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ABSTRACT

Selected area electron diffraction patterns were collected from a pristine LiNipsMngsO;
sample and cycled LixNigsMngsO, samples to 4.5 V and 5.3 V in the charged and discharged
states. In the pristine sample, the single-crystal diffraction patterns clearly revealed superlattice
reflections consistent with a V3apex x V3apex ¥ cnex. supercell that is characteristic of cation
ordering in the transition metal layer. Furthermore, these superlattice reflections were found to
have considerably weakened or completely disappeared in the charged samples. Comparing the
4.5 V and 5.3 V charged samples, fewer crystals in the 5.3 V charged sample were found to
exhibit these superlattice reflections. Another difference is that additional superlattice reflections
consistent with the O1 phase with hexagonal-close-packed oxygen array were detected in the 5.3
V but not in the 4.5 V charged sample. Therefore, electron diffraction evidence was found to
support the concept of Ni migration from the Li to the transition metal layer, and to confirm the
increased Ni occupancy in the transition metal layer upon charging. In addition, electron
diffraction data showed that Ni migration was in part reversible upon discharge as demonstrated
by the increase in the fractions of crystals exhibiting the V3aex X \/3aHex_ X Chex. SUperlattice
reflections from the charged to the discharged samples. The excellent electrochemical activity
and reversibility of LiNig sMng 5O, having Ni in the Li layer may be attributed to the mobility of
Ni ions upon electrochemical cycling. It has been found that high voltage exposure has resulted
in higher discharge capacity and better rate capability.

In the cycled samples, a new type of superlattice reflections was observed in addition to
the V3apex % V3@uex X Chex. superlattice reflections. These superlattice reflections are similar for
both the charged and the discharged samples, but their origins were believed to differ. For the
charged samples, it was proposed that Li, Ni, and vacancies are partially ordered in the
tetrahedral sites in a 2ayex X 2apex. X Chex. supercell with the space group R3m. Such ordering
may improve the stability of the O3 layered structure upon charging to high voltages. For the
discharged samples, Li, Ni, and vacancies order mostly in the octahedral sites in an @mon X @Mon.
x cmon. cell with the space group P2/m. It was believed that this arrangement may facilitate Li
diffusion in the interlayer slab space upon discharge.
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1.0 INTRODUCTION
1.1  LiNigsMny 5O, as a Positive Electrode Material

The rechargeable battery technology has traditionally been used to power portable
electronics such as cell phones and laptops that require only moderate amounts of energy
and power. For the high-energy and high-power applications, such as a car, fossil fuel
based technologies have been predominantly utilized. As the society is becoming more
aware of the negative environmental impacts of these technologies, research has been
focused on improving the batteries technology as an alternative source of energy.

In particular, LiNig sMng sO, has been studied as attractive positive electrodes for

B-B1 " Compared to the standard

high-energy, high-power advanced Li-ion batteries
cathodes used in commercial applications, namely LiCoO,, LiNigsMngsO; has a higher
discharge capacity and better rate capability!'*. More specifically, its discharge capacity
has been reported to be ~190 mAh/g upon cycling between 4.5 V and 2.0 V at 11.0
mA/g[4’ 15:18] 1 iNiy.sMngsO; has a similarly O3 layered structure as LiCoO, (Figure 1).
The main difference is that ~0.08 to 0.12 Ni per formula unit is present in the Li layer,
and displaces the same amount of Li ions into the transition metal layer!™ "1 The
mixing of Li and Ni ions may be a result of their similar ionic radii’®®! of 0.76 A and 0.69
A, respectively. It has been shown that reducing the size differences between the cations
increases the extent of interlayer mixing®). Usually, having Ni ions in the Li layer
impedes Li diffusion and results in a significantly larger polarization and irreversible

(22]. However, in LiNij sMn, s0,, excellent reversible capacity and cycleability

capacities
have been observed™> '), This may be related to the different ways its structure changes

upon Li removal and electrochemical cycling. In order to understand the electrochemical

19



f .‘;. ,

Figure 1" Ideal structural model of LiNigsMngsO, based on LiCoO, (a-NaFeO,
structure, space group R3m, @uex. = buex. = 2.8874 A, chex. = 14.2825 A and y = 120°).
Each atom in every layer is surrounded by 6 atoms in the same layer. Li atoms are on the
3a sites, Ni and Mn atoms share the 3b sites, and oxygen atoms are on the 6c sites.
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behavior of LiNipsMngs0,, several research groups have studied the local environment

of Li and the long range cation arrangements in the material.

1.2 Local Environment of Li and Long Range Cation Distribution in
LiNip sMng 50,

1.2.1 Pristine LiNigsMng 5O,

In the pristine sample, the Li ions in the transition metal layer are
electrochemically active, and are preferentially surrounded by six Mn ions or five Mn and
one Ni ions®. The local interactions amongst the Li, Ni, and Mn ions determine the long
range cation arrangement of the material. Previous electron diffraction studies have
revealed long range ordering in the pristine sample that is consistent with a V3@ x

.24 This type of ordering is based

V3@Hex, X CHex. supercell with the space group P3,;12!
on two different octahedral sites in the transition metal layer, similar to those found in
LixMnO5, Lip33C00,2% ") and Lio33NiO,*%. One type of the octahedral sites is Li-
rich, and the other one Li-deficient (Figure 2a). Previous first-principles studies'® have
employed a 2V3 ey X 2\/3aHex‘ X Cuex. Supercell that commensurates with the \/3aHex, X
\/3aHex, % Chex cell found experimentally“s’ 23,24 {5 examine the mechanism of Li de-
intercalation from LiNipsMngsO,. In the proposed structure, each Li ion is surrounded
by six Mn ions that are further enveloped by 12 Ni ions. This type of ordering forms a

flower-like cation arrangement in the transition metal layer (Figure 3). However,

experimental evidence for this structure has not been reported.
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Figure 2: (a) In-plane ordering of two different sites on a triagonal lattice to form a

V3a@Hex. X V3@Hex. X CHex. super cell. (b) Schematic of the octahedral site ordering under
the P2/m symmetry.
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Figure 31 The flower ordering as predicted by first-principles calculations. The Li, Ni,
and Mn atoms are in yellow, green, and at the empty corners of the hexagons,
respectively.
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1.2.2  Cycled LiyNigsMnosO,

Diffraction and Li magic angle spinning (MAS) nuclear magnetic resonance
(NMR) data!"®* suggest that the arrangement of cations changes upon electrochemical
cycling. At the beginning of charge, Li ions from the transition metal and the Li layer are
simultaneously removed (Figure 4), a process that is associated with the ~3.9 V plateau

on the galvanostatic charge proﬁle[@ 8,29]

. Then, the remaining Li ions can migrate and
fill the tetrahedral sites adjacent to the vacant Li octahedral sites in the transition metal
layer™ (Figure 4). Li migration is first inferred from the Rietveld refinement of

synchrotron powder X-ray diffraction datal'® 3]

of charged LixNigsMngsO, samples, and
also confirmed by neutron diffraction measurements''.. In addition to the Li ions,
synchrotron X-ray data have detected some Ni ions (~0.01 per formula unit) in the

(19.39 " The tetrahedral sites of the Li layer are available for

tetrahedral sites of the Li layer
occupancy only if they share faces with vacant octahedral sites in the transition metal
layer. This is because the face-sharing tetrahedral and octahedral sites cannot be
simultaneously occupied as the interatomic distances between the cations are too small.
As shown in Figure 4, Li and Ni ions in the Li layer that share faces with these available
tetrahedral sites can migrate into them, and further into the octahedral sites of the

transition metal layer'" %1,

Such migration is highly unfavorable in Li,CoO, and Li;...
«Ni;+;O, because there are no vacancies in the transition metal layer. Furthermore,

neutron powder diffraction data have correlated the migration of Ni ions from the Li to

the transition metal layer with charging to high voltages!'.
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Migration of Li and Ni ions
into tetrahedral site

Simultaneous removal of Li ions from
the Li layer and transition metal layer
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Figure 4: A representative galvanostatic charge and discharge voltage profile of
LixNig sMng 5O, and schematics of the structures at selected Li contents. At the beginning
of charge, Li ions are simultaneously removed from the Li and transition metal layers.
Upon further de-intercalation of Li ions, Li and Ni ions migrate into the tetrahedral sites.
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1.3 Effect of High Voltage Cycling™

1.3.1 Effect on Electrochemical Properties

1.3.1.1 Reversible Capacity and Rate Capability

Figure 5a compares the voltage profiles of two Li/LiNigsMngsO; cells in the first
cycle. The cells have been cycled between 4.5 V and 2.0 V and between ~5.0 V and 2.0
V, respectively. Typically, ~0.78 Li per formula unit can be removed by charging to 4.5
V in the first cycle. Charging to voltages greater than 5.0 V removes additional Li ions
from Li,Nip sMng sO,. However, the exact amount of Li removal at voltages greater than
4.5 V cannot be accurately estimated from the voltage profiles, due to the electrolyte
decomposition process that occurs simultaneously at voltages greater than ~4.6 V. More
specifically, the ~5 V plateau in the charge profile can be attributed to the intercalation of
PF¢ into the Super P carbon particles in the cathode, as PF¢ ions can be incorporated
into the graphene sheets at ~5 VP! OCV data suggest that Li intercalation into
Li,NigsMng 5O, begins at ~4.55 V regardless of the charging voltage limits (Figure 5b).
Although no reversible Li intercalation and de-intercalation process has been found at
voltages greater than 4.55 V, increasing the upper charging voltage limits has consistently
resulted in higher discharge capacities in the voltage range between 4.5 V and 2.0 V. For
example, the cell that has been charged to ~5.0 V shows a higher discharge capacity
(~218 mAh/g) than the cell that has been charged to 4.5 V (~185 mAh/g), as shown in
Figure 6a. Moreover, charging to ~5 V leads to the appearance of a new process at ~4.3
V upon the first discharge, as shown in the inset of Figure 5a. Therefore, these results
suggest that Li de-intercalation and cycling to high voltages may result in some

permanent structural changes in LiNigsMng 0.
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Figure 5”1: (a) The voltage profiles of two Li/LiyNio sMnosO; cells in the first cycle. The
inset shows the differential capacity plots of these two cells on discharge. (b) Voltage
profile on the first charge of a Li/LixNipsMngsO> cell with intermittent OCV steps of 5
hrs. The cell was cycled between 5.3 V and 2.0 V at 14 mA/g.
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Figure 6/2: (a) Discharge capacities of two representative Li/LixNipsMngsO, cells that
were cycled from 5.3 V to 2.0 V and from 4.5 V to 2.0 V for 23 cycles, and subsequently
cycled from 4.5 V to 2.0 V at different rates. (b) Gravimetric power and energy density
comparison of two Li/LiNiysMngsO; cells upon discharge, which were cycled between
4.5 V and 2.0 V from the 24" to the 43™ cycle. For the first 23 cycles, one cell (squares)
was cycled between 5.3 V and 2.0 V, and the other (circles) was cycled between 4.5 V

and 2.0 V.
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Current density also has an effect on the discharge capacity of the electrodes
regardless of the upper voltage limit. The discharge capacities of the two cells shown in
Figure 6a are for cycling to 4.5 V and 5.3 V, respectively, under the following rates:
C/50, C/20, C/10, and C/2. As expected, the discharge capacities decrease considerably
with increasing current densities. The reversible capacities of these cells are maintained
with minimal capacity fade upon cycling. The cells that have been cycled to 5.3 V have
higher discharge capacities in comparison to those that have been cycled to 4.5 V at all
current densities. Moreover, the cells that are exposed to 5.3 V in the first 23 cycles
show higher discharge capacities upon subsequent cycling from the 24" to the 43™ cycle,
when the upper voltage limit is lowered to 4.5 V, than the cells that have been cycled to
4.5 V for an identical number of cycles without exposure to voltages higher than 4.5 V,
as shown in Figure 6a. Therefore, exposure to ~5 V and higher has led to increased
specific power and energy densities upon subsequent cycling in the voltage range

between 4.5 V and 2.0 V, which is clearly revealed in the Ragone plot in Figure 6b.

1.3.1.2 The Reversible Process at 4.3 V

Upon cycling to 5.3 V, a reversible process at ~4.3 V is observed. Charging to
voltages equal or greater than 4.8 V has led to the appearance of a reversible voltage
plateau at ~4.3 V, as shown in the differential capacity plots of Figures 5a inset and 7a.
In contrast, the redox process at ~4.3 V is less pronounced in the electrodes cycled
between 4.5 V and 2.0 V (Figures 5a inset and 7b). To verify that high voltage exposure
has resulted in the development of the ~4.3 V process, the charge and discharge voltage

profiles of two cells in the second cycle between 4.5 V and 2.0 V are compared in Figure
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Figure 701, (a) Differential capacity g)lots of a Li/LixNip sMng sO; cell cycled between 5.3
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25™ cycle; and (b) differential capacity plots of a cell cycled between 4.5 V and 2.0 V on
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8a. One of the cells has been first charged to ~5.3 V, held at 5.3 V for 6 hrs, and
discharged to 2.0 V in the first cycle. The other cell has been cycled between 4.5 V and
2.0 V in the first cycle. As shown in Figure 8a, the cell that was exposed to 5.3 V in the
first cycle exhibited a flatter slope at ~4.3 V in the charge and discharge voltage profiles
during the second cycle in comparison to the cell without the 5.3 V exposure. Although
the ~4.3 V peak appears to grow upon cycling to 5.3 V (without any holds), additional
high voltage holds at 5.3 V in the subsequent cycles do not lead to more increase in the
4.3 V peak intensity in the differential plots, as shown in Figure 8b. This suggests that

the development of the 4.3 V plateau on discharge can be enhanced by exposure to 5.3 V.

1.3.2 Synchrotron X-Ray Diffraction Studies of Changes in Structure From High
VYoltage Cycling

Lattice parameters of the O3 layered LiNipsMngsO: structure changes
considerably with Ni oxidation upon Li de-intercalation. Synchrotron X-ray diffraction
data have shown that the cyex parameter of the rhombohedral O3 structure in the 4.5 V
charged Lig,NiosMngsO, sample (14.373 A) is greater than that of the monoclinic O3
phase in the 53 V charged sample (14.14 A), in good agreement with previous
diffraction studies!"> >, In addition, the bond length between the transition metal and the
oxygen ions (Me-O) is calculated to be 1.979 A in the pristine sample. As expected, the
Me-O bond length decreases with the oxidation of Ni** upon charge to 4.5 V, and
increases upon discharge to 2.0 V (Table 1). Moreover, the Me-O bond length decreases
again upon further charging from 4.5 V to 5.3 V. The Me-O bond length of the 5.3 V
charged sample (1.916 A) is similar to that observed for a ~4.9 V charged

LiyNipsMnysO; (x = ~0) sample by EXAFS measurements (1.912 A)m], and that
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Figure 8! (a) Galvanostatic voltage profiles of two Li/LixNigsMngsO, cells in the
second cycle between 4.5 V and 2.0 V at 5.6 mA/g. One of the cells was cycled between
53V and 2.0 V, and held at 5.3 V for 6 hrs during charge on the first cycle. (b) The
evolution of the 4.3 V peak upon discharge in the differential capacity plots. The 4.3 V
peak was normalized based on the height of dQ/|dV| upon discharge.
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pristine

4.5V charged state

4.5V discharged state

5.3 V charged state 5.3V discharged state

Space Group Rim

R3m

R3m

Cm R3m

@y = 2.8777(2)

Lattice Constants (A)
o = 14.256(1)

@4 = 2.8326(3)

Chex = 14.373(1)

@pex. = 2.8700(3)

Chex, = 14.308(1)

&0 = 4.914(1)
b on. = 2.834(1)
€ mon. = 4.984(1)
£ =108.92(1)°

e = 2.8834(2)

Chee, = 14.281(1)

Ni(g) 0.393(2) 0.439(4) 0.419(3) 0.45(1) 0.438(2)
3asite Ma (g) 05 05 0.500" s 05"
(2a site for C2/m) Li(g) 0.107(2) o 0.03" 4 o* o*
B+ 030" 0,30 0.30% 0.30* 0.30%
3b site Li(g) 0.893(2) 0.220* 0.820% o 0.75"
Ni(g) 0.107(2) 0.031(4) 0.063(3) 0.05(1) 0.062(2)
(24 site for C 2/m ) B 1.00" 120" 1.00° 1200 1.00°
Tetrahedral
Ni(g) o 0.015(2) 0.009(1) o 0
6¢site " 060" 0.60" 060 0.60" 0.60"
(4i site for C'2/m) Qctahedral
. . . ’ ’
O(g) 2.0 20 2.0 20 20
B 0.70 070 0.70 0.70 0.70
. ) e i - e
Positional Parameter ~ Ni (Tetrahedral) 0.130 0.133 0.130 x =0.14, 7 = 0.40 (41 site) 0.130
2 for 6¢ Site O (Octahedral) 0.2579(6) 0.2630(5) 0.2593(6) x =0.255(6), z = 0.789(5) 0.2582(5)
Unit Cell Volume (A* 102.2 99.87 102.06 656 102.85
nit Cell Volume (A') i ‘ g (98.5 as R-3m lattice) :
. . 1879x2
Me-O distance (A) 1.979 1.923 1.972 1.916 1934 4 1.977
S L, 2117x2
Li-O distance (&) 2.110 2.143 2117 2.143 2156 x4 2,120
MeO, Slab Space (A) ™ 2151 2.022 2.119 1.990 2.146
LiO, Slab Space (&)™ 2,601 2.769 2651 2725 2614
R o (%) 13.7 15.2 145 28.7 10.7
Rg (%) 545 6.24 4.05 14.2 4.49

* not refined

# average value
### Slab space was caluclated by using the relations.
MeO, Slab Space (A)

20 (-2 +1/3)  or2c,, sinB(z +1

** isotropic displacement parameter
44 fixed with the assumprtion based on the obscrvation of NMR study'™! Small amount of lithium ions was observed after discharge.

LiO, Slab Space (A)

*** fixed based on z for octahedral site

2€Cpex, (2 - 1/6) OF 2€ gy sin Bz - 1/2)

Table 1: The crystallographic parameters for the Li,NiosMng 5O, samples obtained by
the Rietveld refinement of synchrotron X-ray powder diffraction data.

33



estimated based on a one-to-one combination of Mn*" and Ni** (low-spin) using
Shannon’s ionic radii (1.87 A)®". This result suggests that the valence state of the Ni
ions in the electrode charged to 5.3 V is close to 4+, which indicates that Ni ions are
oxidized and additional Li ions are removed upon charging Li,Nig sMng sO; electrodes to
voltages greater than 4.5 V in addition to the electrolyte decomposition process.

In Figures 9a-d, the synchrotron X-ray diffraction patterns of the pristine, charged
samples to 4.5 V and 5.3 V, and discharged sample from 5.3 V are shown, respectively.
The O3 phase is observed for all four samples. However, for the 5.3 V charged sample,
an additional O1 phase is observed (Figure 9¢). This suggests that the Ol phase can be
formed at very low Li contents by cycling to high voltages. In addition, the appearance
of the O1 phase implies that the Li layer has been depleted of both the Li and the Ni ions.
As only the O3 phase is observed for the 5.3 V discharged sample, the O1 phase appears
to be reversible upon discharge.

As evidenced by the formation of the Ol phase, the cation arrangements in the
pristine material may change drastically upon Li de-intercalation. As the tetrahedral sites
of the Li layer become available with the removal of the Li ions in the transition metal
layer, new types of long range ordering may appear. There are two tetrahedral sites per
octahedral site in the Li layer that share faces with the adjacent octahedral sites in the
transition metal layer. As Li and Ni ions can reside in both the octahedral and the
tetrahedral sites of the Li layer, ordering in these octahedral and tetrahedral sites might be
possible due to the electrostatic forces amongst the cations. The distance between the
cations in the nearest upper and lower tetrahedral sites is small, approximately 2.0 A -

(19, 30]

2.1 A in the charged samples , as shown in Figure 10, which might make the random
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Figure 9[2l, Synchrotron X-ray diffraction patterns of LixNigsMngsO»: (a) pristine (x = 1;
R3m, apex. = 2.877 A, cuex. = 14.256 A); (b) Lig2NigsMng 50, charged to 4.5 V after two
cycles, which has a single O3 phase (R§m, anex. = 2.833 A, cue. = 14.373 A); (0)
LipNig.sMng 50, charged to 5.3 V after 2 cycles, which has two phases: monoclinic O3
(C2/m, @ymon. = 4914 A, byion, = 2.834 A, cMon. = 4.984 A, f=108.92°), and Ol phase
(R3m, ao, = 2.91 A, co, = 4.68 A); and (d) Lig7sNip sMng s0; discharged to 2.0 V after
cycling to 5.3 V for 5 cycles, which has a single O3 phase (Rgm , Quex. = 2.883 A, Chex =
14.281 A). The wavelength used was 0.501 A, as calibrated by CeO,. X-ray diffraction
pattern of the pristine sample (a) was obtained from a powder sample without additives
while those of cycled samples (b-d) were obtained from composite electrodes consisting

the active material, Super P carbon, and PVdF.
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Figure 10: (a) Schematics of the crystal structure of LixNipsMngsO, viewed
perpendicular to the transition metal slabs, where the parent hexagonal cell is outlined.
Upper and lower tetrahedra in the Li layer, octahedral Li ions, and octahedra in the
transition metal layer are shown; (b) schematics of LiNipsMngsO,’s crystal structure
viewed along the ayex direction, where the upper and lower tetrahedral are revealed
clearly.
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occupancy of the nearest upper and lower tetrahedral sites unfavorable due to the strong
repulsive interactions between the cations. Similarly for the octahedral sites of the
discharged samples, ordering is possible due to the electrostatic interactions between the
cations in the octahedral sites of the Li layer.

In the following chapters, the electron diffraction data of Li,NigsMngsO, samples
cycled to 4.5 V and 5.3 V will be discussed for both the charged and discharge states,
from which changes in the cation arrangement and the nature of cation ordering are
proposed and analyzed in detail. Changes in the cation arrangement and ordering can
play a significant role in the electrochemical properties and stability of cycled
LiNigsMngysO,. Electron diffraction is more sensitive to cation ordering in comparison
to X-ray and neutron powder diffraction. For example, single crystal electron diffraction
analyses have clearly revealed superlattice reflections associated with the Li and
vacancies ordering in the O3 layered Li0,5C002[27] and LixNi02[28’ 31 and cation ordering
in LiNio,sMnojOgm’ 24], while these superlattice reflections are either not visible or
extremely weak in the powder diffraction data. The focus of this study is to investigate
how cation arrangements and ordering change in Li,Nio sMnosO; samples in the charged
and discharged states using selected area electron diffraction. Furthermore, the details of
cation ordering are explored to explain the relationship between the structural changes in

Li,Nio sMno sO; upon Li removal with the material’s electrochemical properties.
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2.0 EXPERIMENTAL

2.1  Material Synthesis of Pristine LiNig sMng 50,

The pristine LiNigsMngs0, sample was synthesized from the following steps: 1)
Ni and Mn hydroxides were obtained from Ni(NO;), and Mn(NOs3), with LiOH solution;
2) a stoichiometric amount of LiOH-H,O was added to the Ni and Mn hydroxides, and
the mixture was heated at 480 °C for 12 hrs in air; 3) a pellet was then made from the
product; and 4) the pellet was heated at 1000 °C for 12 hrs in air, and was quenched to

the room temperature between two thick copper plates.

2.2 Coin Cell Preparation

2016 Li coin cells were assembled with LiNipsMngsO, composite electrodes,
which consisted of 80 wt % of the pristine LiNigsMng sO, powder with 10 wt % of Super
P carbon (TIMCAL) and 10 wt % of poly-vinylidene fluoride (PVdF). The electrolyte
used was a 1 M solution of LiPFs in a 1:1 EC:DMC solvent (Merck, TECHNO,
SEMICHEM Co. Ltd., Korea). Coin cells were assembled inside an argon-filled glove
box, and their schematics are shown in Figure 11. Two aluminum caps served as current
collectors and were electrically insulated from each other by a gasket. Between the
current collectors, there were a spacer to enhance the contact within the cell, a
LiNip sMng sO, cathode, 2 Celgard separators to allow ionic conduction, and a Li anode.
Additionally, electrolyte was dropped with a pipette around the separator layers to fully
saturate the entire cell. Finally, the assembly was securely packaged inside the coin cell

with a crimper and allowed to age for 12 hrs before testing.
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The coin cells were cycled galvanostatically on a Solartron 1470 battery tester
between 2.0 V and 4.5 V or 2.0 V and 5.3 V at a C/50 rate (current density = 5.6 mA/g
and 0.027 mA/cm?). Cycled positive electrodes were recovered from the coin cells inside
the glove box, which were then rinsed thoroughly with diethyl carbonate to remove the

electrolyte salt.

2.3 Preparation of Electrochemically Cycled Samples

In Table 2, the Li content and electrochemical cycling history of the samples used
for electron diffraction are shown. The Li contents are calculated from the galvanostatic
charge and discharge profiles assuming 100 % columbic efficiency. For the detailed

charge and discharge profiles, please see Appendix B.

2.4 Transmission Electron Microscopy and Selected Area Electron
Diffraction

Transmission electron microscopy (TEM) samples were prepared by suspending
the powder from the positive electrodes onto a copper grid with lacy carbon. Single
crystal selected area electron diffraction patterns were collected from the samples under
an accelerating voltage of 200 keV on a JEOL 200CX or JEOL 2010 microscope.
Selected area electron diffraction patterns were collected from 20 - 30 randomly selected
single crystals within each sample (Figure 12). Simulation of single crystal electron and
X-ray powder diffraction patterns was performed using the CaRlIne Crystallography
software (http://pros.orange.fr/carine.crystallography/). = Some Rietveld refinement

results’®! of synchrotron X-ray diffraction data (wavelength set to 0.5 A) obtained at
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Sample Name

Li Composition

Electrochemical History

Pristine 1.0 None
Cycled between 4.5V and 2.0 V for 2 complete cycles and 1
4.5V Charged 0.2 additional charged at C/50
Cycled between 5.3 V and 2.0 V for 2 complete cycles and 1
5.3 V Charged 0.0 additional charged at C/50
4.5 V Discharged 0.9 Cycled between 4.5 V and 2.0 V for § complete cycles at C/50
5.3 V Discharged >0.76 Cycled between 5.3 V and 2.0 V for 5 complete cycles at C/50
Cycled between 4.5V and 2.0 V for 5 cycles at C/50, 5 cycles at
4.5 V Discharged Extensively Cycled 0.8 C/20, 5 cycles at C/5, 5 cycles at C/2, and 1 cycle at C/50

Table 2: Electron diffraction sample information. For their electrochemical cycling
profiles, please see Appendix B.
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Figure 12: The number of crystals examined for the pristine, 4.5 V charged, 53 V
charged, 4.5 V discharged, 5.3 V discharged, and extensively cycled 4.5 V discharged

samples.
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SPring-8 were compared and discussed with respect to the electron diffraction data.

It is important to note that the CaRlIne software used to generate the electron
diffraction simulations is not accurate in calculating the intensity of the electron
diffraction spots. This is not an issue for this study as no conclusions were drawn based
on the intensities of the simulated electron diffraction patterns. However, the intensity of
the X-ray powder diffraction peaks can be accurately simulated.  Furthermore,
simulations of the electron diffraction patterns were double checked with the
SingleCrystal software (http://www.crystalmaker.com/singlecrystal/index.html), which
does calculate the intensities correctly, and no inconsistencies to the conclusions of this
study were found.

Each electron diffraction pattern is identified by a particular zone axis, which
contains a set of planes as represented by the diffraction reflections. To index the planes,
the first step is to measure the distances of the parent reflections from the center beam, r,
and the relative angles amongst the parent reflections. Knowing r, the plane spacing, d,
can be calculated using the Bragg’s Law,

rd = AL (1
where ) is the wavelength of the electron beam and L is the camera length. Then, the d
values and the relative angles must be matched with the calculated d values and relative
angles of the parent planes belonging to the specific zone axis of the electron diffraction

pattern.
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3.0 RESULTS

3.1  Pristine LiNig sMng 50,

TEM images of the LiNig sMny sO; crystals are shown in Appendix C. In general,
the particles are less than 1 micron in size, and have a plate or rectangular shape
depending on orientation. Single crystal selected area electron diffraction patterns were
collected from 20 randomly selected crystals of the pristine LiNipsMngsO, sample, of
which 95 % showed superlattice reflections that evidence long range ordering in the

transition metal layer, consistent with previous studies!® 2 2%

Two representative
patterns collected along the [001)uex and [181]uex Zone axes are shown in Figures 13a-b,

respectively. In addition to the fundamental reflections of the parent hexagonal cell with
space group R 3 m, superlattice reflections (marked by stars in Figures 13a-b) were
observed. These superlattice reflections could be indexed consistently to the V3@uex x
V3apex, X Chex superstructure with the space group P3;12 as reported previously!> %],
where the crystallographic relationship between the parent and the superstructure has
been described in detail®™. The (11£)gex planar spacings (/ =3n,n=0, 1, +2...) in the
parent hexagonal structure are tripled by the presence of superlattice reflections, which is
in good agreement with the simulated patterns (Figures 14a-b). The appearance of these
superlattice reflections is indicative of cation ordering in the transition metal layer into
Li-rich and Li-deficient sites in the trigonal lattice!? %],

Electron diffraction patterns with superlattice reflections consistent with a
2\/3ch,(_ X 2‘/3111-1@(4 X Cpex. Superstructure were also observed in the pristine sample

(Figures 15a-b). In general, the experimental electron diffraction patterns do not match

with the simulated patterns based on the flower type structure model, with the exception
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Figure 13: Experimental electron diffraction patterns collected from the pristine
LiNipsMng 5O, sample along the (a) [001 Juex. zone axis, and (b) [181]uex. zone axis.
Superlattice reflections consistent with the V3apex % V3@Hex X Chex supercell are marked
by white stars.
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Figure 14: Simulated electron diffraction patterns of the experimental patterns in Figure
13 collected from the pristine LiNipsMngsO, sample with (a) [001 Juex. Zone axis, and (b)

[181]Hex. ZONE axis.
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Figure 15: Experimental electron diffraction patterns collected from the pristine
LiNigsMng sO, sample along the (a) [110 Juex, zone axis, and (b) [411]uex. Zone axis.

Superlattice reflections consistent with the 2\/3aHex_ x 2V3@pex X CHex. supercell are
marked by white stars.
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of the [110 ]nex. zone axis (Figures 16a-b). The nature of cation ordering that results in the

2V3amex, X 2V3apex, X Chex. type superlattice reflections is not clearly understood.

3.2 Electrochemically Charged LiNigsMngsO, Samples

Electron diffraction patterns were collected from 26 randomly selected crystals in
both of the charged samples to 4.5 V (Ligp2NigpsMnysO;) and 5.3 V (LigNip sMng50,).
The electron diffraction patterns of these charged samples differ from the pristine sample
in the following three ways. First, a significant percentage of the crystals in the charged
samples no longer exhibited superlattice reflections of the V3apex x V3@uex. X Ciex. type.
Second, a fraction of the crystals showed superlattice reflections that double some
interplanar spacings in the parent structure that could not be indexed to the V3ape x
V3apex, X Chex supercell. The appearance of these superlattice reflections was more
predominant in the 4.5 V charged sample than the 5.3 V charged sample. Finally,
superlattice reflections unique to the O1 phase, which were reported previously for highly
de-intercalated Li,CoO.** and Li,NiO,®> % (x = ~0) samples, were found in some

patterns collected from the 5.3 V charged sample.

3.2.1 Disappearance of the \/3gﬁex x V3ayex X Crex Superlattice Reflections

Not only were the intensities of the V3amex x V3@mex X Chex. superlattice
reflections in the 4.5 V and 5.3 V charged samples weakened considerably in comparison
to those observed for the pristine sample, a significant fraction of the crystals exhibited
only the fundamental reflections of the parent structure. Representative electron

diffraction patterns from the 4.5 V and 5.3 V charged samples along the [481 ]Juex. and
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Figure 16: Simulated electron diffraction patterns of the experimental patterns in Figure
15 collected from the pristine LiNigsMng 5O, sample with (a) [110 Juex. zone axis, and (b)
[4M]Hex. zone axis.
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[451 Jnex. zone axes are shown in Figures 17a-b, respectively. Superlattice reflections that
were expected for the \/3aHeX. X \f3aHex, X chex. supercell in the marked reciprocal
directions were not observed. In addition, the 5.3 V charged sample had much fewer
crystals (~19 %) showing the V3@ex X V3@uex X Chex. superlattice reflections than the 4.5
V charged sample (~58 %). The weakening and disappearance of these superlattice
reflections in the charged samples reflect a decreased contrast in the average electron
scattering factor between the Li-rich and the Li-deficient sublattices of the V3@pex x

]

s . . . . " " . .
V3apex X CHex. superstructurel‘3 . This observation is indicative of changes in the cation

distribution during Li de-intercalation.

3.2.2 Appearance of Doubling Superlattice Reflections

In addition to the disappearance of the \/3aHex. X \/3aHex_ X Cpex. Superlattice
reflections, extra reflections that led to the doubling of some interplanar spacings of the
parent structure, such as the (10/)yex. and (11/)pex. planar spacings (I = 2n, n = 0, 1,
*2...), were noted in the charged samples. The presence of these reflections can be
attributed to the formation of a hexagonal 2ayex x 2a@uex. % CHex. Supercell or a monoclinic
Apon. X @Mon. X CMon. Primitive cell similar to that reported previously for Lig sCo0,1*",
The detailed crystallographic relationship between the parent and monoclinic cells in real

7 Two representative electron

and reciprocal space has been reported previously
diffraction patterns from the 4.5 V charged sample collected along the [451]mex. and
[812 Jnex. Zone axes are shown in Figures 18a-b, respectively. Fundamental reflections of

the parent structure are indexed while the superlattice reflections, which cannot be

indexed consistently to the V3auex x V3duex X Chex. supercell, are marked by white stars
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Figure 17: Experimental electron diffraction patterns exhibiting only fundamental
reflections collected (a) from a Lio2NigsMngsO, sample charged to 4.5 V with [481 Jsex.
zone axis, (b) and from a LigNipsMng sO, sample charged to 5.3 V with [451 |Hex. ZONE
axis. Superlattice reflections consistent with a V3apex, % V3@uex X Chiex. supercell in the
marked planes have disappeared.
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Figure 18: Experimental electron diffraction patterns exhibiting intense doubling
superlattice reflections collected from the charged Lip,NipsMngsO, sample to 4.5 V
along the (a) [451 Juex. zone axis, and the (b) [812 Juex. zoOne axis.
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(Figures 19a-b). These types of superlattice reflections were found to coexist with those
of the V3apex X V3duex X Chex supercell in some crystals of the 4.5 V charged sample. In
addition, the doubling superlattice reflections of the (104)nex plane were either weak in
comparison to the other superlattice reflections (Figure 18a) or not visible (Figure 18b) in
the 4.5 V charged sample. Similar superlattice reflections were found in fewer crystals of
the 5.3 V charged sample, and two representative patterns of this sample are shown in
Figures 20a-b, which are indexed to the [2T1 Juex. and [241]uex. Zone axes, respectively.
They cannot be indexed consistently to the V3auex % V3aex X Chex supercell (Figures
21a-b). This type of doubling superlattice reflections was found predominant in the 4.5 V
charged sample, where ~42 % of the crystals were found to exhibit these superlattice

reflections as compared to only ~12 % for the 5.3 V charged sample.

3.2.3 Appearance of Extra Reflections for the O1 @pex X @pex X Cex Cell

Additional reflections (marked by white stars), indicative of a primitive @uex. X
@iex. X Crex. cell, were found in the [001]uex pattern collected from the 5.3 V charged
sample, as shown in Figure 22a. The pattern cannot be indexed to the V3aex X V3apex X
chex. supercell. These extra reflections were found one-third-way between the diffraction
center and the (300)yx. fundamental reflections, and can be indexed consistently to the
Ol structure with AB AB AB... oxygen packing having the space group P3ml (Figure
23).  Electron diffraction evidence of the Ol formation in the 5.3 V charged
LioNio sMng 50, sample is further supported by recent synchrotron X-ray diffraction data,
which reveal three small diffraction peaks unique to the O1 phase and the coexistence of

the primary O3 and the minor O1 phases in the 5.3 V charged samplem. It should be
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Figure 19: Simulated electron diffraction patterns of the experimental patterns in Figure

18 collected from the pristine LiNigsMngsO; sample with (a) [451 Juex. zone axis, and (b)
[812 Juex. ZONE axis.
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Figure 20: Experimental electron diffraction patterns exhibiting doubling superlattice
reflections collected from the charged LigNigsMnysO, sample to 5.3 V along the (a)
[27T7 Jnex. zone axis, and the (b) [241]uex. Zone axis.
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Figure 21: Simulated electron diffraction patterns of the experimental patterns in f_igure
20 collected from the charged LigNigsMngsO, sample to 5.3 V along the (a) [211 Jnex.

zone axis, and (b) [241]y.x. Zone axis.
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Figure 22: (a) Experimental electron diffraction patterns of the O1 phase collected from
the charged LioNigsMngsO; sample to 5.3 V with the [001]xex. zone axis. (b) Structural
diagram of the O3 to Ol transition.
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Figure 23: Simulated electron diffraction patterns of the O1 phase collected from the

charged LigNig sMng sO; sample to 5.3 V with the [001]gex. zone axis.
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noted that both the electron diffraction and synchrotron X-ray diffraction data are not
consistent with the H1-3 structure. The O1 phase was not so clearly observed in the
neutron diffraction study of the 5.3 V charged sample because most of the reflections

. Careful inspection of the

unique to O1 were hidden under the reflections of graphite
diffraction pattern did, however, reveal the presence of a small concentration of the Ol
phase. Removal of all Li ions in the Li layer leads to the sliding of transition metal slabs
that forms the O1 structure with hexagonal-close-packed oxygen arrays, which is shown
in Figure 22b. As expected, the O1 phase was not found in the 4.5 V charged sample
(Lio2Nio sMng sO,) as a considerable amount of Li remains in the layered structure. The
observation of the O1 phase is consistent with Ni migration from the Li layers, as any

residual Ni would be expected to pin the transition metal slabs and prevent the Ol
formation. Electron diffraction simulation analyses show that the parent O3 structure
with space group R3 m and the O1 phase with space group P3ml have similar patterns
along many zone axes, which cannot be distinguished by the electron diffraction data of
this study. Therefore, patterns that have zone axes other than [001]yex and do not exhibit

any superlattice reflections can be indexed to either the O3 or the O1 structure.

3.3  Electrochemically Discharged Li,NigsMngsO, Samples

Electron diffraction patterns were collected from 25 randomly selected crystals of
the discharged LigoNigsMngsO, sample to 4.5 V and 20 crystals from the discharged
Lix-076NipsMngsO, sample to 5.3 V. Similar types of superlattice reflections were
observed in the discharged samples as compared to the charged samples. It was found

that ~80 % and ~55 % of the crystals exhibited the V3auex % V3@uex. X Crex. Superlattice
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reflections in the 4.5 V and 5.3 V discharged samples, respectively. In addition, ~28 %
of the crystals from the 4.5 V discharged sample and ~35 % of the crystals from the 5.3 V
discharged sample showed doubling superlattice reflections, which are indicative of
cation ordering in a hexagonal 2apex x 2amex X Cuex, Supercell or a monoclinic @yon x
amon. X CMon, primitive cell. Moreover, none of the patterns collected from the discharged

samples exhibited the additional reflections that are consistent with the O1 structure.

3.4 Extensively Cycled Discharged LijgNigsMngsO, Samples

Similar types of superlattice reflections as the cycled samples were observed in
the electron diffraction patterns of the extensively cycled LiosNigsMngsO; sample in the
discharged state after 21 cycles between 4.5 V and 2.0 V at the following rates: 5 cycles
at C/50, 5 cycles at C/20, 5 cycles at C/10, S cycles at C/2, and 1 cycle at C/50. The only
difference is in the fractions of crystals that exhibited each types of the superlattice
reflections. One of the 20 crystals showed the O1 phase. ~25 % of the crystals exhibited
the V3apex, X V3@uex, X Crex. superlattice reflections and ~40 % of the crystals exhibited
the doubling superlattice reflections, which are indicative of cation ordering in a
hexagonal 2apex. % 2auex. X Chex. SUpercell or a monoclinic @mon. X @Mon. X CMon, primitive

cell.
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4.0 DISCUSSION
4.1  Evidence of Ni Migration Upon Cycling

4.1.1 Ni Migration from the Li to the Transition Metal Layer Upon Charging

In the pristine LiNigsMnysO, sample, Li, Mn, and Ni ions in the transition metal
layer are ordered into Li-rich and Li-deficient sites in the trigonal lattice, as shown in
Figure 24a. The contrast in the average scattering intensities of these two sites gives rise
to the \/3aHex, x \/3aHex‘ X cuex. Superlattice reflections as shown in Figures 13a-b and in
previous studies™ *Y. Li MAS NMR studies™ have revealed that Li jons can be
removed from both the Li and the transition metal layers, and that all of the Li ions in the
transition metal layer can be removed upon charging to Lip4NipsMngs0,. De-
intercalated Li ions create vacant sites in the transition metal layers, which would slightly
increase the contrast in the average scattering factor between these two sites, and would
lead to increased intensities of the \/3aHex, % V3@Hex X Chex. superlattice reflections.
However, the weakening and disappearance of these superlattice reflections were
observed experimentally. This might be attributed to the following two scenarios upon
charging: 1) in-plane movements of the Ni and the Mn ions in the transition metal layer,
which result in a random distribution of Ni, Mn, and vacancies; 2) Ni migration from the
Li layer to fill the vacant sites left behind by the de-intercalated Li ions in the transition
metal layer (Figure 25). Both cases would decrease the contrast in the average scatting
intensity between these two sites in comparison to that of the pristine sample, as
illustrated in Figure 24b. Synchrotron X-ray powder diffraction analyses®! of these
charged samples reveal a significant increase in the Ni occupancy (octahedral 3a sites) of

the transition metal layer. Cation occupancies in the octahedral and tetrahedral sites
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(a) «:Li-rich with some Ni (b)
B : Li-deficient

Figure 24: Changes in the cation ordering of the transition metal layer as Ni ions migrate
into available vacancy sites upon charge. The intensity reduction of the superlattice
reflections is a result of the decreasing contrast between the alpha and beta sites.
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Figure 25: (a) Hopping Ni*" ions from an octahedral site in the Li layer to a tetrahedral
site that is adjacent to three vacant octahedral sites in the Li layer and one vacant
octahedral site in the transition metal layer; and (b) Ni migration from the tetrahedral site
into the vacant, face-sharing octahedral site in the transition metal layer upon Ni
oxidation and Li removal.
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found in the pristine and 4.5 V charged (Lig2NigsMngsO;) samples are compared in
Figure 26a. Therefore, both synchrotron X-ray powder diffraction and electron
diffraction results agree that the onset of Ni migration from the Li layer to the vacant sites
of the transition metal layer is by charging to 4.5 V. Oxidation of the Ni*' ions in the Li
layer, having similar ionic radii to Li' ions, to smaller Ni** (0.56 A) or Ni** (0.48 A) ions
is not favored for the Ni ions in the Li layer. In particular, the Li (LiO;) slab space is
increased considerably upon charging (~6 % to 4.5 V), while the transition metal slab
space is reduced (~6 % to 4.5 V), as shown in Figure 26b. Ni** and Ni*' ions are more
stable in the transition metal layer in the samples charged to these high voltages, and
drive Ni migration from the Li to the transition metal layer.

The fraction of crystals exhibiting the V3agex X \/3aHex‘ X Chex, Superlattice
reflections is indicative of the amount of Ni ions that have migrated into the transition
metal layer. This fraction is significantly reduced in the 4.5 V charged sample, as shown
in Figure 27, which is consistent with the increased Ni occupancy in the transition metal
layer from Rietveld refinement in Figure 26a. However, recent neutron diffraction
analyses showed no evidence for significant Ni migration to the transition metal layer in
an electrode sample charged to 4.6 V. As the extent of Ni migration is strongly
correlated to the Li content and the valence state of Ni in LiNigsMng 505, this
discrepancy can be attributed to the fact that the charged sample used for neutron
diffraction had a considerably higher Li content (Lig33NigsMngsO>) than the electrode
(Lig2NipsMngs0;) charged to 4.5 V in this study. Moreover, the fraction of crystals

having the V3aue, X Vdapexw X Cuex. superlattice reflections in the 5.3 V charged
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Figure 27: Comparison of the percentage of crystals exhibiting the V3apex x Ve, X
CHex. type superlattice reflections in the pristine, 4.5 V charged, 5.3 V charged, 4.5 V
discharged, 5.3 V discharged, and extensively cycled 4.5 V discharged samples.
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LigNigsMnosO, sample is considerably lower than that of the 4.5 V charged
Lig2NigsMnysO, sample, as shown in Figure 27. This observation suggests that
additional Ni ions migrate to the transition metal layer, and the interlayer mixing is
further reduced upon charging from 4.5 V to 5.3 V. This finding from electron
diffraction is in good agreement with the results of the synchrotron X-ray data (the
appearance of the O1 phase in the 5.3 V charged sample (~10 % by volume))®) and the
neutron diffraction data (a decrease in the Ni concentration in the Li layers from ~10 % to
~2.4 % in a 5.2 V charged Lip 0sNig.sMng 5O, sample)!'.

The extent of Ni migration may be dependent on the Li content, the valence state
of the Ni ions, and the local cation arrangements adjacent to the Ni ions in the Li layer.
Upon charging to extremely high voltages such as 5.3 V, nearly all of the Li ions are
removed, and almost all of the Ni ions are oxidized to Ni** by the end of charge. In this
case, all of the Ni ions in the Li layer may be removed and displaced into the vacant
octahedral sites in the transition metal layer as evidenced by the appearance of the Ol
phase in the 5.3 V charged sample (Figure 22). Furthermore, Ni migration can occur at
voltages lower than 4.5 V, as shown in Figures 26-27. Ni ions migrate from the Li layer
to the transition metal layer via the tetrahedral sites, and the magnitude of voltage that
can induce such Ni migration and Li removal may depend on the local cation
arrangements of the Ni ions in the Li layer. If a Ni*" ion were located in an octahedral
site in the Li layer edged shared with a vacant octahedral site in the transition metal layer,
it could hop into the tetrahedral site in the Li layer that is face sharing with the vacant

[29]

octahedral site'””", and migrate into the vacant octahedral site in the transition metal layer

upon oxidation without any energy barrier'.
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Two hypothetical structural models are discussed here to understand the process
of Ni migration in the Li;NipsMngsO, structure. In the first case, one third of the
octahedral sites in the transition metal layer are vacant, and are ordered into a V3aex X
V3auex. X Crex. supercell. In this super structure, every octahedral site in the Li layer can
edge share with one octahedral vacancy in the transition metal layer, and Ni migration
should be facile. In the second case, the flower structure model from first-principles
studies is examined!"®'. In the flower structure, one twelfth of the octahedral sites in the
transition metal layer are vacant, and the Ni ions in the Li layer are ordered in the
octahedral sites that share corners with the octahedral vacancies in the transition metal
layer. Migration of such Ni ions is kinetically difficult as they need to go through
adjacent tetrahedral sites in the Li layer, which face share with three adjacent and filled
octahedral sites in the Li layer. First-principles studies have shown that the activation
barrier for Ni ions hopping through such tetrahedral sites is as high as 1 eVIh M The
actual local environments of Ni in the charged Li,NipsMngsO, samples may fall in
between these two structural models. The maximum fraction of vacant octahedral sites in
the transition metal layer is 0.11 per formula unit as only 0.11 Li" per formula unit is
displaced into the transition metal layer in the pristine sample (Figure 26a). This leads to
a maximum of 0.22 per formula unit of available tetrahedral sites for Li and Ni
occupancy in the charged samples. The voltage needed for Ni migration into these
tetrahedral sites depends on how far away the Ni ions are located in the Li layer. Some
of the Ni ions in the Li layer may share an edge with the octahedral vacancies in the
transition metal layer, and can migrate at voltages lower than 4.5 V. Others that are

positioned further from these vacancies would migrate upon charging to voltages higher
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than 4.5 V. This argument is in agreement with the experimental observation that the Ni

migration process occurs over a wide range of voltages upon charging (Figure 27).

4.1.2 Ni Migration from the Transition Metal to the Li Layver Upon Discharge

Ni migration appears to be in part reversible upon discharge. The fractions of the
crystals with the V3auex x V3@mex X Chex superlattice reflections in the discharged
samples are considerably higher than those of charged samples, as shown in Figure 27.
This observation suggests that a fraction of the Ni ions that migrate into the transition
metal layer upon charging moves back to the Li layer upon discharge, which is consistent
with the decreasing Ni occupancy in the transition metal layer upon discharge (Figure
26a). It also means that the cycled samples in the discharge state have a reduced
interlayer mixing and an increased Ni occupancy in the transition metal layer in
comparison to the pristine sample. This result is consistent with recent neutron
diffraction analyses of the discharged electrodes cycled to 4.8 V and 5.2 VIl where the
fraction of the Ni ions in the Li layer is reduced by ~4 % per formula unit relative to the
pristine sample. Recent first-principles and NMR results have suggested that the stability
of the Ni ions in the transition metal layer may decrease with increasing Mn*"
neighbors!'!. Therefore, Ni** surrounded by 6 Mn*" are most likely to migrate back to the
Li layer upon discharge.

After cycling to 5.3 V, fewer crystals in the discharged electrode exhibit the
\/3aHex_ x V3ayex x ChHex. Superlattice reflections in comparison to the 4.5 V discharged
electrode (Figure 27). This observation suggests that more Ni ions are permanently

displaced into the transition metal layer in the 5.3 V discharged sample in comparison to
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electrodes cycled to 4.5 V. This is consistent with the observation by NMR that Li ions

M The electron

do not return to the transition metal layer after cycling to 5.3 V
diffraction observations are also in agreement with the electrochemical cycling results,
which show that the electrodes first exposed to 5.3 V have improved reversible capacities
and rate capability during the subsequent cycling to 4.5 VP An increasing layered
characteristic (reducing cation disorder or interlayer mixing) can enhance the rate
capability of similarly layered compounds as shown by studies of ion-exchanged
LiNig sMno s0,'' and LiNig s¢Mng 440, samplesm] that have smaller amounts of cation
disorder (~0.04 to 0.06 per formula unit). The physical origin of the difference in the Ni
stability between the 4.5 V and 5.3 V charged samples is not fully understood. It is
postulated that the structural differences between these two samples may influence the Ni
stability in the adjacent and face-sharing tetrahedral sites in the Li layer upon discharge.
The occupancy of Li (as revealed by recent neutron diffraction data') and Ni (Figure
26a) ions in the tetrahedral sites of the Li layer in the 4.5 V charged sample results in a
relatively large Li slab space, as shown in Figure 26b. Such a large Li slab space may
allow the Ni ions to move out of the octahedral sites in the transition metal layer into the
face-sharing tetrahedral sites in the Li layer upon reduction to Ni?" during discharge, and
then further migrate into the Li layer. The Ol phase has a much smaller distance
between the adjacent transition metal layers (4.68 A) than that found in the O3 structure
of the 4.5 V charged sample (4.79 A). Therefore, Ni ions in the transition metal layer are
more stable under the Ol type structure as compared to the O3 type structure.
Unfortunately, the Li slab space of the O1 LipNigsMngsO, phase could not be refined

from the synchrotron X-ray powder diffraction data”. Previous studies have shown that
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the O1 CoO,*" and O1 NiO,** ** structures exhibit a significantly reduced lattice
parameter cuex than observed in the slightly intercalated phases. Although the oxygen
parameters are not reported in these studies, one may deduce that the sudden change in
the lattice parameter cyex. could be a result of the considerable reduction in the Li slab
space, assuming that the thickness of the transition metal slabs is primarily determined by
the valence of Ni and Co, and thus would not differ significantly amongst the samples.
Similarly, it is believed that the Li slab space in O1 is much smaller than that of the O3
structure in the 4.5 V charged sample. Therefore, it is hypothesized that the Li slab space
of the O1 phase might be too small to allow Ni migration from the transition metal layer
to the tetrahedral sites in the Li layer upon Li intercalation, and would stabilize the Ni
ions in the transition metal layer upon discharge.

For the extensively cycled sample in the discharged state, a significantly smaller
fraction of its crystals exhibits the Vapex x V3@uex X Ciex. superlattice reflections in
comparison to the 4.5 V and 5.3 V discharged electrodes (Figure 27). This observation
suggests that even more Ni ions are permanently displaced into the transition metal layer
of the extensively cycled sample in the discharged state (after 21 cycles). The amount of
Ni occupancy in the transition metal layer is comparable to that of the 5.3 V charged
sample (Figure 27). This observation suggests that in addition to exposure to high
voltages, prolonged cycling would also induce less cation mixing or promote Ni
migration in the material. As discussed previously, Ni ions migrate from the octahedral
site in the Li layer to the tetrahedral site, and then to another octahedral site in the
transition metal layer. However, it is also likely for the Ni ions to migrate back into the

octahedral site in the Li layer from the tetrahedral site. Therefore, the extent of Ni
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migration and its reversibility is also a function of probability. It is observed that upon
cycling to many cycles, more and more Ni ions are accumulated in the transition metal
layer. However, it is not well understood why the transition metal layer is preferred to

the Li layer for Ni occupancy.

4.2  Effect of Ni Migration on LiNigsMn,sO,’s Electrochemical Properties

In general, the presence of Ni ions in the Li layer of a layered structure reduces
the number of vacant sites available for Li intercalation, and impedes the motion of Li
ions as a result of the strong repulsive forces between the mobile Li ions and the fixed Ni

138401 " Therefore, the excellent electrochemical activity and reversibility of

ions
LiNigsMngsO; having ~0.11 Ni per formula unit in the Li layer may be attributed to the
mobility of Ni ions upon electrochemical cycling. As suggested by the refinement results
of the monoclinic O3 phase, a considerable amount of Ni ions migrated from the
octahedral 3b sites to the octahedral 3a and tetrahedral 6¢ sites upon charging to 4.5 V
(Table 1). Furthermore, the 5.3 V charged sample showed even better discharged
capacities (Figure 6a). This may be explained by the 5.3 V charged sample having more
vacant sites in the Li layer that are available for Li intercalation. In addition, the O1
phase is observed in the 5.3 V charged sample, which suggests that the number of Ni ions
in the Li layer decreases upon further charging from 4.5 V to 5.3 V, and results in higher
discharge capacities. On the other hand, in the discharged states, the extent of Li and Ni
interlayer mixing in the electrodes cycled to 5.3 V is lower than that found in the

electrodes cycled to 4.5 V (Table 1). As exposure to 5.3 V permanently reduces the

extent of Li and Ni interlayer mixing, higher discharge capacities are observed when
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comparing with electrodes that have only been cycled to 4.5 V under the same voltage
range of 4.5 Vand 2.0 V.

Li de-intercalation voltages of Li/LiNigsMngsO; cells are lowered considerably
from ~3.83 V in the first charge to ~3.75 V in the subsequent charges, as shown in

[16]

Figures 7a-b and also in previous publications'™. First-principles studies have shown

that Li removal from the Li layer occurs at lower voltages than that from the transition

metal layer'®),

Therefore, it is believed that the reduction in the Li de-intercalation
voltage is due to the decrease in the number of electrochemically active Li ions in the
transition metal layer upon cycling. Figures 7a-b show that the Li de-intercalation
voltage decreases drastically from the first to the second cycle for the 5.3 V charged
sample, but the decrease is gradual for the 4.5 V charged sample over many cycles. This
difference may be attributed to the availability of vacancies on the 3a sites of the
transition metal layer for Li ions to migrate back upon discharge. In the 5.3 V cycled
sample, some Ni ions have permanently occupied these sites after the first cycle due to
high voltage exposure. In contrast, this process is more gradual and needs multiple
cycles to complete in the 4.5 V cycled samplel'l,

A reversible process centered at ~4.3 V becomes pronounced after exposure to 5.3
V (Figures 7a and 8a) as Ni occupancy in the Li layer is reduced. The ~4.3 V plateau is
clearly observed in the charge and discharge voltage profiles of an ion-exchanged

(141 which has a Li and Ni intermixing of ~4 % upon cycling to 4.6

LiNig sMng 5O, sample
V. Croguennec et al.”>>>® have reported a similar reversible process at ~4.2 V upon Li

de-intercalation from nearly stoichiometric LiNiO, samples, and have attributed this

feature to the formation of the O1 type packing in the O3 structure. As the O1 phase is

75



detected in the electrode charged to 5.3 V (Figure 9c), it is believed that the ~4.3 V
process may be associated with the O3 to O1 transformation in LiyNigsMng O, at very
low Li contents. On the other hand, when the material is cycled in the voltage range
between 4.5 V and 2.0 V, the Li content (~0.2) of Li,NipsMngsO; at the end of charge
and the number of Ni ions in the interslab space (on the octahedral 3b and tetrahedral 6¢
sites) are too high to allow the sliding of transition metal layers to form the O1 phase.
Although Rietveld refinement cannot be performed for the Ol phase present, it is
believed that the Ni occupancy is ~0.5 in the transition metal layer. The O3 to Ol
transition occurs when all of the Ni ions on the octahedral 3b sites, which may serve as
pillars to hold oxygen packing in the cubic-close-packed array, have migrated into the
octahedral 3a sites in the transition metal layer upon complete Li de-intercalation. A
proposed structure for the monoclinic O3 structure in the 5.3 V charged electrode is
shown in Figure 28b to illustrate the transition to the O1 oxygen packing with all of the

Li and Ni ions removed from the interslab space.

43 Evidence of Li, Ni, and Vacancies Ordering in the Cycled
LixNi0,5Mn0.502 Samples

Figure 29 summarizes the fractions of crystals found in the cycled samples in both
the charged and discharged states which exhibit the doubling superlattice reflections.
These superlattice reflections can be indexed to either a hexagonal 2ayex. X 2@Hex. X CHex.
supercell with space group R3m or a monoclinic @mon, X @mon. X CMon primitive cell with
space group P2/m. The ordering of Li, Ni, and vacancies in the tetrahedral and
octahedral sites of the Li layer may give rise to the appearance of these superstructures,

as shown in Figures 30a-d. To understand the origin of these superstructures, four
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Figure 2812 Proposed structural models of (a) a rhombohedral O3 LixNipsMngsO; in the
4.5 V charged electrode, where the Li and Ni ions are randomly distributed on the 3b and
6¢ sites in the interslab space. Note that vacancies in the transition metal layer (not
shown) are required to accommodate the tetrahedral occupancy of Li and/or Ni; and (b) a
monoclinic O3 found in the 5.3 V charged electrode, where some Ni ions are located on
the octahedral 3b sites (interslab space), which stabilizes the O3-type oxygen packing.
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"Figure 29: Comparison of the percentage of crystals that exhibit doubling superlattice
reflections in the pristine, 4.5 V charged, 5.3 V charged, 4.5 V discharged, 53 V
discharged samples, and extensively cycled 4.5 V discharged samples.

78



Figure 30: (a) Schematic of tetrahedral site ordering under the P2/m symmetry. (b)

Schematic of tetrahedral site ordering under the R 3m symmetry. (c) Schematic of
octahedral site ordering under the P2/m symmetry. (d) Schematic of octahedral site

ordering under the R 3m symmetry.
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different structural models including cation-rich and cation-deficient sites with full or
partial occupancy are proposed. In the first model, upper (pointing down) and lower
(pointing up) tetrahedral sites are occupied by Li or Ni in every other row, and the
octahedral sites in the Li layer are marked by white spheres, as shown in Figure 30a. In
this scheme, the octahedral cations and vacancies are randomly distributed in the
transition metal and Li layers. Such ordering can be described by a monoclinic amon. ¥
@Mon. X CMon. Cell with space group P2/m. In Figure 30b, there are fully emptied and half
occupied rows of upper and lower tetrahedral sites, respectively, and octahedral ions and
vacancies randomly distributed in the transition metal and Li layers. This type of
ordering can be described by a hexagonal 2ape. X 2auex X CHex. Supercell with space
group R3m. Similar to the tetrahedral site ordering as shown in Figures 30a-b, ordering
in the octahedral sites of the Li layer may also give rise to the appearance of the doubling
superlattice reflections, as shown in Figures 30c-d. In Figure 30c, the octahedral sites of
the Li layer are occupied every other row (1 Li to 1 vacancy ratio), and the octahedral
cations and vacancies are randomly distributed in the transition metal layer. The ordering
in Figure 30c can be described by a monoclinic @mon. X @mon. X cMon. cell with space group

271 and

P2/m. Similar ordering configurations have been reported for also LigsCoO;
LiosNiO,** 1. In Figure 30d, the octahedral sites are occupied every other row, and
within each occupied row every other octahedral sites are filled, and the octahedral ions
and vacancies are randomly distributed in the transition metal layer. The ordering can be

described by a hexagonal 2apcx. % 2ancx. X Chex. Supercell with space group R3m (Figure

30d). This superstructure has been reported for Lio,25Ni02[28], which consists of a 1 Li to
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3 vacancies type ordering. The same supercell has also been proposed for Lig7sNiOs,
which consists of a 3 Li to 1 vacancy type ordering!®®.

Simulated electron diffraction patterns along the equivalent zone axes of these
four ordered structures are compared with the experimental patterns exhibiting the
doubling superlattice reflections. One differentiating feature in the simulated electron
diffraction patterns of these superstructures is the doubling superlattice reflection of the
(104)yex. fundamental reflection. The doubling superlattice reflection’s intensity relative
to the other superlattice reflections is different amongst the models, for a given fraction
of the transition metal ions on the octahedral and tetrahedral sites. In the case of
tetrahedral site ordering, the intensity of the (104)y.x. doubling superlattice reflection is
zero under the following two assumptions. First, the cations and oxygen ions are located
in the ideal positions of the tetrahedral sites (oxygen: 6c¢ site z = 1/4 and cations: 6c site z
= 1/8). Second, the average occupancies of the cations in the upper and lower tetrahedral
sites are identical. If the previous two conditions are not met, then weak (104)yex
doubling superlattice reflections would be observed. In contrast, octahedral site ordering
results in strong (104)y.x. doubling superlattice reflections. In comparison to the other
superlattice reflections, the (104)y.x doubling superlattice reflection is the second
strongest, with the (102)yex. doubling superlattice reflection being the strongest. The
origin of this difference in intensity can be visualized in the structural projections along
the [010]uex. direction as shown in Figures 3la-c. In Figure 31a, the ordering of the
tetrahedral sites do not change the periodicity of the (104)y., planes if the cation and
oxygen positions are ideal. Therefore, the doubling superlattice reflections of the

(104)yex. plane are not expected. If the cation and oxygen positions are not ideal, then
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Figure 31: Schematic illustrations of the crystal structure of LiNigsMngsO, projected
along the [010]yex. zone axis. Cation ordering that results in (a) doubling of (104)pex.
plane, and (b) no doubling of (104)uex. plane. The key to the disappearance of (104)ex.
doubling superlattice reflection is cation ordering in the tetrahedral sites. (c) Simulated

XRD patterns with the models shown in Figure 30.
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weak (104)uex. doubling superlattice reflections relative to the other superlattice
reflections may be observed. On the other hand, ordering in the octahedral sites do
change the periodicity of the (104)pex planes, as shown in Figure 31b. In this case, the
doubling superlattice reflections of the (104)ye, plane are expected. The same trend in
the intensity of the (104)g.x doubling superlattice reflection is observed in the simulated
X-ray powder diffraction data (Figure 31c). In the simulation, 0.06 Ni per formula unit
are located in both the octahedral 3a sites and the tetrahedral 6¢ sites of the Li layer. As
expected, a random distribution of Ni and Li ions on the tetrahedral and octahedral sites
results in zero intensity of the superlattice peaks. For the octahedral ordering in both the
2ayex. X 2auex. X Chex. supercell (R3m) and the ayon x amn‘ X Cmon. Supercell (P2/m),
strong (104)nex. superlattice intensities relative to the other superlattice peaks are
observed. In contrast, although the ordering of the tetrahedral sites results in the
appearance of many other superlattice peaks similar to that of the octahedral site
ordering, the (104)p.x. superlattice reflection is forbidden. Therefore, the presence and
the intensity of the (104)ex. doubling superlattice reflection in the experimental electron
diffraction patterns may be used to distinguish the various cation ordering models.
Similar doubling superlattice reflections as the charged samples were found for
the discharged samples. However, it is believed that the nature of the cation ordering is
different. In the discharged samples, the occupancy of Li ions in the octahedral sites is
significantly greater than what was observed in the charged samples (Figure 26a). Also,
the occupancy of the Ni ions in the octahedral sites is considerably larger. In the
following sections, the experimental electron diffraction results are combined with the

simulated electron and X-ray diffraction data of the various superstructure models, and
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also considering the electrochemical measurements reported previously l, to discuss

the likely ordering schemes in the charged and discharged samples.

43.1 Ordering in the Tetrahedral Sites of the Li Layer in the Charged Samples

The 4.5 V charged Lip,NigsMngsO, sample has a higher fraction of its crystals
exhibiting the doubling superlattice reflections characteristic to the @mon, X @mon. X CMon.
and the 2@mex X 2@Hex. X CHex. supercells. In this sample, 0.03 Ni per formula unit is found
in the tetrahedral sites (Figure 26a), which is in good agreement with literature results
that show 0.02 Ni per formula unit in a Lig33Nip sMngsO; electrode charged to 4.3 Vi3
In addition to the tetrahedral Ni occupancy, recent neutron diffraction studies reveal a
considerable amount of Li ions (0.12 per formula unit) in the tetrahedral sites in the 4.6 V
charged Lig33NigsMng sO- samplem. In the 4.5 V charged sample of this study, it is
believed that a considerable amount of Li ions may similarly exist in the tetrahedral sites
of the Li layer. The remaining Li ions and 0.03 Ni per formula unit are located on the
octahedral sites of the Li layer (Figure 26a). In addition, no superlattice peaks were
found in the synchrotron X-ray diffraction data!®.

Since the doubling superlattice reflections of the (104)nex fundamental reflections
were either absent (Figure 18b) or very weak (Figure 18a) relative to the other
superlattice reflections in the experimental patterns, it is proposed that these superlattice
reflections could be attributed primarily to the ordering of Li, Ni, and vacancies in the
tetrahedral sites of the Li layer. Corresponding to the experimental patterns in Figure

18a, simulated patterns based on the tetrahedral site ordering in both the @mon X @mon. X

CMmon. and 2@ex. X 2@uex. X Chex. SUpercells along the equivalent zone axes of the [451 JHex.
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is shown in Figures 32a-b. In the simulated patterns, the doubling superlattice reflections
of the (104)nex. parent planes are absent for ideal oxygen and cation positions. In
contrast, simulated electron diffraction patterns based on the octahedral ordering in both
the @mon, X @Mon. X CMon. aNd 2aHex X 2@pex. X Chex, SUpercells are shown in Figures 32c-d.
The appearance of the doubling superlattice reflections of the (104)yex type are observed.
Furthermore, the relative intensity of the (104)gx doubling superlattice reflections is
strong, inconsistent with the experimental electron diffraction observations. Therefore, it
is believed that the Li and Ni ions are ordered in the tetrahedral sites of the Li layer in the
4.5 V charged sample. As additional Li ions are de-intercalated from the structure by
charging the electrode further from 4.5 V to 5.3 V, more Ni ions can migrate into the
transition metal layer. When the Li and Ni tetrahedral occupancies are reduced,
tetrahedral site ordering may also diminish. In the 5.3 V charged sample, very few
crystals showed the doubling superlattice reflections (Figure 29). Moreover, one of the
[241 ]1ex. zone axis patterns collected from the 5.3 V charged sample in Figure 20b clearly
shows the doubling reflections (marked by white stars) of the (102)uex and (110)yex
parent reflections, but those of the (104)g.x. parent plane are not observable. The
appearance of the (110)p.x superlattice reflections in this zone axis can be indexed
consistently to the 2duex X 2@Hex. X Chex, supercell (R3m), but not to the amon, X @mon, X
cMon, Supercell (P2/m). Therefore, it is proposed that the doubling superlattice reflections
observed in the charged samples are attributed to the ordering of Li, Ni, and vacancies on
the tetrahedral sites in the 2auex. X 2@Hex X Chex supercell (R3m) (Figure 30b). In this

proposed superstructure, no adjacent upper and lower tetrahedral sites are occupied,
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Figure 32: Simulated electron diffraction patterns of the experimental pattern in Figure
18a based on tetrahedral site ordering under the (a) P2/m and (b) R 3m symmetry, and
octahedral site ordering under the (c) P2/m and (d) R 3m symmetry.
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which minimizes the electrostatic repulsion amongst the cations in tetrahedral sites. In
addition, the Li and Ni ions on the octahedral sites are randomly distributed in the Li
layer. This superstructure can exist over a range of Li compositions based on a partial

occupancy of Ni and Li ions in the upper and lower tetrahedral sites.

4.3.2 Ordering in the Octahedral Sites of the Li Laver in the Discharged Samples

The discharged samples have a large number of Li ions (~0.8 - 0.9 per formula
unit) on the octahedral sites of the Li layer, and some Ni ions (~0.06 per formula unit) in
the octahedral sites of the Li layer (Figure 26a). In addition, small amounts of Ni and Li
ions may exist in the tetrahedral sites of the Li layer (0.02 Ni formula unit in the 4.5 V

(.21 The tetrahedral and octahedral ordering of Li, Ni, and vacancies

charged sample)
may coexist in the layered structure, and be responsible for the appearance of the
doubling superlattice reflections in the discharged samples. Since the Li and Ni
occupancies in the octahedral sites are much greater than those in the tetrahedral sites, it
is hypothesized that octahedral ordering is predominant the discharged samples. The
2auex. X 2auex. X CHex. Structural model of octahedral ordering can be excluded as the
doubling superlattice reflections of the (104)1x. planes are absent in the experimental
electron diffraction patterns collected from the discharged samples. Quite a few patterns
show unique evidence for the cation ordering in the @mon X @mon. X CMon cell With space
group P2/m. For example, one of the [24 T |nex. zone axis patterns collected from the 4.5
V discharged samples is shown in Figure 33a. In this pattern, the doubling superlattice

reflections of the (lOi)Hex, parent planes are strong, whereas those of the (110)yex and

(104)yex. parent planes are absent. The absence of the doubling superlattice reflections of
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Figure 33: Two electron diffraction patterns (a) and (b) from the 4.5 V discharged sample
collected along the [ 24T Juex zone axis, where doubling and tripling superlattice
reflections are marked by one and two stars, respectively. Schematic illustrations of
P2/m ordering with (c) one variant and (d) possible three variants model.
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the (110)gex. reflections in this zone axis further excludes the 2apex X 2@Hex, X CHex.
tetrahedral ordering (Figure 34a). The pattern in Figure 33a can be indexed consistently
based on the octahedral site ordering in the @mon X @mon. X CMon. cell with space group
P2/m (Figures 33c and 34b), in which one row is fully occupied and the other row is
partially occupied by Li/Ni. It is important to note that although the @mon. X @mon, X CMon.
supercell with octahedral site ordering can give rise to strong doubling superlattice
reflections of the (104)y.x parent plane, they are absent in this particular zone axis.
Furthermore, multiple orientation states of the ordered domains may coexist in one
crystal. For example, another [241 Juex zone axis pattern collected from the 4.5 V
discharged samples is shown in Figure 33b, which can only be explained by considering
two orientation states of ordered amon, X @mon. X Cmon, domains in this crystal (Figure 33d).

[27. 33, 4L 421 there are three independent orientation states

As discussed in literature
(variants) of ordering in the @mon, X @mon X Cmon cell having space group P2/m with
respect to the parent cell with thombohedral symmetry (R3m). Ordering in the different
orientation states may occur within one LixNipsMngsO; crystal during electrochemical
cycling, and these variants may exist within one Li layer and/or in different Li layers.
Therefore, it is speculated that the doubling superlattice reflections observed in the

discharged samples is due to the ordering of Li, Ni, and vacancies on the octahedral sites

in alternating rows of the Li layer (Figure 30c).
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Figure 34: Simulated electron diffraction pattern of the experimental pattern in Figure
33a based on tetrahedral site ordering under the (a) R 3m and (b) P2/m symmetries.
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3.0 GENERAL DISCUSSION AND CONCLUSIONS

Despite the high Ni content in the Li layer, LiNig sMng sO; demonstrates excellent
capacity and cycleability properties as an attractive cathode material. It has been shown
that both its discharge capacity and rate capability have improved upon cycling to high
voltages. The improvements in discharge capacity and rate capability have been
attributed to the favorable structural changes imposed by high voltages. Single crystal
electron diffraction analyses of pristine and cycled Li,Nip sMng sO, samples have shown
that the fraction of crystals exhibiting the V3amex x V3@Hex X Chex. Superlattice reflections
has significantly decreased upon charging to 4.5 V and 5.3 V. The disappearance and
weakening of the V3apex. x V3amex, X Chex, superlattice reflections can be explained by Ni
migration from the Li to the transition metal layer and an increasing Ni occupancy in the
transition metal layer upon charging to high voltages, in good agreement with previous

L2 A considerable change in the Ni occupancy of the

powder diffraction studies!
transition metal layer has been found in the 4.5 V charged Lig;NipsMnysO, sample. In
addition, some crystals of the LigNipsMngsO, electrodes charged to 5.3 V and of the
Lio sNigsMng sO, electrode cycled between 4.5 V and 2.0 V for 21 cycles have
transformed to the Ol structure, The formation of the O1 structure indicates that nearly
all of the Ni ions have migrated from the Li to the transition metal layer, allowing the
transition metal layers to shift into the O1 stacking order. In addition, Ni migration has
found to be in part reversible upon discharge, as demonstrated by the decreased number
of crystals in the discharged samples exhibiting the V3aex x V3apex. X Crex. superlattice

reflections. However, extended cycling at 4.5 V has similar effects as exposure to 5.3 V.

The fraction of Ni ions that permanently remains in the transition metal layer in these
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samples with respect to cycling to 4.5 V for 5 cycles only has been dramatically increased.
It is believed that the excellent reversibility of LiNiosMngsO,, even with a considerable
amount of cation disorder, is due to the mobility and the migration of Ni ions in the
layered structure upon Li removal and electrochemical cycling, which might facilitate Li
diffusion in the Li slab space. These observations are in good agreement with the
improved rate capability of the electrodes exposed to 5.3 v,

Electron diffraction data have shown additional superlattice reflections in a subset
of crystallites from the cycled samples. They are indicative of cation ordering in a 2@pex
X 2@yex. X Chex. supercell with the space group R3m and/or in an a@mon. X @mon. X CMon.
supercell with the space group P2/m. It is proposed that the Li, Ni, and vacancies order
in the tetrahedral sites of the Li layer with partial occupancy, and give rise to the
appearance of the 2apex. X 2auex. X Cuex. supercell and the observed superlattice reflections
in the charged samples. This type of ordering is found especially pronounced in the 4.5
V charged sample, which is in good agreement with the synchrotron X-ray diffraction
data showing a large amount of Ni (~0.03 per formula unit) in the tetrahedral sites. Such
an ordering configuration in the tetrahedral sites may minimize the electrostatic
interactions amongst the cations and stabilize the O3 structure. For the discharged
samples, it is proposed that the Li, Ni, and vacancies order on the octahedral sites, as
described by the @mon. X @Mon X Cmon, cell with the space group P2/m. It is believed that
this type of ordering might facilitate the Li diffusion in the interlayer space (relative to a
randomly distributed Li and Ni ions in the Li layer), and contribute to the excellent
reversibility of Li/LiNiosMngsO; cells despite the fact that the cycled samples in the

discharged state have ~0.06 Ni per formula unit in the Li layer. Partial occupancy of the
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Li and Ni ions on the tetrahedral and octahedral sites can allow the proposed
superstructures to accommodate and exist over a range of Li compositions.

The proposed superstructures for the charged and discharged LiNipsMngsO;
samples based on the electron diffraction data are not detected in the synchrotron X-ray
powder diffraction data nor in the differential capacity plots of the Li/LiNigsMngsO;
cells. This is because electron diffraction is more sensitive to the ordering of light atoms
and the partial occupancy of heavy atoms than X-rays. Also, single-crystal electron
diffraction analysis can better detect ordered minor phases than X-ray powder diffraction
and electrochemical data, and provide an averaged information over the entire sample.
Lastly, it should be mentioned that based on the electron diffraction evidence presented in

this study, other Li and vacancies ordering configurations are not excluded.
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APPENDIX A: SUMMARY OF ELECTRON DIFFRACTION FINDINGS

Pristine Sample

Film Crystal Doubling Planes Tripling Planes Forbidden
Number | Number | Zone Axis Super Cell Size Doubled Not Doubled Tripled Not Tripled Planes
5564 1 741 sqri(3) sqri(3) 1 none 0-14 -1-1-3,1-215 none none
2-1-6,118,-12
5568 1 -1-81 sqrt(3) sqrt(3) 1 none 2-1-6,018 15 none none
40396 2 00-1 sqri(3) sqri(3) 1 none -210,-120,110/-210,-120,1 10 none none
40411 3 12-1 sqri(3) sqrt(3) 1 none 2-10,0-1-2 2-10 none none
1-12,2-10,10-
56510 7 241 sqri(3) sqri(3) 1 none 2,014 2-10 none none
113,2-10,1-2-
5562 4 12-1 sqri(3) sqrt(3) 1 none 2-10 3 none none
1-14,0-1-8,-1
56279 8 48-1 sqri(3) sqri(3) 1 none 0-4,-210 -210 none none
-102,-114,01
56490 ] -22-1 sqri(3) sqri(3) 1 none 2,110 110,-216,-1286 none none
56500 10 271 sqri(3) sqrt(3) 1 none -102 -21-3 none none
56503 11 5101 sgri(3) sqrt(3) 1 none 0-110,2-10 2-10 none none
56512 12 1-72 sqri(3) sqri(3) 1 none -114 113 none none
1-20,1-23,1-2
54733 13 -2-10 sgri(3) sqri(3) 1 none 1-20,1-26 6 003 001,002
2-10,2-13,-21
56494 14 -1-20 sqrt(3) sqri(3) 1 none 2-10 3 003 001,002
-210,-1-16,1-2 -220,-110,-20
5572 1 241 sqrt(3) sqrt(3) 1 none 6 1-26 -210,-1-16 4,-102
100,500,001,
54721 15 1-10 2.sqrt(3) | 2 sqrt(3) 1 110 none 110,113,-1-13 none 002
5558 5 4-1-1 2 sqrt(3) | 2 sqri(3) 1 104,1-26 none 113,2-19,1-28 none 0-11,0-55
-31-1,42-2,-2
1-1,-32-2,-55-
-21-6,-12-6,11 21-6,-12-6,11 5-11-1,01-1,0
5574 6 2-2-1 2 sqri(3) | 2sqri(3) 1 0 none 0 none 5-5,100,500
0-10,0-30,0-5
56499 16 211 2sqri(3) | 2 sqrt(3) 1 222,-102 -324,1-20 1-20 none 0,452
56506 18 71-2 2sqrt(3) | 2 sqrt(3) 1 207,021 -114 -1-13 none -122
101,202,404,
56518 19 57-2 2 sqri(3) { 2 sqri(3) 1 116 31-4 -31-4 116 505,-54-2
56290 17 -2-7-1 2 sqrt(3) { 2 sqri(3) 1 -102 none -2 1-3 none none
56295 20 1-11 Sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.




Charged Sampile to 4.5V for 2.5 Cycles

Film Crystal Doubling Planes Tripling Planes Forbidden
Number | Number | Zone Axis Super Cell Size Doubled Not Doubled Tripled Not Tripled Planes
53084 1 8-81 sqrt(3) sqrt(3) 1 none n/a -1-10 none none
53086 2 -1-21 sqrt(3) sqri(3) 1 none n/a -210 none none
-21-3,-126,11
53089 3 45-1 sqrt(3) sqri(3) 1 none n/a 9 none none
53076 14 -1-21 sqri(3) sqrt(3) 1 none n/a -210,-1-1-3 none none
8672 19 7111 sqrt(3) sqrt(3) 1 none n/a 2-13 none none
8675 20 -2-1-1 sqri(3) sqrt(3) 1 none n/a -120 none none
8684 23 -54-1 sqri(3) sqrt(3) 1 none n/a -12-3 none none
8686 24 -2-1-1 sqri(3) sqrt(3) 1 none n/a 213 none none
8688 25 -2-11 sqrt(3) sqrt(3) 1 none n/a -120 none none
8690 26 00-1 sqrt(3) sqrt(3) 1 none n/a 2-10,1-20,-1-1 none none
2-12,1-10,5-5
53078 5 48 -1 2 sqrt(3) | 2 sqrt(3) 1 018,2-10 104,1-1-4 2-10 none 0,122
53087 6 451 2 sqrt(3) | 2 sqri(3) 1 -126 104 2-13,-126,119 none 055011,2-12
8680 21 -5 4 -1 2 sqri(3) | 2 sqrt(3) 1 23-2 01-4 -12-3 none
8682 22 2101 2sqrt(3) | 2 sqrt(3) 1 21-6,-102,0-1|-11-8 21-6 none
8692 27 -2-1-1 2 sqrt(3) | 2 sqrt(3) 1 -120,10-2 none -120 none
104,-126,-32-
53082 7 45 -1 2 2 1 2 none none n/a none
53073 8 -111 2 2 1 1-12,110 none none n/a none
53080 9 81-2 2 2 1 1-42 104 none n/a 102
53088 10 -2 -4 -1 2 2 1 -102,1-12 0-14,-210 none n/a 0-12,-210
-102,-11-2,114
53075 11 -2 -4 -1 2 2 1 <] 01-4 none n/a 01-2
53071 12 451 2 2 1 -104 none none n/a none
53074 13 -4-81 [sqgri(3)*sqrt(3)*1 superlattice reflections disappeared.
53077 15 411-1  [sqri(3)*sqrt(3)*1 superlattice reflections disappeared.
53081 16 -1-21  |sqri(3)*sqrt(3)*1 superlattice reflections disappeared.
53083 17 -1-51  |sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
53085 18 121 sqrt(3)*sqri(3)*1 superlattice reflections disappeared.
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Charged Sample to 5.3V for 2.5 Cycles

Film Crystal Doubling Planes Tripling Planes Forbidden
Number | Number | Zone Axis Super Cell Size Doubled Not Doubled Tripled Not Tripled Planes

8521 14 12-1 sqr(3) sqrt(3) 1 none n/a -123,113 210 -220,-110

8555 25 211 sqri(3) sqrt(3) 1 none n/a -1-13 none none

8526 15 -8 -4 -1 sqri(3) sqrt(3) 1 none n/a 120 none none

8533 16 -2-1-1 sqrt(3) sqri(3) 1 none n/a 11-3 none none

6162 2 -1-21 2 sqrt(3) | 2 sqrt(3) 1 012,-210 none =210 none -110,550

53185 3 -2 -1-1 2 2 1 -102,-120 none none n/a none
210,102,041

53189 3 241 2 2 1 4,1-12 0-14 none n/a none
-102,0-14,1-1

53196 4 241 2 2 1 2,210 none none n/a none

53181 1 001 1P 1P 1P none n/a 300 2-10,110,-120 none

6163 2 00-1 1P 1P 1P none n/a 300 2-10,110,1-20 none

8512 13 001 1P 1P 1P none n/a 030,300,-330§2-10,110,-120 none

8542 18 001 1P 1P 1P none n/a 030 2-10,110,-120 none

8549 21 001 1P 1P 1P none n/a 030 2-10,110,-120 none

8557 27 001 1P 1P 1P none n/a 030 2-10,110,-120 none

6169 5 -11 -7 -1 _{sqrt(3)"sqri(3)*1 superlattice reflections disappeared.

6158 6 -2 -1 -1 1sqri(3)*sqrt(3)*1 superlattice reflections disappeared.

6160 7 1-1-1 |sqrt(3)"sqrt(3)*1 superlattice reflections disappeared.

6161 8 -11-7 -1 Isqrt(3)*sqrt(3)*1 superlattice reflections disappeared.

6165 9 45-1  |sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.

6167 10 12-1  Isqrt(3)*sqrt(3)*1 superlattice reflections disappeared.

6168 11 12-1  |sgrt(3)*sqrt(3)*1 superlattice reflections disappeared.

53194 4 110 |sqri(3)*sqri(3)*1 superlattice reflections disappeared.

53192 12 12-1  |sqri(3)*sqrt(3)™1 superlattice reflections disappeared.

8539 17 -10 -5 -2 |sqri(3)*sqrt(3)*1 superlattice reflections disappeared.

8545 19 -1-21  Isqri(3)*sqrt(3)*1 superlattice reflections disappeared.

8551 22 -2 -10 -1 |sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.

8553 23 320 |sqrii(3)"sqri{3)*1 superlattice reflections disappeared.

8554 24 -2-1-1 |sgrt(3)*sqrt(3)*1 superlattice reflections disappeared.

8556 26 -2 2 -1 |sgrt(3)*sqrt(3)*1 superlattice reflections disappeared.




Discharged Sample to 4.5V for 5 Cycles

Film Crystal Doubling Planes Tripling Planes Forbidden
Number | Number | Zone Axis Super Cell Size Doubled Not Doubled Tripled Not Tripled Planes
53632 1 -5 -4 -1 sqrt(3) sqrt(3) 1 none n/a -12-3 none none
53634 2 714 -1 sqrt(3) sqrt(3) 1 none n/a 2-10 none none
53615 3 1171 sqrt(3) sqrt(3) 1 none n/a -12-3 none none
53618 4 -4-81 sqri(3) sqrt(3) 1 none n/a 2-10 none none
53619 5 -1-21 sqri(3) sqrt(3) 1 none n/a 210 none none
53627 ¢] 57-2 sqri(3) sqrt(3) 1 none n/a -1-1-6 none none
53628 6 221 sqri(3) sqri(3) 1 none n/a -1-10 none none
53629 7 -4-81 sqri(3) sqri(3) 1 none n/a 210 none none

-1-13,-1-10,-1-
53622 8 -110 sqri(3) sqrt(3) 1 none n/a 1-3 003 002,001
2-1-3,2-10,2-1
53636 9 -1-20 sqrt(3) sqri(3) 1 none n/a 3 003 002,001
53626 6 -4-51 sqri(3) sqrt(3) 1 none n/a -126,-21-3 none none
53623 17 112 sqri(3) sqri(3) 1 none n/a none none
56941 18 841 sqrt(3) sqri(3) 1 none n/a 120 none none
56945 20 81-2 sqri(3) sqrt(3) 1 none n/a -12-3 none none
56946 21 2-1-1 sqri(3) sqrt(3) 1 none n/a 213,-1-13 none none
56951 23 271 sqrt(3) sqri(3) 1 none n/a 2-13 none none
-1-19,-216,-12
56953 24 541 sqri(3) sqrt(3) 1 none n/a -3 none none
-550,-330,-11
53631 10 -2-4-1 2 sqri(3) | 2 sqrt(3) 1 -102,-11-2 210,014 210 none 0,-1-12
53625 12 571 2sqrt(3) | 2sqri(3) 1 1-12 none 2-1-3 none none
56931 15 -5-4 -1 2sqri(3) | 2sqri(3) 1 -216,0-14 none -12-3,-216 none
56934 16 241 2sqrt(3) | 2 sqri(3) 1 -102,-11-2 -210,01-4 210 none
56955 25 211 2sqri(3) | 2 sqri(3) 1 102 120 1-20 none
56937 26 2-1-1 2 2 1 10-2 none n/a n/a
56942 19 2-4-1 2 2 1 -11-2 -102,-210,01 -4 n/a n/a
53617 13 010 sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
53613 14 48 -1 sqrt(3)*sqrt(3)*1 superiattice reflections disappeared.
56949 22 841 sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
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Discharged Sample to 5.3V for 5 Cycles

Film Crystal Doubling Planes Tripling Planes Forbidden
Number | Number | Zone Axis Super Cell Size Doubled Not Doubled Tripled Not Tripled Planes

53348 1 -817 -1 sqrt(3) sqrt(3) 1 none n/a 119 none none

53355 2 -1-111 sqgri(3) sqrt(3) 1 none n/a -219 none none

53357 3 48-1 sqri(3) sgrt(3) 1 none n/a -210 none none

53358 4 -1-111 sqrt(3) sqri(3) 1 none n/a -219 none none

53368 5 -5-1-1 sqri(3) sqri(3) 1 none n/a 2-1-9 none none

6653 6 452 sqri(3) sqri(3) 1 none n/a -12-3 none none

6654 7 541 sqri(3) sqri(3) 1 none n/a -12-3,-216 none none

53347 10 54-2 sqri(3) sgrt(3) 1 none n/a 21-3 none none

53349 11 -11-16 -1 sqrt(3) sgri(3) 1 none n/a -216 none none

6651 6 -141 sqrt(3) sqrt(3) 1 none n/a -1-13 none none

53353 8 -1-81 2sqri(3) | 2sqrt(3) 1 018,-216 none 119,-2186 none -111,-5655

6666 9 -5-4-1 2sqri(3) | 2sqri(3) 1 01-4 none -12-3 none none

53362 12 271 2 2 1 -102 none none n/a none

116,-1110,-10

53359 13 2-81 2 2 1 2 018 none n/a 014

6661 14 -4-21 2 2 1 012,-11-2 -120,-10-4 none n/a -110,-10-2

6664 14 -4-2 1 2 2 1 012,-11-2 -120,-10-4 none n/a -110,-10-2

53370 15 -16-11 -2 2 2 1 -108 none none n/a none

53360 13 78-1 2 2 1 2-16 018 none n/a 014

53365 16 2-21 2 2 1 -102,0-1-2 -114,-1-10 none n/a -112,-1-10

53350 17 -5-10 -1 |sgrt(3)*sqrt(3)*1 superlattice reflections disappeared.

53354 18 <211 |sqri(3)*sqrt(3)*1 superlattice reflections disappeared.

53361 13 001 sqri{3)*sqri(3)*1 superiattice reflections disappeared.

53369 19 -16 -11 -2 |sqgrt(3)*sqri{3)*1 superlattice reflections disappeared.

53371 15 401 sqri(3)*sqrt(3)*1 superlattice reflections disappeared.

6657 7 -4 0-1  |sqri(3)*sqrt(3)*1 superiattice reflections disappeared.

sqrt(3)*sqrt(3)*1 superlattice reflections may or may not have
6663 14 110 disappeared.
6669 20 -1-10 [sqrt(3)*sqrt(3)*1 superlattice reflections disappeared. |
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Discharged Sample to 4.5V for 21 Cycles

Film Crystal Doubling Planes Tripling Planes Forbidden
Number | Number | Zone Axis Super Cell Size Doubled Not Doubled Tripled Not Tripled Planes
110,-12-3,-214
5776 1 -111 sqri(3) sqri(3) 1 none n/a 3 none none
-330,03-6,-36
56783 14 221 sqrt(3) sqri(3) 1 none n/a 6 none none
-111,-555,00
1,002,004,00
5,1-11,5-55,1
216,006,2-1 10,2-20,4-40,
5781 3 120 2 sqri(3) | 2 sqrt(3) 1 6,2-10 none 216,216 006,2-10 5-50
100,200,300,
400,500,122,
-100,-300,-50
5794 4 2-21 2 sqrt(3) | 2 sqrt(3) 1 012,-102 110,-114 110 none 0
-13-4012,11
5779 5 1021 2 sqrt(3) | 2 sqri(3) 1 12,1-18 none 1112,06-6 none 102,5010
5788 2 1-10 2 2 1 110,116,11-6 none none n/a 001,002
-102,-114,01 -101,-112,01
56427 8 221 2 2 1 -126,-102 2,110 none n/a 1,110
10-2,1-12,1-2
56777 11 -2-4-1 2 2 1 6 0-14 none n/a 0-12
210,-102,0-1 -210,-101,0-1
56778 12 241 2 2 1 1-12 4 none n/a 2
56784 15 211 2 2 1 =102 none none n/a -110,-322
2-10,1-20,-1-1
56772 10 00-1 1P 1P 1P none n/a 0-30 0 none
5784 6 -5-11 |sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
5792 7 -1-2-2 |sqri(3)*sqri(3)*1 superiattice reflections disappeared.
56768 9 841 sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
56781 13 -5 -4 -1 |sqrt(3)*sqrt(3)*1 superiattice reflections disappeared.
56786 16 -5-4 -1 |sqri(3)*sqrt(3)*1 superlattice reflections disappeared.
56787 17 -8 -4 -1 |sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
56790 18 841 sqri(3)*sqrt(3)*1 superlattice reflections disappeared.
56800 19 211 sqri(3)*sqri(3)*1 superlattice reflections disappeared.
56804 20 -2 -1-1  |sqrt(3)*sqrt(3)*1 superlattice reflections disappeared.
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APPENDIX B: ELECTROCHEMICAL HISTORY OF THE CYCLED SAMPLES
FOR ELECTRON AND X-RAY DIFFRACTION

(Electron and X-Ray Diffraction) 4.5 V Charged Lip;NigsMngsO, Sample Cycled
Between 4.5 V and 2.0 V for 2 Complete Cycles and 1 Additional Charge at C/50:
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(Electron and X-Ray Diffraction) 5.3 V Charged LioNipsMngsO, Sample Cycled
Between 5.3 V and 2.0 V for 2 Complete Cycles and 1 Additional Charge at C/50:
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(Electron Diffraction) 4.5 V Discharged Lig¢NipsMngsO, Sample Cycled Between 4.5 V
and 2.0 V for 5 Complete Cycles at C/50:
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(Electron Diffraction) 5.3 V Discharged Lix-976NipsMng 5O, Sample Cycled Between 5.3
Vand 2.0 V for 5 Complete Cycles at C/50:
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(Electron Diffraction) 4.5 V Extensively Cycled LigsNipsMngsO, Sample in the
Discharged State Cycled Between 4.5 V and 2.0 V for 5 Cycles at C/50, 5 Cycles at C/20,
5 Cycles at C/5, 5 Cycles at C/2, and 1 Cycle at C/50:
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(X-Ray Diffraction) 4.5 V Discharged Lips:NigsMngysO, Sample Cycled Between 4.5 V
and 2.0 V for 5 Complete Cycles at C/20 with EIS Steps:
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(X-Ray Diffraction) 5.3 V Discharged Lig75NigsMng sO, Sample Cycled Between 5.3 V
and 2.0 V for 2 Complete Cycles at C/50 with GITT Steps:
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APPENDIX C: BRIGHTFIELD TRANSMISSION ELECTRON MICROSCOPY
IMAGES OF THE SAMPLES IN APPENDIX B

Pristine LiNigsMng sO, Sample:
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5.3 V Charged LigNipsMng 5O, Sample Cycled Between 5.3 V and 2.0 V for 2 Complete
Cycles and 1 Additional Charge at C/50:
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APPENDIX D: ADDITIONAL ELECTRON DIFFRACTION PATTERNS OF
THE SAMPLES IN APPENDIX B

Pristine LiNio.sMng sO, Sample:
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4.5 V Charged Lig>NipsMng 50, Sample Cycled Between 4.5 V and 2.0 V for 2 Complete
Cycles and 1 Additional Charge at C/50:
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5.3 V Charged LioNigsMng 5O, Sample Cycled Between 5.3 V and 2.0 V for 2 Complete
Cycles and 1 Additional Charge at C/50:
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4.5 V Discharged LiggNigsMngsO, Sample Cycled Between 4.5 V and 2.0 V for §
Complete Cycles at C/50:
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5.3 V Discharged Liy075NigsMngsO; Sample Cycled Between 5.3 V and 2.0 V for 5
Complete Cycles at C/50:
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4.5 V Extensively Cycled LiggNipsMngsO, Sample in the Discharged State Cycled
Between 4.5 V and 2.0 V for 5 Cycles at C/50, 5 Cycles at C/20, 5 Cycles at C/5, 5
Cycles at C/2, and 1 Cycle at C/50:
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