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Abstract

Replacing the combustion engine by electric vehicles powered by lithium-ion
batteries (LIBs) is a crucial part of the current energy revolution. The advantages of
LIBs, long cycle life and high energy density, make them ideal for use in both energy
storage and electric vehicles (EVs).

Applying a more electrochemically stable coating layer on the surface of positive
electrode particles is one way to mitigate the degradation rate of positive electrode
materials. In Chapter 3, we introduce a low-cost dry particle fusion instrument built
in house. This is an instrument that applies coatings on materials by mechanical force.
Suitable coating materials, applied by dry particle fusion at the laboratory scale using
this instrument, are effective in improving capacity retention.

Chapter 4 reports the successful coating of Al2O3 on a Ni(OH), precursor by dry
particle fusion followed by heating with LiOH*H>O. This work suggests that coating
desired materials on precursors by dry particle fusion is an attractive approach for
synthesizing next generation positive electrode materials.

Tungsten has been shown to be an effective dopant to improve capacity retention in
LiNiO», and the mechanisms for this effect were studies in Chapter 5. Tungsten doped
LiNiO2 was prepared by both dry particle fusion and coprecipitation, in both cases
followed by heating with a lithium source. Tungsten was shown for the first time to
exist primarily in the grain boundaries between adjacent primary particles within a
secondary particle. The tungsten was incorporated in LixWyO, amorphous phases
which wet the surfaces of the LiNiO; grains well and act as a “glue” to improve the
mechanical strength of the secondary particles, thus improving their resistance to
fracture during calendaring or charge-discharge cycling. Similar studies of tantalum
as a dopant were carried out in Chapter 6.

It is our hope that this work can provide some helpful information to both industry
and academia on how to improve the performance of NMC and NCA materials with

high nickel content.

Xiv
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Chapter 1 Introduction

Fossil fuels have been the main power source to meet the energy demands in modern
society for a long time. However, the climate change and the danger of fossil fuel
depletion require the transition from fossil fuels to renewable energies, such as solar,
wind and tidal energy. In addition, lithium-ion batteries, the dominant type of secondary
batteries used in electric vehicles, greatly improve vehicle energy efficiency compared to
the traditional gasoline engine helping to promote the switch to the EVs.[1-?]

Lithium transition metal oxides (LiMO>) are commonly used positive electrode materials
in commercialized LIBs. The metals used commonly include Nickel (Ni), Cobalt (Co),

(1-6] Nickel normally makes up more than half

Manganese (Mn), and Aluminum (Al), etc.
of the molar percentage of the metals. Common commercialized LiMO> materials
include  LiNijxyMniCoyO2 (NMC), e. g.  LiNiogMno.1Co0102 (NMC811),
LiNigsMn2Co00202 (NMC622), LiNigsMno3Co202 (NMC532), LiNiijzMni3Co01302
(NMC111), and LiNijx.yCoxAly;O2 (NCA), e. g. LiNig§C00.15Alo.0s02"*71 The higher the
Ni content in LiMO3, the higher the specific capacity it can deliver. However, higher Ni
content comes with a more rapid capacity fade rate and more serious safety concerns.

Noh et al. reported that the capacity retention and thermal stability became worse as the

Ni content in LiNixMnyCo,0; increased shown in Figure 1.1. V"]
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Figure 1.1 Relationship between discharge capacity, thermal stability and capacity
retention of Li/Li[NixCoyMn,]O> (x=1/3, 0.5, 0.6, 0.7, 0.8 and 0.85). Reprinted with

permission from Journal of Power Sources.[”! Copyright 2016 Elsevier.

Therefore, improving the capacity retention and thermal stability of high Ni materials is
important and has gained a lot attention from researchers in both industry and academia.
The addition of high valence elements like tungsten (W) and tantalum (Ta) has been
reported to be particularly effective in improving the charge-discharge capacity retention
of Ni-rich materials.®~!”! Although promoted by literature reports, it seemed questionable
that the W and Ta atoms are located in the TM (transition metal) sites as substituents, and

therefore a close examination of these materials was necessary. Before the work in this

2



thesis, the underlying mechanism for the action of W and Ta was unclear. The work in
this thesis and that of several collaborators, now published in several refereed journal
publications!'>!®!#] elucidated the role of these elements. This thesis will explain the
contribution of the author in understanding the role of these elements.

In addition, the parasitic reactions that occur at the interface between active material
particle surfaces, primarily in the charged state, and the electrolyte is one of the
degradation mechanisms for lithium metal oxides. Applying a coating on electrode
particle surfaces is one method to hinder parasitic reactions. Atomic layer deposition
(ALD) and wet chemistry are two approaches to apply coatings on particle surfaces.!*2!]
But ALD is relatively an expensive technique with somewhat limited choices for coating
materials and wet chemistry could possibly damage Ni-based positive electrode

materials.??)

A new method called dry particle fusion has been developed which
produces coatings of one material on particles of another by mechanical force.[***1 This
method captured our interest.

This thesis is focused on developing a new coating method, dry particle fusion, as well as
understanding and improving high-Ni positive electrode materials for lithium-ion
batteries. Chapter 1 gives a brief introduction on lithium-ion cells, and a review on
positive electrode materials. Chapter 2 elaborates the experimental methods and theories

used throughout works included in this thesis. Chapter 3 introduces a coating method,

dry particle fusion, as well as a detailed demonstration of the instrument that was built in



house to apply the coatings. The operation and performance of the machine was studied.
Following the introduction of the dry particle fusion method, Chapter 4 demonstrates
successful dry particle fusion coatings of alumina on Ni(OH), with great coating quality
and electrochemical performance. Chapter 5 gives a detailed study on the location of
tungsten in LiNiO; and proposes the mechanism of action of the tungsten element in
LiNiOz positive electrode materials. Chapter 6 further studies the mechanism of action of
tantalum in LiNiO; and compares the performance between the W-added and Ta-added
samples in terms of Li/Ni mixing ratios, extended X-ray absorption fine structure
(EXAFS), and charge-discharge cycling performance. Chapter 7 summarizes the thesis
and provides suggestions for the future work.

1.1 Lithium-Ion Batteries

A lithium-ion battery is an assembly of many lithium-ion cells. Figure 1.2 shows the
schematic of the working principle of a lithium-ion cell. A lithium-ion cell consists of a
positive electrode (cathode), a negative electrode (anode), a separator and electrolyte in
between the cathode and anode. The most common choices of cathode and anode
materials are lithium transition metal oxides (LiMO2) and graphite, both with layered
structures. During discharge, lithium ions are extracted from the anode, transferred to the
cathode surface through the electrolyte and then inserted into the cathode structure while
electric current flows through the external circuit; while during the charge process,

lithium ions and electrons flow in opposite direction.
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Figure 1.2 Schematic of working principle of a lithium-ion cell. Reprinted with
permission from J. B. Goodenough and K. S. Park, ] Am Chem Soc, 135, 1167-1176

(2013).2¢1 Copyright 2013 American Chemical Society.

1.2 Positive Electrode Materials

1.2.1 LiCoO2

The invention of LiCoO; (LCO) comes from the fundamental studies of electronic
conductivity in 2D layers. In 1970, Jean Rouxel and Robert Schoellhorn were exploring
the chemistry of Li intercalation and extraction into layered transition-metal sulfides and
selenides®®. TiS; has a 2D layered structure and Li can insert and disinsert in-between

TiS» layers reversibly. Brian Steele first suggested TiS> could offer to be a cathode for



Li-ion batteries?”], and Whittingham built a TiS»/Li rechargeable cell with a voltage of
2.2 V later in 1976!%8]. However, the TiSy/Li rechargeable cell was abandoned due to
safety issues, which is a common problem when lithium metal is used directly as the

anode instead of an intercalation type anode.!26:2°

A Li-O bond is stronger than a Li-S bond, so Goodenough decided to explore the
reversible Li extraction from a layered LiMO> in order to increase the voltage of lithium

130311 Gravimetric

batteries. He first reported a reversible removal of Li from LiCoO>
capacity defines the amount of electronic charge that can be extracted from a unit weight
of electrode materials, given in mAh g!. LiCoO; has a molecular weight of 97.87 g mol"

!, Each mole of LiCoO> can provide 1 mole of Li* ions and 1 mole of electrons. The

chemical equation for the extraction of Li" from LiCoO; is shown below:
LixCo02 <-> LixyCoO2 +y Li" +y e

where x can range between 0 and 1 and x-y > 0.

Therefore, the theoretical capacity of LiCoOz, when x and y are both 1, is:

nF _ 1mol X 26800mAh mol™"
Mw 97.87 g mol-1

Theoretical capacity = = 273.8mAh g~*

The theoretical capacity of LCO is 273.8 mAh g™ upon full delithiation. Nowadays,
LCO full cells operate to 4.45 V, corresponding to a potential of about 4.53V versus

Li/Li*, and offers an initial practical specific capacity of greater than 200 mAh g'.232-34

6



Figure 1.3 shows the charge and discharge curves for LCO.B2

-
i oY
T
]

Cell potential (V)
Y

—— Cycle 5 '

o
(=)
T

0 50 100 150 200
Capacity (mAh/qg)

Figure 1.3 Charge—discharge curves of a Li/LiCoOx: cell for cycles 5. Reproduced with

permission.2 Copyright 2004, Elsevier.

1.2.2 LiNiO2

LiNiO, (LNO) has a theoretical capacity of 274.5 mAh g, and its initial practical
capacity is approximately 240 mAh g cycling between 3-4.3 V at a charge/discharge
current of ~10 mA g™!.[133536] n addition, it is isostructural to, but cheaper than, LCO.
However, LNO has problems of rapid degradation during cycling due to its structural

instability and safety issues at high state of charge (SOC).1*"-*]



Figure 1.4 shows the energy level of electronic orbitals of Ni?*/Ni**, Ni**/Ni**, Co>*/Co**
and Mn**/Mn*" couples, assuming the atoms are all in the same solid layered oxide
sample. The toy level of Ni**/Ni*" is higher than that of Co®*/Co*", which means that the
redox potential of Ni**/Ni*" is lower than that of Co**/Co**. Figure 1.5 shows the charge
and discharge curves for LNO. The average voltage is around 3.9 V, lower than the

average voltage of 4.0 V of LCO in Figure 1.3.

Redox
voltage
A
— Mn3*/Mn%
€g é_ Ni2+/Ni3*
= NN
tog —> — Co3*/Co**
Y
O 2p Electron
energy

Figure 1.4 Qualitative positions of energy levels in layered Ni-Mn—Co oxide alloys.
Reprinted with permission from Advanced Energy Materials.!'! Copyright (2017) John

Wiley and Sons.



Voltage (V) vs. Li
w I
o I IS

“
N

100 200
Specific capacity (mAh/g)

o

Figure 1.5 Charge and discharge profile of a Li/LiNiO; cell that was synthesized by the
author at Dalhousie. The voltage vs. specific capacity curve was collected at room

temperature at a current of 10 mA g,

1.2.3 Crystal Structure of LiCoO2 and LiNiO2

In a crystal, atoms, or ions are arranged in a repeated way. The repeating unit is called
the unit cell. A unit cell of minimum volume is called a primitive unit cell. Close
packing is one of the common ways to arrange atoms or ions repeatedly in a crystal.
Atoms are stacked layer by layer. Figure 1.6a shows the atom arrangement in the first
layer. In a cubic close packed structure, there are three positions that atoms can occupy,

marked as “A”, “B”, and “C”. Atoms occupy “A” position in the first layer, occupy



either “B” or “C” position in the next layer and then occupy the last position in the third
layer as shown in Figure 1.6b and c. Afterwards, layers of atoms stack in the same
sequence as the first three layers repeatedly (ABCABCABC... or ACBACBACB...).

Figure 1.6d and e show a cubic close packing of four layers viewed along the ¢ and a axis

respectively.
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Figure 1.6 Atoms arrangement for (a) first, (b) second, and (c) third layer viewing from
top of the hexagonal close packing structure along c axis; Views along (e) c axis and (f)

a axis of four layers.

The structures of layered oxide materials are also based on close packed structures of
atoms that are stacked at either A, B or C positions layer by layer. Figure 1.7 shows the
stacking sequence of different elements in LNO and three different positions are marked
as “A”, “B”, and “C” at the bottom of Figure 1.7a. The stacking sequence of elements is

LiONiOLiONiOLiONiO, and their positions are ABCABCABCABC from bottom to top

10



in a unit cell. If we mark the positions of Li atoms by Greek letters, O atoms by capital
letters and Ni atoms by small letters, their positions are aBcABCaByAbC instead. The
top view of the LNO crystal structure in Figure 1.7b also clearly shows that all the atoms
only occupy either A, B or C positions. Oxygen atoms are connected to Ni atoms by Ni-
O bonds in Figure 1.7a, and they form an octahedron around each Ni atom connecting to
its closest neighbors (6 O atoms) surrounding it. NiO¢ octahedra neighbors share edges
with each other forming NiO; slabs, and Li atoms are inserted in between the NiO> slabs.
If we connect Li-O bonds, we can observe that Li and O also form LiO¢ octahedra. We
say that Li stays at octahedral positions between NiO: slabs. In addition, there are 3
layers of Li atoms for each LNO unit cell, therefore, we commonly call this structure O3
as abbreviation. The LiNiO»> crystal structure belongs to the space group R-3m (No. 166),
where Li sits at the 3a site (0,0,0), Ni sits at the 3b site (0, 0, 0.5) and O sits at the 3c site
(0, 0, 0.24) and (0, 0, -0.24). LiCoO> has the same structure as LiNiO, with the same
atom packing sequence. Therefore, LCO also belongs to O3 structure. The stacking
sequence of elements is LiOCoOLiOCoOLiOCoO, and their positions are also
aBcABCaByAbC. The LiCoO:2 crystal structure also belongs to the space group R-3m
(No. 166), where Li sits at the 3a site (0,0,0), Co sits at the 3b site (0, 0, 0.5) and O sits at

the 3¢ site (0, 0, 0.25) and (0, 0, -0.25).

11
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Figure 1.7 Structure of LiNiO; view along (a) a axis and (b) ¢ axis. Three different
positions are marked as “A”, “B”, and “C” at the bottom of the figure. Green, red, and

gray represent Li, oxygen, and Ni atoms respectively.

1.2.4 X-ray Diffraction Pattern of LiNiO:

Each crystalline material has its own X-ray diffraction pattern, like everyone has their
unique fingerprint. Figure 1.8 shows the XRD pattern of LiNiO: calculated by the
software, Rietica.*”) Each peak represents a specific plane, which is labelled in the graph.

Equation 1-1 below shows the calculation of the relative intensity of XRD peaks:

1+ cos?26

I =|F|?
IF] p(sinzecose

Equation 1-1

Where F is structure factor, p is multiplicity factor, 0 is Bragg angle, and the term

1 220 . . .
S;;‘;ﬁ is called the Lorentz-polarization factor. Please see chapter 2 for details of

XRD theory and relative intensity calculation theory.
12
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Equation 1.8 XRD pattern of LiNiO; calculated by the software, Rietica.*’!

The structure factor is shown below in Equation 1-2:

N
— 2ni(huy+kvy+lw.
Fhkl — ane (hup n n)
1

Equation 1-2
where summation extends over all atoms of the unit cell. hkl are the Miller indices for
lattice planes, (un, kn, Wn) are the fractional atomic coordinates of individual atom n, and
fu 1s the atomic scattering factor of atom n.

LNO has a space group of R-3m, where Li atoms occupy 3a sites ((0,0,0)), Ni atoms
occupy 3b sites ((0,0,0.5)) and O atoms occupy 6¢ sites ((0,0,0.24) and (0,0,-0.24)). The

calculation of the structure factor of LNO is shown below:

b = permitorios) 4 @) | ami( @@,

13



2ni<h><o+k><o+z><(1

[fL-ezni(hX0+kX0+lXO) +fN'e 2)> _|_f0821ri(h><0+k><0+l><0.24)
i i

+ foezm(hxo+k><o+z><(—o.z4))]

2 x(2) i (3 +1x(3) ) . ezm<hx(§)+kx(§)+zx(§))]

X [fri + fuicos(ml) + 2f, cos(0.48ml)]

=[1+e

Equation 1-3
where fii, fni and fo are atomic scattering factor of Li, Ni and O respectively, which
change with the value of sin6/A. The value of the atomic scattering factor can be found in
referencet*®. The first bracket in Equation 1-3 corresponds to a R-centered hexagonal
lattice translation operation, and it is a common term in all the calculations where the
space group belongs to a R-centered hexagonal lattice.

The second bracket turns out to be only real. The imaginary term in the first bracket in

Equation 1-3:

-t (o (5) 1 () 40 (5))
in(an (e (3) k¢ (5) +1(3))

The sum of two terms marked by bold font in the two sinusoidal functions equals to

h+k+l:

hx<2>+kx(1)+lx(1> hx(1>+k><(2>+l><(2)—h K+ 1

3 3 3) T3 3 3) TR

If we make variable a = h X (%) + k x (5)+ 1 (5). and N =h + k + [ (b, k and 1 are
3 3 3

all integers), the imaginary term further becomes,

14



=i X [sin(2mr X a) + sin(Zn(N — a))]
=i X [sin(2ma) + sin(2nN) cos(2ma) — cos(2nN) sin(2ma)] = 0
The imaginary terms cancel each other and become zero.

The real term in the first big bracket in Equation 1-3:

:1+cos<27‘t<h><<§)+k><<%>+lx<%)>>
+cos<27‘t<h>< (%)+k>< <§)+z>< (9))

=1+ cos(2ma) + cos(2n(N — a))
=1+ cos(2ma) + cos(2nN) cos(2ma) + sin(2nN) sin(2ma)
=1+ 2cos(2ma)
Therefore, when systematic extinction happens,
=1+ 2cos(2ma) =0
2 =—=
cos(2ma) >
2 4
2na = §7T + 2nm or §TL’ + 2nm (nis any integer)
h (2)+k (1)+l (1) L tnorZ tn (nisany int
= hX|= X|= X|(=|] == —
a 3 3 3 3_nor3_n(nlsanymeger)
2h+k+1=1%x3nor2 £3n (nisany integer)
Or in other words, reflections will happen, only when
2h+k+1#1+3nor2 £3n (nisany integer)
Or, 2h+k +1 =3n (nisany integer)

Equation 1-4
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The above derivation applies to all R-centered hexagonal space groups. These space
groups have reflections only when 2h + k + [ = 3n (nis any integer). Space groups
include No. 146, 148, 155, 160, 161, 166, 167.

Therefore,

2 1 1
Fp = [1 + 2cos (271 (§h + §k + §l)>] X [fri + fui cos(ml) + 2f, cos(0.48ml)]

=(1+ 2 x 1) X [fi + fnicos(ml) + 2f, cos(0.487l)]

= 3[f.i + fnicos(ml) + 2f, cos(0.487l)]

Equation 1-5
To calculate the diffraction angle, we need to know the distance between adjacent planes
in the set (hkl), and for hexagonal crystal lattice, it can be calculated using Equation 1-6

below

dz 3 a? c2?

1  4(h*+hk+k*\ I[?

]
Equation 1-6

Since we know the Miller index (hkl) of each plane, and lattice parameter a is normally

around 2.88 A, ¢ is around 14.2 A, we can calculate the plane spacing, d, for each set of

planes (hkl).

Furthermore, Bragg’s law allows us to calculate the diffraction angle,

A = 2d * sinf

Equation 1-7

16



Where we normally use copper as X-ray source, and the wavelength of copper Kq is
1.5406 A.

Table 1.1 shows a simple calculation of the relative intensities of XRD peaks of LNO by
the author using a spreadsheet. The intensities were normalized so that the strongest peak
(003) was set to 100. The normalized intensities of the peaks match the calculation

results by software Rietica shown in Figure 1.8.

17



Table 1.1 Calculation of the relative intensities of XRD peaks.

-75.7 5730 72.59 831877
101 18.3 -54.4 2960 6 17.62 312990 37.62
006  19.0 37.5 1407 2 16.18 45539 5.47
012 19.1 35.6 1266 6 15.97 121370  14.59
104 222 89.3 7983 6 11.46 548707  65.96
015 243 -42.2 1778 6 9.34 99613  11.97
107 293 -55.3 3055 6 6.09 111556  13.41
018 322 70.2 4928 6 4.94 146175  17.57
110 323 72.7 5292 6 4.89 155348  18.67
113 340  -46.1 2127 12 4.40 112297  13.50
021 383 -38.6 1488 6 3.49 31186 3.75
116  38.8 314 984 12 3.42 40443 4.86

1.2.5 Cation Mixing in LiNiO2
It is hard to synthesize stoichiometric LiNiO>. In fact, Ni** ions tend to occupy

octahedral sites in the Li layer due to the small difference in ionic radii between Li* (0.76

18



A) and Ni** (0.69 A). Therefore, the true formula of lithium nickel oxide is (Lii-
«WNix)NiO2 (0<x<1), instead of LiNiO2. This is called cation mixing or Li/Ni mixing in
LNO [41-44]

A fraction of x of Ni occupies sites in the Li layer. It means that the 3a site is not
composed of pure Li, and Li1.xNix occupies the 3a site instead. Accordingly, Equation 1-

5 becomes:

|Faa|? = 3% X Cefyi(1 = 2) fui +fnicos(ml) + 2, cos(0.487l))?

Equation 1-8
Figure 1.9 shows the calculated XRD patterns of LNO with different cation mixing
fraction x from 0 to 0.2 using the software, Rietica. The intensity of the (003), (101),
(015), (107) and (113) peaks decrease with increasing amount of cation mixing. The
intensity of the (006), (012), (104), (018) and (110) peaks increase with increasing
amount of cation mixing but only slightly compared to (003) peak. The (003) peak has
the largest intensity with the most distinct decrease in peak intensity, and the (104) peak
has the largest intensity among the increased peaks. Therefore, researchers often use
intensity ratio of (003)/(104) to indicate the amount of cation mixing. A decreasing

intensity ratio of (003)/(104) indicates a higher order of cation mixing.
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Figure 1.9 XRD patterns of LNO with different cation mixing ratios calculated by the

software, Rietica.

Table 1.2 lists the atomic scattering factors for Li and Ni sites after including the cation
mixing, the normalized (003) and (104) peak intensities and the (003)/(104) intensity
ratios for different amount of cation mixing of LNO calculated by the author using a
spreadsheet,. The (003) and (104) peaks were normalized so that the strongest peak, (003)
peak with 0 cation mixing was set to 100. The normalized intensity is summarized in the
rows Of Inormatization for (003) and (104) peaks, and the results match the calculation results
by the software, Rietica, shown in Figure 1.9. To be more concise, the change in peak
intensity comes from the change in the structure factor in Equation 1-8, Fpnx increases

slightly with an increasing amount of cation mixing x, if | in (hkl) is an even number.
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Otherwise, Fua becomes smaller with an increasing amount of cation mixing, x, if I is an

odd number.

Table 1.2 Summary of the atomic scattering factors for Li and Ni sites after including the
cation mixing, the normalized (003) and (104) peak intensities and the (003)/(104)

intensity ratios for different amount of cation mixing.

f

Al 2.2 3.3 4.4 5.6 6.7
(L1 site: 3a)
f .
003 o 24.8 24.8 24.8 24.8 24.8
(N1 site:3b)
100 91.24 82.88 74.93 67.38

normalization

£
 Lil-xNix 1.7 2.5 34 4.3 5.1
(L1 site: 3a)
f
104 N 19.1 19.1 19.1 19.1 19.1
(N1 site:3b)
normalization 65.96 69.88 73.91 78.05 82.31
Intensity ratio 003/104 1.516 1.306 1.121 0.960 0.819

1.3 Addition of Elements

LNO is one of the earliest types of layered transition metal cathodes. LNO gives a large

specific capacity, however, LNO undergoes relatively rapid degradation and has
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relatively poor capacity retention.*#”! Doping, where the added atom substitutes for a
TM atom or a Li atom in the LNO structure, is an important strategy to mitigate
degradation of LNO during cycling and improve capacity retention. Common doping
elements include Aluminum (Al), Magnesium (Mg), and Manganese (Mn).['*! LiNij -
yMnxCoyO2 (NMC) and LiNijxyCoxAlyO2 (NCA) derived from LNO and LCO with the
aforementioned dopants, were developed in the past two decades. LCO, LNO, NMC,
NCA and Ni-rich positive electrode materials all have the same O3-type structure.
Popular commercial types of NMC and NCA are LiNipsMnp3Co00202 (NMC532).
LiNio.sMno2C00202 (NMC622), LiNio.sMno.1C00.102 (NMC811) and
LiNig.85Co0.1Alp.0s02. Researchers found that layered oxide materials with increasing Ni
content can deliver more capacity. However, the structural stability gets worse with
increasing amounts of Ni.[*¥3% Nowadays, researchers have been focusing on Ni-rich
positive electrode materials and aim to remove Co from layered type cathode materials
due to the higher price of Co, to increase Ni content to increase the capacity of the

material and to improve its structure stability during cycling.!*!

Some high valence atoms caught researchers’ attention, where the addition of the atoms
can clearly improve the cycling stability of the layered metal oxides, but it is not clear if
the added atoms substitute for Ni atoms in the structure or are just incorporated in a
second phase. The addition of tungsten (W) has been reported to be particularly effective
in improving the cycling stability of Ni-rich and Li-rich materials.!%1251-%4 Tantalum (Ta)
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has also been reported to enhance the capacity retention effectively.l®>%] Sun et al. have
studied 1 mol % of elements with different oxidation states, Ti*", Ta’>" and Mo®’, in
LiNi0.91C00.0902.°%! Choi et al. showed that LiNigsssC00.100Al0.01502 doped with 0.3 mol%
Zr and 1.5 mol% B had full cell capacity retention of 95% after 1000 cycles between 3.0
V and 4.2 V at 1C.571 Ly et al. showed surface modification with Si can improve the
cycling retention of NMC cathode.®™® Chapter 4 and Chapter 5 will discuss the

mechanism of action of high valent elements, W and Ta, in LNO.

1.4 Coating

Improving capacity retention of the Li-ion cells during charge-discharge cycling and
storage is an important goal for researchers. One of the material degradation mechanisms
for layered oxide cathode materials are the parasitic reactions that occur at the interface
between active material particle surfaces, primarily in the charged state, and the

electrolyte. 5?61

Applying a coating on the electrode particle surfaces is one method to hinder parasitic
reactions.[!! Normally a more electrochemically stable layer is coated on the surface of
the positive electrode material, which slows the rate of reactions between the positive

n.[0293]  Atomic

electrode material and the electrolyte, thus improving capacity retentio
layer deposition (ALD) and wet chemistry are two approaches to apply coatings on

particle surfaces. ALD can make effective thin coatings which are only a few atomic
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layers thick. ALD is presently a relatively expensive technique which often requires
toxic precursors. Wet chemistry involves coating particles in aqueous or non-aqueous
solutions which can be expensive at the industrial scale. Using aqueous solutions could
possibly damage Ni-based positive electrode materials due to ion-exchange between Li*
from the positive electrode materials and H" from solution.””!  Non-aqueous solvents
have been used effectively with coating materials like aluminum and niobium

64]

ethoxides.®¥ However, solvent recovery systems add cost to the process so this coating

method also has its drawbacks.

Dry particle fusion or mechanofusion can produce coatings of one material on particles of

another by mechanical force.!232>:65-68]

Coatings can be applied with no solvents or
vacuum processes required. This method captured our interest. To our best knowledge,
the very early mechanofusion work dates back to 1987, when Yokoyama et al. reported
an angmill mechanofusion system with a description of the mechanofusion principle.[*’!
Later, Alonso et al. reported a more detailed schematic diagram of a mechanofusion
system and the mechanism of the mechanofusion coating process.[®>! Dry particle fusion
or mechanofusion has been used for many years to prepare core particles that are coated

23,24,65-70]

with another material.! Recently, the research group of M. Obrovac has been

using mechanofusion to prepare engineered particles of advanced materials for Li-ion
batteries by coating Al>O3 on LiNiosMno.2Co00202 and embedding Si alloy particles into

[23,24,70]

graphite layers. These materials showed superior charge-discharge cycling
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performance in all cases. The uniformity of the coating layers on the surface of the core
materials and the uniformity of the Si distribution within graphite drew our attention. We

designed and built a lab-scale dry particle fusion machine in our lab, which will be

described in detail in Chapter 3.
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Chapter 2 Experimental Techniques

2.1 Material Synthesis

2.1.1 Dry Particle Fusion

Dry particle fusion is a technique to apply coatings on spherical powders solely by
mechanical force.*®) We built a lab-scale dry particle fusion instrument at Dalhousie and
Chapter 3 will give a detailed description of this dry particle fusion instrument.

Most of the positive electrode materials in this thesis were made by first applying
coatings (nano-Al,Os, nano-WOs3, nano-Ta;0s) on Ni(OH), precursors followed by a
lithiation step. The detailed parameters to apply coating by the dry particle fusion

instrument will be stated in each chapter separately.

2.1.2 Coprecipitation

Coprecipitation is a common way to synthesize metal hydroxide precursors and W can be
introduced to the material during this process.273-73  Precipitation occurs when the
concentration of a material exceeds its solubility. Metal hydroxides (M(OH),) like
Ni(OH)2, Co(OH), and Mn(OH)> have low solubility in aqueous solution, therefore they
coprecipitate in an aqueous solution containing Ni**, Co**, Mn?** and OH" ions.

Figure 2.1A shows a schematic diagram of a coprecipitation process. The solution of
metal salts, most commonly sulfate or nitrate, is gradually pumped into a continuously

stirred tank reactor (CSTR). Meanwhile, sodium hydroxide and ammonium hydroxide
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are also slowly pumped into the CSTR, and metal hydroxides gradually and
simultaneously precipitate resulting in a hydroxide precursor with uniformly-mixed metal
ions. Ammonia acts as a chelating agent. The metal ions added will first coordinate to
ammonia, and the metal-ammonia complex slowly releases metal ions, forming dense
and spherical M(OH): precursor.’* The reaction mechanism is as follows:

M?* + nNH; - [M(NH;),]**

[M(NHz),]?* + 20H™ - M(OH), + nNH,
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Figure 2.1 (A) Schematic drawing of the coprecipitation method; (B) Photo of an

operating CSTR co-precipitation system at Dalhousie.

In order to see if the location of W in LNO would be influenced by the way that W was
added in Chapter 5, the precursor (Ni(OH)2)0.98:(NiWO4)o.01, which has a W/(Ni+W)
molar ratio of 0.01, was made by coprecipitation in a continuously stirred tank reactor
(CSTR) (Brunswick Scientific/Eppendorf BioFlo 310) shown in Figure 2.1B. NiWOq4
has low solubility in aqueous solution, therefore, when NaWOQ4, NiSOs and NaOH
aqueous solutions are pumped into the reactor simultaneously, Ni** meet both WO4* and
OH’ ions, and NiWO4 will precipitate simultaneously with Ni(OH),. 400 mL of 2.0 M
NiSO4 and 100 mL of 0.0808 M NaWO4 were prepared separately. A 10.0 M NaOH (aq)
solution was used as the source of base for the reaction, while 1 L of 1.0 M NH3 (aq)
solution was added into the tank reactor before coprecipitation for metal ion coordination

with ammonia to facilitate spherical and dense particle growth during the reaction(’.
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Reagents were added using digital peristaltic pumps (Masterflex L/S 07524). NaOH (aq)
solution addition was automatically controlled by the pH controller and added as required
by a peristaltic pump on the reactor. The vessel was maintained at a temperature of 60 °C
and the contents of the reactor were stirred by an overhead stirrer at 1000 rpm. Nitrogen
was bubbled at a rate of 60 sccm (standard cubic centimeter per minute) into the reactor
throughout the reaction to create an inert reaction atmosphere. The reaction proceeded
with the addition of 5.0 M NHj3 (aq) at 0.14 mL/min, 400 mL NiSO4 at 0.333 mL/min and
100 mL NaWOs at 0.0833 mL/min (corresponding to a reaction time of 20 hours). After
20 h of reaction time, the hydroxide precursor was rinsed with 4.0 L of water, and then
dried at 120 °C overnight.

The experimental conditions of the co-precipitation affect the properties of synthesized
precursors. Van Bommel et al. have shown that ammonia works as a chelating agent,
which increases the solubility of metal hydroxides and promotes the growth of spherical
dense particles by a dissolution-recrystallization process.’ The pH value was also
shown to strongly influence the particle size and tap density of the synthesized materials.
The concentrations of Ni**-NH3 change differently with pH value, therefore, Ni(OH)>
requires an optimal pH value (or an optimal pH range) to obtain the desired dense
spherical particles. For Ni-rich precursors, the pH range is typically 10-11. The use of
deaerated DI water and N; gas flow is to protect divalent metal cations from getting

oxidized during coprecipitation especially when Mn?" ions are pumped into the

29



solution.’ Reaction time also has influence on precursor quality. Insufficient reaction
time leads to small and irregular shaped particles. The reaction time was typically set to
12-24 hours.

2.1.3 Lithiation

The precursors were mixed thoroughly with a stoichiometric equivalent of LiOH*H>O
(purity > 99.8%, FMC Corporation) by hand milling using a mortar and a pestle.
Samples with a desired lithium/transition metal molar ratio (Li/TM ratio = 1.02) were
prepared. All metals other than Li are classified as transition metals in this thesis, even
though Al is not a transition metal. The mass of precursor in each batch was 3.0 g. A
pre-heating step at 480°C for 3 hours was performed in a tube furnace under oxygen flow.
A heating rate of 10 °C/min was used to increase the temperature to the set point. After
the preheating step the powder was taken out and ground to improve homogeneity. The
powder was then put into a tube furnace and heated to 480°C for 2 hours for the first step
and then to different temperatures (700°C, 730°C, 750°C, 800°C, 850°C, and 900°C) for
different samples for another 20 hours under oxygen flow for the second step. The exact
second step lithiation temperatures for different samples will be mentioned in the
experimental method section in the following chapters. A heating rate of 10 °C/min was
again used to increase the temperature to the various set points. The impact of 10 °C/min
ramp rate should be explored in future. After the heating steps were finished, the

synthesized powders were ground by hand to thoroughly break particle agglomerates.
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Then they were stored in an argon-filled glovebox until required.

2.2 Material Characterization

2.2.1 X-ray Diffraction

X-ray diffraction is a method used to study the structural properties of materials.
Diffraction of X-rays from solids is caused by the constructive interference of X-rays
scattered elastically by electrons of atoms of the materials.“"

2.2.1.1 XRD Data Collection

Monochromator

X-ray tubed " pivergence slit

Detector

Diffractometer circle

Figure 2.2 Schematic diagram of a diffractometer.

In this thesis, X-ray diffraction was carried out using a Bruker D8 diffractometer
equipped with a Cu-target X-ray source and a diffracted beam monochromator. Figure

2.2 shows a schematic diagram of a diffractometer. The X-ray beams generated by the
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X-ray tube first pass through the divergence slit, which removes the X-rays inclined to
the plane of the diffractometer circle, and then reach the sample and get scattered. The
scattered beams pass an anti-scattering slit, which screens beams scattered by air, and a
receiving slit, which improves the resolution. Then the beams go through a
monochromator (not shown in the figure) to filter out Cu Kp and fluorescence radiation
before striking the detector. Measurements were conducted with a step size of 0.02° and
a data collection time of 3-second per step. The scattering angle (20) range was 15 — 70°.
A 1 mm divergence slit, | mm anti-scattering slit and 0.2 mm receiving slit were used for

the measurements. Diffraction patterns were refined using “Rietica”

2.2.1.2 Unit Cell and Miller Indices

A crystal may be defined as a solid composed of atoms, ions or molecules arranged in a
pattern periodic in three dimensions.*® The periodic repeating unit is called a unit cell.
Figure 2.3 shows a schematic diagram of a crystal with a repeating unit cell highlighted
in bold having atoms only at the corners of the unit cell. In a real crystal system, multiple

atoms normally exist within the unit cell, for example, as shown in Figure 1.7.
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Figure 2.3 Schematic diagram of a crystal with a periodic unit cell highlighted in bold.

c/l

Figure 2.4 Plane designation by Miller indices.
The orientation of planes in a lattice can be represented symbolically.*? The edges of a
unit cell are defined by vectors a, b and ¢ with lengths of a, b and ¢ as shown in Figure

2.4b, and the directions of vectors a, b and ¢ are the crystallographic axes. In the general
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case, the given plane will be tilted with respect to the crystallographic axes, and the plane
makes intercepts of a/h, b/k, ¢/l with the axes as shown in Figure 2.4a, corresponding to
fractional intercepts of 1/h, 1/k, 1/1 respectively. We use the reciprocals of the fractional
intercepts (hkl), called the Miller indices, as a symbolism to indicate the planes.
Determining the Miller indices of the plane shown in Figure 2.4b is shown below. [0
Axial lengths 4A  8A 3A
Intercept lengths 1A 4A 3A
Fractional intercepts  1/4 1/2 1

Miller indices 4 2 1

2.2.1.3 Bragg’s Law

Figure 2.5 shows the principle of X-ray diffraction. The parallel red beams represent the
incident X-ray beams, and the parallel blue beams represent the diffracted X-ray beams.
When the diffracted beams from different layers are constructive, the diffracted beams
reinforce each other and can be detected by a diffractometer. This requires the path
difference between the two neighboring layers (AB + BC) to be equal to a whole number
n of the wavelength, A, as shown in Equation 2-14% below

nA=AB-+BC=dsin0+dsinf=2dsin6
nA=2dsin0

Equation 2-1
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Where d is the spacing between the two neighboring layers, 0 is the angle between
incident/scattered beam and crystal layer, and n is called the order of diffraction, for
example, first-order diffraction happens when n=1 and second-order diffraction happens
when n=2, etc. We can rearrange Equation 2-1, and it turns out to be convenient as we
can consider all the diffraction as first-order and the spacing between the neighboring
layers is 1/n of the real spacing d as described in Equation 2-2. For example, the
diffraction of (006) peak for LiNiO; is a first-order diffraction between (006) neighboring
planes whose spacing is 2 of the spacing between neighboring (003) planes, and it is also

a second-order diffraction between (003) neighboring planes.

A=2(d/n)sin0

Equation 2-2

Figure 2.5 Diffraction of X-rays by a crystal

2.2.1.4 Calculation of the Intensity of XRD Peaks

2.2.1.4.1 Scattering by an Electron
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The Thomson equation*” describes the scattering of X-ray by an electron.

K 1+ cos?26
l=loz (——

Equation 2-3
Where I, is the intensity of the incident X-ray beam, K is a constant (K=7.94x1073° m?), r

is the distance the scattered beam has travelled from the electron, and 0 is the Bragg angle.

2.2.1.4.2 Scattering by an Atom

As shown in Figure 2.6, the amplitude of the wave scattered by an atom of atomic
number Z is Z times the amplitude of the wave scattered by a single electron within the
atom if the scattered wave travels in the forward direction (6=0°), as the waves traveling
in the forward direction are exactly in phase with each other. However, the fact that the
electrons within an atom are located differently in space introduces difference in phase of
X-rays scattered by different electrons within an atom if the scattering angle 20 is greater
than 0°. The amplitude of the wave scattered by an atom (0 > 0°) is then less than Z times
the amplitude of a wave scattered by an electron, and it decreases with increasing sin 0

and decreasing wavelength A.14%
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Figure 2.6 X-ray scattering by an atom.

The ratio of the amplitude of the wave scattered by an atom to the amplitude of the wave

scattered by an electron is named the atomic scattering factor, f.(4%

the amplitude of the wave scattered by an atom

~ the amplitude of the wave scattered by an electron

Therefore, fis less than Z times the amplitude of a wave scattered by an electron when 0
is greater than 0°. In fact, f decreases with increasing sin 0 and decreasing wavelength A
and varies for different atoms. Figure 2.7 shows the value of the atomic scattering factor
f for copper versus sin 6/A. Readers can find the value of the atomic scattering factor for

various atoms in the Appendix: Atomic Scattering Factors in referencell.

37



0 " 1 1 1 n 1

0 0.4 0.8 1.2
(sin B)/A (A-)

Figure 2.7 The atomic scattering factor of copper.

2.2.1.4.3 Scattering by a Unit Cell
Like the scattering by an atom, the arrangement of atoms within a unit cell can cause
phase differences except in the forward direction. The phase difference caused by each
atom within a unit cell is

@ = 2n(hu + kv + lw)

Equation 2-4
where hkl are the Miller indices of the diffraction plane, and (u, v, w) are the fractional
coordinates of the atom. ")

Therefore, the scattered wave by a single atom with a fractional coordinate can be
expressed in the exponential form

Aei@ — fei2n(hu+kv+lw)

Equation 2-5
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where f is the atomic scattering factor for the corresponding atom at the Bragg angle 0.
Getting the scattered waves by a unit cell requires the addition of the scattered waves by

each atom within the unit cell,

N

— i2w(hu+kv+ilw

Fri = ane ( )
1

Equation 2-6
where the summation extends over all N atoms of the unit cell.*® The summation, Fpi, is
called the structure factor, and expresses both the amplitude and phase of the resultant
wave. The absolute value, |Fu, gives the amplitude of the resultant wave in terms of the

amplitude of the wave scattered by a single electron. !

amplitude of the wave scattered by all the atoms of a unit cell

IFhial = amplitude of the wave scattered by one electron

2.2.1.4.4 Multiplicity Factor

For a powder specimen, consider the powders have cubic structure. Some powders are
oriented so that the 001 plane is parallel to the specimen surface, and 001 diffraction can
occur. Some are oriented so that 010 diffraction can occur. Remember that the 001 and
010 planes have the same spacing, so the diffraction happens at the same angle.
Furthermore, for a cubic lattice, the 001, 010, 100, OOT, OTO, 001 planes all have the
same spacing, so 6 planes contribute to the diffraction at Bragg angle for 001 diffraction.
The quantity p, the multiplicity factor, is then used to describe the number of planes

contributing to the same diffraction. The multiplicity factor for the same hkl varies with
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different crystal systems. Values of the multiplicity factor as a function of hkl and crystal
system are given in “Appendix: Data for Calculation of the Multiplicity Factor” in

referencel40.

2.2.1.4.5 Lorentz-Polarization Factor
A Lorentz factor considers the impact of trigonometrical factors on the intensity of

diffraction peak as described below,

1

Lorentz factor = ——
4sin%0cosO

Equation 2-7
This in turn is combined with the polarization factor (1+cos?20) from Equation 2-3
derived from scattering by an electron to give the combined Lorentz-polarization factor,

. 1 . -
with a constant factor " removed, and plotted as a function of 6 in Figure 2.8.14°

1 + cos?26

Lorentz — polarization factor = ———
p sin20cosO

Equation 2-8
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Figure 2.8 Lorentz-polarization factor.

2.2.1.4.6 Temperature Factor

So far a crystal has been considered as a collection of atoms located at fixed points in the
lattice. Actually, the atoms undergo thermal vibration about their mean positions even at
the absolute zero of temperature, and the amplitude of this vibration increases as the
temperature increases. Thus, the reinforcement of waves scattered at the Bragg angle is
not as perfect as it is for a crystal with fixed atoms. If u is the average displacement of an
atom from its mean position, reinforcement becomes more imperfect as the ratio u/d
increases (d is the spacing between the two neighbouring diffracting planes). Therefore,
intensity drops more at higher temperature where u is larger or higher Bragg angle where
d is smaller. In intensity calculations this effect is included by introducing the
temperature factor e, which is a number by which the calculated intensity is to be

multiplied to allow for thermal vibration of the atoms.
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To summarize, all the factors discussed above add to the final intensity of X-ray
diffraction peaks

I = p X Lorentz — polarization factor X |Fpi|?

1 + cos?26

F Ze—ZM
sin?0cosO )[Fhial

=p(

Equation 2-9

In our work, we assume the thermal vibration of atoms for high temperature ceramic
materials, i. e. Ni-based layered oxide, is negligible to cause any distinct intensity drop at
room temperature, therefore, we set temperature factor e*M to 1 to remove the impact of

thermal vibration on intensity. Therefore, Equation 2-10 below can be used to calculate

the intensity of X-ray diffraction peaks for Ni-based layered oxide

1 + cos?26 5
—————) | Fhil

Equation 2-10
In summary, the Bragg’s law described in Section 2.2.1.3 determines the angle of each
peak for each plane, and the intensity of each peak can be calculated from Equation 2-10

explained in Section 2.2.1.4.

2.2.2 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy
A scanning electron microscope is used for obtaining the topographical information of
samples at a level down to ~10 nm. A scanning electron microscope directs a sharp

electron beam at the sample and collects the radiation products (secondary electrons,
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backscattered electrons and X-rays) to obtain the sample topography and
composition>7¢,  Figure 2.9 shows a schematic diagram of a scanning electron
microscope.l””) The electrons are emitted by the electron gun, accelerated by the anode,
focused by the magnetic lens, and finally hit the sample surface. The detector collects the
radiation products as the focused beam scans across the sample surface directed by the
scan coil. The combination of the intensity of signals with the location of signals forms
an image to show the sample topography./’>7¢!

When an electron beam hits the sample, both elastic scattering and inelastic scattering can
occur. Scattering leads to the deviation of the electron traveling direction away from the
incident direction. Some electrons go through single or multiple scattering events and the
direction is deflected more than 90° and escape from the sample surface later. These
electrons are called backscattered electrons (BSEs).”>7¢1 Some electrons deflected less
than 90° after multiple scattering events lose all the kinetic energy and are absorbed in
the sample later. The heavier atoms with higher atomic number can lead to stronger
deflections due to a stronger columbic interaction and result in a higher backscattered
electron yield, therefore, in backscattered electron mode, the brighter area indicates

heavier atoms at this location and gives compositional information of the sample.
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Electron gun

Anode

Magnetic lenses

Scanning coils

Detector

Sample stage

Figure 2.9 Schematic diagram of a scanning electron microscope. It composes an
electron gun, anode, magnetic lenses, scanning coils, sample stage, and the electron beam

directed toward the detector. Adapted from referencel’>..

In addition to elastic scattering, some electrons can go through inelastic scattering in such
a way that the electron strikes an electron in the atom, loses its kinetic energy, and knocks
the electron out from its orbit. The electron knocked out is called a secondary electron
(SE), which can have energies of less than 50 eV. Secondary electrons come mostly from

the sample surface, thus can provide better surface information.>7¢!
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If the secondary electrons are knocked out from an inner shell, an electron from the outer
shell can fill the empty inner shell and X-rays with different specific energy from
different element atoms will be generated.’® Therefore, one can get quantitative
compositional information by examining the intensities of X-rays with various energies.
This technique is named energy dispersive spectroscopy (EDS).17¢!

A Hitachi S-4700 SEM was used to observe the morphology and elemental distribution
of the above-mentioned samples using secondary electron mode with an accelerating
voltage of 15 kV and an emission current of 15 pA. Samples were mounted on carbon
tape before measuring. Cross-sectioning was performed by an ion beam cross-section
polisher (JEOL IB09010CP) with Ar" ions. Energy dispersive spectroscopy (EDS)
mapping was carried out using either a JEOL JSM-7000F SEM at the Canadian Centre

for Electron Microscopy (CCEM) or the same Hitachi S-4700 SEM.
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2.2.3 Scanning Transmission Electron Microscopy and Electron Energy Loss
Microscopy

A scanning transmission electron microscope (STEM) works similar to a scanning
electron microscope (SEM). The image is obtained by collecting the electron intensity as
a function of beam location as the incident electron beam focuses to a fine spot on a
sufficiently thin sample and scans across the sample.’” The incident electrons have a
high kinetic energy of 100-300 keV, therefore, the incident electrons of a STEM have a
shorter wavelength, down to 0.1 nm, than the electron wavelength of a SEM, leading to
better resolution. A scanning transmission electron microscope collects the electrons
transmitted through the sample instead of the backscattered electrons (BSEs) or
secondary electrons (SEs) emitted from the surface of the sample in SEM.!””!

As shown in Figure 2.10, when an incident electron beam hits the sample, some incident
electrons just transmit through the sample without encountering any electrons or nuclei
and exit the sample without scattering.’”? Some incident electrons get scattered by either
a nucleus or an electron. When an incident electron is scattered by a nucleus, an elastic
scattering happens, where the direction of the electron deflects without losing its kinetic
energy. A portion of the elastically scattered electrons are coherent and form a
diffraction pattern (DP). The other scattered electrons (both elastically and inelastically
scattered electrons) are incoherent. A sample image can be collected by plotting the
intensity of the transmitted electrons as a function of beam location.””) One can choose
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either diffraction mode or image mode to form diffraction pattern or to form a STEM

image.l”’]

Incident

SE detector beam

BSE
detector

HAADF  ADF BF ADF  HAADF

Figure 2.10 The various electron detectors in a STEM.

One of the main differences between the bright field and dark field mode is which
electron populations are used to construct the STEM image. Bright field (BF) image is
the most common image generated with a STEM. In the bright field image, the
unscattered (transmitted) electron beam is collected by the detector, and the scattered

electrons are blocked.l’””!" A bright field detector just below the incident beam covering a
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small angle of 0-10 mrad approximately collects the unscattered (transmitted) electrons.
Since the unscattered beam is collected, areas with materials will appear dark as shown in
Figure 2.11A. On the other hand, in dark field mode, the unscattered electron beam is
excluded from the detector, and the scattered electrons are detected instead. Hence, the
areas where there is no electron scattering will be black, while the areas with materials
can scatter electrons and will appear bright as shown in Figure 2.11B.”781 Heavier atoms
scatter electrons more intensely than lighter atoms. Therefore, in bright field mode, the
regions with heavier atoms are darker, while in dark field mode these regions are brighter.
An annular dark field detector, which surrounds the BF detector with an angle of 10-50
mrad and then all the scattered electrons in that range fall onto that detector, can collect
an STEM image. We call this process annular dark-field (ADF) imaging."”! In addition,
we can also use another annular detector that sits around the ADF and picks up the
electrons scattered out to even higher angles forming so-called high-angle (HA) ADF
images in which incoherently elastic scattered electrons are maximized and coherently

elastic scattered electrons barely exist.!””!
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Figure 2.11 TEM image of a tissue paper sample in bright field mode (left) and dark field
mode (right).l’® Image author: Zephyris (Richard Wheeler, Wikipedia), used under

Creative Commons Attribution-Share Alike 4.0 International license.

The electron beam can lose energy during the interaction with the specimen undergoing
inelastic scattering. Similar to the generation of characteristic X-rays, the energy loss of
the incident electrons, such as due to inner shell ionization, is also a characteristic feature
for each atom. Electron energy loss spectroscopy (EELS) is the use of the change in
kinetic energy of electrons that pass through a thin sample to give structural and chemical
information. EELS instrumentation is typically incorporated into a transmission electron
microscope (TEM) or a scanning TEM (STEM)."”!

EELS Electron energy loss spectroscopy (with Gatan Quantum Imaging Filter) was used
in a scanning transmission electron microscope (STEM) (double-aberration corrected FEI

Titan 80-300) to map the distribution of elements in the samples. The STEM convergence
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semi-angle as well as the EELS collection angle were 19.1 mrad, and 55 mrad,
respectively. To enhance the signals while reducing beam irradiation effects, the
microscope was operated at 200 keV and a direct electron detector (Gatan K2 Summit®)
was used. Signals were extracted using a simple power law or multiple least-square
fitting of reference spectra. Thin samples for EELS and STEM were prepared with a
plasma focused ion beam (Thermofisher Helios G4 PFIB). A two-step process of thin
coating of C and W was used to improve the uniformity of the thin areas. It was
confirmed, from reference samples that did not contain W, that this two-step process did
not generate any residue W on the lamella. The W maps are therefore representative of
the W processing steps during the synthesis of the samples. All the STEM-EELS results

were obtained by Nafiseh Zaker at Canadian Center for Electron Microscopy.

2.2.4 X-ray Absorption Fine Structure

When directing an X-ray beam to a sample, core-level electrons can absorb X-ray
photons if the photon energy is greater than the core-level electron binding energy (such
as K, L levels, etc.) so that an electron can escape from the atom as shown in Figure
2.12.°1 Therefore, one can study the chemical and physical state of the atom in a sample
by observing how X-rays are absorbed by an atom at energies near and above the core-

level binding energies of that atom.
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The X-ray absorption fine structure (XAFS) spectrum is typically divided into two
regimes: X-ray absorption near-edge spectroscopy (XANES) — typically within 30 eV of
the main absorption edge and extended X-ray absorption fine-structure spectroscopy
(EXAFS).[””1 XANES is strongly sensitive to formal oxidation state and coordination
chemistry (e.g., octahedral, tetrahedral coordination) of the absorbing atom, while the
EXAFS is used to determine the distances, coordination number, and species of the
neighbors of the absorbing atom. Figure 2.13 displays an example of XAFS at the
platinum L3 edge for platinum foil, showing the near-edge (XANES) region and the

extended fine structure (EXAFS).[8%
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Figure 2.12 The photoelectric effect, in which an X-ray is absorbed and a core-level

electron is promoted out of the atom.
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Figure 2.13 XAFS p(E) at platinum L3 edge for platinum foil. The measured XAFS
spectrum is shown with the XANES and EXAFS regions identified. Reprinted with

permission from D. C. Koningsberger, B. L. Mojet, G. E. Van Dorssen, D. E. Ramaker,

Top Catal 2000, 10, 143.8°1 Copyright 2000 Springer.

Figure 2.14A shows how an XAFS spectrum is carried out. An incident beam of
monochromatic X-rays of intensity o passes through a sample of thickness t, and the
transmitted beam has intensity I. The absorption coefficient p is given by the Beer-
Lambert law!”! in Equation 2-10
[=1pe™™
Equation 2-10

Where p is the absorption coefficient, Ip is the X-ray intensity incident on a sample, t is
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the sample thickness, and I is the intensity transmitted through the sample. As shown in
Figure 2.13, the absorption coefficient versus X-ray energy is plotted in a XAFS Pt L

edge spectrum.

%LD %lemn

.‘ ‘,‘ y/ . ‘,'

Figure 2.14 Illustration of an X-ray absorption measurement (A) and photo-electron

scattering inside of the material (B).

For EXAFS, we are interested in the oscillations well above the absorption edge, and
define the EXAFS fine-structure function x(E) to describe the oscillations, as
(E) = wo(E)[1 + x(E)]
Equation 2-11
where p(E) 1s the measured absorption coefficient, po(E) is a smooth background function

representing the absorption of an isolated atom.[”!
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The oscillations come from the fact that the photo-electron escaping from the absorbing
atom after absorbing a photon can be scattered back to the absorbing atom by the
neighbor atoms and can further contribute to the absorption of X-ray photons.!”-8l
Therefore, the EXAFS y(E) is proportional to the amplitude of the scattered photo-
electron at the absorbing atom.

We can describe the amplitude of the scattered photo-electron at the absorbing atom by a
neighboring atom using the wave function of the scattered photo-electron shown in
Equation 2-12U"%1 (the explanation of this wave function is beyond the scope of this thesis),

f(k)
x(k) = Wsm[ZkR + 6(k)]

Equation 2-12
where f(k) and & (k) are the atomic scattering factor and phase shift of the atoms
neighboring the absorbing atom, R is the distance to the neighboring atom. k is the
wave number of the photo-electron. As we see above, EXAFS is best understood in
terms of the wave behavior of the photo-electron created in the absorption process.

Because of this, it is common to convert the X-ray energy to k, the wave number of the

photo-electron, which has dimensions of 1/distance and is defined as

2m(E — EO)]%
h

Equation 2-13
where Eo is the absorption edge energy, m is the electron mass and h is Planck’s

constant.[”"
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Equation 2-12 only describes the amplitude of the scattered photo-electron at the
absorbing atom by one neighboring atom, however, one absorbing atom is surrounded by
a few coordination shells of atoms in a real system at approximately the same distance
from the central atom!”#% and the number of atoms in each shell is called coordination
number. Figure 2.14B shows a simple schematic diagram of photo electron scattering
inside the material. The absorbing atom is marked in red, and the core-level electron can
escape the absorbing atom after absorbing the incident X-ray photon. Different
coordination shells are marked by blue dashed circles, and the coordination numbers are
both 3 in this diagram. As mentioned above, the photo electrons can be scattered back to
the absorbing atom by the atoms in different coordination shells, and the scattering paths
in Figure 2.14B are marked by (1) and (2). Sometimes, a photo electron will be scattered
more than one time before going back to the absorbing atom ((3)), however, in the
derivation of the EXAFS equation multiple scattering paths are neglected as they only
contribute a few percent to the total scattering of neighboring atoms.!®" Therefore, the
measured XAFS will simply be a sum of the contributions from each coordination shell

of neighbor atoms,

Nif (k)e ™20

ifi(K)e b

x(K) = Z o sin[2kR; + (K]
]- j

Equation 2-14

where j represents the individual coordination shell of identical atoms. N;j is the

coordination number of neighbor atoms in each coordination shell j. Other variables have
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been explained previously. Though somewhat complicated, the EXAFS equation allows
us to fit the measured y(E) data to get N, R, and o knowing the scattering amplitude f(k)
and phase-shift 5(k).””!

Figure 2.15 shows the process to get EXAFS %(E) data by first removing the pre-edge
background (dashed line shown in Figure 2.13), followed by removing the post-edge
background marked in a dashed line in Figure 2.15a to get the isolated the EXAFS %(E)
data shown in Figure 2.15b.[8"]

As explained above, the EXAFS y(E) is the sum of amplitudes of scattered photo-
electrons from different coordination shells (sinusoidal waves), therefore, one can extract
the magnitude and the scattering distance R for each wave from different scattering route
by applying Fourier transform (FT) to the EXAFS y(E) data (The explanation of a Fourier
transform is beyond the scope of this thesis).[’”” Let’s take the Ni K-edge FT-EXAFS
curve for LNO in Figure 6.3 as an example. There are 4 peaks indicating 4 photo-
electron sinusoidal waves scattered from 4 coordination shells contributing to the
oscillation of the X-ray absorption curve and one can read the scattering distance R from
the x axis. Therefore, the FT-EAXFS data i1s regarded as the fingerprint for materials
with different structure, since different atomic arrangements result in different FT-

EXAFS patterns.
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Figure 2.15 XAFS spectrum at the platinum L3 edge for platinum foil after removing the
pre-edge background (dashed line shown in Figure 2.12) (a), post-edge background
marked in a dashed line is to be removed to isolate the EXAFS y(E) (b). Reprinted with
permission from D. C. Koningsberger, B. L. Mojet, G. E. Van Dorssen, D. E. Ramaker,

Top Catal 2000, 10, 143.8°1 Copyright 2000 Springer.

EXAFS Extended X-ray Absorption Fine Structure Spectroscopy data was collected for
the W L3-, Ta L3- and N1 K-absorption edges on the IDEAS beamline at the Canadian
Light Source. The beamline consists of a bending magnet source with a Ge(220) double-
crystal monochromator. All data was collected in fluorescence mode, with the sample
oriented 45 degrees to the beam axis. Fluorescence data was collected using a Hitachi
Vortex ME4 silicone drift detector with FalconX electronics. All the EXAFS results

were obtained by Nafiseh Zaker at the Canadian Light Source.

2.2.5 Particle Size Distribution Analysis
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Particle size distribution (PSD) analysis was carried out using laser scattering. When a
beam of light is directed on a group of dispersed particles, large particles scatter light at
small angles and small particles scatter light at large angles relative to the laser beam.
The sizes of the particles are then calculated according to the angular scattering intensity
data, using the Mie theory of light scattering.

A Partica LA-950V2 laser scattering particle size distribution analyzer (Horiba, Japan)
was used to measure the particle size distribution before and after dry particle fusion.
Powders were added to deionized water and sonicated for 4 minutes before particle size

distribution measurements were made.

2.3 Electrochemical Measurement

2.3.1 Half Coin Cell Construction

Lithiated powders were mixed with Super-S carbon black (Timcal) and polyvinylidene
difluoride (PVDF, Kynar 301F, Arkema) in a weight ratio of 92:4:4, and a suitable
amount of N-methyl-2-pyrrolidone (NMP, 99.5%, Sigma-Aldrich) was added to make
slurry. The slurry was coated on aluminum foil with a 150 um notch bar with an active
loading level of 10-12 mg cm™ and then dried in a 120°C oven for 3 hours. The slurry
was then calendared at a pressure of 2000 atm and punched into electrodes with a
diameter of 12.75 mm. Electrodes were dried under vacuum for 16 hours before making

coin cells. Figure 2.16 shows a schematic of a standard half coin cell. For half coin cell,
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a Li foil is used as the negative electrode, and two layers of separators (Celgard #2300)
are placed in between the positive electrode and the negative electrode. An electrolyte of
1.2M LiPFs (BASF, 99.9%) in FEC (BASF, 99.94%)/DMC (Shenzhen Capchem

Technology Co., Ltd.) (1:4 v/v) is used. Coin cells were assembled in an argon glovebox.

Stainless Steel Cap
and Gasket

Stainless Steel Spring
Stainless Steel Spacer ©

Lithium metal negative
electrode

Celgard Separator
Celgard Separator

Positive Electrode

Aluminum Coated Can

Figure 2.16 Schematic of a typical half coin cell. Adapted from reference [,

2.3.2 Long Term Cycling Measurement

Long term charge and discharge cycling was used to analyze the synthesized materials.
The charge and discharge current were determined by the electrode loading and
designated specific current. Coin cells were tested using an E-one Moli Energy Canada

battery test system at 30°C. Cells were cycled between 3.0—4.3 V at a specific current of
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10 mA/g corresponding to ~C/20 for 2 cycles and then 40 mA/g corresponding to ~C/5
for 50 cycles and finished with a current of 10 mA/g (~C/20) for 2 cycles. Differential
capacity vs. voltage (dQ/dV vs. V) and voltage vs. specific capacity (V vs. Q) analysis
were used to study the electrochemical, structural properties and material degradation of

the positive electrode materials.
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Chapter 3 Dry Particle Fusion Coating of Advanced Electrode Material Particles at

the Laboratory Scale

Ni-based layered materials such as LiNixCoyAlixyO2 (NCA), LiNixMnjx.yCoyO2 (NMC)
and LiNixMixO> (M = Al, Mn, Mg or Co) are popular positive electrode materials in
commercial lithium-ion batteries. Improving capacity retention of Li-ion cells during
charge-discharge cycling and storage is an important goal for researchers. One of the
material degradation mechanisms is the parasitic reactions that occur at the interface
between active material particle surfaces, primarily in the charged state, and the

electrolyte.[7-61]

Applying a coating on electrode particle surfaces is one method to hinder parasitic
reactions.[>>32786] Normally a more electrochemically stable layer is coated on the surface
of the positive electrode material, which slows the rate of reactions between the positive
electrode material and the electrolyte, thus improving capacity retention. Atomic layer
deposition (ALD) and wet chemistry are two approaches to apply coatings on particle

surfaces.[?!

ALD can make effective thin coatings which are only a few atomic layers
thick. ALD is a relatively expensive technique with somewhat limited choices for
coating materials. Wet chemistry involves coating particles in aqueous or non-aqueous
solutions which can be expensive at the industrial scale.’!! Using aqueous solutions

could possibly damage Ni-based positive electrode materials due to ion-exchange

between Li* from the positive electrode materials and H" from solution*?! Non-aqueous
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solvents have been used effectively with coating materials like aluminum and niobium

64]

ethoxides.[* However, solvent recovery systems add cost to the process so this coating

method also has drawbacks.

A new method called dry particle fusion has been developed which produces coatings of
one material on particles of another by mechanical force with no solvents or vacuum
processes required.> > The dry particle fusion method has been reported to improve
the conductivity and capacity retention of cathode materials by applying a coating with
better conductivity like graphitel®”) or a more electrochemically stable coating like
A03,?*1 Cao et al. showed silicon alloy—graphite composites, in which silicon alloy
particles were well dispersed and embedded between graphite layers, results in superior

(791" This method captured our interest. We learned that

cyclability and rate capability.
machines for dry particle fusion coating are available from industrial suppliers, but these
machines generally are not suitable for coating lab-scale samples of 10’s of grams.
Therefore, in this chapter, we designed and built a lab-scale dry particle fusion machine
for a total material cost of $6,700 CAD. The principle of this technique, the design and

construction of this machine and results of dry particle fusion coating are reported in this

chapter.
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This chapter is based on an article published in Journal of The Electrochemical Society.!*¢!
[Chenxi Geng et al 2020 J. Electrochem. Soc. 167 110509]. Chenxi Geng contributed to
the conceptualization, material synthesis, material characterizations, and electrochemical
tests; Simon Trussler built the dry particle fusion instrument; Michel B. Johnson
contributed to the testing and maintenance of the dry particle fusion instrument; Nafiseh
Zaker, B. Scott, and Gianluigi Botton contributed to the material characterizations. Jeff
Dahn contributed to the design of the machine, the design of experiments, the

interpretation of results as well as editing the manuscript.

3.1 Description of the Dry Particle Fusion Instrument

Figure 3.1 shows a schematic view of the dry-particle fusion instrument. The heart of the
instrument is the rotating bowl and the fixed hammer and scraper. The powder to be
coated and the coating material are placed in the bowl. As the bowl rotates, the hammer
compresses the powders between itself and the bowl wall, and the scraper then removes
the material from the bowl wall for the next pass under the hammer. This process is
illustrated in Figure 3.2e. Our instrument is designed with an approximately 10 cm
diameter hardened steel bowl as well as a hardened steel hammer and scraper. The 2-
horsepower motor provides plenty of torque to allow dry particle fusion to occur. The

bowl angular velocity is fully adjustable between zero and 7200 revolutions per minute.
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Figure 3.1 Schematic diagram of the dry particle fusion instrument constructed in this
chapter. The major components of the instrument are labelled and part numbers are

given where applicable.

A thermocouple fed down through the post is embedded within the hammer. Monitoring

the hammer temperature versus time allows one to monitor the dry particle fusion process.

The gap between the hammer surface and the bowl is adjustable and is normally set to be
about 1 mm. If the gap is too large, the hammer temperature remains near room
temperature and little dry particle fusion occurs. If the hammer is located properly, the

temperature increases to ca. 70°C during a typical run.

64



Figures 3.2a and ¢ show photos of the dry particle fusion instrument and a closeup
photograph of the readout displays, respectively. Figure 3.2a shows the instrument with
the safety shield closed and Figure 3.2b shows it with the shield opened. The desired
angular velocity can be set by the motor control while a programmable timer allows
operation for a set time, after which the motor stops. Figure 3.2b shows the bowl, scraper
and hammer with the post raised. Figure 3.2d shows a detailed view of the scraper and
hammer inside the bowl with the post lowered and the lid raised (for image clarity, the
knife and hammer are set back from their operating position). Figure 3.2¢ shows how the

dry particle fusion method applies a coating layer on the surfaces of the larger particles.

The core and coating materials are loaded inside the bowl at the same time. Normally the
core particles are much larger compared to the particles of the material to be coated. The
bowl spins and centrifugal force moves all the particles to the wall of the bowl. Then the
hammer compresses particles between itself and the wall of the bowl causing the coating
process to proceed. After passing by the hammer, the scraper removes the particles from
the wall. This process repeats thousands of times per minute and particles rubbed against
each other over and over again. In the end, the coating material forms a layer on the

surface of core particles.[>°]
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Figure 3.2. Dry-particle fusion machine (DPFM) built at Dalhousie University (a);
DPFM controller and readouts (c); The mechanical action parts: the hammer and scraper

outside (b) and inside (d) the bowl; And the principle of dry particle fusion (e).

3.2 Experimental Methods

Ni(OH): (provided by Zoomwe, China) and commercial LiNipgCo00.15Al0.0502 (NCA,
from Umicore and Ecopro, Korea) were used as core materials for dry particle fusion.
Nano-ALO; (< 50 nm, from Sigma-Aldrich) and LiFePO4 (LFP, from Pulead, China),
were used as coating materials in this chapter. Reagents used for coin cells included
Super-S carbon black (Timcal) and polyvinylidene difluoride (PVDF, Kynar 301F,

Arkema),  N-methyl-2-pyrrolidone ~ (NMP,  Sigma-Aldrich, 99.5%), lithium
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hexafluorophosphate (LiPFs, BASF, 99.9%), fluoroethylene carbonate (FEC, BASF,

99.94%) and dimethyl carbonate (DMC, Shenzhen Capchem Technology Co., Ltd.).

Nine groups of dry particle fusion samples were made in this chapter, which are shown in
Table 3.1. The hammer temperature was recorded manually during the dry particle
fusion process. The gap between the hammer and the bowl was set to about 1.0 mm

(0.040” with a feeler gauge).

Table 3.1 Summary of samples made by dry particle fusion in this chapter and the
conditions used for each experiment.

Core Guest
material material
weight (g)  weight (g)

Spinning Duration

speed (rpm) (min)

1 NCA N/A N/A none none
2 Ni(OH)s 50 0 2400 60
3 NCA 44 0 4800 15
4 Ni(OIi)fz 832‘“% 50 1.0 2400 60
5 NCA 50 0 3600 60
6 NCA+I1wt%AbLOs 50 0.5 3600 60
7 NCA+2wt%ALOs 50 1.0 3600 60
8  NCA +4wi% LFP 50 2.0 3600 60
9 NCA + 10wi% LFP 50 5.0 3600 60

The lithiation process was carried out as described in Chapter 2. The second step

lithiation temperature for lithiated Ni(OH) + 2wt% Al>Os3 in this chapter was 700°C.
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SEM, EDS, PSD, XRD, Mossbauer Spectroscopy, lithiation process and coin cell long-
term cycling were performed as described in Chapter 2. Electrolyte with 1.2 M LiPFg in
FEC:DMC (1:4 v/v) was used for the half coin cell long-term cycling tests as this

electrolyte gives better long-term lithium metal cycling.

3.3 Results and Discussion

One concern about the dry particle fusion technique is the possibility of accumulating
iron impurities in the samples. Maossbauer spectroscopy was used to examine this
possibility. Three samples were studied: Sample 1) fresh NCA from Ecopro; Sample 3) a
44 g sample of NCA from Ecopro was subjected to dry particle fusion for 15 minutes at
4800 rpm; and Sample 1 mixed with 1 wt% iron powder. Figure 3.3 shows the
Mossbauer spectra of the three samples and it is very important that the reader notice the
differences in y-axis scales between Figure 3.3c and the other two panels. Figure 3.3a for
the as-received NCA shows no evidence of any absorption due to iron. Figure 3.3b
shows no evidence for iron in the sample subjected to dry particle fusion. Figure 3.3c
shows that 1 wt.% iron creates a strong sextet absorption, as expected for iron.[s8
Comparing the results in Figure 3.3b and Figure 3.3c, one can conclude that even 0.01wt%
of Fe (which would give “peaks” in Figure 3.3b of magnitude 0.005) in the sample after
dry particle fusion would be easily detectable. Therefore, one can conclude that the

sample after dry particle fusion has less than 0.01 wt.% iron.
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of Figure 3.3c is different from the other two panels.

Figure 3.4a shows the hammer temperature versus time during the dry particle fusion of
two samples, pure Ni(OH), (Sample 2) and Ni(OH), with 2wt% ALO3 (Sample 4) at
2400rpm for 60 minutes. Figure 3.4a shows that the hammer temperature stabilized after

40 minutes at a similar temperature for both runs demonstrating the reproducibility of the
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process. Figure 3.4b shows the particle size distribution (PSD) results for fresh Ni(OH)»
as well as Ni(OH), (Sample 2) after dry particle fusion and Ni(OH), with 2wt% Al>O3
(Sample 4) after dry particle fusion. The particle size distribution before and after dry
particle fusion did not change significantly indicating that the process did not break the
core particles under the condition of 2400 rpm for 60 minutes. Figures 3.4c, d and e
show SEM images of the fresh Ni(OH), at increasing magnifications, respectively.
Figure 3.4f, 4g and 4h are images of Ni(OH), with 2wt%Al,03 after dry particle fusion
(Sample 4) at increasing magnification. Figure 3.4 shows that particles remained intact
after dry particle fusion and the particle surfaces became smoother after the formation of

a layer of AlLOs.
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Figure 3.4. Temperature vs. time during dry particle fusion (a) and PSD results (b) of
pure Ni(OH) (Sample 2) and Ni(OH), with 2wt% Al,O3 (Sample 4) (a); SEM images of

fresh Ni(OH): (c, d, e) and Ni(OH), with 2wt%A1,03 (Sample 4) (f, g, h).

Figure 3.5a shows the hammer temperature versus time during dry particle fusion of
samples pure NCA (Sample 5), NCA with 1wt% Al,O3; (Sample 6), NCA with 2wt%

Al>,O3 (Sample 7) and NCA with 4wt% LFP (Sample 8). Temperatures stabilized after
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around 40 minutes, which again shows the repeatability of dry particle fusion with NCA
as the core material. Figure 3.5b shows the particle size distribution results of pure NCA
before and after dry particle fusion (Sample 5). There was almost no change showing
that NCA was robust enough to go through the process without breaking under conditions
of 3600 rpm for 60 minutes. Figures 3.5c, d and e show SEM images of fresh NCA at
several magnifications. High magnification images show that the fresh NCA particles
had well defined primary particles. Figures 3.5f, g and h are images of pure NCA after
dry particle fusion. Figure 3.5 clearly shows that the surface of NCA particles become
very smooth after dry particle fusion in agreement with our Ni(OH)> work and with

reported literature.!>*]
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Figure 3.5. Hammer temperature vs. time during dry particle fusion of pure NCA (sample
5), NCA with 1wt%ALO3 (Sample 6), NCA with 2wt% Al,O3 (Sample 7) and NCA with
4wt%LFP (sample 8) (a); PSD results for NCA before and after dry particle fusion
(Sample 5) (b); SEM images of fresh NCA (c.d.e); SEM images of NCA after dry

particle fusion (f.g.h).

Figures 3.6A and a show EDS mapping results for Al for NCA with 1wt% Al203
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(Sample 6) indicating that the particle surfaces were covered with a layer having higher
Al content, which proves that AI>O3 had been coated on the NCA surface using our dry
particle fusion technique. Figures 3.6B and b show EDS mapping results for NCA with
2wt% AlO3 (Sample 7) indicating there was a more obvious and stronger elemental Al
signal on the surfaces of the NCA particles, compared to the samples coated with only
Iwt% Al,Os3. Figures 3.6C and ¢ show EDS mapping results for P on the NCA with 4wt%
LFP sample (Sample 8). Figures 3.6D and d show EDS mapping results for Fe on the
surface of NCA particles coated with 10wt% LFP (Sample 9). Figures 3.6¢, C, d and D
indicate that both samples had an LFP layer evenly and thoroughly coated on NCA
particle surface. Figure 3.6 shows that dry particle fusion is an efficient, environmentally
friendly method to apply coatings on particle surfaces by applying mechanical force as
particles are rotating and in principle it is a method that can be used to apply coatings

with no solvents or high vacuum methods required.
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Figure 3.6. SEM micrographs and EDS mapping of Al on NCA coated with 1wt% Al>O3
(Sample 6) (A.a), Al on NCA coated with 2wt% AlO3 (sample 7) (B.b), P on NCA
coated with 4wt% LFP (sample 8) (C.c), and Fe on NCA coated with 10wt% LFP
(sample 9) (D.d).
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Figure 3.7 shows specific capacity versus cycle number results for coin cells containing
LiNiO> (lithiated Ni(OH),) and lithiated Ni(OH)2 + 2wt% Al,Os. The first two cycles
were collected at a current corresponding to C/20 and followed by 50 cycles at a current
corresponding to C/5. Finally, two further cycles at C/20 were collected. The data was
collected at 30°C for cells cycled between 3.0 and 4.3 V. The two samples delivered
similar specific capacities at C/20 at the beginning, but LiNiO> delivered less specific
capacity at C/5 and degraded rapidly in the following 50 cycles. However, lithiated
Ni(OH), + 2wt% Al>O3 delivered an impressive specific capacity and showed much
improved capacity retention compared to LiNiO.. Figure 3.7 shows that lithiated
Ni(OH)2 + 2wt% Al,O3; shows much enhanced behavior, suggesting that dry particle

fusion can be used to prepare excellent materials.
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Figure 3.7 Specific capacity as a function of cycle number for LiNiO> (lithiated Ni(OH)»)
and lithiated Ni(OH), + 2wt% Al>Os. The first two cycles were at C/20, the next 50 at

C/5 and the last two at C/20.
3.4 Summary

In this chapter, we reported the construction and operation of an in-house constructed dry
particle fusion instrument which was inexpensive to build. Using Maossbauer
spectroscopy it was shown that less than 0.01wt% Fe was introduced into typical samples
by the process. Samples prepared by dry particle fusion on cores of Ni(OH)> and NCA
showed virtually identical particle size distributions are the pristine core particles,
indicating that the dry particle fusion method did not damage the core particles. In

addition, monitoring the hammer temperature versus time indicated that the dry particle
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fusion process was repeatable from run to run. EDS mapping results showed nice
coatings of both Al2O3; and LiFePO4 on the surfaces of NCA after dry particle fusion.
Coin cells testing data showed that lithiated Ni(OH)> + 2wt% AlO3 (prepared by
lithiating Ni(OH)2 coated with 2wt% Al>,Os3 by dry particle fusion) had a better capacity
retention than LiNiO,. This suggests that dry particle fusion is an effective method to
coat materials to improve their electrochemical performance. Dry particle fusion can be
used to apply coatings with no solvents used and no high vacuum methods employed.

We encourage others to adopt this simple effective method.
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Chapter 4 Impact of Dry Particle Fusion Coating of Alumium Oxide on Ni-based

Positive Electrode Materials for Li-ion Batteries

Ni-rich layered positive electrode materials LiNixM1xO> (M = Al, Mn, Mg or Co) have
become a popular research area because Ni-rich layered materials have both high specific
capacity and low material cost due to the low price of Ni compared to Co.l'>**%1 Lj et al.
have reported that Co is not necessary in Ni-rich positive electrode materials since
materials with large specific capacity and equivalent or better capacity retention can be
prepared by doping with other elements like Al, Mg and Mn in the absence of Co.*1 A
paper by Aishova et al.’” shows that LiNigoMno10> shows better performance than
LiNio9MngsC00.0s02 (see Figure 7 in ref®) when tested in coin type half cells,

confirming the work of Li et al..[*"]

The typical Li transition metal oxide synthesis method used in industry begins with the
production of a mixed transition metal hydroxide or carbonate precursor using a co-
precipitation step. Then the precursor is heated along with Li2COs or LiOH*H-O at
temperatures between about 700 and 950°C, depending on composition, to make the
oxide. Mixing substituent elements directly with Ni and other metals during the co-
precipitation step can ensure a homogeneous distribution of substituent elements inside
the precursor particles and subsequently in the oxide particles. But this method has some
drawbacks. For Al substitutions, AI** cannot substitute directly for Ni**, Mn?", or Co?" in

M(OH),. Instead, a so-called layered double hydroxide (LDH) phase forms where an
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anion like NOs~, SO4* or CO3%" is incorporated between the M(OH): slabs to balance the
charge of two A’ ions.l%°2 This results in precursor materials which can be two phase
and also have lowered tap density due to the incorporated anions. Other elements, like W,
are hard to incorporate as a solid solution into M(OH)> phases via coprecipitation,
because the most common formal of oxidation state of W is +6, instead of +2.%
Insoluble NiWO4°*%! instead of a solid solution nickel tungsten hydroxide, most likely

introduces W into the precursor during the coprecipitation step.

The above-mentioned drawbacks complicate material synthesis. Therefore, an alternative
route to add substituent atoms to LiMO; materials is desired. Solid state synthesis has
been reported to introduce substituent elements into Ni-containing positive electrode
materials.”* %! Mixing AI(OH); and Ni(OH), directly by grinding, then with a Li source
and followed by a heating step to synthesize lithium mixed transition metal oxides with

(%] but generally materials made in such a process are inferior due to

Al has been reported
potentially inhomogeneous distribution of Al. One advantage of this method is that it

avoids the formation of the LDH (layered double hydroxide) phase, which is undesired in

the precursor.”!)

Dry particle fusion or mechanofusion has been used for many years to prepare core
particles that are coated with another material.[?3->466-68.70.91 Recently, the research group
of M. Obrovac has been using mechanofusion to prepare engineered particles of

advanced materials for Li-ion batteries by coating Al2O3 on LiNigsMno2C00202 and
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embedding Si alloy particles into graphite layers.*»**71  These materials showed
superior charge-discharge cycling performance in all cases. The uniformity of the coating
layers on the surface of the core materials and the uniformity of the Si distribution within
graphite drew our attention. We therefore became interested in synthesizing LiNiixAlxO2
using dry particle fusion as a method to uniformly coat Al2O3; on core particles before

heat treatment.

In this chapter, we investigated two approaches to synthesize Al-substituted Ni-rich
layered material using dry particle fusion. The first method synthesizes the material by
coating nano-Al2O; on Ni(OH): by dry particle fusion followed by heating with
LiOH*H20. The second method synthesizes the material by coating nano-AlO; on
LiNiO> followed by heating for 20 hours at elevated temperature to diffuse Al inside the
cathode material particles. Particle size distribution (PSD), X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) mapping
and EDS line scans were performed to observe the properties of synthesized samples.

Half-cells were made to check the electrochemical properties of the synthesized materials.

This Chapter is based on a paper published in Chemistry of Materials.[**! [Chenxi Geng
et al. Chem. Mater. 2020, 32, 14, 6097-6104]. Reprinted with permission from
Chemistry of Materials. Copyright 2020 American Chemical Society. *>) Chenxi Geng
contributed to the conceptualization, material synthesis, material characterizations, and

electrochemical tests; Aaron Liu contributed to the conceptualization. Jeff Dahn
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contributed to the design of experiments, the interpretation of results as well as editing

the manuscript.

4.1 Experimental Methods

Reagents used for synthesis of LiNiixAlxO> include nano-AlO3 (< 50 nm, from Sigma-
Aldrich), Ni(OH), (15 micron, from Guizhou Zoomwe Zhengyuan Advanced Material
Co., Ltd, China), LiOH-H20 (> 99.8%, FMC corporation). Reagents used for coin cells
included Super-S carbon black (Timcal) and polyvinylidene difluoride (PVDF, Kynar
301F, Arkema), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 99.5%), lithium
hexafluorophosphate (LiPFs, BASF, 99.9%), fluoroethylene carbonate (FEC, BASF,

99.94%) and dimethyl carbonate (DMC, Shenzhen Capchem Technology Co., Ltd.).

A dry particle fusion instrument, described carefully in Chapter 3 was used for this
chapter. Nano-Al;0O3, Ni(OH). and LiNiO; (LNO, synthesized at Dalhousie University)
were used in this chapter. The samples prepared in this chapter, and their abbreviated
names, are described in Table 4.1, which lists the parameters used during dry particle
fusion. For example, samples PP and PPL stand for Pristine Precursor (Ni(OH);) and
Pristine Precursor Lithiated, respectively. Sample 1PF stands for the Ni(OH). precursor
coated with 1wt% AlO3 by dry particle fusion. Sample 1PFL stands for sample 1PF
after it has been heat treated with LIOH*H>O. 3LNOF stands for LiNiO2 + 3wt% ALOs

after dry particle fusion. Since a heating step was performed on 3LNOF instead of a

82



lithiation step, 3LNOFH will be used to represent the material after heating. The hammer

temperature versus time!*®! was recorded manually during dry particle fusion.

Table 4.1. Summary of the samples made by dry particle fusion in this chapter and their

subsequent heat treatment.

Lithiate Core Al,O3  Spinning .
o Precurso . ; Duration
Description d material weight speed Gt
material weight (g) (2) (rpm) T
Pristine Ni(OH)2 PP PPL 50.0 0 0 0
Ni(OH) afterdry - p PFL 50.0 0 2400 60

particle fusion

: )
N‘(Oi)égslwm 1PF 1PFL 50.0 0.50 2400 60
: )
N‘(ij?fzgszwm’ 2PF 2PFL 50.0 100 2400 60
1 0
N‘(O}g‘; 833“’% 3PF 3PFL 50.0 1.50 2400 60
Core ALO;  Spinning Duration
Description Fusion Heating  material weight speed o
. (min)
weight (g) (8) (rpm)
LiNiOs + 3wt% 3LNOF
Ao, 3LNOF  °- 50.0 .50 3600 60

A bowl angular velocity of 3600 rpm was chosen for dry particle fusion coating of
LiNiO; while 2400 rpm was used for the coating of Ni(OH),. We learned that some
Ni(OH), core particles were fractured if angular velocities of 3600 or 3000 rpm were
used. At 2400 rpm, no fracturing was observed by SEM or by PSA. By contrast, LiNiO»

particles are more robust and could withstand 3600 rpm without fracturing.

83



The lithiation process was carried out as described in Chapter 2. The second step
lithiation temperature for all lithiated samples in this chapter was 700°C. After dry
particle fusion, the sample of LiNiO; coated with 3wt% Al,O3 (sample 3LNOF) was
ground with additional LiOH-H>O (with Li/Al = 1.02) to compensate for the additional
AlO3 and heated again at 700°C for 20 hours under oxygen flow to diffuse Al inside the

cathode material particles to make sample 3LNOFH).

SEM, EDS, PSD, XRD and coin cell long-term cycling were performed as described in
Chapter 2. Electrolyte with 1.2 M LiPF¢ in FEC:DMC (1:4 v/v) was used for the half
coin cell long-term cycling tests as this electrolyte gives better long-term lithium metal

cycling.

4.2 Results and Discussion

The abbreviated sample names in Table 4.1 will be used to describe the samples in this

section.

Figure 4.1a shows the hammer temperature versus time during dry particle fusion for four
samples: Ni(OH)> (Sample PF) and Ni(OH), with 1, 2 and 3wt% AlOs; (Samples 1PF,
2PF and 3PF). Temperatures increased as the bowl and hammer heated to an equilibrium
value (near 40°C) due to the friction between the hammer, the particles, and the bowl.
The hammer temperature stabilized at about 40°C for all samples, demonstrating the

reproducibility of the process. Figure 4.1b shows the particle size distribution results for
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pristine Ni(OH), (Sample PP) as well as Ni(OH); after dry particle fusion (Sample PF)
and Ni(OH), with 1, 2 and 3wt% AlO3 (Samples 1PF, 2PF and 3PF) after dry particle
fusion. The particle size distribution results for samples with or without dry particle
fusion did not change significantly, indicating that core particles were not fractured under

the condition of 2400 rpm for 60 minutes.

Figure 4.1c shows the hammer temperature versus time for LiNiO> with 3wt% Al>O3
(Sample 3LNOF) during dry particle fusion at a higher angular velocity of 3600 rpm.
The hammer temperature vs. time curve followed the same trend as in Figure 4.1a, but it
increased to just above 80°C and stabilized, demonstrating the success of the fusion
process. The stabilized hammer temperature varies with different materials and with the
angular velocity selected for the coating procedure. Figure 4.1d shows the particle size
distribution results for fresh LNO and LNO with 3wt%AlO3 (Sample 3LNOF). The
particle size distribution did not change, demonstrating that particles were not broken
after dry particle fusion under the condition of 3600 rpm for 60 minutes. It is our
experience that heated oxides, like LiNiO2, are more robust than hydroxides, like
Ni(OH)2, when used as core particles. This is why we selected a higher angular velocity
for coating LiNiO2. SEM images of both precursors and lithiated positive electrode
materials before and after dry particle fusion have been presented in chapter 3 and show

typical morphology of particles.
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Figure 4.1. Hammer temperature vs. time during dry particle fusion of (a) and PSD

results for (¢) Ni(OH), (Sample PF) and Ni(OH). with 1, 2 and 3wt% Al,O3 (Samples

1PF, 2PF and 3PF); Hammer temperature vs. time during dry particle fusion of (b) and

PSD results for (d) LiNiO2 and LiNiO2 with 3wt% AlO3 (Sample 3LNOF).
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XRD patterns were collected to study the structure of the corresponding lithiated
materials. Rietveld refinements were performed assuming an a-NaFeO: (space group
R3m) hexagonal layered structure in which Li occupies the 3a site, transition metals and
Al occupy the 3b site, and oxygen occupies the 6¢ site. Figures 4.2al-el show the XRD
patterns of lithiated pristine Ni(OH)> (Sample PPL) as well the other lithiated materials
(Sample PFL, 1PFL, 2PFL and-3PFL) after the precursors were reacted with LiIOH*H>O
at 700°C. Figure 4.2f1 shows the XRD pattern of LiNiO2 with 3wt% Al>O3 after heat
treatment at 700°C for 20 hours (Sample 3LNOFH). Figures 4.2 a2-f2 and a3-f3 are
expanded views of the (104) Bragg peak between scattering angles of 44° and 45° and the
(018) and (110) peaks between scattering angles of 63.5° and 65.5° for the respective

materials.

Figures 4.2a-f demonstrate that all samples show a well-developed layered structure
without observable impurities. The clear splitting of the (006/102) and (018/110) peaks
indicate a well-ordered structure for LiNiO> (sample PPL). As the Al content increases,
the splitting becomes less noticeable, which suggests Al successfully diffused inside the
particles. Figures 4.2g-h show the a and c lattice constants as a function of the percent of
Al substituent. The red curve shows the data for samples PPL, 1PFL, 2PFL and 3PFL and
the black curve shows the data for Al-substituted samples made from Al-containing
precursors made directly by co-precipitation reported in the literature.l*”! Both the a and
c lattice constants follow the same trend as the Al substituted samples made by co-
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precipitation, followed by lithiation, also suggesting Al has successfully diffused inside
the particles of sample— PPL, 1PFL, 2PFL and 3PFL. Figure 4.2 shows that the 104 and
018/101 peaks broaden as the amount of aluminum incorporated into the samples
increases. It is our opinion that this is due to a decrease in crystallite grain size caused by
aluminum incorporation. Table 4.2 summarizes the refinement results for the lattice

constants, a and ¢, and the amount of Ni in the Li layer of all the samples.
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Figure 4.2. XRD patterns, expanded view of the (104) Bragg peak, the (018)/(110) Bragg
peaks and impurity regions of XRD patterns sample PPL (a); sample PFL (b); sample
1PFL (c); sample 2PFL (d); sample 3PFL (e); sample 3LNOFH (f); lattice constant a (g)
and c (h) as a function of Al mole percentage for lithiated samples PPL, 1PFL, 2PFL and

3PFL as well as Ni-Al precursors made by co-precipitation from ref 41,
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Table 4.2. Lattice constants, Al to AI+Ni molar ratio and percentage of Ni atoms filling

sites in the Li layer of the synthesized samples.

a(A) ¢ (A) Niin Li

AV(AI+N

0
Sample Description i) molar layer %
ratio +0.0001 10.001 A
A ! +0.2 %
PPL Pristine Ni(OH); lithiated 0.0 2.8766 14.187 2.1
PFL Ni(OH); subjected to dry 0.0 5 8760 14190 0

particle fusion then lithiated
Ni(OH)2 + 1wt%Al,03

1PFL - 00179 28759  14.197 1.6
lithiated
Ni(OH): + 2wt%ALOs
2PFL lithiated 0.0351 28738  14.196 1.6
1 0,
3PFL Ni(OH)> + 3wt%AL0; 00517  2.8716  14.197 13
lithiated
LiNi1O7 + 3wt%A1,03 after
SLNOFdry particle fusionand ) h50y o748 4191 23

H heating
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Figure 4.3a shows the specific discharge capacity vs. cycle number of lithiated pristine
Ni(OH)> (Sample PPL), lithiated Ni(OH), after dry particle fusion (Sample PFL),
lithiated Ni(OH)> with 1wt% (Sample 1PFL), 2wt% (Sample 2PFL) and 3wt% ALO3
(Sample 3PFL). Coin cells were tested between 3.0 - 4.3 V using a current corresponding
to C/20 for the first two cycles, followed by 50 cycles using a current corresponding to
C/5 and two further cycles were collected at C/20 at the end. All samples delivered
similar discharge capacities, within 10 mAh/g, at C/20 at the beginning of testing. The
capacity retention improved as the Al content increased for the samples made by dry
particle fusion of Al,O3; on Ni(OH); followed by heating with LIOH*H>O. Sample 3PFL

with 3wt% ALO3 had both impressive specific discharge capacity and capacity retention.

Figure 4.3b shows the voltage vs. specific capacity (V vs. Q) curve of the above-
mentioned materials during the 1% cycle at C/20. Lithiated pristine Ni(OH) (sample PPL)
had distinct plateaus and steps during charge and discharge, representing phase
transitions and single phase regions as reported initially by T. Ohzuku et al.l'® and W. Li
et al.l'%ll and later by H. Li et al.’’l.  The V vs. Q curves became smoother with
increasing amounts of Al suggesting the suppression of phase transitions.[*] Table 4.3
summarizes the first charge capacity, the first discharge capacity, the irreversible capacity
and percentage of Ni atoms filling sites in the Li layer of the synthesized samples. PPL,

PFL, 1PFL and 2PFL had similar irreversible capacities (IRCs) of 13.0, 14.0, 11.4 and
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14.6 mAh/g respectively, and 3PFL had a slightly larger IRC, 17.3 mAh/g, because less

capacity was delivered from the kinetic hindrance region for 3PFL.

Figure 4.3c shows dQ/dV vs. V curves of the samples mentioned in last paragraph during
the 1 discharge and 2" charge at C/20. Four pairs of peaks (i, ii, iii and iv) have been
circled, which represent the kinetic hindrance peak in the H1 phase, the H1-M phase
transition peaks, the M-H2 phase transition peaks, and the H2-H3 phase transition peaks,
respectively.?”1%1 The dQ/dV vs. V peaks of lithiated pristine Ni(OH), (Sample PPL)
and lithiated Ni(OH), after dry particle fusion (Sample PFL) were sharp and intense
representing clear phase transitions. These peaks became less intense and broader as the
Al content in the samples increased from samples 1PFL to 3PFL, indicating that the

phase transitions were suppressed®’! and Al had successfully diffused inside the particles.
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Figure 4.3. Specific capacity as a function of cycle number (a), V vs. Q curves (b),
dQ/dV vs. V curves (c¢) and dQ/dV vs. V curves from 4.1 V to 4.3 V (d) for the 1%

discharge and 2" charge of samples PPL, PFL, 1PFL, 2PFL and 3PFL (see Table 4.1).

Cross-sectional SEM, EDS mapping and EDS line scans were used to determine the Al
distribution inside the particles. Figures 4.4a, b and ¢ show SEM images, EDS mapping
and Al line scans for sample 3PFL (lithiated Ni(OH), with 3wt% Al>O3). EDS mapping
shows that Al was basically uniformly distributed inside the particles and the line scan
also shows the same result. Figures 4.4d, e and f show SEM images, EDS mapping and

an EDS line scan of LNO with 3wt%Al,0;3 after heat treatment (sample 3LNOFH)
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indicating that Al also had diffused inside the particles. The blue lines in Figures 4.4a
and d are the EDS line scans for Ni. The ratio of Al to Ni signal in Figure 4.4d is smaller

than that in Figure 4.4a, suggesting less Al diffused inside particles of sample 3LNOFH.

Figure 4.4. SEM, EDS mapping and line scan of Al (red) and Ni (blue) on lithiated

Ni(OH). with 3wt%Al1,03 (sample 3PFL) (a, b, ¢) and LNO with 3wt%Al1,0; after

heating(Sample 3LNOFH) (d, e, f). The blue lines in a and d are the EDS line scan of Ni.

Sample 3PFL (lithiated Ni(OH), with 3wt% Al,03) and sample 3LNOFH (LNO with 3wt%
AL Os followed by heat treatment) have similar Al contents of 5.17 and 5.44 mole %
shown in Table 4.2, suggesting that the cycling performance of these two materials
should be comparable. Figure 4.5 shows the specific discharge capacity vs. cycle number

of samples 3PFL and 3LNOFH. Coin cell cycling was collected in the same way as in
94



Figure 4.3. The initial specific discharge capacity of sample 3LNOFH was lower than
both LiNiO; (sample PPL) and sample 3PFL and the capacity retention was not improved
compared to LiNiO», suggesting that heating LiNiO> which has been coated by AlO;

using dry particle fusion is not effective for improving electrochemical performance.

Figure 4.5b shows the voltage vs. specific capacity (V vs. Q) curves of the above-
mentioned three materials during the 1* cycle using a current of C/20. Sample 3LNOFH
also displayed obvious plateaus during charge and discharge like LiNiO2, possibly
because less Al, not enough to hinder phase transitions, had diffused inside the particles.
3LNOFH had a large IRC, 32.2 mAh/g, because almost no capacity was delivered from
the kinetic hindrance region. The percentage of Ni atoms filling sites in the Li layer may
have an impact on the capacity that can be accessed from the kinetic hindrance region.
The more Ni in the Li layer, the harder it is for Li to diffuse when the Li layer is almost
full, because the inactive Ni will hinder Li diffusion. The amount of Ni in the Li sites
for 3LNOFH and 3PFL are 2.8% and 1.3%, respectively. So, the larger amount of Ni in
the Li sites of 3LNOFH would be a possible reason for its smaller discharge capacity,

which is mainly due to less capacity delivered from the kinetic hindrance region.

Figures 4.5c, d and e show dQ/dV vs. V curves of sample PPL (LiNiO>), sample 3PFL
and sample 3LNOFH during the 2™ cycle (black) and the 54" cycle (red) at C/20. The
kinetic hindrance peak near 3.5 V and the H2-H3 phase transition peak of samples PPL

and 3LNOFH show decreases in peak intensity, while those of sample 3PFL did not
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change in peak intensity or shape, suggesting less degradation of the material. This
suggests that coating Al,O3; on Ni(OH), by dry particle fusion before heating with
LiOH+*H:O is an attractive approach for synthesizing high Ni content layered cathode
materials with substituted Al. One possible reason for the difference between the
performance of 3LNOFH and 3PFL is that the Ni(OH)> precursor is more porous than
LiNiO2. Therefore, during dry particle fusion, it is likely that Al,O3 was “pushed” into
these pores, resulting in better contact between the alumina and the core particle. Then
during heating with LiOH*H>O, one might expect more uniform incorporation of Al

throughout the particles.
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Figure 4.5. Specific capacity as a function of cycle number (a), V vs. Q curves of 1
cycle (b) of lithiated pristine Ni(OH). (Sample PPL), lithiated Ni(OH), with 3wt% Al,O3
(Sample 3PFL) and LiNiO; with 3wt% Al>Os after heating (Sample 3LNOFH); dQ/dV vs.

V curves of the 2™ (black) and 54" (red) cycle of sample PPL (c), sample 3PFL (d), and

sample 3LNOFH (e).

In order to verify the reproducibility of this approach, two more batches of samples were
prepared by coating Ni(OH), with AlbOs (exactly like sample 3PF) followed by heat

treatment with LiOH*H>O (exactly like sample 3PFL). These batches are called batch 2
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and batch 3, respectively. Figure 4.6 compares the electrochemical performance of the
samples from batches 1 (as shown in Figure 4.2, Figure 4.3, Figure 4.4 and Figure 4.5), 2

and 3.

Coin cell cycling was also collected using a same procedure as used for the data of Figure
4.3, and coin cell cycling for batches 2 and 3 was collected for another 50 cycles at C/5
with 2 cycles at C/20 at the end. Figure 4.6a shows the specific discharge capacity vs.
cycle number of batches 1, 2 and 3 of Ni(OH)2 coated with 3wt% Al2Os followed by
lithiation (all batches made like sample 3PFL). All three batches had specific discharge
capacities greater than 210 mAh/g at the beginning as well as impressive capacity
retention. The initial specific discharge capacity of batches 2 and 3 were lower than
batch 1, while the capacity retention was improved compared to batch 1 and the delivered

specific discharge capacities were close to that of batch 1 at the 54" cycle at C/20.

Figure 4.6a shows the voltage vs. specific capacity (V vs. Q) curves of the above
mentioned three batches during the 1% cycle using a current of C/20. The discharge
curves were similar for the three batches, but batches 2 and 3 delivered less capacity at
the 3.5 V and 4.2 V plateaus, explaining smaller specific capacity during the initial cycles
for batches 2 and 3 in Figure 4.6a. Batch 2 and Batch 3 had larger IRCs than Batch 1,

which is related to low capacity in the kinetic hindrance region.
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Figure 4.6¢, d and e show dQ/dV vs. V curves of batches 1, 2 and 3 during the 2™ cycle
(black) and the 54" cycle (red) at C/20. All three batches showed good stability of the
dQ/dV peaks over the 50 cycles. The kinetic hindrance peak, near 3.5 V, showed an
increase in peak intensity for batches 2 and 3, while that of batch 1 did not change in
peak intensity or shape, which possibly explained the better capacity retention of batches
2 and 3, since more capacity was delivered gradually from the kinetic hindrance region in
the cycles after the initial one. Similar behavior was also observed by Liu et al.['%%],
indicating that the kinetic hindrance region can influence the cycling performance of Ni-
rich layered materials. Table 4.3 shows the amount of Ni in the Li sites of Batch 1, Batch
2 and Batch 3 are 1.3 £ 0.2%, 1.2 £ 0.2%, and 1.6 = 0.2%. Within error, these values are
almost the same. Batch 1 had the largest capacity delivered from the kinetic hindrance
region, while Batches 2 and 3 had smaller capacity and their capacities delivered from
kinetic hindrance region were similar to each other. The kinetic hindrance region is a
“touchy” region, and its behavior has not been well explained yet. It is certainly related
to the rate of Li diffusion, which requires a more detailed study in the future. Zsoldos et
al.l'%] and Phattharasupakun et al.** have both reported that the lithium diffusivity is
highly related to the amount of Ni in Li site in the kinetic hindrance region. More Ni in
the Li site hinders the lithium-ion diffusion pathway resulting in less capacity delivered
in kinetic hindrance region. Besides, Zsoldos et al. also observed that the synthesis

conditions sometimes have a great impact on lithium diffusivity, even though materials
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have similar amounts of Ni on the Li site. Therefore, the author speculates that the lower
specific capacity delivered for batches 2 and 3 compared to batch 1 is more a result of the
variation in synthesis conditions, such as oxygen flow rate, impurities induced during
precursors mixing with LIOH*H>O, since all three batches have very similar amounts of

Ni in the Li layer.

Overall, all the three batches delivered similar specific discharge capacities and had good
capacity retention, which demonstrates the reproducibility of this approach. Obviously,
we feel that industrial suppliers could improve upon the reproducibility of samples made

by this method.
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Figure 4.6. Specific capacity as a function of cycle number (a), V vs. Q curves of the 1%

cycle (b) of batches 1, 2 and 3 of Ni(OH) with coated with 3wt% Al>Oj3 by dry particle

fusion followed by heating with LiIOH*H>O (made as Sample 3PFL); dQ/dV vs. V curves

of the 2" cycle (black) and 54™ (red) cycle of batch 1 (c), batch 2 (d) and batch 3 (e) of

these materials.

101



Table 4.3. The first charge capacity, the first discharge capacity, the irreversible capacity

and percentage of Ni atoms filling sites in the Li layer of the synthesized samples.

HISE It evesible  NiinLi
L Charge Discharge .
Description : : capacity layer %
capacity capacity mAh/ 102
mAh/g mAh/g & =
PPL Pristine Ni(OH); lithiated 250.8(2) 237.8(3) 13.0(5) 2.1
Ni(OH); subjected to dry
PFL particle fusion then lithiated 251.70) 237.70) 14.0(1) 2.0
Ni(OH): + 1wt%Al1,03
1PFL lithiated 250.9(3) 239(1) 11.4(7) 1.6
Ni(OH); + 2wt%Al1,03
2PFL lithiated 249.5(1) 238.8(4) 10.6(5) 1.6
3PFL Ni(OH)2 + 3wt%AlL,03
Batch 1 lithiated 246.8(5) 229.7(7) 17.1(2) 1.3
3PFL Ni(OH)2 + 3wt%Al,03
Batch 2 lithiated 241.2 213.9 27.3 1.2
3PFL Ni(OH)2 + 3wt%AlL,03
Batch 3 lithiated 236.1(2) 210(2) 26.1(2) 1.6
3LNOF LiNiO; + 3wt%Al,03 after
o dry particle fusion and 241.8(9) 209.5(9) 32.2(1) 2.8
heating

To see if the best material, 3PFL in this chapter is still good compared to other layered

oxide materials, the data of the specific capacity delivered at the first cycle at a specific

current of C/20 vs. the capacity retention after 50 cycles at a specific current of C/5 of 26

sets of coin cells together with the 3PFL coin cell are plotted in Figure 4.7. The 26 sets

of coin cell data were collected from the referencel*® reported by Li et al. and the coin

cells were made at Dalhousie using layered oxide materials either provided by different

industrial vendors or synthesized at Dalhousie. All the cells were cycled at 30 °C with

the same LCV of 3.0 V and different UCVs ranging from 4.1 V to 4.4 V at a current of
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C/20 for the first 2 cycles and C/5 for the next 50 cycles. Samples with the same
stoichiometry were from different venders. Readers can refer to reference!”! for further
details of sample and cycling information. Figure 4.7 shows that the 3PFL marked by red
circle had both good specific discharge capacity and capacity retention, demonstrating the

good performance of this material.
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Figure 4.7 Capacity retention after 50 cycles (C/5) as a function of the 1st C/20 discharge
capacity for the materials listed in Table 4.4 and the 3PFL (batch 1) sample in this
chapter. Adapted with permission from H. Li, A. Liu, N. Zhang, Y. Wang, S. Yin, H.
Wu, J. R. Dahn, Chemistry of Materials 2019, 31, 7574.147) Copyright 2019, American

Chemical Society.
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Table 4.4 The stoichiometries of samples plotted in Figure 4.7. The numbers represent

the points and the same number was marked next to the corresponding point in Figure 4.7.

11

13

15

17

19

21

23

25

PC and SC represent polycrystal and single crystal, respectively.

..

LiNiO;
LiNig.92C00.03Al0.03Mg0.0202
LiNio.89C00.06Al0.03Mg0.0202

LiNig.95Al0.03Mg0.0202
LiNio.97sMgo.02502
LiNi0.90C00.0sAl0.0502
LiNig.90C00.0sAlo.0sO2
LiNi.9sAlo.0s02
LiNi, 5;Mg, 50,
LiNio.9875Al0.012502
LiNio.sMno.2C00.202 SC
LiNio.sMno.1C00.102 SC

LiNip.sMno.1Co0.102 PC
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10

12

14

16

18

20

LiNi0.89C00.06Al0.03Mg0.0202
LiNio.95Al0.03Mg0.0202
LiNig.92C00.03Al0.03Mg0.0202
LiNio.90sMgo.0s02
LiNig.99Mgo.0102
LiNi0.90C00.0sAl0.0502
LiNig.9sAlo.0s02
LiNig.95Alo.0s02
LiNi; 5;Mg, 450,
LiNio.sMno 2C00.202 PC
LiNig 80Co00.15Al0.0s02
LiNio.sMno.1C00.102 SC

LiNip.sMno.1Co00.102 PC



4.3 Summary

Dry particle fusion was used to coat Al,O3 on Ni(OH), and on LiNiO,. The hammer
temperature versus time during dry particle fusion showed the reproducibility of the
process. Particle size distribution analysis showed that core particles did not break after

the fusion process.

The AlOs coated Ni(OH), samples were heated with LiOH*H>O in a two-step heating
procedure. The Al,O3 coated LiNiO; sample was also heat treated. After heat treatment,
cross-sectional SEM and EDS line scans of Al showed that the Al had diffused inside the
particles for both materials. X-ray diffraction patterns showed that all the samples
displayed a well-developed layered structure. The lattice constant variation vs. at% Al
for the samples made from Al,O3; coated Ni(OH). followed the same trend as materials
made from co-precipitated NijxAlx(OH)2 precursors in reported the literature, consistent

with Al diffusing inside the particles.

Coin cell tests showed the samples made from Al,O3 coated Ni(OH),, followed by heat
treatment with LiOH*H2O, had improved charge-discharge cycling performance which
improved as the Al content increased. The sample with 3 wt. % Al2O3 had both excellent
capacity retention and specific capacity, while the sample prepared by coating 3wt%
ADLOs3 directly on LiNiO», followed by heating, had poor capacity retention. Two more

batches of AlO3 coated Ni(OH),, followed by heat treatment with LiOH*H>O, were
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made and coin cell testing results verified the reproducibility of this approach. Dry
particle fusion coating of Al,O3; (and presumably other materials) directly on Ni(OH)2
precursor followed by heat treatment with a lithium source appears to be an excellent way
to prepare next generation Co-free positive electrode materials for Li-ion batteries. In
this thesis, we further applied coatings of WO3 and Ta>;0Os on Ni(OH), precursor and heat
treated the WOs3- and Ta>Os-coated precursors with a lithium source later on to prepare
positive electrode materials and investigate the mechanism of action of W and Ta on

LNO, which will be shown in Chapter 5 and 6 respectively.
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Chapter 5 Mechanism of Action of the Tungsten Dopant in LiNiO: Positive
Electrode Materials

Ni-rich layered Li transition metal oxides, such as LiNixCoyAlixyO2 (NCA, x > 0.8) and
LiNixMnyCo(1-x-y)O2 (NMC, x > 0.5), are the top choices of cathode materials for electric
vehicles owing to their superior energy and power densities!*%-11% However, the
practical capacity of many commercial Ni-rich cathodes is still limited to <200 mAh/g to
guarantee a long cycle life, and the incorporated Co is becoming increasingly problematic
in terms of price and sustainability. To overcome these limitations, increasing the fraction
of Ni in the materials to increase the capacity and reducing the use of Co is a common
strategy. However, materials with a very high Ni content show faster chemo-mechanical
degradation such as microcracking of secondary particles during charge discharge
48,49]

cycling!®®*1 Hence, preparing high-Ni cathodes with satisfactory cycling stability

remains challenging.

Many researchers have worked very hard to solve this problem. The addition of tungsten
(W) has been reported to be particularly effective to improve the cycling stability of Ni-
rich and Li-rich materials**1>51-54 However, it was unclear whether the W dopant is in
the TM sites as a substituent or stays in a second phase. W®" is the most stable oxidation
state of W and is closest in size to Ni** so one would expect W¢* to be the oxidation state
of W substituted for Ni in LiNiO2. However, such a substitution will create numerous

defects and structural distortions to balance the charge difference, which is unlikely to be
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energetically favorable. Therefore, a close examination of the location of W in LiNiO;
and the corresponding mechanism that is responsible for improving charge-discharge

capacity retention was performed in this chapter.

In this chapter, we investigated the mechanism of action of W in LiNiO> (LNO). LNO
with different mole ratios of W:(Ni+W) (0.5, 1, 2 and 4 mol%), which are denoted as
WO0.5-LNO, WI-LNO, W2-LNO and W4-LNO, were synthesized by coating nano-sized
WOs3 on Ni(OH); by a dry particle fusion method reported in Chapter 3, followed by
heating with LIOH-H>O. W-containing Ni(OH), precursors were also prepared by co-
precipitation and these were subsequently heated with LiOH-H>O. X-ray diffraction
(XRD) and electron energy loss spectroscopy (EELS) experiments in a transmission
electron microscope were used to examine the structure of the materials synthesized in
this chapter and to determine the W distribution inside materials. Electrochemical
measurements made with coin cells verified that excellent charge-discharge capacity

retention of materials synthesized with 1mol% W.

This Chapter is based on an article published in Advanced Energy Materials.['>) [Chenxi
Geng et al Adv. Energy Mater. 12 (2022) 2103067]. Reprinted with permission from
Advance Energy Materials. ['*!  Copyright 2020 John Wiley and Sons. Chenxi Geng
contributed to the conceptualization, material synthesis, material characterizations, and
electrochemical tests; Divya Rathore, and Ines Hamam contributed to the

conceptualization, material synthesis and material characterization; Dylan Heino, Ning
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Zhang, Nafiseh Zaker, Gianluigi A. Botton, Roee Omessi, Nutthaphon Phattharasupakun,
and Toby Bond contributed to the material characterizations. Jeff Dahn contributed to the

design of experiments, the interpretation of results as well as editing the manuscript.
5.1 Experimental Methods

A dry particle fusion method described carefully in Chapter 3 was used for this chapter.
Briefly, nanometer-sized Tungsten (VI) oxide (WO3) powder (< 100 nm, from Sigma-
Aldrich) was coated on Ni(OH), (15 micron diameter, from Zoomwe, China) by dry
particle fusion to make (Ni(OH)2)1-x*(WO3)x precursors (x=0, 0.005, 0.01, 0.02 and 0.04).

Material loading weight, spinning speed and duration are shown in Table 5.1.

Table 5.1. Summary of the precursors made by dry particle fusion and subsequent heat

treatment in this chapter.

Description Ni(OH), Spinning Duration
- weight (g) we1ght (g) speed (rpm) (min.)

Ni(OH), 50.0
(Ni(OH),) | 505 (WO,), 10 50.0 0.628 2400 60
(Ni(OH),) ,,*(WO,), . 50.0 1.263 2400 60
(Ni(OH),) ,(WO,), ., 50.0 2.552 2400 60
(Ni(OH),) (WO, ., 50.0 5.210 2400 60

The lithiation process was carried out as described in Chapter 2. The second step

lithiation temperature for lithiated W-added LNOs with different W mole ratios in this
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chapter was 800°C. In order to get the optimum calcination temperature for W1-LNO,

powders were also heated at 700°C, 750°C, 850°C and 900°C at the second lithiation step.

In order to see if the location of W in LNO would be influenced by the way that W was
added, the precursor (Ni(OH)2) 0.98 -(NiWO4)o.01, which has a W/(Ni+W) molar ratio of
0.01, was made by coprecipitation in a continuously stirred tank reactor (CSTR)
(Brunswick Scientific/Eppendorf BioFlo 310) using a method similar to that described by
Van Bommel et al.’* and in Chapter 2. The second step lithiation temperature for this

lithiated W1-LNO made by coprecipitation was 800°C.

SEM, XRD, TEM, EELS, MILLS, XANES, EXAFS, lithiation process and coin cell
long-term cycling were performed as described in Chapter 2. Electrolyte with 1.2 M
LiPFs in FEC:DMC (1:4 v/v) was used for the half coin cell long-term cycling tests as

this electrolyte gives better long-term lithium metal cycling.

5.2 Results and Discussion

X-ray diffraction patterns were collected from 15° to 70° for the materials heated with
LiOH-H>O and all the materials demonstrated a well-developed layered structure as
shown in Figure 5.1A. The peak-height normalized (003) peak broadened with
increasing amounts of W as shown clearly in Figure 5.1B. It is known that the full width
at a half maximum (FWHM) of the XRD peak is inversely proportional to the crystallite

grain size!**12 so the peak broadening indicates decreasing crystallite grain size with

110



increasing W content. The (003) peak broadening could also be attributed to the
increased micro strain in lattice due to Ni-Li mixing**3, More importantly, there was an
amorphous hump which appears near the (003) peak and which increases in intensity
with increasing amounts of W, while an impurity peak appeared at 24° and also became
more intense as the W fraction increased (Figure 5.1C). The amorphous hump and
impurity peak, which do not originate from the layered structure, raised the question
whether the added W atoms were incorporated into the layered structure or stayed outside

the grains of primary particles as a secondary phase.
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Figure 5.1. (A) XRD patterns of LNO, W0.5-LNO, W1-LNO, W2-LNO and W4-LNO

synthesized at 800°C; (B) Broadening of the peak-height normalized (003) peak; (C)

Expanded view of the impurity region.

Rietveld refinements were performed assuming an o-NaFeO: (space group R3m)
hexagonal layered structure in which Li occupies the 3a site, transition metals occupy the
3b site, and oxygen occupies the 6¢ site. The refinement results are shown in Table 5.2.
There is an increase of Ni atoms in the Li layer (%NiLi) with increasing W fraction, from
2.8% in LNO to 8.8% in W4-LNO, while the lattice parameters a and c also increase as
the W fraction increases. One might argue that W' gets doped into the transition metal

layer, and therefore more Ni*" was reduced to Ni** to maintain charge neutrality. Ni?*
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has a similar ionic radius (rni2+=0.69 A, rni3+=0.56 A) to Li* (r1+=0.76 A)!''*) which
facilitates Ni and Li mixing and results in the higher %Nir; with higher fraction of W2l

[115] show that it is not preferable for W to be incorporated

However, our DFT calculation
in the layered phase lattice. Instead, we believe that W is incorporated in LixW,0, (x/y >
1) phases in the grain boundaries between primary particles, which takes more Li from

LiNiO2 making it lithium deficient and thus having a higher %NiL; and increased lattice

constants.
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Table 5.2 Rietveld refinement results of LNO, W0.5-LNO, W1-LNO, W2-LNO, W4-

LNO and W4-LNO with extra Li added. All samples were heated to 800°C in oxygen.

5 a (A) (within ¢ (A) (within Ni in Li layer %
Heatediat BH0IC +0.0001 A) +0.001 A) (within £0.2 %)

2.8775 14.1901 2.808
W0.5-LNO 2.8781 14.2041 2.626
W1-LNO 2.8783 14.2038 2.412
W2-LNO 2.8804 14.2061 4.255

> a (A) (within ¢ (A) (within Ni in Li layer %

el ECHLING +0.0001 A) +0.001 A) (within £0.3 %)
W4-LNO 2.8876 14.2175 8.861
W4'L§£1:5‘tra Li 2.8796 14.2043 4.310

To further investigate the amorphous hump and impurity peak, we made W4-LNO with

extra Li added, which corresponds to Li/(Ni+W) = 1.06 (our normal W4-LNO sample has
a Li/(Ni+W) ratio of 1.02). W4-LNO also had a well-developed layered structure as
shown in Figure 5.2A. The amorphous hump became less pronounced, and a new phase
appeared representing LisWOs (PDF# 21-0532, Figure 5.2B). The appearance of the
LigWOs phase confirmed that there is a LixWyO, phase staying outside of layered phase.
The Rietveld refinement result is also shown in Table 5.2. The percentage of Ni in the Li
layer decreased to 4.3% when a Li:(Ni+W) ratio of 1.06 was used compared to 8.8%
when a Li:(Ni+W) ratio of 1.02 was used. This suggests that the LisWOs phase
consumed a large amount of Li resulting in insufficient Li for stoichiometric LiNiO; and

causing lithium deficiency as in LijxNii+xO2. Then some Ni** transforms to Ni**
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maintain electroneutrality, and some of this Ni>" then moves to the Li layer, thus the
percentage of Ni in the Li layer increased. When extra Li was added, to compensate for

that lost in the LixWyO; phase, the Li deficiency in Li;xNij+xO2 decreased.

A B 200
” L
£ 600r |£ 160}
3 3 120F 800 °C
L 400 e r W4-LNO
g - 80 X W4-LNO extra Li added
:.5 - 40 F Li,WO, PDF# 21-0532
c 200 2 #
2 e 0 1
E E L. .
20 30 40 50 60 16 20 24 28 32
Scattering Angle (Degree) Scattering Angle (Degree)

Figure 5.2. (A) XRD patterns of W4-LNO and W4-LNO with extra Li added during

synthesis; (B) Expanded view of the impurity region.

Figures 5.3A and B show the W L3-edge X-ray absorption near edge structure (XANES)
spectra and Fourier-transformed extended X-ray absorption fine structure (EXAFS)
spectra of W1-LNO and a home-made LisWOs reference. Both the W L3-edge XANES
spectra and Fourier-transformed EXAFS spectra of W1-LNO are identical to the spectra
of the homemade Li4sWOs reference, which implies again that W is possibly incorporated
in a LixWyO, phase. It is important to note that both Ni in LNO and W in LisWOs and
LisWOs occupy octahedral sites, which also could result in the overlap of XANES and
EXAFS spectra of W1-LNO and Li4WOs. Therefore, more characterization is required
for the study the distribution of W. EELS mapping result will be shown in the following

paragraph. The XRD pattern of home-made Li4WOs in Figure 5.3C shows it contains
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both LisWOs and LisWOs. This provides an explanation why the impurity phase in “W4-
LNO extra Li added” is LigWOe (more excess lithium) while the W L3-edge EXAFS
spectra of WI-LNO and LisWOs are identical. The local structures containing the first
and second neighbors of W in LisWOs (Figure 5.3D) and LisWOs (Figure 5.3E) are quite
similar, which can explain why the W1-LNO and homemade LisWOs materials have

similar W L3 edge peak positions in XANES and in Fourier-transformed EXAFS spectra.

08+ P o W-LNO 800°C
S —— Li,WO; reference

o W-LNO 800°C
—— Li WO; reference

10200 10250 10300 0 2 ] 6
Energy (eV) R(A)

Intensity (a.u.)

30
Scattering Angle (degree)

Figure 5.3 (A) W L3-edge X-ray absorption near edge structure (XANES) spectra and (B)
Fourier-transformed extended X-ray absorption fine structure (EXAFS) spectra of W1-
LNO and a home-made Li4sWOs reference. (C) XRD of the home-made LisWOs
reference sample in which both Li4sWOs and LisWOs phases were identified. (D-E) Local
structures (first and second neighbors) of W in (D) LisWOs and (E) LisWOs phases,

respectively.
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Figure 5.4 shows the discharge specific capacity versus cycle number for W4-LNO and
“W4-LNO extra Li added”. Adding extra Li during heat treatment greatly increased the
specific capacity of W4-LNO from 133.5 mAh/g to 193.9 mAh/g, further supporting our
speculation that the LixWyO, phase formed and consumes lithium hence causing Li

deficiency in Lij«xNii+xOa.

220 L S B S S E—

)
2
|'|'§’;.|'
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800 °C

@ W4-LNO
® WA4-LNO extra Li added

0 N 1 " 1 " " 1
0 10 20 30 40 50

Cycle Number

Figure 5.4. Electrochemical cycling performance of W4-LNO and “W4-LNO extra Li

added” synthesized at 800°C (2 cycles at C/20, 50 cycles at C/5, and 2 cycles at C/20).

To clearly determine the location of W in the LNO samples, electron energy loss
spectroscopy (EELS), performed in a transmission electron microscope (TEM), was

carried out on a cross section of the W1-LNO sample. The STEM image of W1-LNO
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and the EELS mapping of W in Figure 5.5A show that W is mostly concentrated in the
grain boundaries between primary particles and on the surface of the secondary particles
instead of being incorporated within the grains. Analyzing O-K edge EELS near-edge
structure features, it is found that the oxygen K-edge spectrum in the grain boundaries
and on the surface of the secondary particles (Figure 5.6A) does not have a pre-edge
while oxygen K-edge spectrum within the grains has a pre-edge feature (Figure 5.6B).
Therefore, it is possible to conclude that the chemical environment/coordination of the
oxygen atoms within the grains and the grain boundaries is different. Multiple linear
least squares (MILLS) fitting maps with the internal references (using spectra at grain
boundaries and spectra within the grains) show that oxygen atoms without a pre-edge are
present on all grain boundaries while oxygen with a pre-edge are present inside grains.
There is strong correlation between the near edge structure of the oxygen spectra at the
grain boundaries and the EELS maps of W, which infers that the phases having a

different oxygen chemical environment are W phases.

To determine if the W location would be influenced by the way that W was added, EELS
was also carried out on W1-LNO in which W was added by coprecipitation at the
precursor synthesis stage (the only sample made by coprecipitation in this chapter). In
the coprecipitated precursor it is possible that W was uniformly distributed inside the
precursor, not only on the surface of the precursor like the WOs3-coated Ni(OH), prepared
by dry particle fusion. EELS mapping of W in Figure 5.5B shows that W was also
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mostly concentrated in the grain boundaries along with the surface and not significantly
distributed into primary particles of W1-LNO where the precursor was made by
coprecipitation. This means that even if W was uniformly incorporated throughout the
coprecipitated precursor, it is expelled into the grain boundaries during heat treatment

with LiOH-H»O.

Dry particle fusion

A Fit Coeff for O— Without pre-edge Fit Coeff for O— With pre-edge

B Coprecipitation

Fit Coefl for O— Without pre-edge

Fit Coeff for O— With pre-edge
hout (e eda: f

[Specuum imagd)
4 -

Figure 5.5. TEM image, EELS mapping of tungsten signal, MLLS fitting of oxygen
without pre-edge spectra, MLLS fitting of oxygen with pre-edge spectra of (A) W1-LNO
sample where the precursor was coated with WO3 by dry particle fusion and (B) W1-
LNO sample where the precursor was made by coprecipitation after cycling. The scale

bar corresponding to each panel is shown in the left most panel.
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Figure 5.6. (A) EELS spectrum at the Oxygen K-edge obtained at grain boundaries
where W is detected from the EELS maps; (B) EELS spectrum of O K-edge within the
grains of LiNiOz. The spectra show differences in the oxygen bonding/coordination in the

two different regions.

The scanning electron microscopy (SEM) images in Figure 5.7A show that the primary
particles of LNO were relatively large and that the primary particles become smaller after
adding W. ImageJi6117l was used to obtain the average primary particle area, and Figure
5.7C shows the average primary particle radius plotted versus the W-content calculated
assuming the primary particle cross sections are circular. Figure 5.7C shows
quantitatively the same trend as the images in Figure 5.7A. To observe how temperature
would influence particle growth, we synthesized LNO and W1-LNO at 700°C, 750°C,
800°C and 900°C. SEM images were taken to observe the primary particle growth versus
temperature (Figure 5.7B) and Image]J was used to quantify the primary particle radius of
materials synthesized at different temperatures (Figure 5.7D). LNO has relatively large

primary particles at 700°C initially, and the primary particles grow larger with
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temperature, becoming much larger at 900°C, while adding W effectively suppressed
primary particle growth. Primary particles of WI1-LNO at 700°C were small and
remained small even though the synthesis temperature increased to 900°C. SEM images
(Figure 5.8) at lower magnifications showing morphologies of singular and multiple
particles of the above-mentioned materials are included in supporting information. In our
opinion, the surface nano-WO;3 on Ni(OH): should react with LiOH or LiO to form
LixWyO, phases, which normally have melting points in the temperature range of 700-
750°C18, Many Li-W-O phases were reported, such as LioWO4 (melting point [m.p.]
745°C), Li;W207 (m.p. 735°C), LiaW4O12,['"! LizW4013 (m.p. 805°C, 800°C, or
750°C),1'8 and LixWs015.121  As a result, these LixWyO, phases can easily wet the
surfaces of the secondary grains during synthesis and then infuse along all the grain
boundaries between the primary particles. We infer that it is primarily the LixWyO, phase
which wets the surfaces of the primary particle grains that behaves like a barrier to slow
down Ni interdiffusion and therefore hinders the growth of the primary grains as
temperature increases. Given the lack of detectable W substituting for Ni in LNO, we
expect that W within the LNO lattice, if any, would not have a significant effect

suppressing grain growth.
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Figure 5.7. (A) SEM images of LNO, W0.5-LNO, W1-LNO, W2-LNO and W4-LNO
synthesized at 800°C; (B) SEM images of LNO and W1-LNO synthesized at 700°C,
750°C, 800 °C and 900 °C; (C) average primary particle radii of samples mentioned in

(A); (D) average primary particle radii of samples mentioned in (B).

122



LNO WO0.5-LNO W1-LNO W2-LNO W4-LNO

700°C 750°C 800°C 900 °C
W1-LNO

Figure 5.8. (A) SEM images at low magnifications (x5000 and x1000) of LNO, WO0.5-

LNO, W1-LNO, W2-LNO and W4-LNO synthesized at 800°C; (B) SEM images at low

magnifications (x5000 and x1000) of LNO and W1-LNO synthesized at 700°C, 750°C,
800 °C and 900 °C.
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Figure 5.9A shows the discharge specific capacity versus cycle number for samples
described above. Adding only 0.5mol% W greatly improved the specific capacity and
capacity retention. and W1-LNO showed the best performance with both best specific
capacity and best capacity retention. The peak below 3.6 V shown in the differential
capacity curve (dQ/dV) in Figure 5.9B is normally referred as being in the kinetic
hindrance (KH) region*”! and the peak intensity is very sensitive to the fraction of Ni
atoms in the Li layer'?!l. Therefore, the larger KH peak of W0.5-LNO and W1-LNO
agrees with the refinements for %NiLi shown in Table 5.2. The intensity of the H3—H2
peakl*”! in the dQ/dV vs V curve near 4.2 V drops with higher W fraction, suggesting the
suppression of the H3—H2 phase transition*’*"], which agrees with a literature report!s.
The suppression is caused by the increased fraction of Ni atoms in the Li layer in the

samples having more W [122123],

Figure 5.9C shows the specific capacity versus cycle number of W1-LNO synthesized at
700°C, 750°C, 800°C and 850°C. WI1-LNO made at 750°C and 800°C have almost
overlapping data and behaved better than W1-LNO made at other temperatures. Figure
5.10 shows the XRD patterns of the above-mentioned materials with well-developed
layered structure, and the XRD refinement data are included in Table 5.3. Figure 5.9D
compares the dQ/dV vs. V curves of the 2™, 54 and the 106™ cycle of W1-LNO made at

800°C. There was a capacity recovery in the KH region and the H3—H2 peak
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maintained its peak intensity and shape, indicating minimal degradation and good

capacity retention of the material.
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Figure 5.9. (A) Electrochemical cycling performance of LNO, W0.5-LNO, W1-LNO,
W2-LNO and W4-LNO synthesized at 800°C (2 cycles at C/20, 50 cycles at C/5, and 2
cycles at C/20); (B) dQ/dV vs. V curves of 1° discharge and 2" charge process; (C)
Electrochemical cycling performance of W1-LNO synthesized at 700°C, 750°C, 800°C
and 850°C; (D) Comparison of 2™ cycle and the 54" cycle dQ/dV vs. V curves of W1-

LNO synthesized at 750°C.
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Figure 5.10. XRD patterns of W1-LNO synthesized at 700°C, 750°C, 800°C and 850°C.
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Table 5.3. Rietveld refinement results for W1-LNO synthesized at 700°C, 750°C, 800°C

and 850°C.
it
W1-LNO 700°C 2.8776 14.1983 4.414
WI1-LNO 750°C 2.8763 14.2006 1.736
W1-LNO 800°C 2.8783 14.2038 2.412
WI1-LNO 850°C 2.8798 14.2058 3.046

We studied the propensity of various Ni-rich positive electrode materials to resist
microcracking under the application of uniaxial pressure.!'”’ That work showed that the
stronger polycrystals can maintain their secondary particle integrity under high stress and
avoid microcracking during charge-discharge cycling. Crushing tests applying a pressure
from zero up to 500 MPa using an Instron universal testing machine and an appropriate
die were performed on LNO synthesized at 800°C and W1-LNO synthesized at 750°C.
Data collected are shown in Figure 5.11A. The compression work measures the
resistance of a material to be crushed which increases from 7.7 J/g for LNO to 15.1 J/g
for W1-LNO, indicating that WI-LNO has greatly increased resistance to fracture. As
shown in Figure 5.11B and C, LNO heavily fractured after the crushing test to a pressure
of 500 MPa, while only a few particles of W1-LNO cracked after crushing, which clearly

shows W1-LNO is more resistant to fracture. It is the infusion of the amorphous
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LixWyO; phases between the grain boundaries which coats the particle surface, hinders

grain growth, improves secondary particle robustness, thus improves material cycling

performance.
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Figure 5.11 (A) Analysis of compression work by the crushing test using the Instron
system (see reference '”!). The specific compression energy (J/g) of LNO synthesized at
800°C and W1-LNO synthesized at 750°C are shown; (B) SEM images of LNO 800°C

and (C) W1-LNO 750°C before and after the crushing test.
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5.3 Summary

This chapter clearly shows that W is not incorporated substitutionally for Ni or Li when
incorporated as a dopant in LNO. Instead, XRD and EELS have conclusively shown that
W is present in amorphous LixWyO, phases that coat the surfaces of the secondary
particles and all the grain boundaries of the primary particles. Given that the WO3 was
only coated on the surfaces of the Ni(OH): precursor in the samples made by
mechanofusion, finding W deep within the secondary particles means that the LixWyO,
phases wet the LNO surfaces well. This provides a coating on the primary and secondary
particles which may aid in capacity retention. Additionally, the LixWyO. phases hinder
primary particle growth as temperature increases and appear to act as a “glue” to increase
the resistance of the secondary particles to microcracking under applied stress and during

charge-discharge cycling.

It is our hope that this chapter will aid in the understanding and commercialization of Ni-

rich positive electrode materials for Li-ion cells.
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Chapter 6 Impact of Tantalum Added to Ni-based Positive Electrode Materials for

Lithium-ion Batteries

The addition of high valence elements like tungsten (W) and tantalum (Ta) have been
reported to be particularly effective to improve the charge-discharge capacity retention of
Ni-rich materials.®-'®!8]  'We reported that the addition of W into layered oxides has
improved the charge-discharge capacity retention of cells made with W-containing
materials and improved the mechanical strength of the cathode particles as measured by a
crush test.'®!  Electron energy loss spectroscopy (EELS) has shown that W was
concentrated inside grain boundaries between primary particles as LixWyO. phases. The
LixWyO, phases behave like a barrier to slow down ion diffusion during calcination
which reduced the size of the primary particles in W-containing materials compared to
materials without W. The smaller primary particles underwent smaller absolute volume
expansion and shrinkage of primary particles which reduced the occurrence of
microcracking in the electrode particles and improved capacity retention of the cathode
materials. The LixWyO, phases also acted as a “glue” to bind the primary particles

together and keep them in contact during cycling.

t1124126] and Ta,0s-Li>O phase diagram has

LixTayO, phases have been reported to exis
been investigated!!?”. We expect that tantalum plays the same role as tungsten when

added to LiNiO> in small amounts, suggesting that tantalum does not incorporate into the
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crystal structure of LiNiO,, but appears as LixTayO, phases within the grain boundaries

instead.

In this chapter, we synthesized LiNiO> with 0, 0.5, 0.75, 1, and 2 mol % of added Ta
lithiated at temperatures under 730°C, which will be denoted as LNO, Ta0.5-LNO,
Ta0.75-LNO. Tal-LNO, and Ta2-LNO. X-ray diffraction (XRD), scanning electron
microscopy (SEM), Extended X-ray absorption fine structure (EXAFS) and long-term
cycling tests were used to examine the physical and electrochemical properties of the
above synthesized materials. These results were compared with LiNiO2 synthesized with
1 or 2 mol% tungsten (W) denoted as WI1-LNO and W2-LNO. These samples were

heated with LiOH at 800°C.

This chapter was published by Journal of Power Sources.!'?”! Chenxi Geng contributed to
the conceptualization, material synthesis, material characterizations, and electrochemical
tests; Dylan Heino contributed to material synthesis, material characterizations, and
electrochemical tests; Divya Rathore, Nafiseh Zaker and Nutthaphon Phattharasupakun
contributed to the material charaterizations. Jeff Dahn contributed to the design of

experiments, the interpretation of results and the editing of the manuscript.
6.1 Experimental Methods

A dry particle fusion method described carefully in chapter 3 was used for this chapter.
Briefly, nanometer-sized Ta>Os powder (< 100 nm, from Sigma-Aldrich) was coated on

Ni(OH)2 (15 micron diameter, from Zoomwe, China) by dry particle fusion to make
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(Ni(OH)2)1-x*(Ta205)x precursors (moles Ta/(moles Ni + moles Ta)=0, 0.005, 0.0075,

0.01, 0.02). Material loading weight, dry particle fusion spinning speed and duration are

shown in Table 6.1.

Table 6.1. Summary of the precursors made by dry particle fusion in this chapter.

Mole ratio of
Ta (moles

Description

Ni(OH), 0 50.0
(Ni(OH),), 405 (Ta,0), 0.005 49.41
(Ni(OH),) 5,5 (Ta,0) 0. 0.0075 49.12
(Ni (OH)2)0.99 ) (Tazos)o.oos 0.01 48.82
(Ni(OH),), oo (Ta,0,) 0.02 47.68

0.592

0.885

1.175

2.319

Spinning
speed
(rpm)

2400
2400
2400

2400

Duratio
n (min.)

60
60
60

60

The lithiation process was carried out as described in Chapter 2. The second step

lithiation temperature for all the lithiated samples in this chapter was 730°C.

SEM, XRD, TEM, EXAFS, lithiation process and coin cell long-term cycling were

performed as described in Chapter 2. Electrolyte with 1.2 M LiPF¢ in FEC:DMC (1:4 v/v)

was used for the half coin cell long-term cycling tests as this electrolyte gives better long-

term lithium metal cycling.
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6.2 Results and Discussion

X-ray diffraction patterns were collected from 15° to 70° for the materials heated with
LiOH-H>20O and all the materials demonstrated a well-developed layered structure as
shown in Figure 6.1A. Figure 6.1B shows the expanded view of (018)/(110) peak. The
clear splitting of the (018)/(110) peak indicates a well-developed crystallinity for LNO.
After adding Ta, the splitting becomes less noticeable due to increased peak width and
changed lattice constants. The increased peak width can be caused by a decrease in the
size of the primary particles as will be evident in the SEM results in Figure 6.2. In the
case of W-containing LNO, it has been shown that the presence of LixWyO, phases in the
grain boundaries limits the growth of the LNO primary particles and we believe LixTa,O,

phases play the same role herel'>!¢!

. The presence of amorphous LixTayO, phases can be
detected by the broad “hump” in the XRD pattern near 20-22 degrees as shown in Figure

6.1D which increases in size as the Ta content increases.

The intensity ratio of the (104) and (003) peaks in Figure 6.1C increases with the amount
of Ta in the samples, which corresponds to the increasing Li/Ni mixing ratio of the
samples according to the Rietveld refinement. Rietveld refinements were performed
assuming an a-NaFeO, (space group R3m) hexagonal layered structure in which Li
occupies the 3a site, transition metals occupy the 3b site, and oxygen occupies the 6c¢ site.
The refinement results are shown in Table 6.2, which demonstrate that the Li/Ni mixing

ratio increases with an increasing amount of Ta. This is caused by the fact that we did
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not increase the amount of Li (Li/(Ni+Ta) = 1.02) in the samples as the Ta content
increased. Thus, the LixTayO, phases “steal” some Li from the LiNiO; phase, leaving
less Li than desired and creating Li deficient Li;xNiixO> materials** which inherently
contain some Ni in the Li layer. The (003) peak broadened with increasing amounts of
Ta as shown clearly in Figure 6.1C. The full width at a half maximum (FWHM) of a
XRD peak is inversely proportional to the crystallite grain sizel*''!2 so the peak
broadening indicates decreasing crystallite grain size with increasing Ta content. The
broad “hump” in the XRD pattern near 20-22 degrees, the increasing Li/Ni mixing ratio
and the smaller primary particles with increasing amounts of Ta amount follow the same
trend as W-containing LNO. These observations suggest that Ta remains as amorphous
LixTayO, phases in the grain boundaries instead of being incorporated into the LNO
crystal structure. Recently Park et al. reported that Ta is also mainly aggregated in the
grain boundaries as a second phase rather than doping into the primary particles in Ni-
rich layered oxides, supporting our results. Readers can refer to the TEM results in their

work that clearly show that Ta is aggregated in the grain boundaries.[!?%]

134



» 4800 A — LiNio, B
§ 4000 | —— LiNi0,-0.5%Ta
——— LiNi0,-0.75%Ta

§, 3200 —— LiNiO,-1%Ta

2 2400 LiNiO,-2%Ta

g 1600

- 800 L

= 0 PR I N Jl...‘l.h.‘ i

20 30 40 50 60 64 65

>
=1 E D —— LiNiO,
S c —— LiNi0,-0.5%Ta
£ 0.8 370 ——— LiNi0,0.75%Ta
; 0.6 e hump — LiNio,-1%Ta
b > ——— LiNiO,-2%Ta
204 B
© c
£0.2 g
Zo 0 A\ — 0

20 30

Figure 6.1. (A) XRD patterns of LNO, Ta0.5-LNO, Ta0.75-LNO, Tal-LNO, and Ta2-

LNO synthesized at 730°C; (B) Expanded view of (018)/(110) peak; (C) (003) and (104)

peaks with normalized intensity in order to show the change of (104)/(003) intensity ratio

with Ta amount more clearly; (D) Expanded view of the “hump” region which indicates

the existence of amorphous LixTayO, phases. The data in D has not been normalized.

Table 6.2. Rietveld refinement results of samples synthesized in this chapter.

a (A)

c(A)

Ni in Li layer (%)

LNO (700°C)
Ta0.5-LNO (730°C)
Ta0.75-LNO (730°C)
Tal-LNO (730°C)
Ta2-LNO (730°C)
W1-LNO (800°C)
W2-LNO (800°C)

2.8761
2.8762
2.8773
2.8780
2.8804
2.8783
2.8804

14.1907
14.2013
14.2042
14.2048
14.2107
14.2038
14.2061

0.737
1.850
2.111
3.128
5.136
2.412
4.255
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Figure 6.2A shows a comparison of the (104)/(003) intensity ratio between Tal-LNO and
WI1-LNO. The intensity ratios of Tal-LNO and W1-LNO are very similar indicating that
their amounts of Li/Ni mixing are close as indicated in Table 6.2. The (104)/(003)
intensity ratio of Tal-LNO is slightly higher than that of W1-LNO suggesting larger
Li/Ni mixing in Tal-LNO, again in agreement with Table 6.2. The same trend is shown
in Figure 6.2B that Ta2-LNO has higher Li/Ni mixing than W2-LNO, again in agreement
with Table 6.2. Therefore, the same molar ratio of Ta compared to W introduces a bit

more Li/Ni mixing, suggesting that LixTayO, “steals” more Li than LixWyO..

oA B
G 1
£0.8 0.8
5 0.6 0.6
No.4 0.4
£0.2 0.2
2 0 0

Figure 6.2. (003) and (104) peaks with normalized intensity in order to compare the
(104)/(003) intensity ratio between (A) Tal-LNO and W1-LNO; (B) Ta2-LNO and W2-

LNO.

The Fourier transforms (FT) of the extended X-ray absorption fine structure (EXAFS) for

the Ni K-edge of LNO, the W L3-edge of W2-LNO, and the Ta L3-edge of Ta2-LNO
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shown in Figure 6.3 can help to determine the location of W and Ta in these materials.
The FT-EXAFS curve of LNO shows 4 major peaks “I”’, “II”, “III”, “IV” from 0 to 6 A,
and these peaks represent signals from inner to outer shells surrounding Ni atoms.
Dopants that have substituted for Ni in the crystal lattice of LNO will show 4 peaks in
FT-EXAFS the same as LNO, since the dopants stay in the same local environment as Ni
and are also surrounded by the same shells. Wang et al. reported the FT-EXAFS for Ni,
Co, Mn K edges of NMC721, NMC712, NC73, and LNO. Mn and Co also show distinct
4 peaks just like Ni, and we know that Co and Mn are two known substituents for Ni in
LNO!?°1. However, both the FT-EXAFS curves of W and Ta do not resemble the data
for Ni at all, suggesting that W and Ta are not substitutional dopants for Ni. Therefore,
FT-EXAFS curves support that Ta plays the same role as W and stays in the grain
boundaries as amorphous LixTayO, phases instead of substituting for Ni in the LNO

crystal lattice.
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Figure 6.3. Fourier transform (FT) of the extended X-ray absorption fine structure for Ni

K-edge in LNO, W L3-edge in W2-LNO, and Ta L3-edge in Ta2-LNO, respectively.

Figure 6.4 shows the SEM images of the as-synthesized samples in this chapter.
Compared to LNO, all the Ta-containing LNOs show smaller primary particle sizes,
which corresponds to the broadening of (003), (104), (018) and (110) peaks as the

amount of Ta increases in the samples.
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Figure 6.4. Scanning electron microscopy images of (A)LNO, (B)Ta0.5-LNO,

(C)Ta0.75-LNO, (D)Tal-LNO, and (E)Ta2-LNO.

139



Figure 6.5A shows the discharge specific capacity versus cycle number for the samples
described above. All the samples showed better capacity retention after adding Ta and
Ta0.75-LNO showed the best performance in terms of both specific capacity and capacity
retention. Ta0.75-LNO had a specific capacity of 209.1 mAh/g at the 21% cycle and
197.4 mAh/g at 80" cycle, which means a capacity retention of 94.4% over 60 cycles at
C/5. Figure 6.5B shows the dQ/dV vs. V curves of the described samples and the dQ/dV
peak intensities decreased with increasing amount of Ta in samples, which follows the
expected trend when Ni/Li mixing increased in layered oxide materials.**! Figure 6.5C
and D show that the peak intensity at 4.2 V dropped dramatically at the 53™ cycle for
LNO indicating impedance growth, while it remained almost the same for Ta0.75-LNO,

highlighting the improved cycling stability of Ta0.75-LNO.
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Figure 6.5. (A) Discharge specific capacity versus cycle number for LNO, Ta0.5-LNO,
Ta0.75-LNO, Tal-LNO, and Ta2-LNO — The testing was done between 4.3 and 3.0 V at
30°C. Cycles 1,2, 52 and 53 were made at C/20 while the others were made at C/5; (B)

dQ/dV vs. V curves of 1% discharge and 2™ charge process; Comparison of 2™ cycle and
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the 53" cycle dQ/dV vs. V curves of LNO (C) and Ta0.75-LNO (D).

Figure 6.6A compares the cycling performance between Ta0.75-LNO (best performance
among Ta-doped samples in this chapter) and W1-LNO (best performance among W-
doped samples reported previously in chapter 5'%)). Ta0.75-LNO has a lower initial
specific capacity, but it has a better capacity retention than W1-LNO for the first 50
cycles, and the capacity fade rate becomes similar for the two samples after 50 cycles.

Figure 6.6B shows that Ta0.75-LNO and W1-LNO have similar charge/discharge voltage
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vs. specific capacity curves. Ta0.75-LNO delivered smaller capacity at the plateaus at
3.5V and 4.2V, consistent with its smaller specific capacity shown in Figure 6.6A.

Overall, Ta0.75-LNO and WI1-LNO have comparable capacity retention and specific

capacity.
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Figure 6.6. (A) Discharge specific capacity versus cycle number for Ta0.75-LNO and
W1-LNO — The testing was done between 4.3 and 3.0 V at 30°C. Cycles 1,2, 52 and 53
were made at C/20 while the others were made at C/5; (B) V vs. Specific capacity curves
of 1® charge and discharge process for Ta0.75-LNO and W1-LNO. The W1-LNO data
are from Geng et al.l'! Reprinted with permission from Advanced Energy Materials.

Copyright 2022.
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6.3 Summary

In this chapter, we synthesized tantalum-containing LiNiO; samples and studied the
structural and electrochemical properties of the synthesized samples by XRD, SEM and
long-term cycling tests. All Ta-containing LNOs showed well-developed layered
structures and smaller crystalline sizes compared to pure LNO. Long-term cycling
results showed that among all the samples, LNO with 0.75mol% Ta showed the best
capacity retention of 94.4% for 60 cycles. We compared the XRD patterns of tantalum-
containing samples with tungsten-containing samples, and the addition of the same molar
ratio of tantalum introduced slightly higher Li/Ni mixing. We also compared the long-
term charge/discharge cycling tests of Ta0.75-LNO and W1-LNO, the best performance
sample in Ta-containing and W-containing samples respectively. The initial specific
discharge capacity of Ta0.75-LNO was only slightly lower than that of W1-LNO, and
both samples have excellent capacity retention despite their ultra-high Ni content.
Fourier-transformed extended X-ray absorption fine structure curves show that the Ta
atoms in Ta2-LNO and the W atoms in W1-LNO do not substitute for Ni in the LNO

structure.

The effects of Ta additions to LiNiO> are thought to be analogous to those of W additions
to LiNiO,. That is, Ta is not incorporated within the crystal structure of LiNiO> but
instead is thought to exist as an amorphous LixTayO, phase in the grain boundaries

between the LiNiO, primary particles.[!!8] Like in the case of W, a hump near 20-22
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degrees in the XRD pattern which increases with Ta content is present, indicating
amorphous LixTayO, phases. Like in the case of W, adding Ta causes a reduction in the
size of the LiNiO; primary particles again suggesting the LixTayO, phases in the grain
boundaries limit particle growth. We have not expended the resources to do high
resolution TEM on the Ta-containing samples, nor have we expended the effort to do
mechanical strength measurements!'®! but we are confident that Ta is incorporated in the

same way as W in LiNiO».
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The quest for cleaner and more sustainable energy solutions has intensified the demand
for high-performance batteries. High-Ni layered oxide materials have gained significant
attention and importance in the field of energy storage, particularly in rechargeable
lithium-ion batteries. High-Ni layered oxide materials offer high specific capacity,
enabling the development of lithium-ion batteries with superior energy density,
supporting the transition to electric vehicles and renewable energy storage. However,
high-Ni layered oxide materials come with the drawback of relatively rapid capacity fade,
which limits their commercialization in industry. This thesis introduced a dry particle
fusion instrument that can apply coatings on materials to improve their performance and
some detailed studies on the mechanism of action of adding different high-valence
elements (tungsten and tantalum) on LiNiO».

Chapters 1 and 2 gave an introduction on lithium-ion batteries and experimental
techniques used in this thesis. Chapter 3 introduced a dry particle fusion instrument built
at Dalhousie that can apply coatings by mechanical force to improve the performance of
cathode materials. It was shown that this dry particle fusion instrument is able to apply
coatings repeatably from run to run. In addition, the capacity retention of Ni(OH)2 coated

with nano-AlO; followed by lithiation was greatly improved compared to that of
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Ni(OH), without coatings followed by lithiation, demonstrating this dry particle fusion
can successfully apply effective coatings to improve the performance of materials.
Chapter 4 further gave a detailed study on applying coatings of different ratios of nano-
ALO3 on Ni(OH),. Coatings were made successfully without breaking the core materials
and capacity retentions were all improved for materials coated with different ratios of
nano-Al>O3 compared to the material without coating.

Chapter 5 and 6 studied how tungsten and tantalum effectively improved capacity
retention in LiNiOz, respectively. Both tungsten- and tantalum-added LiNiO, were
prepared by dry particle fusion, and followed by heating with a lithium source. The
tungsten was shown for the first time to be incorporated in LixWyO, amorphous phases
between and on the surface of LiNiO; grains, suppressing the growth of primary particles,
reducing the volume change of primary particles during charge and discharge, thus
reducing the secondary particle cracking. In addition, the LixWyO, phase possibly
worked as a “glue” to bind the primary particles and improved the mechanical strength of
the secondary particles. We believe that tantalum works similarly to tungsten.

To see if the W- and Ta-added LNO reported in this thesis gave a good cycling
performance, Figure 7.1 compares the half coin cell cycling performance of the W- and
Ta-added LNO (or ultra-high Ni layered oxide) reported in this thesis and in other
publications.213°  Very limited amount of researches were published on W- and Ta-

addition to pure LNO or ultra-high Ni layered oxide, the author chose the W1.5-LNO
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reported by Ryu et al.52! (the best cycling performance among all the W-added LNO with
different W ratios in that publication) and Tal-NC (LiNig.95C00.04Ta0.0102) reported by
Kim et al.''3% Both W1.5-LNO and Tal-NC were cycled at a specific current of 90 mA
g'! (~C/2) between 2.7-4.3 V at 30 °C with an active material loading of 4-5 mg cm™.
The W1-LNO and Ta0.75-LNO in this thesis were cycled at a specific current of 40 mA
gl (~C/5) between 3.0-4.3 V at 30 °C with an active material loading of 10-12 mg cm™.
Both W1-LNO and Ta0.75-LNO delivered a smaller specific capacity than W1.5-LNO
and Tal-NC, which is possibly due to a higher active material loading, but all of the
materials had similar and excellent capacity retention as ultra-high Ni layered oxide
materials, although W1-LNO had a slightly worse capacity retention, proving that the

additions of high-valence W and Ta to LNO are beneficial to the cycle life of LNO.
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Figure 7.1 Comparison of charge-discharge performance of W1-LNO and Ta0.75-LNO
reported in this thesis with W- and Ta-added high Ni materials (W1.5-LNO and Tal-NC)
reported by other authorst2139, Reprinted with permission from H. H. Ryu, G. T. Park, C.

S. Yoon, Y. K. Sun, J Mater Chem A Mater 2019, 7, 18580.52 Copyright 2019 Royal
Society of Chemistry. Reprinted with permission from U. H. Kim, G. T. Park, B. K. Son,

G. W. Nam, J. Liu, L. Y. Kuo, P. Kaghazchi, C. S. Yoon, Y. K. Sun, Nature Energy 2020
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Figure 7.2 summarizes the impurity region (19°-30°) of XRD patterns for pure LNO and
LNO added with 5 mol% aluminum, 5 mol% magnesium, 4 mol% tungsten, and 4 mol%
tantalum, which were shortened as AI5-LNO, Mg5-LNO, W4-LNO and Ta4-LNO
respectively. The AlS-LNO was reported in Chapter 4, which is the sample lithiated
Ni(OH), with 3wt% Al>O3 (sample 3PFL) and will be used to represent sample 3PFL in
the following text. The W4-LNO was reported in Chapter 5. The Mg5-LNO and Ta4-
LNO were synthesized by the author following the same procedure discussed in Chapter
2 at a lithiation temperature of 700 °C and 730 °C, respectively. An amorphous phase
was shown in the XRD patterns (19°-30°) for both W4-LNO and Ta4-LNO, while the
Mg5-LNO and Al5-LNO didn’t show a second phase in their XRD patterns, which is the
evidence that W and Ta exist in a second phase instead of LiNiO»> phase. We believe that
the additions of high-valence elements, W, Ta, Nb, and Mo, etc., function in the same
way that they stay in a Li-M-O second phase, (M =high valence elements W, Ta, Nb, and
Mo, etc.) instead of being incorporated into the layered oxide structure, to improve the

cycling performance of layered oxide materials.
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Figure 7.2 The impurity region (19°-30°) of XRD patterns for pure LNO and LNO added
with 5 mol% aluminum (A15-LNO), 5 mol% magnesium (Mg5-LNO), 4 mol% tungsten

(W4-LNO), and 4 mol% tantalum (Ta4-LNO).

7.2 Future Work

7.2.1 Impact of Surface Smoothing

As introduced, one way to improve cycle life of positive electrode material is to hinder
the parasitic reactions happening between cathode surface and electrolyte. The larger
cathode surface area gives more parasitic reaction sites, and therefore the degradation of
positive electrode is faster. Chapter 3 shows that core particle surfaces become smooth
after dry particle fusion, which offers the possibility of reducing the cathode surface area
due to the smoothing of cathode particles by dry particle fusion. Zheng et al. have
reported that mechanofusion-processed NMC622 had significantly improved cycling

retention than the pristine one.!*
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The impact of surface smoothing by dry particle fusion on cathode materials is in need.
Future study will involve SEM to observe the morphology of particles before and after
dry particle fusion, XRD to observe the structure change, BET to test the difference in
porosity before and after dry particle fusion, and electrochemical testing. Optimization of

spinning speed and duration will also be involved.

7.2.2 Impact of Surface Coating

Inactive materials, e.g. Al203, Si0», are often used to apply a coating layer on the cathode
particle surfaces, which avoids the direct contact of cathode surface and electrolyte.
Electrochemically stable cathode materials, such as LiFePO4 (LFP), are also reported to
be helpful for improving capacity retention when coated on the core cathode particle
surface. Zhong et al. reported that LFP coated NCM based 18650 full cells show
excellent cycling stability with capacity retention of 91.65%, much higher than that of
70.65% of pristine NCM after 500 cycles at 1C. The obvious difference may be
attributed to a reliable LFP coating layer, which can suppress the direct reaction between
NCM and electrolyte, hence increases the cycling stability.['3!] Carbon coating has gained
much attention owing to its low cost, improved conductivity, stability, and secures
electron transfer. Carbon-coated NCA displays a significantly higher capacity retention
of 84% at 0.5C after 250 cycles, whereas pristine NCA retains 71%, besides, the carbon-
coated material exhibited improved rate performance attributed to the better electronic
conductivity of the carbon coating layer.[3?]
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More study is required to get effective coatings for positive or negative electrode
materials by dry particle fusions. A suggested study will involve SEM and cross-
sectional SEM to observe the morphology of particles and coating layers before and after
dry particle fusion. Electrochemical testing will be involved to see if applying coatings
of the above-mentioned materials can improve positive electrode material capacity
retention, and find the optimized coating amount, spinning speed and duration for each

coating material.

7.2.3 Is the addition of high valence elements absolutely necessary for layered oxide
materials?

Figure 7.3 summarizes the charge-discharge specific capacity vs. cycle number of the
best materials, AIS-LNO, WI1-LNO, and Ta0.75-LNO, in Chapters 4, 5 and 6,
respectively. Both W1-LNO and Ta0.75-LNO gave good capacity retentions, however, it
is surprising to see the cycling performance of the Al5-LNO exactly overlap with W1-
LNO. This observation indicates the possibility of getting Ni-based layered oxide
materials with same capacity retention by substituting Ni with some common dopants, Al,
Mg, Mn etc., instead of the addition of high valence elements, W, Ta, etc.

The addition of high valence elements is shown to be beneficial to Ni-based layered
oxide by forming the Li-M-O phase to limit the primary particle growth and increase the
mechanical strength of the secondary particle during cycling. It could be worth to do

further exploration to see if high valence elements are removable from Ni-based layered
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oxides. It is a possibility that the same performance can be achieved by tuning the ratio
of well-known dopants and synthesizing conditions, lithiation temperature and duration,
etc, without introducing high-valence elements. Study will also include different

techniques to examine the physical and electrochemical properties of the synthesized

samples.
240
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Figure 7.3 Comparison of Al5-LNO, W1-LNO, Ta0.75-LNO (the materials with best

cycling performance in Chapter 3, 4 and 5, respectively).
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