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Abstract

Lithium-ion batteries have become a vital part of our modern life and are anticipated to
play an essential role in substituting combustion engines in automotive applications and
storing renewable energy sources, thus leading to a more sustainable future for the planet.
The impact of this technology was highlighted in 2019 when the Nobel Prize in chemistry
was given for the development of Li-ion batteries. Although several milestones have been
achieved in terms of Li-ion battery development throughout the years, in-depth studies are
still required to either modify the existing materials or introduce new materials in order to
overcome the limitations in capacity, durability, cost, and safety of such materials. The
main components in Li-ion batteries are categorized into cathode, anode, electrolyte, and
membrane, which can all affect the batteries’ performance in the matter of power and
energy density. Studying cathode structures and understanding their internal reactions are
particularly important since this component dictates the cost and constraints of the energy

density in the Li-ion batteries.

One of the most feasible strategies to enhance the energy density of Li-ion batteries is to
use layered, Ni-rich cathode materials. Higher nickel content, however, causes several
problems in terms of cyclic life, thermal stability, and safety which should be properly
addressed. Several methods, including doping, core-shell structures, and coating, have
been utilized to stabilize (chemically and mechanically) the high-nickel layered oxide
cathodes and boost their performance. This thesis aims to understand the microstructure of
such engineered complex cathode materials. This thesis seeks to provide valuable

contributions by comprehensively understanding, especially two enhancement techniques,
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namely doping and solid-state coating, and establishing a link between the composition,

structure, performance, and properties of these complex materials.

In this regard, this project aims to characterize these engineered complex materials using
the most advanced electron microscopy and synchrotron-based technigques to uncover the
fundamental underlying reasons for the enhanced performance or degradation parameters
in these complex cathode structures. This study shows that introducing a high valence W
cation inside the LiNiO, (LNO) secondary particles results in new W-variants with a
heterogeneous concentration on the top surface as well as through grain boundaries of the
host secondary particles. These W-rich regions play a reinforcing role in grain boundaries
and protect the outer surface of LNO particles. However, synthesis defects, such as
porosities, could deteriorate these advantages by increasing the electrolyte infiltration
inside the cathode particles. It is also demonstrated that the degradation process can be
studied through the changes in electron energy loss near-edge structure spectra. The
investigation of a coating approach on LiNiosCoo.15Alo.0s02 (NCA) materials through the
mechanofusion process illustrates more microscopic-scale details regarding the thickness
unevenness of the coating and some degree of physical intermixing between the core
(NCA) and coating (LFP and alumina) precursors. In addition to good physical contact
between the core and coating materials, further analysis at higher resolution reveals some
level of structural alternations through the formation of nanoscale grains and defective
areas near the top surface of the secondary particles following the mechanofusion coating

process.
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Chapter 1

Introduction

1.1 Lithium-ion battery

A battery is an instrument that is used in order to either generate or restore electric energy

based on its energy converting capabilities through electrochemical reactions. Since the

battery’s work is based on electrochemical reactions, it is not limited by the Carnot cycle,

determined by thermodynamics’ second law. Therefore, they can reach higher efficiencies

in terms of energy conversion [1]. To classify and compare different battery technologies,

several characteristic terms should be considered, which are listed as follows:

v

The volumetric power density and specific power density (the gravimetric
power density) define how quickly that energy can be provided. Having
higher values regarding these parameters denotes the presence of lower
amounts of electric resistances and energy losses.

The volumetric energy density and gravimetric energy density (the
specific energy density), describe the total energy that can be obtained
from the battery.

Energy efficiency is a parameter that can be described as the ratio of the
discharging to charging energy.

The calendar lifetime is used to define the life span of non-used or very
marginally used batteries until their failure.

The cyclic lifetime, unlike the previous one, illustrates the number of
cycles that a battery can tolerate before its failure, which depends on the
C-rate, depth of discharge (DOD), and the average of the state of charge
(SOCQ). It is worth mentioning that C-rate is a parameter that defines how

fast the entire capacity of the battery will be discharged or charged in
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comparison with its maximum capacity and its value is inversely
proportional to time.

In order to compare the performance of different energy storage devices, a Ragone plot is
used. In this plot, as illustrated in Figure 1-1 for different battery technologies, the specific
energy (Wh/kg) and the specific power (W/kg) are displayed in the horizontal and vertical
axis, respectively. It is noteworthy that the practical value of specific energy density is
considered about 25-50% of the theoretical amount, which is computed from the

electrochemical reaction [2].
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Figure 1-1 Ragone plot of several battery systems which are used for the vehicle
industry. SuperCap, Pb, and ZEBRA mean supercapacitor, lead, and Zero Emission
Battery Research Activities, respectively [2]. Reused with permission from the copyright

owner.

According to the Ragone plot, Li-ion batteries (LIBs) have proven to be one of the most
proper candidates for vehicle applications because of their high amount of specific energy

as well as their long cyclic life [3,4].

Lithium-ion batteries can be categorized into two main groups: primary (single-use) and

secondary (rechargeable). A rechargeable Li-ion battery has four main components:
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cathode, anode, electrolyte, and electrolyte-permeable separator. Besides the similarities
between traditional galvanic cells and LIBs, battery scientists should deal with more
complex heterogeneous redox reactions inside LIBs. Since these reactions are usually
complemented by mass diffusion in the solid-state or alterations in the local structure,
chemical composition, and volume (contraction or expansion) in the electrodes [5,6].
Figure 1-2 shows schematics of Li-ion battery configuration. As is apparent, during the
charging process, Li ions are extracted from the cathode (delithiation) and then inserted

into the anode, and during the discharging procedure, the reverse reaction occurs.

SEI

Cathode
Anodes
Cathode

Figure 1-2 Schematic of charging and discharging procedure in the first commercial Li-
ion battery (with LiCoO; as the cathode and graphite as the anode) [7]. Reused with
permission from the copyright owner.

The charging reaction can be described as follows:
LiIMO; —» Lif +e” + MO, (cathode)

Li*+e + Cs — LiCs (anode)
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By using thermodynamic approaches, some of the most significant performance
parameters of a battery can be calculated. One of the most important terms to estimate the
energy density of the batteries is the operating voltage or the open-circuit voltage (OCV).
This parameter comes from the voltage differences in-between the cathode and anode of a
battery and can be calculated according to the different amounts of the electrochemical

potential of electrons in the anode (n22°%¢) and cathode (nc&thode):

cathode __anode
e~ Ne~

Ve (1.1)

e

By inserting the chemical potential of Li in the anode and cathode, u3; = nX- + nfi+, in

which X = anode and cathode, respectively, the following equation is obtained:

cathode_ anode cathode anode
(kg b D)= )

e

V= (1.2)

Here, n%"°%€and n&i°®represent the Li-ion electrochemical potentials in the electrodes.

Since, at equilibrium, these two parameters are equal, the voltage equation is simplified as

follows:

cathode_ anode
(ML —Hpi )

zF

Ve (1.3)

Where F stands for the Faraday constant, and z signifies the number of transferred charges.

By considering the alternation in the Gibbs free energy of the cathode and anode materials

as a function of Li-ion concentration, p;; = dch; , and Nernst equation, the average voltage
Li

can be calculated based on changes in Gibbs free energy in a limited amount of cathode

and anode reactions [8]:

j=_=5% (1.4)

zF
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The OCV is restricted by the electrolyte energy “window” (Eg), which is the energy
difference in-between LUMO and HOMO (lowest unoccupied molecular orbitals and
highest occupied molecular orbitals) of a liquid electrolyte or the gap of energy between
the top and bottom level of valence and conduction bands, respectively, inside a solid
electrolyte, as illustrated in Figure 1-3(a). Accordingly, the formation of a passivation layer
(SEI) in both the anode and cathode is necessary to prevent electrolyte reduction and
oxidation, respectively. This is due to the fact that the locations of p, and . are above and
below the electrolyte LUMO and HOMO, respectively. In other words, the electrolyte will
be stable if only its LUMO and HOMO are placed higher and lower than the anode’s and
cathode’s Fermi energy levels, correspondingly [9]. It should be considered that the lowest

level of . is limited by the top anion-p bands energy level in the cathode as well.

A Nie)
(a) (b) E e (C) Energy | —>
P I i B LA
CE— Voltage limit Graphite Er(LD hsss B '''
Bivggmigng =~ | B in a sulfide Cikhs
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B M e, (LMO,)

Homo ” ke N+ g (LINIO,)

Co¥4+: 4, (LCoO,) HOMO

Reductant Electrolyte Oxidant

LiCoO, Electrolyte
Density of states, N(E)

Figure 1-3 Relative electronic energy levels of the LIB’s components along with the
electrolyte window Eg: (a) in a liquid-based electrolyte; (b) Relative locations of the

redox energies concerning the top energy level of the anion’s p bands and (c) relative
energy level places of p, (Li as the anode) and p. (LiCoO; as the cathode) inside a

carbonate-based electrolyte [10,11]. Reused with permission from the copyright owners.

Asitis illustrated in Figure 1-3(b), the difference between the top energy level of the anion-

p band and the Li anode’s py, inside the sulfide-based cathode materials (the layered
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sulfides LiMS; with S-3p bands) is much lower than in the layered oxides (LiMO with O-
2p bands) and is about ~2.5eV and ~4.0 eV, respectively. This was the primary idea which
led to the use of oxide host structures instead of sulfide-based cathodes, aiming to increase
the cell voltage and the energy density. In a practical situation, Figure 1-3(c), when the top
energy level of the O-2p bands is lower than the organic liquid carbonate electrolyte’s
HOMO (4.3 eV lower than the Li anode’s p4), 0Xygen is released or proton insertions will

occur during the delithiation of the cathode Li;—xCoO- (more than x = 0.5) [10,11].

1.2 Overpotentials in Lithium-lon Batteries

During the charging and discharging procedure, by applying a current inside the LIB, the
equilibrium voltage or open cell voltage is changed due to the battery’s diffusion or
electronic and ionic resistance, which is called the cell overpotential 1. The value of this
parameter can be measured by considering the main causes of overpotentials (some of them
are shown in Figure 1-4), such as the contact resistance (according to the resistance of
electrodes at the current collector interface), the ohmic overpotential (which results from
the electronic conductivity of the electrodes and current collector as well as the electrolyte
ionic conductivity), the diffusion overpotential (defined by lithium-ion intercalation
process or diffusion, particularly near the electrode interface with the electrolyte and the
solid-state diffusion in the electrode structures) and the charge transfer overpotential
(owing to the amount of required activation energy to transfer charge in between the
electrodes and electrolyte) [12]. The following equation describes the effect of all the

overpotentials components:

T = MNcontact T MNohmic + Ndiff T Nct (15)
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By considering equation (1.5), the closed-circuit voltage (CCV) of the LIBs can be

calculated below, in which the g symbolizes the state of charge [10].
Vdischarge= Voc- Tl(q,Idischarge) (16)

Vcharge= Voct Tl(q,Icharge) (17)

Ndift,solid,a Nera Nere N it solid,c

POOO®
AL AL L

@
\Qy‘..\eeu
POOOE®

-

anode active material SEI diff. layer separator diff. layer cathode active material

Figure 1-4 Representation of the main overpotential parameters in a lithium-ion battery
which are responsible for nonlinear behavior of 1T and n [12]. Reused with permission

from the copyright owner.

It is worth noting that the relationship between I (current) and 7 is approximately linear at
low current ranges and then becomes nonlinear by further increasing the current to
moderate and higher levels. The linear part is mostly caused by the contact and the ohmic
overpotential, while the diffusion and charge transfer processes contribute to the
appearance of the nonlinear region. These limitations which are caused by kinetics, reduce
the theoretical value of specific energy (based on thermodynamic calculations) via
increasing Veharge OF lowering Vaischarge, Which sequentially decreases the specific capacity

[13].
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1.3 Cathode materials for Li-ion batteries

The cathode is one of the crucial components inside the lithium-ion cell, which limits the
cell's specific energy and dictates the material cost, leading to extensive research regarding
its structure and internal reactions. As mentioned earlier, choosing the oxide cathodes over
the sulfide ones paves the way to reach the lower level of energy bands of the cathode,
accompanied by higher oxidation states of transition-metal ions, which all help to enhance
cell voltage and energy density. The oxide cathodes can be classified into three main
crystallographic structure groups: layered oxides, spinel oxides, and olivine or polyanion
oxides [11]. Recently, a new tavorite structure was synthesized, which has low activation
energies and a one-dimensional diffusion pathway for Li* that improve the fast charging of
this material compared to the tiny olivine particles [14,15]. Figure 1-5 depicts a schematic

view of these four different crystal structures.

(d)

Figure 1-5 Schematic structure of (a) layered oxide (LiC0O,), (b) spinel oxide
(LiMn30a), (c) polyanion oxide (LiFePOs), and (d) tavorite (LiFeSO4F) [14]. Reused

with permission from the copyright owner.

8
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The first category is the layered oxides (LiMO, (M= Co, Ni)), which is referred to as
layered a-NaFeO, with R3m space group (No. 166), in which Li and Transition Metal
(TM) ions are in the octahedral sites. This structure has stacking layers with an ABCABC
sequence and oxygen anions in close-packed cubic positioning. This structure offers two-
dimensional diffusion paths for Li-ion by passing through an empty neighboring tetrahedral
in-between two octahedral sites (O-T-0). LiCoO; is the first oxide cathode that became
commercial consisting of the trivalent Co® ions with a low-spin electronic configuration
state of t,4° e,°and the monovalent Li*. During the charging process, metallic properties are
observed in the cathode (Li1-xC00>), because of having holes in the low-spin band (ts®>)
of Co with a higher oxidation level (Co®*’#*). Nevertheless, because of the overlap between
the top level of the 2p band in the oxygen anion and the Co**#* band, the LCO structure
will be unstable over 50% charging, accompanied by oxygen release. To solve this
problem, different transition metals were examined, but some of them, such as Fe, Mn, and

V experienced structural transformations through cycling [11,14,16].

LiNiO2 (LNO) is another layered oxide with the same structure as LCO and a lower price
due to the higher availability of Ni in comparison with Co, which offers a high theoretical
capacity of 275 mAhg™. LNO shows repetitive structural changes (Hexagonal 1 —
Monoclinic — Hexagonal 2 — Hexagonal 3 in charging) during the cycling. However, this
material has a few shortcomings as follows: (1) its difficult synthesis to fully reach trivalent
nickel ions (because of the Ni®* instability at high temperatures and its tendency to reduce
to Ni?*); (2) the presence of cation mixing in the lithium plane as a result of the radial size
similarity between Li* and Ni?* ions; (3) Jahn-Teller distortion due to the presence of the
single eq electron in the low spin of trivalent Ni ion with an electronic configuration of d’

equal to tx° e4t; (4) converting into irreversible phase evolutions (from layered structure to
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electrochemical inactive Fm(-)3m phase) triggered by diffusing enough Ni in the Li layers,
during cycling; (5) the high-temperature instability and safety hazards due to the presence

of residual Ni** at the surface at the end of charging [11,16-18].

Substituting Co with Ni and Mn, to reduce the cost and overcome the capacity limitation
of LCO, introduced another family group of layered oxides under the name of LiNiyy-
:MnyCo0,0, (NMC). In this structure, each TM ion comes with some pros and cons. For
example, from the chemical stability point of view, which triggers releasing of oxygen, Mn
is much more stable than Co due to not having any overlap between the Mn*"** band and
the 2p band of oxygen anion. Still, Mn shows more structural instability than Co, because
of having a smaller amount of octahedral-site stabilization energy (OSSE), which eases the
TM ion's diffusion from one octahedral site to the next lithium octahedral sites by hopping
through adjacent tetrahedral sites. Since Ni showed average properties in five major criteria
(electrical conductivity, structural stability, abundance, chemical stability, and
environmental friendliness) in comparison with Co and Mn, the tendency to use a higher

amount of Ni has gradually increased in the industry [11,19].

Another well-known layered structure is LiNi1xyCoxAl,O2 (NCA), which shows long-term
calendar life and high capacity due to the introduction of AI** in this structure. Having
strong Al-oxygen bonds generates a more robust crystal structure and prevents the
dissolution of TM ions. This permanence also helps its air stability, which is important for
major production in electric vehicle industries. However, NCA suffers from generating
many micro-cracks in its structure during cycling and high sensitivity to a wide operating

range in the depth of discharge (ADOD) [11,20].

10



Ph.D. Thesis - Nafiseh Zaker McMaster University - Materials Science and Engineering

LiM20O; is considered as spinel oxide only when M = Mn, V, and Ti, due to the difficult
stabilization of M element with high oxidation states M**#4*, The most famous one in this
second oxide group is the spinel LiMn,O4 (LMO). LMO belongs to the Fd3m space group,
with Mn®#* Li* and oxygen anions in the 16d octahedral sites, the 8a tetrahedral sites,
and the 32e sites (cubic close-packed arrangement), of the spinel structure, respectively.
This framework exhibits 3-dimensional diffusion channels for Li* via 8a-16¢-8a, in which
the 16¢ position is an empty octahedral site. However, inserting an additional Li into the
empty sites of 16¢c octahedral instead of the 8a tetrahedral site will induce sudden
displacement in the structure and reduce the operating voltage by about 1V. Furthermore,
the presence of Mn®" (tx® e4t) which is Jahn-Teller active, in the mentioned structure,
[Liz]16c[Mn2]16404, induces the phase transition from cubic to tetragonal phase along with
a high amount of volume alternations. Another crucial concern about the LMO with spinel
structure is the manganese dissolution (due to the trace of acidity in the electrolyte), which
not only damages the cathode lattice but also contaminates the graphite anode and reduces

the cyclability of the LIBs [11,16].

Olivine or polyanion oxide is the third group of the oxide-based cathode. In this crystal,
the presence of large (X04)* (X =W, As, P, Mo, S, Si) polyanions not only alleviate their
structures but also boost the redox potential of the cathodes. Due to the characteristics
changing in the bonding between Fe and O, the operating voltage of Fe>(X0.)s (X =S, Mo,
and W) structure with polyanion oxides is higher than the simple Fe.Os. Through the
presence of the more covalent nature of the Mo—O or W-O bond, the covalency band
between Fe and O becomes weaker, the redox energy of Fe?’** is reduced, and
subsequently, the operating voltage is enhanced. One of the well-known materials in this

group is LiFePO. (LFP), which has good thermal stability and a lower price with an

11
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orthorhombic crystalline system. LFP has a slightly distorted hexagonal close-packed
(HCP) oxygen framework, with P** ions in the tetrahedral sites along with Fe?* and Li*
ions in octahedral sites. The main drawbacks of the LFP are a low amount of electrical and

ionic conductivities, as well as a comparatively low amount of average voltage [11,14,16].

In a comparison between these three main classes of oxide-based cathodes, the spinel and
layered categories exhibit high density with compact crystal structure and good electronic
conductivity, while these properties are the polyanion oxide class’s drawbacks. On the
other hand, the polyanion oxides group has a high level of thermal stability than those first
groups, making it safer. The layered oxides category is more demanding between the first
two classes because of their extensive variety of compositions. The main purpose in this
field is to reach the highest possible energy density to fulfill modern life demands,

specifically in the electric vehicle industry [11].

1.4 Engineered complex cathode materials

There are so many efforts to boost the energy density of LIBs, such as raising the operating
voltage by tailoring the composition of the electrolyte or adding different additives, and
increasing storage capacities of the electrodes (by using conversion-reaction cathodes and
anodes or lithium-rich layered oxides, Lii+x(Nii-y-.MnyCo,):-xO,). A new approach focuses
on increasing the amount of nickel in the layered oxide structures, which is believed to be
a dominant expeditious technology. However, higher nickel content causes some serious
problems which should be addressed, such as the high reactivity of Ni-enriched cathodes
(which causes active material consumption and capacity reduction, gas release, and thermal

stability reduction), cation mixing, and microcracks formation [19,21].

12
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The recurring occurrence of the H2 — H3 (2 different hexagonal phases) phase transition
induces cyclic internal stresses in the structure, causing stress-induced microcracks. These
microcracks deteriorate the mechanical integrity of the cathode and its passivation layer
(the Solid Electrolyte Interphase) and provide microchannels for electrolyte infiltration into
the particle core [20-22]. To overcome these problems, several methods, including doping,
core-shell structures, or coating, can be utilized to stabilize the high-nickel layered oxide

cathodes and enhance their performance.

Atomic doping is one of the most effective bulk modification strategies, which introduces
some substituted atoms inside the host crystal structure to enhance the battery performance
by various mechanisms, which are not yet fully understood for some dopants. Various
studies have been conducted using small amounts of different elements (zirconium,
magnesium, aluminum, tungsten, molybdenum, etc.) within the Ni-rich cathode structures.

The major effects of cation doping can be summarized as follows:

I.  Increasing the retained capacity and structural stability because of the
stronger bonding between metal and oxygen and preventing oxygen
release or inhibiting the collapse of the Li interlayer in the charging
process and cation mixing [11,17,21,23];

Il.  increasing the electrochemical activity and stability by balancing
electrostatic repulsion as a result of the presence of high-valent foreign
cations that contributes to the charge compensation [23,24];

I1l.  facilitate the Li-ion diffusion by increasing the Li layer distance or
reducing the energy barrier regarding Li-ion diffusion alongside the
surface with high dopant concentration [17,25];

IV.  suppressing unwanted structural transformation from layered structure to
either spinel or rock salt phase (electrochemically inactive) [23,25];

V.  changing the electronic structure of the material (including a combination
of these effects) [23].

13
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However, in the anion doping approach, O> is exchanged by other anions (namely S*-,
CI~, F) to energetically reinforce the binding in-between the higher electronegative anions
and the TM cations. Therefore, the performance of the Ni-enriched cathode materials, such
as rate capability, retention capacity, its surface resistivity toward HF attacks, will be

improved [17,25,26].

Coating is the surface modification approach in which different materials, including metal
oxides (TiOy, Al,Os, Li;TiOs, ZrO;, etc.), phosphates (LiFePO. (LFP), LiTix(PO4)s, etc.),
metal fluorides and carbon have been applied to enhance the electrochemical performance
of Ni-rich cathode materials. Coatings mostly play a protection layer role in suppressing
parasitic reactions due to the direct contact of the electrolyte with the highly active material
in the cathode’s surface (reduces the extremely reactive Ni** on the surface). Moreover,
they also bring other benefits, such as reducing the cathode surface corrosion when it faces
HF in the oxide-based coating as well as making a steadier buffer film in the formation
step (initial cycles) due to the more thermodynamic stability of phosphate- and fluoride-
based coatings. However, most coatings suffer from the rate capability (rapid rates for
charge and discharge), due to their intrinsic insulator behavior and insufficient prevention
from microcrack formation, especially in the ultra-rich Ni cathodes (more than 80% Ni).
Coating resistivity will be improved by adding conductive materials such as polymer-based
and carbon coatings or utilizing FePO,, which reduces the activation energy required for

the transferring charge [17,25-27].

In the coating approach, it is essential to optimize the coating uniformity and thickness.
Using dry coating methods (such as ball-milling) generate an uneven coating, although, in
wet approaches, the coating becomes more uniform along with some impurity formations
via the leaching of Li from the Ni-rich structure and the reaction between trivalent Ni ions

14
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and ligquid medium. Although chemical vapor deposition (CVD) and atomic layer
deposition (ALD) approaches can be utilized to make high-quality coating layers, they are

not economically favorable [25,26].

Core-Shell or Concentration Gradient structures are exploited to modify the cathode
surfaces by reducing the Ni content at the surface (which is the main reason for thermal
instability and side reactions with the electrolyte). In this category, the concentration
gradient of Ni changes from core to the surface in a gradual (full concentration gradient
structures), instant (core-shell structures), or moderate (multilayer-core-shell) manner. The
main differences between the coated cathode and the core-shell structure are having lithium
ion conductive, and thicker film with a similar crystal structure in the core-shell method.
The quality of final core-shell structures depends on optimizing the synthesis procedure by
considering core and shell composition and avoiding Ni depletion as well as shell elements
diffusion during the process, heat treatment and lithiation time and temperature, and also

the final size of the particles and thickness of the shell [25,28,29].

Figure 1-6 summarizes these three main improvement approaches to making engineered

complex cathode materials.
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Figure 1-6 Representation of different engineering complex structures from (a) Doping,
(b) Coating [30], and (c) Core-shell approaches [28]. Reused with permission from the
copyright owners.

1.5 Li-ion diffusion Behavior

The systematic behavior of Li-ion reacting with electrode structures, or in other words, the

lithiation/de-lithiation process, can be classified into three main groups:

I.  Intercalation reactions (in which Li ions enter the host structure with low
volume change and more stable structure but having low capacity due to
the limiting number of accommodation locations or the limiting number
of one electron storage per each metallic ion);

Il.  Conversion reactions (in which, through the lithiation process, the
electrode materials transform into Li,O and its metallic form and the
reverse reaction occurs during delithiation. Although they deliver a high
amount of specific capacity since several electrons are involved in the
conversion reaction for a single M atom, they suffer from high volume

change, alternation in electron conductivity, low kinetics rate, and huge

16
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hysteresis in potential due to the presence of an energy barrier required for
the M—O bond breaking);

1. Alloy reactions (the alloy materials provide high specific energy density
because of their capability for storing several Li-ions, however, they suffer
from large volume alternation, low kinetics rate, and poor cyclability).

Figure 1-7 depicts a schematic representation of each three common reaction mechanisms

with their main advantages and disadvantages [30].

Several mathematical models can be applied to describe the lithium-ion diffusion process
for instance: a shrinking-core model, a core-shell model, and a mosaic model [31,32]. To
validate any of these models, using operando synchrotron high-energy X-ray diffraction
(XRD) or high-resolution transmission electron microscopy and electron energy loss

spectroscopy (HRTEM and EELS) could be helpful [31,33].

Intercalation Reaction Low capacity (<400 mAh/q)

© Lithium ion Stable structure
@ Metal/semiconductor atom (MZ+Li*+e — LiM Z)

@ Oxygen atom o
° L \ww,‘

\\\"%‘t \“'cx

Conversion Reaction Alloy Reaction

Moderate capacity (500~1000 mAh/g) High capacity (1000~4500 mAh/g)
Moderate volume change large volume change

Voltage hysteresis (wii*+we- + M — Li M)

(MO, +2bLi* + 2be* — aM + bLi,O)

Figure 1-7 The three common reaction behaviors occur between Li-ion and electrodes

[30]. Reused with permission from the copyright owner.
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1.6 Cathode characterization techniques

Li-ion batteries are utilized in a wide range of applications, from phones to electric
vehicles, and there are an increasing number of demands to improve LIB performance and
safety. A fundamental understanding of LIBs and a full evaluation of the battery materials
are necessary to fulfill these demands, which can be accomplished using advanced analysis
techniques. In this regard, various powerful techniques have been used in the LIB field,
such as scanning electron microscopy (SEM), scanning/transmission electron microscopy
(S/TEM), energy dispersive X-ray spectroscopy (EDXS), electron energy loss
spectroscopy (EELS), X-ray absorption fine structure (XAFS), X-ray diffraction (XRD)
and pair distribution function (PDF). Some of the higher-end techniques will be briefly
introduced in the following sections. These techniques can be divided into two main
groups: electron-based and X-ray based. Commonly, electron microscopy techniques can
be used when a high spatial resolution in a tiny area (nanometer scale) is required, and X-
ray techniques will be useful in a wider range (revealing average properties) and the

detection of heavier elements.

16.1 STEM

The transmission electron microscope is one of the most powerful instruments with a wide
range of high spatial resolution, which can be used in either quantitative or qualitative
analysis. This instrument is equipped with high-resolution transmission mode (HRTEM),
scanning TEM (STEM) with annular bright field (ABF), annular dark field (ADF), and
high-angle annular dark field (HAADF) detectors, as well as electron energy loss
spectrometer (EELS) and energy dispersive X-ray (EDX) spectroscopy. These options
empower TEM to detect chemical and structural information on an atomic resolution scale,

and the resolution can be even further enhanced by a spherical aberration corrector
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attachment (Cs corrector) into the STEM (sub-Angstrom detail). In general, the bright-field
detector is mainly used for imaging light elements in the structure, and dark-field images,
which are complementary to ABF images, have information about the location of the heavy
elements inside the structure. The best advantage of using HAADF in STEM over HRTEM,
is its simple and direct interpretation of atomic number or Z-contrast in HAADF images
(nearly proportionate of Z?). In HAADF imaging, in contrast to ADF imaging, Bragg-
scattered electrons are not participating in the formation of the images due to the very high-
angle scattered electron collection (above 50 mrad). However, image interpretation is not
directly possible in HRTEM without simulations because of the phase-contrast bases of
HRTEM image, which are altered by image lens aberrations (spherical aberration,
astigmatism, and defocus) [24,25] and dynamical scattering of the electron beam as it
propagates in the sample [34-37]. Figure 1-8 illustrates the location and the collection

angle range of each detector in the STEM.

Incident
convergent
beam

Specimen

8, >10->50 mrads 6 >50 mrads off axis

03 <10 mrads

HAADF HAADF
detector ADF ADF detector
detector BF detector
detector

Figure 1-8 Schematic of different detectors' locations in STEM mode [34]. Reprinted

with permission from the copyright owner.

HAADF-STEM can also be used to study the antisite defects (differentiating between two

octahedral sites) with the aim of studying the structural stability of the crystal in an atomic-
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level resolution instead of using macroscopic diffraction methods. This visualization is
possible, for instance, when some heavier atoms, like Fe or Co, occupy Li columns in LFP

or LiCoPO; crystals and make Li locations appear in HAADF images [38,39].

With the purpose of understanding the structural changes in Li-rich cathode materials (with
high energy density due to the occurring anionic redox processes reversibly), there are
some efforts to directly measure oxygen sublattice distortion by utilizing ABF STEM.
However, the precise measurement of the anion distortions is tricky because of some
challenging issues, including (1) ABF-STEM images sensitivity to the sample thickness
and the contribution of the surface especially in the presence of different phases from bulk;
(2) the close location of the oxygen columns to each other (in case of having two
perpendicular projection of axial and equatorial) as well as having TMs (heavy elements)

in between the oxygen column locations [40].

Nevertheless, by using a fast, pixelated detector and acquiring four-dimensional scanning
transmission electron microscopy (4D-STEM) data (i.e. a 2-dimensional diffraction pattern
at every pixel of a 2-dimensional image), capturing all of the elements inside the cathode
structure, even light elements such as lithium, inside LiNiO,, could be possible. Studies
showed that the contrast of the Li atoms was improved, especially in thicker TEM samples,
using enhanced ABF (e-ABF) imaging instead of ABF (with angles from 8 to 16 mrad),
which is achieved by subtracting Medium-angle-BF (with angles of 0 and 8 mrad) from
the regular ABF. Figure 1-9 illustrates the improvement of e-ABF images by increasing
the sample thickness as well as their both (ABF and e-ABF) good sensitivity to exhibit Li

and O atoms [41,42].
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Figure 1-9 High-resolution ABF and enhanced-ABF images from [100] zone axis of
LiNiO; with a thickness (a) and (b) about 25 nm and (c) and (d) about 95 nm. With
magnified averaged images from the experiment (green-frame) and simulation (red-
frame) [41]; (e) A schematic of the MaBF detector location in high-resolution STEM
[42]. Reprinted with permission from the copyright owners.

Besides imaging, the 4D-STEM technique can also be used for strain measurements on the
nanoscale. In this method, like nanobeam electron diffraction (NBED), the strain is
calculated in reciprocal space since alternations in the values of the structural lattice will
be reflected as position shifting in diffracted disc regarding the undiffracted disc in the

diffraction pattern center [43,44]. Appendix I, shows an example regarding this calculation.

ADF images can reveal the differences between the two disparate crystallographic
structures. In this regard, the chosen zone axis for analysis should show different features
or at least different ratios in the same feature (like different ratios for diagonal distance in
the diamond shape of LiMn,0.). By decreasing the detection angle, ADF can show
sufficient contrast for O sites. Figure 1-10 depicts the location of the Mn and O by reducing

the collection angles [45].
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Figure 1-10 ADF images from Li1.xMn,04.s materials with tetragonal crystal aligned in
[100] direction, based on different collection angles: (a) 92—-228 mrad and (b) 52-140
mrad. The contrast level in (b) regarding oxygen is not uniform, which is illustrated with

short and large arrows [45]. Reprinted with permission from the copyright owner.

With the intention of studying the degradation mechanism in Ni-rich cathode materials,
HAADF images can be extensively used to observe the differences between layered
structure and degraded structure (rock-salt-type structure) near the surface or grain
boundaries. As seen in Figure 1-11, Li layers can be determined owing to the presence of
heavier elements (TM) in the Li layers. According to the Li layers’ contrast level up from
the core to the grain boundary, the structure progressively deviates from the layered
structure to the moderately layered structure and then reaches the disordered rock-salt
structure. It is worth mentioning that the thickness of this disordered rock-salt structure

(with a higher amount of TM atoms in Li sites) increases with the number of cycles [46,47].
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Figure 1-11 HAADF-STEM images of LiNigsC0o.15Al0.0502 after one cycle in (a) and (b)
[46], and after 10 cycles in (c) [47]. Li layers are revealed with double-headed arrows and

single-headed arrows. Reused with permission from the copyright owners.

1.6.2 EELS

Electron energy-loss spectroscopy (EELS) is one of the most powerful tools inside the
TEM, placed either at the end of the TEM column or in its projector lens system (post- and
in-column filters). This technique is capable of delivering valuable information with a high
spatial resolution (Angstrom level) about the chemical state, local electronic structure,
phase recognition, local changes in bonding environment, valance and ionicity, and radial
distribution function. EELS analysis is much more appropriate than EDXS in detecting
light atoms in the system because of the decreasing trend in the fluorescence yield (orders
of magnitude) of light elements in comparison to the heavier ones, as well as having higher
detector efficiency in EELS (due to small solid angle and X-ray absorption with a detector
in EDXS). The energy loss spectrum generally can be divided into two main regions, Low-
loss (from 0 ev to 50-100 ev) and Core-loss (above the low-loss region). The Core-loss
energy range has two main modulations: the energy loss near edge structures (ELNES) and

the extended energy loss fine structures (EXELFS). The ELNES part is assigned in up to

23



Ph.D. Thesis - Nafiseh Zaker McMaster University - Materials Science and Engineering

10-30 ev after the onset of ionization edge, and from 30-50 ev to several hundred electron
volts is considered as EXELFS region. Information about phase and valance state as well
as radial distribution function of materials (like XANES and EXAFS) are provided from

ELNES and EXELFS regions, respectively [48,49].

In the field of LIBs, EELS has also been used for detecting Li since its K-edge is located
in the low-loss region. However, the overlapping of M2 3-edges and K-edge in TM elements
and lithium, respectively, makes the analysis more complex, especially in a more realistic
case of having polycrystalline structure and thickness variation in prepared TEM samples
[41,50]. Multivariate curve resolution (MCR) is one way of separating mixed spectra in
each position into a linear combination of different pure components by using least-squares
fitting [50]. MCR can be used in the energy loss spectrum to investigate the local valance
states and quantitative mapping of the TM ions and oxygen in the cathode active materials
in real space [51]. Multiple linear least squares (MLLS) methode is another common fitting
technique that fits reference spectra into the original dataset to calculate and extract each
reference's amount and distribution in a spectrum image. It is also utilized for separating
overlapping edges and for background improvement. Analyzing a large data cube like an
EEL spectrum image (SI) with many variables, which are sometimes known or unknown,
requires multivariate statistical analysis (MSA) to understand spectral data. One of the most
common MSA approaches in the EELS field is principal component analysis (PCA).
Through PCA, the dimension or the number of variables in the original data is reduced,
and the spectral with a lower noise level without losing substantial information is obtained

[52].
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1.6.3 X-ray absorption fine structure (XAFS)

X-ray absorption is based on the ratio between the intensity of monochromatic X-rays after
and before interacting with an examined sample. To see a sharp absorption edge, the energy
of the incident X-ray beam should be equal to the electron energy bonding in a studied
material’s core level. In general, when the X-ray energy is close and higher than the binding
energy, some of the sample’s electrons might be removed from their ground quantum level
(become excited by leaving holes in core levels), and two major mechanisms might happen.
In the first one, the core hole is filled by another electron from the core level with higher
energy, and the difference between these two levels will be revealed as fluorescence
emission. This emission is the characteristic property of each element and can be utilized
to detect the atoms. The second mechanism might happen if the energy difference between
those two mentioned levels has enough energy to eject another electron into the continuum,
called the Auger Effect. It should be noted that X-ray fluorescent and Auger emission are
more dominantly taking place at higher X-ray energies (>2 keV), and soft X-ray regimes,
respectively. It is worth to be noted that by absorbing X-ray energy, if the ejected
photoelectron (with a wave property) from a tightly bound core-level has enough kinetic
energy, it can escape into unoccupied states of the absorber element and interact with other
electrons in the chemical neighborhood of the absorber atom. The photoelectron can scatter
back from the local neighbor atoms’ electrons into the absorber one and generate
modulations in the extended part of absorber coefficient shape of the absorbing atom.
Therefore, the XAFS can be classified into two main sections: the X-ray absorption near-
edge structure (XANES) is visible from the threshold of the main absorption edge up to 30
eV, and the extended X-ray absorption fine-structure (EXAFS) which contains the

oscillations which are resolved fairly after the absorption edge. The EXAFS is mostly
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illustrated in terms of the wave number (meaning y(k) as a function of k [A!]) and also due
to its fast decay, x(k) is amplified by k? or k3. The several frequencies, which are revealed
as oscillations in y(k), are related to the different coordination of neighboring shells and
can be used in order to calculate the neighboring atoms’ number, distances, and
disordering. A synchrotron is mainly employed as an X-ray source in this technique and
offers a full wavelength or energy range of X-ray with high intensity. This full wavelength
range can be designated for a specific energy by using a monochromator (such as silicon)
to reach high energy resolution (about 1 eV at 10 keV). XAFS measurement can be divided
into two main categories: transmission measurements and fluorescence measurements. The
first method is suitable for low-thickness and uniform samples, and the second is preferred
for thicker or lower elemental concentrated samples [53,54]. It is worth noting that the
EXAFS technique can illustrate the structural environment around the specific absorber
element mostly up to 6 A distance; however, to see all the bonding pair distances in the
material structure, using another X-ray-based technique called pair distribution function

(PDF), would be required [55,56].

XAFS analysis in LIBs can be used to calculate the capacity degradation and amount of
inactive materials production based on the energy shifting in Ni K-edge as a function of
different SOC and cycling effect, especially at high temperatures. As shown in Figure 1-12,
the K-edge onset of Ni is shifted to higher energies by increasing the SOC, due to the
oxidation of the Ni®** ion to the Ni** ion. After applying 500 cycles at high temperatures,
the K-edge onset of Ni was reduced to lower energies. The shifting at a fully charged state
results from the reduced number of available Ni** due to the production of “inactive Ni

ions” (Ni?* and Ni**), which are not able to change their valence during cycling. At high
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temperatures, since the Ni ion reduction happens with no Li intercalation (at the same

SOC), oxygen release could cause capacity fading [57].
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Figure 1-12 Shifting in the location of Ni K-edge energy from XANES spectra versus the
SOC of NCA before and after the 500 cycles [57]. Reprinted with permission from the

copyright owner.
1.7 Motivation

In light of global warming and increasing carbon dioxide emissions, there are enormous
demands for using different kinds of green and sustainable energy sources along with
finding high-energy storage devices. Some countries have planned the banning fossil fuel
vehicles in imminent future, and in this regard, automotive industries are currently forced
to manufacture electrified vehicles that can be adapted to these bans. To this end, Li-ion
batteries have received significant attention and entered the electric vehicle industry
because of their higher energy density in comparison with other rechargeable battery
technologies. As addressed earlier, cathode materials have an important role in energy
density restriction and the final material price determination of LIBs. Thus, it is essential
to scrutinize cathode structures, their phase transformation, and side reactions to boost the

life span of the batteries. Recent studies have utilized two main approaches, involving the

27



Ph.D. Thesis - Nafiseh Zaker McMaster University - Materials Science and Engineering

discovery of new materials or modifying the existing materials, which both aim to improve
the performance and cyclic life of a lithium-ion battery. Despite several developments in
both methods, most studies focused on the overall performance of the battery, whereas
fundamentally analyzing the underlying phenomena which lead to enhanced performance
or fast degradation of these batteries was mostly neglected. Therefore, this research aims
to comprehensively study these engineered complex materials by using advanced electron
microscopy techniques (SEM, TEM, STEM-EELS, P/FIB, and 4D-STEM) and high-
resolution synchrotron-based X-ray analysis (XAFS, powder XRD, and PDF) to achieve a
detailed understanding of which mechanisms and reactions are occurring inside the
batteries as well as their effects on the final performance of the batteries, from the material
perspective. The final results of this research will impact the cathode modification
procedures, which will be exploited to enhance the LIBs performance that are

manufactured by several companies.

1.8 Research objectives

The interest in engineered complex cathode materials has grown due to the role of these
materials in providing higher quality in the performance of the LIBs. To fully benefit from
these modern materials, it is essential to have a deep and fundamental understanding of the
relationship between their performance and chemical/structural properties which provides
the opportunity to comprehend the possible enhancement mechanisms and detrimental
factors for capacity deterioration, particularly from the material point of view. Based on
the literature review, several topics have been identified which are not explored

comprehensively in this field and therefore require more scrutiny.
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Enquiring the inhomogeneous distribution of elements, especially in doped
materials, from the surface to the bulk and the dopant position, which play essential
roles in the performance of Li-ion batteries. Since in this research, W-doped Ni-
rich cathode materials are being investigated, using EELS and HAADF-STEM
along with EXAFS and XANES spectroscopies are required in order to acquire
comprehensive information regarding the exact location of W, its phases and
structures, as well as its valence and site preference in the doped host structure in

pristine and cycled states.

Exploration of possible mechanisms that are responsible for performance
degradation and enhancement in engineered complex cathode materials. This
analysis requires an in-depth study of the chemical and structural changes inside
lithium-ion batteries before and after cycling. In this investigation, utilizing
various advanced characterization techniques such as HRTEM, STEM-EELS,
XRD, and XAFS analysis will be of utmost importance to achieve a better
understanding. The electron-based examinations are chosen due to their capability
to reveal information about alternation in electronic and crystal structure of
modified cathode materials in both pristine and cycled states (to consider the
effects of phase transitions and other side reactions), with high spatial resolution.
On the other hand, X-ray-based analysis can illustrate the bulk effect of the
modifying approaches in cathode structure, especially in the presence of heavy

elements inside the structure.

In coating approaches, it is necessary to scrutinize the final structure of the core
and coating along with examining the possibility of having interdiffusion at the
nano to micro-scales between core and coating materials. This procedure is
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necessary for the purpose of optimizing the processing parameters and evaluating
the effectiveness of these approaches to improve cell performance. SEM, EDX,
STEM, selected area electron diffraction (SAED), convergent beam electron
diffraction (CBED), and EELS can all be used to reveal valuable data regarding
the uniformity of the coating, material distribution from the core to surface, and

the crystal structure of each selected area.

R/

¢+ Since the main causes of micro-cracks generation, specifically in Ni-rich cathodes,
are not clearly discussed and understood in the literature, developing a reliable
method for strain measurement in cathode structures is one of the objectives of this
study. Strain measurements analysis could be performed on both pristine and
cycled states to understand the main reasons that contribute to the structural
stability or degradation of the cathode as well as any changes that are induced by
enhancement techniques in the cathode particles. In this measurement, peak width
from synchrotron-based XRD data or shifting in PDF peaks could be utilized to
precisely measure the structural strain. On the other hand, electron microscopy
methods with high spatial resolution can be employed to calculate strain by using
direct (from real space location of the atoms, which requires high quality HRTEM
micrographs) and indirect (from reciprocal space, which can be obtained through

4D-STEM analysis) methodologies.

Ultimately this study will provide in-depth information on the underlying reasons that
result in the higher performance or deterioration of the engineered complex cathode
structures in a Li-ion battery. This work will be crucial for expanding the impact of Li-ion
batteries, enabling wider use of electric vehicles, and reducing carbon emissions leading to

climate change.
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1.9 Thesis outline

Through this Ph.D. journey, three conferences, one workshop, and six published ISI papers
in prominent journals have been the outcomes that resulted from our collaboration with Prof. Jeff
Dahn from Dalhousie University. From our collaboration with NRC, one paper was published.
Additionally, | would state that through other collaborations, two papers on different topics were
published as well. The following chapters present our three publishable papers as the first author
with the dominant contributions of the Ph.D. candidate in acquiring and interpreting the data as well
as being the primary writer of these manuscripts. This sandwich thesis is composed of five major

chapters as follows:

Chapter 1 (the current chapter) contains some LIB introductions, cathode materials and their
development through complex engineering structures, different characterization techniques (electro-

and photon-based), as well as the research motivations and objectives.

Chapter 2 is based on the first paper, currently under review, entitled “Probing the Mysterious
Behavior of Tungsten as a Dopant Inside Pristine Cobalt-Free Nickel-Rich Cathode Materials”. In
this paper, the location and distribution of W have been investigated and its form (crystalline or
amorphous) along with its more possible compound chemistry have been discussed. This chapter
mainly focuses on the pristine state of the W-enriched structures and fulfills the first two objectives

of this research.

Chapter 3 is written based on the second paper, ready to be submitted, titled “Structural Evolution
of Cycled Complex Nickel-Rich Cathode Materials Enriched with Tungsten”. This article presents
the failure analysis of W-enriched materials, the mechanical and chemical improvement
role of W compounds in the Ni-rich cathode structures, and the effect of some synthesis
defects. According to the results and discussion in this chapter, the two initial aims of this
thesis have been accomplished. In both the second and third chapters, strain analysis has

been done based on the PDF analysis, which is part of the last objective of this research.
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Chapter 4 presents a version of the third paper’s final draft, entitled “Exploring the Effect
of Surface Modification on the Coated Nickel-Rich Cathode Materials Structures”. This
paper characterized the quality of the coating by mechanofusion and the effect of this
process on Ni-rich cathode materials' behavior through different electron-based analysis

techniques. This article helps to meet the last two goals of this research.

Chapter 5 includes the major conclusions regarding this thesis on two main structural
enhancement techniques, doping, and coating, as well as introducing some possible advice

for future work.
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Abstract:

Nickel-rich cathode materials with small amounts of tungsten dopants have attracted
extensive attention in recent years. However, the chemical state, crystalline form,
compound chemistry, and location of W in these layered structured cathodes are still not
well-understood. In this work these missing structural properties are determined through a
combination of macro-, to atomic-sensitive characterization techniques and density
functional theory. W-doped LiNiO, particles, prepared with mechanofusion and
coprecipitation methods, were used to probe changes in the structure and location of W-
species. The results indicate that W is mainly distributed on the surfaces of secondary
particles and in the grain boundaries between primary particles, regardless of the doping
method. Electron energy loss spectroscopy mapping confirms the simultaneous presence
of W, O, with and without Ni in the grain boundaries as well as some W- and O-rich regions
on the very surface. The W-rich areas inside the grain boundaries are found to be in two
forms, crystalline and amorphous. This paper suggests the presence of kinetically
stabilized-Lis+xNii1.x\WOg (x=0, 0.1) with the possibility of Lix\WyO, phases in LiNiO, which
are consistent with electron microscopy, X-ray absorption and diffraction data. The
multiple roles of W in this complex microstructure are discussed considering the W

distribution.
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2.1 Introduction

High energy density lithium-ion batteries are the best potential energy storage system for
electric vehicles and to support a more sustainable and green future for the planet [1-4].
To fulfill commercial expectations, these batteries require higher capacity, cyclic lifetime,
rate capability, and thermal stability [5-8]. Besides many attempts to enhance the main
components in Li-ion batteries by discovering new materials and adjusting currently
available materials, the cathode is still the main limiting factor for energy density and is
the highest price component of a Li-ion cell [1,9,10]. Layered cathode materials are
common in commercial applications. In these materials, higher levels of nickel lead to
higher energy densities [11,12]. However, Ni enrichment brings several problems, such as
decreased cycling life span, safety, and thermal stability, leading to quicker failure [2,13—
15]. A new generation of optimized engineered complex cathode structures have emerged,
utilizing ultra-high Ni cathode materials, along with various methods like doping, core-
shell structures, and coatings. These approaches can be categorized as either bulk or surface
modification strategies, with the ultimate goal for all being to stabilize the active material
and/or to increase its lifetime during charge-discharge cycling [4,16-24].

Atomic doping is one of the most conventional methods to alter the cathode host crystal
and reinforce its structure [19]. In this regard, tremendous work has been done to identify
the best dopant candidates and some cations with a high-valence state have drawn
significant attention [13,25-27]. Using high oxidation state cations like Ti**, Zr**, Ta*,

Mo, W*E, etc., would stabilize the Ni-rich cathode structures, alleviate Jahn-Taller active
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elements (Ni*®), suppress the diffusion of Ni?*, protect cathode from side reactions with the
electrolyte, or prevent undesirable phase transformation [17,28-30]. Lately, a family of W-
doped Ni-rich cathode materials has demonstrated significantly improved LIB
performance, as well as thermal and structural stabilities [31-33]. These recent studies have
pointed out a few general effects of W on the behavior of LIBs and proposed some
hypotheses as to what drives the observed enhancements. However, no comprehensive
investigation has been conducted thus far to experimentally validate some of the
hypotheses found in the literature. The high-valence charge and the complex electronic
configuration of W in comparison with other common cation dopants, make the prediction
of its role in the layered structure more complicated [34]. Therefore, understanding the W
role would require identifying the location and distribution of W in bulk or surface, its
effect on the structure of the layered material after synthesis, and the presence of possible
W-phases inside the Ni-rich cathode structure.

In recently published papers [34—36], the general aspects of performance enhancement and
structural modification have been the focus of discussion. From our previous work [34—
36], a Ni-rich cathode material with only 1%W dopant showed the best cycling behavior
and fracture resistance among the tested materials as compared to other doping levels. It is
worth mentioning that based on our previous paper, the optimum heat treatment
temperature to reach a better W-enriched structure and some level of heterogeneity
regarding the W distribution in the host structure have been reported [36]. To better
understand the role of W in battery performance, this article presents in-depth
characterization results and therefore reveals the preferred location of W, its forms as well
as new possible W-variants in the doped-LiNiO- cathode materials. For this purpose, both

X-ray-based and electron-based characterization techniques, as well as modeling, have
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been used. These characterization techniques, alongside simulation and fitting of
experimental data, provide sufficient information to predict and experimentally identify the
location of W inside the cathode. Our results show that W is detected within the grain
boundaries of the secondary particles and forming a thin layer, few nm thickness, on the
edge of primary particles adjacent to these grain boundaries. Additionally, W is also found
on the surface of secondary particles. As will be discussed in detail below, W-rich
compounds which contain Ni with chemical composition LisxNiixWOQOs (x=0 and 0.1
which are kinetically stabilized compounds) along with the probability of LixW,0, phases,
with the preferred concentration on the top surface and inside the grain boundaries of LNO

structure, play a protective layer role as well as stress absorber medium, respectively.

2.2 Results and discussions

2.2.1 SXRD and PDF

The synchrotron-based powder XRD (SXRD) data for LNO doped with different amounts
of W is illustrated in Figure 2-1(a). The patterns quantification in Table 2-1 shows that
both lattice volume and cation mixing (amount of Ni in the Li layer inside the LNO) are
increased with increased W dopants. Both of these changes are consistent with the
presence of more Ni%*, with a larger ionic radius than Ni®* in the transition metal
(TM) sites, and in agreement with other published works [31-33].

As shown in Figure 2-1(b), for higher amounts of W, additional peaks can be observed at
20 angles between 19° to 35°, which is consistent with either a lower symmetry structure
in additional phases or with superlattice reflections in LNO. Additionally, the presence of
a broad hump in the scattering distribution around 19° to 35° in doped materials suggests
the existence of an amorphous phase. However, in the LNO_ pristine sample, the detection

of a weak hump might be caused by the capillary tube scattering.
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Figure 2-1 (a) SXRD patterns for pristine LNO and W-doped LNO (1%,2%,4%, and
8%W) prepared with mechanofusion, and W-doped LNO (1% and 2%W) prepared by
coprecipitation. (b) The emerging tiny peaks in the range of 26 between 19° to 35° as

well as the

presence of a broad “hump” indicate an amorphous phase.

According to Figure 2-1(a), the major peaks can be indexed with high precision using the

o—NaFeO2 (R3m) structure [37]. For lower dopant amounts, namely LNO_1%W_mech, a

clear separation between the (006), (012) and (018), (110) peaks, along with the higher
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f I(003)
(104)

intensity of the (003) peak, are consistent with a clear layered structure. The ratio o
identified as the R-value, has been used to track the amount of cation mixing inside the
layered structure. Based on the literature, values below 1.2 are indicative of undesirable
cation mixing due to more disordering or the formation of inactive cubic phase of LNO in
the layered structures, which reduces electrochemical performance [38-40]. Our results
show that the R-value decreased from LNO (~1.37) to 1%W (~1.34) and to 8%W (~0.76),

indicating higher levels of cation mixing in the higher W-doped LNO structures and for

samples prepared by coprecipitation.

Rietveld refinement of the patterns provides a much more accurate way of calculating the
amount of Ni in Li layers sites, as presented in Table 2-1. The phase fractions of the
LisNiWOs (see further below), the lattice parameters of LNO and the atomic occupancy of
Li and Ni in Li sites were refined, and the R-value was extracted directly from the raw
XRD patterns. In general, the absence of the (003) peak is consistent with the Fm(-)3m
phase rather than the layered structure [15]. In Figure 2-1(a), the intensity of the (003) peak
was significantly reduced in W-rich structures. Work in the literature suggested that this
could be due to the presence of a rock salt/spinel phase based on electron diffraction
patterns, caused by the presence of W in the structure of Ni-rich NMC (Li Nix Coy Mnix.y
0,) [31,33]. As shown below, however, the changes induced by the presence of W alters
the local symmetry at the edge of particles where W is detected (see section 2.2.2). Also,
the peak broadening noticeably increased with increasing the W content. This effect could
either be caused by higher lattice strain induced by W, if present in the lattice, or by smaller
particle size, as reported by other researchers [33]. Our previous work [36] showed that
higher levels of W-doping in LNO materials generates smaller primary particles or, in other

words, there are more grain boundaries inside their secondary particles.
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Table 2-1 Crystallographic and phase information for LNO and other W-doped LNO materials based on the Rietveld

refinement. The Rw% value is a goodness of fit parameter for the Rietveld refinement. The R-value is the ratio of the

(003)/(104) peak intensities.

Phases Wt. fractions %

Lattice parameters in LNO

Atom’s occupancy

Materials — Rw%0 : : Volume _ in LNO _ R-value
LisNiWOs LNO afA] C[A] [A3] Lil Nil
LNO_Pristine 0 100 3.86 | 2.87404 | 14.18384 | 101.463 | 0.982 0.018 1.37
LNO_1%W_Mech 0.652 99.348 | 6.33 | 2.87672 | 14.20978 | 101.839 | 0.973 0.027 1.34
LNO_2%W_Mech 0.686 99.314 | 7.33 | 2.87949 | 14.20191 | 101.979 | 0.951 0.049 1.25
LNO_4%W_Mech 6.645 93.355 | 8.85 | 2.88166 | 14.19745 102.1 0.889 0.111 0.98
LNO_8%W_Mech 7.733 92.267 | 11.62 | 2.89002 | 14.21934 | 102.852 | 0.82 0.18 0.76
LNO_1%W_Copr 0.679 99.321 6.7 | 2.88239 | 14.20709 | 102.221 | 0.922 0.078 0.99
LNO_2%W_Copr 0.818 99.182 | 10.28 | 2.88343 | 14.19265 | 102.191 | 0.898 0.102 0.72

According to Figure 2-1(a), for the higher W content (e.g., 8% W) material, the (110) peak

shifted to lower angles, which could be ascribed to there being a higher amount of larger

radius ions in the TM planes in the W-rich samples. On possible explanation for this is the

presence of more Ni?* (0.69 A) with larger radii than Ni** (0.56 A) in doped materials.

Some of the previous literature suggested that the W®* ions tend to occupy the TM sites

and reduce some of the Ni*® to Ni?* ions to maintain charge balance, which inevitably

increases cation mixing due to the similar ionic radii of Ni?* and Li* (0.72 A). In our DFT

work, we considered three different scenarios to maintain the charge balance when W+t is

in the LNO structure: 1) one Ni** vacancy for each W*8, 2) three atoms single valence

reductions by formation of three Ni?* ions with and without their replacement in Li sites,

and 3) formation of three Li* vacancies. However, our DFT calculations show that none of
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these configurations is energetically favorable. Additionally, the uniform presence of W in
the LNO could not be entirely validated by the EXAFS data analysis, which will be
discussed in section 0.

Other investigations indicated that the presence of XRD peaks in the range of 20° and 35°
(26 range based on Acuks) Originated from the ordering in the TM layers with Li>MnOs-
type structure. For the Li2MnOs-type structure, different layer stacking along the c-
direction might be possible, leading to various space groups such as C2/m, C2/c, and P3,12.
However, the C2/m system is more energetically favored (albeit by small margin) and
results in a better fit for the LioMnOs-type structure [41]. Other work also reported the
presence of a tiny broad peak at larger angles close to the (003) peak possibly arising from
[V3anex x V3anex] R30° superlattice ordering resulting from stacking faults alongside the c-
direction [42]. On the other hand, these extra peaks might originate from minute contents
of different W phases or variants present within the doped LNO particles as second phases.
To validate this possibility, various probable W compounds were considered either based
on the DFT calculations (predicting which phases are energetically and thermodynamically
favored) or based on existing W compounds, accounting for the combination of elements
(W, O, Li, Ni) and similar space groups (C2/m, C2/c, Cm,...) to the Li.MnOs-type structure
that were used above to fit the tiny peaks in XRD patterns.

LisNiWOg and Lis.1NiggWOs, with C2/m and Cm space group symmetry, respectively, have
been found to improve the fit quality of the XRD patterns beyond the bulk LNO phase. As
demonstrated further below, this is also consistent with simulations to fit the XAFS
modulations from the W atoms’ environments in the doped materials. To confirm these
results with the XRD refinement, the LNO together with either one or both of these phases

were studied. Due to the similarity of XRD peak positions in these two W-variants,
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especially between 20° and 35° (based on the Acuka) 20 range, the fitting residuals were
considered for different scenarios. First, the fitting was carried out considering LNO with
one of the compounds (either LisNiWOs or Lis.1Nio.sWOs) at a time, then considering LNO
with both phases at the same time. While the fitting residues were relatively low and
approximately similar in both cases, the concentrations yielded some unphysical outputs
when fitting the peaks with both phases at the time. Based on this result and the similarity
of the residues, the fitting of LNO with only one of the phases was considered. The results
of fitting with LNO and LisNiWOs are represented in Table 2-1. While there is a
guantitative improvement of the residuals of fit, it is also clear that a perfect match to the
full series of SXRD peaks is not obtained as illustrated in Figure 2-6S (for brevity, the
figure number will be followed by “S” for referring to figures in the supporting
information, section 2.5) especially in lower W amount. This suggests a combination of
phases or of changes in the structure induced by multiple effects that are not accounted for
by a simple Rietveld refinement.

Further insight into the complexity of the doped material and how the main lattice of the
LNO phase is affected can be obtained from PDF analysis. PDF analysis provides an
average distribution of pairs of interatomic distances. This information would make it
possible to detect if interatomic spacings and order change. By inspecting the short and
medium spacing ranges, we can deduce that the average structure of the doped compounds
(with the concentration of W used in this work) shows no detectable changes in the PDF
(such as clear extra peaks) as compared to the pristine material (see SI document for
completeness). These results agree with SXRD analysis due to the low concentration of

W-variants inside the LNO.
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2.2.2 STEM and EELS

High-resolution-STEM images of the doped samples in their pristine state, from both the
mechanofusion process and coprecipitation synthesis, are shown in Figure 2-2(a-c). The
contrast mechanism, in HAADF mode of detection, is related to the atomic number and the
thickness of regions that are scattering electrons and thus the brighter areas denote heavier
elements or thicker regions of the sample. These high-resolution images, Figure 2-2(a,b),
mainly show the same apparent behavior at grain boundaries: two bright bands (mostly
crystalline) separated by a dark region in between. Since W is the heaviest element inside
these materials, based on the intensities in the images, the W-rich area would be located in
those bright band regions. Because the dark areas could also imply a different thickness, a
more detailed spectroscopic analysis with EELS is still required. From inspection,
however, two conclusions can be drawn: 1) there is W diffusion along grain boundaries
between the primary particles, very deep in the structure of secondary particles (this is more
evident in Figure 2-4(a)), and 2) W is located at grain boundaries but it is not clear if W is
also in the structure, given that the concentration of W away from the boundaries is lower.
In other words, these images demonstrate that W diffuses through the secondary particles
and is mainly located inside the grain boundaries. Further analysis using Fourier Transform
(FT) and crystal distance matching was performed to thoroughly understand the high-

resolution atomic lattice images, as will be discussed in the following.
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5' o ! . ::f:.;“
Figure 2-2 The HAADF images of (a) LNO_1%W_Mech, (b), and (c) LNO_1%W_Copr
from the top and the middle part of the secondary particle, respectively. Each figure also

includes higher magnification images of the grain boundaries.

Detailed atomic resolution imaging of a primary particle (in the core part of the secondary
particle, Figure 2-3), near a grain boundary and including a region further away, was
carried out in order to probe in detail the changes to the structure induced by the presence
of W. First, an area further from the grain boundary was selected, marked “I” in Figure
2-3(a). The FT calculation providing a local numerical diffraction pattern and the intensity
profiles from two different atomic planes confirm the <010> zone axis of LNO for region
“I” is presented in Figure 2-3(b, ¢). Based on the line profile (Figure 2-3(c)), one can notice

the high-intensity TM planes and troughs corresponding to the Li planes. However, within
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the Li planes where there should be very clear intensity minima since the Li does not
contribute to the HAADF signal, there are additional intensity maxima (marked by orange
arrows), locally consistent with cation mixing corresponding to either Ni or possible W
atoms. Since the concentration of W is low and the intensity within the Li layers is quite
uniform within these planes, this suggests that, in these regions, Ni would be present within
the Li layers, consistent with results from structure refinement where some cation mixing
is deduced. In the <010> zone axis, the distances between the atomic columns from the
line profiles match well with the spacing between the Li and Ni sites, as shown in Figure
2-3(d). In other areas, however, no cation mixing is detected, and the pristine layered
structure is visible, which is shown in the purple dotted line box in Figure 2-3(a). This also
suggests that this effect is not an electron beam propagation artefact due to the channeling
of the electron beam to the TM columns, since the thickness of the two regions would be

very similar.

Very clear from Figure 2-3(a) is also a very bright crystalline region (identified as region
“IT”) at the edge of the grain, adjacent to the grain boundary. Based on the intensity of the
atomic columns, it is expected that this is due to the presence of W. As will be explored
further in the discussion of the EELS mapping, this W-rich area also contains O and Ni.
The image of the numerical diffraction with FT from this bright area in Figure 2-3(b) does
not show layered structural phase symmetry. Prior literature has shown that a spinel phase
(cubic symmetry) which only originates from cation mixing [43,44] can appear after
electrochemical cycling on the edge of primary particles. Here, our results illustrate that,
although there is cation mixing between the Ni and Li atoms, the precise measurements

with EELS (shown further below) reveal more information about the concentration of W
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in such non-layered phase areas and demonstrate the presence of some tungsten phase
variants on the very surface of the primary particles.

XRD refinement results (as well as the subsequent validation by EELS mapping and XAFS
fitting) indicate a better fit to the pattern with the presence of Li, Ni, W, and O phase, which
suggests that the crystalline bright area “II”” could be either the stoichiometric compound
LisNiWOs or its solid solution Lis1NioeWOs. Further clarification is obtained from the
high-resolution HAADF image through the numerical FT diffraction from region “II”
(Figure 2-3(b)), which is perfectly consistent with the <311> zone axis direction of either
of these two W-compounds. Furthermore, from the line profiles and the calculated atomic
distance between W and Ni atoms (Figure 2-3(c,d)), the plane spacings are in good
agreement with the expectations from this zone axis. For this comparison, the spacing
between the W and Ni atomic positions have been considered since they are the most
visible sites from the HAADF detector. However, as demonstrated in Figure 2-3(d), these
W variants show almost identical atomic distances in this zone axis. It is therefore
impossible to differentiate between them even by detailed local analysis. The
stoichiometric compound LisNiWOgs with C2/m symmetry has three shared sites (4g, 4h
and 2d Wyckoff positions) for Ni and Li with Ni occupancies between 16% to 26% and a
single site for W (2a Wyckoff position); however, in the solid solution of a general
composition Lis+xNi1.x\WOs (in this specific case corresponding to a previously-identified
compound with composition Lis1NiosWOsand Cm symmetry), there are four sites with the
combination of Ni, Li, and W ( site 1: W=99.1% and Li=0.9% with 2a Wyckoff position,
site 2: W=0.5%, Ni=28.2% and Li=71.3% with 4b Wyckoff position, site 3: W=0.4%,
Ni=7.7% and Li=91.9% with 2a Wyckoff position and site 4: Ni=12.7% and Li=87.3%

with 4b Wyckoff position).
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Figure 2-3 (a) The HAADF image of the LNO_1%W_Copr sample. Two areas, “I” and

“II”, with two different atomic lines and angles, are marked. (b) shows the FT
calculations from each selected area. (c) The line profiles from each selected atomic line
in (a), with the same color (the orange arrows represent the heavier atoms within the Li
layer). (d) The 3D structure of the LiNiOa, Lis1NiosWOg, and LisNiWOg from the
appropriate zone axis view with calculated atomic distances. Li, O, and W are in green,

red, and purple colors, respectively. Ni is gray in the LNO and orange in the W-phases.
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The low magnification EELS maps from different doped materials, regardless of doping
methods (Figure 2-4(a,b)) reveal that W is mainly concentrated on the very surface of the
primary and secondary particles as well as at the grain boundaries in between the primary
particles. Also, the W concentration inside the deeper level of the secondary particle,
especially in the grain boundary, seems to increase with more W dopant. These results are
consistent with the previously presented XRD peak broadening since smaller primary
particles provide more accessible pathways for W to reach inside the secondary particles
through their grain boundaries. This reduction of primary grain size along with the presence
of W in the grain boundaries, improve the strength of this family of doped structure and
increase their resistance toward cracking [35]. Having W-rich areas on the surface of the
secondary particles can play a protective role in reducing the direct contact between the
Ni-rich cathode materials and the electrolyte. A second role of W, given this
microstructure, in addition to strengthening the grain boundaries, would be acting as a
damping medium for the cycling stress due to the presence of W-rich areas. The detailed
experimental discussion regarding the protective role from side reactions during cycling,
along with strengthening of the grain boundaries and damping cycling stress through the
presence of W-variants, are out of this paper’s scope and will be discussed in more depth
in a follow-up work focused on the effect of W on the degradation mechanisms through
electrochemical cycling. For in-depth characterization of the form and location of W inside
the doped materials, higher magnification EELS mapping was implemented.

A high-magnification EELS map and the related Annular Dark-Field (ADF) image are
presented in Figure 2-4(c) (as well as Figure 2-9S(a)), which illustrate that the W is
noticeably present in regions within grain boundaries of the secondary particles with an

amorphous structure. Additionally, the W signal is still apparent within a few nanometers
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of the surface of the primary particles within the crystalline atomic arrangement of the
grain. Furthermore, there are marked differences between the O K-near-edge structure of
bulk areas and those containing W, visible in the pre-edge peak feature. This pre-edge peak
is very clearly detectable in the inner parts of the primary particles and is consistent with
the results for pure LNO, which has a sharp and very clearly visible pre-edge peak. In Ni-
rich materials, the general expectation for the O K-edge peak’s shape is the appearance of
the pre-edge peak arising from the transition between O 1s and the hybridized state of O
2p with Ni 3d states. In addition, the other features over 534 eV are due to the transition
from O 1s to the hybridized state of O 2p with Ni 4sp states. Based on the literature, changes
in the crystal structure through cation mixing could substantially affect the hybridization
state between TM 3d and O 2p bands, and induce changes in the O pre-edge peak [45]. In
our case, the alteration in the mentioned hybridization state seems to be induced by changes
in the chemical environment as a result of the W presence. The pre-edge peak intensity
decreases from the core of particles (i.e. away from the grain boundaries) to the grain
boundary until the pre-edge finally disappeared inside the grain boundaries where the shape
is significantly different, as shown in more detail in Figure 2-9S(b) and Figure 2-10S(b).
No spectroscopic evidence indicates an O K-edge consistent with WOs. Based on Figure
2-9S(a) and Figure 2-4(c), although the pure oxygen signal mapping (i.e. a large energy
range integrating the total edge signal) showed lower O content inside the grain boundaries,
further investigation following Principal Component Analysis for noise reduction and
Multiple Linear Least Square fitting (considering two different shapes of O peak, one with
and another one without pre-edge (Figure 2-9S(c) and Figure 2-10S(c))) reveals that the O
K-edge within the grain boundary has no pre-edge feature. An example of the quality of

MLLS fitting results is illustrated in Figure 2-9S(d). Further evidence obtained from the
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secondary particle, Figure 2-11S, also shows the presence of an approximately 10 nm thick
region on the top of the surface with W- and O-rich layers without any Ni element.
Moreover, Energy-Dispersive X-ray Spectroscopy (EDXS) maps were also acquired and

are consistent with the segregation as detected with EELS (Figure 2-12S).
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Figure 2-4 The EELS map of W for (a) LNO_1%W_Mech in total view and (b)
LNO_1%W _Copr in the middle of the sample. (c) The ADF and spectrum images from
one of the primary particles inside the LNO_1%W _Copr material, with assigned

elemental distribution. (d) The line profile from the yellow line in (c).

The high level of noise in EELS maps and the line profiles is due to the use of a very low
electron beam current in order to minimize radiation damage. As illustrated in Figure
2-4(d), the W, Ni, and O elements were detected near the primary particle perimeters,
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which encouraged the authors to perform a complementary analysis in addition to the EELS
measurement to provide further insights on the W phase/phases. XAFS analysis was
utilized to fulfill this demand. The strengths of XAFS over EELS analysis are its better
sensitivity to low concentrations and the ability to acquire the higher energy peaks of W.
In EELS, only the tungsten M-edge, with its delayed and broad shape is accessible, but in

XAFS, the W Ls-edge is easily captured.

2.2.3 XAFS analysis

The normalized XANES spectra of eight samples, shown in Figure 2-13S, reveal a double
peak feature in all the doped W materials regardless of the doping amount (1%, 2%, 4%,
8%) and the doping approach. The energy position of the W Ls-edge in doped materials is
nearly overlapping with the WO3 reference, which was attributed to the expected oxidation
state of tungsten (W*9). In other research, the W Ls-edge peak in both WO; and WO,
showed a single peak shape as well [46]. However, these double-peak shapes can result
from either a distorted environment around the W or the coexistence of multiple W species
inside the doped samples. To fit the XAFS data, two different hypotheses were considered
as is discussed below.

As a first consideration, it was assumed that W is uniformly doped in the LNO structure,
and these doped structures are described by considering different scenarios calculated by
DFT. Among all doped structural assumptions, W occupies the Ni site with octahedral
geometry. To balance the tungsten’s extra charge and to maintain neutrality, several
possibilities were considered, as discussed above, even though these were not energetically
favorable [34] (i.e. (1) one Ni** or (2) three Li* vacancies as well as (3) three reductions
of Ni*® to Ni*? with and without exchanging position with 3 Li*). In addition, an
experimental comparison of the Radial Distribution Function (RDF) around Ni and W
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atoms, based on EXAFS data derived from the Ni K-edge from pure LNO and the W La-
edge from W doped LNO, was made to determine if these two distributions would clarify
the same environment for the Ni and W species. In Figure 2-5(a), the RDF extracted from
EXAFS modulations of the Ni K-edge, modeled with Feff simulations based on different
hypothetical Ni sites, Nil (on a Li site) and Ni2 (on a Ni site) and the experimental data
from the LNO material are demonstrated. The RDF peaks from Feff modeling can be used
to identify the major differences between two Ni local structural environments, notably
after the first two shells (up to ~3A, identified as features “I” and “II””). The main difference
between these two sites is the presence of features “lI1” and ““vV> which are exclusively
specific for sites Nil and Ni2, respectively. The “V” feature is comparatively less practical
than “I11” since it is located at a higher R value and is influenced by the Debye-Waller
effect in the experimental data. According to Figure 2-5(a), the experimental data can be
described very well by the model with Ni only at Ni2 site and is congruous with the
expectation based on structure refinement from XRD data showing low cation mixing.
Considering these fingerprint features, the comparison between the two experimental RDF
patterns was carried out as depicted in Figure 2-5(b). According to Figure 2-5(b), both
materials reveal the same location for the first peak with good first shell match. However,
the significantly weaker peak intensity of the “I1” peak in the doped material, with respect
to the second neighboring shell of W, indicates that the W atoms’ 2" shell coordination is
either incomplete or W is located at the surface site. Also, the missing “IV” and “V” peaks
might be resulting from having large site disordering at the W occupied site, which is
consistent with the “II” peak’s low intensity. Consequently, the uniform distribution of W

inside the Ni site of the LNO, cannot be experimentally justified.
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Figure 2-5 (a) The EXAFS results calculated by Feff modeling considering Ni-occupied
Li site (Nil) or Ni site (Ni2) and their comparison with the experimental data for pure
LNO with respect to the Ni K-edge. (b) The comparison of the experimental EXAFS

pattern for pure LNO and LNO_8%W_Mech regarding Ni K-edge and W Ls-edge,
respectively.

Since the EELS maps demonstrate the presence of W within more localized areas and not
simply uniform doping through LNO, a second configuration was investigated in which
W-rich compounds being found inside the doped materials is assumed, and the impact on
the consistency of the EELS and XANES was investigated. The compounds considered
here are suggested based on DFT calculation or are previously published phases.
Furthermore, four reference compounds (LioWQas, LioW>07, LisWOs and NiWO,) were

synthesized and examined through the same experimental methods, Figure 2-14S, to
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compare data with the doped materials. Normalized XANES features were used for the
linear combination fitting (LCF) analysis since the preliminary matching results from the
1% derivative XANES showed the same major answer as the normalized one. In the end,
eight possible compounds were compared, with either different chemistry or crystal
symmetry for the final fitting. All eight structures are shown in Figure 2-15S. The main
spectral features considered for identifying the candidate phases are a double-peak shape
in the XANES, presenting almost the same intensity ratio between the first and the second
peak as doped samples’ experimental data, or compounds containing simultaneously W,
0, and sometime Ni elements in which by combining their individual XANES features, the
best fitting toward the experimental data could be achieved. During the final fitting step
(fitting the range -20 to 70 eV with respect to the absorption edge), whenever the edge
energy Eo difference was larger than +/-10 eV, that compound was eliminated since such a

large discrepancy in the energy calibration is unlikely.

Comparing the XANES features of the eight phases (247 total possible combinations), the
stoichiometric compound LisNiWOs, and the solid solution Lis1NiogWOs, presented the
most similarities of their W edge with the doped materials. Though they are not
thermodynamically stable, these two compounds seem Kinetically favorable. The final
fitting results and their phase weightings between two finalized LCF answers are displayed

in the Table 2-3S.

The experimentally-resolved XANES white-line has two main features: 1) a double peak
fine structure, and 2) a signal intensity trend with the lower energy peak stronger than the
higher energy one. According to the simulations in Figure 2-16S, the double peak white-
line structure and its intensity trend are reproduced by LCF fitting. However, the best fit
does not perfectly overlap with the experimental data. The variance, specifically for the
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relative intensity feature, could be driven by: 1) the subtle structural differences in the first
shell W-O bond distances, bond angles, and the further beyond local structure
environments between those actual W species in samples and the models which guided the
XANES fitting, and/or 2) certain code-related defects in the XANES modeling. For these
reasons, based just on XANES simulations, one cannot completely exclude the possibility
of other coexisting W species besides these picked ones within the doped material
structures. As discussed in the EELS sections, based on Figure 2-9S(a) and Figure
2-11S(e), there is clearly a lack of Ni element inside some W-rich areas. Considering
several possible Lix\WyO, compounds in the XAFS fitting, none of them has been selected
to better match the spectra. This may originate from incomplete matches between these
models and the actual LixNiyO, compounds in the doped materials. The experimental data
from the four mentioned reference compounds have been considered for LCF analysis to
investigate this effect further. According to Figure 2-17S, the best fittings in the presented
doped samples show a calculated phase weight of more than 0.84 for the Li,;WOs reference
phase. However, the best match between the experimental and LCF results in LNO_1%
W_Mech, considering only these four reference compounds, does not seem entirely enough
to describe all the possible W species inside the rest of the doped samples. On the other
hand, the LisWOs reference compound was not a single phase based on our powder XRD
data. Therefore, to consider this compound as a potential candidate through the final
XANES modeling (based on the crystal structure files), phase identification from XRD
analysis and then separate XANES modeling have been made to validate which of the
identified phases would be a better representative of this reference compound. As can be
seen in Figure 2-18S, two LisWOs phases, with P-1 and Fm-3m space groups, reveal double

peak XANES features. However, none of the simulations of these two phases could
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completely reproduce the full experimental features: the correct intensity ratio of the first
two peaks, and the features at higher energy of the LisWOs reference compound. This
mismatch could be due to the discrepancies between the XANES experiments and fitting
for either of these two considered Li;WOs models. We can therefore conclude that a
combination of W-rich phases (with and without Ni) would be required to explain the
XANES features through fitting. Some possible factors contributing to these discrepancies
are the unknown relative fraction of phases with Ni and without Ni, as well as the
amorphous nature of the Ni-deficient phase due to the changes this would generate on the

XANES.

The following reactions present the energetically favorable products regarding the presence

of a deficient (2.1) or sufficient (2.2) amount of Li source in the environment.

LisNiWOs + 16 LiryaoNi1s00; +5 O, — 2 LiNiO; + Li;WO,  AE=-163eV  (2.1)
LisNiWOs + - LizO+ 70, — LiNiO; + LisWOs AE=-116eV  (2.2)

For the first reaction, the contact between the inner side of the LNO particle with excess
Ni (1/32) in the Li layer, and the surface of the LisNiWOsg, is considered. In both reactions,
the entropy of O, which depends on pressure and temperature, was not taken into account

for AE.

On the one hand, those W-rich regions between the primary grains might lack access to
sufficient oxygen or Li sources to form more stable compounds. On the other hand, the
heat treatment temperature here was above the melting point of the LixWy0O, compounds,
and if they were produced at the beginning, they would melt and therefore be able to diffuse

through the grain boundaries of the secondary particles and after that react with the LNO.
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Then the Ni/W ratio in those small gaps would be much different from the synthesis
condition, making these LisxNi1xX\WWOs compounds metastable. Other studies showed that
the essential parameters for synthesizing LisNiWOs were the amount of Ni/W ratio as well
as the extra amount of precursor combination (Li2COs, NiO, and WQO3) for eliminating the
Li deficiency [46]. Furthermore, under high temperature and low O, partial pressure during
synthesis, the AG=AE-TAS could turn positive.

It is worth noting that the heterogeneous distribution of W and the presence of W-
containing compounds, regardless of used synthesis methods in this research, reached the
same results. However, further investigation on the cycled particles demonstrated that the
high amount of porosities in coprecipitated particles which are visible in Figure 2-2(c) and
Figure 2-4(b), made these particles more vulnerable to electrolyte infiltration and faster
capacity degradation. An unoptimized protocol causes this effect for our coprecipitated

samples, which are discussed in more detail in our future work.

2.3 Conclusion

The role of W in the crystalline structure and its elemental distribution on cathode materials
when used as a dopant in LiNiO, was investigated using electron microscopy, X-ray
scattering, and X-ray spectroscopy methods. Synchrotron-based X-ray diffraction analysis
showed the appearance of minor peaks consistent with the additional presence of minor
fractions of the stoichiometric compound LisNiWOs or the solid solution form Lis+xNis-
xWOs consistent with the Lis1NiogsWOs phase in doped LiNiO.. However, not all minor
features can be fully explained by structural refinement of the powder patterns with these
phases. Synchrotron-based pair distribution function analysis revealed no significant
structural differences induced by doping. Electron microscopy analysis with STEM
imaging along with numerical diffraction of atomic-resolved images from nanometer scale
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areas and electron energy loss spectroscopy, however, showed very clearly the presence of
W in two main distinct types of regions: at grain boundaries and in their proximity on the
surfaces of primary particles, as well as, on the surface of secondary particles. Within
crystalline regions at the surface of primary particles, the W presence within a few ~1-3
nm of the grain boundaries was deduced and showed a pattern consistent with either

LisNiWOs or Lis1NiosWOs phase structure. Detailed high-resolution EELS analysis

mapping also provided more thorough information regarding the spatial distribution of W,
demonstrating that this element was mostly in crystalline regions on the primary particles’
perimeter (together with Ni) and within grain boundaries of the secondary particles where
W-rich amorphous phases (sometime without Ni) were also found, thus indicating the
presence of LixWyO, compounds at the center of the boundaries. Additionally, these
LixWyO, compounds might also be available on the very surface of the secondary particles.
Therefore, W was found to propagate during the synthesis along the grain boundaries, well
within the core of the secondary particles, even if WOj3; had been initially placed on the
surface of the particles. From the spatially resolved spectroscopic mapping of the O K-
edge, the bonding environment of oxygen atoms at the grain boundaries was different and
not consistent with WQO;. Spectral fitting of the W Ls.edge XANES indicated that the
spectral features could not be solely explained with the Lis«xNi1xXWWOs phases (x=0and 0.1)
but must contain other compounds, such as Lix\WyO, phases as evident from EELS. Due to
different environmental conditions inside the grain boundaries and the surface of the
primary particles, these metastable Lis+xNii1.x\WOs phases (x=0 and 0.1) in their bulk form,
might be stabilized and kinetically favored. These results demonstrated that W played a
significant role through its presence in the grain boundaries rather than the minor structural

modifications of the bulk phases. This is very important from a mechanical strengthening
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perspective since the most common fracture type in the Ni-rich cathode materials is
intergranular cracking. The presence of W in grain boundaries increased the doped
material's total resistance to cracking initiation and growth, making these series of cathodes
suitable for use due to their longer life and higher capacity. This complex microstructure
with W-rich areas at the surface of secondary particles and within grain boundaries,
therefore, suggests that W might play multiple roles, protecting the surfaces from side
reactions, strengthening grain boundaries, and providing a damping medium from stresses
occurring during cycling. These effects will be discussed in more detail in a follow-up

publication.

2.4 Experimental section

2.4.1 Synthesis procedures

In this work, two different synthesis methods, mechanofusion (a dry particle fusion
method) and coprecipitation in a Continuously Stirred Tank Reactor (CSTR), were used to
dope W within the cathode. These two different approaches were selected to fully
understand the tungsten’s behavior as a dopant, regardless of the synthesis method.
Mechanofusion was conducted using a spinning speed of 2400 rpm for 60 minutes. During
this process, a commercial Ni(OH). with a primary particle size of approximately 15 um
was coated with a nano-sized (less than 100 nm) WO; powder from Sigma-Aldrich. 50 g
of Ni(OH); was loaded inside the mechanofusion bowl in addition to 1.263, 2.552, 5.210,
and 10.873 g of WOs to reach 1, 2, 4, and 8 mol% of W in LNO, respectively. On the other
hand, (Niix(OH)2) 0.98 -(NiWO4)o.01 and (Ni1x(OH)2) 096 -(NiWOa)o.02 precursors having
W/(Ni+W) molar ratios of 0.01 and 0.02 were synthesized using the coprecipitation method

via the CSTR. The synthesis steps were similar to those in the study conducted by Van
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Bommel et al [47]. Two aqueous solutions were prepared containing 400 mL of 2.0 M
NiSO; in addition to either 100 mL of 0.0808 M or 0.1633 M NaWOQ; for the former and
latter precursors, respectively. More details regarding the aqueous solution, reactor
temperature, stirring speed, and other processing parameters have been explained in the
authors’ previous work [36].

In the end, all the precursors from the mechanofusion and coprecipitation methods were
ground with LiOH-H,O (molar ratio of Li to (Ni + W) = 1.02/1). After this grinding step,
the blended powders were placed under an oxygen flow at a preheated temperature of
480°C. Next, these preheated batches were ground again to reach a uniformly homogenized
mixture. For the heating steps under oxygen flow, the ground powder particles were heated
at 480 and 800°C for 2 and 20 hours, respectively. Although different calcination
temperatures were used in our previous studies, the present paper only focuses on the
optimum temperature results at 800°C [36]. Finally, pure LNO and W-doped LNO with 1,
2, 4 and 8% W were synthesized and used for other characterization techniques as reference
materials. The higher W content samples (4% and 8%) were used as references to extend
the structural investigation although there are no benefits to these concentrations from a
performance point of view. For the sake of brevity and clarity, two labels will be used in
this manuscript whereby “Mech” stands for mechanofusion and “Copr” indicates
coprecipitation. For reference purpose, the pure LNO was subjected to the same heat
treatment steps with the exception of the heating temperature in the second step which was

set to 700°C.
2.4.2 XRD and PDF

Synchrotron XRD was conducted on the high-energy wiggler beamline of the Brockhouse

X-ray Diffraction and Scattering sector at the Canadian Light Source (CLS) in Saskatoon,
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Canada, for meticulous crystallographic analysis. The selected energy was 30.3383 keV
(A=0.4087 A), and a nickel powder was utilized for detector calibration. All the powder
samples were placed inside polyimide capillaries. All the angles in the XRD data were

modified based on A cuk . for normalization with respect to the literature.

In addition, pair distribution function (PDF) analysis was performed on the same
synchrotron beamline, in which an X-ray energy of 65 keV was employed to acquire a
higher magnitude wave vector, Q (Q = 4nsin©/A)[48]. This setting reaches a reasonably
high Qmax (26 A) and results in sharp peaks in the PDF.

2.4.3 Scanning transmission electron microscopy and analytical electron

microscopy

We employed Scanning Transmission Electron Microscopy (STEM) and Electron Energy
Loss Spectroscopy (EELS) for detailed spectroscopic analysis. A ThermoFisher Scientific
(TFS) Helios G4 plasma-focused ion beam (PFIB) was used to create the ultra-thin samples
required for these techniques. The samples were first coated with a very thin layer of carbon
to reduce the charging effect in scanning electron microscopy (SEM) imaging mode, then
two more layers of carbon and tungsten were added to the top surface in order to protect
the surface structure of the particles from potential ion beam damage during the milling
and lift-out procedures. The protective tungsten layer was applied due to its high resistance
under ion milling. This step does not influence the amount of W inside the doped samples,
as we demonstrated by analyzing non-doped samples prepared with the same coating
conditions, which resulted in no detection of W even in trace concentration in thin lamella.
All the STEM images were acquired at 200 keV incident electron energy using a high-
angle annular dark-field (HAADF) detector within an FEI Titan 80-300 equipped with

aberration correctors for the probe and imaging lenses. The convergence semi-angle in
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STEM was 19.1 mrad. EELS data was acquired in STEM mode with a collection angle of
55 mrad, and a direct electron detector Gatan K2 Summit® was used to improve the quality
of EELS signals, especially at low beam current (to reduce electron beam irradiation
damage). To reduce the noise level on the EELS maps, Principal Component Analysis
(PCA) was utilized. In addition, more detailed EELS features fitting was carried out using
Multiple Linear Least Squares (MLLS) to separate spectroscopic maps based on different
peak shapes of the O K-edge. Energy-Dispersive X-ray spectroscopy (EDXS) maps were
obtained on a TFS Talos 200X fitted with a Super-EDS detector (results shown in

Supporting Information).

2.4.4 X-ray absorption fine structure (XAFS)

The XAFS data acquisition was carried out on the Hard X-ray Micro-Analysis (HXMA)
beamline at the CLS. The HXMA photon source is a superconducting wiggler insertion
device running at 1.9 T, and energy selection was performed based on the W Ls- and Ni K-
absorption edges with a Si (111) and (220) crystals monochromator, respectively. XAFS
data were collected in both transmission mode and fluorescence modes using Oxford
straight ion chamber detectors (100% filled with He) and 13 element Ge detector with
Soller slits and Cu filter (several layers of Al foil), respectively. The same powder-form
WO;3 model compound that was utilized for doping was set between the I; and I, ion
chambers downstream of the sample for in-step energy calibration for each tungsten XAFS

scan.

2.45 DFT calculations

Density Functional Theory (DFT) was exploited to deduce crystallographic information
for the different W-doped LiNiO, structural scenarios and calculate the most

thermodynamically-stable W compound during synthesis. DFT was also employed to
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assess separate crystallographic information regarding other possible W-compounds with
almost identical energy.

The Vienna Ab initio Simulation Package (VASP) was used to conduct these calculations
with Projector Augmented Wave (PAW) pseudopotentials [49-52]. The exchange and
correlation terms were defined by the Strongly Constrained and Appropriately Normed
(SCAN) functional[53]. An energy cutoff of 520eV was considered for the plane-wave
basis. The Brillouin zone was sampled with less than 0.05 A k-point spacing. All the

calculations were spin polarized and adopted ferromagnetic spin orderings.

2.5 Supporting information

2.5.1 PDF analysis

PDF is presented on two space ranges (Figure 2-7S(a,b)) for clarity in the discussion and
better visualization. The first set corresponds to the local order up to 12A (Figure 2-7S(a))
and the second set is shown for the intermediate range between 12 A to 30 A (Figure
2-7S(b)) comparing the pure LNO and the W-doped compounds from pair interatomic
distance aspect. Although no major changes like clear extra peaks are detected in the PDF
results of the doped compounds, using a more detailed analysis, we can deduce that the
main W influence is reflected through small PDF peak shifts toward higher r-position as
well as peak broadening, which is particularly noticeable with higher W content, Figure
2-8S. The shift to larger r-spacing could be caused by an average increase of strain in highly
doped structures due to a combination of factors: 1) the increase in cation mixing in W-
doped LNO structure and having more Ni*? with larger radius than Ni®*, or 2) Li deficiency
inside the LNO due to the presence of Li-rich W-compounds which reduce more Ni®** to

balance the crystal charge. The damping of the peaks, causing an apparent broadening,
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particularly enhanced at larger r-spacings, might be triggered by several factors: larger
Debye-Waller factors in the structure; the presence of low-coherence areas or few
amorphous phases, either of which could produce destructive interference and reduce the
sharpness of the peaks on a further distance than their crystalline domain size [48]; or the
presence of crystalline phases similar to LNO but with a range of slightly different lattice
parameters, in small enough concentrations that no strong additional peak are clearly
visible in the PDF. The larger damping at higher distances suggests that the perturbations
are longer range and that the average structure remains the same, likely due to the low
concentration of W. The main conclusion that can be drawn from the PDF data is that no
significant changes in the average structure of the LNO were induced after doping with W

with the concentration of W used in this work.

To quantitatively calculate the effects of the dopant on the PDF peaks, five different peaks
were chosen, marked in Figure 2-7S(a). The location of the maximum and the full width
half maximum (FWHM) of the peaks were measured, and the results are represented in

Table 2-2S. The numbers have been rounded based on the order of PDF’s resolution (dr

:an =2—:= 0.242 A). As previously mentioned, the general trend in all the peak

locations was moving toward higher r-spacings when the W amount increased. Based on
that, the strain value was calculated by considering the location of the peaks in the doped
material with respect to the same peak in LNO. The number of each bond per unit volume
and their effect on the final PDF peaks, considered by separately simulating the PDF shape
of each bond, are different. The first peak is detected at around 1.95 A, which is almost
equal to what we expect from the first Ni-O (~1.97A) and Li-O (as well as Ni in Li site-O
~2.11A) bond length. The second peak, labeled as (2), is positioned around ~2.87A, which
is near the bond length of O-O (varies between ~2.7A to ~3.1A), Li-Li (or two Ni in lithium
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site) about ~2.88A, Ni-Ni (including both Ni either in Ni site or Li site) between ~2.88A
to 2.89A as well as the Ni-Li between ~2.88A to 2.89A. Based on the calculation, the third
peak is placed around ~ 4.98A, which could represent the bonding distance between O-O
(~ 4.88A to ~ 5.1A), Li-Li, Ni-Ni, and Ni-Li (~ 4.98A to~5 A). The fourth peak’s position
is around ~ 6.46A, which is almost the same bonding distance of 0-O (~6.35A to ~ 6.53A),
Li-Li (~6.46A) as well as Ni-Li and Ni-Ni (~ 6.44A to ~ 6.46A). The final peak, (5), is
located around ~ 7.6A, which presents a similar distance to what we expect to see from the
0-0 (~7.55A to~7.7A), Li-Li (~7.61A to ~ 7.63A), Ni-Li and Ni-Ni (~7.61A to ~ 7.66A).
A simple correlation of the layer distances with the presence of W is not straightforward
since, for these distances, many factors can cause changes, such as bonding lengths,
bonding angles, or distortion, and so on (Li layer and Ni layer distances are around (lattice
parameter c/3) ~ 4.73 A in LNO). Nevertheless, there are no obvious new peaks, and all
peaks show an increasing trend in the displacement (hence strain) with higher amounts of
W, except for the LNO_2% W_Mech sample. The second peak, on the other hand, still has
a higher displacement value with higher doping concentrations even in the LNO_ 2%
W_Mech sample. The higher precision of the second peak in correctly identifying the
increase in strain can be attributed to its lowest FWHM in comparison with the other peaks
in all materials, which reduces the calculation error to locate the bonding length, r. In
addition, as described in the XRD results, from the LNO structural aspect, the “a” lattice
parameter showed an expanding behavior with higher W content, and that distance
(~2.8769A) is the same as the bonding distance of O-O, Li-Li, Ni-Ni, and Ni-Li. Since Li
and O are both lighter elements than Ni and their X-ray scattering factors are lower than
Ni, they could not make a significant difference in XRD, and the effective bonding change

is caused by Ni-Ni. This conclusion is also supported by separate PDF simulations in
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PDFgui. The number of Ni pairs in the LNO in the r location of the second peak is almost
doubled compared to any other place. This is another factor contributing to the shift
behavior observed when this peak is considered for all the doped materials. By either
considering a higher amount of cation mixing (higher amount of Ni*?) or new Li-rich W-
compounds in the doped materials, the change in the Ni-Ni bonding with a higher number
per volume unit cell at the second peak position better explains the behavior of this peak

among the others in all the doped samples.
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Figure 2-6S Measured (y_obs), and calculated (y_calc) SXRD patterns, as well as their
difference, are shown for (a) LNO_Pristine, (b) LNO_1%W_Mech, and (c)
LNO_4%W_Mech respectively. The positions of the present phases are illustrated in
each of them as well. The higher magnification map between 19° and 35° in (b) and (c),
provide a better view of the fitting quality. As can be seen, the fitting in the 19° to 35°
range is not convincing for (b) due to the very low amount of W-phase (Table 2-1) and
very high intensity of LNO peaks. However, in higher W-doped LNO, (c), the quality of

fitting in the 19° to 35° range improves significantly.
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Figure 2-7S Comparison of the PDF data among LNO and the different amounts of
tungsten dopant ones in (a) the local structure range (1.5A -12A), and (b) the intermediate
structure range (12A-30A). Numbers represent the location of selected peaks for

quantification analysis.
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Figure 2-9S (a) annular dark-field (ADF) and spectrum images from LNO_1%W _ Copr’s
grain boundary, with the labeled elemental distribution. The line profiles from two
different selected areas, “A” and “B” also reveal the presence of all of these three
elements simultaneously. (b) Changes in the O pre-edge peak intensity and O K-edge
shape from within the core of particles (i.e., areas away from grain boundaries) into
different grain boundary regions based on the selected areas illustrated in (a) ADF image.
(c) Further investigation by MLLS fitting after principal component analysis, to
differentiate the elemental distribution of O with and without pre-edge and their reference
spectra shape are also illustrated in red and rouged. (d) MLLS fitting results show a good

fit for the three selected regions in (c).
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Figure 2-9S Continued.
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Figure 2-10S Spectral variations in different areas of the LNO_1%W _Copr structure. (a)
ADF image and (b) changes in the O pre-edge peak and edge shape based on different
regions identified on selected areas of the ADF image (a), which is the same as, Figure

2-4(c). (c)The EELS maps from one of the primary particles inside the mentioned
material in Figure 2-4(c), after PCA and MLLS fitting and the line profile extracted from
the chosen cyan line to distinguish the distribution of O peak with and without pre-edge

in red and rouged, respectively.
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Figure 2-11S (a) High magnification ADF image from the top surface of LNO_1%W _
Mech. EELS mapping images illustrate the elemental distribution of (b) W, (c) O, and
(d) Ni in blue, red, and yellow, respectively. (e) The color mix picture of all three
elements (W, O, and Ni) shows that on the very surface, a thin layer in purple contains
only W and O, with about 10 nm in width.
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Figure 2-12S (a) HAADF image and EDXS maps of (b) W and (c) Ni, in LNO_1%W _

Mech sample. The W maps are consistent with the segregation of W, as determined from

EELS measurements (see the main manuscript).
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Figure 2-13S The normalized XANES spectra of W L-edge for W-doped materials using
the mechanofusion, and coprecipitation approaches. All data are acquired in fluorescence

mode and energy calibration reference was WO3 nanoparticles.

82



Ph.D. Thesis - Nafiseh Zaker McMaster University - Materials Science and Engineering

Normalized x p (E)

_O-SO T L] T T T T T T L]
10150 10170 10190 10210 10230 10250 10270 10290 10310 10330 10350

E (eV)

—Li2WO4 reference compound —Li2W207 reference compound
—Li4WOS reference compound NiWO4 reference compound

Figure 2-14S The normalized w(E) of four reference compounds from transmission mode.
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Figure 2-15S 3D crystal structures of eight different compounds were selected for the

final fitting step through the doped materials.
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Figure 2-16S The comparison between LCF best fitting results and the experimental data
regarding the normalized p(E) of (a) LNO_1% W_Mech sample from fluorescence mode

and (b) LNO_4% W_Mech sample from transmission mode.
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Figure 2-17S The comparison between LCF fitting results considering the 4 reference

compounds, Figure 2-14S, and the experimental data regarding the normalized w(E) of (a)
LNO_1% W_Mech, (b) LNO_2% W_Mech, (c) LNO_1% W_Copr and (d) LNO_2%

W_Copr sample, respectively. All the spectra are acquired in fluorescence mode. Based

on the LCF fitting, all of these fitted data have more than a phase weight of 0.84 for
LisWOs.
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Figure 2-18S (a) The normalized w(E) is based on the XANES modeling performed on 3
phases identified within the LisWOs reference compound. (b) Comparison among the
experimental normalized u(E) of the LisWOs reference compound (from transmission

mode) and two calculated ones based on the identified crystal phases. These two crystal

phases are also considered in the 8 final candidate phases.
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Table 2-2S The PDF peak analysis and strain calculation in doped materials based on the selected peak locations.

Peak’s Peak’s number Ar/r * 100

Sample name parameters
(A) 1 2 3 4 5 1 2 3 4 5
FWHM 0.290 | 0.198 | 0.247 | 0.209 | 0.228

LNO_Pristine 0 0 0 0 0
Xc 1.957 | 2.878 | 4.985 | 6.461 | 7.615
FWHM 0.289 | 0.199 | 0.256 | 0.209 | 0.232

LNO_1%W_Mech 0.095 | 0.128 | 0.088 | 0.115 | 0.102
Xc 1.959 | 2.881 | 4.989 | 6.469 | 7.623
FWHM 0.285 | 0.199 | 0.259 | 0.208 | 0.236

LNO_2%W_Mech 0.081 | 0.152 | 0.030 | 0.024 | 0.063
Xc 1.958 | 2.882 | 4.986 | 6.463 | 7.620
FWHM 0.306 | 0.205 | 0.271 | 0.214 | 0.247

LNO_4%W_Mech 0.137 | 0.442 | 0.217 | 0.158 | 0.234
Xc 1.959 | 2.890 | 4.995 | 6.472 | 7.633
FWHM 0.304 | 0.213 | 0.279 | 0.220 | 0.256

0,
LNO_8%W_Mech Xe 1963 | 2.899 | 5.000 | 6.478 | 7 642 0.341 | 0.737 | 0.315 | 0.253 | 0.377
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Table 2-3S The finalized normalized XANES fitting results for different doped materials.

Sample name Calculated weighting Normalized weighting Eo Eo R-factor
LiNiWOs | LisiNiosWOs | LiNiWOs | Lis:NissWOs | LisNiWOs | Lic:NisWOs
LNO_1%W_Mech | 0341 0.703 0.327 0673 21 01 0.0097
LNO_2%W_Mech | 0232 0.827 0.219 0.781 18 03 0.0153
LNO_1%W_Copr | 0.203 0933 0179 0.821 2.2 0.2 0.0201
LNO_2%W_Copr | 0241 0.868 0.217 0.783 2 03 0.0188
LNO_4%W_Mech | 0483 0517 0.483 0517 16 0.2 0.0079
LNO_8%W_Mech | 0414 0581 0416 0584 15 03 0.0089
o OIS | 0366 0.709 034 0.66 21 01 0.0136
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Chapter 3

Structural Evolution of Cycled Complex Nickel-

Rich Cathode Materials Enriched with Tungsten
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Abstract:

The chemical stability and structural integrity of W-enriched LiNiO, (LNO) cathode
materials are investigated following electrochemically cycling to determine the effect of
W on the cycling behavior of these layered materials. The presence of 1%W, mostly located
at grain boundaries between primary particles and the surface of the LNO secondary
particle structures, enhances the cycling performance of particles that have been enriched
through the mechanofusion process. In materials where the LNO cathode particles are not
optimized and contain porosities, the doping is not effective in spite of the W enrichment,
as the porosities enable infiltration of the electrolyte. The W-rich layer on the surface of
secondary particles in the 1%W enriched sample prepared by mechanofusion plays an
excellent protective layer role as CEI, while W-phases at grain boundaries generate a more

robust structure by accommodating some of the cycling stress.

Keywords:

Ni-rich cathode; Tungsten enrichment; Structural evolution; Cycling effect; Li-ion battery.
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3.1 Introduction

Lithium-ion batteries (LIB) have grown to be vital energy storage devices for many
portable appliances, especially electric vehicles [1-4]. Despite the high energy density of
LIBs, insufficient battery life, performance, cost, and safety are still playing important roles
in inhibiting the broad use of this technology [2,5,6]. To reach the favorable performance
target, battery materials scientists are working on developing better negative and positive
electrode materials with higher capacity and better cyclic life [7]. In spite of achieving
higher capacity by utilizing silicon-based anodes [8], cathode materials are still limiting
the practical capacity of the cell and dominating the material price, especially for those
industrial materials which contain cobalt [9,10]. To address these limitations, Ni-rich
positive electrode materials, among other popular layered structures, have shown
promising results in increasing the specific capacity [9,11]. However, nickel-rich materials
exhibit some undesirable behaviors, namely safety hazards, thermal instabilities, as well as
fast deterioration of their practical lifetimes [12-16]. To tackle these challenges in ultra-
high Ni cathode host structures, a variety of bulk and/or surface modifying approaches
have been recommended, such as the introduction of dopants, protecting the outer part of
the particles by coating, and using a variety of core-shell structures [12,17-22]. Recent
findings indicate that adding a low tungsten content to the Ni-rich cathode materials can
noticeably enhance the performance of these LIBs and reduce cyclic degradation [23-26].
In our latest published work [27—-30], we mainly focused on identifying the location of W,
its distribution, and any new possible W-compounds present in W-enriched Ni-rich
materials where the addition of W is carried out using two different synthesis approaches,
namely mechanofusion and coprecipitation. Using high-resolution microscopy and

spectroscopy techniques, we provided detailed information regarding the heterogeneous

99



Ph.D. Thesis - Nafiseh Zaker McMaster University - Materials Science and Engineering

distribution of W (on the very surface of the secondary particles and in between the grain
boundaries of primary particles) as well as the presence of W-rich variants Lis+xNi1xWOs
(x=0 and 0.1), and the likelihood of Li\WyO, compounds [28,30]. Due to the importance
of understanding the failure mechanisms of these new complex structures after extensive
cycling, we focus here on the microstructure evolution and the mechanisms of the capacity
fade. To fulfill this aim, advanced photon- and electron-based characterization techniques
have been used for acquiring and processing high-resolution structural and spectroscopic
data. This powerful combination provides in-depth insight into the most critical factors

affecting the failure mechanisms.

3.2 Experimental procedures

3.2.1 Synthesis procedures

To understand the effect of W additions to LNO, two different enrichment methods
discussed previously [28,30] were considered, mechanofusion and coprecipitation. For the
mechanofusion process, 50.0 g of a commercial 15 pm-size Ni(OH). along with 1.263 and
2.552 g of WOj3 nano-sized powder, was added simultaneously into the mechanofusion
bowl, for making LNO with 1 and 2 mol% of W, respectively. The bowl spun at 2400 rpm
speed for a duration of 60 minutes. To prepare particles through coprecipitation, a
continuously stirred tank reactor (CSTR) was used to obtain (Niix(OH)) 0.9s - (NiWOQO4)o.01
(with W/(Ni+W) molar ratio of 0.01) and (Ni1x(OH)2) 096 (NiWO4)o02 (With W/(Ni+W)
molar ratio of 0.02) precursors. The synthesis process was inspired by Van Bommel et al.
work [31], and the details involving the materials used and the technical parameters were

described in the authors’ earlier papers [28,30]. As highlighted further below in the
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manuscript, samples enriched with W by coprecipitation are porous in nature, an effect that

will be discussed through the paper.

For the lithiation process, LiOH-H,O was ground with each synthesized material batch
obtained from mechanofusion as well as from coprecipitation separately to reach
precursors with a molar ratio of Li/ (Ni + W) = 1.02/1. Then, these ground precursors were
preheated under an oxygen atmosphere for 3 hours at 480 °C and then reground for more
homogeneous mixing. After that, the heating processes began at 480 °C for 2 hours,
followed by 20 hours at 800 °C (due to improved performance results [28]), all under an
oxygen atmosphere. For reference comparison, the pure LNO (identified hereafter as
LNO_pristine or LNO_700) was prepared under a similar heat treatment process, with a
different second heating step at a temperature of 700 °C. To provide a comprehensive
interpretation of the effect of the final heat treatment temperature, another LNO batch with
the same heat treatment process, as the one used for the W-enriched particles, was made
and used in section 3.3.1, identified hereafter as LNO_800. To be concise in the
identification of samples, the terms “Mech” and “Copr” will be applied, referring to
mechanofusion and coprecipitation, respectively. Also, the label “Cycled” will be used to

separate the cycled-state materials from the pristine ones.

3.2.2 Electrochemical measurement

To produce cathode electrodes, synthesized powders were mixed with polyvinylidene
difluoride (PVDF) and Super-S carbon black from Timcal in a 92:4:4 weight ratio. Then,
N-methyl-2-pyrrolidone (NMP) was mixed with the above powder for 300 s, in a 1:1
weight ratio, to form a slurry which was then cast on the aluminum foil via a 150 um notch
bar. After leaving the coated Al foils to fully dry at 120 °C under the laboratory room

environment, the samples were calendared under 2000 atm pressure. Next, the prepared
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electrodes were cut into 12.75 mm diameter circles and placed under vacuum for about 16
hours (overnight) at 120 °C temperature. All the coin cell assembly was done inside a glove
box in an Ar atmosphere. In each coin cell, beside the produced cathode electrode, a Li
metal foil, two layers of Celgard#2300, as well as 1.2 M LiPF6 (lithium
hexafluorophosphate) in a 1:4 volume ratio of FEC (fluoroethylene carbonate) /DMC
(dimethyl carbonate), were used as the anode electrode, separator, and electrolyte,
respectively. An E-one Moli Energy Canada battery test system was used for
electrochemical cycling measurements of coin cells at 30 °C temperature. The cycling test
was set between 3.0 V and 4.3 V vs. Li*/Li, with two different C-rates. Two first and last
cycles had a C/20 rate, and 50 cycles in between were run at a C/5 rate. Before starting any
analysis, cycled materials were disassembled from coin cells, washed with DMC, and fully

dried in an Ar-glovebox.

3.2.3 Synchrotron-based X-ray Diffraction (SXRD) and Pair Distribution
Function (PDF)

Both SXRD and PDF analysis were acquired on the high-energy wiggler beamline of the

Brockhouse X-ray diffraction and scattering sector at the Canadian Light Source (CLS) in

Saskatoon, Canada. The X-ray energy was set at 30.3383 keV and 65 keV for SXRD and

PDF, respectively. For PDF, higher energy (i.e. shorter wavelength) was selected to collect

a higher wave vector and better distinguish between different bonding distances in real

space [32]. In this work, a relatively high Qmax (26 A) was resolved.

Cycled materials were measured in the electrode form (on the Al foil); however, pristine
powder samples were put into polyimide capillaries. To calibrate the SXRD detector, a

nickel powder was used as a reference.
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3.2.4 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDS)
To better understand the average morphological changes in cathode materials, a
Thermofisher Helios G4 Plasma-Focused lon Beam (PFIB) was used to prepare SEM
cross-sections, acquire elemental mappings via EDS, as well as make thin lamellae for
further analysis with a Transmission Electron Microscope (TEM). To obtain a wider cross-
sectioning area and reduce the milling time, higher ion currents were used first, with
subsequent milling using reduced current settings until the end of the process, although
some residual curtaining remained on the finishing surface. A pre-tilt sample holder (45°)
was used for cross-section milling. Higher resolution SEM images were acquired in
immersion mode with low voltage and beam current (2 kV-50 pA and 1 kV-0.1 nA) to
detect surface features as much as possible. EDS analysis was done at 10 kV acceleration
voltage. For TEM sample preparation, carbon layers and subsequently thicker W layers
were applied on the surface of the areas of interest through electron- and ion-beam-induced
deposition in the PFIB, respectively, before the lift-out of a chosen particle at the top of the
electrode. A tungsten protective layer with high milling resistance is desired for optimal
sample preparation. This step did not affect the W distribution inside the doped particles.
This matter was confirmed using the same protection layers on a sample without any W

dopant, which did not show any trace of W within the particle.

3.2.5 Scanning Transmission Electron Microscopy (STEM) and Electron
Energy Loss Spectroscopy (EELYS)

Detailed analysis by TEM was conducted using STEM for high-resolution imaging through

a High-Angle Annular Dark-Field (HAADF) detector, as well as EELS for determining,

with high spatial resolution, the distribution of elements as well as any changes in their
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chemical state in the sample. An FEI Titan 80-300 microscope fitted with two aberration
correctors and operated at 200 keV was used for this work. For acquiring STEM images
and EEL spectra, 19.1 mrad convergence semi-angle and 55 mrad collection-angle were
used, respectively. A direct electron detector Gatan K2 Summit® was required to enhance
the signal quality of EEL spectra when the beam current was reduced to minimize electron
beam irradiation damage. Some statistical and data processing methods, namely, Principal
Component Analysis (PCA) and Multiple Linear Least Squares (MLLS), were used for
noise reduction of the EELS signal and separately fitting the whole spectrum based on

different O K-edge shape references, respectively.

3.2.6 X-ray Absorption Fine Structure (XAFS)

The XAFS experiments were performed with the Hard X-ray Micro-Analysis (HXMA)
beamline at CLS. Si crystals with different orientations (220) and (111) were used to
produce a monochromatic beam and to select the appropriate energy to acquire Ni K and
W L; absorption edges separately. XAFS data for this work were acquired in both modes,
fluorescence (13 element Ge detector) and transmission (Oxford straight ion chamber

detectors).

3.3 Results and discussions

3.3.1 Electrochemical behavior

The cycling behavior of LNO from two different heat treatment temperatures (700 °C and
800 °C), as well as different enrichment levels (1%W and 2%W) in LNO from two
synthesis procedures (mechanofusion and coprecipitation), are shown in Figure 3-1(a-c).
As can be seen from Figure 3-1(a), for the initial cycle at C/20, the W-enrichment reduces

the capacity of the cells in comparison to the undoped samples treated at the lower
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temperature. However, the retained capacity after cycling is recovered in W-enriched
materials (Figure 3-1(b)), especially at the 1% W concentration level prepared by
mechanofusion, since the voltage hysteresis between charge and discharge curves after

several cycling is reduced.

The pure LNO sample (Figure 3-1(a)) shows many steps in its voltage profile due to the
several phase transformations from H;(Hexagonal) to M (Monoclinic), M to Hy, and H; to
Hs crystal structure; however, this discontinuity (step shapes) in voltage is not desirable.
In the enriched coprecipitated particles (as shown in Figure 3-1(b, c)), the capacity
retention over 54 cycles still seems steady despite having lower charging and discharging
capacity compared to the undoped material synthesized at 700 °C. The best performance
among these materials is demonstrated for the 1%W_Mech sample, with a low voltage
hysteresis. Figure 3-1(d) shows the comparison between the dQ/dV vs. V profiles of the
first and last cycle (with C/20 rate) for 1%W_Mech material related to the critical phase
transformation from the H; to the Hs structure. The difference between the location of these
peaks is reduced in higher cycle numbers, and the intensity remains almost unaffected.
These effects are good indications of the stabilized structure and durability of the cathode

during cycling.

A comparison of LNO samples produced following 700 °C and 800 °C heat treatments
shows a reduced delivered capacity for the higher temperature treatment (Figure 3-1(c)).
However, the 800 °C heat treatment provides a better outcome for the enrichment
procedures [28], and those enriched structures show higher and more stable capacity
retention after cycling, with only a small amount of W. In pure LNO at 800 °C, the particle
size growth could not be prevented without W present, leading to poorer kinetics and,
therefore, lower capacity in those materials. The crystal structure tends to decompose and
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return to a rock salt phase through various steps at high temperatures (around 700 °C and
higher) [33]. The pace of this phase transformation increases with higher temperatures and
drastically slows down under O or air atmosphere [33] (here, the lithiation is conducted
under oxygen gas flow). In W-containing materials, specially prepared with
mechanofusion, it appears that the presence of W likely reduces this unwanted reaction by

protecting the surface of these Ni-rich materials, which is the most vulnerable location for

decomposition.

_—
-]
~—

:
N
A\l

(l /F
/

» h d
N

Cell potential (V)

34 ] ‘
1 |
] |
323 I‘|
0 50 100 150 200 250
Specific capacity (mAh/g)
—1%W_Mech-15t C —1%W_Mech-1St DC —1%W_Copr-18t C —1%W_Copr-1S8t DC
—2%W_Mech-1StC  —2%W_Mech-1St DC 2%W_Copr-1St C 2%W_Copr-18t DC
—LNO_800-1s5t C —LNO_800-1st DC —LNO_700-15t C —LNO_700-1st DC

Figure 3-1 (a) and (b) are the first and the last (54 charge and discharge voltage profiles

at C/20 rate between 3.0 V-4.3 V, respectively. (c) Cycling performance of samples with

two first and last cycles at C/20 rate and 50 cycles at C/5 rate. (d) Comparison between
the first derivative of the 2" charge and 1% discharge curves, as well as the 54" charge
and 53 discharge curves for 1%W_Mech where the H, to Hs transformation occurs.

Labels C and DC here refer to the charging and discharging process, respectively.
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3.3.2 XRD and PDF

Cycled electrodes made of materials coated on Al foil current collectors were extracted
from coin cells and studied via XRD, Figure 3-2. These cycled cathodes have higher
background than pristine materials due to the presence of the Al foil which introduces more
scattering than regular capillary sample holders. The patterns also exhibit a sloping
background (below 30° 26 angles) which is an indication of the presence of amorphous
compounds. This latter contribution could be due to the formation of the Cathode
Electrolyte Interphase (CEI), of other side reaction products during cycling, as well as from
the presence of fillers (i.e. PVDF), etc. . This sloping background covers almost all the
minor extra peaks expected due to the presence of new W-compounds (Liz+xNi;xWQs, Xx=0
and 0.1 with C2/m and Cm space group symmetry, respectively) as discussed in our

previous work [30].

Table 3-1 summarizes the XRD fitting results by considering only LNO and Al as possible
phases since the other present phases did not display peaks of sufficient amplitude or
sharpness to be adequately fitted. Consequently, our discussion is only focused on the

effect of cycling on the major peaks of LNO structures. The residual fitting values of the
Rietveld refinement shown in Table 3-1 are therefore higher than those obtained
from the XRD analysis of pristine materials because of the overlap of Al and LiNiO;
(with the R3m layered structure) peaks, the texture in Al foil, as well as the omission

of any other minor phases which are within the sloping background area.
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Figure 3-2 Synchrotron XRD patterns for cycled W-enriched materials from
mechanofusion and coprecipitation methods. Red stars illustrate the locations of Al
peaks. The 26 angles of the patterns are converted to the copper’s Ak, for comparison

purposes with the literature.

The first observation on the high-resolution synchrotron XRD is the broadening of some
major LNO peaks following cycling. The peaks that best exemplify this broadening in the
XRD patterns are the (003) and (101) reflections of LNO which both show higher widths
in cycled materials. There are two possible contributions to this broadening: the grain size
and the residual strain. Since the grain size in fully discharged particles would be expected
to be the same as pristine, uncycled particles, this increased width might be caused by
residual strain inside the cycled materials. This assumption would be reasonable because,
even in the presence of cracks inside the cycled particles, most of the cracks propagate
through the grain boundaries between the primary particles, which would not affect the

measured size by XRD (primary particles are the smallest coherence domains).

109



Ph.D. Thesis - Nafiseh Zaker McMaster University - Materials Science and Engineering

Furthermore, since strain build-up occurs first and complete cracking would require more
extended cycling, for the 54-cycled samples, it would be fair to assume the presence of
residual strain, rather than grain size changes, to be the cause of this broadening. The (003)
peak reflects changes in the c lattice parameter, and it has been shown that this lattice
parameter changes abruptly at a high state of charge, especially inside the Ni-rich cathode
materials [14,26]. A second effect observed from the analysis of the major peaks, compared
to the pristine samples investigated in our previous work [30], is the higher level of cation
mixing in cycled materials revealed by the occupancy ratio Ni (on Li site)/Li, shown in
Table 3-1(Ni/Li%) (For instance in LNO_1%W_Mech, the Ni/Li% is 2.77% [30]). This

indicates some degradation in the layered structure of the cathodes after cycling.

Table 3-1 Rietveld refinement results based on the cycled materials.

Phases Wt. fractions LNO’s Lattice Atom’s occupancy inside -
sample name parameters LNO Ni/Li % Rw%
LNO Al a(A) c(A) Li Ni (on Li site)
1%W_Mech_Cycled 0.38 0.62 2.88787 | 14.25596 | 0.9545 0.0455 4.77 10.56
2%W _Mech_Cycled 0.85 0.15 2.87947 | 14.21441 | 0.919 0.081 8.81 10.75
1%W_Copr_Cycled 0.62 0.38 2.88242 | 14.23713 | 0.909 0.091 10.01 7.87
2%W_Copr_Cycled 0.81 0.19 2.88743 | 14.25614 | 0.892 0.108 12.11 9.65

Our previous work on the effect of W additions on pristine LNO has shown that no major
changes in the PDF of LNO structure were detected [30]. However, some important effects
can be highlighted in the PDF patterns when considering the impact of cycling. The PDF
analysis was therefore used to extract further details on the cycling effects regarding the
bonding distances between the atom pairs of the W-enriched LNO cycled bulk phase. The
full pattern analysis of the entire bonding distance range is not possible here due to
overlapping Al-Al bond pairs with almost all the LNO distance pairs (Figure 3-3(a)). The
first peak, marked (1) on the PDF, however, corresponds only to the LNO phase and does
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not present overlap with Al. This peak represents Ni-O, and Li-O bonds. The comparison
of the first peak between each W-enriched material in its pristine state and after cycling
(Figure 3-3(b,c)) shows that in all the cycled materials, peak (1) at ~ 1.98 A, shifts to a
lower bonding distance, r, and in both materials prepared by coprecipitation, some level of
distortion in their peak shape can be detected. The reduction of Ni-O bonding distance is
expected during the charging process (i.e., delithiation) because of the higher oxidation
level of Ni. Furthermore, the Li-O bonding distance general behavior is comparable to the
c lattice parameter trend, with expansion up to some charge level and sudden extraction at
a critical charging state [13]. These two opposite trends (expansion and extraction) arise
from the reduction of the Li* screening effect at the beginning of charging, which is
necessary to keep the Ni-O interlayer closer to each other, which results in c-axis
expansion, as discussed in [13]. At a higher level of charging, it has been shown that Ni
and O (3d orbital state and 2p orbital state, respectively) hybridize effectively and cause a
sudden reduction in c lattice parameters [13]. Therefore, in the high charge state, both a
and c lattice parameters decrease and generate a contraction inside the lattice.
Subsequently, during discharge, the reverse process is expected. The shifting of the peak
at ~ 1.98 A in the PDF pattern, towards shorter bonding distances, suggests that in cycled
materials (after 54 cycles), the structural change is not fully recovered during their
following discharging process (especially at the beginning of the discharge [13]), and this
could be due to the separation or isolation of some active materials from the conducting

additives network or current collector which could cause a reduction in the capacity.
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Figure 3-3 (a) The comparison between the pair distribution function of W-enriched
cycled materials and pure LNO in the local structure domain (1.66A -10A). The red
vertical arrows show the location of aluminum’s bonds from the current collector in the
electrode samples, and the red dotted oval shape, marked (1), illustrates the position of
the first peak separated from aluminum’s bond pairs. Also, the blue dotted oval shape,
marked with a star, shows the major damping in the PDF peaks. (b) and (c) show more
detailed views of the pair distributions corresponding to the first selected peak in (a),
versus the pristine state of each material prepared through the mechanofusion and
coprecipitation, respectively. The dotted lines and horizontal arrows exhibit the peak

shifting toward the lower bond distance r-position in cycled materials.
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A second bonding pairs range that does not overlap with Al shows significant changes to
the pristine material (Figure 3-3(a)) and is identified with a star in the r-range around ~4.25
A to ~4.8 A. Here the intensity of the PDF peaks significantly decreases. Based on the
previous study on doped materials in the pristine state [30], the W-enrichment generates
no major changes in the PDF peaks of LNO. Therefore, this significant damping in this
bond-distance range can only be caused by cycling effects. Based on the LNO layered
structure, two main pair bonding distances are located in this mentioned range, O-Li (~4.47
A and ~4.58 A) and O-Ni (~4.47 A, ~4.52 A, ~4.58 A and ~4.66 A). These bonding
distances could also be affected by changes in the d-spacing of Li and Ni layers which are
about 4.73 A. In the above bond pairs, oxygen is the common element, and since there is
no participation from oxygen in the electrochemical chemical reaction and no major
changes were detected due to the addition of W, one possible explanation for this damping

could be some level of oxygen release.

3.3.3 SEM cross-section and EDS mapping and fracture analysis

To better analyze the overall effect of cycling on the morphology, elemental distribution,
and fracture of the particles inside the cathode electrode, SEM imaging, following cross-
sectioning with PFIB, and EDS mapping were carried out. In Figure 3-4(a), most of the
secondary particles in the 1% W-enriched material prepared by mechanofusion after
cycling (1%W_Mech_Cycled) stay intact, while the remaining cracked particles are mainly
located on the top of the electrode. The cracking of particles at the top of the electrode may
originate from the electrode preparation process which includes electrode calendaring and
contact with a roller, as well as through cycling because of their more direct exposure to
the electrolyte. These secondary particles show high packed density. PFIB cross-section of

an individual particle extracted to prepare thin lamellae (Figure 3-4(a-vi)) shows that,
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within the particle, cracks are mostly located within the core of the particle. As expected,
during the charging process, both surface and core of the secondary particles lose Li and
experience massive volume shrinkage, notably in Ni-rich materials and at the end of the
charge (change in volume of LNO: AV no~ -9.38% [26,34]). The surface is expected to
lose Li first since it is in contact with the electrolyte, where the reactions initially occur,
and diffusion out of the particles is faster compared to the core. This causes the volume
change and shrinkage initially, more than the core section, generating tension on the surface
and compression at the core level, as discussed in [13]. The reciprocal effect of these
volume changes and induced stresses occurs during discharging, which puts the core of the
particle under tension, resulting in the initiation and growth of cracks over multiple cycles.
In Ni-rich cathode materials, most of the fractures occur through grain boundaries [13,34].
Based on Figure 3-4(a), it appears that the presence of W-rich areas in the grain boundaries
demonstrated in our previous work [30] improves the structural integrity of the secondary
particles, suggesting an increase in the toughness of the secondary particles and better
accommodation of cycling stress without cracking. In previous work by the authors, it has
been shown that by increasing the concentration of W from 0 to 1% in LNO through
mechanofusion, both the compression resistance or strength, as well as retained capacity
are improved [29]. The reduction of stress inside the electrode can also affect the
electrochemical behavior of these materials based on thermodynamic arguments. For
example, in previous work, it has been shown that higher internal strain would consume
some part of the necessary energy for the charging and discharging phase transformation
toward elastic-plastic deformations and change the equilibrium potential (for charge and
discharge reactions) [36,37]. These phenomena increase the hysteresis cycling behavior

and reduce the electrochemical energy of the cell. In our case, the presence of W-
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compounds at the/near the grain boundaries within the secondary particles, with the ability
to accommodate some part of the volume change, would aid the phase transformation and

reduce the potential hysteresis in W-enriched materials.
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Figure 3-4 (a) cross-sectional views of 1%W_Mech_Cycled, in the electrode shape after
54 cycles. “i-v”” show the overview and detailed views of multiple high-resolution SEM
cross-section images as well as “vi” which illustrates PFIB lamellae, and (b) the

corresponding EDS maps revealing the elemental distribution due to the cycling process.
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Based on Figure 3-4(b), due to the reduced cracking as discussed above and highly packed
and dense particles, reactions with the electrolyte are limited and mostly occur on the
surface of the secondary particles (see the elemental distribution of fluorine in EDS
mappings). However, due to the large interaction volumes of X-ray, and poor detection
limits in EDS, the accurate W distribution is not detected (hence the W map is not shown).
Overall, based on Figure 3-4(a,b), the 1%W_Mech_Cycled material shows good resistance
to fractures and side chemical reactions (evidenced by the presence of fluorine and
phosphorus mostly outside of the secondary particles), making this material exhibit the best

performance among other samples in this study.

As can be seen from Figure 3-5(a), the secondary particles in the 1%W_Copr_cycled
materials are smaller and have a higher level of porosities, clearly more visible in the FIB
cross-sectional sample, Figure 3-5(a-vi), as compared to the sample prepared by
mechanofusion (1%W_Mech_Cycled). There are two possible contributions to the higher
level of porosities in the samples which have been prepared by coprecipitation to reach W-
enriched precursors. First is the contribution of the W-rich phases at the grain boundaries,
leading to a change in the kinetics of grain boundaries’ mobility, resulting in gaps between
grains (more clearly visible in Figure 3-6(d)). The second contribution could be attributed
to the Kirkendall effect because of the opposite direction and different speed of diffusion
between Ni (speedily outward) and O atoms (gently inward), producing inner voids or
cavities due to the supersaturation of interior vacancies during the synthesis of the samples
[38-40]. Since these porosities appear to be between the primary particles (see further
evidence in Figure 3-6(d)), the likely origin is the synthesis process which would require
optimization to completely suppress the many porosities present in the particles’ core, as

seen in Figure 3-5(a), and develop more dense secondary particles. The rate of chemical
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side reactions in 1%W_Copr_Cycled materials increases due to the higher levels of
porosities (hence affecting the particle integrity during cycling), which is visible from
Figure 3-5(b), with fluorine detected even within the core of particles (see further results
in section 3.3.4). Accordingly, the detrimental effect of porosities (due to the not optimized
synthesis process) ultimately make coprecipitated particles more vulnerable to

electrochemical side reactions.
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Figure 3-5 (a) cross-sectional views of 1%W_Copr_Cycled, in the electrode shape after
54 cycles. “i-v” demonstrate several views of multiple high-resolution SEM cross-section
images and “vi” points out the PFIB lamellae. (b) The obtained EDS maps.
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3.34 EELS and STEM

For higher spatial resolution investigation of the elemental distribution in cycled materials
and better visualization of cycling effects on the samples, EELS analysis was carried out.
Two generally different behaviors are identified in samples prepared by mechanofusion
and coprecipitation. In the W-enriched LNO from the mechanofusion process, W is
detected on the top surface of the secondary particle and also inside the grain boundaries,
as shown in previous work [30]. In the 1% _Mech_Cycled sample, based on the presence
of fluorine and phosphorus-rich areas on the surface of the particle (Figure 3-6(a)), it
appears that this W-rich layer on the surface of the secondary particles plays a protective
role between LNO and the electrolyte, and limits the side reactions to the very surface. The
effect of cycling can also be deduced from the changes in the EELS O K-edge shape in
Figure 3-6(b, c). The O K-edge in pure LNO has two main features: 1) the pre-edge peak
below 530 eV, which is the transition from O 1s to the hybridized state of O 2p and Ni 3d
unoccupied states, and 2) the main peak resulting from the transition between O 1s and the
hybridized state of O 2p with the Ni 4sp unoccupied states. Any kind of structural change
affecting the hybridization state of the first mentioned transition, such as altering crystal
structure or local chemistry, can provoke the suppression of the pre-edge [30,41]. Using
this pre-edge peak as a probe of the transformation, the EELS maps show areas where the
O K-edge pre-edge is absent and has a broader shape inside the CEI layer. These maps
show that the most affected regions are located just near the surface of the secondary
particles as well as in areas adjacent to open cracks, Figure 3-9S. Although, the W is not
present as a uniform distribution within LNO, the resulting heterogeneous distribution of
W appears to be very effective in protecting the integrity of secondary particle by limiting

the cyclic effect to the very surface.
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On the other hand, the 1%W enriched sample, prepared through the coprecipitation
process, with synthesis conditions still generating high levels of porosities, shows
significantly more degradation Figure 3-6(d-f). The occurrence of a massive
transformation, as evidenced by changes in oxygen K-edge shape, can be seen in Figure
3-6(e,f), further away from the surface, near the core of the secondary particle (Figure
3-10S(b,c)). Because of the significant number of porosities in the particles produced by
coprecipitation, side reactions can then occur deeper within the particles via electrolyte
infiltration facilitated by porosities. The surface reaction layer in 1%W_Copr_Cycled
seems thinner than 1%W_Mech_Cycled. Still, having primary particles covered by W

partially reduces the reaction level just near the primary particles’ periphery, Figure 3-10S.
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Figure 3-6 The Annular Dark Field (ADF) images, EELS maps and spectra related to
different shapes of the O K-edge peak with respected Red Green Blue (RGB) composite
images illustrate for (a-c) 1%W_Mech_Cycled’s, and (d-f) 1%W_Copr_Cycled’s
secondary particle. In (a) the EELS maps show the P K-edge peak clearly visible, but it is
not clearly detectable in 1%W_Copr_Cycled, due to the noise level, the P map is not
shown in (d). For clarity in the F map given the noise level, the spectrum F K edge
extracted from the “I” area is also shown in (d). (c) and (f) illustrate three different
shapes of the O K-edge peak, with a broad shape peak inside the CEl/reaction layer, in
red, without a pre-edge peak in blue, and with a pre-edge peak in green. (b) and (e)
illustrate the RGB images based on the color of spectra in (c) and (f), respectively. The
red circle inside image (d) identifies the grain selected for more detailed STEM analysis
in Figure 3-11S.
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Figure 3-6 Continued.

For a detailed analysis of the cycling impact at the atomic level of cathode materials, high-

resolution STEM HAADF imaging was utilized. Figure 3-7 illustrates the cycling effect

on 1%W_Mech_Cycled material from two different selected primary particles (their

positions are marked in Figure 3-9S(a)). Figure 3-7(a) shows the atomic resolution image

and its Fourier Transform (FT) in the inset from a primary particle located just beneath the

very surface of the secondary particle (region | in Figure 3-9S(a)). Since the calculated FT

has 6-fold symmetry for the orientation of this particular grain, other complementary

evidence is needed to identify whether the layered or spinel structure is present. The RGB
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image (Figure 3-9S(b,c)) based on the O K-edge peak shapes shows evidence of a pristine
structure for area “I”, due to the presence of the O K-edge with a strong pre-edge peak
(shown with green color). Also, for the pure spinel phase, more reflections would be
expected on the <111> zone axis. The FT diffraction pattern also fits well with the <001>
zone axis of the layered LNO crystal. Given this combined evidence, it is possible to
deduce that close to the surface of the secondary particles in 1%W_Mech_Cycled material,
the pristine LNO structure is still present. The presence of superlattice reflections (i.e. the
extra spots marked with red circles in the FT patterns) can be interpreted as evidence of
ordering, possibly due to the early onset of phase transformation to the spinel phase. The
interatomic spacing (Figure 3-7(b)) is also consistent with the LNO crystal on the <001>
zone axis in Figure 3-7(a). On the other hand, HAADF imaging of a grain located near the
very surface of a secondary particle, Figure 3-7(c), (from region Il in Figure 3-9S(a) where
the O K-edge pre-peak is absent particularly closest to the surface), shows that cycling
alters the crystal structure into the spinel phase, this time viewed on the <001> zone axis.
The spacing from the FT pattern is consistent with the expected interplanar spacings from
this orientation, also shown in the HAADF intensity line profiles (Figure 3-7(c, d)). The
{220} reflections in the FT pattern, expected from a selected area diffraction pattern,
however, are not detected, possibly due to the lower sensitivity to ordering in HAADF

imaging.

In the porous sample (1%W_Copr_Cycled), regardless of the inner position of the selected
primary grain, the cross-section of the sample reveals the spinel structure near the
secondary particle’s porosity (Figure 3-11S). This result is consistent with the capacity
results showing more degradation in samples prepared by coprecipitation, due to the high

level of porosities.
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Figure 3-7 Detailed High-Angle Annular Dark-Field (HAADF) imaging of two areas
marked I and Il in Figure 3-9S(a) from the 1%W_Mech_Cycled sample. (a, b) and (c, d)
show HAADF image, FT with fitted indexes and related intensity line profiles with the
same colors as marked inside HAADF image, from areas marked | and |1, respectively.
(a) and (c) also contain the 2D crystals model projections with the related zone axis
orientations, layered structure with <001> zone axis displays some orderings marked by
red dotty circles and spinel structure with <001> zone axis, respectively. Model

structures with Ni and Li atoms in crystal cells are gray and green, respectively.
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Figure 3-7 Continued.

3.3.5 XANES analysis

For more bulk-sensitive chemical analysis of the cycled materials, XAFS measurements
were carried out. The XAFS spectra effectively probe the Ni and W atoms' environment.
To better detect evidence of changes in the environment of Ni atoms after cycling, due to
the low W-enrichment level compared to the amount of Ni, a sample with a higher level of
W concentration (2%W prepared by mechanofusion) was used (note that this sample’s
performance is marginally lower than 1%W_Mech). The comparison between pristine and
cycled states of 2%W _Mech from the Ni atoms environment perspective in Figure 3-8(a)

reveals minimal shifts toward lower energy after cycling, which could be due to only very
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minor changes in the amount of reduced Ni as a result of cycling. This behavior could be
driven by a combination of factors, including slightly more oxygen loss, the onset of phase

transformations to cubic phases, and other degradation processes during the cycling.
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Figure 3-8 (a) The normalized p (E) comparison of the Ni absorption edge between the
2%W_Mech samples before and after cycling. (b) the comparison of XANES features
of the W absorption edge for 1%W_Mech and 1%W_Copr samples in their pristine
(with a double peak shape) and cycled states (with more combined peak shape). All the

spectra are acquired from the fluorescence mode.
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On the other hand, the W L-edge XANES, Figure 3-8(b), only sensitive to the local
environment of W atoms, shows that the double peak shape present in the pristine state of
the W-enriched materials evolves to a single broader peak in the cycled samples. This
change clearly indicates that the W environment is changed. Due to the well-defined
distribution of W at the surfaces and inside the grain boundaries, this change could be due
to multiple contributions caused by the interaction between the electrolyte and W-
compounds. Since our previous investigation on the W L-edge in the pristine samples was
not successful in identifying unambiguously the origins of the double-peak structure [30],
the reaction with the electrolyte and the presence of F and P reacting with W makes the

identification of the changes even more complex.

3.4 Conclusions

The effects of electrochemical cycling on the structure of tungsten-enriched LiNiO; were
investigated with high-resolution photon- and electron-based techniques. Two different
sets of samples prepared through two enrichment approaches, namely mechanofusion and
coprecipitation, were investigated. In this study, 1%W LNO prepared by mechanofusion
showed the best cycling behavior due to a more packed particle structure and the presence
of W on the very surface and inside grain boundaries of their secondary particles. This W-
rich layer on the surface of the secondary particles appeared to significantly reduce particle
degradation from interacting with the electrolyte. In addition, the presence of W-phases
located at the grain boundaries between the primary particles in 1%W prepared by
mechanofusion, could partially accommodate the cycling stress and reduce the risk of crack
initiation and growth. The 1%W samples prepared by coprecipitation, where the sample
synthesis conditions generated a high level of porosities, showed a lower resistance to
degradation, as evidenced by massive phase transformations detected through electron
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energy loss near-edge structures. The porous structure enabled increased penetration of the
electrolyte through the cathode structure. In the samples prepared by the coprecipitation
process, W was found deeper within the grain boundaries of secondary particles, which
should expectedly help reduce the cycling stress due to lattice volume change. However,
the W presence in the samples prepared by coprecipitation was ineffective in protecting the
primary particle’s surface from side reactions with the electrolyte due to the enhanced
penetration of the electrolyte through the more porous structure. Overall, due to these
porosities generated in our synthesis process, the materials prepared by coprecipitation
showed greater structural degradation than the ones prepared by mechanofusion. This
result emphasizes the importance of synthesis optimization in designing high performance
materials. Based on the comparison of the samples, further tailoring of the mechanofusion
protocols and coprecipitation could lead to an increased amount of W within grain
boundaries, strengthening the mechanical integrity of the particles, reducing the porosities,

and optimizing the thickness of the protective layer on the surface.
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3.5 Supplementary information
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Figure 3-9S (a) The annular dark field (ADF) image and EELS maps show the elemental
distribution inside 1%W_Mech_ Cycled’ secondary particle containing cracks. (b) The
Red Green Blue (RGB) image is based on the different shapes of O K-edge peaks in (c),
for the 1%W_Mech_Cycled sample. (c) illustrates three different shapes of O K-edge
peak, with a broad shape inside the CEI layer, in red, without a pre-edge peak in blue,

and with a pre-edge peak in green.
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Figure 3-10S (a) The ADF image and EELS maps illustrate the elemental distribution
from the inner side of 1%W_Copr_Cycled’ secondary particle. In this inner part, the F K-
edge peak is too weak, and the P K-edge peak is not clear from the W M-edge peak;
therefore, they are not presented here. (b) The RGB image is based on the different
shapes of the O K-edge peaks in (c), for the 1%W _Copr_Cycled sample. (c) shows two
shapes of O K-edge peak, with and without a pre-edge peak in green and blue,

respectively.
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Figure 3-11S The high-resolution High Angle Annular Dark Field (HAADF) image from
the right side of the primary particle near a porosity gap (its exact location is shown in
Figure 3-6(d)), from 1%W _Copr_ Cycled’s secondary particle. The spots in the calculated
FT image are indexed based on the spinel structure with <001> zone axis. The {220}
reflections are not detected in the FT image as discussed more in section 3.3.4. The same
zone axis orientation from the crystal cell view with Ni and Li atoms in gray and green,
respectively. Two intensity profiles are extracted from the high-resolution HAADF image
regarding the orange and blue boxes marked in the picture.
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Abstract

LiNiogCo0o.15Alo.0s02. (NCA) precursors coated with different amounts of Al,Os; and
LiFePO, (LFP) through a mechanofusion process are examined with various electron-
based characterization methods. The investigation provides insight into the coating
structure and uniformity at the microscopic level. The LFP- and Al.O3- on NCA-coated
structures show the presence of physical intermixing between the NCA and coating layers,
which would lead to changes in their transport characteristic features and affect their final
electrochemical behavior. With scanning diffraction mapping, we identify nanocrystalline
regions on the surface of bare NCA used as a reference material to understand the effect of
the mechanofusion coating process. The results show that the mechanofusion process is an
effective means of coating NCA particles, although with some damage generated on the
surface of coated material and non-uniformities and physical intermixing of the coated

particles.

Keywords:

Mechanofusion; Coating; Ni-rich cathode; LiFePQO4; Al,O3; 4D-STEM.
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4.1 Introduction

LiNixCoyAl,-«-yO2 (NCA) cathode material, with a low amount of electrochemical inactive
aluminum ions and a more robust layered structure, shows good cyclic performance and is
one of the promising layered structured positive electrodes to be used in electric vehicles
[1-4]. Among the NCA family of compounds, the most common chemistry that is widely
commercialized is LiNiosC0o.1sAl0.05s02. This material, however, rapidly loses its capacity,
especially at higher temperatures and wider operating voltage windows [5,6]. Since most
of the cycling degradation in the cathode is triggered on the surface of particles [7-9],
surface modification of the solid/liquid interface between the cathode and electrolyte
through coating and core-shell structure would be beneficial [10-17]. The main role of
coatings is to provide a barrier layer between the electrolyte and active materials at the
surface of the Ni-rich cathode’s particles. This protective layer would mitigate, or at least
delay, the parasitic reactions, surface corrosion caused by HF, cation mixing, transition-
metal ions’ dissolution, and oxygen release. Nevertheless, since most of the coatings are
electrically insulating materials, they lead to lower capacity rates and suffer from
microcracking, noticeable in ultra-high Ni cathode materials [13-15,18-20].
Mechanofusion is one of the dry coating methods which exhibits some practical
advantages, namely the scaling up capacity to fulfill industrial demands, the environmental
benefits due to lack of liquid waste, and the economical nature of the process [10,21-23].
Due to the presence of high levels of applied centrifugal, shear, and compression forces
during this coating process, the host or core precursors are coated by other small particles
[10,23]. Herein, two different coating materials, alumina (Al>Os) and LiFePO, (LFP), have
been applied on the NCA’s secondary particles’ surface. Among the oxide coating, alumina

is one of the most common candidates due to its low cost, strong resistance against acidic
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and alkaline attacks, high hardness, and straightforward synthesis [24-26]. On the other
hand, LFP has been used due to its low material cost, being environmentally friendly, and
having strong covalency bonds between metal ions and the POa4 polyanion in addition to
phosphorus and oxygen double bond, which make them better withstand side reactions
[27,28]. Although many investigations have shown improvements in the cycling
performance of the coated particles [24,29-31], we focus here on the structural
characterization of NCA subjected to the mechanofusion process alone and NCA coated
with alumina and LFP through mechanofusion in order to understand the factors that affect
the performance of these materials in light of their cycling behavior. To better understand
the quality of the coatings and the structural effect of the mechanofusion method on the
coating and the core particles, different electron-based characterization techniques have

been utilized.

4.2 Experimental procedures

4.2.1 coating process

In this paper, all the used precursors are commercial particles. To start the coating process,
50 g of LiNipgC00.15Al0.05s02 (NCA, powders were purchased from Umicore and Ecopro,
Korea) along with different amounts of either Al,O3 nanoparticles (with 0.25, 0.5, 1 g from
Sigma-Aldrich with particle size <50 nm) or LiFePO4 (with 1, 2, 4, and 5 g purchased from
Pulead, China), were loaded inside the rotating bowl of an in-house mechanofusion
machine, to reach different weighing percent coatings (leading to NCA+0.5%Al,0s3,
NCA+1%Al.0; and NCA+2%Al,0s, respectively). The spinning speed was set to 3600
rpm for 60 minutes. More details regarding this process were published in the author’s

previous work [21]. To better visualize the effect of mechanofusion on the NCA, the whole
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same process was done on 50 g of NCA particles alone. For the sake of brevity, instead of
writing coated NCA with different weighing percentages of LFP and alumina, “NCA+wt%
of coated material” will be mentioned, for instance, “NCA+2%LFP”. The reference NCA
before and after the mechanofusion process are named NCA and NCA Fusion,

respectively.

4.2.2 Electrochemical measurements

The coated particles were combined with polyvinylidene difluoride (PVDF) and carbon
black to reach a 92:4:4 weight ratio, and then all were mixed with N-methyl-2-pyrrolidone
(NMP, 99.5%) to obtain a slurry. The slurry was applied on aluminum foil (with 150 um
thickness), dried out (for 3 h inside an oven at 120 °C), and then calendared (under 2000
atm pressure). After that, final electrodes with a 12.75 mm diameter size were punched and
dried overnight (16 h) under vacuum. Assembling coin cells was done inside an argon
glovebox, containing cathode electrode from previous steps, as well as Li metal, two
Celgard #2300 layers, and 1.2 M LiPFs in FEC (fluoroethylene carbonate)/DMC (dimethyl
carbonate) with volume ration of 1:4, as the anode electrode, separator, and electrolyte,
correspondingly. An E-one Moli Energy Canada battery test system was utilized to cycle
the prepared coin cells between 3.0 and 4.3 V vs. Li*/Li at 30 °C. For the two first and last
cycles, C/20 and C/50 rates were set, respectively. The rest 50 cycles in between had a C/5

rate.

4.2.3 Electron microscopy characterization
All the characterized particles were in their pristine states (i.e., not electrochemically
cycled). Scanning electron microscopy (SEM) was used to image and map the distribution

of elements in the cross-section samples. Cross-sections of powders were prepared by
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embedding a paste (a mixture of carbon paste, propanol, and powder samples) inside a tiny
notch of a graphite block. After that, powders within the graphite block were polished with
an Ar ion beam with an ion beam cross-section polisher (JEOL IB09010CP). SEM imaging
and energy dispersive X-ray spectrometry (EDS) mapping were obtained with a Magellan
400 SEM. To prepare lamellae for transmission electron microscopy (TEM), two
plasma/focused ion beam (P/FIB) instruments, a Helios G4 PFIB, and a Zeiss NVision 40
FIB were utilized. TEM analysis along with energy dispersive X-ray spectrometry (EDX)
were carried out using either a JEOL 2010F or a ThermoFisher Scientific Talos 200X, both
of which were operated at 200kV. For electron energy loss spectroscopy (EELS),
experiments were conducted with a JEOL 2010F TEM fitted with a Gatan Tridiem Imaging
filter using a convergence and collection semi-angles set to 10 and 30 mrad, respectively.
To obtain 4-dimensional scanning transmission electron microscopy (4D-STEM) data (i.e.,
a full diffraction pattern at every pixel or a 2D rastered area), an FEI Titan 80-300 Cubed
equipped with double-aberration correctors was used and operated at 200 kV. Diffraction
patterns were acquired with a Gatan US1000 CCD camera synchronized with the Gatan

STEM acquisition module.

4.3 Results and discussions

4.3.1 SEM cross-section and EDS

To assess the uniformity of the coatings on the cathode material, high-resolution SEM
images, as well as EDS mapping, were used. With increasing content of LFP in the mixture
during mechanofusion, the overall trend is that coated areas become thicker (Figure 4-1(a-
i,ii)), but detailed mapping over large fields of view shows that these coatings are not

completely uniform, as demonstrated by EDS maps in Figure 4-1(b). The maps show that
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Fe and P (the elements corresponding to the coating) are on the edge of the surface (the
shell area). Based on the SEM images obtained at higher magnification, good physical
contact can be observed between NCA and coating materials (Figure 4-1(a-i,ii)). For LFP-
coated NCA materials, with lower coating content, at 2% mixture of LFP in NCA, the
coating layers are thin, but areas with Fe and P could be detected by the EDS line scans
(Figure 4-5S). Therefore, more investigation was required by TEM and EDX mapping on

the thin lamellae to better visualize the interface between the coating and core structure.

25 pm

Figure 4-1 (a) SEM cross-section images from NCA+4%LFP in low and high
magnification “i” (from backscatter electron and secondary electron, respectively) as well
as high mag SEM image from the coating part of NCA+8%LFP “ii” (from secondary
electron). (b) SEM and EDS mapping images from NCA+8%LFP. (c) and (d) show the
EDS mappings of Al and higher magnification SEM image from the surface morphology
of NCA+2%Al,03, respectively.
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For the Al;Os coated cathode, a higher concentration of coating material during
mechanofusion, Figure 4-1(c), results in a more entirely covered NCA and higher Al levels
on the very surface, especially on the small and medium size particles, Figure 4-1(c-ii).
These results show that even for very hard materials, such as alumina, coating by
mechanofusion is an effective process. However, the higher resolution SEM image from
the coated surface of NCA+2%Al.0s (Figure 4-1(d)) illustrates that the morphology of the
coated alumina is not smooth, and flake-shaped alumina particles are attached to the

surface.

4.3.2 S/TEM and analytical electron microscopy (EDX and EELYS)

To better analyze the effect of mechanofusion on the structures of coating and core
particles, selected area diffraction patterns (SADPs) were acquired. For the 4%LFP coating
on NCA, diffraction patterns from two selected areas (Figure 4-2(a)) are consistent with
highly crystalline structures that were indexed with <011> and <101 0> zone axes of
orthorhombic LFP with Cmcm space group and hexagonal NCA with R3m space group,
respectively. Based on these observations, it appears that over a relatively large scale (more
than ~50nm thickness), the crystal structure of the precursor phases does not change
significantly. At a finer scale, however, a more detailed analysis is shown further below.
Additional analysis with STEM and EDX mapping, Figure 4-2(b), reveals that, in
NCA+2%LFP, some level of physical intermixing/folding between the coating and NCA
materials (which might be separated and rejoin on the surface) can occur on the top surface.
This can be visualized from the presence of Ni regions above the Fe-P-rich areas (Figure
4-2(b)). This effect would occur due to the fracture of small NCA particles off the
secondary NCA precursors’ surface and the subsequent mechanical bonding of these small

fragments on top of the LFP during mechanofusion. This top surface intermixing could
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affect the electrochemical behavior of these materials since these two materials (NCA and

LFP) are different in conductivity and mechanical properties.

In the case of alumina used as a nanoscale powder, as can be seen in Figure 4-2(c), the
selected area diffraction pattern of the shell region, is a spotty and relatively diffuse ring
pattern with lattice spacings that are consistent with alumina corundum-type trigonal
crystal with R -3 ¢ H space group. One set of reflections (the (110) planes) is missing,
which is likely due to the orientation of the fine grains. Because of the very small grain
size and likely high level of strain induced by the mechanofusion process, the reflections
are not perfectly fitting over the relaxed structure rings. Furthermore, the bright-field
STEM image in Figure 4-2(c) illustrates the presence of flake-shape alumina (shown in the
SEM images) attached on the surface of the NCA secondary particle and an Al layer just

below the flakes, which are consistent with the Al maps obtained with EDS (Figure 4-2(d)).

Sonm % . 5 o 11 |
— 3 Fis

Figure 4-2 (a) TEM image and Selected Area Diffraction (SAD) patterns from coating

and core part of NCA+4%LFP, as well as their zone axis directions. (b) STEM image
from a High-Angle Annular Dark Field (HAADF) detector, and EDX maps illustrate the
mixture of LFP and NCA on the very surface of NCA+2%LFP. (c) STEM Bright Field
(BF) image of NCA+2%Al,05 and the DP from the coated area indexing based on the
alumina, corundum-type trigonal crystal (without a visible ring for (110) diffraction). The
green arrows illustrate the presence of alumina flakes in the TEM lamellae. (d) EDX
maps for Ni and Al.
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200 nm

Figure 4-2 Continued.

The physical intermixing visible in the LFP-coated NCA (Figure 4-2(b)) is also
demonstrated, here with EELS, in the alumina-coated material (Figure 4-3). Further
investigation regarding alumina coating shows that at some locations, EELS can detect the
mixing between the alumina and primary particles of NCA on the very surface. Given the
presence of Al within the NCA, it is impossible to detect whether there is any chemical

interdiffusion of the alumina within the NCA. However, due to the very high melting point
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and hardness of alumina, we do not expect to see any interdiffusion between these two

materials.

i
|
!

l——-—( Spectrum Image

Ni
Figure 4-3 STEM image from NCA+2%Al,03 and EELS maps of Al and Ni illustrate the

presence of some level of mixing on the top surface of NCA.

Electrochemical cycling experiments of LFP coated materials (Figure 4-6S(a)), regardless
of the LFP level (2% and 10%) investigated in this work, demonstrated marginal
differences from each other and significant degradation compared to bare NCA subjected
to mechanofusion, used as a reference sample from the same processing conditions. The
nanoscale structure observed in our work, with the evidence of physical intermixing
between NCA and LFP particles, might be the cause for this loss of capacity in LFP-coated
NCA particles. However, in the case of alumina-coated material, Figure 4-6S(b), by
increasing the amount of coating from 0.5% to 1% alumina, the specific discharge capacity
increases. On the other hand, by increasing the amount of alumina to 2%, a decrease in
capacity occurs. This suggests that there is an optimal level of coating, whether this is
related to uniformity or thickness, to cover the secondary particles’ surface. As we

illustrated above, the reduction could be induced by a thicker alumina coating on the
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surface of NCA particles, which would reduce the conductivity due to the insulating nature

of A|203.

4.3.3 4D-STEM and strain measurement

In order to understand the reduction of capacity in the NCA material resulting from the
mechanofusion process alone (Figure 4-6S), detailed structural investigations on bare NCA
particles following mechanofusion were carried out. For this work, the 4D-STEM
technique was used in order to visualize local diffraction patterns over a large field of view.
In this technique, for each pixel of a STEM image, a convergent beam electron diffraction
(CBED) pattern is captured [32]. This would enable the extraction of local strain
measurements with respect to a reference area by measuring the position of diffraction
spots. Based on the diffraction patterns extracted from different fields of view shown in
Figure 4-4, it is possible to visualize that the mechanofusion process induces a highly
defective/nanocrystalline area at the very surface of the secondary particles, as shown by
the diffused and circular shape diffraction patterns (based on the patterns extracted from
areas | and Il). Just below approximately 80 nm from the surface of secondary particles,
the patterns are consistent with a single crystalline grain, such as shown in area IlI,
suggesting that the mechanofusion process appears to induce damage within the few 100’s
nm of the surface and the areas further away from the surface are either unaffected or
partially recrystallized. Within the crystalline areas, the patterns exhibit small fluctuations
in the intensities and position of the diffraction spots, which could be caused by the
presence of defects in the structure [33], such as dislocations induced by the mechanofusion
process. From the changes in the position of diffraction spots in single crystal-like patterns,
it is possible to deduce local strain. However, due to the high defect density, the strain

calculation was not successful, with strong variance in its parameters. Therefore, the
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precession method would be required to enhance the quality of the diffraction patterns and

generate more kinematical conditions on the average patterns.

@i

(b)

Figure 4-4 Diffraction analysis of areas affected by the mechanofusion process applied on
the bare NCA particles. (a) STEM image, including some selected areas | to 111, and (b)
shows their respective extracted average CBED patterns. Areas | and 11 show circular
patterns, and 111 contains a single crystalline-like pattern.
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4.4 Conclusion

The morphology of NCA cathode materials coated with LiFePO4 and Al>O3 using the
mechanofusion process was investigated through different electron microscopy analysis
techniques. For both LFP and Al,Os, the mechanofusion process was effective in producing
coatings with good intimate contact with the NCA secondary particles. The observations
over large areas, however, demonstrated that the coatings were not uniform in thickness
and, at the detailed level, physical intermixing/folding between the coating material and
substrate was present. The intermixing was expected to result in changes in transport
properties, thus adversely affecting the electrochemical performance of the coated
materials. Using a nanoscale diffraction imaging method known as 4D-STEM analysis, our
work showed that the mechanofusion process caused the formation of a nanocrystalline
and defective areas near the top surface of the secondary particles, negatively affecting the
electrochemical cycling performance of the base NCA material, compared to pristine NCA.
Overall, given the performance degradation of the mechanofused NCA, different
processing conditions would need to be developed to ensure that the electrochemical
properties of the coated materials reflect the presence of the coating rather than processing

conditions generating high levels of defects in the material.
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4.5 Supplementary information
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Figure 4-5S The SEM image and EDS line scan profile show the concentration of Fe and

P on the shell region.
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Figure 4-6S (a) and (b) show the cyclic behaviors of NCA before (NCA) and after
mechanofusion (NCA Fusion), along with NCA coated with the lowest and highest
amount of LFP, and NCA coated with different amounts of alumina, respectively.
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Chapter 5

Conclusions and future works

5.1 Conclusions

In this research, the effect of two main modification methods to reach complex cathode Ni-
rich structures has been thoroughly investigated. The results of studying core-shell
structures have been addressed elsewhere in the published paper (as a co-author through
our collaboration). In this sandwich thesis, the effect of introducing a dopant in the LNO
host structure, its electrochemical behavior, and failure analysis has been investigated
comprehensively. Additionally, the impact of surface modification through a solid-state
coating method (via mechanofusion) has been analyzed in more detail. In the following

main conclusions regarding this comprehensive research are listed:

«» By adding a high valence cation dopant, W, inside the LNO host structure,
heterogeneous distribution of W-rich regions has been obtained. W concentrated
mostly on the top surface as well as in between grain boundaries of the LNO’s
secondary particles. The presence of two W variants Lis+xNiixWOg (x=0 and 0.1)
and the possibility of LixW,O, compounds have been found through high-
resolution electron- and photon-based analysis. W-rich compounds, which have

been shown to be in an amorphous state generated from likely melting and
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diffusion through the grain boundaries, along with crystalline W-rich nanometer-
scale sized regions near the grain boundaries, would be kinetically stabilized (in
the case of W-rich compounds containing Ni). Therefore, the W mostly reinforces
the grain boundaries rather than being distributed in the whole bulk structure.
It has been shown that tungsten-enriched LiNiO,, with only 1%W, demonstrated
the best electrochemical behavior among other W-doped and tested materials in
this study. The main strength points of this complex structure were the presence of
a W-rich layer on its top surface which effectively protected the core structure of
LNO not only from direct contact with the electrolyte during cycling but also from
the synthesis conditions using high temperatures. Furthermore, the presence of
tungsten-rich regions in the grain boundaries helped to protect the structure from
crack initiation by damping part of the cycling-induced mechanical stress.

+»+The effect of structural degradation in the cathode can be probed through
electron energy loss near-edge structures. It is worth noting that, regardless of
using different methods for structural modification, the synthesis process should
be optimized and able to produce well-packed structures. Otherwise, a porous
structure enables the infiltration of the electrolyte into the core of cathode particles
and causes degradation by affecting active materials as well as reducing the
structural integrity. Therefore, in order to obtain the best results from W-
enrichment materials, further modifications would be required to not only reinforce
the grain boundaries and generate a protective layer on the surface of the particles
but also reduce the interconnected porosities in the host structures.

++Coating via mechanofusion is one of the potential methods that could be

easily scalable for industrial production, and it would be beneficial to characterize
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its effects on the coating and core materials. Through nanoscale diffraction (using
the so-called 4D-STEM analysis), evidence of nanocrystalline areas and structural
defects have been detected within regions near approximately a few 100’s nm from
the particle surface. It has been shown that in this solid-state process, despite
reaching a good physical attachment between coating and core particles, the non-
uniform thickness of coatings and physical intermixing between the core and
coating precursors would negatively affect the electrochemical behavior of final
coated cathodes. Therefore, more tailoring would be essential in refining
processing parameters to fulfill industrial desired results and reach defect-free

materials as much as possible.

5.2 Future works

Regardless of the significant amount of research on developing higher energy density
materials in the LIB field, still more efforts would be required to reach desirable metrics
for higher energy and power, longer-term and safer use of these batteries, especially in
electric vehicles. Besides some research on introducing new materials, it is more effective
and realistic to work on improving those materials that are already produced in the

industrial lines.

In the case of using more complex structures like doped materials, more development in
modeling and using DFT calculations would be helpful to predict the final structure more

efficiently and optimize the synthesis parameters.

In all the cathode research, doing in-situ or partial operando analysis, either inside an

electron microscope or in synchrotron beamlines, would bring more detailed information
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regarding the actual electrochemical behavior of the whole cell in more realistic

environments.

To increase the precision in strain measurement through the 4D-STEM technique inside a
TEM, using the precession method would be helpful to reduce dynamic diffraction

conditions leading to a higher quality of diffraction patterns.
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Appendix |

6.1 4D-STEM analysis

Based on the 4D-STEM analysis in chapter 4, some level of changes in spacing between
the diffracted spots along with pattern rotation have been detected even by the naked eye
through searching in the 2D STEM data. The detailed analysis required adapting the
pydDSTEM Python code toolkit [1]. To better recognize the acquired DPs, manual
identification was added to the original code to select the most visible diffraction spots for
strain calculation. Since our sample has multiple grains and their DPs were not always in
a good zone axis, some noise levels are present in the 4D-STEM acquired data (area
identified as “Spectrum Image” in Figure 6-1(a)). The reference area is marked with a red
rectangle in Figure 6-1(a). It is worth mentioning that since the top layers in the spectrum
image had circular DPs consistent with nanocrystalline areas, the measurements only
include region | in Figure 6-1(a) for the detailed strain map. Based on the calculated mean
and sensitivity (standard deviation) of strain and rotation parameters in the reference area,
listed in Table 6-1, the reality of having some level of residual strain inside the particle
after mechanofusion is approved. However, since the selected area was too small, a very
high variance without a reasonable trend from top to bottom was acquired. The calculated
strain maps are shown in Figure 6-1(b) based on the mentioned reference area and the g
reference vector calculated from gi+g,, which are marked in T area’s DP inside Figure

6-1(a).
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Figure 6-1 (a) STEM image including the location of whole acquired spectrum in green
box and “I” selected area with its average diffraction patterns. This diffraction pattern
extracted from py4ADSTEM code which is indexed based on the two selected vectors g1
and gz. (b) illustrates strain maps from the marked | area, based on the reference area,

shown by red rectangle in STEM image and the g reference vector equal to gi1+go.
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Table 6-1 List of calculations regarding the amount of strain and rotation parameters’
mean and sensitivity based on the selected reference area in Figure 6-1.

Strain parameter Mean Sensitivity (Standard Deviation)
Exx 0.0028 0.0117
Eyy -0.0036 0.0209
Exy 0.00165 0.0098
rxy [rad] -0.00138 0.0073
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