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Chapter |
Introduction



Section I-1  Introduction

Compared with other secondary batteries, lithium ion secondary batteries (LIBs) have
excellent characteristics such as high energy density and high voltage. Therefore, they are
widely used as power sources for smartphones and laptop computers. Since the number of
battery electric vehicles increase in future, higher capacity, higher potential, and lower cost of
LIBs are required. LIBs are composed of four parts: positive electrode, negative electrode,
separator, and electrolyte. Among these parts, LiCoO, with layered rock-salt type structure is
considered as a positive electrode active material. LiCoO, shows reversible Li* extraction and
insertion reaction of about 4 V vs Li/Li*. Although the theoretical capacity of LiCoO, is 274
mAh g, there is a problem in the stability of the crystal structure at the time of charge. Actually,
it can only use about half of the theoretical capacity.

Since this active material uses Co, which is a rare metal, it is expensive. In addition, 35% of
the world's Co production is used in the battery industry. From these facts, only LiCoO, cannot
meet future demand growth. For this reason, lithium transition metal oxides containing Mn and
Ni, which are less expensive than Co, are being developed as promising alternative materials for
LiCoO, with layered rock-salt type structure.

LiMn,O, (LigsMnO,) with spinel-type structure is known as a positive electrode active
material having high thermal stability, the theoretical capacity of 148 mAh g*, and Li*
extraction and insertion reaction of about 4 V vs Li/Li*. Lio4MnO; has tunnel structure and is
prepared using tunnel-type Nag4MnO, as a starting material [1-8]. Because Lig4MnO, is
metastable, it is prepared from Nay4,MnO, via Na/Li ion-exchange reaction at a relatively low
temperature. Such a preparation method is called soft chemical synthesis. Figure 1-1 shows the
crystal structure of LigsMnO,. Unlike LiMn,O4 (LigsMnO,) with spinel-type structure and
LiMnO, with layered rock-salt type structure, the crystal structure of Lig4MnO, has been
reported to not undergo phase transition during charge and discharge cycles [9-12]. However,
when graphite is used as the negative electrode active material, the specific capacity is low
because the amount of Li in the crystal structure of Lig44sMnO, is small.

In addition, substituting Ni or Co for a part of Mn in LiMn,O, with spinel-type structure
increases the charge and discharge potential. The charge and discharge potential of
Ni-substituted LiNiosMn, 50, is 4.7 V vs Li/Li", which is higher than LiMn,O,. The Mn valence
number of LiNiysMn, 50, is tetravalent, and it has a high charge and discharge potential due to
the redox reaction of Ni**/Ni**. On the other hand, the charge and discharge potential of
Co-substituted LiCoMnO, is 5.2 V vs Li/Li*, which is even higher than LiNigsMn; 50, due to
the redox reaction of Co**/Co** [13]. Furthermore, LiCoMnOQ, is expected as a high-potential
positive electrode of all-solid-state LIBs because the volume change in charge and discharge
reaction is small [14]. However, due to the cation-mixing of Li/Co atoms, the specific capacity
is low [15].

The common feature of both layered rock-salt type and spinel-type is the crystal structure of
rock-salt type based on the cubic close-packed structure of O atoms. Figure 1-2 shows rock-salt
type MnO, layered rock-salt type LiCoO,, and spinel-type LiMn,Q,. In rock-salt type MnO, Mn
atom occupies the octahedron center composed of O atoms in the cubic close-packed structure.
On the other hand, in layered rock-salt type LiCoO,, Li atom occupies 1/2 of the octahedron



center composed of O atoms in the cubic close-packed structure, and Co atom occupies the
remaining octahedron. Furthermore, in spinel-type LiMn,O4 Li atom occupies 1/2 of the
tetrahedron center composed of O atoms in the cubic close-packed structure, and Mn atoms
occupies 1/2 of the octahedron. In this way, both the layered rock-salt type and the spinel-type
adopt the arrangement of O atoms of the rock-salt type. Therefore, the layered rock-salt type
structure undergoes phase transition to the spinel-type structure during charge and discharge
cycles. Layered rock-salt type Ligs7Nig33Mng 70, is expected as a high capacity material, but it
has not been put to practical use for the same reason [16].

In this study, we used Mn and Ni with less resource constraints than Co, synthesized
tunnel-type Lig44MnO,, spinel-type LiCoMnO,, layered rock-salt type Ligg7Nig33Mnggs:O, by
soft chemical method. Furthermore, it aimed to clarify the crystal structure and electrochemical
properties of them.

(a) SEEIRE (MnO) (b) MR RIS (LiCo0s) (€) AEFILAHEIE (LiMmOy)

Fig. 1-1-2 Comparison of (a) rock-salt type MnO, (b) layered rock-salt type
LiCo0,, and (c) spinel-type LiMn,0,.



Section I-11  Soft-chemical synthesis

In recent years, application of ion exchange reaction to material synthesis has attracted
attention. Synthesis method by Host-Guest reaction such as ion exchange is said to be soft
chemical synthesis because it can be synthesized under mild reaction conditions such as
relatively low temperature as compared with the inorganic synthesis method [17].

Conventional inorganic syntheses include solid state reaction, flux, hydrothermal, sol-gel
method, and others. In these synthesis methods, the chemical composition and the crystal
structure of the starting material are brought into disjointed state and then recombined to
synthesize the target material having a new chemical composition and crystal structure (Fig.
1-2-1). Therefore, it is difficult to predict and synthesize the chemical composition and crystal
structure of the target material. Compared with these synthesis methods, soft chemical synthesis
uses raw materials that can perform Host-Guest reaction such as ion exchange as starting
materials. An inorganic compound can be converted into a new chemical composition and
crystal structure by completely or partly leaving the chemical bond of the framework. That is, it
can be said to be a synthetic method having an idea similar to organic synthesis. Since soft
chemical synthesis uses the chemical bond of the starting material, it is usually possible to
synthesize even under mild reaction conditions at relatively low temperature.

Fig. 1-2-1 lon exchange reaction from Nag 44MnO; to Lig 4MnOs,.

Section I-111  Crystal structure analysis

Rietveld analysis is a structural analysis method that refines crystal structure for powder X-ray
and neutron diffraction patterns. A crystal structure model is obtained from the assumed crystal
structure model by least squares method between an ideal and an observed diffraction profile.
There is R factor as reliability factor for estimating the progress of Rietveld analysis and the
degree of agreement between the observed intensity y; and the calculated intensity fi(x). Typical
R factors are shown in (1) to (3). In the equation, N represents the number of observed data and
P represents the number of parameters to be refined. Among these R factors, the most important
factor R is Ry, (R-weighted pattern). However, since Ry, and R, (R-pattern) are equal to the
summation of the observation intensities of the denominator, diffraction intensity and



background intensity largely affect these values. Therefore, the index S for comparing Ry, and
R, equal to the expected minimum Ry, indicates fitness. In equation (4), S = 1 means that
refinement is best.
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X-ray absorption fine structure (XAFS) is observed near the X-ray absorption edge. By the
analysis of XAFS, information such as the electronic state of X-ray absorbing atoms and nearby
structure can be obtained. Unlike X-ray crystal structure analysis, the measurement sample does
not require long distance order and is not limited to the crystalline material. In X-ray Absorption
Spectroscopy, X-ray is incident on the measurement sample and its absorption spectrum is
analyzed. As the energy of the incident X-ray is gradually increased, the absorption coefficient
of the X-ray abruptly increases with energy corresponding to the binding energy of the inner
shell electron of the X-ray absorption atom in the measurement sample. In the X-ray absorption
spectrum, this edge structure is called an absorption edge. Since the energy at the absorption
edge is determined by the absorbed atom and the electron arrangement of the excited inner shell
electrons, it is written as Co K absorption edge, Mn K absorption edge or the like by using the
symbol of the element and the symbol of the electron shell. When the energy of the incident
X-ray becomes larger than the absorption edge, the absorption coefficient gradually decreases.
However, a change in absorption coefficient is observed from the absorption edge to the high
energy region of about 1000 eV. This fine structure is XAFS.
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Chapter II
Lithium manganese oxide Lig 44+xMnO,

— Estimation of specific capacity by clarifying lithium sites —



Section I1-1  Introduction

In recent years, lithium ion secondary batteries (LI1Bs) are used as small power sources for
smartphones and laptop computers. LIBs are also expected to be widely used as large power
sources for electric vehicles in future, and their importance has been increasing more and more.
LIBs are composed of four parts: positive electrode, negative electrode, separator, and
electrolyte. Among these parts, LiCoO, and LiNiO, with layered rock-salt type structure and
LiMn,O, (LiosMnO,) with spinel-type structure are considered as positive electrode active
materials. Among them, LiCoO, is superior in electrochemical properties such as operating
potential and reversible Li* extraction and insertion reaction, so future demand will increase.
However, LiCoO, is expensive because it uses Co which is a rare metal. Since this active
material uses Co, which is a rare metal, it is expensive. In addition, 35% of the world's Co
production is used in the battery industry. From these facts, only LiCoO, cannot meet future
demand growth. For this reason, lithium transition metal oxides containing Ni and Mn are less
expensive than LiCoO,.

LiNiO, with layered rock-salt type structure has advantages in cost and specific capacity, and
is being developed as a promising alternative material for LiCoO,. However, LIBs using LiNiO,
as the positive electrode active material have a risk of heat generation, thermal runaway, and fire
due to instability of LiNiO, in the fully charged state, and there are many problems concerning
safety. It is a promising active material to use Mn which is less resource-constrained and
inexpensive and which can withstand the chemical bond change of Mn-O in the redox reaction
of Mn**/Mn*". In particular, spinel-type LiMn,O, uses Mn, which is less expensive than Co and
Ni, and is also practically used because it is excellent in safety in the fully charged state.
However, since spinel-type LiMn,0O, (LigsMnO,) has a lower specific capacity than LiCoO, and
LiNiO,, this active material is less widespread than expected.

Research on tunnel-type Liy44sMnO, prepared by ion exchange method using Nag4MnO, as
a starting material has also been reported [1-8]. Such a method of preparing using ion exchange
or phase transition is called soft chemical method. The crystal structure of Lig44MnO, (Fig. 1-1)
consists of double and triple rutile-type chains of edge-sharing MnOs octahedra and a single
chain of edge-sharing MnOs that share vertices to produce a framework containing large tunnels
along the c-axis. Hence, this compound does not undergo a conversion to spinel structure during
normal cycling or upon heating below approximately 400 °C [7]. However, since the reported
Lio.sMnO, has a small Li content of 0.44, the charge capacity is about 100 mAh g™. For this
reason, it has not reached a practical level and improvement of capacity is required [1,2].
Recently, the specific capacity and discharge profile were improved by an additional Li
insertion treatment in molten LiNO;-LiOH salt at low temperature [7,8]. The obtained
LiossMnO, sample exhibited the initial charge capacity of about 150 mAh g with the average
discharge voltage of 3.7 VV vs. Li/Li". In addition, a further chemical lithiation treatment using
Lil was performed to increase the Li content in the Ligg,MnO, sample [8]. The obtained
Lio.s2MnO, sample exhibited the initial charge capacity of about 210 mAh g* between 4.8 and
2.5 V vs. Li/Li* with a fixed current density of 10 mA g’l at 25 °C. However, the structural
details of Lig44+xMnO,, especially the Li site positions, have not been revealed yet, to our
knowledge. By revealing the Li site positions, it is possible to estimate the maximum specific
capacity of the crystal structure.



In the present research, we have successfully determined the precise positions of the Li atoms
in Lig4+xMnO, for the first time.



Section I1-11  Experiment

[1-11-1  Synthesis

Tunnel-type Lig44+xMnO, was prepared by the synthetic reported route using Nag44MnO, as the
starting material [1-8]. First, tunnel-type Nay44MnO, was synthesized by mixing Na,CO; (99%
pure) and Mn,0Os (99.9% pure) at a molar ratio of 1:2 at 900 °C for 12 h in air. The molar ratio
of Na / Mn= 0.5 was required to prevent loss of the sodium component by volatilization. Next,
tunnel-type Liy44MnO, was prepared from Nag44MnO, via Na/Li ion-exchange reaction using
LiNO; molten salt at 270 ° C for 10 h in air [6-8]. After ion-exchanged, the reaction mixture was
washed with distilled water and ethanol, and then dried at room temperature. Further,
tunnel-type LigssMnO, was prepared by adding the obtained Liy44MnO, to the molten salt of
LiOH-LiNO; at 270 °C for 10 h. This process is important to improve the discharge capacity in
the 4 V plateau region, as previously reported [7,8]. The resulting reaction mixture was washed
with distilled water and ethanol, and dried in an oven at 60 ° C. Finally, Lio77MnO, and
Liog,MnO, were prepared by adding LigssMnO, to a solution of 10 mol% excess of Lil as a
reducing agent in acetonitrile and refluxing at 80 °C for 5 h and 10 h, respectively. After the
reaction, the obtained samples were washed with acetonitrile and then dried in vacuum at
120 °C for 12 h [8].

I1-11-11  Crystal structure analysis

Rietveld analysis was performed on the obtained powder sample by powder X-ray diffraction
measurement data. Rietveld analysis is a technique for refining the crystal structure of the entire
powder X-ray and neutron diffraction patterns. It is a method to obtain a reasonable crystal
structure model by decreasing the difference between the diffraction profiles of the observed
and that of the assumed crystal structure model by the least squares method. R factor is a
reliability factor for estimating the degree of coincidence between diffraction intensity and
calculated intensity of Rietveld analysis.

In order to determine the crystal structure, refinements by Rietveld analysis using powder
synchrotron X-ray diffraction (XRD) and neutron diffraction (ND) data were performed.
Synchrotron X-ray experiments were carried out in BL19B2 at SPring-8 (Sayo-gun, Hyogo,
Japan). The powder samples were sealed in a Lindeman glass capillary with 0.3 mm diameter.
The incident X-ray wavelength was 0.49996 A, and exposure time was 15-20 min. Synchrotron
powder XRD data were collected in steps of 0.01° over a 26 range of 4-75°. ND experiments
were carried out at room temperature with wavelength A = 1.8024 A using a HERMES
diffractometer (JAEA, JRR3M beamlineT1-3). The ND data were collected in steps of 0.05°
over a 26 range of 7-157°. Rietveld analysis was performed using Jana2006 [9]. The crystal
structure of Lig4sxMnO, was estimated with electron diffraction pattern by transmission
electron microscopy (TEM by HITACHI H-800) to possible of superstructures. X-ray
absorption fine structure spectroscopy (XAFS) at Mn-K edges was carried out in BL-9C at
Photon Factory in High Energy Accelerator Research Organization (Tsukuba, Ibaraki, Japan).
The Athena software was used for the analysis of XAFS data.

I-11-111  ICP emission spectroscopic analysis
For the obtained sample, elemental analysis of Na, Li, Mn was performed using Inductively
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Coupled Plasma Atomic Emission Spectroscopy (ICP-AES by HITACHI P-4010).

[1-11-IV  Electrochemical measurement

Electrochemical measurements were performed using coin-type cells (CR2032). Working
electrodes were prepared using 5 mg of active materials, 5 mg of acetylene black as the
conductive agent, and 1 mg of polyvinylidene difluoride as the binder. An Al mesh was used as
the current collector, and the electrode diameter was 15 mm. A circular Li foil, having a
diameter of 15 mm and a thickness of 0.2 mm, was used as the counter electrode. A
microporous polypropylene sheet was used as the separator. A 1 M LiPFg solution in a 1:1 (v/v)
mixture of ethylene carbonate and diethyl carbonate was used as the electrolyte. Cells were
constructed in an argon-filled grove box. Electrochemical measurements were conducted with a
current density of 10 mA g ' at 25 °C after standing overnight under open-circuit conditions.
The cell was first charged to 4.8 V, and then kept at 4.8 V for 4h. The cell was discharge
charged to 2.5 V at same current density.
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Section I1-111  Results and Discussion
[1-111-1 ~ Crystal structure analysis of Nag 44MnO,

Figure 2-3-1-1 shows the diffraction pattern of Nag4MnO, by powder synchrotron radiation
XRD measurement and the results of the fitting by Jana2006 program using the previous report
as the initial crystal structure model [10]. The diffraction pattern was identified to be single
phase with an orthorhombic crystal system and space group Pbam. The orthorhombic lattice
parameters for Nag4MnO, were refined to be a = 9.10657 (8) A, b = 26.4292 (2) A, ¢ =
2.828802 (7) A, and Z = 18. The lattice parameters of Nao4,MnO, were similar to the reported
values [10]. The resultant R values of Nag 44sMnO, reached Ry, = 4.92 % and R, = 3.71 %, with a
fit indicator of S = R,,/Re = 1.33.

1|

—_—" 7‘1|l= 47.“ Ea—

Figure 2-3-1-1 Observed, calculated, and difference pattern for the Rietveld refinement using
the powder synchrotron radiation XRD data of Nag4MnO,. The short vertical lines below
the profiles mark positions of all position Bragg reflections of Nag4MnO,. A schematic
illustration of tunnel-type Nag4MnO, is also shown.

Table 2-3-1-1 summarizes the atomic coordinates of Nag44,MnO,. The chemical composition
was estimated to be Nay,sMnO, from the refinement of the crystal structure. The crystal
structure of Nag44MnO, projected down to the c-axis direction is shown in Fig. 2-3-1-1. The
framework structure consists of double and triple rutile-type chains of edge-sharing MnOg
octahedra and a single chain of edge-sharing MnOs.

Table 2-3-1-1. Structural parameters of Nay44MnO, determined by Rietveld analysis using
synchrotron powder XRD data.

atom Site x/a y/b zlc occupancy Ueq / A?
Nal 49 0.21594 0.20263 0 0.850 0.045
Na2 4h 0.69762 0.08410 1/2 0.743 0.051
Na3 49 0.11988 0.00289 0 0.521 0.022
Mnl 4h 0.86482 0.19276 1/2 1.00 0.001
Mn2 2c 172 0 0 1.00 0.001
Mn3 49 0.53846 0.19478 0 1.00 0.001
Mn4 4h 0.3593 0.08851 1/2 1.00 0.001
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Mn5 49 0.01685 0.11052 0 1.00 0.001

o1 4h 0.9661 0.06546 1/2 1.00 0.004
02 49 0.91835 0.23432 0 1.00 0.004
03 4h 0.05077 0.15985 1/2 1.00 0.004
04 49 0.49915 0.07300 0 1.00 0.004
05 49 0.21915 0.09459 0 1.00 0.004
06 4h 0.36136 0.00153 1/2 1.00 0.004
o7 4h 0.42524 0.16635 1/2 1.00 0.004
08 4h 0.66021 0.22049 1/2 1.00 0.004
09 49 0.82172 0.14516 1/2 1.00 0.004

Table 2-3-1-2 summarizes the selected bond distances for Nag4MnO,. The bond valence
analysis using the individual Mn-O distance revealed that the calculated valence states were
+3.9 for the Mn1 site, +4.0 for the Mn2 site, +3.0 for the Mn3 site, +3.1 for the Mn4 site, and
+3.7 for the Mn5 site. These results suggested the manganese valence Mn*/Mn*" ordering in
Nag44MnO,. Three types of Na sites located in the tunnel space. The Na-O coordination
polyhedra were mono-capped trigonal prism for the Nal site, distorted trigonal prism for the
Na2 site, and mono-capped trigonal prism for the Na3 site (Table 2-3-1-2).

Table 2-3-1-2. Selected Bond Distances (A) for Nag4MnO,

Nal 03 X2 2.3540 Mn1 02 X2 1.8560
02 x1 2.4848 03 x1 1.9037
08 X2 2.5272 09 X2 1.9332
o7 X2 2.5598 01 x1 2.0023
Na2 04 X2 2.3138 Mn2 06 x4 1.8964
06 x1 2.3260 04 X2 1.9292

09 X2 2.4252
01 x1 2.4941

Na3 01 X2 2.4243 Mn3 o7 X2 1.9047
05 x1 2.5867 08 X2 1.9213
01 X2 2.5877 02 x1 2.1697

06 X2 2.6148

Mn4 05 X2 1.9118
04 X2 1.9470
o7 x1 2.1431
06 x1 2.2990

Mn5 05 x1 1.8898
04 X2 1.9060

13
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I-111-11  Crystal structure analysis of Lig44MnO;

Figure 2-3-2-1 shows the diffraction pattern of Liy4MnO, by powder synchrotron radiation
XRD measurement and the results of the fitting by Jana2006 program using the framework of
tunnel-type Nay4MnO, obtained in Fig. 2-3-1-1 as the initial crystal structure model. The
diffraction pattern was identified to be single phase with an orthorhombic crystal system and
space group Pbam. The orthorhombic lattice parameters for Liy44MnO, were refined to be a =
8.9243 (1) A, b = 24.2568 (4) A, ¢ = 2.82927 (4) A, and Z = 18. The lattice parameters of
Lio44MnO, were similar to the reported values [6,8]. Lig4sMnO, kept the tunnel structure, and
the a and b axis lengths were shorter than Nag4MnO,. This was presumed to be due to the
difference in ionic radius between Na* (1.02 A) and Li* (0.76 A) [11]. The resultant R values of
Lig.4sMnO, reached Ry, = 7.69 % and R, = 5.60 %, with a fit indicator of S = R,,/R. = 1.37.
Refinement of the Li sites was attempted, but it was unknown even by difference Fourier
synthesis.

uﬂ.u.ﬂ J. AT e

Figure 2-3-2-1 Observed, calculated, and difference pattern for the Rietveld refinement using
the powder synchrotron radiation XRD data of Liy4MnO,. The short vertical lines below the
profiles mark positions of all position Bragg reflections of LigsMnO,. A schematic
illustration of tunnel-type Lig4,MnO, is also shown.

Next, the result of powder ND measurement to determine the Li sites of Lig4MnO,, which
was unknown is shown in Fig. 2-3-2-1. Rietveld analysis was performed using the framework
obtained in Fig. 2-3-2-1 as the initial crystal structure model. The Li sites were refined using
difference Fourier synthesis [12]. Figure 2-3-2-2 shows the diffraction pattern of Lig4MnO, by
powder ND measurement and the results of the fitting by Jana2006 program. The diffraction
pattern was identified to be single phase with an orthorhombic crystal system and space group
Pbam. The orthorhombic lattice parameters for Lig44,MnO, were refined to be a = 8.92515 (8) A,
b = 24.2590 (3) A, ¢ =2.82908 (2) A, and Z = 18. The resultant R values of Li4,MnO, reached
Rwp = 10.29 % and R, = 4.50 %, with a fit indicator of S = R,,,/Re = 2.29.

Table 2-3-2-1 summarizes the atomic coordinates of Liy4MnO,. The chemical composition
was estimated to be Lig420MnO, from the refinement of the crystal structure, which was almost
consistent with the result of ICP-AES. The crystal structure of Liy4MnO, projected down to the
c-axis direction is shown in Fig. 2-3-2-2. The Li site of Lig4MnO, was found for the first time
to occupy a site different from the Na site of Nay 4MnO, as the starting material.

15
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Figure 2-3-2-2 Observed, calculated, and difference pattern for the Rietveld refinement using
the powder ND data of Lig44MnO,. The short vertical lines below the profiles mark positions
of all position Bragg reflections of Liy4MnO,. A schematic illustration of tunnel-type
Liy44MnO, is also shown.

Table 2-3-2-1. Structural parameters of Lig4MnO, determined by Rietveld analysis using
powder ND data.

atom Site x/a y/b zlc occupancy Ueq / A?
Lil 4h 0.208 0.208 1/2 0.35 0.030
Li2 4h 0.210 0.412 1/2 0.39 0.030
Li3 4h 0.365 0.509 1/2 0.33 0.030
Li4 49 0.139 0.196 0 0.52 0.030
Li5 49 0.292 0.511 0 0.31 0.030
Mnl 49 —0.01998 0.31271 0 1.00 0.004
Mn2 4h 0.33448 0.08192 1/2 1.00 0.004
Mn3 2c 0 1/2 0 1.00 0.004
Mn4 4h 0.32079 0.31286 -1/2 1.00 0.004
Mn5 49 —0.00646 0.10522 0 1.00 0.004
01 4h 0.34721 0.00572 1/2 1.00 0.007
02 49 0.19540 0.08171 0 1.00 0.007
03 4h 0.01785 0.15835 1/2 1.00 0.007
O4 4h 0.35258 0.16586 1/2 1.00 0.007
05 4h 0.11389 0.29159 1/2 1.00 0.007
06 49 0.35747 0.26323 0 1.00 0.007
o7 49 0.28589 0.36455 0 1.00 0.007
08 49 0.48283 0.08209 0 1.00 0.007
09 4h 0.44350 0.44162 1/2 1.00 0.007

Table 2-3-2-2 summarizes the selected bond distances for Liy.sMnO,. The bond valence
analysis using the individual Mn-O distance revealed that the calculated valence states were
+3.1 for the Mn1 site, +3.8 for the Mn2 site, +3.3 for the Mn3 site, +4.0 for the Mn4 site, and
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+3.9 for the Mn5 site. The average valence state of Mn was hardly changed, as compared with
Na 4sMnO,. These results suggested the manganese valence Mn**/Mn** ordering in Lig4MnOs.
A similar valence ordering was reported in spinel-type LiMn,0O,4 [13]. Five types of Li sites
located in the tunnel space. The Li-O coordination polyhedra were distorted trigonal bipyramid
for the Lil site, distorted trigonal prism for the Li2 site, trigonal bipyramid for the Li3 site,
distorted square pyramid for the Li4 site, and distorted square pyramid for the Li5 site (Table
2-3-2-2). The average valence state of Li was hardly changed, as compared with Nag 44MnO,.

Table 2-3-2-2. Selected Bond Distances (A) for Liy4MnO,

Lil 04 x1 1.6463 Mn1l 04 x 2 1.8881
03 x1 2.0811 05 x 2 1.9212
05 x1 2.1948 06 x1 2.1425

06 X2 2.3613

Li2 o7 X2 1.9454 Mn2 01 x1 1.8520
09 x1 2.2044 02 X2 1.8819
01 x1 2.3302 08 X2 1.9375
08 X2 2.4764 04 x1 2.0427
Li3 09 x1 1.7784 Mn3 o1 x4 1.9697
01 x1 1.8957 08 X2 1.9974

09 x1 2.0872
02 X 2 2.3244

Li4 03 X2 2.0011 Mn4 06 X2 1.8862
04 X2 2.4838 03 x1 1.8923
06 x1 2.5421 o7 X2 1.9158

05 x1 1.9175

Li5 02 x1 1.7191 Mn5 09 X2 1.8685
01 X2 1.8871 02 x1 1.8897
09 X2 2.5811 03 X2 1.9260

o7 x1 1.9931
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I-111-111  Crystal structure analysis of LigssMnO,

Figure 2-3-3-1 shows the diffraction pattern of LigssMnO, by powder ND measurement and
the results of the fitting by Jana2006 program using tunnel-type Liy44sMnO, obtained in Fig.
2-3-2-2 as the initial crystal structure model. The diffraction pattern was identified to be single
phase with an orthorhombic crystal system and space group Pbam. The orthorhombic lattice
parameters for LiossMnO, were refined to be a = 8.8782 (2) A, b = 24.2490 (7) A, ¢ = 2.82239
(9) A, and Z = 18. The lattice parameters of LiyssMnO, were similar to the reported values [8].
The resultant R values of LiossMnO; reached Ry, = 5.76 % and R, = 4.37 %, with a fit indicator
of S = Ryp/Re = 1.32.
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Figure 2-3-3-1 Observed, calculated, and difference pattern for the Rietveld refinement using
the powder ND data of LigssMnO,. The short vertical lines below the profiles mark positions
of all position Bragg reflections of LigssMnO,. A schematic illustration of tunnel-type
Lig55MnOs is also shown.

Table 2-3-3-1 summarizes the atomic coordinates of LiyssMnO,. The chemical composition
was estimated to be Ligs20MnO, from the refinement of the crystal structure, which was almost
consistent with the result of ICP-AES. The crystal structure of LiygssMnO, projected down to the
c-axis direction is shown in Fig. 2-3-3-1. Occupancy rate (OCC) in the Li sites of LigssMnO,
was increased, as compared with Lig4MnO,. The increased 0.11 amount of Li was inserted into
the same Li sites as Lig4MnO..

Table 2-3-3-1. Structural parameters of LigssMnO, determined by Rietveld analysis using
powder ND data.

atom Site x/a y/b zlc occupancy Ueq / A?
Lil 4h 0.20879 0.20495 1/2 0.4534 0.0248
Li2 4h 0.19674 0.41465 1/2 0.5478 0.0248
Li3 4h 0.36494 0.51732 1/2 0.5709 0.0248
Li4 49 0.14214 0.19513 0 0.5384 0.0248
Li5 49 0.27809 0.50933 0 0.2290 0.0248
Mnl 49 —0.01891 0.31361 0 1.00 0.0048
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Mn2
Mn3
Mn4
Mn5
01
02
03
04
05
06
o7
08
09

4h
2c
4h
49
4h
49
4h
4h
4h
49
49
49
4h

0.33925
0
0.32305
—0.00718
0.35231
0.19346
0.02040
0.35138
0.11431
0.36055
0.29256
0.48732
0.44610

0.08429
172

0.31179
0.10373
0.00394
0.08087
0.15748
0.16445
0.29159
0.26295
0.36444
0.08037
0.44180

1/2

-1/2

1/2

1/2
1/2
1/2
0
0
0
1/2

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.0048
0.0048
0.0048
0.0048
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086

Table 2-3-3-2 summarizes the selected bond distances for LiyssMnO,. The bond valence
analysis using the individual Mn-O distance revealed that the calculated valence states were
+3.0 for the Mn1 site, +3.7 for the Mn2 site, +3.7 for the Mn3 site, +4.0 for the Mn4 site, and
+4.1 for the Mn5 site. The average valence state of Mn in LiyssMnQO; increased despite the Li
insertion treatment, as compared with Lig44MnO,. This may be because trivalent manganese has
absorbed oxygen in order to treat the Li insertion near 300 °C [14]. On the other hand, the
average Li-O distance in the five types of LiyssMnO, was hardly changed as compared with

Lio_44Mn02.

Table 2-3-3-2. Selected Bond Distances (A) for LigssMnO,

Lil

Li2

Li3

Li4

O4
03
05
06

o7
09
01
08

09
o1
09
02

03
04
06

x1
x 1
x1
X 2

X 2
x 1
x1
x 2

x1
x1
x1
X 2

x 2
x 2
x 1

1.6022
2.0304
2.2622
2.4052

2.0489
2.3097
2.2085
2.3373

1.9485
1.9559
1.9679
2.1529

1.9984
2.4486
2.5425

Mnl

Mn2

Mn3

Mn4

04
05
06

01
02
08
04

01
08

06
03
o7

x 2
x 2
x 1

x 1
X2
X 2
x1

x 4
x 2

x 2
x 1
x 2

1.8975
1.9171
2.1429

1.9520
1.9167
1.9310
1.9467

1.9287
1.9522

1.8722
1.9040
1.9221
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Li5

02
01
09

x 1
X 2
x 2

1.7531
1.8300
2.6264

Mn5

05

09
02
O3
o7

x1

X 2
x1
X 2
x1

1.9169

1.8391
1.8656
1.9366
1.9383
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I-111-IV  Crystal structure analysis of Liy77MnQO;

Figure 2-3-4-1 shows the diffraction pattern of Liy77MnO, by powder neutron diffraction
measurement and the results of the fitting by Jana2006 program using tunnel-type LigssMnO,
obtained in Fig. 2-3-3-1 as the initial crystal structure model and the Li sites were refined using
difference Fourier synthesis. The diffraction pattern was identified to be single phase with an
orthorhombic crystal system and space group Pbam. The orthorhombic lattice parameters were
refined to be a = 8.8860 (1) A, b = 24.3930 (3) A, ¢ = 2.82918 (2) A, and Z = 18. The resultant
R values of Lig77MnO; reached Ry, = 9.29 % and R, = 4.31 %, with a fit indicator of S = Ry,,/R.
=2.16.
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Figure 2-3-4-1 Observed, calculated, and difference pattern for the Rietveld refinement using
the powder ND data of Liy77MnO,. The short vertical lines below the profiles mark positions
of all position Bragg reflections of Lig77MnO,. A schematic illustration of tunnel-type
Lig77MnO; is also shown.

Table 2-3-4-1 summarizes the atomic coordinates of Liy77MnO,. The chemical composition
was estimated to be Lig744MnO, from the refinement of the crystal structure, which was almost
consistent with the result of ICP-AES. The crystal structure of Liy7MnO, projected down to the
c-axis direction is shown in Fig. 2-3-4-1. Liy77MnO, was found for the first time that a new
lithium (Li6) site was added, as compared with LigssMnOs,.

Table 2-3-4-1. Structural parameters of Lio7MnO, determined by Rietveld analysis using
powder ND data.

atom Site x/a y/b zlc occupancy Ueq / A?
Lil 4h 0.20204 0.19387 1/2 0.550 0.0690
Li2 4h 0.18126 0.41409 1/2 0.683 0.0690
Li3 4h 0.3641 0.50159 1/2 0.560 0.0690
Li4 49 0.08788 0.18294 0 0.513 0.0690
Li5 49 0.2780 0.5090 0 0.520 0.0690
Li6 49 0.4780 0.5361 0 0.520 0.0690
Mnl 49 —0.01284 0.31269 0 1.00 0.0048
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Mn2 4h 0.34026 0.08405 1/2 1.00 0.0048

Mn3 2C 0 172 0 1.00 0.0048
Mn4 4h 0.32288 0.30856 -1/2 1.00 0.0048
Mn5 49 —0.00888 0.10519 0 1.00 0.0048
01 4h 0.35231 0.00394 1/2 1.00 0.0086
02 49 0.19310 0.08020 0 1.00 0.0086
03 4h 0.02324 0.15899 1/2 1.00 0.0086
04 4h 0.35631 0.16547 1/2 1.00 0.0086
05 4h 0.11212 0.29007 1/2 1.00 0.0086
06 49 0.35954 0.26368 0 1.00 0.0086
o7 49 0.28509 0.36325 0 1.00 0.0086
08 49 0.49075 0.08037 0 1.00 0.0086
09 4h 0.44472 0.44108 1/2 1.00 0.0086

Table 2-3-4-2 summarizes the selected bond distances for Liy7;MnO,. The bond valence
analysis using the individual Mn-O distance revealed that the calculated valence states were
+3.1 for the Mn1 site, +3.5 for the Mn2 site, +3.5 for the Mn3 site, +4.0 for the Mn4 site, and
+3.9 for the Mn5 site. The average valence state of Mn in Lig7MnO, decreased with the
additional Li insertion treatment, as compared with LiossMnO,. Six types of Li sites located in
the tunnel space. The Li-O coordination polyhedra were distorted trigonal bipyramid for the Lil
site, distorted trigonal prism for the Li2 site, trigonal bipyramid for the Li3 site, distorted
octahedron for the Li4 site, distorted square pyramid for the Li5 site, and distorted square
pyramid for the Li6 site (Table 2-3-4-2). However, the average valence state of Li was increased,
as compared with LigssMnO,.

Table 2-3-4-2. Selected Bond Distances (A) for Li,zMnO,

Lil O4 x1 1.5360 Mn1 04 X2 1.9071
03 x1 1.8024 05 X2 1.8811
05 x1 2.4788 06 x1 2.1809

06 X2 2.6190

Li2 o7 X2 2.0952 Mn2 01 x1 1.9868
09 x1 2.4316 02 X2 1.9287
01 x1 2.1759 08 X2 1.9487
08 X2 2.2102 04 x1 1.9911
Li3 09 x1 1.6417 Mn3 01 x4 1.9566
o1 x1 1.8854 08 X2 1.9623

09 x1 2.2012
02 X2 2.4366

Li4 03 X2 1.6348 Mn4 06 X2 1.8181
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Li5

Li6

04
06
02

02
01
09

09
02
09

X 2
x 1
x 1

x 1
X 2
x 2

X 2
x 1
x 2

2.8058
2.4108
2.6749

1.7558
1.8110
2.6353

1.6685
1.8625
2.7325

Mn5

03
o7
05

09
02
03
o7

x 1
x 2
x 1

X 2
x1
X 2
x1

1.9485
1.9732
1.9264

1.8554
1.8954
1.9505
1.9861
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I-111-V  Crystal structure analysis of Ligg,MnO,

Figure 2-3-5-1 shows the diffraction pattern of Liyg;MnO, by powder ND measurement and
the results of the fitting by Jana2006 program using tunnel-type Liy7;7MnQO, obtained in Fig.
2-3-4-1 as the initial crystal structure model. The diffraction pattern was identified with an
orthorhombic crystal system and space group Pbam. Diffraction peaks of Li,CO3; were observed
as an impurity phase. The orthorhombic lattice parameters were refined to be a = 8.8998 (2) A,
b = 245827 (5) A, ¢ = 2.83125 (5) A, and Z = 18. The resultant R values of Lig,MnO, reached
Rwp = 12.29 % and R, = 6.50 %, with a fit indicator of S = R,,,/R. = 1.89.
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Figure 2-3-5-1 Observed, calculated, and difference pattern for the Rietveld refinement using
the powder ND data of Liyg,MnO,. The short vertical lines below the profiles mark positions
of all position Bragg reflections of Ligg,MnO,. A schematic illustration of tunnel-type
Ligg,MnOs is also shown.

Table 2-3-5-1 summarizes the atomic coordinates of Ligg,MnO,. The chemical composition
was estimated to be Lig73sMnO, from the refinement of the crystal structure, which was almost
consistent with the result of ICP-AES. In this tunnel structure, the maximum lithium amount is
estimated in the vicinity of LiogMnO, due to the limit of the crystal structure. The crystal
structure of Ligg,MnO, projected down to the c-axis direction is shown in Fig. 2-3-5-1.
Occupancy rate (OCC) in the Li sites of Ligg,MnO, was increased, as compared with
Lig77MnO,. The increased 0.05 amount of Li was inserted into the same Li sites as Liy77MnO,.

Table 2-3-5-1. Structural parameters of Ligg,MnO, determined by Rietveld analysis using
powder ND data.

atom Site x/a y/b zlc occupancy Ueq / A?
Lil 4h 0.20204 0.19387 1/2 0.590 0.0690
Li2 4h 0.18126 0.41409 1/2 0.703 0.0690
Li3 4h 0.3641 0.50159 1/2 0.640 0.0690
Li4 49 0.08788 0.18294 0 0.513 0.0690
Li5 49 0.2780 0.5090 0 0.560 0.0690
Li6 49 0.4780 0.5361 0 0.520 0.0690
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Mnl
Mn2
Mn3
Mn4
Mn5
01
02
03
04
05
06
o7
08
09

49
4h
2¢C
4h
49
4h
49
4h
4h
4h
49
49
49
4h

—0.01284
0.34026
0
0.32288

—0.00888
0.34806
0.19310
0.02324
0.35631
0.11212
0.35954
0.28509
0.49075
0.44472

0.31269
0.08405
1/2

0.30856
0.10519
0.00265
0.08020
0.15899
0.16547
0.29007
0.26368
0.36325
0.08037
0.44108

1/2

-1/2

1/2

1/2
1/2
1/2
0
0
0
1/2

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.0048
0.0048
0.0048
0.0048
0.0048
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086
0.0086

Table 2-3-5-2 summarizes the selected bond distances for Ligg,MnO,. The bond valence
analysis using the individual Mn-O distance revealed that the calculated valence states were
+3.1 for the Mn1 site, +3.5 for the Mn2 site, +3.5 for the Mn3 site, +4.0 for the Mn4 site, and
+3.9 for the Mnb5 site. The average valence state of Mn in Liys,MnO, slightly decreased with the
additional Li insertion treatment, as compared with Lig77MnO,. On the other hand, the average

Li-O distance in the six types of Ligg,MnO, was hardly changed as compared with Liy77MnO..

Table 2-3-5-2. Selected Bond Distances (A) for Liyg,MnO,

Lil

Li2

Li3

Li4

04
03
05
06

o7
09
01
08

09
01
09
02

03
04
06
02

x 1
x1
x 1
X 2

x 2
x1
x 1
X 2

x1
x1
x1
X 2

X 2
X 2
x1
x1

1.5403
1.8077
2.4965
2.6294

2.1022
2.4365
2.1927
2.2129

1.6526
1.8883
2.2101
2.4491

1.6376
2.8100
2.4189
2.6936

Mn1l

Mn2

Mn3

Mn4

04
05
06

01
02
08
04

01
08

06
03
o7
05

x 2
x 2
x1

x1
X 2
X2
x 1

x 4
x 2

X 2
x1
X 2
x1

1.9101
1.8841
2.1942

2.0022
1.9309
1.9509
2.0066

1.9588
1.9775

1.8242
1.9535
1.9811
1.9300
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Li5 02 x1 1.7692 Mn5 09 x 2 1.8616
o1 X2 1.8130 02 x1 1.8996

09 x 2 2.6453 03 x 2 1.9582

o7 x1 1.9811

Li6 09 X2 1.6712
02 x1 1.8693
09 X2 2.7484

In order to probe the crystal structure of Liys,MnO,, we take selected area electron diffraction
(SAED) patterns of typical plane by TEM. Figure 2-3-5-2 shows SAED patterns. Figure (a), (b),
(c), and (d) show the obtained a*c* plane, the simulated a*c* plane, the obtained b*c* plane,
and the simulated b*c* plane, respectively. Both Fig. (a) and (c) matched with the simulated
SAED patterns of the tunnel structure. Super reflections in the obtained patterns was not
observed in both Fig. (a) and (c). Therefore, no change in framework structure due to Li
insertion was confirmed.

Figure 2-3-5-2. SAED patterns. (a) the obtained a*c* plane, (b) the simulated a*c* plane,
(c) the obtained b*c* plane, and (d) the simulated b*c* plane.

Figure 2-3-5-3 shows normalized Mn K-edge X-ray absorption near-edge structure (XANES)
spectra of Lig44MnO, and Ligg,MnO,. The shift of the main peak, labeled M, is noticed with an
assist from the vertical dashed line in Fig. 2-3-5-3. The main peak of Ligg,MnO, was slightly
shifted after Li insertion in Liy4MnO,. Therefore, the valence of Mn in LipgMnO, is not more
than that in Lip44MnO; [15]. From this result, it was also confirmed that Li-ions were inserted in
the tunnel space.
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Figure 2-3-5-3. Mn K-edge XANES spectra of Lig4MnO, and Liyg,MnO..
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I1-111-VI  Electrochemical properties

Figure 2-3-6-1 shows the initial charge and discharge curves for Lig40MnO,, Ligs:0MnO,,
Lio.74sMnO,, and Lig76sMn0O, in the voltage range between 4.8 and 2.5 V vs Li/Li" at a constant
current density of 10 mA g™ (C/20) at 25 °C. The initial charge and discharge capacities
increased from 88 and 161 mA g for Lig4oMnO, to 136 and 192 mAh g for LigsxMnO,,
respectively. In addition, the discharge capacity at the 4 V plateau region in Ligs,0MnO, (about
100 mAh g’l) was increased to twice that in Lig420MnO, (about 50 mAh g’l). The initial charge
capacity also increased by the additional Li insertion treatment from 136 mAh g for
Ligs0Mn0O, to 180 and 200 mAh g’1 for Lip744MnO, and Lig784MnO,, respectively. However,
the residual Li,CO; after the additional Li insertion treatment has a slight influence on the
electrochemical properties of Lig7sMnO,. Given the limitations of the crystal structure, the
maximum capacity of tunnel-type Lig4s:xMnO, is estimated to be about 200 mAh g*. On the
contrary, the initial discharge curve of Lig744MnO, and Lig78sMnO, remained unchanged from
that of Ligs,0MnO,. This result suggested that the lithium insertion sites in Lig744MnO, and
Lio784MNO, with tunnel-type Nag 44MnO; structure remained unchanged from Ligs0MnO,, even
after the additional Li insertion treatment. Furthermore, this suggestion was consistent with the
increase in OCC at the Li sites in the crystal structure.
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Figure 2-3-6-1. Initial charge and discharge curves for (a) Lig40MnO,, (b) Ligs:0MnO,,
(C) Li0.744Mn02, and (d) Li0'784Mn02.

Figure 2-3-6-2 shows the charge and discharge curves of Liy7ssMnO, in the voltage range
between 4.8 and 2.5 V vs Li/Li* at a constant current density of 10 mA g (C/20) at 25 °C. The
initial charge and discharge capacities were 200 and 192 mAh g7, respectively, with the initial
coulombic efficiency of 96%. The values of charge and discharge capacities are equivalent to
0.69 and 0.63 electron transfers per formula unit, respectively. From this result, the chemical
formula at 4.8 V charging state can be estimated to be LiggesMnO,. This means that all of the
lithium ions in Lis78sMnO, could not be fully extracted at 4.8 V charging. It should be noted
that the initial charge curve differs from those for the subsequent cycles. A remarkable 4.5 V
plateau in the initial charge almost disappeared, and two plateaus at 3 V and 4 V regions are
formed in the charge and discharge curves after the second cycle (Fig. 2-3-6-2). This fact may
suggest the rearrangement of Li sites in the tunnel space after initial lithium extraction and
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insertion reaction.
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Figure 2-3-6-2. Charge and discharge curves for Li7ssMnOs.
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Section 1I-1V  Conclusion

The crystal structure and electrochemical properties of a series of lithium manganese oxides,
Lig.44+xMnO, with tunnel-type Nag44MnO; structure were re-examined in the present study. lon
exchanged Lig44MnO, was synthesized from starting Nap4MnO,. In addition, LigssMnO,,
Lio77Mn0O,, and Liyg;MnO, were successfully prepared by the lithium insertion treatment. We
first clarified the Li sites of Lig+MnO, from the crystal structure analysis using the ND
measurement, and the Li sites were different from the Na sites of starting Nag4MnO,. The Li
sites of LigssMnO, were determined, and the inserted 0.11 amounts of lithium was the same Li
sites as Lig4MnO,. In Lig77MnO, and Ligg,MnO,, one new Li site which was not present in
LiossMnO, was generated. Furthermore, since impurity phase Li,CO3z was present in Ligg,MnO,,
the maximum Li amount was found to be around 0.80 due to the limitations of the crystal
structure. The theoretical capacity of Lig.,MnO, is 232 mAh g, which is smaller than that of
LiCoO,. By clarifying the lithium sites by crystal structure analysis, the theoretical capacity can
be estimated.
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Chapter 11
Lithium cobalt oxide LiICoMnO,

— Investigation of phase transition

from layered rock-salt to spinel structure by heat treatment—
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Section I11-1  Introduction

Lithium cobalt manganese oxides have attracted great interest as cathode materials for
lithium ion batteries due to their high potential and high capacity [1-10]. In particular,
LiCoMnQ, with spinel structure has been investigated as a promising cathode material [11-25].
Recently, thin-film all solid-state batteries using LiCoMnO, exhibited good cycling
performance [17,20]. The redox potential at about 5 V vs. Li/Li" is due to redox reactions of
Co*"™*. However, there are few studies on polycrystalline LiCoMnO, because of decomposition
of the liquid electrolyte at about 5 V vs. Li/Li*. Polycrystalline LiCoMnO, were synthesized by
various synthetic methods, such as solid-state, sol-gel, and flux growth method
[11-13,15,16,19-25].

Small single-crystal morphology of cathode materials is known to have advantages in rate
capability and cycling performance, as demonstrated in the case of LiNigsMn;s0,4 with spinel
structure [26—28]. Recently, we reported the synthesis of micrometer-sized LiCoMnQO, single
crystals by flux method at 750 °C, and electrochemical and structural properties were
investigated [19]. Unfortunately, the initial discharge capacity of the obtained single-crystal
LiCoMnO, sample was approximately 80 mA h g, which was still less than the expected
capacity from the redox reactions of Co®*"**. Rietveld analysis using power XRD data revealed
the cation-mixing of Li/Co atoms not only at the tetrahedral 8a site but also the octahedral 16d
site. The occupation value of Co atom in 8a site was determined to be about 4 %. This is a
possible reason for the poor initial discharge capacity of LiCoMnQ, with spinel structure; hence,
the occupation value of Co atom in 8a site should be reduced. Lowering the synthesis
temperature could be a way to reduce the occupation value.

Lithium-deficient LiysCoosMng 50, with O6-type layered rocksalt structure was prepared by
ion-exchange of Na* for Li* from Nag C0osMngs0, with P2-type layered rocksalt structure [10].
The layered structures are named by the packing designation commonly used for ordered
rocksalt-type oxides. For example, the letters O and P denote the alkali metal coordination
(octahedral and prismatic, respectively), and the numbers 2, 3, and 6 denote the number of
sheets within the unit cell [29]. The lithium content in Li,Coo5MnysO, can be controlled by the
starting Na,CoosMngsO, in the composition range of 0.6 < x < 1.0 [2]. A similar chemical
composition of lithium-deficient Lig7NigsMnos0, with O3-type layered rocksalt structure was
reported to have a transformation of the crystal structure, depending on the heating temperature
[30]. Above 300 °C, the crystal structure of O3-Lig;NiysMng 50, transformed to spinel structure.
However, LiCoMnO, has not been reported to be prepared by a soft-chemical method upon
heating 06-Li,Coy5Mng50,. The soft-chemical method is the lower synthesis temperature than
the conventional solid-state method. Hence, the LiCoMnO, structure by the soft-chemical
method is expected to reduce the occupation value of Co atom in 8a site, which may improve
the electrochemical properties.

We study spinel structure of LiCoMnQO, by the soft-chemical method, and electrochemical
and structural properties of the samples are investigated for the first time.
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Section I11-11  Experiment
I1-11-1  Synthesis

LiCoMnO, with spinel structure was synthesized by three steps. First, the starting
Na,CoysMnys0, was synthesized prepared by solid-state method [10]. CozO4 and Mn,O; were
crushed and mixed in an atomic ratio of Co:Mn = 1:1 in an agate mortar for a certain time. They
were mixed with Na,COj; in an atomic ratio of Mn:Na =1:1.4, 1:1.2, and 1:1.1. The mixture was
fired at 900 °C for 10 h in air. The starting NayCogsMngsO, samples are referred to as NCMO1,
NCMO2, and NCMO3 in order of increasing Na content.

Next, ion-exchanged Li,C0qsMngsO, was prepared from the starting Na,CoosMnysO, by
ion-exchange of Na* for Li* using LiNO; at 280 °C for 10 h in air [10]. The prepared mixture
was washed with distilled water, and then dried 60 °C. The ion-exchanged Li,C0psMngs0O,
samples are referred to as LCMO1, LCMO2, and LCMO3 in order of increasing Li content.

Finally, to induce a structural transformation to spinel structure, ion-exchanged
Li,Cop5Mngs0, was heated at 600 °C for 72 h in air. The heating samples are referred to as
S-LCMO1, S-LCMO02, and S-LCMO3 in order of increasing Li content.

In comparison with soft-chemical method, LiCoMnO, was synthesized by flux method using
MnCl,, CoCl,, and LiOH-H20 [19]. MnCl, and CoCl, were crushed and mixed in an atomic
ratio of Co:Mn = 1:1 in the agate mortar under dry air for a certain time, and they were mixed
with LiOH-H,O in an atomic ratio of Mn:Li = 1:1.5. Excess LiOH-H,O was used as a flux.
Their mixture was fired at 650 °C for 48 h in a crucible sealed with a lid and cooled to around
100 °C at a cooling rate of 6 °C h™’. The obtained sample was separated from the flux with
distilled water, and then dried 60 °C. The obtained sample synthesized by flux method is
referred to as F-LCMO.

I1I-11-11  Characterization

Phase purity was determined by X-ray diffraction (XRD) using Rigaku RINT-2550V equipped
with a graphite monochromator with Cu Ka radiation operated at 40 kV and 200 mA. XRD data
were recorded over a 26 range of 10 to 70°, with a step time and size of 1.0 s and 0.03°,
respectively. The structure refinement by Rietveld analysis using synchrotron XRD data was
performed. Synchrotron XRD measurements were carried out in BL19B2 at SPring-8 (Sayo-gun,
Hyogo, Japan). The powder samples were sealed in a Lindeman glass capillary with 0.3 mm
diameter. The incident X-ray wavelength was 0.49996 A, and exposure time was a range of 15
to 20 min. Synchrotron XRD data were recorded over a 26 range of 4 to 75°, with a step size of
0.01°. Rietveld analysis was performed using Jana2006 program [31]. X-ray absorption fine
structure spectroscopy (XAFS) at Co- and Mn-K edges was carried out in BL9C at Photon
Factory in High Energy Accelerator Research Organization (Tsukuba, Ibaraki, Japan).

Chemical composition analysis was performed by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) using HITACHI P-4010. Thermogravimetric and differential thermal
analysis (TG-DTA) were performed using SII TG/DTA7200 from 100 to 800 °C at a heating
rate of 10 °C min—1 in air. The particle morphology and size were observed by scanning
electron microscopy (SEM) using JEOL JCM-6000.

Electrochemical measurements were performed using coin cells (CR2032) assembled in an
argon-filled glove box. The working electrode was prepared using 5 mg of active material, 5 mg
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of acetylene black (AB) as the conductive agent, and 1 mg of polytetrafluoroethylene (PTFE) as
the binder. In order to investigate electrochemical properties inherently possessed by the active
material, the high conductive agent ratio, which is not affected by the electrode preparation
method, was used. An aluminum mesh was used as the current collector, and the electrode
diameter was 15 mm. The counter electrode was a circular Li foil with a diameter of 16 mm.
The separator was a microporous polypropylene sheet. The liquid electrolyte was a 1 M LiPF6
solution in a mixture of ethylene carbonate (50 vol %) and diethyl carbonate (50 vol %). The
cells were charged at 10 mA g* for 24 h at 25 °C and discharged to 3.0 V vs. Li/Li".
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Section I11-111  Results and Discussion
[1I-111-1 ~ Synthesis

Figure 2-3-1-1 shows the XRD patterns of the starting NCMO with the different content of Na.
These patterns were indexed to P2-type layered rocksalt structure with space group P6s/mmc
[10]. Table 2-3-1-1 summarizes the chemical composition of all the samples by ICP-AES. The
Na content of all the starting NCMO was smaller than the nominal amount of Na,CO; because it
vaporized by the higher firing temperature than the melting point of Na,CO;. The hexagonal
lattice parameters of NCMO were calculated by least-squares method, as listed in Table 1. The
lattice parameters of NCMO were similar to the reported values for P2-Nay sC0sMng 50, [10].
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Figure 2-3-1-1. X-ray diffraction patterns of NCMO1, NCMO2, and NCMO3.

Table 2-3-1-1. Chemical composition and lattice parameters of all the samples in the present study.

Sample# Chemical comp.  Crystal system (S.G.) a (A c(A)
Starting samples® fired at 900 °C for 10 h

NCMO1 Nag70C0050Mo500,  Hexagonal (P6s/mmc)  2.82440 (11) 11.2351 (9)
NCMO2 Nags0C0050Mng500, Hexagonal (P6s/mmc)  2.82731 (12) 11.2550 (10)
NCMO3 Nays5C0050MNg 500, Hexagonal (P6s/mmc)  2.82448 (12) 11.2647 (10)

lon-exchanged samples? after ion-exchange of Na* for Li* at 280 °C for 10 h

LCMO1 Lig0C0g5:MNg 490>,  Rhombohedral (R—3m) 2.81327 (12) 29.550 (4)
LCMQO2 Lig54C0050MNg 500,  Rhombohedral (R—3m) 2.81742 (15) 29.628 (4)
LCMO3 Lig50C0050MNg500,  Rhombohedral (R—3m) 2.81881 (13) 29.626 (8)

Spinel samples? after heating at 600 °C for 72 h

S-LCMO1 Li1.10C00.g6Mn0.94O4 Cubic (Fd—3m) 8.0559 (6)
S-LCMO2  Li;4sC0pssMNy;04  Cubic (Fd—3m) 8.0570 (8)
S-LCMO3 Li1,00C01,01Mno,9904 Cubic (Fd—3m) 8.0577 (9)

1) Nominal chemical composition
2) Analytical chemical composition determined by ICP-AES
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Figure 2-3-1-2 shows the XRD patterns of ion-exchanged LCMO prepared from the starting
NCMO. These patterns were indexed to O6-type layered rocksalt structure with space group
R—3m [10]. The hexagonal lattice parameters of LCMO were calculated by least-squares
method, as listed in Table 2-3-1-1. The control of Li content in ion-exchanged LCMO was
successfully carried out by adjusting the nominal amount of Na,COs;. The residual Na content
for all the ion-exchanged LCMO was less than 0.01 per chemical formula, indicating the
completion of ion-exchange under this experimental condition. The lattice parameters of LCMO
were similar to the reported values for O6-LiysC0gsMngs0, [10].

LCMOI

LCMO2

Intensity / a. u.

20/ degree
Figure 2-3-1-2. X-ray diffraction patterns of LCMO1, LCMO2, and LCMO3.

Figure 2-3-1-3 shows the TG-DTA curves of ion-exchanged LCMO1. The TG curve exhibited
a weight loss from 125 to 700 °C. A similar weight loss has been reported to be caused by
oxygen loss [7,30]. The DTA curve exhibited an endothermic peak at about 600 °C due to the
structural transformation to spinel structure, as confirmed by the following XRD patterns of
S-LCMO.
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Figure 2-3-1-3. TG-DTA curves of LCMOL.

Figure 2-3-1-4 shows the XRD patterns of S-LCMO prepared by heating ion-exchanged
LCMO. These patterns were indexed to spinel structure with space group Fd—3m [13,19,21-25].
Table 1 lists the cubic lattice parameters of S-LCMO refined by Rietveld analysis. The a-axis
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length of S-LCMO was similar to the reported value for LiCoMnQ,, the value of which was
8.0565(4) A [13]. In addition, the a-axis length of S-LCMO decreased as the substitution
content of Li increased from 1.00 to 1.10. The change of the a-axis length follows Vegard’s law,
which linearly depends on the substitution content of Li.
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Figure 2-3-1-4. X-ray diffraction patterns of S-LCMO1, S-LCMOQO2, and S-LCMO3.

Intensity / a. u.

Figure 2-3-1-5 compares the SEM images of S-LCMO1 and F-LCMO. The SEM image of
S-LCMOL1 showed a platelet-like morphology with an average size of 5 um, which was larger
than previously reported [15,16,19,21-24]. The particle morphology and size remained nearly
unchanged from those in the starting material NCMO1. On the contrary, the SEM image of
F-LCMO showed an octahedral crystal morphology with an average size of 0.5 um.

5 m

Figure 2-3-1-5. SEM images of (a, b) S-LCMO1 and (c, d) F-LCMO.
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IHI-111-11 - Crystal structure of LiCoMnO,

Figure 2-3-2-1 shows normalized Co and Mn K-edge X-ray absorption near-edge structure
(XANES) spectra of S-LCMO and F-LCMO. Each spectrum is plotted together with CoO,
C0304, Mn,03, and B-MnO, as standards for comparison; the pre-edge peak area of each sample
is shown in more detail in the corresponding inset. The XANES spectra of S-LCMO and
F-LCMO were similar to those of LiCoMnQO, reported previously [12,13]. The main absorption
edge peaks of S-LCMO and F-LCMO were similar to those from Co;0, (Co*™) and -MnO;,
(Mn*") as standards, in which Co and Mn were primarily in +2.7 and +4.0 oxidation states,
respectively. Small differences in the pre-edge peak intensity (Fig. 2-3-2-1 inset) between these
samples suggest that there may be slight differences in local structures [6]. In particular, the
presence of a small amount of Mn*" was suggested, because the intensity A2/Al ratio of
S-LCMO and F-LCMO at the pre-edge peak of Mn K edge was smaller than that of 3-MnO,
(Mn™), as shown in the inset of Fig. 2-3-2-1[3,32,33]. Accordingly, the valence state of
S-LCMO is consistent with that of F-LCMO, as confirmed by the following Rietveld analysis.
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Figure 2-3-2-1. Normalized Co and Mn K-edge XANES spectra of S-LCMO1, S-LCMO2,
S-LCMO3, and F-LCMO. Each spectrum is plotted together with CoO and Cos;0, or
Mn,0O; and B-MnO, as standards for comparison.

In order to determine accurately the crystal structure of S-LCMO1 and F-LCMO, the
refinement was performed by Rietveld analysis using synchrotron XRD data, and the structural
formula (Li;xC0y)sa[CO1y ,MnyLi,]16404 and space group Fd-3m in the previous report were
used as initial structure models [13,19]. The chemical composition of S-LCMO1 and F-LCMO
was fixed to be Li;10C0096MnNg9sO4 and LigesCO1.0sMnNg 9904 by ICP-AES, respectively. In
addition, the isotropic atomic displacement parameters (U;s,) were refined for each atom except
for the O atom.

Figure 2-3-2-2 shows the observed and calculated XRD diffraction patterns of S-LCMO1 and
F-LCMO. Good agreements were obtained between the observed and calculated diffraction
patterns of S-LCMOL1 and F-LCMO. The resultant R values of S-LCMO1 reached R,,, = 6.44 %
and R, = 4.23 %, with a fit indicator of S = R,/R. = 1.95. These patterns were indexed to spinel
structure with space group Fd—3m, except for broad peaks in the 26 range of 6 to 8°. The broad
peaks were most likely to be Li,MnOs, which originated from Li and Mn atoms ordering in
transition metal sites in layered rocksalt structure [34,35]. Tables 2-3-2-1 and 2-3-2-2
summarize the atomic coordinates of S-LCMOL1 and F-LCMO, respectively.
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Figure 2-3-2-2. Observed (plus marks), calculated (solid line), and difference (bottom)
patterns for Rietveld analysis from synchrotron powder XRD diffraction data of S-LCMOL1
and F-LCMO. The short vertical lines below the profile indicate the peak positions of all the
possible Bragg reflections.

Table 2-3-2-1. Structural parameters of S-LCMO1 determined by Rietveld analysis using
synchrotron XRD data. SG: Fd—3m, a = 8.05338(4) A, Rup = 6.44%, R, = 4.23%, S = 1.95, Z = 8.

Atom Site x/a yl/b zlc Occupancy Uiso / A
Lil 8a 1/8 1/8 1/8 0.9184(14) 0.0087(8)
Col 8a 1/8 1/8 1/8 0.0816(14) 0.0087(8)
Co2 16d 1/2 12 12 0.423 0.00209(7)
Mn1l 16d 1/2 1/2 1/2 0.480 0.00209(7)
Li2 16d 1/2 12 12 0.097 0.00209(7)
01 32e 0.26227(7) 0.26227(7) 0.26227(7) 1 0.006

Table 2-3-2-2. Structural parameters of F-LCMO determined by Rietveld analysis using synchrotron
XRD data. SG: Fd—-3m, a = 8.05478(2) A, Ry, = 6.90%, R, = 4.72%, S = 2.14, Z = 8.

Atom  Site x/a y/b zlc Occupancy Uiso / A?
Li1 8a 18 1/8 1/8 0.9704(15) 0.0108(12)
Col  8a 18 1/8 1/8 0.0296(15) 0.0108(12)
Co2  16d 172 1/2 1/2 0.495 0.00244(4)
Mn1 16d 1/2 1/2 1/2 0.5042 0.00244(4)
Li2 16d 1/2 1/2 1/2 0.0008 0.00244(4)
o1 32 0.26203(7) 0.26203(7) 0.26203(7) 1 0.006

The cubic lattice parameter for S-LCMO1 was refined to be a = 8.05338(4) A and Z = 8. The
a-axis length of S-LCMO1 (Liy10C00.9sMnNo940,) was smaller than that of Li;;oMn; 004, the
value of which was a = 8.2401(9) A [36]. This difference is due to the substitution of Co for Mn.
The octahedral 16d site is occupied by Co, Mn, and Li atoms. They are coordinated by six
neighboring oxygen atoms in a (Co, Mn, Li)Og octahedron. The average bond distance of (Co,
Mn, Li) — O in the octahedron was 1.920 A, and the average valence states of Co and Mn were
+ 2.80 and + 3.88, respectively, by bond valence sum (BVS) calculations [37]. As in the case of
LCMOL1 before the structural transformation to spinel structure (S-LCMO1), the transition
metal sites are occupied by Co and Mn atoms. The average bond distance of (Co, Mn) — O in
the octahedron was 1.899 A, and the average valence states of Co and Mn were + 2.96 and +
4.10, respectively [10]. This difference between S-LCMO1 and LCMOL1 can be explained by
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oxygen loss, as shown in Fig. 2-3-1-3. The tetrahedral 8a site is occupied by Li and Co atoms.
They are coordinated by four neighboring oxygen atoms in a (Li, Co)O, tetrahedron. The
average bond distance of (Li, Co) — O in the tetrahedron was 1.915 A, and the average valence
state of Co was +1.89. The occupation rate of Co atom at the tetrahedral 8a site was 8.16 %.
The cation-mixing of the octahedral 16d and tetrahedral 8a site is possible, because the ionic
radius of these cations is similar. For Mn*" and low spin Co* in the octahedral coordination, the
ionic radiuses are 0.53 and 0.545 A, respectively; for Li* and Co®* in the tetrahedral
coordination, the ionic radiuses are 0.58 and 0.59 A, respectively [38]. According to Reeves’s
report, Co*" was found to migrate from the octahedral 16d site to the tetrahedral 8a site, after
reduction of Co® to Co®* due to oxygen loss during the synthesis of LiCoMnO, with spinel
structure [18]. In addition, in parallel with the reduction of Co® to Co*", Mn*" was reduced to
Mn®" during the synthesis of LiCoMnO, with spinel structure [18].

As in the case of F-LCMO, the resultant R values reached Ry, = 6.90 % and R, = 4.72 %, with
a fit indicator of S = Ry,p/Re = 2.14. The cubic lattice parameter for F-LCMO was refined to be a
=8.05478(2) A and Z = 8. The a-axis length of F-LCMO was similar to S-LCMO1, the value of
which was 8.05338(4) A. The occupation rate of Co atom at the tetrahedral 8a site was 2.96 %.
The intensity of 220 diffraction line at about 20 = 10° is slightly smaller than that for S-LCMO1,
indicating that a small amount of Co is present at the tetrahedral 8a site. The average bond
distance of (Li, Co) — O in the tetrahedron was 1.914 A, and the average valence state of Co
was + 1.89. The average bond distance of (Co, Mn, Li) — O in the octahedron was 1.920 A, and
the average valence states of Co and Mn were + 2.79 and + 3.87, respectively. Accordingly, we
can conclude that no apparent difference in the average valence states of Co and Mn was
observed between S-LCMO1 and F-LCMO.
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II-111-111 - Electrochemical properties

Figure 2-3-3-1 shows the charge and discharge curves of F-LCMO and S-LCMO for initial
seven cycles. The irreversible capacity of F-LCMO and S-LCMO was due to decomposition of
the liquid electrolyte at about 5.0 V vs. Li/Li*. Because the amount of decomposition depends
on the holding time at high potential, the irreversible capacity increases in the case of low
current rate of 10 mA g . In the case of high current rate, the irreversible capacity can be
reduced [15]. The discharge capacity of F-LCMO was about 90 mAh g'in the second cycle.
Two plateaus at 5.1 and 4.9 V vs. Li/Li* were due to redox reactions of Co*"** [39]. The 4 V
shoulders were due to redox reactions of Mn*"™** such as LiMn,O, and LiNig4Mny 0,
indicating the presence of Mn®" in F-LCMO [40]. This was consistent with BVS calculations. In
comparison with LiCoMnO, having the cation-mixing of 11.3 %, the discharge capacity of
F-LCMO, which reduced the cation-mixing to 2.96 %, did not increase [22]. Therefore, it is
suggested that the cause of the low discharge capacity is not cation-mixing.
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Figure 2-3-3-1. Charge and discharge curves of F-LCMO, S-LCMO1, S-LCMO2, and
S-LCMOS for initial seven cycles.

The initial charge curve of S-LCMO exhibits a 4.5 V vs. Li/Li* plateau that suggests the
presence of Li,MnO; [41,42]. A similar initial charge plateau at about 4.5 V vs. Li/Li* was
previously observed in O3-Lig;Ni;-yMn,O, (0.5 <y < 0.8) using heat treatment, as detected for
Li,MnO; by °Li-MAS-NMR [31]. The second charge curve of S-LCMO does not exhibit the 4.5
V plateau. The maximum discharge capacity of S-LCMO was about 105 mAh g*. The 4 V
shoulders, which were due to redox reactions of Mn*"**, disappeared in spite of the presence of
Mn*". In comparison with F-LCMO, the shape of the discharge curves exhibits a gradually
sloping profile from 4.5 to 3.0 V, which suggests the presence of Li,MnO; [42]. This fact was
supported by synchrotron XRD data. As a result, S-LCMO showed similar electrochemical
property to F-LCMO, in spite of both the large micrometer-sized particle and the presence of
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Section I11-1V  Conclusion

We have reported a novel synthetic route of micrometer-sized LiCoMnO, with spinel structure
from ion-exchanged Li,CoysMngs0, with O6-type layered rocksalt structure. The average
particle size of about 5 um was almost the same as that of the starting Na,CoqsMngys0, with
P2-type layered rocksalt structure. Rietveld analysis revealed the cation-mixing of Li/Co atoms
not only at the tetrahedral 8a site but also the octahedral 16d site. In addition, some weak peaks
assigned to Li,MnO; are observed. The present LiCoMnQ,, which had the cation-mixing of
11.3 %, exhibited a maximum discharge capacity of about 105 mA h g* at 25 °C, in spite of
both the large micrometer-sized particle and the presence of Li,MnOs. In this synthesis route,
the cation-mixing was not reduced, but almost the same discharge capacity as the previous
report was obtained. Therefore, the cation mixing is not a cause of low discharge capacity.
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Chapter IV
Lithium nickel oxide Li2/3Ni1/3Mn2/302
— Investigation of the ratio of layered rock-salt

and spinel structure by heat treatment temperature —
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Section IV-1  Introduction

Lithium nickel manganese oxide, LiysNiy;sMny30,, with a layered structure has been
extensively investigated as a positive electrode material for rechargeable Li-ion batteries [1-5].
Paulsen et al. revealed superior battery characteristics of O2-type LiysNiyzMny30,, such as
good cycle performance and a discharge capacity of about 170 mA h g™* between 4.6 and 2.5 V
[1]. On the other hand, O3-type Li,;sNisMn, 30, shows a remarkable discharge capacity of
about 200 mA h g™ between 4.7 and 2.5 V; however, it shows poor cycling [6]. The stacking of
oxide ions in the O3-type structure is very similar to that of the spinel structure; therefore, the
O3-type structure is unstable and easily converts to the spinel structure during electrochemical
cycling. This is the main reason for the poor capacity retention in O3-type Li,;sNiy;sMnyz0,.

O3-Liy;3NiysMn, 30, exists as a metastable phase and has been prepared by the Li ion
exchange reaction using the Na-based layered compound, P3-Na,;sNiyzMn,30,, in an anhydrous
molten salt at about 300 °C. Similar chemical composition of O3-Li,gNigsMnys0, was reported
to have a variation in the crystal structure, depending on the heat-treatment temperature [7].
Above 300 °C, the crystal structure of O3-LiggNigsMngysO, transform to the spinel structure;
however, the electrochemical properties were not reported. It is well-known that the O3-type
structures convert to the spinel structures during electrochemical cycling [2]. Therefore, the
crystal structure is considered to be stabilized in the spinel-like form. Upon increasing the
temperature, the O3-Liy;sNisMn, 30, structure is expected to undergo phase transformation to
the spinel-like form, which may improve the electrochemical properties.

In the present study, we have attempted the modification of the layered structure
03-LiysNiysMny30, using heat treatment. A5 V class plateau was confirmed for the first time.
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Section IV-11  Experiment

The precursor, P3-Na,;3NiysMny30,, was synthesized by a conventional solid-state reaction
with stoichiometric amounts of CH;COONa (98.5% pure), Ni(OH), (99.9% pure), and Mn,O;
(99.9% pure), with 3% excess Na [2,4,8]. The weighed powder was mixed by ball milling, and
then pressed into pellets. The pellets were heated at 650 °C under O, flow for 10 h, and then
pulverized. The P3-Na,3NiysMny30, powder was mixed with LiINO; and LiCl (88:12 by weight,
with Li/Na = 7) and heated at 260 °C for 1 h in air [2,4]. After the ion exchange reaction, the
sample was washed with distilled water and then dried at 80 °C overnight. Finally, to control the
crystal structure, the samples were heated at 300, 400, 500, 600, and 700 °C for 5 h in air.
Hereafter, we denote O3-LiysNiysMnys0, with thermal treatments at 300, 500, and 700 °C as
03300-, O3500-, and O37g0-Li3NiysMn,30,, respectively.

The phase purity and crystal structure of the obtained samples were determined by powder
X-ray diffraction (XRD) using an AXS D8 ADVANCE diffractometer (Bruker) with a Cu Ka
radiation source (operating conditions: 40 kV, 55 mA). The XRD intensity data were collected
for 0.5 s at each 0.02° step over a 26 range of 10°-70°. TOPAS ver. 4.2 software package was
used for Pawley analysis [9].

The solid-state °Li magic-angle-spinning nuclear-magnetic-resonance (°Li-MAS-NMR)
spectra of the samples were obtained at room temperature using an AVANCE300 spectrometer
(Bruker) at 44 MHz with a spinning rate of 50 kHz for Li nuclei by a rotor-synchronized
spin-echo pulse sequence. The pulse width was 3.6 us (/2 pulse). The chemical shift was
recorded relative to 1.0 M ®LiCl aqueous solution.

The cationic composition (e.g., Li, Na, Ni, and Mn contents) was determined by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) (Shimadzu ICPS-8000).
Electrochemical cycling was performed using CR2032 coin-type cells. The working electrodes
were prepared using 10 mg of active material, 10 mg of acetylene black as the conductive agent,
and 2 mg of polyvinylidene difluoride as the binder. Al mesh was used as the current collector,
and the electrode diameter was 14 mm. The counter electrode was a Li foil cut in a circle with
16 mm diameter and 0.2 mm thickness. A microporous polypropylene sheet was used as a
separator. A solution of 1 mol dm™ LiPFg in a 1:2 (v/v) mixture of ethylene carbonate and
diethyl carbonate was used as the electrolyte. Cells were constructed in a dry room with a dew
point below —50 °C, and electrochemical measurements were carried out with a current density
of 15 mA g (19 mA cm) at 25 °C after standing overnight under an open circuit condition.
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Section IV-111  Results and Discussion

The XRD pattern of P3-Nay;sNiyzMny30,, the precursor for the ion exchange reaction,
shows that it can be synthesized almost as a single-phase (Fig. 4-3-1). The lattice parameters, a
=2.8865 (1) and ¢ = 16.781 (1) A, are in good agreement with those of the previous report (a =
2.8867 and ¢ = 16.7812 A) [4]. The chemical formula of the precursor is NagggNio 33Mng 6602,
which is very close to the ideal formula of NaysNiyzMn,30,. The lattice parameters and the
chemical compositions of all samples are listed in Table 1. After ion exchange with Li, some Na
remains and the chemical formula of the sample can be written as Nag go1sLio.ssNio.33MnNg.e605,
which corresponds to 0.05 wt% Na for O3-LiysNiysMny;0,.

The XRD patterns of both O3- and O3sg-LissNiyzMny;0, are assigned an almost single
phase of the layered rock salt-type structure (space group of R—3m), as shown in Fig. 4-3-1. The
c-axis length of the samples after ion exchange is much shorter than that of the precursor
because the ionic radius of Li* (0.76 A) is smaller than that of Na*(1.02 A) [10], which leads to
a reduced distance between NiysMn,30, layers [11]. A comparison of 03- and
O3s00-Li2sNiysMn,30, XRD patterns shows a clear separation of Bragg diffraction lines for 018
and 110 in the as-prepared O3-phase. In the XRD pattern of O350-LiszNiq;sMny30,, however,
both diffraction lines merge into a single broad line, indicating that the ratio of lattice
parameters (c/a) is close to 4.90, which is lower than that of the as-prepared O3-phase (Table
4-3-1) [12,13]. The cubic close-packed oxygen array of the rhombohedral structure approaches
cubic symmetry [7]. As mentioned earlier, the stacking of oxide ions in both the layered rock
salt- and spinel-type structures is equivalent and the only difference between the structures is the
transition metal site [14]. The c-axis is shortened by the heat treatment; therefore, the local
structure of the transition metal ions is presumed to be similar to the spinel-type structure.

03500-Lip3Nij 3Mny30,
* NiO (impurity)

003

Intensity / a. u.

10 20 30 40 50 60 70
20/ degree

Figure 4-3-1. XRD patterns for the precursor  (P3-NaysNijzMn,;30,),
0O3-LiysNiysMnys0,, and  O3sgp-LigsNiysMngy 0, The “*” marks indicate NiO

(impurity).
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Table 4-3-1 The chemical compositions and lattice parameters for the Na,;3Niy;sMn,30, and
Li2/3Nil/3Mn2/302 Samples.

Sample Composition alA c/A cl/a
P3-NaysNizsMny:0; Nag 6sNio 33Mno.6:0; 2.8665(1)  16.781(1) 5.81
03-Liy3NiyzMn, 30, LioesNao.oo1sNip3sMneesO2  2.8666(1) 14.470(1) 5.05
03400-LizsNizsMnys0; 2.8855(2)  14.238(2)  4.93

Figure 4-3-2 shows the ®Li-MAS-NMR spectra of O3- and O3sp0-LizzNiysMny30,. The
03-LiysNiyzMny30, spectrum shows peaks at 1500 and 750 ppm, which suggests two types of
Li sites in the structure [15]. A small and broad resonance at 1500 ppm is assigned to Li in a
honeycomb-like arrangement of Mn ions (i.e., six Mn as the nearest neighbors) within the
transition metal layer, as found in Li[Liy3Mn;3]O, (Li,MNnO;) [16,17]. The 750-ppm peak is
assigned to Li in the alkali layer of the layered rock salt structure [15]. On the other hand, in the
case of O3s00-LiysNiysMny30,, an additional peak at 925 ppm is observed, which should be
related to the spinel-type structure [18]. It is believed that the spinel domains, which cannot be
detected by XRD, are present.

— O3-Liy3Ni; 3Mny 205 750
— O35p0-LinsNijaMna 50,

Intensity / a. u.

L | L | L | L | L L
2500 2000 1500 1000 500 0 -500
o/ ppm
Figure 4-3-2. ®Li-MAS-NMR spectra of O3-Liy;3NiysMny 0, and O3sg0-LiszNiysMnys0,
measured at room temperature. The “*”” marks indicate spinning sidebands.

Figure 4-3-3a shows the charge/discharge curves of the O3-LiysNijzMn, 0, sample
starting from Li extraction at 25 °C. Here, the voltage ranges between 2.0 and 4.8 V and the rate
is 0.06 C. Two plateaus in the discharge curve are observed at around 4.2 and 3.0 V, as
previously reported [2]. In the present Li/O3-LiysNiysMn, 30, cell, the resultant average
discharge voltage is 3.41 V and the initial discharge capacity is 194 mA h g™, which is a higher
capacity than that previously reported (170 mAh g™) [2]. This observation can be explained by
the expansion of the voltage range between 2.5 and 4.4 V. This value is equivalent to 0.67
electron transfers per formula unit. Even after 10 cycles of charge/discharge, the discharge
capacity remains at 184 mA h g™ and its efficiency is 94.8%. Meanwhile, Zhao et al. did not
observe two plateaus and the discharge capacity was large in the voltage range between 4.2 and
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4.7 V [6]. It was presumed that the spinel phase was large due to a difference in ion exchange
conditions.
5.0
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Figure 4-3-3. Charge and discharge curves for (@) Li/O3-LiysNiysMnys0,, (b)
Li/O3500-Li2,3Ni1,3Mn2,302 and (C) Li/o3700'Li2/3Ni1/3Mn2/302 cells.

Figure 4-3-3b shows the charge/discharge curves of the Li/O3sqo-LizsNiyzMn,z0; cell. The
charge and discharge capacities are confirmed at a high-potential region of around 4.8 V (about
80 mA h g™). The spinel phase transition is expected to occur at temperatures higher than
260 °C; therefore, the heat treatment stabilizes the crystal structure and improves the
electrochemical properties such as cycle performance and initial capacity. This corresponds with
the results of the °Li-MAS-NMR spectrum of O3s09-Liy3NiysMny30,, because the spinel phase
is increased (Fig. 4-3-2). In addition, a gradually sloping profile between 3.0 and 4.8 V, which is
estimated to correspond to the layered rock salt, is observed here. The average discharge voltage
for this cell is 3.21 V, and the initial discharge capacity is 257 mA h g™. This value corresponds
to 0.90 electron transfers per formula unit, i.e., the initial discharge capacity is successfully
improved. The discharge capacity at the 3.0 V plateau region in O3sg-LizsNiyzMn,30, (about
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80 mA h g*) is improved to twice that in the as-prepared O3-Li;NiysMn,0, (about 40 mA h
g™h). The average discharge voltage (3.21 V) is lower than that in the Li/O3-LiysNiysMn,50,
cell (3.41 V), although even after 10 cycles of charge/discharge, the capacity remains at 256 mA
h g and its efficiency is 99.6%.

Figure 4-3-3c shows the charge/discharge curves of the Li/O37¢-LissNiisMn,30, cell, in
which the electrode shows good reversibility. The average discharge voltage for this cell is 3.03
V, and the initial discharge capacity is 252 mA h g™. The cell voltage in the 3.0 V region is
lower than that in the Li/O3s0-Li,sNiisMn, 30, cell, although it is higher in the 4.8 V region.
The discharge curve gradually changes in shape from two to three distinct plateaus in
comparison with the Li/O3s00-Liy3Niq;sMnys0, cell. In particular, Li/O37g4-LizsNiyzMn,s0, has
a distinct plateau in the 2.0 V region.

Figure 4-3-4 shows the c/a ratio and initial discharge capacity for whole samples versus the
heat treatment temperature. The 4.8 V plateau region is observed in all of the heat-treated
03-LiysNiyzMn,;30, samples. This is consistent with the spinel phase, which is generated above
300 °C [7]. The c/a ratio is close to 4.90 in all of the heat-treated O3-L.i,;sNiy3sMn, 30, samples
(Table 4-3-1). The discharge capacity rapidly increases by more than 260 °C, which is the ion
exchange temperature. Charge and discharge curves for the Li/O3300-LissNiysMnys0, cell are
nearly consistent with those previously reported [6].

Heat treatment
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Figure 4-3-4. Charge and discharge curves for (@) Li/O3-LiysNiysMnys0,, (b)
Li/ossoo'Li2/3Ni1/3Mn2/302 and (C) Li/o3700-Li2/3Ni1/3Mn2/302 cells.

The discharge capacity improves by increasing the treatment temperature to 500 °C. The
maximum discharge capacity and c/a ratio values occur at 500 °C (except for 260 °C, which is
the ion exchange temperature). Above 500 °C, the discharge capacity and c/a ratio become
constant as about 250 mA h g™* and 4.90, respectively. The discharge curve gradually changes in
shape from two to three distinct plateaus. Although the discharge capacity at the 3 V plateau
region gradually decreases as the heating temperature increases above 500 °C, the discharge
capacity at the 2 V plateau region increases. The change in the O3-Liy;sNiyzsMn, 30, crystal
structure by increasing the treatment temperature from 300 to 700 °C may cause a
rearrangement of Li ions in the layer space.
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Section IV-IV  Conclusions

The synthesis processes and electrochemical properties of lithium nickel manganese oxide,
03-LiysNiysMny30,, with a layered rock salt-type structure, were examined after a series of
different heat treatments (300-700 °C). A novel 5V class plateau region was observed in all
thermally treated O3-Li,;3NiysMn,y 30, cells. These cells showed good charge-discharge
performances with an average discharge voltage of 3.0-3.2 V and initial capacities of 240-260
mA h g' between 2.0 and 4.8 V. In particular, the sample treated at 500 °C
(O3500-LissNiysMny50,) displayed a gradually sloping profile between 3.0 and 4.8 V. These
performances may be attributed to the retention of the original layered rock salt-type structure.
Accordingly, it is clearly confirmed in the present study that thermal treatment of the
O3-Liy;3NiysMn, 30, material is interesting not only for its good cycle performance, but also for
its high voltage and high capacity.
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— Control of the ratio of layered rock-salt and spinel structure
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Section IV-1  Introduction

A lithium-deficient nickel manganese oxide Ligg;Nig33Mng 670, with a layered structure (02
and O3 type) has been extensively investigated as a positive electrode material for use in
rechargeable lithium batteries [1-7]. Paulsen et al. [1-3] have reported battery performances
such as superior cycling performance and discharge capacity of approximately 170 mA h g™*
between 4.6 and 2.5 V for O2-Lige7Nip33Mng6,0,. On the other hand, O3-Lig¢7Nig33Mng 7,05
exhibits a discharge capacity of approximately 200 mA h g* between 4.7 and 2.5 V, which is
higher than that of the O2-type compound. However, O3-Li;Nig33Mngs;0, exhibits poor
capacity retention on subsequent cycling, due to phase transformation from layered to spinel
structure [1-3]. The oxygen array of the O3-type structure is very similar to that of the spinel
structure; hence, a direct phase transition is often observed between them, while the O2-type
structure does not exhibit such a phase transition and is very stable [1-4]. The poor capacity
retention observed for O3-Lige7Nip33Mng 670, indicates that electrochemical cycling induces the
phase transition to the spinel structure [2].

We reported that a thermal treatment after the ion-exchange reaction using a molten salt
improved the charge—discharge performance of O3-Lige;Nig3sMngs;O, [7]. When
03-Lige7Nig33Mng,0, was heated at 500 °C, it exhibits a 5 V class plateau in its charge—
discharge voltage-capacity curves. Furthermore, a large discharge capacity of 257 mA h g * was
reported between 2.0 and 4.8 V. Thermal treatment for O3-Lige7Nig33Mnge;0, is extremely
interesting as it affords better cycle performance, a higher discharge voltage and specific
capacity than as-prepared O3-Ligg;Nig33Mnge,0,. However, the experimentally demonstrated
discharge voltage-capacity curve drastically decreases between 3.0 and 4.8 V because the spinel
phase content increases as a result of heat treatment [7]. Recently, a 5 wt% Na-doped NMC
(0.3Li,Mn05-0.7Lig.97Nag 0sMng 33Nip 33C00330,) has been reported to suppress the spinel
transition [8]. Hence, a of the Na contents can improve the charge—discharge performance.

Inspired by the preliminary studies, in this study we sought to synthesize
NayLige7Nig33Mnge;0, by thermal treatment. The residual Na content x in ion exchange is
utilized to clarify the impact of the charge and discharge voltage-capacity curves for thermally
treated NayLigs7Nig33Mngs;0, and the results obtained can be utilized in the design of
high-capacity materials.
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Section IV-11  Experiment

IV-11-1 ~ Synthesis

The precursor P3-Nags;Nig33Mngs;0,, Was synthesized via a direct solid-state reaction from
stoichiometric mixtures of CH3COONa (98.5% pure), Ni(OH), (99.9% pure), and Mn,Os
(99.9% pure), with 3% excess Na [7]. First, the weighed powder was mixed through ball milling,
and then pressed into pellets. Second, the pellet was heated at 650 °C under an O, flow to obtain
pure phase of P3 for 10 h and then pulverized. For Na'/Li* exchange, the host material
P3-Nag s7Nig33Mng 670, was first added to 0.5, 2.0, and 4.0-fold excess of lithium as a solution
of LiBr in MeOH at 110 °C for 6 h. Finally, the ion-exchanged powder was filtered, washed
with MeOH, and then dried at 90 °C overnight [9].

To induce a change in the crystal structure, the samples were heated at 500 °C for 5 h in air.
Hereafter, the thermally treated Na,Ligg7—xNig33sMngeO, will be referred to as
HT-NayLig7—xNig.33Mng 670, for brevity reasons.

IV-1I-11  Characterization

The phase purity and crystal structure of the samples were determined by powder X-ray
diffraction (XRD) using a D8 ADVANCE diffractometer (Bruker AXS) with a Cu Ka radiation
source (operating conditions: 40 kV, 55 mA). XRD intensity data were collected for 0.5 s in
steps of 0.02° over a 26 range of 10°-70°. TOPAS Ver. 4.2 software package was used for
Pawley analysis [10].

The cationic composition (e.g., Li, Na, Ni and Mn contents) was determined by inductively
coupled plasma-atomic emission spectroscopy (Shimadzu ICPS-8000).

A Titan3 G2 60-300 scanning transmission electron microscope (STEM, FEI), equipped with a
Super-X (Bruker) detector for energy-dispersive X-ray spectroscopy (EDS), was employed at an
accelerating voltage of 300 kV. The sample powder was directly dispersed on a carbon film
supported by a Cu mesh.

Electrochemical measurements were performed using coin-type cells (CR2032). Working
electrodes were prepared using 10 mg of active materials, 10 mg of acetylene black as the
conductive agent, and 2 mg of polytetrafluoroethylene (PTFE) as the binder. An Al mesh was
used as the current collector, and the electrode diameter was 14 mm. A circular Li foil, having a
diameter of 16 mm and a thickness of 0.2 mm, was used as the counter electrode. A
microporous polypropylene sheet was used as the separator. A 1 M LiPFg solution in a 1:2 (v/v)
mixture of ethylene carbonate and diethyl carbonate was used as the electrolyte. Cells were
constructed in a dry room with a dew point below —50 °C, and electrochemical measurements
were conducted with a current density of 15 mA g* (19 mA cm?) at 25 °C after standing
overnight under open-circuit conditions.
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Section V-1l Results and Discussion
V-11I-1  Structural characterization

Table 1 shows the chemical compositions of all ion-exchanged samples. The control of the
residual Na content x was successfully carried out by adjusting the LiBr concentration.

Table 1 Chemical composition of the ion-exchanged samples.

LiBr concentration Na Li Ni Mn

0.5-fold lithium excess 0.25 0.42 0.33 0.67
2.0-fold lithium excess 0.093 0.57 0.33 0.67
4.0-fold lithium excess 0.034 0.64 0.33 0.67

Figure 5-3-1-1a shows the XRD patterns of the as-prepared P3-Nagg;Nigz3Mnge;0, and
ion-exchanged Na,Ligg7-xNig33Mnge70,. In the XRD pattern of NagsLig42Nig33Mnge,0, and
Nag e3lio s7Nig33Mng 7,04, 0ne new peak was observed at 17.0°, attributed to the main 002
diffraction peak of the OP2 phase owing to the analogy of the phase transformation from
P3-Nay 67Nig33Mng 6,0, [11]. Upon increasing the Li content, the OP2 phase transformed to the
03 phase by a two-phase coexistence state of OP2 and O3. The presence of such an
intermediate phase has also been reported for NagioligesNiosMnesO, and
Nag 2oL io53NigsMngs0, [12]. Here, a layered structure based on the stacking of Nig33Mngg;0,
was maintained. The c-axis length of the sample after the ion-exchange reaction was
significantly shorter than that of the precursor because the ionic radius of Li*(0.76 A) is smaller
than that of Na* (1.02 A) [13]; that is, the distance between Nig33Mng¢;0, layers decreased with
the decrease of x [2,4,7].
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Figure 5-3-1-1. (a) XRD patterns of the as-prepared P3-Nage7Nig33sMnge;O, and
ion-exchanged O3-NayLigg7-xNig33Mnge:0, (x = 0.25, 0.093 and 0.034). (b) XRD patterns
of the as-prepared P3-Nage;NigssMnge;O, and thermally treated HT-NayLiggr—x
Nig.33Mng 7,0, (x = 0.25, 0.093, and 0.034).

As shown in Fig. 5-3-1-1b, the XRD patterns of HT-Na,Lig7xNig33Mng ;0. were assigned
as almost pure phases of the layered and spinel type structure. Some very weak peaks, assigned
to rock-salt-type NiO, were observed. Upon increasing the Li content, the four-phase
coexistence state of P3, OP2, O3, and spinel in HT-Nag »5Lig 4,Nig.33Mng 6,0, was transformed to
the two-phase coexistence state of O3 and spinel in HT-NaggsslioesNig23Mnge;0,. For
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Nag z4lin 6aNig33MnNg 6705, a clear separation was observed for the 018 and 110 Bragg diffraction
peaks (Fig. 5-3-1-1a), while as for HT-NaggsslioesNip3sMnge;0, (Fig. 5-3-1-1b), both
diffraction lines merged into a single broad diffraction line. This change indicates that after
thermal treatment, the cubic-close-packed oxygen array of the rhombohedral structure
approaches cubic symmetry [14]. The ratio of lattice parameters c/a for
HT-Nag g3sLig 6aNig.33Mng 67,0, is 4.93, which is very close to the ideal value of the spinel phase
(4.90) [15-16]. As mentioned above, the stacking of the oxide ions in both the layered rock-salt-
and spinel-type structure is equivalent, and the only difference between the structures is the TM
site [17]. The c-axis was shortened through heat treatment; hence, the site coordination of the
TM ions is presumed to be similar to that of the spinel-type structure. Recently, a 5 wt%
Na-doped NMC (0.3Li,MnO3-0.7Lig¢7Nag03Mng 33Ni33C00330,) has been reported to suppress
spinel transition [8]. Hence, the control of the Na contents can suppress the spinel transition.

\

[001]

5 nm

2 nm 7 nm
Figure 5-3-1-2. ADF-STEM images of (a) Naggeslios7/Nig3sMnge:O, and (b) HT-
Nap ozl ios7Nig33MnNge70.. EDS mapping of (c) NagogslioszNig3sMnge,O, and (d) HT-
Nag og3Lio.57Nig.33MNg 670,

Figures 5-3-1-2a and 5-3-1-2b show annular dark-field (ADF) STEM images of
Nao 093l 10.57Nig.33Mng 670, and HT-Nag ggsLio57Nio.33MnNg 6702, respectively.
Nage3lin57Nig33Mng 6,0, exhibited a layered structure with two different interlayer distances
(Fig. 5-3-1-2a). The presence of residual Na should increase the interlayer distance; hence, the
shorter distance corresponds to the Li layer. On the other hand, both layered and spinel
structures were observed for HT-Naggeslios7Nig33Mnge7O, (Fig. 5-3-1-2b). As shown in Fig.
5-3-1-2¢, EDS mapping proved that the longer distance corresponds to the Na layer. As shown
in Fig. 5-3-1-2d, residual Na was detected at the interlayer, while Na was very minimal in the
regions with the spinel structure.

60



Figure 5-3-1-3 shows a schematic of the mechanism for the spinel phase transition. Li
occupies the center of the Og octahedron, while Na occupies the center of trigonal prismatic Og
site. Hence, the precursor Nags7Nig33Mngs;O0, and ion-exchanged Ligg7Nig33Mnge;0, exhibit
P3- and O3-type structures, respectively. As TM also occupies the center of the Og octahedron,
TM easily migrates to the Li site; that is, it is difficult for TM to be moved to the Na site
because of different oxygen coordination environments. As a result, the Na phases maintain the
layered structure, and the Li phases easily transform to the spinel phase as mentioned above. A
similar phenomenon has been reported for the Na (de)intercalation of LiMn,0O, [18].
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Figure 5-3-1-3. Schematic of polytypic phase transformation induced by thermal treatment
of Nag gg3Lio57Nio.33MnNg 6705

V-11I-11  Electrochemical properties

Figure 5-3-2-1a shows the initial charge and discharge curves of
HT-NayLioe7—xNig.33Mng 670, starting from charging in the voltage range between 2.0 and 4.8 V,
at a current density of 15 mA g, and a temperature of 25 °C. Both charge and discharge curves
of all samples exhibited a plateau at around 4.8 V, as has been previously reported for
03500-Lio.6Nao.001sNio.33Mno.602 [7]. The initial charge capacity increased from 162 mAh g (x
= 0.25) to 188 mA h g* (x = 0.034) with decrease in the residual Na content x.
HT-Nag 34l io 62aNig33Mng;0, exhibited a maximum discharge capacity of 266 mA h g’l.
Furthermore, the shape of the discharge curve also changed from a profile with two distinct
plateau to a gradually sloping profile with increase in the residual Na content. The average
discharge voltage increased from 3.22 to 3.74 V with increase in the residual Na content x.
HT-NayLigg7-xNig33Mng 670, exhibited a maximum discharge energy density of 943 W h kg’l (x
= 0.093). The discharge capacity at around the 3 V plateau region of approximately 30 mAh g*
(x = 0.25) was increased to approximately 60 mA h g! (x = 0.034) for
HT-NayLigg7-xNig33Mng 670, compounds. This is consistent with the increase in the spinel phase
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with decrease in the residual Na content. Figure 5-3-2-1b shows the cycle performance of
HT-NayLiog7—xNig33Mnge70,. The discharge capacity retention of HT-NayLig7-xNig33Mnge702
increased from 79 to 83 % at 50 cycles with increasing Na content x.
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Figure 5-3-2-1. Initial charge and discharge curves for (a) Li/HT-Na,Lig 7-.Nig 33Mng ¢,0, (x
=0.25, 0.093, and 0.034) cells at a rate of 15 mA g ' in the voltages ranging from 2.0 V to
4.8 V at 25 °C. Note that the as-prepared sample is Li-deficient sample; therefore, the initial
charge capacity is lower than the discharge capacity. Cycle performance for (b)
Li/HT-NayLigg7-xNig 33Mng 670, (x = 0.25, 0.093, and 0.034) cells.

As mentioned above, the (dis)charge curves of HT-NayLiges7-xNig3sMnge;0; (0.03 < x <
0.25) varied with the residual Na content x. All phenomena can be associated with the
generation of the spinel phase. With a higher residual Na content X, the P-type Na-O
coordination suppressed the spinel-phase transformation (Fig. 5-3-1-3). In other words, from a
crystallographic viewpoint, the increase in the residual Na content x curtails the formation of the
spinel phase, which is reflected by the disparate initial charge and discharge voltage profiles. In
HT-NayLipg7—xNig33Mng 702 (0.03 < x < 0.25), the residual Na content X can be adjusted to
modify the capacity-voltage responses for various power applications.

62



Section V-1V  Conclusions

NayLige7—xNig33Mng 670, (0.03 < x < 0.25) was prepared as a new class of high-voltage and
high-capacity positive electrode materials for rechargeable lithium batteries. In particular,
HT-NayLig7—xNig.33Mng 670, (x = 0.093) exhibited a maximum (dis)charge capacity of 261 mA h
g ' at an average voltage of 3.36 V at 25 °C, translating to an energy density of 943 W h kg ™.
The attained performance is attributed to the predominant retention of the layered rock-salt
structure over the spinel phase. Thus, the spinel-phase transformation can be curtailed by the
variation of the residual Na in the compositions of HT-Na,Lig s7-xNig.33Mng 670, (0.03 < x <0.25),
demonstrating the feasibility of modifying the capacity—voltage characteristics through a
judicious control of the constituent Na content in related compositions.
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Chapter VI
Lithium nickel manganese oxide Lig7Ni;.,Mn,O,
— Control of the ratio of

layered rock-salt and spinel structure by Ni/Mn ratio—
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Section VI-1 Introduction

A lithium-deficient nickel manganese oxide Lig7Nig33Mng¢;0, with a layered structure (02
and O3 type) has been extensively investigated as a positive electrode material for use in
rechargeable lithium batteries [1-7]. Paulsen et al. [1-3] have reported battery performances
such as superior cycling performance and discharge capacity of approximately 170 mA h g™*
between 4.6 and 2.5 V for O2-Lip7Nig33Mngs70,. On the other hand, O3-Lig;Nig33Mng 6,0,
exhibits a discharge capacity of approximately 200 mA h g* between 4.7 and 2.5 V, which is
higher than that of the O2-type compound. However, O3-Li;Nig33Mngs;0, exhibits poor
capacity retention on subsequent cycling, due to phase transformation from layered to spinel
structure [1-3]. The oxygen array of the O3-type structure is very similar to that of the spinel
structure; hence, a direct phase transition is often observed between them, while the O2-type
structure does not exhibit such a phase transition and is very stable [1-3]. The poor capacity
retention observed for O3-Lig7Nig33Mng6;0; indicates that electrochemical cycling induces the
phase transition to the spinel structure.

We reported that a thermal treatment after the ion-exchange reaction using a molten salt
improved the charge—discharge performance of 0O3-Lig7NigasMnge;O, [7].  When
03-Lig7Nig33Mngs;0, was heated at 500 °C, it exhibits a 5 V class plateau in its charge—
discharge voltage-capacity curves. Furthermore, a large discharge capacity of 257 mA h g * was
reported between 2.0 and 4.8 V. Thermal treatment for O3-Lig;Nig33Mnge,0, is extremely
interesting as it affords better cycle performance, a higher discharge voltage and specific
capacity than as-prepared O3-Lig;Nig33Mnoe;0,. However, the experimentally demonstrated
discharge voltage-capacity curve drastically decreases between 3.0 and 4.8 V because the spinel
phase content increases as a result of heat treatment [7]. Recently, spinel-phase LiNiMnQO,
(LigsNigsMngs0,) has been reported to be unstable [8]. Hence, a control of the Mn content can
improve the charge—discharge performance.

Inspired by the preliminary studies, in this study we sought to synthesize Lig7Ni;yMn,O,
(0.5 <y < 0.8) by thermal treatment. The Mn content y is utilized to clarify the impact of the
charge and discharge voltage-capacity curves for thermally treated Lio/Ni;-,Mn,O, (0.5 <y <
0.8) and the results obtained can be utilized in the design of high-capacity materials.
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Section VI-11  Experiment
VI-1I-1  Synthesis

The precursor P3-Nag;Ni;-,Mn,O, (y = 0.67 and 0.80) was synthesized by a direct
solid-state reaction from stoichiometric mixtures of CH3;COONa (98.5% pure), Ni(OH), (99.9%
pure) and Mn,Os (99.9% pure) with 3% excess sodium [1,3,7]. First, the weighed powder was
mixed by ball milling and then pressed into a pellet. Second, the pellet was heated at 650 °C
under an O, flow to obtain pure phase of P3 for 10 h and then pulverized.

The starting material of O3-NaNiysMnys0, was synthesized by a direct solid-state reaction
of stoichiometric mixtures of CH;COONa, Ni(OH), and Mn,0O; with 5% excess sodium [9].
First, the weighed powder was pelletized and heated at 800 °C for 20 h in air. Second, the
heated pellet was quenched in liquid N, and then pulverized. Third, P3-Nag7NigsMngsO,
precursor was prepared by chemical oxidation. O3-NaNigsMnys0, was oxidized with 0.01 M
iodine in an acetonitrile solution for 4 h at 25 °C [10]. Finally, the oxidized powder was filtered,
washed with acetonitrile, and then dried at 90 °C overnight.

For Na'/Li* exchange, the host material P3-Nag,Ni,_Mn,0, was refluxed with 4.0-fold
lithium excess amount of a solution of LiBr in MeOH [11]. Finally, the ion-exchanged powder
was filtered, washed with MeOH, and then dried at 90 °C overnight.

To induce a change in the crystal structure, the samples were heated at 500 °C for 5 h in air.
Hereafter, the thermally treated Lio;Ni;-,Mn,O, (0.5 <y < 0.8) will be referred to as
HT-Lio;Ni;yMn,0,.

VI-1I-1I  Characterization

The phase purity and crystal structure of the samples were determined by powder X-ray
diffraction (XRD) using a D§ ADVANCE diffractometer (Bruker AXS) with a Cu Ka radiation
source (operating conditions: 40 kV, 55 mA). XRD intensity data were collected for 0.5 s in
steps of 0.02° over a 26 range of 10°-70°. TOPAS Ver. 4.2 software package was used for
Pawley analysis [12].

The cationic composition (e.g., Li, Na, Ni and Mn contents) was determined by inductively
coupled plasma-atomic emission spectroscopy (Shimadzu ICPS-8000).

The solid-state °Li magic-angle spinning nuclear magnetic resonance (°Li MAS-NMR)
spectra of the samples were recorded at room temperature using an AVANCE 300 spectrometer
(Bruker) at 44 MHz with a spinning rate of 50 kHz for Li nuclei by a rotor-synchronized
spin-echo pulse sequence. The pulse width was 3.6 us (/2 pulse). The chemical shift was
recorded relative to a 1.0 M °LiCl aqueous solution. °Li spectral decomposition was performed
using the Dmfit software, which allows for the variation of peak position, peak height, line
width, and the ratio of Gaussian to Lorentzian functions [13].

Thermogravimetric analysis (TGA) was performed on a QS5000IR apparatus (TA
Instruments). The experiments were carried out by heating the sample (approximately 15 mg)
from 50 to 900 °C at 20 °C min * under air. The samples were cooled from 900 to 50 °C at 1 °C
min* under air.

Electrochemical measurements were performed using coin-type cells (CR2032). Working
electrodes were prepared using 10 mg of active materials, 10 mg of acetylene black as the
conductive agent, and 2 mg of polytetrafluoroethylene (PTFE) as the binder. An Al mesh was

67



used as the current collector, and the electrode diameter was 14 mm. A circular Li foil, having a
diameter of 16 mm and a thickness of 0.2 mm, was used as the counter electrode. A
microporous polypropylene sheet was used as the separator. A 1 M LiPFg solution ina 1:2 (v/v)
mixture of ethylene carbonate and diethyl carbonate was used as the electrolyte. Cells were
constructed in a dry room with a dew point below —50 °C, and electrochemical measurements
were conducted with a current density of 15 mA g* (19 mA cm?) at 25 °C after standing
overnight under open-circuit conditions.
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Section VI-II1  Results and Discussion
VI-I11-1  Structural characterization

Table 6-3-1-1 lists the results of a chemical analysis of the ion-exchanged samples.
Negligible amounts of residual Na were present in these samples (i.e., 0.03-0.04). To simplify
the chemical formula, the sample composition was denoted as x = 0. Considering the negligible
Na content, Nag g34Lip.64Nig33MnNg 670, Was also represented in Lig7Nig33Mng705.

Table 6-3-1-1 Chemical analysis results for each sample. Each value is normalized to contain
one TM per formula .

Sample Na Li Ni Mn

Lig7NigsMngs0, 0.038 0.73 0.50 0.50
Lig7Nig23Mng 70, 0.034 0.64 0.33 0.67
Lio7Nig.Mng g0, 0.033 0.69 0.20 0.80

Figure 6-3-1-1 shows the XRD patterns of the as-prepared O3-NaNiysMngs0,, chemically
oxidized P3-Nag7NigsMngs0,, ion-exchanged O3-Lig7NigsMngsO, and HT-Lig7NigsMngs0,
(O3-Lip7NigsMngys0, with thermal treatment). All the obtained samples were identified to be
pure phases [9,14]. The c-axis length of P3-Nag;NigsMnysO, after chemical oxidation was
significantly greater than that of the as-prepared O3-NaNigsMnys0, because NaOg prisms were
larger than NaOg octahedra, and the distance between the NiysMngs0, layers was enlarged; that
is, the c-axis length was elongated [9]. The c-axis length of LigsNigsMngsO, was significantly
shorter than that of Nag;NigsMngsO, because the ionic radius of Li* (0.76 A) is smaller than
that of Na* (1.02 A) [15], which in turn decreases the distance between the NiosMng 0, layers.
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Figure 6-3-1-1. XRD patterns of the as-prepared O3-NaNigsMngs0,, chemically oxidized
P3-Nag7NigsMngs0,, ion-exchanged 0O3-Lig7NigsMngs0,, and thermally treated
HT-Li0.7Ni0.5Mn0.502.

Figure 6-3-1-2. shows the XRD patterns of the as-prepared P3-Nag;Nig2MnggOs,
ion-exchanged O3-Lig7Nig2MnggO, and HT-Lig7Nig2MnygO,. All the obtained samples were
identified to be pure phases.
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Figure 6-3-1-2. XRD patterns of the as-prepared P3-Nag;Nig>Mngs0,, ion-exchanged
O3'Lio_7Ni0.2Mno_8OZ, and therma“y treated HT—Li0,7Ni0_2Mno.802.

Table 6-3-1-2 lists the lattice parameters for HT-Li, 7Nii.,Mn,O,. Both a- and c-axis length
gradually decreased with increase in the substituted Mn content y from 0.5 to 0.8 because
Ni;-,Mn,Os octahedra should contract owing to the different ionic radius between Ni?* (0.69 A)
and Mn*" (0.53 A) [15]. In addition, the c/a ratio approached 4.90 with increasing y, which is
the ideal value for a spinel-type structure [16-17].

Table 6-3-1-2 The lattice parameters for HT-Lig 7Ni.,Mn,O,.

Sample alA c/A cl/a

HT-Lio ;NigsMns0, 2.8943(1) 14353(1)  4.959
HT-Lio ;Nig 5sMno:0; 2.8831(1) 14221(1)  4.933
HT-Lio 7Ni2Mno O, 2.8812(1) 14.165(1) 4.916

Figure 6-3-1-3 shows the Li MAS-NMR spectra of HT-Lig7Ni;_yMn,O,. Three resonances
were observed at 1500, 925, and 750 ppm, indicative of Li ions occupying three
crystallographically different sites in the structure. The small, broad resonance at 1500 ppm was
assigned to Li in a honeycomb-like arrangement of manganese ions (i.e., 6 Mn nearest
neighbors) within the TM layer, as observed in Li[LiysMny3]O; (LioMnO3) [18-19]. Moreover,
the peak at 750 ppm was attributed to the layer-type structure, which is assigned to Li in an
alkali environment [19]. The peak at 925 ppm was attributed to the spinel-type structure [20].
Table 6-3-1-3 lists the ratio of the peak areas of 1500, 925, and 750 ppm peaks for
HT-Lio7Ni,-yMn,O,. No distinct difference was confirmed in the variation of the 1500 ppm
peaks in all samples. On the other hand, the spinel phase content for the peak at 925 ppm
increased from 33% (y = 0.5) to 69% (y = 0.8). This is consistent with the c/a ratio approaching
4.90 with increasing y as mentioned above (Table 6-3-1-2).
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Figure 6-3-1-3. ’Li MAS-NMR spectra of HT-Lio;Ni;-,Mn,O, (y = 0.5, 0.67, and 0.8)
measured at room temperature. Spinning sidebands are indicated in asterisks.

Table 6-3-1-3 Calculation of probabilities for a Li environment with HT-Li, 7Ni;.,Mn,O,.

Sample 1500 ppm 925 ppm 750 ppm
HT-Lig7NigsMngs0, 5% 33 % 62 %
HT-Lio7Nig33Mng 670, 6 % 59 % 35%
HT-Lio7Nig2Mng O, 6 % 69 % 25 %

Figure 6-3-1-4 shows the TGA results for Lio;Ni;-,Mn,O, in the temperature ranging from
50 to 900 °C. During initial heating, Lio-NiosMngs0, exhibited a clear weight loss between 50
and 450 °C and above 650 °C. Moreover, above 700 °C, the weight change appeared to be
reversible, and finally, the weight was ca. —3% at room temperature. On the other hand, on
heating, Lio;Ni;-,Mn,O, (y = 0.67 and 0.8) exhibited an initial weight gain between 300 and
500 °C, followed by a slight change in weight up to 650 °C, beyond which a sharp weight loss
was observed. The weight loss above 700 °C was reversible, and the weight at 700 °C was
retained at 50 °C to give a final weight of approximately —0.5%. Such weight loss and regain
behavior have been reported to be caused by the loss or gain of oxygen [21]. A high correlation
was observed between the weight loss at a heat treatment temperature of 500 °C and spinel
phase amount of °Li MAS-NMR.
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Figure 6-3-1-4. TGA curves of Lig;Ni;-,Mn,O, (y = 0.5, 0.67, and 0.8), showing the
weight variation upon oxygen loss and regain.
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VI-I11-1I  Electrochemical performance

Figure 6-3-3-1 shows the initial charge and discharge voltage-capacity curves of
HT-Lio/Ni,-yMn,O, starting from charging in the voltage range between 2.0 and 4.8 V, at a
current density of 15 mA g * and a temperature of 25 °C. The initial charge capacity decreased
from 194 to 175 mA h g+ with increasing Mn content x, while the initial discharge capacity
increased. HT-Lio7Nig,MnesO, exhibited a maximum discharge capacity of 280 mA h g™
Moreover, the voltage discharge curve also changed from a profile with two distinct plateau to a
sloping voltage profile with decreasing Mn content. The average discharge voltage of the
HT-Lio/Ni,-yMn,O, decreased from 3.57 V (y = 0.5) to 2.89 V (y = 0.8). The discharge capacity
at the 3 V plateau region increased from approximately 20 mA h g* (y = 0.5) to approximately
120 mA h g* (y = 0.8) for HT-Lig;Ni 1-yMn,O, compounds because the spinel phase increased
with the Mn content (Fig. 6-3-1-3); that is, c/a ratio approached to 4.90 (Table 6-3-1-3).

5.0
4.5
3 4.0
(]
E,D 35
2 30
g 2.5+ HT-Ligy;Niy,Mn, 30,
HT-Lig ;Nig 33Mng 67,0,
207 HT-Liy -Nig <M <O,
]5 | | | | |
0 50 100 150 200 250 300

Initial Specific Capacity / mA h g_l

Figure 6-3-3-1. Initial charge and discharge voltage-capacity curves for
Li/HT-Liy7Ni;-,Mn,O, (v = 0.5, 0.67, and 0.8) cells at a rate of 15 mA gf1 in the
voltages ranging from 2.0 V to 4.8 V at 25 °C. Note that the as-prepared sample is
Li-deficient sample; therefore, the initial charge capacity is lower than the discharge
capacity.

Figure 6-3-3-2 shows the cycle performance of HT-Lio;Ni;-,Mn,O,. The discharge capacity
retention of HT-Lig7Ni;yMn,O, increased from 80 to 87 % at 50 th cycles with increasing Mn
content y. Figure 6-3-3-3 and 6-3-3-2 show the initial charge and discharge voltage-capacity
curves and the cycle performance of Lig;Ni;-,Mn,O, with their HT counterparts. The
HT-Lio7Ni;-yMn,O, attain not only high capacity and high voltage but also good cycle.
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Figure 6-3-3-2. Cycle performance for Li/Liq7Ni;-yMn,O, and Li/HT-Lio;Ni;-,Mn,O; (y =
0.5, 0.67, and 0.8) cells at a rate of 15 mA g " in voltages ranging from 2.0 V to 4.8 V at
25 °C.
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Figure 6-3-3-3. Initial charge and discharge voltage-capacity curves for
Li/Lig7Ni;-yMn,O, and Li/HT-Lio;Ni;-,Mn,O, (y = 0.5, 0.67, and 0.8) cells at a rate of 15
mA g * in voltages ranging from 2.0 V to 4.8 V at 25 °C. Note that the as-prepared sample
is Li-deficient sample; therefore, the initial charge capacity is lower than the discharge
capacity.

As mentioned above, the initial charge and discharge voltage-capacity curves

of

HT-Lio/Ni,-yMn,O, (0.5 <y < 0.8) varied with the Mn content y. All phenomena can be
associated with the generation of the spinel phase. The decrease in the Mn content y resulted in
a deviation from the spinel phase owing to the difference in the ionic radius between Ni** (0.69
A) and Mn* (0.53 A) in octahedral coordination (Table 6-3-1-2). In other words, from a

crystallographic viewpoint, the decrease in the Mn content y curtail the formation of the spinel

phase, which is reflected by the different initial charge and discharge voltage-capacity curves. In
HT-Lio/Ni;yMn,O, (0.5 <y < 0.8), the Mn content y can be adjusted to modify the

voltage-capacity curves for various power applications.
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Section V-1V  Conclusions

In this study, HT-Lio;Ni;,Mn,O, (0.5 <y < 0.8) was prepared as a class of high-voltage and
high-capacity positive electrode materials for rechargeable lithium batteries. The attained
performance is attributed to the predominant retention of the layered rock-salt structure over the
spinel phase. Thus, the spinel-phase transformation can be curtailed by the variation of the Mn
content in the compositions of HT-Lig7Ni;yMn,O, (0.5 <y < 0.8), demonstrating the feasibility
of modifying the capacity—voltage characteristics through a judicious control of the constituent
Mn content in related compositions.
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Chapter VII
Sodium lithium nickel manganese oxide
NayLig 7+yNig 33Mng 670
— Control of the ratio of

layered rock-salt and spinel structure by residual Na content —

77



Section VII-1 Introduction

Lithium nickel manganese oxides have attracted a great deal of interest as a positive
electrode material for lithium-ion batteries owing to their high capacity and high voltage. In
particular, lithium-deficient Liges7Nig3sMnge;O, with an O3-type layered structure has been
extensively investigated as a promising material for a positive electrode [1-4]. The
03-Lig67Nig33Mng 6,0, is known to be a metastable phase and can readily be synthesized by the
Na/Li ion-exchange reaction of a Na-based layered compound, P3-Nag ¢7Nig 33Mng;0,. It may
be noted that the layered structures are named according to the packing designation commonly
used for layered oxides [5]. For example, the letters P and O describe the alkali ion environment
(prismatic and octahedral, respectively), whereas the numbers 1, 2, and 3 indicate the number of
slabs required to describe the unit cell [5]. The discharge capacity of the O3-Lige;Nig.33Mng¢70,
vs Li/Li* has been reported to be about 200 mA h g* between 4.8 and 2.0 V [4]. In addition, it
exhibits poor cycle performance as it undergoes a phase transformation to the spinel structure
upon electrochemical cycling as is commonly known in the O3-type structure. Since the oxygen
array in the O3-type structure is very similar to that of the spinel structure, a direct phase
transformation is often observed [1].

Recently, we reported that thermal treatment after the ion-exchange reaction by a molten
salt method improved the cycle performance of O3-Ligg7Nig3sMngs;O, [4]. The charge and
discharge voltage-capacity curves of the thermally treated O3-Ligs7Nig33Mnge;0, exhibited a
plateau around about 4.8 V and a high discharge capacity of 257 mA h g* between 4.8 and 2.0
V vs Li/Li*. The thermal treatment for O3-Lige;Nig3sMnoe;0, is extremely interesting as it
affords better cycle performance, a higher discharge voltage, and higher specific capacity
compared to the values for as-prepared O3-Ligg;Nig33sMnge,O, [4]. However, the discharge
voltage-capacity curve showed a steep slope between 4.7 and 3.0 V vs Li/Li*, owing to the
increased spinel phase content as a result of the thermal treatment.

We previously investigated sample preparation by a reflux method followed by thermal
treatment and have successfully improved the discharge capacity. The initial discharge capacity
increased from 257 mA h g* for the molten salt method to 265 mA h g™* for the reflux method
[6]. In addition, the discharge voltage-capacity curve showed a gradual slope between 4.7 and
3.0 V vs Li/Li* and a plateau around about 4.8 V, owing to the decreased spinel phase as a result
of higher residual Na content. However, the high discharge performance could not be utilized in
the present battery system by using graphite as the negative electrode material, because the
initial charge capacity was only about 180 mA h g™ in the thermally treated
Nagge3lin 57Nio.33Mng 670, by using Li metal. From this viewpoint, further lithiation should be
performed during the synthesis of thermally treated samples.

In this paper, we have studied NayLig g7+yNig33Mng 70, (0.010 < x < 0.013, 0.16 <y < 0.20)
synthesized by chemical lithiation using Lil [7,8]. To the best of our knowledge, this is the first
attempt to clarify the relationship between the charge-discharge properties and crystal structure
of NayLig 67+yNi33Mng 670,.
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Section VII-11  Experiment
VII-1I-1  Synthesis

The precursor P3-Nagg;Nig33Mnoe,0, was synthesized by the conventional solid state
reaction of a stoichiometric mixture of CH;COONa (98.5% pure), Ni(OH), (99.9% pure), and
Mn,0O; (99.9% pure) with 3% excess sodium [1-4]. Firstly, the weighed powder was mixed
using the ball milling method and then pressed into pellets. Secondly, the pellets were heated at
650 °C for 10 h under O2 flow to obtain a pure P3 phase, following which the pellets were
pulverized. For conducting the Na/Li ion-exchange reaction, the host material
P3-Nap 7Nig.33Mng 6,0, was refluxed with 0.4, 0.8, and 1.6-fold excesses of lithium supplied in
the form of a solution of LiBr (99.9% pure) in methanol (MeOH) at 110 °C for 5 h [6]. The
sample was filtered, washed with MeOH, and then dried at 90 °C overnight. To induce a change
in the crystal structure, the sample was heated at 500 °C for 5 h in air [4,6]. Hereafter, the
thermally treated Na,Liy¢7-;Nio.33Mnge70, will be referred to as O3yr-Na,Ligs7-,Nip33MnNg6702.
The thermally treated sample was refluxed with a 2.0-fold excess of lithium supplied in the
form of a Lil solution (99.9% pure) in acetonitrile (CH;CN) at 140 °C for 5 h.7,8 After Lil
chemical lithiation, the sample was filtered, washed with CH;CN and MeOH, and then dried at
90 °C overnight.

VI-1I-1I  Characterization

The samples were characterized by powder X-ray diffraction (XRD) using a D8
ADVANCE diffractometer (Bruker) with a Cu Ka radiation source (operating conditions: 40 kV
and 55 mA). XRD intensity data were collected for 0.25 s at 20 intervals of 0.02° over a range
of 10 to 70°. TOPAS Ver. 4.2 software package was used for Pawley analysis.9 Cationic
chemical composition of Li, Na, Ni and Mn was determined from inductively coupled
plasma-atomic emission spectroscopy (ICP-AES; Shimadzu ICPS-8000). The solid-state 6Li
magic-angle spinning nuclear magnetic resonance (°Li MAS-NMR) spectra were recorded at
room temperature using an AVANCE300 spectrometer (Bruker) at 44 MHz with a spinning rate
of 50 kHz for 6Li nuclei by a rotor-synchronized spin-echo pulse sequence. The pulse width
was 3.6 ps (1/2 pulse) and the chemical shift was recorded relative to a 1.0 mol dm™> °LiCl
aqueous solution. ®Li spectral decomposition was performed using the Dmfit software, which
allows for the variation of peak position, peak height, line width, and the ratio of Gaussian to
Lorentzian functions [10]. Further, scanning electron microscopy (SEM, Keyence VE-8800)
was used to characterize the morphology and crystal sizes of the samples obtained before and
after chemical lithiation.

VI-lI-111 Electrochemical properties

Electrochemical cycling test was performed using a lithium coin-type cell (CR2032). The
working electrode was prepared using a mixture of 10 mg of active material, 10 mg of acetylene
black as the conductive agent and 2 mg of polytetrafluoroethylene as the binder. The mixture
was cast on the Al mesh, the current collector, and pressed, and then the circular working
electrode with a diameter of 14 mm was obtained. A Li foil, cut in a circle with a diameter of 16
mm and thickness of 0.2 mm was used as the counter electrode, while a microporous
polypropylene sheet was used as the separator. A 1 mol dm™ LiPF solution in a 1:2 (v/v)

79



mixture of ethylene carbonate and diethyl carbonate was used as the electrolyte. Cells were
fabricated in a dry room with a dew point below —50 °C and tested at 25 °C. Charge capacity
was measured in the constant current and constant voltage (CCCV) mode up to 4.8 V vs Li/Li*
with a current density of 15 mA g™* (19 mA cm ) and then using a potentiostatic step for 15 min,
while the discharge capacity was measured in the constant current (CC) mode with a current
density of 15 mA g ' to 2.0 V vs Li/Li".
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Section VII-111 Results and discussion
VII-1l1-1 ~ Synthesis

P3-Nag7Nig33Mng 0, was used as the precursor for the ion-exchange reaction. Table
7-3-1-1 shows the chemical compositions of all the samples. The residual Na content was
successfully adjusted by the LiBr concentration. The Li content in all the samples was increased
by chemical lithiation, while the residual Na content was close to 0.

Table 7-3-1-1 Chemical composition of all the samples.

Concentration Na Li Ni Mn
LiBr 0.4-fold molar 0.27 0.39 0.33 0.67
chemical lithium insertion 0.013 0.86 0.33 0.67
LiBr 0.8-fold molar 0.19 0.47 0.33 0.67
chemical lithium insertion 0.012 0.87 0.33 0.67
LiBr 1.6-fold molar 0.15 0.51 0.33 0.67
chemical lithium insertion 0.010 0.83 0.33 0.67

Figure 7-3-1-1a shows the XRD patterns of P3-Nags;Nig33Mngs;0, and thermally treated
samples. All the patterns exhibited some very weak peaks corresponding to rock-salt-type NiO,
which is a trace impurity. P3-Nag¢,Nig33Mng 70, can be obtained as a nearly single phase with
the space group R3m [2]. All the patterns showed phase separation of the layered and
spinel-type structures. With decreasing residual Na content x, the four-phase coexistence of the
P3, OP2, 03, and spinel phases in O3,r-Nag,7Ligz9Nig33Mnee;O, was transformed to the
three-phase state consisting of OP2, O3 and spinel phases in O37-Nag 19Lig.47Nig33Mng 67,0, and
Nag 15Li051Nig 33Mng 670, [4,6,11]. Hereafter, we denote NayLige7+yNio33Mng 70, by a residual
Na content before chemical lithiation, 0.15, 0.19, and 0.27, as Sample015, Sample019 and
Sample027, respectively.

a el o 03+Spinel Sample015
o * NiO (impurity) i

= =
S o

= ey Sample019
2 2
= =
= S
g

= s T LA — Sample027

R ]iné . . . PJ'N“or.vr:‘:illJ;M“:om:oz

N e 3D _HZ o 44 S EE[‘_\

=1 H =ic i = == = —

AL Y S S RS O B r 8l

4

0 50 60 70 10 20 30 40 50 60 70
260/ degree 260/ degree
Figure 7-3-1-1. XRD patterns of (a) the as-prepared P3-Nags7Nig33Mngs;0, and before
chemical lithiation, and (b) after chemical lithiation.

The powder XRD patterns of them (Fig. 7-3-1-1b) were fully indexed with the space group
R-3m. Before chemical lithiation, a clear separation of the diffraction peaks between 15 and 20°
was observed (Fig. 7-3-1-1a), while a single broad diffraction peak was observed after chemical
lithiation (Fig. 7-3-1-1b). P3 and OP2 phases disappeared upon chemical lithium insertion. The

10 20 30
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broad XRD patterns observed for Sample015, Sample019 and Sample027 may be considered to
originate from a mixture of the layered and spinel-type structures. By using the layered structure
model (space group: R—3m), the lattice parameters of Sample015, Sample019 and Sample027
were calculated with TOPAS Ver. 4.2 and the results are presented in Table 7-3-1-2.

Table 7-3-1-2 Chemical composition of all the samples.

Sample alA c/A cl/a
Sample027 2.8819(1) 14.403(1) 5.00
(Nay.013L 19.86Ni0.33MNg.6702)
Sample019 2.8821(1) 14.362(1) 498
(Nag.012L19.87Nig.33MNg.6702)
Sample015 2.8898(1) 14.313(1) 4.95
(Nag 1L ig.83Nio.33MNg6705)

The lattice parameter a, which reflects the nearest-neighbor O-O distance, decreased slightly
with increasing the residual Na content [12]. On the other hand, the lattice parameter ¢ increased
significantly from 14.313 to 14.403 A. This can be explained by the expansion of the interlayer
space, which was occupied by the alkali ions,1-4 because the ionic radius of Na* (1.02 A) is
larger than that of Li* (0.76 A) [13]. In addition, the c/a ratio approached 4.90 with decreasing
the residual Na content, which is the theoretical value for a spinel structure [14,15]. In other
words, the cubic-close-packed oxygen array of the rhombohedral structure approached cubic
symmetry [16]. The stacking of oxide ions in both the layered rock-salt and spinel-type
structures is identical, and the only difference between the structures is the site occupied by the
transition metal (TM) [17]. However, considering that the residual Na content in the chemical
lithiation samples is subtle, significant changes in the coordination environment around Na atom
could not be expected. The coordination environment around Li atoms is more important,
because it induces significant differences among the chemical lithiation samples.

Sample015 E E E Li in an alkali layer
Sample019 o Octahedral
Sample027 ! Spinel 7:50
i Tetrahedral 1
Liin TM layers Co

Octahedral 92|5 i
1500 '

Intensity / a. u.

2500 2000 1500 1000 500 0 -500
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Figure 7-3-1-2. °Li-MAS-NMR spectra of Sample015, Sample019 and Sample027
measured at room temperature. "*" and " A" indicate spinning sidebands and additional
signals arising from traces of Li salt, respectively.
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Figure 7-3-1-2 shows the °Li MAS-NMR spectra of Sample015, Sample019 and Sample027.
Three resonances were observed at 1500, 925, and 750 ppm, indicating that Li occupied three
crystallographically different sites in the structure (an additional resonance at 0 ppm is
attributed to traces of Li salt) [18]. The small, broad resonance at 1500 ppm was assigned to Li*
in a honeycomb-like arrangement surrounded by the 6 manganese ions within the TM layer, as
observed in Li[LiyzsMn,;3]0, (LioMnO3) [19,20]. The resonance at 750 ppm was attributed to the
layered structure O3-Ligg7Nig33Mnge70,, which is assigned to LiOg in octahedral coordination
[21]. The resonance at 925 ppm was attributed to the spinel structure LiNigsMn; 50,4, which is
assigned to LiO, in tetrahedral coordination [22]. A distinct difference in the variation of 1500
and 925 ppm resonances at various c/a ratios was observed (Table 7-3-1-2).

Table 7-3-1-3 shows the spinel phase content for Sample015, Sample019 and Sample027.
The spinel phase content for the peak at 925 ppm increased from 7.1 % (Sample027) to 31 %
(Sample015) with decreasing the residual Na content. The chemical lithiation samples have
almost the same chemical composition although the ®Li MAS-NMR spectra and the c/a ratio of
the lattice parameter vary (Table 7-3-1-2). To illustrate this clearly, the difference of the °Li
MAS-NMR spectra of the samples before chemical lithiation is compared.

Table 7-3-1-2 Spinel and layer structure content of Sample015, Sample019 and
Sample027.

Sample Spinel Layer
Sample027

(Nag 013Li0.86Nio.33MnNg 670,) 7% 93 %
Sample019

(Nag 012Li0.87Nig.33MnNg 6,0,) 21 % 79 %
Sample015

(Nay.010L10.83Nig.33MNg 6702) 31 % 69 %
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Figure 7-3-1-3 ®Li-MAS-NMR spectra of HT-Na,Lige7.,Nig33Mngs;0, (before chemical
lithiation) measured at room temperature. "*" indicates a spinning sideband.
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Figure 7-3-1-3 shows the Li MAS-NMR spectra of HT-Na,Ligg7.,Nig33Mng6705.
HT-Nag 7L 10.39Nig33Mng 670, spectrum is plotted together with HT-Nag g3sLig.63Nig33MNg 6702
spectrum reported previously for comparison [4]. Four observed resonances indicated that the Li
occupied four crystallographically different sites in HT-Nag 7Lig.39Nig 33Mng670,. The resonance
at the 925 ppm which showed Li occupied the tetrahedral site in the spinel phase component
increased with decreasing the value of the Na content. In other words, a fraction of the spinel
phase component for the samples has been dominated by the residual Na content after the Na/Li
ion-exchange reaction of the Na-based layered compound, P3-Nage;Nig33sMngs;O,. The
resonance at 550 ppm is attributed to OP2-type layered structure, which is presumably assigned
to LiOg in octahedral coordination. To illustrate 550 ppm peak, XRD patterns and °Li
MAS-NMR spectrum of Nag 7Li39Nig33Mng 670, before heat treatment are compared.

Figure 7-3-1-4a and 7-3-1-4b show the XRD patterns and °Li MAS-NMR spectrum,
respectively. As shown in Fig. 7-3-1-4b, Nag7Lig39Nig33Mngs;0, Was identified to be a nearly
single phase of OP2 layered structure with space group P3m1 [11]. The strong peak at 550 ppm
was observed. However, the resonance at 750 ppm was not observed, which is presumably
attributed to O3-type layered structure with LiOg in octahedral coordination.
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Figure 7-3-1-4 (a) XRD patterns of P3-Nags7Nig33Mng 702 and Nag 7L ig39Nig.33Mng 670,

before heat treatment. (b) °Li-MAS-NMR spectrum of Nag7Lios9Nio33sMnoe:0, before

heat treatment measured at room temperature.

VII-111-11  Electrochemical properties

Figure 7-3-2-1a shows the initial charge and discharge voltage-capacity curves of
Sample015, Sample019 and Sample027 starting from charging in the voltage range between 2.0
and 4.8 V vs Li/Li" at a current density of 15 mA g™ (0.06 C), at 25 °C. The initial discharge
voltage-capacity curves exhibited two plateaus. The plateaus at around 4.7 and 2.8 V vs Li/Li*
were attributed to the Ni**/*" and Mn*'/** redox reactions in the spinel phase, respectively [23].
In addition, the initial discharge voltage-capacity curve exhibited a gradual slope between 4.7
and 2.8 V vs Li/Li", which is attributed to the layered rock-salt structure [4,6]. Figure 7-3-2-1b
shows the initial differential (dis)charge voltage curves for Sample015, Sample019 and
Sample027. The peaks highlighted in red circles at around 4.7 and 2.8 V vs Li/Li" assigned to
the redox reaction of the spinel phase component as mentioned above were observed and
intensity of the peaks increased with increasing the value of the resonance at 925 ppm (Fig.
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7-3-1-2) [23]. In Li-rich layered, the cation rearrangement in the initial charge delivered high
discharge capacity [24]. In Li-deficient layered, the heat treatment at 500 °C caused the cation
rearrangement including (i) the migration of transition metals from the crystal lattice: the
layered structure transformed to the spinel structure [6].
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Figure 7-3-2-1 (a) Initial charge and discharge voltage curves for Sample015,
Sample019 and Sample027. (b) Initial differential (dis)charge voltage plots for
Sample015, Sample019 and Sample027.

In the case of Sample015, the initial charge capacity increased from 171 mAh g* for before
chemical lithiation to 226 mA h g™ for after chemical lithiation with increasing the Li content
(Fig. 7-3-2-2a). The initial maximum discharge capacity and energy density were 252 mAh g™
and 893 W h kg7, respectively.
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Figure 7-3-2-2 (a) Initial charge and discharge voltage curves for before and after

chemical lithiation sample (Sample015). (b) Cycle performance of Sample015,
Sample019 and Sample027.

Fig. 7-3-2-2b and 7-3-2-3 show the cycle performances of Sample015, Sample019 and
Sample027. The discharge capacity retention of Sample015, Sample019 and Sample027
increased from 83 to 87 % at the 10th cycle with decreasing the residual Na content (Fig.
7-3-2-2b). Similarly, the average discharge voltage at the 10th cycle almost linearly increased
with decreasing the residual Na content (Fig. 7-3-2-3).

One can say that the high carbon content in the composite electrode seems to affect the
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capacity obtained. Therefore, the electrochemical performance was tested by a conventional
composition with the lower carbon content. The composite electrode comprised the active
material (95 wt %) with Super-P carbon (2.5 wt %) and PVdF (2.5 wt %). A 27.0 mg cm? of
coating area density was used. As shown in Fig. 7-3-2-3a and 7-3-2-3b, Sample015 can sustain
a high capacity and good capacity retention. In NayLigg7+,Nig 33Mng 670, (0.010 <x <0.013, 0.16
<y <0.20), the c/a ratio should reflect the spinel phase content, which would affect the charge
and discharge voltage-capacity curves and cycle performance.
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Figure 7-3-2-3 (a) (a) Initial specific capacity and (b) cycle performance for
Sample015 at a rate of 52 mA g* (0.2 C) between 2.0 and 4.8 V vs Li/Li* at
25 °C.
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Section VII-1VV  Conclusions

In summary, we have synthesized NayLigg7+yNig33Mngg;O0, (0.010 < x < 0.013, 0.16 <y <
0.20) positive electrode materials by chemical lithiation using Lil. Cells containing these
materials exhibited a gradually sloping curve. The initial maximum discharge capacity was 252
mA h g in the case of Sample015 (Nago10Lios3Nig.33Mnoe;0-). This study clearly demonstrates
the feasibility of obtaining suitable voltage-capacity characteristics by judiciously controlling
the residual Na content x in NayLige7.+yNig33Mnge70, (0.010 < x < 0.013, 0.16 <y < 0.20) and
related compositions. We show the relationship between the charge-discharge properties and
crystal structure of Na,Lige7+yNig33Mnog,O, by chemical lithiation using Lil. Although the
chemical lithiation process in this study is a little cumbersome, the good electrochemical
performance demonstrated by the obtained material is an advantage for the practical utilization.
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Chapter VIII
Summary
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Soft chemical synthestic method has applied to produce new chemical compositions in the
Itihium manganese oxide system utilizing the additional Ni. Co, and residual Na contents, and
the crystal structure and chemical and electrochemical properties of the obtained materials were
investigated from a view point of high capacity positive electrode material for lithium ion
battery applications. In this thesis several results have been obtained as shown below :

Research on tunnel-type Liy44sMnO, prepared by ion exchange method using Nag 44MnO, as
a starting material has also been reported. However, since the reported Lig4,MnO, has a small Li
content of 0.44, the charge capacity is about 100 mAh g™. For this reason, it has not reached a
practical level and improvement of capacity is required. Recently, the specific capacity and
discharge profile were improved by an additional Li insertion treatment in molten LiNO3-LiOH
salt at low temperature. The obtained LigssMnO, sample exhibited the initial charge capacity of
about 150 mAh g * with the average discharge voltage of 3.7 V vs. Li/Li*. In addition, a further
chemical lithiation treatment using Lil was performed to increase the Li content in the
Ligg2MnO, sample. The obtained Liyg,MnO, sample exhibited the initial charge capacity of
about 210 mAh g between 4.8 and 2.5 V vs. Li/Li* with a fixed current density of 10 mA g * at
25 °C. However, the structural details of Lig+xMnO,, especially the Li site positions, have not
been revealed yet, to our knowledge. By revealing the Li site positions, it is possible to estimate
the maximum specific capacity of the crystal structure.

In the present research, we have successfully determined the precise positions of the Li
atoms in Lig4+xMnO, for the first time. In Lig4+xMnO,, the maximum Li content was found to
be 0.80 by crystal structure analysis using powder neutron diffraction measurement. Further,
from the electrochemical measurement, the specific capacity of LiggMnO, was about 200 mAh
g™. From this, it was possible to estimate the maximum specific capacity of Ligs:xMnO, by
clarifying the Li sites of the crystal structure.

Lithium-deficient O6-LiyC0qsMnosO, and 03-LiysNiysMn, 30, with layered rocksalt
structure was prepared by ion-exchange of Na® for Li* from NaCousMngsO, and
NaysNiysMnys0, with layered rocksalt structure, respectively. A similar chemical composition
of lithium-deficient O3-Li,;NigsMnys0, with layered rocksalt structure was reported to have a
transformation of the crystal structure, depending on the heating temperature. Above 300 °C, the
crystal structure of O3-Lig7NigsMngsO, transformed to spinel structure. However, phase
transition from layered rock-salt to spinel structure by heat treatment has not been reported to be
prepared by a soft-chemical method. We research phase transition from layered rock-salt to
spinel structure by heat treatment, and electrochemical and structural properties of the samples
are investigated for the first time.

In O6-Li,C0psMngs0, and O3-Liy;sNiyzMn,30,, phase transition from layered rock-salt to
spinel structure by heat treatment did not result in single phase but two phase coexistence of
layered rock-salt and spinel structure. It was also found that the ratio of layered rock-salt and
spinel structure can be controlled by heat treatment temperature.

A thermal treatment after the ion-exchange reaction using a molten salt improved the
charge-discharge performance of O3-Liy3NiysMny30,. When O3-LiyzNiysMnys0, was heated
at 500 °C, it exhibits a 5 V class plateau in its charge and discharge voltage-capacity curves.
Furthermore, a large discharge capacity of 257 mA h g™ was reported between 2.0 and 4.8 V.
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Thermal treatment for O3-Li,;sNiisMn, 30, is extremely interesting as it affords better cycle
performance, a higher discharge voltage and specific capacity than as-prepared
03-LiysNiysMny30,. However, the experimentally demonstrated discharge voltage-capacity
curve drastically decreases between 3.0 and 4.8 V because the spinel phase content increases as
a result of heat treatment. Recently a 5 wit% Na-doped NMC
(0.3Li,Mn0s-0.7Lig97Nag ¢3Mng 33Nig 33C00330,) has been reported to suppress the spinel
transition, and spinel-phase LiNiMnO, (LiosNigsMngsO;) has been reported to be unstable.
Hence, a control of the Na and Mn contents can improve the charge—discharge performance.
Inspired by the preliminary studies, in this study we sought to synthesize NayLi; «Ni;-,Mn,O,
and NayLioe7+yNio33Mng6;0, by thermal treatment. The residual Na content x in ion exchange
and the Mn content y are utilized to clarify the impact of the charge and discharge
voltage-capacity curves.

In NayLig7-«Nig3sMnge702, Lig7NiiyMnyO,, and NayLige74+yNig3sMnge:O,, the ratio of
layered rock-salt and spinel structure was controllable by residual Na amount and Mn amount in
addition to the heat treatment temperature. The electrochemical properties were charge and
discharge curves reflecting the crystal structure.

In summary, there are two points obtained from this study. First, the maximum specific
capacity can be estimated by clarifying the Li sites. Second, by controlling the ratio of layered
rock-salt and spinel structure, it is possible to provide an optimum charge and discharge curves
according to the application. Accordingly, soft chemical synthetic technique is valid in
controlling the chemical and electrochemical properties of new electrode materials.

The above results will contribute to the future studies on the development of new electrode
materials with high capacity and high voltage for lithium ion battery applications
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