 0.4 0.66 0.875 Difference between

2" initial valence and 2"

Capacity accessed 55.52 109.50 192.86 mAh.g! associated with

upon reduction to 2°* valence change

The NMC materials from the “Ni = Mn” category do not exhibit a high potential lithiation
plateau. This difference may result from the direct reduction of Mn and Co above the Li content
of 1, as the overpotential to reduce Mn*" and Co®" to Mn** and Co*"is smaller than the
overpotential to reduce Ni*" to Ni®.%”* The estimated capacities reached from valence reduction
of Mn and Co to 2" in NMC111 and NMC442 are summarized in Table 1. 6 and Table 1. 7.
The total capacity resulting from reduction of the TMs to TM?" is similar to the extra capacity
reached after deep lithiation to xLi = 2. The TMs implicated in the capacity accessed upon this
second lithiation plateau will be investigated in chapter 2 and potential side reactions will be

investigated in chapter 3.

33



Chapter 1: Electrochemical overlithiation of NMC cathode materials

Table 1. 6: Calculations for estimating the capacity associated with reduction of Ni, Co, and Mn ions in NMC111

from their pristine oxidation state (valence) to 2+

Element Ni in Mn in Co in Comment

NMCI111  NMCl111 NMCI111
Initial stoichiometry 0.33 0.33 0.33 LiiNiaMnyCocO2
Initial valence 2 4 3 From Dixit et al.*’
Valence: reduction to 0 2 1 Difference between
2" initial valence and 2"
Capacity accessed 0 186.35 93.17 mAh.g! associated with
upon reduction to 2° valence change

Table 1. 7: Calculations for estimating the capacity associated with reduction of Ni, Co, and Mn ions in NMC442

from their pristine oxidation state (valence) to 2+

Element Ni in Mn in Co in Comment

NMC442  NMC442  NMC442
Initial stoichiometry 0.4 0.4 0.2 LiiNiaMnsCocO2
Initial valence 2 4 3 From Dixit et al.*’
Valence: reduction to 0 2 1 Difference between
2" initial valence and 2°*
Capacity accessed 0 222.94 55.73 mAh.g"! associated with
upon reduction to 2* valence change
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4. Capacity loss observed after deep lithiation to xLi = 2

A certain amount of capacity is not regained upon the delithiation following the lithiation
to xLi = 2, as shown in Figure 1. 9. A clear difference in the capacity lost can be observed
within NMC electrodes, as summarized in Table 1. 8. In the Ni-rich NMC category, NMC532
and NMC622 exhibit a very small capacity loss of about 1% of the overlithiation capacity. In
contrast, NMC811 exhibits a significant capacity loss of 45.5% of the overlithiation capacity.
NMC 811 did not exhibit capacity loss upon lithiation to xLi = 1, indicating that the changes
occurring within the material from 1 < xLi <2 are responsible for the observed capacity loss.
We hypothesize that the oxidation state changes of the Ni, Mn and Co along the second plateau
lead to degradation of the NMCS811 structure. This hypothesis will be investigated with

characterization techniques in chapter 2.

Focusing on the “Ni =Mn” NMCs, we observe a small capacity loss for NMC111, similar
to NMC532 and NMC622, suggesting a good structural integrity for one deep lithiation cycle
for these materials. In contrast, NMC442 seems to gain capacity upon delithiation, which
appears consistently within duplicate cells. NMC442 is the NMC cathode studied with the
highest Mn content. As observed for LiMn,O4 cathodes, reduced Mn** tends to dissolve and
depose on the anode.**** A significant loss of Mn to the anode side would result in a different
NMC stoichiometry, falling in the Ni-rich category. A visual confirmation of Mn deposition
on the Li anode has been made for all NMC cells deeply lithiated. The apparent gain of capacity
upon delithiation for NMC442 could arise from the formation of a different surface species at

the surface of this Mn rich material.

Table 1. 8: Capacity lost upon delithiation after overlithiation to xLi = 2 at 0.1C rate for NMC cathode materials

Cathode material Capacity loss upon delithiation after 1% overlithiation to xLi = 2

in mAhg! in % of overlithiation capacity
NMCI111 4.0 0.8
NMC442 -21.4 -4.4
NMC532 53 1.1
NMC622 29 0.6
NMCS811 2333 45.5
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Summary

Upon electrochemical study of NMC cathodes, a loss of capacity was observed after
the first delithiation when the electrodes were cycled between 3.0 V and Viigh. The coulombic
efficiency of NMC materials cycled in this potential window appeared to decrease with

increasing Ni content.

The recovery of this capacity lost after this first delithiation was confirmed by lithiating
the different NMC cathodes to lower potentials, ranging from 1.8 to 1.4 V vs Li/Li". Lithiation
plateaus were observed upon recovery of the initial capacity. The potential at which these
plateaus appeared was different within the NMC cathodes family. The capacity reached outside
of the classic potential window was expected to result from the formation of a Li,MO» phase
at the surface of the particles. This phase is formed due to Li diffusion limitations resulting
from Li insertion though monovacancy hopping occurring at high lithiation degrees. The

formation of this phase lead to a sharp voltage drop below 3.0 V vs Li/Li".

Ni** is expected to be reduced to Ni** upon lithiation from 3.0 V to xLi = 1. This
hypothesis was validated by the potential of the lithiation plateau appearing at a higher potential
for the Ni-NMCs with a higher proportion of trivalent Ni in the pristine material. For the NMC
materials with a Ni to Mn ratio equal to 1:1, the potential of the lithiation plateau was expected
to be the same, and the reasons behind the observed difference will be investigated with the
study of the valence of the TMs. No irreversible structural damage was expected to result from
one lithiation to xLi = 1 from the comparison of the delithiation profile of a material lithiated
to xLi = 1 with that of a material delithiated after lithiation to 3.0 V vs Li/Li". This hypothesis
was verified by the cycling of NMC622 material between xLi =1 and Vhign for 100 cycles, with

a relative reversibility of the deep lithiation observed for ~ 40 cycles.

In order to form the suspected surface LizMO> phase in the bulk of the materials, the
potential was lowered to ~ 0.8 V vs Li/Li" to reach the stoichiometry of xLi = 2. More than 315
mAh.g! of extra capacity was accessed in NMC cathodes upon deep lithiation compared to the
classic potential window. This lithiation to xLi = 2 lead to new features, Ni-rich NMCs
presented a high potential and a low potential lithiation plateaus whereas “Ni = Mn” cathodes
presented only a low potential lithiation plateau. The capacity resulting from the valence
change of pristine Ni to Ni** for Ni-rich NMCs was estimated, and it appeared clear that the

capacity accessed along the first lithiation plateau cannot result only from the reduction of Ni
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ions. The capacity estimated from the reduction of all TMs to TM?" was in line with the extra

capacity accessed upon lithiation to xLi = 2.

A capacity loss upon delithiation to Vg after deep lithiation to xLi = 2 of about 1%
was observed for NMC532 and NMC622, whereas the Ni-rich NMC811 material lost ~ 45%
of capacity. The structural changes leading to this significant capacity loss are expected to
result from the lithiation at 1 <x < 2, as no capacity loss was observed upon delithiation after
lithiation to xLi = 1. NMC111 exhibited a capacity loss of ~ 1%, however NMC442 appeared
to gain capacity upon relithiation to Vhigh. We hypothesized that significant Mn was lost to
dissolution upon reduction of Mn*" towards Mn?" for the Mn-rich NMC442, resulting in a
different stoichiometry at the end of lithiation. The formation of a different species at the
surface of this Mn-rich material is suspected, possibly leading to the extra delithiation capacity

observed between xLi =2 and Vhigh.

In order to confirm the hypotheses made on the structural changes occurring in the
NMC materials upon deep lithiation, several characterization techniques are combined. X-ray
based techniques are used in chapter 2 to probe the bulk of the materials as well as the surface
of the particles in order to eclucidate the depth-dependent mechanisms observed via

electrochemistry.
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Chapter 2: Structural characterization of NMC materials

upon deep lithiation

Introduction

Ni-based layered oxide have a close packed oxygen framework with alternative Li layers
and TM layers. The TM layers form MO: sheets of MOs edge-sharing octahedra. A
denomination set by Delmas et al. classified the layered crystal structures based on the
coordination of the Li ions (O for octahedral, P for prismatic, or T for tetrahedral) and the
amount of repeat units.” The pristine NMC materials adopt the O3 structure, isostructural with
a-NaFeO» of space group R3m, where Li ions are in octahedral sites with a repeat unit of three
MO, sheets.”® The crystal structure of layered oxides varies upon the
intercalation/deintercalation process. Transformations between the primitive O3/0O1/P3
stacking sequences and between O2 and P2 can occur by gliding of the MOz sheets, while other
transformations cost more energy as they require TM-O bond breaking.”” A transformation
from the O3 structure to the spinel structure, which also has a fcc oxygen framework, can occur
with minimal energy cost as it requires only % of the TMs to migrate to octahedral sites of the
Li layer, and requires Li to either occupy remaining octahedral sites or tetrahedral sites in the
Li layer. This transformation is often observed in delithiated states. A transition to a rocksalt
phase, a highly disordered phase, can occur upon degradation of the layered structure and is
characterized by the Li and TM layers no longer exhibiting periodic order. The transition from
layered to rocksalt phase is associated with oxygen release and densification of the structure.

The discussed crystal structures are presented in Figure 2. 1.

The Li;NiO> phase observed by Dahn et al.®” upon deep lithiation of LNO cathodes is
characterized by the formation of a “Li-double layer” in the Li slab. Instead of occupying
octahedral sites, Li ions insert in tetrahedral sites in the Li slab, accommodating twice as much
Li in the material. This insertion of extra Li leads to an increase of the c-lattice parameter. The

phase LixMO; is presented in Figure 2. 1.
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Layered LiMO, (03 — R3m) Layered Li,MO, (01 — P3m1)  Spinel Li,MO, (Fd3m)  Rocksalt (Fm3m)

=

TM in octahedral site

Li in octahedral site

Li in tetrahedral site

Figure 2. 1: Relevant crystal structures observed in Ni-based layered oxide with M representing one or more
transition metals.

Several reversible phase transitions for the O3 structure can occur while preserving the
crystal structure. They can be first-order transitions or continuous transitions. First order
transitions occur when a (de)intercalation leads to a two-phase coexistence. A plateau appears
in the voltage curve, marking the presence of two phases of different compositions, lattice
parameters and often symmetry. Continuous transitions do not involve large abrupt changes in

the structure and are less likely to result in degradation or kinetic limitations.

Upon cycling of NMC materials in the classic potential window of 3.0 Vto 4.3 -4.4 V vs
Li/Li", Ni is the main active redox element responsible for the capacity accessed, with a small
contribution from Co and negligible contribution of Mn.** The plateaus observed in the cycling
profiles upon deep lithiation suggest the presence of new phases in the material and the extra
capacity accessed suggests the implication of more than just Ni upon Li intercalation. The
structural changes upon lithiation are first observed in-situ for NMC622 using synchrotron
XRD and then compared to ex-situ XRD samples of all NMC materials studied. After mapping
of the structural changes upon deep lithiation, the relevant TM reductions are identified using
XAS. A depth-dependent study is done on NMC622 with both surface sensitive and bulk
sensitive XAS, followed by a study of the valence of the TMs in the other NMC materials. The
same analysis is applied to the samples upon delithiation in order to compare the reversibility

of the lithiation to different degrees across different NMC cathodes.
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The nomenclature of the capacity at which the cells were cycled in this chapter is presented in

Figure 2. 2.
e Pristine refers to the uncycled cathode material

e Vhign refers to the first delithiation to the high potential cut-off. Vhignis 4.4 V vs Li/Li"
for LiNiaMnyCocO> with a < 0.8 and 4.3 V vs Li/Li" fora= 0.8

e 3.0 V refers to a cathode that underwent a first delithiation to Viignh and a lithiation to

3.0 V vs Li/Li", corresponding to the classic potential window for NMC cathodes

e OLI refers to a cathode delithiated to Vhign and lithiated to regain the initial delithiation
capacity (CE = 100%, lithiation to return to xLi= 1)

e OL1 — Vg refers to a cathode delithiated to Vhign, lithiated to OL1 and delithiated to
Vhigh again, this protocol is designed to evaluate the material after the lithiation to OL1

and compare it to the classic potential window

e OL2 refers to a cathode delithiated to Vhign and lithiated by coulomb counting to reach
twice the theoretical capacity (lithiation to insert 2 Li per NMC structure, to xLi = 2)

e OL2 — Vg refers to a cathode delithiated to Vhign, lithiated to OL2 and delithiated to
Vhigh again, this protocol is designed to evaluate the material after the lithiation to OL2

and compare it to the classic potential window
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Figure 2. 2: Summary of the different electrochemistry profiles and corresponding designation used. Viyigh = 4.4
Vvs Li/Li* for NMC111, NMC442, NMC532, and NMCG622; Vyign=4.3 Vvs Li/Li" for NMC811; OLI corresponds
to the recovery of the initial capacity extracted from the material from OCP to Vign (xLi = 1), OL2 corresponds

to the material reaching twice its theoretical capacity (xLi = 2)

1. Structural changes investigated with X-ray diffraction upon deep

lithiation

e Study of NMC622 with in-situ synchrotron XRD and conventional ex-
situ XRD

The changes observed via electrochemistry in chapter 1 upon overlithiation suggested the
formation of a Li-rich layer at the surface of the particles. Previous reports on overlithiation of
layered oxides suspected the formation of a LiMO; phase but could not identify it with
XRD,>*6778 a5 this technique probes the bulk-average of the material. The NMC622 electrode
has been selected as a flagship material for a more detailed study, followed by a comparative
study of the other NMC cathodes. In order to identify the phases involved in the extra capacity

accessed by electrochemistry and map the changes occurring upon deep lithiation, an in-situ
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coin cell of NMC622 was cycled and probed in a synchrotron XRD set-up. After a first cycle
between Vhigh and 3.0 V (Figure 2. 3. b), the cell was lithiated to ~ 0.8 V vs Li/Li" at the

synchrotron (Figure 2. 3. ¢), with a round marker on the lithiation profile for each diffractogram

acquisition.
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Figure 2. 3: a. Ex-situ X-ray diffraction pattern of pristine NMC622. b. Cycling profile of the in-situ NMC622 cell
between OCV - 4.4 V and 3.0 V vs Li/Li* prior to the beam cycling c. X-ray diffraction pattern of NMC622 in-situ
coin cell upon deep discharge to 0.8 V vs Li/Li" at the beamline, where the different markers on the cycling profile
on the right indicate the XRD measurement. No peaks are present in the range 20-35°. The peaks of interest are
highlighted in grey. The Miller indices of the Bragg peaks are indicated near each peak, referring to the initial
layered 3R-LiMO; phase, the peaks marked by an asterisk indicate the aluminum peaks and the peak marked by
the hash sign indicates the stainless steel peak. The arrow indicates the peak (001) of the new 1T-Li>MO: phase
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(P3m1). The synchrotron XRD data is plotted on a 2-theta Ac, scale to allow for comparison with conventional
XRD measurements.

The structural evolution of the in-situ cell upon lithiation between the relaxation potential
of 3.6 V and ~ 0.8 V vs Li/Li" under the beam is shown in Figure 2. 3. ¢. The energy and
wavelength of the X-ray source used for the synchrotron XRD measurements were scaled to
the energy of the conventional XRD (Cu Ko with E = 8.04 keV and A = 1.5406 A) to allow for
data comparison. Compared to the pristine NMC622 (Figure 2. 3. a), no clear change is
observed along the first plateau (red and blue markers), indicating that the initial layer structure
is maintained in the bulk of the material. Along the second plateau (purple markers), a new
peak (001) appears at ~ 17.5°, indicative of the formation of a 1T-Li,MO- phase of the space
group P3m1 (isostructural with IT-TiS; or Cdl),” in line with other literature reports.’”° This
result is consistent with the assumption made in chapter 1 that the LixMO> phase initiates at the
surface of the particles along the first plateau and reaches the bulk of the material in the second
plateau. The extra Li in the Li2MO> phase inserts in the tetrahedral sites of the Li layer instead
of occupying octahedral sites, allowing for extra Li insertion in the Li slab as it accommodates
twice as many Li ions. The peaks (101), (006), (102), (105), and (107) of the initial O3 layered
phase appear weaker and wider, indicating a loss of the layered structure, a higher disordering
and potentially a particle size reduction.®® The increase of the disordering can be interpreted as
a transition towards a spinel structure, nevertheless the decreasing of the (003)/(104) ratio is
not observed for our material and no (511) spinel peak is visible at ~ 59°. The transition to a
spinel phase could be initiated at the surface of the material and not be visible with XRD, which

1s why we recommend the characterization of the surface of the material in a follow up study.

The in-situ XRD allows for a better sensitivity and resolution of diffraction peaks than
conventional XRD. Additionally, the detector of the synchrotron XRD is bigger than a
conventional XRD, allowing for a faster data acquisition rendering this method better suited
for in-situ or operando characterization. A drawback of the in-situ coin cell XRD measurement
set-up is a difference in conductivity resulting from the hole in the cell hardware. The hole
must be big enough to allow for beam penetration but small enough to maintain the integrity
of the cycling, i.e. the exact section probed by the beam does not have the same compression
as the rest of the electrode, resulting in local differences in conductivity. Moreover, the data
obtained with the synchrotron XRD is only averaged throughout the depth of the area probed,
which may not always be representative of the entire electrode. After the mapping of the

structural changes upon deep lithiation with synchrotron XRD, we use conventional XRD for
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ex-situ measurements on harvested cathodes. Because conventional XRD has a bigger beam
size, the data is averaged over almost the entire electrode, which allows capturing

representative ex-situ information over the entire electrode.
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Figure 2. 4: Ex situ X-ray diffraction patterns of NMC622 electrodes measured from cathodes harvested at the
potentials marked on the cycling profile. No peaks are present in the range 20-35°. The peaks of interest are
highlighted in grey. The Miller indices of the Bragg peaks are indicated near each peak, referring to the initial
layered 3R-LiMO; phase, the peaks marked by an asterisk indicate the aluminum peaks. The arrow indicates the
peak (001) of the new 1T-Li:MO; phase (P3m1). The intensity of the (001) peak appears higher than for the in-
situ sample due to better conductivity upon cycling. Peaks of the initial layered phase appear weakened and
widened by the deep lithiation to xLi = 2, indicative of disordering in the material.

Ex-situ measurement of harvested NMC622 cathodes are presented in Figure 2. 4. Markers
on the right side indicate the potential at which the different electrodes were harvested. The
shift in peaks positions in the classic potential window (4.4 V —3.0 V vs Li/Li") are consistent
with literature reports.** The layered structure is maintained in the bulk along the first
overpotential plateau were the LinMO> phase is thought to be formed at the surface of the
particles. As observed with in-situ synchrotron XRD, a (001) peak initiates at ~ 17.5° along the
second overlithiation plateau. The intensity of this peak is higher with ex-situ XRD suggesting
that this phase was not locally predominant in the in-situ cell, likely due to poor contact at the
location of the measurement, as previously discussed. A broadening and decrease in intensity

of the peaks of the 3R-LiMO, phase correlates with the observations made with synchrotron
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XRD. The peaks of the initial layered structure are still visible upon lithiation to xLi = 2,
suggesting an incomplete phase transformation to the LinMO; phase. We hypothesize the
apparition of cracks in the particles resulting from Li insertion in the layered structure, i.e. the
overlithiation along the second plateau may trigger a decomposition of the particles in different
clusters, with regions of Li,MO; phase and regions of LiMO, phase. This cracking of particle

could explain the apparition of several domains, leading to the widening of the LiMO» peaks.

e Ex-situ XRD investigation of NMC cathodes upon deep lithiation
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Figure 2. 5: Ex situ X-ray diffraction patterns of NMC electrodes in pristine state and after lithiation to OL1. No
peaks are present in the range 20-35° The peaks of interest are highlighted in grey. The Miller indices of the
Bragg peaks are indicated near each peak, referring to the initial layered 3R-LiMO; phase, the peaks marked by
an asterisk indicate the aluminum peaks. The peak at 40° result from the sample holder. No difference is observed

in the structure of the bulk of the materials after lithiation to OLI.

To investigate the differences in lithiation profile observed for various NMC cathodes upon

lithiation to OLI1, the results of ex-situ electrodes of NMC111, NMC442, NMC532, and
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NMCS8I11 probed with XRD are presented in Figure 2. 5. No difference is observed between
the pristine samples and the samples lithiated to OL1 for each NMC materials. These results
confirm that the bulk of the material does not see a structure change upon lithiation to OL1 and

retains the initial layered phase (R3m space group), as hypothesized with electrochemistry in

chapter 1.
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Figure 2. 6: Ex situ X-ray diffraction patterns of NMC electrodes in pristine state and after lithiation to OL2. No
peaks are present in the range 20-35°. The peaks marked by an asterisk indicate the aluminum peaks. A clear
widening and weakening of the peaks of the initial 3R-LiMO; structure is observed. A new (001) peak appears at
17.5° marking the partial conversion of the structure to 1T-Li;MO; phase in the bulk and particle size reduction
after lithiation to OL2. No significant structural difference is observed upon deep lithiation in the bulk across the
different NMC cathodes.

The diffraction patterns of NMC cathodes lithiated to OL2 are compared with the pristine
electrodes in Figure 2. 6. Similarly to the changes observed for NMC622 (Figure 2. 3 and
Figure 2. 4), all the NMC cathodes present a decrease in intensity and broadening of the

characteristic peaks of the initial layered structure, and a new (001) peak indicative of the P3m1
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1T-Li2MO; phase. The deep lithiation to OL2 appears to introduce a destruction of the initial
layered phase in all NMC cathodes. No significant difference is observed in the bulk across the
different NMC cathodes investigated upon deep lithiation to OL2.

Bulk
Subsurface
Surface

Pristine

Vhigh

LiMO,

OL2
LiMO,
d-LiMO,

+
Li,Mo,

Figure 2. 7: Schematic summary of the structural changes observed in the bulk of the material with XRD upon
deep lithiation. LiMO; denotes the initial layered R3m phase, Li>MO; the Li-rich phase (P3m1), and d-LiMO: a
disordered layered R3m phase.

The absence of significant structural change upon lithiation of NMC622 along the first
overlithiation plateau was put in evidence with synchrotron XRD analysis. A new (001) peak
appeared along the second plateau upon lithiation to OL2, marking the presence of a 1T-
LixMO> phase isostructural with Cdl, (P3m1 space group) in the bulk of the material. A
widening and weakening of the intensity of the 3R-LiMO> peaks upon deep lithiation showed
an increase of the disordering in the material, and indicated an incomplete phase transformation
towards the new 1T-LioMO: at this lithiation degree. A particle size reduction, potentially due
to cracking is suspected. No formation of a spinel phase is observed in the bulk of the material
but surface sensitive techniques are recommended to investigate the material in a follow up
study. Similar observations are made for NMC622 cathodes from conventional XRD ex-situ
measurements, with an increase in intensity of the new (001) peak indicative of a local loss of

conductivity in the in-situ cell. The comparison of the diffraction pattern of the pristine
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NMCI111, NMC442, NMC532, NMC622, and NMCS811 to the samples lithiated to OLI
highlighted again the lack of structural change in the bulk upon regain of the initial capacity,
supporting the good reversibility observed with electrochemistry upon relithiation after
lithiation to OL1 (xLi = 1). All NMC materials studied showed the new (001) peak upon
lithiation to OL2 and a widening and weakening of the peaks of the initial layered phase,
indicating that the structure of the bulk across all NMCs is similar upon lithiation to OL2 (xLi
= 2). A study of the structure of the electrodes with transmission electron microscopy (TEM)
or electron energy loss spectroscopy (EELS) could be combined with scanning electron
microscopy (SEM) in a follow up study to determine the surface morphology of the electrodes
after deep lithiation. The variations of the oxidation state of the TMs across all NMC cathodes
are presented in a second part in order to identify differences in the materials upon deep

lithiation.
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2. Investigation of the oxidation state variations of the transition
metals in NMC cathodes upon deep lithiation

To measure changes in the oxidation state of TMs in the bulk of the material upon deep
lithiation, we perform a series of hard XAS measurements at the K-edges of the elements of
interest (Ni, Co, Mn). To distinguish between electrochemistry occurring at the surface of the
particles and the changes throughout their bulk, hard XAS measurements are followed by soft
XAS study, using both Total Electron Yield (TEY — top 5 nm) and Fluorescence Yield (FY —
50-100 nm) modes. In similarity to the XRD measurements, a detailed XAS study of NMC622
is first presented followed by investigation of the other NMC electrodes.

e Detailed hard XAS study of NMC622
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Figure 2. 8: Mn, Co, and Ni K-edge spectra of NMC622 with xLi = 1.20, 1.33, 1.51, 1.68 and 2.06. 70%
Chemically delithiated NCA (30% Li, Ni**7*), Pristine NMC622 (Mn**,Co**,Ni*%*), NiO (Ni**), CoCl (Co™),
MnO (Mn**),'s Mn>O3 (Mn**)" used as standards. A clear reduction is observed for all TMs upon deep lithiation.

In a first study, ex-situ hard XAS measurements are carried out on harvested NMC622
cathodes, which were brought to the different lithiation degrees of xLi = 1.20 (1.60 V), xLi =
1.33 (1.52 V), xLi = 1.51 (1.03 V), xLi = 1.68 (1.01 V) and xLi = 2.06 (0.8 V). The
measurements are executed at the K-edge of Ni, Co, and Mn, probing the dipole-allowed
transition from the s level to the 4p valence states. Figure 2. 8 depicts the normalized Mn, Co
and Ni K-edge XANES spectra of the NMC622 electrodes harvested at the different lithiation
degrees marked on the right on the cycling profile. Since the peak position at the three studied
K-edges shifts to the left throughout the overlithiation process, it is clear that all three TMs
participate in the reduction. We estimate the oxidation state of Co and Ni from the spectra of
the standards by using a linear relationship between the energy of the edge at the normalized

intensity of 0.5 and the oxidation state, and by using a linear relationship between the energy
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of the maximum of the Mn K-edge, as previously reported in literature.'® The enlarged spectra
of Co and Ni at the region of 0.5 intensity are presented in Figure 2. 9. The standards used are

MnO (Mn*"),'® Mn,O3 (Mn*"),' pristine NMC622 (Mn*",Co** Ni*¢¢*), CoCl» (Co*") and NiO
(Ni*").
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Figure 2. 9: Co, and Ni K-edge spectra of NMC622 with xLi = 1.20, 1.33, 1.51, 1.68 and 2.06. 70% Chemically
delithiated NCA (30% Li, Ni*%7"), Pristine NMC622 (Co’*,Ni>%5"), NiO (Ni**), CoCl> (Co®*) used as standards
enlarged to show the region at 0.5 intensity.

Focusing on Ni, we can see that the first overlithiation plateau (xLi = 1.20 and xLi =
1.33) is associated with a gradual but small shift toward the lower edge energy and therefore a

2.66+

small change from Ni oxidation state in the pristine electrode to lower values. As the

lithiation degree increases from xLi = 1.33 to xLi = 1.51 and the potential drops to ~1.0 V vs

230+ js observed. Further

Li/Li", a significant reduction in Ni oxidation state to about Ni
lithiation along the second overlithiation plateau, however, does not lead to an additional shift
in the edge energy, indicating that the change in the chemical state should be occurring in either
Co or Mn (it should be highlighted that the spectra for xLi = 1.51 and xLi = 1.68 overlap). As
the potential drops below 1.0 V and approaches the 0.8 V plateau, another significant change
in the Ni edge position occurs, bringing the bulk oxidation state to Ni'“'*. The observations of
the oxidation state variations of Ni align with the hypotheses made in chapter 1, confirming the

reduction of the bulk Ni along the first high voltage plateau.

For Co, the K-edge shifts slightly to the left as xLi increases from 1.00 in the pristine
electrode to 1.20 in the first ex situ sample, and then remains at approximately the same edge
position during additional lithiation along the first lithiation plateau (xLi=1.20 and xLi=1.33).

In similarity to Ni, as the lithiation degree increases further from xLi = 1.33 to xLi = 1.51 and
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the lithiation plateau drops to ~1.0 V, a significant decrease in Co oxidation state to
approximatively Co*** is observed. Further lithiation of NMC622, which increases Li
stoichiometry first to xLi = 1.68 and then to xLi = 2.06, results in gradual shift in Co edge
position to the left and a final lower oxidation state of Co of approximatively Co**'*. The
observations of the valence of the bulk Co confirm its minimal implication in the lithiation up

to the beginning of the low voltage plateau.

In comparison to Ni and Co K-edges, Mn K-edge shifts only slightly during the first

lithiation plateau at 1.6 V, resulting in slightly reduced Mn (Mn>4*

). As the stoichiometry of
Li increases from xLi = 1.33 to xLi = 1.51, and the potential drops to ~1.0 V vs Li/Li", the Mn
oxidation decreases significantly going from Mn*°*" to Mn>%**, Further reduction along the
second lithiation plateau leads to a small shift in the Mn K-edge to the left, while the transition
to second overlithiation plateau results in another significant change in Mn chemical state,
bringing Mn to an oxidation state of about Mn*>"". As expected from the electrochemical study
presented in chapter 1, the implication of Mn in the lithiation process is negligible until the

second lithiation plateau.

The oxidation state variations of the TMs in the bulk NMC622 the material are in line
with the hypotheses made in the electrochemical study in chapter 1. Mainly Ni is reduced upon
lithiation to xLi = 1 with minimal implication of Co which does not lead to structural changes
in the bulk, as observed with XRD. Ni is further reduced along the first lithiation plateau. Co
and Mn are significantly reduced along the low voltage plateau, leading to the apparition of a
new 1T-LixMO; phase, and all TMs are reduced to lower valences at ~ 0.8 V vs Li/Li". Using
the observed oxidation states of all three TM oxides, it is possible to calculate the amount of
charge that would need to enter the electrode to result in these measured values and compare
the calculated capacity to the capacity, which was obtained electrochemically. The results of
these calculations are presented in the appendix section Table SI. 7. Examination of the values
reveals that the capacities calculated from the hard XAS data are in reasonable agreement with
the capacities reached by the harvested cathodes, suggesting that contributions to gravimetric

capacity from side reactions were minor.

e Hard XAS study of NMC cathodes

In order to evaluate the differences in the NMC cathodes observed in the electrochemical

study, NMCI111, NMC442, NMC532, NCM622 and NMCS811 are also studied at different
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lithiation degrees with hard XAS and the results are presented in Figure 2. 12 - Figure 2. 16.
For each NMC material investigated, the lithiation degree at which the cathode has been
harvested is marked on the right. Section a marks the study of the NMC cathode upon lithiation
to OL1 and delithiation to Viign. Section b marks the investigation of the NMC cathode upon
deep lithiation to OL2 and delithiation to Vhign. The K-edge spectra of each sample is plotted
alongside the pristine sample and standards (NiO - Ni**, Pristine NCA - Ni**, 70% Chemically
delithiated NCA - Ni*#73*, CoCl, - Co**, Pristine LCO - Co**, MnO - Mn?", Mn;03 - Mn®*,
Pristine NMC111 - Mn*"). The maximum of the energy of the Mn K-edge and the energy at

the normalized 0.5 intensity are summarized in Figure 2. 10 and Figure 2. 26.
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Figure 2. 10: K-edge energy of the cathodes NMC111, NMC442, NMC532, NMC622 and NMC811 in the pristine
state, lithiated to 3.0 V vs Li/Li", lithiated to OLI, and lithiated to OL2, a. Maximum energy of the Mn K-edge in
eV, b. Energy of the Co K-edge at 0.5 intensity in e; c. Energy of the Ni K-edge at 0.5 intensity in eV. The energy
of the standards is marked by a dashed line. A clear reduction of all the TMs is observed upon deep lithiation to
OL2.

The variations of the edge energy from the cathodes cycled to 3.0 V vs Li/Li" are compared
to the cathodes lithiated to OL1 and to OL2 in Figure 2. 10. As seen for NMC622, no significant
change is observed for Co and Mn between 3.0 V and OLI1 for all NMCs. Additionally, no
significant change is observed in the Ni bulk oxidation state between a pristine sample and a
sample lithiated to OL1, as OL1 is at the beginning of the first lithiation plateau, and the extra
Li insertion due to kinetic limitations at this stage is expected to occur only at the surface of
the material. A clear reduction of all the TMs is observed upon lithiation to OL2. The reduction
of Mn towards the valence 2" increases with increasing Ni content, with a significantly larger
reduction of Mn in NMCS8I11 upon lithiation to OL2. The bigger valence change of Mn
observed in NMC811 may result from the higher structural instability of the NMC structure

due to the minimal amount of Mn present. This bigger reduction of Mn could be responsible
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for a bigger Mn dissolution and linked to the high capacity loss observed for NMC811 upon
delithiation. We notice that the valence of Ni in NMC111 is higher than the expected value of
2", This observed valence of 2.1" may result from a lower quantity of Ni in the material (0.31
instead of 0.33) or a lower quantity of Li in the pristine material xLi*"*"® = (.95 instead of
xLiPstne = 1) Such a variation is too small to be determined by inductively coupled plasma
atomic emission spectroscopy (ICP-OES) measurements. The minimal presence of trivalent Ni
in the pristine NMC111 can confirm the difference in lithiation profile observed with the
“Ni=Mn” NMC442 material in chapter 1. Due to the difference in the Ni oxidation state in the
pristine NMC electrodes, the edge energy is normalized by the pristine edge of each NMC to

allow for better comparison of the extent of reduction in Figure 2. 11.
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Figure 2. 11: Ni K-edge energy of the cathodes NMC111, NMC442, NMC532, NMC622 and NMCS811 in the
pristine state, lithiated to 3.0V, lithiated to OL1, and lithiated to OL2 normalized by the energy of the pristine
material to visualize the extent of variation in the Ni valence state for each NMC cathode.

Figure 2. 11 depicts the relative variation of the oxidation state of Ni in NMC cathodes
upon deep lithiation. As hypothesized from the electrochemical study in chapter 1, NMC442
that only has divalent Ni in the pristine does not see further reduction of Ni in the bulk.
However, the K-edge spectra of Ni in NMC442 upon lithiation to OL2 shows a different

53



Chapter 2: Structural characterization of NMC materials upon deep lithiation

profile, indicative of a different structural environment for the Ni. For the Ni-rich NMCs, a
higher Ni content leads to a higher amount of trivalent Ni in the pristine material. The more
trivalent Ni is present in the NMC material, the more valence change is observed for Ni upon
lithiation to OL2. The extent of variation of the oxidation state of Ni in NMCS8I11 is

hypothesized to induce stress in the particles and trigger cracking in the material.

As observed with hard XAS and XRD, no significant difference is observed between a cell
cycled to 3.0 V and to OL1 for NMC materials. In similarity to literature reports in the classic
potential window, in the regime from pristine to OL1, no changes occur in the valence of Mn
in the bulk of the material, minimal changes occur for Co and mainly Ni is responsible for the
charge compensation.®! Upon deep lithiation to OL2, all TMs significantly reduce towards the
valence 2", As reported from the XRD analysis, more details are needed about the surface of

the materials to distinguish between the different NMC materials upon deep lithiation.
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Figure 2. 12: Mn, Co, and Ni K-edge spectra of NMC111 electrodes harvested at various lithiation states with
the corresponding voltage profile. NiO (Ni**), Pristine NCA (Ni*¥), 70% Chemically delithiated NCA (Ni*%7°%),
CoCl; (Co*"), Pristine LCO (Co**), MnO (Mn**), Mn;0; (Mn’*), Pristine NMCI11 (Mn**) used as standards.
Markers indicate the potential at which the electrode was harvested: full red square for the pristine NMC111, full
blue square for the electrode delithiated to 4.4 V, full green square for the electrode lithiated to 3.0 V. a.
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Chapter 2: Structural characterization of NMC materials upon deep lithiation

Comparison of the K-edge spectra of the transitions metal after a lithiation to the initial capacity of the pristine

material (OL1; empty green marker) and the subsequent delithiation (OL1 — 4.4 V; empty blue marker), b.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the twice the theoretical capacity

of the pristine material (OL2; dashed green marker) and the subsequent delithiation (OL2 — 4.4 V; dashed blue

marker).
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Figure 2. 13: Mn, Co, and Ni K-edge spectra of NMC442 electrodes harvested at various lithiation states with
the corresponding voltage profile. NiO (Ni**), Pristine NCA (Ni*¥), 70% Chemically delithiated NCA (Ni*%7>%),
CoCl, (Co*"), Pristine LCO (Co’"), MnO (Mn’*), Mn>O3; (Mn’*), Pristine NMC111 (Mn**) used as standards.
Markers indicate the potential at which the electrode was harvested: full red square for the pristine NMC442, full

blue square for the electrode delithiated to 4.4 V, full green square for the electrode lithiated to 3.0 V. a.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the initial capacity of the pristine

material (OL1; empty green marker) and the subsequent delithiation (OL1 — 4.4 V; empty blue marker), b.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the twice the theoretical capacity

of the pristine material (OL2; dashed green marker) and the subsequent delithiation (OL2 — 4.4 V; dashed blue

marker).
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Figure 2. 14: Mn, Co, and Ni K-edge spectra of NMC532 electrodes harvested at various lithiation states with

the corresponding voltage profile. NiO (Ni**), Pristine NCA (Ni**), 70% Chemically delithiated NCA (Ni*57°%),
CoCl, (Co*"), Pristine LCO (Co’"), MnO (Mn’*), Mn>0s (Mn’"), Pristine NMC111 (Mn*') used as standards.

Markers indicate the potential at which the electrode was harvested: full red square for the pristine NMC532, full

blue square for the electrode delithiated to 4.4 V, full green square for the electrode lithiated to 3.0 V. a.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the initial capacity of the pristine

material (OL1; empty green marker) and the subsequent delithiation (OL1 — 4.4 V,; empty blue marker), b.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the twice the theoretical capacity

of the pristine material (OL2; dashed green marker) and the subsequent delithiation (OL2 — 4.4 V; dashed blue

marker).
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Chapter 2: Structural characterization of NMC materials upon deep lithiation

NMC622
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Figure 2. 15: Mn, Co, and Ni K-edge spectra of NMCG622 electrodes harvested at various lithiation states with

8350

8360 1 2 3 4

Voltage (V)

the corresponding voltage profile. NiO (Ni**), Pristine NCA (Ni**), 70% Chemically delithiated NCA (Ni*57°%),
CoCl, (Co*"), Pristine LCO (Co’"), MnO (Mn’*), Mn>Os; (Mn’"), Pristine NMC111 (Mn*') used as standards.

Markers indicate the potential at which the electrode was harvested: full red square for the pristine NMC622, full

blue square for the electrode delithiated to 4.4 V, full green square for the electrode lithiated to 3.0 V. a.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the initial capacity of the pristine

material (OL1; empty green marker) and the subsequent delithiation (OL1 — 4.4 V,; empty blue marker), b.

Comparison of the K-edge spectra of the transitions metal after a lithiation to the twice the theoretical capacity

of the pristine material (OL2; dashed green marker) and the subsequent delithiation (OL2 — 4.4 V; dashed blue

marker).
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Chapter 2: Structural characterization of NMC materials upon deep lithiation
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Figure 2. 16: Mn, Co, and Ni K-edge spectra of NMC811 electrodes harvested at various lithiation states with
the corresponding voltage profile. NiO (Ni**), Pristine NCA (Ni**), 70% Chemically delithiated NCA (Ni*57°%),
CoCl, (Co*"), Pristine LCO (Co’"), MnO (Mn’*), Mn>Os; (Mn’"), Pristine NMC111 (Mn*') used as standards.
Markers indicate the potential at which the electrode was harvested: full red square for the pristine NMC811, full
blue square for the electrode delithiated to 4.3 V, full green square for the electrode lithiated to 3.0 V. a.
Comparison of the K-edge spectra of the transitions metal after a lithiation to the initial capacity of the pristine
material (OL1; empty green marker) and the subsequent delithiation (OL1 — 4.3 V,; empty blue marker), b.
Comparison of the K-edge spectra of the transitions metal after a lithiation to the twice the theoretical capacity
of the pristine material (OL2; dashed green marker) and the subsequent delithiation (OL2 — 4.3 V; dashed blue

marker)

e Detailed soft XAS study of NMC622

To distinguish between electrochemistry occurring at the surface of the particles and
the changes throughout their bulk, hard XAS measurements are followed by a soft XAS study,
using both Total Electron Yield (TEY) and Fluorescence Yield (FY) modes. The measurements
are executed at the L-edge of Ni, Co, and Mn, probing the electron dipole transition from the
2p core level to the 3d valence states.'® The TEY mode detects the oxidation state of the

elements in the top 5 nm of the film and the FY mode probes deeper into the subsurface of the
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Chapter 2: Structural characterization of NMC materials upon deep lithiation

material (~50-100 nm).!” The differences in the spectra obtained in TEY mode (surface) and
FY mode (subsurface) will provide information on which electrochemical processes are first
occurring at the surface of the particles. In similarity to the hard XAS study, the material

NMC622 has been chosen to be investigated in greater detail.
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Figure 2. 17: Ni L-edge XAS spectra of NMC622 electrodes with xLi = 1.20, 1.33, 1.51, 1.68 and 2.06 compared
to the pristine material and NiO standard; a. TEY; b. FY. The surface Ni appears more reduced than the

subsurface Ni for all lithiation degrees.
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Figure 2. 18: L3 high/Ls 10w ratio of the Ni L-edge XAS spectra of NMC622 electrodes with xLi = 1.20, 1.33, 1.51,
1.68 and 2.06 and the corresponding interpolated oxidation state of Ni
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Ex-situ soft XAS measurements were carried out on harvested NMC622 cathode
electrodes brought to the lithiation degrees of xLi = 1.20 (1.60 V), xLi=1.33 (1.52 V), xLi =
1.51(1.03V),xLi=1.68 (1.01 V) and xLi=2.06 (0.8 V), as shown in Figure 2. 8. The changes
in the Ni L-edge, in Figure 2. 17, can be interpreted by comparison of the L3 high/L3 10w ratio of

8283 as presented in Figure 2. 18. The L-edge of the

the different spectra with standards,
standards used for the interpolation of the L3 ratio to the oxidation state of Ni are presented in
Figure SI. 8. The surface Ni (TEY, Figure 2. 17. a) is much more reduced than the subsurface
Ni (FY, Figure 2. 17. b) for the pristine electrode, as was reported for NMC622 in the potential
window of 3.0 V to 4.4 V vs Li/Li* by Tian et al.** This gradient in the Ni oxidation state within
the particle continues upon deep lithiation. The surface Ni is already reduced to
approximatively Ni*" along the first lithiation plateau (xLi = 1.20 and 1.33), while both the
subsurface and the bulk of the particles (Figure 2. 8) remain at a higher oxidation state. The
persistence of the gradient in the Ni oxidation state within the particle indicates that the
reduction of the Ni initiates at the surface and then propagates toward the bulk. An increase of

valence is observed for the subsurface at the lithiation xLi = 1.51 and xLi = 2.06, however

measurement of more samples is needed to properly interpret this result.
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Figure 2. 19: Co L-edge XAS spectra of NMC622 electrodes with xLi = 1.20, 1.33, 1.51, 1.68 and 2.06 compared
to the pristine material and CoO standard; a. TEY, b. FY; The characteristic peak position of Co** is highlighted
by the position of A, while the peak at the position of A; is attributed to a metal-to-ligand charge transfer (MLCT).
The TEY absorption spectra for xLi = 2.06 is not shown here, due to insufficient Co signal.

Focusing on the Co TM, the L-edge spectra shown in Figure 2. 19 are qualitatively
interpreted by comparison with standards (CoO for Co?" and pristine NMC622 for Co*").3* By
examining the shapes of the TEY and the FY spectra, we can observe that in similarity to Ni,

there is a difference in the Co oxidation state within the particle. More specifically, a clear
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reduction of the surface Co can be observed upon lithiation as early as xLi = 1.20 (Figure 2.
19. a), whereas the subsurface (Figure 2. 19. b), in agreement with the hard XAS data (Figure

2. 8), shows significant reduction of the Co only along the second plateau.

We note that the Co signal for the TEY mode for the electrode lithiated to xLi = 2.06
was insufficient and is not presented here. Because a similar issue was also observed with the
other minor TM component in NMC622 (Mn, Figure 2. 20), it is likely that the insufficient
signal for both Co and Mn occurred due to a combination of an ex-situ measurement of a highly
lithiated and therefore reactive electrode surface and the low concentration of the element in
the sample, as discussed by Johnson et al.%® In addition, Co has a satellite peak, which we label
as Az in its TEY spectra. This peak can be attributed to the metal-to-ligand charge transfer
(MLCT) transitions to unoccupied ligand orbitals, which could appear due to carbonated
degradation by-products on the surface of the particles, as was previously observed for different

Ni and Co systems.3>%7
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Figure 2. 20: Mn L-edge XAS spectra of NMC622 electrodes with xLi = 1.20, 1.33, 1.51, 1.68, compared to the
pristine material and MnO standard; we note that despite of the precautions taken during sample transfer, a
minimal exposure of the samples to air is expected and can be seen from the slight oxidation of the MnO standard,
which is particularly sensitive to air. The highlighted areas mark the characteristic peaks of Mn>*. The TEY
absorption spectra for xLi = 2.06 is not shown here as the Mn signal was insufficient

Only TEY data is shown for the Mn L-edge XAS spectra (Figure 2. 20), as the FY signal
of the Mn L-edge appears to be distorted by the O-K emissions.'®® The L-edge spectra are
qualitatively interpreted by comparison with standards (MnO for Mn*" and pristine NMC622
for Mn*"). A small surface oxidation of the Mn?" standard is observed and results from a
minimal contact with air during transfer into the vacuum chamber of the beamline despite the

measures taken.!® Similarly to Co, a clear reduction of Mn*" towards Mn?" is observed for xLi
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= 1.20 along the first plateau, while the reduction of the bulk Mn observed with the K-edge
spectra initiates along the second plateau. As a result, it is possible to conclude that the

reduction of Mn also initiates from the surface of the particles and then proceeds into their bulk.

e Soft XAS study of NMC111, NMC442 and NMC532 cathodes
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Figure 2. 21: Ni, Co, and Mn L-edge XAS spectra for the pristine material (red), electrodes lithiated to xLi = 1
(OL1 - green), and electrodes lithiated to xLi = 2 (OL2 - yellow) with the TEY spectra in full line and the FY
spectra in dotted line; a. NMCI11; b. NMC442; ¢. NMC532; d. Ni, Co, and Mn L-edge XAS spectra of the
materials used as standards: NiO for Ni**, NCA for Ni**, 70% delithiated NCA for Ni**7*, CoO for Co®*,LiCoO>
for Co’*, MnO for Mn?>" and, MnO: for Mn*".

In similarity to NMC622 materials, NMC111, NMC442 and NMC532 are investigated with
soft XAS. The surface and subsurface of the pristine electrodes was compared with the surface
and subsurface of the electrodes lithiated to OL1 and OL2 in Figure 2. 21. The surface L-edge

spectra (TEY — full line) is compared with the subsurface spectra (FY — dashed line) for Ni and
62



Chapter 2: Structural characterization of NMC materials upon deep lithiation

Co. No FY spectra was obtained for Mn as discussed in the previous section. The standards
used for the interpretation of the spectra are presented in Figure 2. 21. d. The surface Ni in the
pristine samples is more reduced than the subsurface, as observed with NMC622. The valence
of Mn and Co in the pristine samples are respectively 4" and 3*. As studied in detail with the
investigation of NMC622, the beginning of the reduction of the valence of Mn and Co is
observed already at OL1 for all NMCs, whereas the K-edge study showed a reduction of the
bulk Co and Mn starting at the second lithiation plateau. This observation is consistent with the
hypothesis made in chapter 1 of a Li-rich phase at the surface of the particles upon lithiation to
OLI1, leading to a reduced state for the TMs at the surface of the material. Co and Mn are further
reduced towards 2" after lithiation to OL2. The oxidation state of the Ni is interpolated from
the L3 nigh/ L3 1ow ratio compared to that of standards, as described for NMC622 (Figure SI. 8).
Figure 2. 22 depicts the interpolated oxidation states of NMC111, NMC442 and NMC532 for
the surface and subsurface of the pristine samples, the materials lithiated to OL1 and to OL2.
The oxidation state of Ni appears more reduced at the surface than in the subsurface for all
NMC materials studied, indicating that the reduction of Ni initiates from the surface towards
the bulk for NMCI111, NMC442 and NMC532. The oxidation state of the surface Ni in
NMC111 is higher than 27, in agreement with the bulk Ni observed with hard XAS. Very little
variation of the oxidation state of Ni is observed from the samples lithiated to OLI.
Surprisingly, the oxidation state of the surface and subsurface Ni observed for the samples
lithiated to OL2 appears less reduced than the samples lithiated to OL1. This increase in Ni
valence supports the hypothesis of charge compensation brought on Ni from a loss of Mn*"

ions due to dissolution.
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Figure 2. 22: Oxidation state of Ni interpolated from the L3 pigi/L3 0w ratio of the Ni L-edge XAS spectra of

NMCI111, NMC442, and NMC532 of pristine samples, samples lithiated to OL1 and samples lithiated to OL2. An

increase in the Ni valence in the surface and subsurface is observed upon lithiation to OL2, indicative of a charge

compensation of the Ni upon Mn®* dissolution.
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Figure 2. 23: Schematic summary of the valence changes observed in the materials with XAS upon deep lithiation.
The oxidation state of the TMs in the bulk of a NMC material is written in the center of the cross-section of a
particle. The oxidation state at the surface and subsurface are indicated by the color gradient on the top right. At
OL1 the Mn, Co, and Ni at the surface exhibit a small reduction compared to the pristine sample. At OL2, all TMs
in the bulk are reduced towards 2*. The Mn and Co at the surface are more reduced than the subsurface and the
bulk, whereas the Ni at the surface and subsurface is less reduced than in the bulk, which is consistent with a

charge compensation of the surface Ni due to Mn’* dissolution towards the anode.

The oxidation state of Ni, Mn, and Co in NMC622 in the bulk of the cathode have been
investigated by comparison of the K-edge spectra of the TMs with that of standards. A
reduction of Ni was observed upon overlithiation along the first lithiation plateau whereas the
Co and Mn reduction was minimal, supporting the theoretical calculations done in chapter 1
estimating mainly the reduction of Ni along the first plateau. The transition to the second
lithiation plateau marked the reduction of Mn and Co. Mn and Co and significantly reduced
towards the valence 2" along the second plateau while Ni remained inactive. A clear reduction
of all TMs was observed again at 0.8 V vs Li/Li". The K-edge study of NMC111, NMC442,
NMC532, and NMC811 confirmed the retention of the layered structure in the bulk observed
with XRD upon lithiation to OL1 with no difference observed in the oxidation state of the TMs
in the bulk. All TMs showed a significant reduction upon lithiation to OL2. An increase in the
reduction of Mn was observed with increasing Ni content, with NMC811 exhibiting a higher

reduction for Mn and a bigger valence change for Ni. This reduction suggested a significant
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structure change in NMCS811, supporting the higher capacity loss observed upon cycling to
OL2 with electrochemistry.

The surface and subsurface of NMC622 cathodes were investigated by comparing the L-
edge spectra with that of standards and interpolating the oxidation state of Ni from the
L3 nigh/L3,low ratio. A reduction, initiating at the surface of the material, was observed for Ni,
Mn, and Co as early as the first overlithiation plateau, supporting the assumption made in
chapter 1 of the formation of a Li2MO; phase at the surface of the material, leading to a higher
reduction in the valence of the TMs. The deep lithiation to OL2 showed a strong reduction to
~ 2" for all TMs. The surface and subsurface of NMC111, NMC442, and NMC532 were also
studied at different lithiation degrees. The same trend was observed, with a small reduction of
the surface Ni, Mn, and Co observed for the samples lithiated to OL1. While Mn and Co
showed further reduction upon lithiation to OL2, a surprising increase in the valence of Ni was
observed both at the surface and the subsurface of the materials. This increase in the oxidation
state of Ni was interpreted as a charge compensation on the Ni upon Mn?" dissolution and
migration to the anode. The changes in the valence of the TMs upon lithiation confirmed the
structural understanding gained with XRD and hard XAS measurements, with a negligible
change induced in the valence of the TMs at the surface upon lithiation to OL1 and a significant

change in the environment of the TMs upon lithiation to OL2.
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3. Investigation of the reversibility of the deep lithiation process on

NCM cathodes

e X-ray diffraction

In order to evaluate how the variations observed at the surface and subsurface of the
particles upon deep lithiation affect the NMC materials upon delithiation, the diffraction
patterns of the electrodes at Vhigh, OL1 — Vhigh and OL2 — Vg are plotted in Figure 2. 24.
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Figure 2. 24: Ex-situ X-ray diffraction patterns of cells cycled to Vign, to OLI — Vg, and to OL2 — Viign, a.
NMCI11 (Vigh = 4.4 V); b. NMC442 Vigry = 4.4 V; ¢. NMC532 (Vigh = 4.4 V); d. NMC622 (Viigh = 4.4 V); e.
NMC811 (Viigh = 4.3 V); No peaks are present in the range 20-35°. No structural difference is observed upon
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delithiation to Vg after lithiation to OLI, whereas the peaks of the initial layered phase appear weaker and
wider upon delithiation to Vi after lithiation to OL2 marking an increase of disordering in the structure.

In similarity to what is observed upon lithiation to OL1, no significant difference is
observed between NMC electrodes cycled to Viigh and electrodes cycled to OL1 - Vhigh,
indicating no structural difference induced by a lithiation to OL1 at the bulk level. This
observation is in line with the reported oxidation state in the bulk of the materials upon
lithiation to OL1, highlighting that the surface changes observed with the L-edge study do not
hinder the regain of the layered phase reached at Viign. A broadening of the initial layered phase
peaks can be observed upon delithiation to Vhign after lithiation to OL2. This broadening of the
3R-LiMO: peak marks an increase in the disordering, already visible upon lithiation to OL2,
which could be due to Mn loss. The structural changes observed upon lithiation to OL2 are
detrimental to reversible cycling and lead to a partial disappearance of the initial 3R-LiMO;

phase upon delithiation to Vhigh.

The splitting of the peaks (006)/(102) and (108)/(110) is characteristic of the layered
structure.” It can be used to evaluate the integrity of the layered structure of the material after
overlithiation. The highlighted section in Figure 2. 24. a is plotted in Figure 2. 25. We can
confirm from the study of this characteristic region that the layered structure in the bulk of the
material is retained after lithiation to OL1 and relithiation to Vhign for all NMC materials. It is
clear that no NMC material regains fully the layered structure in the bulk of the material after
a deep lithiation to OL2, sign that the deterioration of the layered structure occurs along the
low voltage plateau. The high polarization of the delithiation to Vhign after lithiation to OL2
may result from the decrease in Li diffusivity in the NMC materials due to the loss of part of
the layered structure. We suspect that regions of the material are rendered inaccessible by
lithiating to OL2. We expect NMC electrodes to degrade rapidly upon continuous cycling
between OL2 and Vhign as the material does not fully maintain the layered structure in the bulk

after deep lithiation and could be forming another phase.
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Figure 2. 25: Ex-situ X-ray diffraction patterns of NMC111 (Viigh = 4.4 V); NMC442 Viigr = 4.4 V; NMC532 (Viign
=4.4V); NMC622 (Vyighn=4.4 V); NMC811 (Viigh = 4.3 V), Cells cycled to Viign (full lines), Cells cycled to OLI
— Vhigh (dotted lines), Cells cycled to OL2 — Vg (dashed lines) from 63° to 68°, where the loss of the layered
structure is marked by the disappearance of the peaks (108)/(110). The Miller indices of the Bragg peaks are
indicated near each peak, 3R refers to peaks of the 3RLiMO: phase, and the peaks marked by an asterisk indicate

the aluminum peaks.

e Hard XAS study

The K-edge of the samples delithiated to Vhign after lithiation to OL1 and OL2 are
compared to the samples delithiated to Viigh. Because all NMC materials but NMC811 accessed
a comparable amount of capacity upon delithiation from OL2 — Vy;gn, the NMC811 cathode is
not included in the following discussion. A secondary set of experiment where the delithiation
is controlled by coulomb counting could be designed to include NMCS811 in this study,
however a significant structural degradation in the material is expected. The energy of the K-
edge of Mn, Co, and Ni plotted in Figure 2. 12 - Figure 2. 16 are summarized in Figure 2. 26.
The good reversibility of the lithiation to OL1 in the bulk observed by XRD is confirmed by

the absence of significant difference in the oxidation state of all TMs between a delithiation in
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the classic potential window (3.0 V — Viign) and a delithiation after lithiation to OL1 (OL1 —
Vhigh). For NMC111, NMC442, NMC532, and NMC 622, minimal difference is observed in
the oxidation state of Co and Mn upon relithiation from OL2 to Viigh compared to the materials
cycled to Viigh. A clear reduction of the valence of Ni is observed upon relithiation from OL2

to Vhign for all samples.
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Figure 2. 26: K-edge energy of the cathodes NMC111, NMC442, NMC532, NMC622 and NMC811 in different
lithiation states: first delithiation to Viyign, OLI1 - Viigh, OL2 - Viign, a. Energy of the Mn K-edge in eV; b. Energy

of the Co K-edge at 0.5 intensity in e, c. Energy of the Ni K-edge at 0.5 intensity in eV. A significant Ni reduction
is observed for all NMCs at OL2-Vigh
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e Soft XAS study
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Figure 2. 27: Ni, Co, and Mn L-edge XAS spectra of different cathode material for the electrodes delithiated to
Viigh (blue), and electrodes lithiated to xLi = I then delithiated back to Viign (OL1 — Vg - purple) with the TEY
spectra in full line and the FY spectra in dotted line. The spectra are compared to standards (grey), NiO for Ni**,
delithiated NCA for Ni*7*, CoO for Co’",LiCoO, for Co**',MnO for Mn’>" and, MnO: for Mn*'; a.
LiNig33Mng33C00330; (NMCI11); b. LiNigsMno4Cog20; (NMC442); ¢. LiNiosMno3C0020; (NMC532). No
sample was analyzed for OL2 — Viyign of NMC442

The oxidation state of the TMs at the surface and subsurface of the NMC111, NMC442,
and NMC532 materials are investigated in Figure 2. 27. The Mn L-edge and Co L-edge indicate
a return to the respective valence state 4" and 3* for all materials after lithiation to OL1 as well
as after lithiation to OL2. For ease of comparison, the interpolated oxidation state of Ni is
plotted in Figure 2. 28. We observe a minimal change in valence state upon delithiation after
lithiation to OL1. A clear reduction of the surface and subsurface is observed upon relithiation

after lithiation to OL2.
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Figure 2. 28: Oxidation state of Ni interpolated from the L3 pigi/L3 0w ratio of the Ni L-edge XAS spectra of

NMC111, NMC442, and NMC532 of samples delithiated to Vign, samples lithiated to OLI and delithiated to Vg,

and samples lithiated to OL2 and delithiated to Vg

As expected from the XRD and depth-dependent XAS study at OL2, significant

changes can be observed at Vhigh in materials that were lithiated to OL2 compared to materials

cycled in the classic potential window. The changes in the valence of Co and Mn, known to

provide structural stability in NMC cathodes, upon lithiation to OL2 may lead to a destruction

of the layered phase and only partial Li disinsertion remains possible upon delithiation. Only

partial samples were measured for NMC442. The study of surface of the sample NMC442 after

relithiation from OL2 to Vhigh would allow confirming the creation of a new Ni-rich NMC.
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e Reversibility over many overlithiated cycles investigated by

electrochemistry
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Figure 2. 29: Lithiation/delithiation profile of LiNisMnyCo O, with a+b+c = 1, a > b, IM LiPFs in EC:DEC
50:50 half-cells cycled at 0.1C at 25°C to Vg (dotted line), cycle to 3.0 V (dashed line), and cycles to xLi = 2
(called OL2) with subsequent delithiations to Vg with a 30 min rest between lithiation and delithiation; a.
NMCI11 (Viigh = 4.4 V); b. NMC442 (Viigr = 4.4 V); ¢. NMC532 (Viigh = 4.4 V); d. NMC622 (Vi = 4.4 V); e.
NMC811 (Vhigh = 4.3 V); f. Discharge capacity upon overlithiation vs cycle number for various cathode materials

In Figure 2. 29 are presented the lithiation profiles of NMC cathodes upon several
overlithiation cycles between OL2 and Viigh. As expected from the results obtained with XRD,
partial retention of the layered structure at OL2 — Viignh does not allow for reversibility of the
deep lithiation over many cycles compared to OL1. An increase in polarization upon
delithiation is observed in Figure 2. 29. a for NMC111, potentially indicating an increase in
impedance at low potential upon the overlithiation cycles. The lithiation capacity to OL2 over
5 cycles is presented in Figure 2. 29. f. We can observe a gradual loss of capacity upon lithiation
for NMC532 and NMC622, and a significant drop in capacity for NMC811, as only partial
range of the overlithiated regime is cycled due to significant capacity loss upon the first
delithiation. The loss of capacity observed is in line with the structural changes observed with
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XRD and the oxidation state variation upon delithiation both in the bulk and at the surface. The
NMC442 cathode first gains capacity upon delithiation possibly due to a change of NMC
stoichiometry upon Mn dissolution to the anode. The subsequent overlithiation cycles reach
less capacity, corroborating the hypothesis of the formation of a new Ni-rich NMC structure
following the trend of NMC532 and NMC622. The significant loss of capacity of NMC111 is

hypothesized as a result of hindered Li diffusion due to cation mixing.

LiMO, LiMO, d-LiMO,
Vhign OL1 - Vyygn OL2 - Vyygn
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Mn* Mn#
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Co3* OI]I /
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Figure 2. 30: Schematic summary of the structural changes observed in the bulk of the material with XRD and
the valence changes observed in the materials with XAS upon relithiation. The oxidation state of the TMs in the
bulk of a NMC material is written in the center of the cross-section of a particle. The oxidation state at the surface
and subsurface are indicated by the color gradient on the bottom right. LiMO, denotes the initial layered R3m
phase, LixMO: the Li-rich phase (P3m 1), and d-LiMO> a disordered layered R3m phase.

The reversibility of the structure of the NMC cathodes upon relithiation to Vhigh was
first investigated with XRD. In similarly to the changes observed upon lithiation to OL1, no
structural change was observed in the bulk of the material upon delithiation to Vhign after
lithiation to OL1. This result is in agreement with the CE of > 99% reported in chapter 1. A
broadening and decrease of intensity of the 3R-LiMO; peaks was observed upon delithiation

to Vhign after lithiation to OL2, indicating a partial loss of the layered structure after deep

74



Chapter 2: Structural characterization of NMC materials upon deep lithiation

lithiation. The XAS study of the TMs confirmed the good reversibility of the lithiation to OL1
as no difference was observed with a sample delithiated to Vpigh in the oxidation state of the
TMs, both in the bulk and at the surface. A significant decrease in the valence of Ni was
observed in the NMC cathodes upon delithiation to Viign after deep lithiation to OL2, with a
lower Ni valence observed at the surface. This lower oxidation state of Ni may indicate a loss
of Li to side reactions. The reversibility of NMC811 upon delithiation to Vnigy after lithiation
to OL2 was not compared with the other NMC cathodes as the capacity reached was
significantly lower. A comparison with the other NMC cathodes would be possible if the
delithiation was controlled by coulomb counting, although significant structural degradation
are expected to occur above 4.3 V vs Li/Li" for the material.

The reversibility of the deep lithiation was investigated for several cycles. As expected
from the extensive characterization techniques used, the NMC cathodes do not sustain many
overlithiation cycles over this extended potential window. The material NMC442 exhibited
first an increase in the discharge capacity, hypothesized as a transformation of the material in
a Ni-rich NMC upon Mn?* dissolution. This interpretation is supported by the capacity loss
observed over the following overlithiation cycles, following the trend observed for NMC532

and NMC622.
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Summary

Through a detailed in-situ and ex-situ XRD investigation of NMC622, we have put in
evidence the retention of the initial layered structure for all NMC cathodes lithiated to OLI.
The surface, subsurface and bulk valence of the TMs were investigated with XAS, and
highlighted the absence of variation in oxidation state of Ni, Mn, and Co in the bulk and
subsurface of the material. The surface of the material exhibited a minimal reduction at the
lithiation OL1, more significant for Ni. These observations are in line with the hypotheses
derived from the electrochemical study of a Li-rich phase initiating at the surface of the
material. The good reversibility upon delithiation to Vpign after a lithiation to OL1 was shown
with XRD, as the bulk of the material presented the same structure as the material first
delithiated to Vhigh. The TMs in the bulk, subsurface, and surface of the NMC cathodes lithiated
to OLI then delithiated to Vhign could regain the same valence as the materials initially
delithiated to Vhign, supporting the observations made with electrochemistry that the recovery

of the initial layered structure was a reversible process over one cycle.

The structure of the deep lithiation was first reported for NMC622, and compared to
that of the other NMC cathodes. The partial formation of a new 1T-Li2MO> phase was
highlighted by the appearance of a new (001) peak and the weakening and widening of the
peaks of the initial layered phase. The transition to a 1T-Li2MO> phase was not complete as
broadened peaks of the 3R-LiMO> phase remained, suggesting a disordered layer phase and a
smaller particle size. No spinel phase was observed in the bulk, nevertheless the use of
additional surface sensitive characterization techniques is recommended in a follow-up study.
The TMs exhibited a significant reduction towards the valence 2" in the bulk of the material,
with the Mn and Ni appearing more reduced for the samples with the most Ni as it is the element
involved in the redox over the widest potential window. A clear reduction towards the valence
2" was also observed for the surface and subsurface Co and Mn. Surprisingly, the oxidation
state of the Ni at the surface and subsurface of the materials exhibited a higher oxidation state
than the samples lithiated to OL1. This observation was correlated with the Mn?" dissolution
towards the anode hypothesized in the electrochemical study, which would require charge
compensation for the other TMs or simultaneous oxygen loss. Upon relithiation to Vhign after
lithiation to OL2, the structure of the NMC cathodes appeared to have partially lost the layered
structure, indicative of an irreversibility in the deep lithiation process due to the phase change.

This observation was correlated with the oxidation state variations in the bulk of the material
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where Mn, Co, and mainly Ni exhibited a more reduced state at Viign after lithiation to OL2.
The investigation of the surface and subsurface of NMC111, NMC442, and NMC532 after
deep lithiation confirmed the prevalent reduction of the Ni at high potential after deep lithiation

to OL2 indicative of a lower Li content, potentially marking side reactions with the electrolyte.

The anticipated lack of reversibility of the deep lithiation, hypothesized from the
characterization methods, was confirmed with an electrochemical study of all NMC materials
cycled between Vhign and OL2 for 5 cycles. All NMCs exhibited a gradual loss of capacity
achieved in this potential window. As expected from the previous discussions, NMC811
showed the biggest capacity loss as structural degradation lead to poor capacity recovery over
one overlithiation cycle. The hypothesis of a transformation of the NMC442 electrode to a Ni-
rich system was supported by the capacity loss observed after the initial increase of capacity,

in line with the observations made on Ni-NMCs such as NMC532, NMC622, and NMCS811.

The fundamental investigation of the deep lithiation confirmed that the surface of the
material can exhibit a significantly more reduced state, hence more lithiated, upon lithiation.
The reversibility of the lithiation to OL1 was confirmed, allowing the electrochemical
characterization of NMC materials in this extended window for the determination of the OCP
curve. Although the deep lithiation process is not sustained over mainly cycles for the NMC
cathodes studied, an impressive amount of extra capacity is accessed upon one deep lithiation
cycle. The implication of the TMs in the extra capacity accessed upon deep lithiation open the
door to future studies that could identify a possible combination of NMC materials allowing

the reversible intercalation of more than one Li ion per structure.
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Chapter 3: Comparison of several electrolytes upon

overlithiation of NMC622

Introduction

Electrolytes are a key component of LIBs. They usually consist of a Li salt in an alkyl
carbonate solvent. The electrolyte is contained in a porous separator to ensure a physical barrier
between anode and cathode, thus preventing electrical contact. The typical electrolyte consists
of a LiPFg salt, with cyclic ethylene carbonate (EC) in combination with a linear carbonate such
as diethyl carbonate (DEC), ethyl methyl carbonate (EMC) or dimethyl carbonate (DMC), as

summarized in Figure 3. 1.
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Figure 3. 1: Chemical structures of the relevant Li salts and solvents

The electrolyte in the cells is responsible for the formation of a passivation layer on the
anode material called solid-electrolyte interphase (SEI).*>*° This film of a few nanometer is
electrically insulating and inhibits uncontrolled reduction of solvent species while allowing Li
ions to (de)intercalate in the electrode. The SEI has been reported to contain various products
such as lithium ethylene dicarbonate (LEDC) and lithium fluoride (LiF). The use of additive to
design a better passivation layer has been investigated in the past few years. Two of the most
popular additives, fluoroethylene carbonate (FEC) and vinylene carbonate (VC) are presented

in Figure 3. 2912
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Figure 3. 2: Chemical structures of relevant electrolytes additives

Each electrolyte salt and solvent combination possesses a stability window outside of which
it is subjected to reduction or oxidation of its components, leading to formation of byproducts
that contaminate the cell, deteriorate the cathode material and can hinder the Li ion diffusion.
Because we are cycling the cathode material in an extended potential window, it is important
to estimate the impact of the electrolyte on the cathode material and passivation layers in order

to understand the mechanism behind (de)intercalation of extra Li in NMC structures.

In this chapter, four electrolytes are used and compared in an electrochemical study of
NMC622 upon deep lithiation: 1M LiPFs in EC:DEC, 1M LiPF¢ in EC:EMC:DMC, 1M LiPFs
in EC:DEC:FEC, and IM LiCIO4 in EC:DEC:FEC. Differences are observed upon the first
delithiation due to the different passivation layers resulting from the oxidation of the solvents
used. Additionally, upon delithiation after lithiation to OL2, a difference in reversibility is
observed. The cathodes cycled with the electrolyte 1M LiPFs in EC:DEC:FEC are investigated
with XAS and compared with cathodes cycled with 1M LiPF¢ in EC:DEC. A difference in
valence of Co and Ni upon deep lithiation is observed and linked to the different capacity
accessed, revealing side reactions in presence of FEC in the potential window of 3.0 V to 1.6
V vs Li/Li". Finally, the gases evolving in a NMC622 vs Li metal gas analysis cell with 1M
LiPFs in EC:DEC are analyzed and no gas evolution attributed to the cathode material
degradation is observed. The different electrolytes are studied in a gas analysis cell to identify
potential difference in the passivation layers and electrolyte decomposition at low potential.
FEC is shown to trigger CO2 evolution and smaller amounts of ethylene gas resulting in a
different cathode-electrolyte interphase (CEI), leading to a bigger capacity loss upon

delithiation.
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1. Electrochemical results

In order to elucidate the impact of the electrolyte on the deep lithiation of NMC cathode
materials, several cells have been build and cycled in similar conditions with different industry-
relevant salts and solvent combinations. The electrolytes used are summarized in Table 3. 1.
The cells underwent a 6-hour acclimation step followed by a C/10 charge to 4.4 V, a C/10 cycle
between 4.4 V and 3.V, and a C/10 cycle between 4.4 V and xLi = 2 (corresponding to twice
the theoretical capacity of NMC622).
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Figure 3. 3: Lithiation/delithiation profile of NMC622, half cells cycled at 0.1C with different electrolytes upon
delithiation to 4.4 V vs Li/Li* and subsequent cycle between 3.0 V and 4.4 V vs Li/Li*; a. IM LiPFsin EC:DEC
50:50 and IM LiPFsin EC:EMC:DMC 30:40:30; b. IM LiPFsin EC:DEC 50:50 and IM LiPFsin EC:DEC:FEC

45:45:10; c. IM LiPFsin EC:DEC:FEC 45:45:10 and IM LiClO4in EC:DEC:FEC 45:45:10
In Figure 3. 3 are presented the cycling profiles of NMC622 half-cells cycled with
different electrolytes in the classic potential window. Differences can be observed upon the
first delithiation, with the cells cycled with EC:DEC:FEC (dash — blue and dot - brown) or
EC:EMC:DMC (dot/dash - orange) accessing less capacity than the cell cycled with EC:DEC
(full line - green) as the solvent. Several mechanisms can explain this difference in capacity;
on the anode side, a chemical reaction is initiated when the electrolyte is put in contact with Li
metal, leading to the formation of a passivation layer. FEC is known to lead to more SEI
formation than EC:DEC, leading to a bigger impedance.”® This chemical reaction can occur
during the acclimation step and continue throughout the first cycle, as Li from the cathode is
plated on the Li metal anode and more SEI is created on the anode side. A similar rise of
impedance can be observed with the EC:EMC:DMC solvent, possibly due to difference in
conductivity or charge-transfer resistance leading to a higher impedance in the solvent. On the
cathode side, the formation of a CEI on the NMC cathode due to the presence of FEC has been
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demonstrated by Hekmatfar et al.®* They observed a CEI formation under similar cycling
conditions, resulting from the dehydrofluorination of FEC to form VC and HF, with HF then
reacting with Li ions to generate insulating LiF on the surface of the cathode. This increase of
impedance is also observed in the CE of the first cycle, with a slightly lower first cycle CE for
the electrolytes with EC:DEC:FEC, listed in Table 3. 1. The effect of the different salts and

solvents is investigated upon deep lithiation in Figure 3. 4.

Table 3. 1: Capacity accessed upon first delithiation in mAh.g” and first cycle CE in %

Electrolyte Capacity accessed upon first 1% cycle CE (%)
delithiation (mAh.g™)

IM LiPF¢ in EC:DEC 202.81 89.88

IM LiPF¢ in ECCEMC:DMC  200.30 89.81

IM LiPF¢ in EC:DEC:FEC 199.42 89.19

IM LiClO4 in EC:DEC:FEC  200.93 89.65

Two similar profiles are observed when comparing the electrolytes 1M LiPFs in
EC:DEC (full line - green) and 1M LiPFs in EC:EMC:DMC (dot/dash - orange), presented in
Figure 3. 4. a. Two plateaus are observed, with a difference in capacity along the first plateau
of ~ 20 mAh.g!, as listed in Table 3. 2. The transition from the first to the second plateau has
been shown by the XAS study to be the beginning of the reduction of Co and Mn in the bulk
of the material whereas Co and Mn are already reduced on the surface of the material along the
first plateau. We hypothesize that the difference in capacity accessed along the first plateau is
due to a small difference in charge transfer resistance between the solvents EC:EMC:DMC and
EC:DEC, leading to an earlier onset for the bulk Co and Mn reduction in presence of
EC:EMC:DMC. No significant difference is observed in the delithiation profile of both cells
after a deep discharge to xLi = 2, leading to a similar capacity loss of 2-3 mAh.g"! summarized
in Table 3. 2. To the exception of a different capacity threshold for the transition of the first
plateau to the second plateau, both electrolyte behave in the same fashion upon deep lithiation
and subsequent delithiation to 4.4 V vs Li/Li", suggesting that the species involved in the
formation of passivation films are similar between EC:DEC and EC:EMC:DMC based

electrolytes.
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Figure 3. 4: Lithiation/delithiation profile of NMC622, half cells cycled at 0.1C with different electrolytes upon
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45:45:10; c¢. IM LiPFsin EC:DEC:FEC 45:45:10 and IM LiClOyin EC:DEC:FEC 45:45:10

The addition of solvent FEC is investigated in Figure 3. 4. b by comparing the
electrolyte 1 M LiPFs in EC:DEC (full line - green) with 1M LiPFs in EC:DEC:FEC (dash -
blue). A difference in the capacity threshold leading to the transition from the first to the second
plateau is also observed. Additionally, a significant difference is observed in the capacity lost
upon delithiation after the deep lithiation. The cell cycled with the electrolyte 1M LiPF¢ in
EC:DEC lost ~ 3 mAh.g"! upon delithiation while the cell with the electrolyte 1M LiPF¢ in
EC:DEC:FEC lost ~ 70 mAh.g!, as summarized in Table 3. 2. This difference suggests a
negative effect of the FEC on the deep lithiation at low potential, potentially linked to side
reactions in the electrolyte. The hypothesized side reactions may lead to the formation of

byproducts at low potential in presence of FEC.

Table 3. 2: Capacity loss upon delithiation after first deep lithiation to xLi = 2 reported for each electrolyte (in

mAh.g-1 and in % of capacity reached upon deep lithiation)

Electrolyte Capacity loss upon delithiation after 1% overlithiation to
xLi=2
in mAhg! in % of overlithiation capacity

IM LiPFs in EC:DEC 29 0.6

IM LiPF¢ in EC:EMC:DMC 2.1 0.8

IM LiPFs in EC:DEC:FEC 70.6 25.5

IM LiClO4 in EC:DEC:FEC  78.5 28.4
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In Figure 3. 4. ¢ are presented the results of different salts tested with the solvent
combination EC:DEC:FEC. Two similar profiles are observed upon deep lithiation and
subsequent delithiation for the salts LiPFs (dash - blue) and LiClO4 (dot - brown) in
EC:DEC:FEC, supporting the initial assumption that the salt used does not influence the
behavior of the NMC electrode at low potential and upon the subsequent delithiation in the

potential window of interest.

A clear difference in the cycling profiles was observed depending on the electrolyte used. The
capacity accessed upon the first delithiation to Vhign was smaller for the electrolytes containing
EC:EMC:DMC or EC:DEC:FEC than for the electrolyte containing EC:DEC. This small
variation can be explained by a difference in conductivity or charge-transfer resistance for the
electrolyte. Additionally FEC is known to lead to the formation of a passivation layer from
chemical reaction on the anode upon assembly of the cell. A difference in reversibility was
observed upon delithiation after lithiation to OL2 in presence of FEC, linked to suspected side
reactions at low potential. As the difference in reversibility upon delithiation is expected to be
correlated with the oxidation state of the TMs, a XAS study is done on NMC622 half-cells
cycled with 1M LiPF¢ in EC:DEC:FEC.
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2. XAS study of NMC622 cycled with 1M LiPFs in EC:DEC:FEC
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Figure 3. 5: Mn, Co, and Ni K-edge spectra of NMC622 electrodes cycled with IM LiPFs in EC.DEC:FEC
harvested at various SOCs with the corresponding voltage profile. NiO (Ni’*), Pristine NCA (Ni**), 70%
Chemically delithiated NCA (Ni*%7°"), CoCl; (Co?*), Pristine LCO (Co’*), MnO (Mn’*), Mn>03 (Mn’*), Pristine
NMCI111 (Mn*") used as standards. Markers indicate the potential at which the electrode was harvested: full red
square for the pristine NMCG622, full blue square for the electrode charged to 4.4 V, full green square for the
electrode discharged to 3.0 V. a. Comparison of the K-edge spectra of the transitions metal after a lithiation to
the initial capacity of the pristine material (OL1; empty green marker) and the subsequent delithiation (OL1 —
4.4 V; empty blue marker); b. Comparison of the K-edge spectra of the transitions metal after a lithiation to the
twice the theoretical capacity of the pristine material (OL2; dashed green marker) and the subsequent delithiation
(OL2 — 4.4 V; dashed blue marker).

In Figure 3. 5 are presented the K-edge spectra of Mn, Co, and Ni for NMC622 cathodes
harvested from half-cells cycled with 1M LiPFs in EC:DEC:FEC at the different lithiation
degrees indicated on the right. In similarity to the K-edge study of NMC622 cycled with 1M
LiPF¢ in EC:DEC presented in Figure 2. 15, a clear shift of energy of the spectra towards the
lower energy is observed upon deep lithiation to OL2 in the section b, indicating a reduction
of all TMs towards 2°. In contrast with the previous observations, a significant reduction of Ni

is also observed upon lithiation to OL1. In order to compare 1M LiPF¢ in EC:DEC and in
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EC:DEC:FEC, the energy of the edge at 0.5 normalized intensity for Co and Ni are plotted in
Figure 3. 6. b and c, and the maximum energy of the edge of the K-edge spectra is plotted in

Figure 3. 6. a for both electrolytes.
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Figure 3. 6: K-edge energy of NMC622 with IM LiPFsin EC:DEC and IM LiPFsin EC:DEC:FEC in the pristine
state, lithiated to 3.0V, lithiated to OL1, lithiated to OL2; a. Energy of the Mn K-edge in eV; b. Energy of the Co

K-edge at 0.5 intensity in e; c. Energy of the Ni K-edge at 0.5 intensity in eV. A clear difference in reduction of Ni
can be observed at OLI and OL2.

The oxidation state of Co and Mn in the cathodes cycled with 1M LiPFe in EC:DEC:FEC
follows the observations made for the electrolyte 1M LiPF¢ in EC:DEC. A clear difference is
observed for Ni, with a significantly bigger reduction observed in presence of FEC for both
cathodes lithiated to OL1 and OL2. The oxidation state variation of Ni in the bulk of the
material between the cathodes lithiated to 3.0 V vs Li/Li" and the cathodes lithiated to OL1 are
listed in Table 3. 3. The corresponding capacity accessed by such oxidation state variations is
calculated and compared to the actual capacity reached in this window of ~22.84 mAh.g™!. The
changes in oxidation state of Ni observed for the cathodes cycled with 1M LiPFs in EC:DEC
are in good agreement with the electrochemical data. The changes in oxidation state of Ni for
the cathode cycled with 1M LiPFs in EC:DEC:FEC however correspond to significantly bigger
capacity than the capacity accessed, indicating important side reaction in this potential region
due to the presence of FEC in the electrolyte. The variations of the oxidation state of Ni from

OL1 to OL2 appear to follow the same trend for both electrolytes.
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Table 3. 3: Calculation of the capacity corresponding to the observed oxidation state variations of Ni

Element Ni in NMC622 cycled Ni in NMC622 cycled Capacity
with 1M LiPFs¢ in with 1M LiPFs in reached with
EC:DEC EC:DEC:FEC electrochemistry
Valence change 2.80" > 2.68" 280" > 2.17"
from3.0 Vto OL1 ~0.12 ~0.63
Corresponding 19.90 105.20 22.84
capacity (mAh.g™)
. Manganese Cobalt Nickel
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Figure 3. 7: K-edge energy of NMC622 with IM LiPFsin EC:DEC and IM LiPFs in EC:DEC:FEC in different
lithiation states: first delithiation to Viyign, OL1 - Viigh, OL2 - Viign, a. Energy of the Mn K-edge in eV; b. Energy
of the Co K-edge at 0.5 intensity in e; c. Energy of the Ni K-edge at 0.5 intensity in eV.

In Figure 3. 7 are summarized the variations of the K-edge energy of the TMs of NMC622
cathodes cycled with 1M LiPFs in EC:DEC and with 1M LiPFs in EC:DEC:FEC. A minimal
variation of the oxidation state of all TMs is observed at Viigh between the two electrolytes
tested, reflecting the different capacity reached upon first delithiation observed with
electrochemistry. This minimal variation persists after cycling to OLI1. In similarity to the
previous observations made for NMC622 cycled with LiPFs in EC:DEC, structural degradation
of the NMC cathode does not allow the TMs to regain the same environment upon delithiation

to Vhign after deep lithiation to OL2.

The comparison of the oxidation state of cathodes cycled in 1M LiPF¢ in EC:DEC:FEC
with that of 1M LiPFs in EC:DEC highlighted changes in Ni valence upon lithiation to OL1.
The capacity corresponding to the valence change in the potential window 3.0 V — OL1 (1.60
V vs Li/Li") was calculated and compared to the observed capacity reached with

electrochemistry. The changes in Ni valence in presence of FEC represent a much bigger
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capacity than observed with electrochemistry, highlighting the presence of side reactions in
this potential window for this electrolyte. A gas analysis study is performed on cells with
different electrolytes in order to elucidate the products of such side reactions as well as

investigate potential gases resulting from structural changes in the NMC622 cathode.
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3. OEMS experiments in a custom gas analysis cell

To understand the reasons behind the lower reversibility in electrochemistry and associated
oxidation state changes, we carry out a series of OEMS gas analysis experiments. Using the
custom mass spectrometer setup, we analyze the evolution of gases in an in house cell design
with different types of electrodes and different electrolytes. First, NMC622 electrodes coated
on polyolefin porous separator (Celgard 2325) were used to perform a series of lithiation/
delithiation in a half- cell with a Li metal foil and 100 pL of 1M LiPF6 in EC:DEC in order to
investigate the gases evolving at low potential. In a second set of experiments, a carbon paper
electrode was used to perform cyclic voltammetry experiments using Li metal foil as a counter
and reference electrode in order to isolate the contribution of the electrolyte in the observed

gas evolution.

The electrochemistry of the gas analysis cell was first compared with the coin cell cycling
in order to validate the use of the OEMS for operando measurements. Given the difference in
loading between our in-house NMC622 electrode and the NMC622 electrode coated by CAMP,
it was found that a C/10 C-rate did not exhibit a significant length of the plateaus to observe
clear gas evolution with the in-house electrode, and a C/20 C-rate was applied. To be able to
compare the gas evolution in the classic potential window (4.4V — 3.0 V vs Li/Li") with that of
the extended potential window (4.4V — 0.8 V vs Li/Li"), a first cycle between 4.4 V and 3.0 V
vs Li/Li" was performed. With the addition of a deep lithiation followed by a delithiation back
to 4.4 V vs Li/Li", the time scale of the measurement exceeds the time scale usually reported
for OEMS measurements (= 120 hours for the extended potential window vs = 30 hours for
reported OEMS measurements). Therefore, the following OEMS measurements are expected
to exhibit some air intrusion and the volume of the cell can slightly fluctuate. The ion currents

were converted to ppm and pmol.m™ but will be interpreted qualitatively.
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Figure 3. 8: OEMS analysis in a custom-made cell hardware containing a NMC622 electrode coated on Celgard
vs. Li/Li* with 100ul 1M LiPFsin EC:DEC at 25 °C; Cell kept at OCV for 6 hours then cycled between 4.4 V and
3.0 Vat C/20 followed by two discharge cycles between 4.4 V and 0.8 V

The gas evolution in a cell containing NMC622 electrode and 1M LiPFs in EC:DEC
electrolyte at low potential is presented in Figure 3. 8, with the different ion currents
corresponding to Hy (m/z = 2), C2Hs (m/z = 26), Oz (m/z = 32), and CO> (m/z = 44). The
evolution of hydrogen (Hz) below 1.5 V vs. Li/Li" corresponds to reduction of residual water
in the electrolyte according to the reaction equation [1], as reported in literature.?? The presence
of residual water in the electrolyte can be due to the storage method in the glovebox and is

expected to increase over time. The use of molecular sieve is recommended to limit the residual
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water in the electrolyte in the future, however battery electrolytes typically contain ~20 ppm
H>O and water can also be introduced through the electrodes even after thorough drying. The
continuous evolution of hydrogen is believed to come from reduction of water or HF impurities

or reduction of protonic electrolyte oxidation species similar to reaction [2].

H,0+ e~ - OH™ to 1/2 H, [1]
HF + e~ > F + 1/, 0, 2]

The evolution of ethylene gas (C2H4) is first increasing constantly due to reduction of
ethylene carbonate at the metallic Li electrode, where fresh Li surface is created by plating Li
initially contained in the cathode. A clear increase of ethylene gas is observed when the
potential reaches 0.8 V vs. Li/Li", which corresponds to the reduction of EC now at the cathode
according to reaction [3].!*> During the second deep lithiation to 0.8 V vs. Li/Li*, an increase
of the ethylene gas can also be observed, confirming the potential dependence of this reaction.
The evolution of the oxygen (O2) in the cell can be linked to air intrusion due to the time scale
of the experiment. The residual oxygen is then reduced according to reaction [4].”® The
observed increase of carbon dioxide (CO») has been reported in literature as an oxidation of the
surface carbonates as well as the electrolyte.?*?”-%® A reduction of the CO> is observed below
~1 V vs. Li/Li" due to the consumption of CO; at the cathode surface and incorporation of CO,
into the CEI formed on the cathode at such low voltage.”

EC + 2Li* +2e~ - LEDC + C,H, /37

No other gas evolution than known low-voltage gassing reactions are observed from
the deep lithiation of NMC622 at 25°C. In an attempt to increase the amount of gases produced
and identify subtle changes that would have been missed with the experiment at 25°C, a similar

cell 1s built and tested at 50°C.
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Figure 3. 9: OEMS analysis in a custom-made cell hardware containing a NMC622 electrode coated on Celgard
vs. Li/Li* with 100uL IM LiPFs in EC:DEC at 50 °C; Cell kept at OCV for 6 hours then cycled between 4.4 V and
3.0 Vat C/20 followed by two discharge cycles between 4.4 V and 0.8 V

As seen in Figure 3. 9, where the data is reported on a different scale, the increase in
temperature from 25°C to 50°C intensifies significantly the amount of gases produced in the
cell. At higher temperature, both the ionic conductivity of Li salt and the rate of chemical
reactions, which follow the Arrhenius equation, are increased.?? Similarly to the results
presented in Figure 3. 8, residual water reduction and protonic electrolyte oxidation lead to
hydrogen evolution upon cycling. For this experiment, the ethylene gas evolution is clearly
triggered below 0.8 V vs. Li/Li" and corresponds to the reduction of EC, known to form a SEI

layer in full cells.®” From this analysis, we can conclude that at ~ 0.8 V vs. Li/Li*, a reduced
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layer is formed on the cathode electrode. In agreement with previous reports, an oxidation of
this layer is observed at higher potential, indicated by a significant production of carbon
dioxide.!® This observation confirms the reversibility of this process observed with
electrochemistry and that it is still electrically connected. The elevation of temperature has
increased the amount of gases produced but similarly to the experiment at 25°C, the gases
evolving arise from known low-potential reactions and not triggered by the cathode material

degradation.

A second type of cells was built in order to elucidate the influence of the electrolyte on the
observed electrochemistry at low potentials. The cathode was replaced by a carbon paper to
minimize the structural degradation of the electrode and to be able to quantify the gases
evolving in the cell over several low potential cycles. The cells were kept at OCV for 6 hours
and cyclic voltammetry was performed from OCV between 0 V and 1.5 V vs Li/Li". In contrast
with the previous experiments where the batteries were cycled at constant current, similarly to
a real application, we now use a voltage-controlled cyclic voltammetry sweep to investigate
the potential dependence of the electrolyte reduction processes and clearly resolve the onset
potentials. The results presented in Figure 3. 10 show for each cell the potential and current
profiles vs. time as well as the normalized ion currents and corresponding concentrations vs.

time.
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Figure 3. 10: OEMS analysis in a custom-made cell hardware containing a carbon paper electrode vs. Li/Li*

testing different electrolytes (100 uL) with cyclic voltammetry between OCV (= 2.5V —-3.0V), 0 Vand 1.5V at
0.1 mV/s at 25°C; a. IM LiPFsin EC:DEC; b. IM LiPFsin EC:EMC:DMC; c. IM LiPFs in EC:DEC:FEC; d. .

IM LiClOy4 in EC:DEC:FEC. The evolution of ethylene gas observed corresponds to EC reduction at potential of
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~ 0.8 V vs Li/Li* whereas the CO; evolution observed in presence of FEC corresponds to FEC reduction at ~ 1.5
Vs Li/Li*.

No oxygen evolution is observed over the time of the experiment indicating that there was
no air intrusion in the cells. All the electrolytes tested present a similar evolution for the
hydrogen and carbon monoxide profiles, due to minimal residual water present in the
electrolytes from their storage conditions.!! A clear evolution of ethylene gas is observed for
all electrolytes at the potential of ~0.8 V vs. Li/Li" during the first charge, as reported in
literature and previous experiments, and is due to EC reduction upon the formation of a
reduction layer. The amount of ethylene gas produced upon the first discharge is significantly
different depending on the electrolyte, with higher quantities produced for the electrolytes 1M
LiPFs in EC:DEC (Figure 3. 10. a) and 1M LiPF¢ in EC:EMC:DMC (Figure 3. 10. b). A
continuous increase is observed at potentials below 0.8 V vs Li/Li" for the subsequent cycles,
indicating that the layer continues to be formed, with more ethylene gas produced for the
second lithiation for the electrolytes 1M LiPF¢ in EC:DEC (Figure 3. 10. a) and 1M LiPFg in
EC:EMC:DMC (Figure 3. 10. b). The reduction of EMC has been shown to be similar in terms
of gas evolution compared to linear carbonates, which is consistent to the gas evolution

observed for the electrolyte IM LiPFs in EC:EMC:DMC (Figure 3. 10. b).*

The two electrolytes containing EC:DEC:FEC as a solvent present similar gas analysis
profiles, supporting the previous assumption of a lack of influence of the salt used on the gases
evolving in the cell.”” A CO, evolution is observed at ~ 1.5 V vs. Li/Li" for the electrolytes
containing FEC (1M LiPFs in EC:DEC:FEC - Figure 3. 10. ¢ and 1M LiCIO4 in EC:DEC:FEC
- Figure 3. 10. d), corresponding to the potential region in which important side reactions were
observed. The CO» evolution has been discussed by Jin et al. as a possible product of the
reduction of FEC in EC radicals, which then transform in vinoxyl radical leading to CO-
evolution as depicted in Figure 3. 11. The EC radicals can also be transformed into VC, which
then transform in vinoxyl radicals leading to CO; evolution as well. Further reduction of
vinoxyl radicals can lead to formation of Li2O that can react with CO; to incorporate Li2CO3
in the passivation layer.!”! We observe an increase of CO, which is immediately consumed,
potentially due to the extremely high surface area of the electrode which is not fully passivated,
and consumes the CO; produced to form Li>COs species.’*” The formation of vinoxyl radicals
is not favored in EC-based solvents. It appears from the comparison between the electrolytes

IM LiPFs in EC:DEC and 1M LiPF¢ in EC:DEC:FEC that the spike in carbon dioxide is the
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trigger for a smaller evolution of ethylene gas, not only for the first low potential cycle but also

for the subsequent ones.
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0O
@] O
L-
Lo~ M oo .
O O — O o — I L+

A=
(o i o 0
\__/ -Co,

Ve

o i ethenyl radical
Litg — Li,0 + o=
\— Li*
lcog
LizCO4

Figure 3. 11: Schematic of possible FEC reduction reproduced with authorization from ref. 101

The comparison of the different electrolytes with the OEMS tool highlights the impact

of the formation of a reduction layer on the cathode and the Li consumption used in this process,

leading to low cycling reversibility. Indeed the presence of FEC in the electrolyte triggers a

CO; evolution that potentially creates a Li2COs-rich layer. This CO2 evolution limits the EC

reduction which appears to form a layer reversibly oxidized in EC:DEC electrolytes, but

increases the Ni reduction. The presence of FEC may lead to the formation of a layer at low

potential that cannot be oxidized at high potentials, unlike what is observed in presence of

EC:DEC, leading to higher capacity loss upon delithiation after deep lithiation.
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Summary

Different electrolytes have been compared in the classic potential window with
NMC622 vs Li metal half-cells. Less capacity was accessed upon the first delithiation for the
electrolytes with the solvents EC:DEC:FEC and EC:EMC:DMC in comparison with EC:DEC.
This difference was interpreted as a higher impedance in those cells. A SEI is formed with FEC
through chemical reaction as soon as the cell is assembled, increasing with the first delithiation
as more surface is created upon Li platting on the Li metal. Upon delithiation after deep
lithiation to OL2, a significant difference in capacity accessed was observed in presence of
FEC, indicative of a negative effect of the FEC on the cathode upon cycling at low potentials.
No significant impact of the salt was observed by comparing LiPF¢ and LiClO4 in presence of

FEC in this potential window.

A XAS study of the cathodes cycled with 1M LiPF¢ in EC:DEC:FEC was done at
different lithiation degrees and compared to cathodes cycled with 1M LiPFsin EC:DEC. The
corresponding capacity calculated from the reduction of the TMs in presence of FEC between
the samples lithiated to 3.0 V vs Li/Li" and the samples lithiated to OL1 was far bigger than
the observed capacity, indicative a side reactions in this potential window. The oxidation state
of Co and Ni at Vpign appeared lower in presence of FEC, supporting the hypothesis of the
formation of a passivation layer limiting the Li deintercalation upon the first delithiation. The
differences in capacity observed upon delithiation were linked to differences in formation of

passivation layers in presence of FEC.

To evaluate the different gases evolving in the cell, a NMC622 cathode was cycled vs
Li metal in a custom gas analysis cell. A significant evolution of ethylene gas was observed
upon deep lithiation, sign of EC reduction upon formation of a reduction layer at low potentials.
Air intrusion was also observed due to the extended time scale of the measurement but no other
gas evolution than known low-potential gassing reaction was observed. The layered formed at
low potential was reversibly oxidized at high potential. Because no gas evolution was attributed
to structural changes of the cathode material, the contribution of the different electrolytes was
studied in a cell with carbon paper vs Li metal upon cyclic voltammetry. All electrolytes
triggered an evolution of ethylene gas at potentials ~ 0.8 V vs Li/Li" due to EC reduction but
in different proportions. EC:DEC and EC:EMC:DMC solvents lead to similar amounts of
ethylene gas, supporting the hypothesis of the formation of a similar passivation layers for the

two electrolytes, linked to similar reversibility upon deep cycling. The two cells cycled with
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FEC triggered a similar evolution regardless of the salt used, supporting the lack of influence
of the salt observed with electrochemistry. A first evolution of carbon dioxide was observed,
leading to a smaller evolution of ethylene gas, possibly indicating the formation of Li»CO3-rich
layer on the cathode. The better cycling capabilities of cells with EC:DEC compared to the
cells containing EC:DEC:FEC appeared linked to the formation of a reversible layer upon EC

reduction, that is hindered in presence of FEC.
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Chapter 4: Open-circuit potential curve determination

Introduction: use of overlithiation for OCP determination

For demanding products such as portable electronics, grid electricity storage or electric
vehicles (EVs), strict performance requirements are imposed on Li-ion batteries (LIBs). For
this reason, the battery system in these products not only consists of the battery packs, but also
includes the battery management system (BMS). The BMS is responsible for the control of the
charging and discharging of the battery packs and provides information on the state of the
batteries. With EVs overtaking the vehicle market, the demand for constant and accurate

information on the states of the battery is growing, pushing the requirements on the BMS.

An efficient battery management system (BMS) is composed of hardware and software
that control the charging and discharging of the battery while ensuring safe and reliable
operations.'?>"1% The BMS is also responsible for cell balancing and thermal management of
the battery.!°¢197 The use of a BMS is essential to ensure the durability and performance of
battery packs within the safety limits of operation, as batteries can ignite or explode under
abused conditions or when overcharged.!®®!% The constant monitoring of the battery packs is

critical as battery behavior changes with aging.''*!!!

The BMS software relies on models to describe the battery. Its key task is to observe
the states of the battery and track how the physical parameters evolve as the battery ages. A
classic BMS relies on an equivalent circuit model to monitor and control the batteries, but it
has limited prediction capabilities.!®> A more innovative type of BMS, incorporating the
electrochemical principles governing the reactions within a battery, has been developed. The
advanced BMS (ABMS) relies on a physics-based electrochemical model instead of an
equivalent circuit model. The physics-based model can predict the essential states of the battery
with regard to their spatial distribution, such as the concentration of Li ions and the potential
in the electrodes and the electrolyte upon cycling.!®? The knowledge of these parameters is
used to determine the different states of the battery (state-of-charge, state-of-health) and the
energy it can deliver. The inputs needed to ensure good parameterization of the ABMS are

presented in Figure 4. 1.
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Figure 4. 1: Schematic of the parameters needed to parameterize an advanced battery management system

One of the most important input parameter is the OCP of the electrodes. The

electrostatic potential of an electrode can be expressed as a function of how much Li is stored

in the electrode. By normalizing the Li content stored in the electrode by the maximum possible

concentration, we can quantify the utilization of the electrode. The equilibrium potential of an

electrode when no current is applied (OCP), can be expressed as a function of the utilization of

the electrode with respect to a Li metal reference, giving the OCP curve of the material. The

OCP of an electrode is unique to each material and is different, even within the same family of

materials, such as NMCs or NCAs.!!'? The OCP of the material does not change over time, as

the material (de)intercalates Li near equilibrium in the same way.°® The OCP curve of the

material 1s used for two main reasons in the ABMS, to determine the OCV of the cell, and to

determine the molar flux j, of the reaction, which is an internal parameter of the ABMS.

e Determination of the OCV of the cell
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Figure 4. 2: Schematic of the OCV of a fictional cell from the OCP of the electrode materials

Both negative and positive electrodes have an OCP (respectively U™ (™) for the negative

Li concentration

electrode and U™ (¢™), for the positive electrode, with & = representing the

Li concentrationmgy
volume-averaged concentration in the electrode). The difference between the OCP of the
positive electrode and the negative electrode (U*(§7) — U~ (¢7), taking in consideration the
electrodes loading and balancing) is referred to as the open-circuit voltage of the cell (OCV),
and corresponds to the potential measured between the two electrodes when no current is
applied. An exemplary representation of the OCV of a full cell with regards to the OCP of each
electrode is presented in Figure 4. 2. The monitoring of the OCV of the cell is essential to

ensure safe battery operations.!'
e Determination of j,

The molar flux of the reaction is calculated by the Butler-Volmer equation [5]. With

anodeF cathodeF

iO(Ce; Cs,Cm — Cs) (ea' () _ eTn(x,t)) [5]
F .

Jn (x,t) =
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Jn(x,t) the molar flux of the reaction, as a function of the position within the cell (x-axis
perpendicular to the electrode stack) and time,

io (Ce, Cs, cm-Cs) the exchange current density, as a function of c. the concentration of Li" in the
electrolyte, ¢s the concentration of Li" in the solid, ¢, the maximum concentration of Li",

o""°“ the anodic charge transfer coefficient acathode the cathodic charge transfer coefficient with
5 g
qanoae ¢ thode — Z, amount of CICCtI'OI’lS,

R the gas constant,

T the absolute temperature,

F Faraday’s constant,

n(x,t) the overpotential for the intercalation reaction.

The overpotential represents the deviation between the thermodynamic equilibrium potential

and the potential difference a charged species would go through when passing the passivation
film (SEI or CEI). It is calculated from equation [6], with

n(x’ t) — Usolid electrode(x, t) _ Uelectrolyte(x, t) — OCP (CS(X, Rp' t)) /6]

- Rfan(x, t)

U solid electrode . 1) the potential in the solid electrode as a function of x and time,
electrolvie iy ) the potential in the electrolyte as a function of x and time,

OCP (cs(x, Ry, t)) the equilibrium potential of the reaction in the solid electrode as a function

of the solid concentration (cs) measured at the particle radius (Rp), X, and t,
Rythe film resistance (either SEI or CEI).

The OCP value used for the calculation of the intercalation reaction overpotential is dependent
on the concentration of the surface of the particle. Because the Li content at the surface of the
material can be different from the Li content in the bulk, the OCP curve used as an input for
the ABMS must carry information above and below the classic potential window of a full cell.
As depicted in Figure 4. 3, the surface concentration can exceed the bulk content upon
lithiation, prompting the need to characterize the materials below the potential range of the full
cell. Reciprocally, upon delithiation the surface of the particles can be Li deficient compared

to the bulk, hence the need for the OCP of the material above the potential range of the full
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cell. Nevertheless, the characterization of the OCP of cathode materials in these regions is

limited by the stability of the material as well as the stability of the state-of-the-art electrolytes.

4.8 -
4.4
i Cathode OCP
3 i
— 40+
(72
>
<
w 3.6
321
281 | Full cell potential range .

0.0 0.2 0.4 0.6 0.8 1.0
x in Li,MO,

Figure 4. 3: Representation of the bulk and surface Li content in a fictional cathode upon lithiation at a given
potential, representing the possible significant difference in Li content from the OCP curve between the surface
and the bulk of the particle

Several methods have been developed to characterize the OCP curve of cathode materials.
The x-axis commonly used to report the OCP, called SOC, can carry different definitions, as
discussed by Barai et al.%® Confusion can come from the misunderstanding of the SOC
definition adopted by each group and careful explanation of the considerations made should be
done before reporting of the data. The most common process to reach the equilibrium potential
of a material for a given Li content is to use the galvanostatic intermittent titration technique
(GITT).!* In this method, a current is applied for a given period, often 10% of the SOC, and
the evolution of the potential upon current interruption is recorded, often over one hour. The
variations of the potential upon relaxation are due to the relaxation of concentration gradients
in the electrolyte and solid phase as well as the redistribution of Li in the solid phase.!'> The
precision of the measurement is dependent on the C-rate used and the length of the relaxation
period. The accuracy of this method derive from the fact that it avoids kinetic limitations.
Nonetheless, it can be highlighted that depending on the material investigated, a great error can
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arise from the assumption that the thermodynamic equilibrium of the cell is reached after one
hour of current interruption.''*'' In order to circumvent the long rest period required to reach
potential equilibrium upon relaxation, that could lead to slow side reactions within the cell, a
fit of the relaxation profile has been used in literature to approximate the equilibrium
potential.!?1%8 Barai et al. established that the optimal conditions to determine the OCP curve
with the GITT method was to measure the rest potential for 4 hours for every 1% of SOC,

116 whereas Baccouche et al. recommended steps

leading to a measurement of several weeks,
of 2.5% of SOC."?° To maximize the GITT investigation, Nikolian et al. recommended not
using constant increments but instead increasing the measurements in non-linear regions.'?!
The long measurement time of the GITT method has been decried in literature,®® however the

benefits deriving from the increase of accuracy of the OCP curve are vast.

When a lower resolution for the OCP curve is required, the thermodynamic information
can be reached by cycling the cell with a constant current upon charge and discharge at a low
C-rate, in order to obtain a pseudo-OCP curve. A C-rate of C/25 or lower is considered in
literature as a low C-rate. The widely used pseudo-OCP method allows to reduce the kinetic
contributions, ensure a low electrode polarization and low ohmic heat generation while
significantly shortening the measurement time.'?>" 12 One drawback of this method is that the
curves obtained change with the C-rate applied as the capacity reached is C-rate dependent.
Additionally, even though it is considered to be a low C-rate, a C/25 cycle still presents
significant polarization on the charge and discharge for many electrodes, including Ni-based
cathode materials. To minimize the impact of the polarization, groups have been using the

average of the charge and discharge as a pseudo-OCV curve. 24126129

GITT measurements provide extra accuracy to identify the different electrochemical
reactions and phases in the electrode compared to the pseudo-OCV method.!* Yet, the x-axis
mapping is done by dividing the equilibrium potential by the Li content of the cycled potential
range (usually from 3.0 V to 4.2-4.5 V), which varies between experiments. This lack of
standardized methodology can lead to misunderstandings in the interpretation of the data.
Development of a standardized method for the characterization of the OCP curve of electrode
materials would allow for better comparison between research results from different
laboratories. Additionally, because the surface of the particle may exceed the classic potential
window of the full cell, the OCP curve of the electrodes needs to be characterized on a broader

x-axis. Due to the current limitations rising from the stability of the electrolyte at high
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potential,'*"132 we focus in this study on the determination of the OCP curve at lower potentials,

to the Li content of xLi= 1.

At first, a method was developed in our group to attempt to define the OCP curve at 25°C
below 3.0V vs Li/Li" and consisted of a C/50 measurement using the pseudo-OCP method
between Viigh and 3.0 V vs Li/Li" followed by a lower C/100 lithiation and a C/200 lithiation
to 3.0 V vs Li/Li". Similarly to the use of a voltage hold to regain the capacity loss in the first
cycle for layered cathode materials discussed in chapter 1, this process allowed to reach more
capacity than by using a constant current in the classic potential window, but did not bring
more information on the position of xLi = 1. Resulting from the study of the deep lithiation of
NMC materials presented in Chapter 1 and the XAS and XRD characterizations discussed in
chapter 2, we identified that NMC materials are capable of cycling reversibly one Li ion per
NMC structure (xLi = 1, OL1). Additionally, any surface change observed by XAS at this
degree of lithiation is reversible and the materials’ original layered structure is preserved.
Based on these results, the OCP characterization method at 25°C summarized in Figure 4. 4

was developed:

e Step 1: Initial estimation of the xLi™ = 1

e Step 2: Current bias (Ipias) determination through processing of two subsequent C/50

cycles

e Step 3: Determination of a trust region where the pseudo-OCP can provide an accurate
OCP curve, by comparison of the average of a C/50 cycle with the average of a C/25

cycle

e Step 4: Intermediate step where a C/50 cycle is applied to regain the initial charge

capacity

e Step 5: Pseudo-GITT rests to determine the rest potential after the trust region

e Step 6: Correction of the xLi™ = 1 estimation from the pseudo-GITT relaxation profiles

e Step 7: Determination of the OCP curve with a newly characterized tail region by
combining the results obtained in the trust region and fitting the pseudo-GITT

relaxation potentials
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Figure 4. 4: Schematic of the 7 steps developed to determine the OCP curve of Ni-based layered material at

25°C
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1. Proposed OCP curve determination method
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Figure 4. 5. Overview of the cycling profile of the OCP test on NMC622 vs Li/Li* half-cell with 1M LiPFs in
EC:DEC at25C

The new proposed OCP method consists of 7 steps in order to provide an accurate OCP
to Li content curve (called OCP curve) at 25°C. This method has been applied on layered
cathode materials with the electrolyte 1M LiPFs in EC:DEC and is presented in Figure 4. 5.
This method requires a significant amount of time (> 1200 hours), hence the importance of
identifying an electrolyte without side reactions over the window of interest. The selection of
the electrolyte 1M LiPF¢ in EC:DEC for the OCP determination of NMC622 relies on the

previous experiments presented in Chapter 3.

After an acclimation period of 6 -10 hours to allow for homogenous electrolyte
distribution and separator wetting,'? the cell is cycled from OCV to Vhig at a slow C-rate of
C/50. The first step of this method, represented in grey on Figure 4. 5, is used to determine a
preliminary value for xLi™ = 1 by assuming that the pristine material is fully lithiated. It is
important to obtain this first estimation to assess the initial capacity of the material and this
value will be corrected in step 6 depending on the rest profile of the pseudo-GITT steps. Setting

the xLi = 1 position in the OCP curve is key to estimating the Li content of the electrode sheet.
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Indeed, some electrodes can be designed to contain slightly more than one Li ion per structure,
or the material can lose some Li to surface-contaminant species upon storage,'** leading to a
Li deficient electrode. In Figure 4. 6. a, the first charge is represented in the gravimetric scale
by dividing the capacity accessed by the weight of the active material (mAh.g') and converted
to Li content scale in Figure 4. 6. b by assuming the pristine electrode is fully lithiated (xLi =

1 in pristine electrode).

a b
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Figure 4. 6: First delithiation of a NMC622 vs Li/Li* half-cell with 1M LiPFs in EC:DEC at C/50 from OCV to
Viigh = 4.4 V; a. Gravimetric scale (mAh.g"); b. Li content scale, scaled by assuming that the pristine electrode
contains xLi = 1

In a second step, represented in red in Figure 4. 5, the cell undergoes several formation
cycles at C/50 in order to circulate the cyclable Li between the anode and the cathode.
Additionally, those cycles will be used during data analysis to determine the current bias of the
channel tester. Regardless of the calibration of the tester, each channel presents an inherent bias
that can induce a shift of the data along the x-axis. The current bias is computed by calculating
how much correction to the current is needed to have two subsequent cycles, at the same C-
rate, overlap at the high potential cut-off. Two formation cycles were needed for NMC622 but
other cathode materials possibly require more. The first (red — full line) and second (red —
dotted line) formation cycles are represented in Figure 4. 7 after a current correction of -0.39

LA has been applied.
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Figure 4. 7: Intercalation/deintercalation profile of the OCP determination procedure of the NMC622 cell up to
the current bias determination step. First delithiation of the NMC622 cell at C/50 (black) and subsequent C/50
cycles between Viyighy = 4.4 V and 3.0 V in order to extract the current bias inherent to the battery tester channel;
First C/50 cycle (red - full line); Second C/50 cycle (red - dotted line). The data has been corrected with a current
bias of Ipias = -0.39 uA

The OCP curve has been estimated in literature by using GITT, and often extracting the
rest potential of each step by fitting the relaxation profile to diminish the measurement
time.'06:198.134135 Tn order to access the thermodynamic information faster, a pseudo-OCP
method has been developed where the pseudo-OCP curve is determined by averaging the
lithiation and delithiation curves at a slow C/25 rate.®®!3® We have demonstrated in the previous
chapters that the NMC materials have several Li diffusion regimes. In a first regime, the
polarization of the material on the lithiation and on the delithiation are symmetrical, as can be
observed from literature with GITT measurements.!'*!13713% We call this regime the trust
region. To obtain an accurate OCP curve in this region without compromising on the amount
of data points collected or the measurement time by using a GITT method, we propose a new
measurement based on the pseudo-OCP method. In the trust region, the average of the lithiation
and delithiation curves provide an accurate measurement of the OCP curve. The polarization
on the (de)lithiation increases with increasing C-rate and the capacity reached upon cycling

decreases with increasing C-rate, hence the average of the lithiation and delithiation curves for
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various C-rates differ above a certain Li content, marking the end of the trust region. In order
to determine the end of the trust region, we compare the average of the lithiation and
delithiation curves of two different C-rates. In Figure 4. 8, a C/50 cycle (red) and a C/25 cycle
(blue) are plotted, with the faster C/25 rate exhibiting a higher overpotential and accessing less
capacity than the slower C/50 rate. For each C-rate, the lithiation and delithiation are averaged
and compared in Figure 4. 8. The overlap of the two average curves, up to the first time they
differ by more than 2 mV, is used to determine the potential at which the trust region ends.
Because the OCP curve determined with this method is only in the trust region, the result is not

a pseudo-OCP curve but a true OCP curve.
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Figure 4. 8: Intercalation/deintercalation profile of the OCP determination procedure of the NMC622 cell up to
the trust-voltage determination step, First delithiation of the NMC622 cell at C/50 (black) and C/50 cycles
between Viyign = 4.4 Vand 3.0 V (red, first C/50 cycle - full line, second C/50 cycle - dotted line) followed by a
C/25 cycle (blue - full line. The data has been corrected with a current bias of Ipias = -0.39 uA

The potential difference between the two averaged curves is represented in Figure 4. 9.
and a threshold of 2 mV difference was chosen in order to determine the potential Viust,
marking the end of the trust region. The 2 mV difference between the average curves occurs at
3.68 V for NMC622 and is marked by a star in Figure 4. 9. From Viign to the potential Viust,
the Li diffusion regime is the same and the average of the C/50 lithiation and delithiation (equal
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to the average of the C/25 lithiation and delithiation in this region) can be used as the OCP

curve, as shown in Figure 4. 10.
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Figure 4. 9: Intercalation/deintercalation profile of the OCP determination procedure of the NMC622 cell up to
the trust-voltage determination step; Average of the second C/50 cycle (red dashed line) and average of the C/25
cycle (blue dashed line) with their potential difference in mV (green) plotted on the right y-axis. The threshold of
2 mV difference, used to determine V. is marked by a dashed line on the potential difference curve and by a star

(purple) on the average curve. The data has been corrected with a current bias of Ipias = -0.39 uA
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Figure 4. 10: OCP curve from Viigh to Viyug extracted from the average of the C/50 and C/25 cycles (purple
dashed line) with a marker at Vi for the end of the trust region, C/50 cycle (red) and C/25 cycle (blue)

After the determination of Viuust and the OCP curve in the trust region, an intermediate
C/50 cycle (red — dot/dash line in Figure 4. 5 and Figure 4. 11.a and b) is applied to bring back
the NMC622 material close to the initial capacity reached after the first charge to Vhign.
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Figure 4. 11.a : Intercalation/deintercalation profile of the OCP determination procedure of the NMC622 cell up
to the preparation for pseudo-GITT step, First delithiation of the NMC622 cell at C/50 (black), C/50 cycles (#1
and #2, red — full line), C/25 cycle (blue), and subsequent C/50 cycle (red — dot/dash line) in order to prepare for
the pseudo-GITT step. The data has been corrected with a current bias of Ipias = -0.39 uAd; b. Zoom to the high
potential cut-off

In a final step presented in Figure 4. 12. a, we determine the OCP curve between V st
and xLi™ = 1. Because the capacity accessed in this region is dependent on the C-rate used, we
cannot apply the pseudo-OCP method. In order to identify the equilibrium potential of the
NMC622 material, we follow a pseudo-GITT method with several discharge pulses at C/50

followed by relaxation periods until the capacity accessed exceeds xLi™ = 1 by a few mAh.g™!

by coulomb counting.

We have demonstrated in Chapter 1 that the capacity lost between the first cycle and
the subsequent cycles in the classic potential window can be accessed by discharging the half-
cell below 3.0 V vs Li/Li*. We have shown in Chapter 2 that the extent of cycling influences
the degradation of the material with irreversible loss of the layered structure happening when
the half-cell is lithiated to 0.8 V vs Li/Li". By investigating the structure and oxidation state
variations when cycling to xLi = 1 (OL1) and back to Viign, we have demonstrated that the
material is capable of retaining the initial layered structure and cycle Li reversibly in the

potential window of Vhign to 1.6 V vs Li/Li".
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Figure 4. 12: a. Intercalation/deintercalation profile of the OCP determination procedure of the NMC622 cell up
to the pseudo-GITT step; First delithiation of the NMC622 cell at C/50 (black), OCP curve from Viyigh t0 Viusi
(purple — dashed line), subsequent C/50 cycle (red — dot/dash line) and pseudo-GITT step (green). The equilibrium
potential of each pseudo-GITT step is marked by a square (purple); b. Zoom to first 3 rest points. The data has
been corrected with a current bias of Ipias = -0.39 uA

The equilibrium potentials in the region below Vit are identified in Figure 4. 12. a
through several pseudo-GITT steps at C/50, by applying a discharge pulse followed by a rest
period. In Figure 4. 12. b, pulses of 6% of the capacity of the first charge are applied from Vs
trust until the capacity of xLi™ = 0.95 is reached (from coulombs counting based on the initial
xLi™ = 1 value). Shorter pulses of 1.7% of the capacity are applied above xLi™ = 0.95 in order
to obtain more data points. The capacity of the discharge pulse can be adjusted to increase the
accuracy of the xLi = 1 position. The rest period needed to reach the true rest potential varies
with the degree of lithiation. In the experiment presented in this study, the rest times vary
between 48 hours and 120 hours. As seen in Figure 4. 13. a, the relaxation time at some Li

concentrations should be reduced in the future to optimize the measurement without

compromising on the data accuracy.

Several simultaneous mechanisms responsible for the potential variations upon current
interruption are summarized in Table 4. 1. The Li (de)intercalation upon current interruption is
impacted by the relaxation of gradients induced by the discharge in the electrolyte, in the solid
electrode, and within the solid particles. Each gradient has a different time scale. The time
constant of the relaxation of the gradient in the electrolyte, for the stack described in the
experimental section and the diffusivity of 1M LiPFe in EC:DEC at 25°C proposed by Lee et
al,!3? is very fast with Telectrolyte < 1 5. A second gradient, due to the difference in potential
at the front of the electrode and at the back of the electrode, leads to Li redistribution of the Li
within the solid matrix. The time scale of this gradient at the beginning of the tail region is
estimated from the equations detailed in the appendix to be Tejectrode < 4S. A third gradient
appears within each particle, leading to a core-shell structure. Estimating the time scale of this
relaxation process would not be correct with our GITT-type measurement as the diffusion
coefficient in the electrode is extracted from similar relaxations pulses.'*’ Nevertheless, from
the comparison of the time constant previously estimated with the length of the relaxation
profiles, it is clear that, in agreement with literature, the relaxation of the gradient within the
particles is the rate-limiting step in the relaxation of the potential. All these changes occur

without changing the net SOC of the electrode.
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Table 4. 1: Relaxation processes upon current interruption

Relaxation process

Time scale

Concentration gradient in

the electrolyte

Concentration gradient from
the front to the back of the

electrode

Concentration gradient

within individual particles

LZ
Telectrolyte = 2 DElectrolyte
T Salt

Telectrolyte <l1s

Li redistribution from the front of the electrode to the back
of the electrode. Rapid equilibration due to current passing

between the front and the back of the electrode. '

Fl?
K. A

Telectrode

With A the slope of the OCP curve, in the tail region:
Telectrode < 4s

Core-shell model with Li diffusion from the surface to the

core

2
T
particle — DCathode
Lithium

Rate limiting step in the relaxation'?¢
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Figure 4. 13: a. Potential relaxation profiles of the pseudo GITT rests vs time; b. t vs relaxation number with V-

-t/t

Vinf = e

As a mean to compare the Li diffusion through the pseudo-GITT relaxation steps
presented in Figure 4. 13. a, the time contribution t for each relaxation profile is calculated
based on equation [7] from the relaxation profiles (example in Figure SI. 9) and presented in
Figure 4. 13. b. We see a linear increase for the rests 1 to 5 and a clear change in regime can
be observed from the rest point 5 to the rest point 6. We interpret the change in relaxation time
constant as a confirmation that the xL.i = 1 mark has been passed, and we use the coulombs
passed at rest 6 with the initial assumption of xLi™ = 1 to validate the setting x-axis for the
OCP curve. The resolution of the position xLi =1 can be increased by adding more GITT rests
around the xLi™ = 1. The final OCP curve for the material NMC622 is extracted by fitting the
curve between Vst and the pseudo-GITT rests, leading to the curve presented in Figure 4. 14.
aandb.
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Figure 4. 14: a. OCP curve of NMC622 (purple —dashed) in the trust region and relaxation potential of the
pseudo-GITT step, b. Final OCP curve of NMC622 (purple - dashed)
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2. Comparison with literature and outcome of the method

The NMC622 OCP curve that we determined with our new method is compared with
NMC622 C/20 half-cell data reported by Arumugam et al.*® in Figure 4. 15. In a first step, the
data is compared with our first cycle on a gravimetric scale in Figure 4. 15. a. A difference in
the initial charge capacity is observed and is expected to come from different Li concentration
in the pristine electrode, potentially due to storage conditions, different thickness or different
particle size. The two profiles are in good agreement for the rest of the cycling. The two data
sets are converted to a Li content scale by applying the same factor as described in step 1 of
our OCP determination method. The average of the lithiation and delithiation curves, presented
in Figure 4. 15. b, is compared with our OCP curve in Figure 4. 15. ¢, which highlights the
additional information in the tail region brought by our new OCP curve characterization

method.
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Figure 4. 15: Comparison of the NMC622 OCP curve with C/20 literature data®; a. Comparison of the
intercalation/deintercalation profile for the first charge to Viyign and the subsequent cycle between Viyign and 3.0 V
of the previously presented NMC622 C/50 cycles (red) and the C/20 NMC622 data from Arumugam et al.>® (black)
on the gravimetric scale (mAh.g”'); b. Average of the lithiation and delithiation at C/20 of the literature data
(black — dot/dash); c. Comparison between the average of the C/20 cycles from literature (black — dotted) and
our OCP curve (purple - dotted)

Other NMC materials OCP are compared with literature data in Figure 4. 16. The GITT
data on NMC111 obtained by Buchberger et al.?¢ is compared with the NMC111 data obtained
following our OCP characterization method in Figure 4. 16. a. The GITT data is in good
agreement with our NMC111 OCP curve, with the addition of the tail region for the later. The
NMC532 presented in Figure 4. 16. b from Weber et al.®* was cycled at C/50 up to 4.5 V. A
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minimal shift of 5.5 mAh.g™! was applied to the literature data to match our OCP curve, leading

to a difference in profile between the literature data and our OCP at higher potential, possibly

due to side reactions occurring at high potential. Our NMC811 OCP curve is compared with

the data obtained by Li et al.* at C/20. A shift of 2 mAh.g"! was applied to the data. The

comparison of our OCP curve characterization method highlights the additional information

brought in the tail region for each material. The initial Li content of the pristine NMC532

suggests a slight overlithiation of the material before cycling whereas the initial content of the

pristine NMC811 suggests a lower Li content. These observations are in agreement with

previous observations for these materials.”
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Figure 4. 16: a. Comparison of the NMC111 OCP curve with scaled GITT literature data from Buchberger et
al.®; b. Comparison of the NMC532 OCP curve with scaled literature data from Weber et al.*(C/50); c.
Comparison of the NMC811 OCP curve with scaled literature data from Li et al.%* (C/20)
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Summary

The electrochemical and structural results obtained on the lithiation of NMC cathode
materials at potentials below 3.0 V vs Li/Li" were used in order to develop a method to map
the OCP of a cathode to its Li content. A current correction method was applied in order to
correct for the inherent bias of the battery tester channels. Several cycles at different C-rates
were used to identify a trust regime in which the average of the lithiation and the delithiation
curves can be used as the OCP curve. Below the potential of this trust regime, GITT steps were
used in order to identify the OCP at high lithiation degrees. The position of xLi = 1 was
estimated by the potential profile of the relaxation of the GITT steps around the xLi™ = 1
position. The capacity of the lithiation pulses can be tuned in order to determine the xLi = 1

position with more precision.

Aside from bringing information on the tail region of the OCP curve of cathode
materials to the ABMS, our OCP characterization method allows for better comparison
between research results from different laboratories. Additionally, the OCP curve can be used
to link electrochemical studies to structural investigations of cathode materials with the use of
a more precise x-axis scale. The thorough investigation of the structure and Li dynamics in
NMCS811 done by Marker et al."* is a great platform for how the use of an OCP database can
allow different research groups to link results obtained by NMR or XRD to future investigation,
by using the relationship between OCP and Li content established by our OCP characterization

method.
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Conclusion

Ni-based cathode materials were investigated in this thesis with the objective of
providing parameters to the advanced battery management system. This work was divided in
two sections. A first part was dedicated to a fundamental study of NMC cathode materials upon
deep lithiation. This first section included an electrochemical study of various stoichiometry of
NMC cathodes, a structural characterization of the electrodes at different lithiation degrees,
with XRD and XAS, and a gas analysis of the stability of different electrolytes in an extended
potential window. A second section was dedicated to the development of a method to
electrochemically characterize the OCP curve vs Li content of cathodes, based on the

fundamental understanding gained in the first section.

In chapter 1, NMCI111, NMC442, NMC532, NMC622, and NMC811 were cycled in the
extended potential window of 4.3-4.4 to 0.8 V vs Li/Li". A first lithiation plateau was observed
upon recovery of the initial delithiation capacity, appearing at different potentials depending
on the NMC stoichiometry. The apparition of this plateau below 2.0 V vs Li/Li" was linked to
the formation of a Li-rich phase at the surface of the particles due to the slow Li diffusion in
the monovacancy hopping regime reached at high lithiation degrees. The potential of this first
lithiation plateau was linked to the proportion of trivalent Ni in the pristine material, with the
highest potential observed for NMC811. A relative reversibility of the cycling between Vhign
and xLi = 1 (corresponding to the recovery of the initial capacity) was observed upon ~ 40

cycles.

Deep lithiation to reach twice the theoretical capacity (xLi = 2) was done by lowering the
potential to ~ 0.8 V vs Li/Li" in order to form the Li-rich phase in the bulk of the material. This
deep lithiation allowed to reach an extra ~ 315 mAh.g™! and lead to the apparition of a second
lithiation plateau for the Ni-rich NMC materials. The capacity reached upon the first plateau
was compared with the theoretical capacity resulting from the reduction of Ni to Ni** and it
appeared that other TMs have to be reduced in order to reach the capacity accessed. The second
plateau observed for Ni-rich NMCs was estimated to result from the reduction of Co and Mn
and the total capacity reached upon deep lithiation to xLi = 2 was in good agreement with the

reduction of all TMs to the valence state 2* with minimal side reactions expected.
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The delithiation to Viign after deep lithiation to xLi = 2 exhibited a minimal capacity loss of ~
1% of the total capacity for NMC111, NMC532, and NMC622, whereas NMC811 lost about
45 % of the lithiation capacity. This capacity loss was expected to result from structural
degradation upon the lithiation in the range of xLi = 1 to xLi = 2. Surprisingly the NMC442
material gained capacity upon delithiation after lithiation to xLi = 2, which was attributed to
significant Mn?" dissolution towards the anode upon deep lithiation, leading to the formation
of a Ni-rich structure for NMC442 allowing the material to reach more capacity upon
delithiation. The hypotheses made from the electrochemical cycling and the theoretical

calculations were investigated in a characterization study with XRD and XAS measurements.

Through a detailed XRD and XAS investigation, the lithiation to xLi = 1 was shown to
result from the reduction of the bulk Ni, with minimal reduction of all TMs at the surface of
the material, supporting the hypothesis of the formation of a Li-rich phase at the surface of the
particles. The same XRD diffraction pattern was obtained for materials delithiated to Vg after
lithiation to xLi = 1 and cathodes delithiated to Viign. In similarity, the valence of the TMs in
the bulk and the surface of the material upon delithiation after lithiation to xLi = 1 returned to
that of samples delithiated to Viigh, supporting the good reversibility observed with

electrochemistry.

The formation of the Li-rich 1T-Li2MO; phase was observed with XRD at along the second
lithiation plateau upon deep lithiation to xLi = 2. The NMC structure at xLi = 2 appeared to be
a combination of the 1T-LioMO» phase and a disordered 3R-LiMO, phase, possibly indicating
cation mixing and particle size reduction upon deep lithiation. No spinel phase was observed
in the materials but further structural characterization is recommended. All TMs reduced
towards the oxidation state 2° at xLi = 2, supporting the calculations made in the
electrochemical section and indicating minimal side reactions. The investigation of the NMC
structure upon delithiation to Viignh after deep lithiation to xLi = 2 highlighted the partial loss
of the layered structure. The investigation to the oxidation state of the TMs at Vpign after
lithiation to xLi = 2 showed a more reduced Ni compared to the samples delithiated to Vhign
even for the NMC materials exhibiting good reversibility, indicating a limited capacity for the

NMC materials to withstand many cycles in this extended potential window.
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The anticipated poor reversibility over several overlithiation cycles was confirmed with
electrochemistry as all NMC cathodes lost capacity over 5 overlithiation cycles. The formation
of a new Ni-rich NMC structure for NMC442 at xLi = 2 after Mn dissolution was confirmed
by the capacity loss observed in the material over the 5 overlithiation cycles, in line with that

of the other Ni-rich NMC materials studied.

To investigate the role of the electrolyte in the changes observed upon electrochemistry,
several electrolytes were used to cycle NMC622 vs Li half-cells. A lower capacity was
accessed upon the first delithiation to Viign with the electrolytes 1M LiPFs in EC:EMC:DMC,
IM LiPF¢ in EC:DEC:FEC, and 1M LiClO4 in EC:DEC:FEC compared to the baseline
electrolyte 1M LiPFs in EC:DEC. This difference was linked to a higher impedance in those
cells, either due to a different charge-transfer resistance for IM LiPFs in EC:EMC:DMC, or to
the chemical formation of a passivation layer for the electrolytes with FEC. After a lithiation
to xLi = 2, the cells cycled with the electrolytes containing FEC exhibited a higher capacity

loss, indicative of a negative effect of the solvent.

The K-edge spectra of cathodes cycled with 1M LiPFs in EC:DEC:FEC were compared with
that of cathodes cycled with 1M LiPFs in EC:DEC. The difference in capacity reached upon
first delithiation was confirmed by a lower oxidation state of Ni at Vpigh. Additionally, even
though the oxidation state of all TMs was similar in both samples lithiated to 3.0 V, the
oxidation state of Ni appeared significantly more reduced in the sample lithiated to xLi =1 in
presence of FEC. The comparison of the capacity corresponding to the Ni valence change
observed from 3.0 V to xLi = 1 for the sample with FEC with the actual capacity reached in
this potential window revealed that a significant portion of this capacity was lost to side

reactions.

The gases evolving in a NMC622 vs Li half-cell cycled with 1M LiPF¢ in EC:DEC were
investigated with a custom gas analysis set-up. Ethylene gas evolution was observed at ~ 0.8
V vs Li/Li", indicative of the formation of a passivation layer on the cathode due to EC
reduction. The oxidation of this layer was observed at high potential. No gases resulting from
the NMC622 structural changes were observed. The different electrolytes were then
investigated with cyclic voltammetry in a carbon paper vs Li half-cell. The evolution of

ethylene gas at ~ 0.8 V vs Li/Li" was observed for all the electrolytes, with significantly more
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ethylene gas produced for the electrolytes without FEC. In presence of FEC, an evolution of
carbon dioxide was observed at ~ 1.5 V vs Li/Li", sign of FEC reduction. The carbon dioxide
produced was immediately consumed and potentially lead to Li»COs3 formation. The
subsequent reduction of EC appeared hindered by the FEC reduction, leading to the formation
of a different passivation layer. The better cycling capabilities observed upon cycling in the
extended potential window of 4.4 V —0.8 V vs Li/Li" for the cells without FEC appears linked

to the formation of a better passivation layer upon EC reduction.

The fundamental study of NMC cathodes upon extreme lithiation to xLi = 2 highlighted
irreversible structural changes in the cathode material as well as electrolyte reduction. An
overlithiation to xLi = 1, or up to the first lithiation plateau however did not trigger irreversible
structural changes in the cathode, and with an adequate electrolyte no gas evolution was
observed. This observation of good reversibility over an extended potential window of 4.4 V

to ~ 1.5 V vs Li/Li" was used to develop a new OCP characterization method.

The OCP curve is one of the key parameters needed in the advanced battery
management system. It provides the equilibrium potential of a material as a function of the Li
content. As the ABMS relies on the depth-resolved physical properties of the battery materials,
a surface characterization of the electrodes is needed. Upon lithiation, the surface of the
material can experience a higher lithiation degree that its bulk, leading to the need of an OCP
curve outside of the classic potential window. Based on the understanding gained in the
fundamental study of NMC cathodes, a new OCP curve determination method was developed.
A trust region was determined by comparing the cycling profiles of different C-rates. The OCP
in this trust region was obtained as the average of the lithiation and delithiation curves. The
equilibrium potential of the material was reached outside of the trust region by using GITT
steps up to the initial Li content of 1. The position of the xLi = 1 was set by comparing the
relaxation constant t of the GITT steps. This new OCP characterization method not only allows
access to additional information in the tail region, it also sets the x-axis of the OCP curve,

allowing for an easier comparison of data between research groups.
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Figure 1. 2: Lithiation/delithiation profile of LiNi.MnyCo.O>, with a+tb+c =1,a>b, IM LiPFs
in EC:DEC 50:50 half-cells cycled at 0.1C at 25°C to Vhign (dotted line) and subsequent
cycle between 3.0 V and Viign (dashed line) with a 30 min rest between lithiation and
delithiation; a. NMC111 (Vhigh = 4.4 V); b. NMC442 (Vhigh = 4.4 V); c. NMC532 (Vhign
=4.4V);d. NMC622 (Vhigh =4.4 V); e. NMCS811 (Vhigh =4.3 V); f. dQ/dV vs V summary
of NMC materials - cycle to 3.0 V. A loss of capacity of 10-15% is observed after the first
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Figure 1. 3: Lithiation/delithiation profile of LiNi2MnyCo.O2, with a+tb+c=1,a>b, IM LiPFs
in EC:DEC 50:50 half-cells cycled at 0.1C at 25°C to Vhigh (dotted line), cycle to 3.0 V
(dashed line), and cycle to xLi =1 (called OL1) with subsequent delithiation to Vpigh with
a 30 min rest between lithiation and delithiation; a. NMCI111 (Vpigh = 4.4 V); b. NM(C442
(Vhigh = 4.4 V); c. NMC532 (Vhigh = 4.4 V); d. NMC622 (Vhigh = 4.4 V); e. NMCS811
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in EC:DEC 50:50 half-cells cycled at 0.1C at 25°C to Vhign (dotted line) ), cycle to 3.0 V
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lithiation to OL1, whereas the peaks of the initial layered phase appear weaker and wider
upon delithiation to Vpign after lithiation to OL2 marking an increase of disordering in the
SETUCEUTE. ...ttt ettt ettt ettt e eb e et e bt e e et e bt e sat e e bt e eateebeesateenbeenaee 67
Figure 2. 25: Ex-situ X-ray diffraction patterns of NMC111 (Vhigh = 4.4 V); NMC442 Viigh =
4.4 V; NMC532 (Vhigh = 4.4 V); NMC622 (Vhigh= 4.4 V); NMC811 (Vhigh= 4.3 V); Cells
cycled to Vhigh (full lines), Cells cycled to OL1 — Vhign (dotted lines), Cells cycled to OL2
— Vhigh (dashed lines) from 63° to 68°, where the loss of the layered structure is marked by
the disappearance of the peaks (108)/(110). The Miller indices of the Bragg peaks are
indicated near each peak, 3R refers to peaks of the 3RLiMO> phase, and the peaks marked
by an asterisk indicate the aluminum peaks. ...........coccueiiiiniiiiiiiiiiie e, 69
Figure 2. 26: K-edge energy of the cathodes NMC111, NMC442, NMC532, NMC622 and
NMCS8I11 in different lithiation states: first delithiation to Vhigh, OL1 - Vhigh, OL2 - Vhigh;
a. Energy of the Mn K-edge in eV; b. Energy of the Co K-edge at 0.5 intensity in e; c.
Energy of the Ni K-edge at 0.5 intensity in eV. A significant Ni reduction is observed for
QLI NIMCS @ OL2Vhigheeeeveeueerueeieeiesteenieeiiesiteie ettt et ste st eteeitesaeetesstesseebeeneesseenseennens 70
Figure 2. 27: Ni, Co, and Mn L-edge XAS spectra of different cathode material for the
electrodes delithiated to Vuign (blue), and electrodes lithiated to xLi = 1 then delithiated
back to Vhigh (OL1 — Vyign - purple) with the TEY spectra in full line and the FY spectra
in dotted line. The spectra are compared to standards (grey), NiO for Ni?', delithiated
NCA for Ni*”*, CoO for Co?*,LiCo0; for Co*" MnO for Mn*" and, MnO; for Mn*"; a.
LiNio.33Mno33C003302  (NMCI111); b.  LiNigsMno4Co020>  (NMC442); c.
LiNio.sMno3C00.202 (NMC532). No sample was analyzed for OL2 — Viigh of NMC44271
Figure 2. 28: Oxidation state of Ni interpolated from the L3 nign/L3 low ratio of the Ni L-edge
XAS spectra of NMC111, NMC442, and NMC532 of samples delithiated to Vhigh,
samples lithiated to OL1 and delithiated to Vnign, and samples lithiated to OL2 and
delithiated 10 Vhigh. «eeveeeveeeeriieniieieeiteete ettt 72
Figure 2. 29: Lithiation/delithiation profile of LiNiaMnyCo.O>, with atb+c=1,a>b, 1M LiPF¢
in EC:DEC 50:50 half-cells cycled at 0.1C at 25°C to Vg (dotted line), cycle to 3.0 V
(dashed line), and cycles to xLi = 2 (called OL2) with subsequent delithiations to Vhigh
with a 30 min rest between lithiation and delithiation; a. NMCI111 (Vhigh = 4.4 V); b.
NMC442 (Vhigh = 4.4 V); c. NMC532 (Vhigh = 4.4 V); d. NMC622 (Vhigh = 4.4 V); e.
NMCS811 (Vhigh = 4.3 V); f. Discharge capacity upon overlithiation vs cycle number for

VarioUS CAtOAE TNATETTALS .. ..eveeeieeeeieeeeeeeeeee e eeeseaenenens 73

136



List of figures
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phase, LixMO; the Li-rich phase (P3m1), and d-LiMO; a disordered layered R3m phase.
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Appendix Chapter 1: Electrochemical overlithiation of NMC cathode materials

Appendix Chapter 1: Electrochemical overlithiation of

NMC cathode materials

Table SI. 1 : Summary of coulomb counting for the determination of the Li content in NMC cathodes

Cathode Capacity reached (mAh.g")  xLi

NMCI111 cycled from 4.4 Vto 1.38 V.~ 279.52 1.00
NMCI111 cycled from 4.4 V to 0.8 V 579.18 2.07
NMC442 cycled from4.4Vto 1.13V ~ 278.67 1.00
NMC442 cycled from 4.4 V t0 0.8 V 575.36 2.06
NMC532 cycled from4.4 Vto 1.58 V. 277.59 1.00
NMC532 cycled from 4.4 Vto 0.8 V 575.65 2.07
NMC622 cycled from4.4 Vto 1.60V  276.51 1.00
NMC622 cycled from4.4 Vto 1.52V 3324 1.20
NMC622 cycled from4.4 Vto 1.03V  369.2 1.33
NMC622 cycled from4.4 Vto 1.01 V ~ 418.9 1.51
NMC622 cycled from 4.4 Vto 0.8 V 463.3 1.68
NMCI111 cycled from 4.4 V to 0.8 V 570.6 2.06
NMCS8I11 cycled from4.3 Vto 1.79 V. 275.51 1.00
NMCS811 cycled from 4.3 Vto 0.8 V 561.46 2.04
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Appendix Chapter 1: Electrochemical overlithiation of NMC cathode materials
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Figure SI. 2: Comparison of the delithiation from 3.0 V — Viyign and delithiation from OLI — Viign in a dQ/dV vs V'
plot for NMC111, NMC442, NMC532, NMC622, and NMC811. The potential of apparition of the peaks remains

the same upon delithiation after a lithiation to OLI.
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Figure SI. 3: Lithiation/delithiation profile of NMC811 to xLi = 1 with a rest of 10 hours after lithiation

Table SI. 4: Calculations for estimating the capacity associated with reduction of Ni, Co, and Mn ions in NMC532

from their pristine oxidation state (valence) to 2+

Element Ni in Mn in Co in Comment

NMC532  NMC532  NMC532
Initial stoichiometry 0.5 0.3 0.2 L11N1aMnpCocO2
Initial valence 2.4 4 3 From Wu et al.”
Valence: reduction to 0.4 2 1 Difference between
2" initial valence and 2*
Capacity accessed 55.52 166.55 55.52 mAh.g”! associated with
upon reduction to 2* valence change
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Appendix Chapter 1: Electrochemical overlithiation of NMC cathode materials

Table SI. 5: Calculations for estimating the capacity associated with reduction of Ni, Co, and Mn ions in NMC622

from their pristine oxidation state (valence) to 2*

Element Ni in Mn in Co in Comment

NMC622  NMC622  NMC622
Initial stoichiometry 0.6 0.2 0.2 Li1NiaMnpCocO>
Initial valence 2.66 4 3 From Tian et al.*}
Valence: reduction to 0.66 2 1 Difference between
2" initial valence and 2"
Capacity accessed 109.50 110.60 55.30 mAh.g”! associated with
upon reduction to 2° valence change

Table SI. 6: Calculations for estimating the capacity associated with reduction of Ni, Co, and Mn ions in NMC811

from their pristine oxidation state (valence) to 2*

Element Ni in Mn in Co in Comment

NMC811  NMCS811 NMCS811
Initial stoichiometry 0.8 0.1 0.1 LiiNiaMnsCocO2
Initial valence 2.875 4 3 From Gao et al.*®
Valence: reduction to 0.875 2 1 Difference between
2" initial valence and 2*
Capacity accessed 192.86 55.10 27.55 mAh.g"! associated with
upon reduction to 2* valence change
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Appendix Chapter 2: Structural characterization of

NMC materials upon deep lithiation

Table SI. 7: Oxidation state (valence) values of Ni, Co, and Mn TMs in NMC622, capacities that would be

associated with the identified valence changes, and a comparison to the measured capacities via electrochemistry

xLi  Ni Co Mn Capacity Difference from
valence  valence valence (mAhg™) electrochemistry

1.20 +2.54 +2.87 +3.94 314.2 7%

133 +2.47 +2.84 +3.94 325.4 16 %

151 +2.30 +2.43 +3.02 427.8 3%

1.68 +2.30 +2.35 +2.84 442.9 7%

2.06 +1.91 +2.21 +2.57 529.1 15 %
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Appendix Chapter 2: Structural characterization of NMC materials upon deep lithiation
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Figure SI. 8: L-edge spectra of standards (powder) a. TEY; b. FY; Oxidation state vs L3 nigi/L3 10w ratio and

corresponding interpolation curve c. TEY, d. FY
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Appendix Chapter 4: Open-circuit potential curve determination

Appendix Chapter 4: Open-circuit potential curve

determination

Estimation of the relaxation of the Li concentration gradient from the top to the bottom of the

electrode

Assumptions made: the electronic redistribution is extremely fast because the electronic

conductivity is higher than the ionic conductivity, we ignore surface kinetics

Ohms law for the current passing through the electrolyte phase:
lionic = —KV®
Potential in the material from the OCP curve:
Uin the material = f (cLi)
From Taylor series with Uy potential at a given point, A the slope of the OCP
curve, cri the Li concentration
_ 0
Uin the materiar = Uo + A(ci — cpp)
From the kinetics:
(q)metal - q)eletrolyte - Uin the material) =0

Material balance on Li ions in the cathode:

aCLL' 1
=——V-i
ot F'*
dcii K
= -V’
at F

— 0
q)metal - q)eletrolyte - UO + A(CLi - CLi)

09 dcy;
5t o
b Ax_,
at F
Fl?
tT kA

With 1 thickness of the coating

| =38pum; Kk =10mS.cm™1;
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Appendix Chapter 4: Open-circuit potential curve determination

a
A= m; with a slope of the OCP curve at a given point;
1< QAtail region <5
[Li] = 2.5.10* mol.m™3
calculated from the density of the active material of 2.37 g.cm™3

and the molar mass Myycez2 = 96.93 g.mol™?

Figure SI. 9: Example of fit of t for GITT rest 4
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o Fundamental investigation Lo
of cathode materials upon
deep lithiation for
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management system
parametrization

Résumé

Une étude des matériaux cathode a base de Ni a été réalisée dans une fenétre de potentiel
¢tendue de 4,4 V a ~0,8 V vs Li/Li+. Les différences observées par électrochimie sont
interprétées avec les changements de structure du matériau et les changements de valence
des métaux de transition. La lithiation a XxLi = 1 s’avere entiérement réversible, tandis que
les changements dus a la lithiation excessive a xLi = 2 déclenchent une perte de capacité
irréversible.

L'identification d'une stabilité des matériaux NMC entre 4,4 V et xLi = 1 a été mise a profit
pour développer une nouvelle méthode permettant de caractériser le potentiel « open-
circuit » en fonction de la quantité de lithium (courbe OCP). Cette courbe OCP est un
parameétre clé pour le systeme de gestion avancé des batteries, et cette nouvelle méthode
permet d'accéder a des informations supplémentaires dans les régions riches en lithium ainsi

qu'a un réglage plus précis de 'abscisse.

Mots clés :
Batteries lithium ion, cathode NMC, overlithiation, courbe OCP, systéme avancé de gestion

des batteries
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Résumé en anglais

A fundamental investigation of Ni-based layered cathode materials was done in an extended
potential window of 4.4 V to ~0.8 V vs Li/Li". The differences in the lithiation profile
observed with electrochemistry were linked to structural changes in the material and
valence changes of the transition metals. The lithiation to xLi = 1 was shown to be fully
reversible whereas the changes occurring in the structure of the materials upon deep
lithiation to xLi = 2 triggered irreversible capacity loss.

The identification of an extended stable cycling window up to xLi = 1 for the NMC
materials was leveraged to develop a new method to characterize the open-circuit potential
as a function of the lithiation content (OCP curve). This OCP curve is a key parameter for
the parametrization of the advanced battery management system, and this new method
allows access to additional information in the tail region as well as a more precise setting

of the x-axis.

Keywords:
Lithium ion battery, NMC cathode, overlithiation, OCP curve determination, advanced

battery management system
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