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Abstract of the Dissertation

Synthesis and Structural Study of Positive Electrode Materials for
Rechargeable Li-ion Batteries
by
Hailong Chen

Doctor of Philosophy

in
Chemistry
Stony Brook University

2009

The objective of this dissertation work is to improve the rate performance of
cathode materials used in LIBs (mostly the LIMO, type cathode materials) by controlling
their particle size and morphology. To achieve this goal, three research programs were
performed: (1) the design and development of synthetic methods which allow ready and
effective control of both particle size and morphology of the cathode materials; (2) The
structural and electrochemical investigation of the cathode materials synthesized in part
(1), providing better understanding of how particle size, morphology, and structure (long
range and local structure) affect their electrochemical performances, especially their rate
performances; (3) the investigation of the growth mechanism of cathode materials under

different solution conditions (molten flux, hydrothermal, etc.).



LiCoO, samples with tunable particle sizes ranging from ~10 nm to sub-
micrometers were synthesized by using a co-precipitation method. Synchrotron X-ray
diffraction was used to monitor their structural changes in situ during the electrochemical
charge/discharge cycle. The phase evolution of nano-LiCoO, was found to be different
from that of bulk LiCoO; and is size-dependent. Electron microscopy was used to study
the microstructural changes of highly charged nano-LiCoO,. The appearance of large
concentrations of lattice dislocations reveals one of the origins of the capacity fade.

A novel nanostructure of LiCoO,, so called a “desert rose” structure, which
resembles the morphology of natural minerals such as Gypsum, is synthesized by a new
synthetic method, the low temperature molten salt method. A dissolution-reprecipitation
mechanism is proposed to explain the formation of this unusual morphology. A lithium
ion battery using this LiCoO, material as a cathode shows excellent rate performance.

LiCoO,, with a novel and unique morphology, the concaved cuboctahedron, was
synthesized by using hydrothermal synthesis. Electron diffraction shows that these
particles comprise a 4-fold twin crystal of LiCoO,. The growth mechanism of the twin
crystal is proposed to involve selective leaching of CoO and Li-Co ion-exchange in the
cubic precursor, CoO, followed by the isotropic growth of the LiCoO, plates.

Static 'Li NMR spectroscopy, combined with deconvolutional fitting, is used to in
situ monitor the functioning batteries and to provide information on the local structure of

the electrodes.
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CHAPTER 1

INTRODUCTION

1. For a Greener World: Motivations and Introduction

With the world’s population and the averaged energy consumption for each person
increasing for the past half century, the world’s annual total energy consumption has
increased significantly. Fig 1.1 shows the world’s annual total energy consumption from
1980 to 2006 based on the 2009 annual report of Department of Energy (DOE) of the
United States [1]. Total energy consumption has increased 67% in the 26 years from 1980
to 2006, with a sharper increase in the most recent 10 years. It is very likely that in the
year of 2010, the annual total energy consumption will double that of 1980. On the other
hand, about four fifths of the produced energy is from fossil fuels, such as oil, natural gas
and coal, as shown on the left side of Fig 1.2 [1]. Combustion of these fossil fuels
produces huge amounts of greenhouse gases such as carbon dioxide. Although the origin
of all sources of global warming is still under debate, the fast increasing emission of
greenhouse gases is generally considered as the major cause over the last 50 years.

Among various sources of greenhouse gases emission, emission from petroleum
vehicles has drawn lots of public attention. As shown on the right side of Fig. 1.2 [1],

about one third of the US total energy consumption is for transportation. Because the
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Figure 1.1. The world’s total energy consumption from 1980 to 2006 [1].
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Figure 1.3. A comparison of different battery technologies in terms of volumetric and
gravimetric energy density. The share of worldwide sales for Ni—Cd, Ni-MeH and Li-ion
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restricted to mainly SLI (starting, lighting, ignition) in automobiles or standby
applications. Ni-Cd batteries remain as the most suitable technology for high-power
applications (e.g., power tools). Reproduced from reference [2].



energy efficiency of car engines is usually only 18 — 20%, the usage of petroleum
vehicles is a huge waste of energy with poor energy usage/gas emission ratios. Using
plug-in hybrid electric vehicles (PHEVS) or hybrid electric vehicles (HEV) to replace
conventional petroleum vehicles has been suggested as a good solution to this problem,
since electric motors can easily afford efficiencies over 90%. To achieve this goal,
rechargeable batteries with high enough energy and power densities are required.

Furthermore, to fully utilize other kinds of clean energies such as solar, wind, and
hydroelectric energies, problems associated with energy storage and buffering also need
to be solved. Using high energy and high power rechargeable batteries represent one
possible solution.

Among the various rechargeable batteries ever invented, the lithium ion battery
(LIB) shows the best volumetric and gravimetric energy density, as shown in Fig. 1.3 [2].
LIBs also have the advantages of long cycling life and good stability over other
rechargeable batteries (e.g., nickel-hydride and lead-acid batteries). Because of the good
performances of LIBs, ever since its first commercial production by SONY Co. in 1991,
LIBs have become the most popular rechargeable battery as power sources for low
energy and portable electric devices, such as cell phones, cameras, and laptop computers.
Because of its relative low charge/discharge rate, the application of LIBs for high power
tools and devices such as EVs and HEVs, are still limited to a few cases, such as some
electric bikes and golf-cars. The motivation of this dissertation work is to improve the

rate performance of LIBs, which might have applications for LIBs on high power devices,



and will contribute to global efforts to save energy and protect the environment.

There are many factors affecting the high rate performance of LIBs. Li
transport/diffusion on the cathode side is believed to be one of the rate-limiting steps in a
LIB system. This dissertation work is focused on the improvement of the rate
performance of the cathode materials, including: (1) the development of new synthetic
methods for lithium transition metal oxides, and the design, synthesis, and
electrochemical tests of new cathode materials; and (Il) the investigation of the long
range order and local structure of synthesized cathode materials, in order to understand
the relationships between the electrochemical properties and crystal/electronic structure
features of the cathode materials. Complementary techniques will be used, including
solid state nuclear magnetic resonance spectroscopy (NMR), X-ray diffraction (XRD)

and electron microscopy



2. High Power of Lithium lon Batteries

2.1. A Lithium lon Battery System

A LIB system consists of three parts: the cathode, the anode, and the electrolyte.
Depending on the type of electrolyte used, LIBs can be generally categorized as (I)
all-solid-state LIBs, where all three components are solid state compounds/composites;
(1) liquid electrolyte LIBs, where the organic solvent is used to dissolve the electrolyte
salts. A polymer membrane separator, soaked with the liquid electrolyte solution, is
placed between the cathode and anode, as shown in Fig 1.4 [2]; and (I11) polymer LIBs,
where electrolyte salts are held in a polymer composite. This dissertation work will focus
on the type (I1) LIBs, the liquid electrolyte LIBs, because it is currently the most popular
and widely used commercial LIB. The charge and discharge process of LIB is
schematically shown in Fig.1.5 [3]. In the charge process of LIBs, Li ions are removed
from the cathode, diffuse through the electrolyte and relocate in the anode. At the same
time, an equal amount of electrons are removed from the cathode, go through the out
circuit to the anode. The discharge process is vice versa.

The anode and cathode of LIB are usually Li-intercalation compounds, with the
cathode materials having higher potentials to Li/Li* than the anodes. Common anode
materials include (1) lithium transition metal oxides, e.g., LisTisO1, [4, 5] and LiV3Og [6,

7]; (11) alloys, e.g., CuSn [8, 9]; (111) binary compounds, e.g., CoO [10] and
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Cu,0 [11, 12]; and (IV) various carbon and silicon materials, e.g., graphite, mesocarbon
microbeads (MCMB) [13-15], nanocrystalline silicon [16, 17] and silicon nanowires [18,
19]. Li metal has also been used as anode material in the primary lithium batteries. The
serious safety problem due to short circuit caused by the formation of Li dendrites on the
surface of Li metal anode makes it unsafe to recharge a primary lithium battery. However,
Li metal is still widely used as the anode of LIBs in experimental cells in the laboratories,
because it is used also as the reference electrode in order to calibrate the cell potential to
Li/Li* and to simplify and separate the electrochemical analysis, so that only the
processes (vs Li) involving the second electrode material are observed.

The cathodes of LIBs include two main types of materials: the conventional
intercalation compounds and the recently developed conversion compounds. The mostly
used intercalation compounds can be classified into three types by their crystal lattice
types: () the layered oxides, e.g., LiCoO; (the first commercialized cathode material)
[20], LiNiO; [21, 22] and Li(Niy3Co1sMny3)O2 [22]; (1) the spinels, e.g., LiMnzO4 [23,
24]; (1) the olivines, e.g., LiFePO,4 [25-29] and LiMnPQO, [30, 31]. These intercalation
cathode materials usually have a stable 2-D or 3-D framework consisting of
metal-oxygen octahedra or tetrahedra, with Li taking the interstitial sites. During the
charge and discharge cycle, Li can be extracted from (charge) and inserted back to
(discharge) the framework without significant disruption of the framework. The recently
developed conversion compounds are binary compounds with a general formula of A,By

(A = metal ions, B = F, O, S, etc.). As compared to the conventional intercalation
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compounds, these conversion compounds take a quite different scenario of reacting with
Li ions, in that the original lattice reforms accompanying the replacement of A (metal
ions) by Li and the formation of nanodomains or nanocrystals of the metal, surrounded

by lithium salts (Li,O, LiF, Li,S etc.) [32, 33].

2.2. Towards High Rate LIBs

2.2.1. The Rate-Limiting Steps in a LIB System

During charge, the diffusion path of Li ions from cathode to anode can be
divided to many steps:
1. Lidiffusion from the core/bulk of particles of the cathode material to the surface
2. Litransport from the electrode surface to the electrolyte
3. Li diffusion in the liquid electrolyte from cathode side to the anode side through
the pores of the separator.
4. Li transport from the electrolyte to the surface of the anode particle
5. Lidiffusion from the surface to the core/bulk of particles of the anode material
The discharge process is the reverse of these steps. Among these steps, step 3 is not
commonly considered to be a rate-limiting step. Li diffusion in the electrolyte but through
the pores in the electrode is now being viewed as a rate-limiting step. The Li self
diffusion coefficient (Ds) in various organic solvent-based liquid electrolyte systems have

been studied by field gradient NMR. For example, the Ds of Li in LiPFs-PC electrolyte
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varies from 1.32x10™° m?s to 2.04x10™° m?s, depending on different concentrations
[34]. The Ds of Li in LIiPF6-EC/DMC (2:8) system was reported to be in the order of
10" m%s too [35]. During charge/discharge, the Li transport in the electrolyte is mostly
ascribed to the electric field gradient driven migration, which is much faster than
self-diffusion, therefore, although the above numbers are in the same order of magnitude
as those of anodes and cathodes, the rate-limiting steps are more on the electrode side,
especially at high rates.

Between the anodes and cathodes of LIBs, the Li diffusion in anodes is usually
faster. For example, in graphite, the widely used anode material in commercial LIBs, the
Li diffusion coefficient is 3.9x10™° m?/s [36]. As a comparison, LiCoO,, also a widely
used cathode material of commercial LIBs, has a diffusion coefficient of 10 to 10™*
m?/s, as reported by various groups using different measurement methods [37-39] .

lonic conductivity is not the only rate-limiting factor for a LIB system. In step 1
and 2 above, Li diffusion should be associated with corresponding electron transport from
the lattice of the cathode material, through the conductive additives, to the current
collector and outside circuit. Otherwise due to the accumulation of static charges,
overpotential against the charging potential will be built up on the surface, and will
eventually stop the charge current. This is also true for anodes. But on the other hand, the
anode materials, such as graphite, are usually good electrical conductors or
semiconductors. However, the cathode materials, most of which are transition metal

oxides, are somtimes poor electrical conductors. This may in some systems limit the

12



current density on the cathode. Therefore, improving the electrical conducting of the
cathode is very important for improving the cycling rate of LIBs.

In summary, the Li diffusion on the cathode side is believed to be the rate-limit step
in most cases. Improving both the ionic and electrical conduction of the cathode is the

key to the development of the high rate LIBs.

2.2.2. Approaches to Improve the Rate Performance of Cathode Materials

To improve the rate performance of the cathodes of LIBs, various approaches have
been tried previously. A brief summary of some of these approaches is given below:

1. Increase the surface area of electrode, by synthesizing the cathode materials in
nanoparticles [40-44], nanowires [45-48], or other nanostructures [49, 50]. This can
effectively increase the charge/discharge rate of LIBs. However, the increase of the
surface area increases the side reactions of cathode materials and electrolyte/solvents,
thus the capacity retention of the batteries is decreased and the self discharge becomes a
serious problem.

2. Increase the intrinsic Li diffusion. The Li diffusion in the solid frameworks is
determined by the site activation energies and is also closely related to the type and
density of defects. For example, Li(Niy2Mny2)O2 was known as material with poor rate
performance. Kang et. al [51, 52] used ion-exchange method synthesize Li(Niy2Mny2)O,
from a Na(Niy2Mn;2)O, precursor. This materials showed a much higher discharge rate

(up to 6C), than the solid state reaction synthesized Li(Niy2Mny/,)O-. It is thought that the
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ion-exchange synthesis decreases the Li-Ni exchange, therefore facilitates the
Li-diffusion in the 2-D channels.

3. Improvement of the electrical conduction of the cathode. In commercial LIBs, it
has been a routine to add small amount (3%-8 wt %) of conductive additive (commonly
carbon black) in the cathode composite to facilitate the electrical conduction. It is
possible to largely increase the cycling rate of LIBs by adding a large amount, e.g.
30-70wt%, of carbon black to the cathode composite. However, this will also greatly
lower the energy and power densities. Other materials of good electrical conductivities,
such as carbon nanotubes [53-56] and metal nanowires [57], have been used as
conductive additives instead of carbon blacks in order to form a better conductive 3-D
network with taken up much less volume and weight percentages of the overall electrode.
Carbon or metal coating on the particles of cathode materials has also been extensively
studied, especially for the cathode materials with poor electrical conductivities, such as
LiFePOs. In very recently work, Kang and Ceder [58] applied a phase-segregation caused
coating on non-stoichiometry LiFePO,4. This greatly improved the rate capability of
LiFePO,. A cycling rate as high as 600C was achieved, but only when using high carbon

content.
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2.3. High Rate Cathode Materials

2.3.1. LiCo0O; and Layered Oxides

Goodenough et al. first reported the use of LiCoO; as a cathode materials in 1980
[20]. Ever since its first use in commercial LIBs by SONY Co. in 1991, LiCoO, has been
the most popular cathode material for LIBs. The crystal structure of LiCoO, is shown in
Fig. 1.6. The Co-O octahedra form 2-D layers by edge-sharing and stacking in an
ABCABC sequence, with Li-O octahedra residing between these layers through
edge-sharing with the Co-O octahedra. Li can diffuse through the octahedral sites in the
lithium layer. However, the activation energy for Li diffusion through a tetrahedral
intermediate site to the Co layer is much higher. Therefore Li diffusion in this kind of
layered material is typically the 2-D diffusion.

The theoretical capacity of LiCoO; is 274 mAh/g, if all the Li in the formula can be
removed. However, in practice, only about 50% of the total Li can be reversibly
deintercalated and intercalated. This is due to the irreversible phase transition when more
than 50% Li is extracted [59-64]. Therefore, the practical capacity of LiCoO, is about
130-140 mAh/g, with a working voltage window of 3.5-4.2 V. LiCoO, performs stably in
LIBs and shows long cycling life. But because Co is expensive and toxic, many other
transition metals were used to replace Co or to dope for Co in the layered structure. Many
lithium-transition metal compounds isostructural to LiCoO, or with similar layered

structures have been studied, e.g., LiNiO,, LiMnO, LiNiggC0¢ 205, LiNiy2Mny,0,, and
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Li(Niy3C013Mny3)Oo.

LiNiO; is isostructural to LiCoO, and shows higher practical capacity than LiCoO,
[21]. However, the Li intercalation reaction for LiNiO; is not as reversible as LiCoO..
This is because quite an amount (~3%-12% [65-67]) of Ni site-exchanges with Li
blocking the Li diffusion in the 2-D channels. The Mn-doped compound, LiNiy2Mny,0;,
has similar problems and shows poor high rate capacities. Kang et al. improved the rate
performance of this compound by eliminating Ni-Li exchange in the layers. For LiCoO,,
the Co-Li exchange is very small, which is also a reason for LiCoO, showing better rate
performance than these two other compounds. The other multi transition metal-doped
compound, Li(Niy3Co1/3Mny/3)O0,, shows good rate performance. It is also ascribed to the
relatively lower Ni-Li exchange [68] by decreasing the amount of Ni and increasing the
amount of Co in transition metal layers. Kant et al. also showed that the change on the
cation and the separation between the layers played a very important role in controlling
the activation energy for diffusion.

The 2-D diffusion of Li in the layered materials suggests that the electrochemical
performance of these materials is orientation and morphology dependent. Such
electrochemistry-orientation dependence is very obvious for thin film batteries. In the
work of Kanno et al., a (110) orientated epitaxially grown LiCoO; film, with the 2-D
channels (between the (003) planes) being exposed at the surface of the thin film, gives a
normal charge-discharge curve and good capacity. In comparison, the (003) orientated

LiCoO; film, with the 2-D channels parallel to the surface of the thin film, shows almost
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no capacity [69, 70]. Similarly, for LiCoO, powers, morphology of the particles plays an
important role in their electrochemical performance. Fig. 1.7a shows the schematics of
electrochemically favorable and unfavorable morphologies of LiCoO; particles. For the
hexagonal plate-like morphology, the “active surface”, which is defined as the surface
where Li ion can be extracted from or inserted to the lattice, is on the thin edges of the
particle, and the area is very small. However, the “non-active surface”, i.e., the (003)
surface, is very large. Since Li intercalation reaction can only occur through the active
surface on the edges, this morphology is not electrochemically favorable. On the other
hand, the rod- or wire-like morphologies, with very small (003) surface and large “active
surface”, are expected to be electrochemically favorable. Unfortunately, for LiCoO, and
other layered compounds with hexagonal lattices, the common morphology from solid
state reaction and hydrothermal synthesis is plate-like or rounded hexagonal blocks.
Fig.1.7b shows the typical morphology of LiCoO; synthesized by hydrothermal method,
which shows poor rate performance. Therefore, to improve the rate performance of the

layered materials, morphology control is very important.

2.3.2. LiMn,O4

Because of the low cost and environmental friendliness of Mn over Co, LiMn,04
has been extensively studied as cathode material for LIBs [71]. Fig. 1.8 shows the crystal

structure of LiMn,O,. It has a spinel-type lattice structure, with a 3-D framework formed
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Figure 1.7. (a) Schematics of electrochemically unfavored (plate-like) and favored
(rod-like) morphology morphologies of layered LiMO, materials. (b) Morphology of
LiCoO, synthesized by a hydrothermal method. The (003) face of one hexagonal particle
is marked
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by edge-sharing Mn-O octahedral. Li sits in the tetrahedral interstitial sites. Because it
has a cubic (space group Fd-3m) lattice, Li diffusion in this material is through the 3-D
channels and thus is isotropic. This 3-D style diffusion is expected to be more capable of
high rate cycling than the 2-D type. However, this material shows some problems on
cycling. First is the Mn dissolution in the electrolyte. This has a large effect on the
cyclability, especially at elevated temperatures (e.g., 55 °C) [72, 73]. The theoretical
capacity of LiMn,QO, is only 120 mAh/g, lower than the layered compounds. This is
because the reaction of Li with LiMn,O4 to form Li,Mn,O,4 is associated with the
Jahn-Teller distortion of Mn**and this reaction cannot be used in a practical LIB. In fact,
due to this problem, the practical capacity of LiMn,0O, is only 110 mAh/g, since dopants

are added to prevent the Jahn-Teller distortion occurring on deep discharge [74, 75].

2.3.3. LiFePO,

The application of LiFePO, as a cathode material for LIBs was first reported by
Goodenough and co-workers in 1997 [25]. The framework of LiFePO, and its delithiated
phase, FePOy,, are shown in Fig.1.9 [25]. Both belong to the tetragonal space group Pnma,
and only differ slightly in cell parameters in order to accommodate the occupation of Li
ions. The intercalation/deintercalation of Li into the framework is almost 100% reversible.
However, when first reported, the electrochemical performance of LiFePO,, especially its

cycling rate, was poor due to its low electronic conductivity. Armand and coworkers [76],
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Figure 1.9. Structure of (a) LiFePO, and (b) FePO,4. PO, and FeOg groups are shown
in light tetrahedra and dark octahedra, respectively. Li atoms are shown as black
spheres.
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Chiang and coworkers [26] and Nazar and coworkers [28] improved the capacity and rate
performance of LiFePO, by making it nanocrystalline and by using carbon coating to
improve its electronic conductivity and possibly via doping, although this has generated
considerable debate. Recently, Kang and Ceder [58] reported a surprising improvement of
the rate performance of LiFePO,. They used a non-stoichiometric ratio of Fe to P in the
starting materials to grow a very thin coating layer on the surface of the LiFePO,
nanoparticles by phase-segregation upon heat treatment. This coating layer contains
highly ionic and electrical conductive species such as FeP and Li,FeP,0O;, which they
proposed facilitated Li transport in the batteries. A constant 60C cycling without obvious
capacity fading and a highest rate of 600C were demonstrated using this material as
cathode in the LIBs. This result may further open up the possibilities of using LIBs as
power sources for plug-in EVs, or for applications where supercapacitors have
traditionally been used.

Although LiFePO,4 has a 3-D framework, both theoretical calculations [77, 78] and
experimental observations [79] show that Li diffusion in LiFePQ, is 1-D type, through
the channels along b direction. This suggests that the rate performance of LiFePO, may
also depend on the morphology of its primary particle. Its rate performance may be

further improved by controlling the morphology of the particles.
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3. Objectives and Outline

The objective of this dissertation work is to improve the rate performance of the
cathode materials of LIBs (mostly the LiMO, type cathode materials) by control their
particle size and morphology. To achieve this goal, three parts of research work were
carried on: (1) the design and development of synthetic methods which allow readily and
effective control on both particle size and morphology of the cathode materials; (2) The
structural and electrochemical investigation of the synthesized cathode materials, which
provides better understanding of how particle size, morphology, and structure (long range
and local structure) affect their electrochemical performances, especially their rate
performances; (3) the investigation of the growth mechanism of cathode materials in
solution under different conditions (molten flux, hydrothermal, etc.). The overall
methodology of this dissertation is summarized in Fig. 1.10.

In Chapter 2, the new co-preicipitation synthetic method will be discussed. The
electrochemical performances of LiCoO; and other layered compounds obtained by using
this method will be studied. As a model compounds, LiCoO,, with nanoparticles, is
carefully investigated on its long range and local structures, both as-synthesized and upon
cycling, by using comprehensive analytical methods such as synchrotron XRD, NMR etc.

In Chapter 3, the molten salt synthesis and the novel nanostructure of LiCoO;
synthesized by using this method is investigated. The growth mechanism of this unusual
morphology of LiCoO; is also discussed.In Chapter 4, the hydrothermal synthesis method

and a unique morphology of LiCoO, obtained by using this method is studied. The
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growth mechanism is proposed based on crystallographic possibilities and is proved by

combined analytical techniques.
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Figure 1.10. Summary of the experimental strategies of this dissertation work.
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ABSTRACT

LiCoO, samples with tunable particle sizes ranging from ~10 nm to
sub-micrometers were synthesized by using a co-precipitation method. Synchrotron
X-ray diffraction was used to monitor the structural changes of LiCoO, with 100 and 300
nm average particle sizes in situ during the electrochemical charge/discharge cycle. The
phase evolution of nano-LiCoO, was found to be different from that of bulk LiCoO; and
is size-dependent. 'Li MAS NMR was used to study the insulator-metal transition of
nano-LiCoO; during charge. A self-discharge process was identified that is significant for
the nanoparticles. Electron microscopy was used to study the microstructure change of
highly charged nano-LiCoO,. The appearance of huge concentrations of lattice

dislocations reveals one of the origins of the capacity fade.
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1. INTRODUCTION

One strategy that has been widely explored in recent years to increase the rate
performance of lithium ion batteries (LIBs) is to use nanoparticles, nanowires and
nanostructures as cathode or anode materials. Many synthetic methods have been used to
obtain nanometric samples of the cathode materials, mostly lithium transition metal
oxides (The recently-developed olivine phosphates and binary compounds as conversion
type cathode materials will not be discussed in this chapter, but represent important
classes of electrode materials where the size appears to play a significant role in
controlling capacity reversibility). The common methods used include: sol-gel,
hydrothermal/solvothermal, CVD (chemical vapor deposition), template synthesis and
thermal hydrolysis. The “mixed-hydroxide” method [1] has been widely used in lab-scale
syntheses of various lithium transition metal oxides. By using this method, molecular
level mixing of transition metal cations in the layered double hydroxide (LDH)
precursors is achieved. However, the usual mixed hydroxides method is still not a good
method to synthesize nanoparticles. This is due to (i) the significant agglomeration of the
LDH nanoparticles that can happen in aqueous solutions, (ii) high calcination temperature,
that is required for the reaction of the Li salts with the precursors, which results in large
particles. Here we use another relatively straightforward approach to prepare smaller
particles: we use organic solvents, such as ethanol or acetone, instead of water, to make

the mixed-hydroxides precursor [2]. By using this method, nanoparticles of a series of
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compounds, such as LiCoO,, Li(Ni;»2Mn;,)0,, Li(Ni;3Co13Mn;3)O, were obtained. The
size and morphology of the particles can be controlled by tuning the calcination
temperature and time. The as synthesized materials were tested in experimental coin cells
and many of them show excellent high rate performances.

LiCoO; was selected as a model compound to study the possible size-dependent
electrochemical properties of layered LiMO, (M=transition metals) compounds. In situ
synchrotron XRD was used to study the long range structural changes of LiCoO, with
different particle sizes during the charge/discharge processes. Ex situ 'Li MAS NMR was
used to study the local structural changes of these samples and in situ static 'Li NMR was

also use to follow the local structure changes in real time.
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2. EXPERIMENTAL

2.1. Synthesis

In a typical synthesis (shown in Fig. 2.1), ethanol-soluble lithium salts and cobalt
salts such as LiNO3; and Co(NOs), were dissolved in absolute ethanol to form a clear,
reddish solution. The solution was slowly added into a 3 M KOH in ethanol solution
under vigorous stirring. A dark green slurry was initially formed which gradually turned
to dark brown. The slurry was filtered and dried to obtain the solid precursor, which
contains mixed metal hydroxides (LiOH and Co(OH),) and some potassium salts. The
precursor was then calcined in air in a box furnace for 5-24 hours at various temperatures
from 400 to 600°C. The product was cooled down to room temperature and washed with
distilled water three times to remove the potassium salts impurities. The final product was

dried at 80°C overnight.

2.2. Sample characterization

The dried samples were characterized by using a Scintag (PAD-X) X-ray
diffractometer or a Rigaku Miniflex X-ray diffractometer to check the phase purity. Cell
parameters were extracted from pattern fitting and calculation by using JADE. "Li or °Li
MAS NMR was used to investigate the stoichiometry of LiCoO, samples and the local

structure of other samples.
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Figure 2.1. Schematics showing the co-precipitation synthesis procedure.
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2.3. Electrochemical tests

The positive electrode mixture for electrochemical experiments was made with
LiCoO; samples mixed with poly-vinylidene fluoride (PVDF) binder and acetylene black
(6:1:3 wt %) in N-methyl pyrrolidone (NMP) to make thick slurry. The slurry was
deposited on an aluminum foil by the doctor-blade method and dried at 80 °C overnight.
Coin cells (CR2032, Hoshen Corp.) were assembled in an argon-filled glove box. Each
cell typically contained 3-8 mg of active material, separated from the Li foil anode by a
piece of Celgard separator (Celgard, Inc., U.S.A.). A 1 M solution of LiPFs in ethylene
carbonate/dimethyl carbonate (1:1) was used as the electrolyte. Galvostatic
electrochemical experiments were carried out with an Arbin Instruments (College Station,

TX) battery cycler at various rates.

2.4. In situ Synchrotron X-ray Diffraction Experiments

The in situ cell used for the synchrotron XRD experiments is shown in Fig. 2.2.a.
Fig. 2.2b shows the schematics of the construction of the cell [3]. The cell was assembled
in an argon-filled glove box. Li foil, Celgard separator and cathode film (all pre-soaked
with electrolyte) were put in sequence in the middle of a kapton tape lined aluminum
plate. Then the other kapton tape lined aluminum plate was put on top of the assembly
and was carefully aligned so as to avoid a short circuit. An insulating rubber O ring was
put in between the Al plates to seal the cell and keep it air and moisture free. Screws on

the edges were used to seal the cell and also to generate sufficient pressure to make good
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contacts between the different components. The cell was connected to an electrochemical
cycler and mounted on a goniometer and aligned on the diffractometer at the beamline
station, allowing the X-ray beam penetrate through the middle of the kapton window
perpendicularly without hitting any part of the Al frame. The cell was cycled at a specific
rate/current, set by the cycler, and the diffraction patterns were collected at the same time
by using a 2D image plate or position sensitive detector (PSD). These experiments were
carried on at beamline X7B and X18A at the National Synchrotron Light Source located
at Brookhaven National Laboratory. A wavelength ~0.92 A and a typical sample-detector

distance of 180mm were used.

2.5. "Li NMR Experiments

'Li NMR experiments were carried on using a Chemagnetics 4.7 T magnet
controlled by a CMX200 spectrometer. A 1.8 mm fast spinning probe, a 4 mm probe and
a 4 mm static probe were used. The pristine LiCoO, samples were dried at 80°C
overnight before being packed in the rotors. The electrochemically delithiated LiCoO,
was prepared as follow: A CR2032 coin cell was used to cycle the LiCoO, samples with
Li foil as the anode. The cell was charged at rate of C/10 or C/20 and was stopped when a
certain amount of Li, for example, 10%, was deintercalated from nano-LiCoO,. The
deintercalated Li amount was determined from the theoretical capacity of LiCoO, ( 274
mAh/g ), assuming 100% columbic efficiency. Electrochemically delithiated LiCoO,

samples were recovered from batteries in an Ar-filled glove box right after they were
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stopped at desired SOC (state of charge). The cathode film was dried at room temperature
after washing with DMC or was used as is, depending on the experimental requirements.
The spectra were collected using a rotor synchronized Hahn Echo pulse sequence and a 3
us /2 time was used. The typical pulse delay was 0.5 s for pristine samples and 1 s for

charged samples.

2.6. Electron Microscopy Experiments.
The TEM samples of pristine nano-LiCoO, were prepared as follows: the
pristine nano-LiCoO, powder was dispersed in absolute ethanol and ultrasonicated for 5
minutes to reduce the agglomeration of the fine particles. One drop of this suspension
was dropped onto a lacey carbon thin film coated 400 mesh copper grid and the grid was
dried at room temperature. To prepare the TEM sample of the charged LiCoO,, the same
procedure as described above for NMR experiments was used, except that after the cell
was dissembled, the LiCoO, powder was scratched from the Al film, dispersed in DMC
and ultrasonicated in the glove box. The dried copper grid with sample on it was kept in a
glass vial until it was put in the pre-vacuum chamber of the TEM.
The low resolution TEM images were collected using a Philips CM12 TEM. The
high resolution images and corresponding electron diffraction patterns were collected

using a JOEL 4000 and a JOEL 2100F HRTEM.
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Figure 2.2. (a) Photo of an in situ cell; (b) Schematics showing the cross section of the in
situ cell.
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3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Pristine LiCoO, Particles
3.1.1. X-ray Diffraction

The mixed-hydroxides precursors containing LiOH, Co(OH), and precipitated
Li/K salts, formed using the procedure shown in Fig. 2.1 were dried overnight at 80°C.
Phase-pure LiCoO, products were obtained by firing the precursor powder in air at
various temperatures (400-650°C) and washing with distilled water to remove the excess
Li/K salts. Fig. 2.3 shows the XRD pattern of LiCoO, sample prepared at various
temperatures for different times. Cell parameters a, ¢ and the c/a ratio extracted from the
XRD reflections for different samples are listed in Table 1. These cell parameters are
consistent with that reported by Okubo et al [4]. The particle size are also calculated from
the FWHM with the Debye Scherrer equation and listed in Table 1. The results show that
the particle size can be readily controlled by changing the calcination time or by
annealing the sample at various temperatures. Sharper and intense reflections are seen for
the samples calcined at higher temperature for longer heating times, indicating the
increase of particle size and crystallinity. By this method, the particle size can be
controlled to vary between 10 nm (400°C) to sub-micrometer range with a good size
distribution (also see TEM results in next section). Slow cooling and quench experiments
were also done to see effect of cooling on the morphology, but no significant differences

were observed.
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Figure 2.3. XRD patterns of LiCoO, prepared at various temperatures and reactions
times. From bottom to top: 400 °C, 10 hr; 500 °C, 10 hr; 600 °C, 5 hr; 600 °C, 12 hr; 600
°C, 24 hr; and 600 °C, 48 hr. Reflections are indexed to a R-3m space group and labeled
in parenthesis.
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Table 1. Cell parameter and averaged particle size from XRD of LiCoO; samples

synthesized at various temperatures and times

Sample a(A) c(A) cla Particle size (nm)
600°C, 48 h 2.81(45) 14.05(06) 4.99 84
600°C, 24 h 2.81(46) 14.04(94) 4.99 80
600°C, 12 h 2.81(76) 14.12(37) 5.01 79
600°C, 5 h 2.81(35) 14.04(85) 4.99 34
500°C, 10 h 2.80(79) 14.06(42) 5.00 14
400°C, 10 h 2.81(65) 14.05(14) 4.99 8
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Figure 2.4. 'Li MAS NMR of LiCoO, samples obtained using Li:Co ratios of (a) 1.2:1, and
(b) 1.4:1 for the starting materials, and fired at 600 °C for 5 hr.
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To obtain a further understanding of this synthetic method, the effect of other
experimental parameters, such as starting materials, solvents, Li:Co ratio etc. were also
explored. Nitrates (LiNO3; and Co(NOs3),.6(H»0)) and chlorides (LiCl and CoCl,) were
used as the starting materials respectively to study the effect of starting materials. The
results show the chlorides and nitrates starting materials combinations can produce
phase-pure LiCoO,, but the chlorides starting materials sometimes give products with a
small amount of Co304 impurity. One possible reason for this is the lower solubility of
chlorides in comparison to nitrates in ethanol is smaller and the competitive adsorption of
these chlorides makes it harder for LiOH to fully precipitate and mix with Co(OH),.

The Li:Co ratio was found to be the most critical factor to obtain phase pure and
stoichiometric LiCoQO,. Calculations based on the solubility of LiOH in water and ethanol
indicates that the ideal Li:Co ratio in starting materials is 1.3-1.4:1 when the
concentration of the starting materials is 3 M and100 ml ethanol is used as solvent. 'Li or
SLi NMR is very sensitive to the slight change of the stoichiometry of LiCoO, because
defects due to either excess Li or Li-deficiency result in different local environment for
Li near the defects. Thus result in a series of characteristic Li resonances, even though
defects do not lead to significant changes in the XRD reflections [5-9]. Fig 2.4 shows 'Li
MAS NMR of LiCoO, samples obtained with different starting material Li:Co ratios,
fired at 600°C for 5 hours. The sample with Li:Co ratio=1.2:1 shows obvious
characteristic resonances for Li-deficient Li;«CoO, at 33 ppm, -7 ppm, 16 ppm etc. [5-9].

In contrast, the sample with Li:Co ratio=1.4:1 shows only one diamagnetic resonance
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expected for stoichiometric LiCoO,. (This ratio is used to synthesize the samples
investigated in this chapter) Samples calcined at 500°C wer also investigated and again
the NMR showed to be dependent on the Li:Co ratio in starting materials. The results
from the experiments were consistent with the calculation within a reasonable range,
although in the experimental case the dissolving-precipitation equilibrium is more
complicated. This results show that it is possible to control the stoichiometry of LiCoO,
prepared by using this method, and the preliminary results shown above indicate that

quality control of the starting materials and the solvents is very important.

3.1.2. Transmission electron microscopy (TEM)

TEM was used to investigate the morphology and particle size of LiCoO, samples.
Fig. 2.5 shows TEM images of LiCoO, nanoparticles obtained by using the
co-precipitation method. The typical morphology of a sample calcined at 500°C for 10
hours is shown in Fig 2.5b. The particle size ranges from 50-100 nm. Analysis of multiple
TEM images of this sample shows that the dominant morphology of the primary particle
is rod-like. Fig 2.5 d shows a high resolution TEM image of the same sample. The
spacing of the fringes shown in this figure is 0.47 nm, which correspond to the d-spacing
of the (003) planes of LiCoO,. This morphology is uncommon for micrometric LiCoO,
obtained from mixed hydroxide and hydrothermal methods [10, 11], in which thin
hexagonal plates are usually seen, or high temperature solid state reaction [12, 13], in

which rounded and truncated short hexagonal blocks are typically seen. The heating
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Figure 2.5. TEM images of LiCoO, nanoparticle samples synthesized at different
temperature: (a) 400 °C, 10 hours, (b) 500 °C, 10 hours, (c) 600 °C, 10 hours, and (d) high
resolution image of the sample shown in (b).
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temperature was varied to study its effect on the size and morphology of LiCoO,. The
particle size of the sample synthesized at 600°C is about 100 nm; the particle size for the
sample synthesized at 500°C is from 50-80 nm; when the calcination temperature is
lowered down to 400°C, the particle size is very small, even less than 10 nm, as shown in
Fig. 2.5a. (also see Table 1.) Thus the calcination temperature plays a very important role
in controlling the particle size of LiCoO,. When the calcination temperature is high, e.g.
600°C and above, other than the rod-like particles, hexagonal plate-like particles are seen.
As the calcination temperature increases or the heating time increases, more plate-like
particles and fewer rod-like particles are formed. While at lower temperatures, e.g.
400-500°C, more rod-like particles are obtained. The 400°C sample shows a smaller
aspect ratio than the 500°C sample, the particle resembling small cubes or bricks. Thus,
although the thermodynamically stable morphology of LiCoO, at high temperature
appears to be hexagonal plates, by this co-precipitation method, we can achieve a control
over the growth kinetics to obtain the metastable morphologies, the cube/bricks and the
rods, which we believe may be electrochemistry preferred morphologies. We will explore

this hypothesis in next sections.

3.1.2. Li(Nil/zMnl/z)Oz and Li(Ni1/3C01/3Mn1/3)02
Cathode materials other than LiCoO, were also prepared by this method. Fig. 2.6
shows the XRD patterns of materials with nominal stoichiometry Li(Ni;»Mn;;,)O, and

Li(Ni;3Co1,3Mn;3)O, prepared at 600°C. The very broad reflections imply very small
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Figure 2.6. XRD patterns of Li(Ni;»Mn;;)O; and Li(Ni;;3Co;3Mn;;3)O0; synthesized
under different conditions. Black streaks indicate the calculated position and relative
intensity of Li(Ni1/3C01/3Mn1/3)02 XRD reflections.
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particle sizes. The particles of these two compounds are even finer than LiCoO,. This is
ascribed to the smaller particle/clusters formed by Ni(OH), and Mn(OH), in the ethanol
solution.

The fact that this non-aqueous system co-precipitation method gives finer particles
than the usual mixed hydroxides method for all the materials showed here is ascribed to
following reasons: 1. In ethanol or acetone, LiOH is not soluble and is co-precipitated out
together with the LDHs. This makes a very good mixing of LiOH and the LDHs, and
allows them to react at much lower calcination temperature and a shorter time being
reqired for complete reaction. 2. The agglomeration of the precursors, which is caused by
formed by surface bonding, such as hydrogen bonding and electrostatics, between the
neighboring particles, is decreased due to a significant decrease of the polarity of the
organic solvents compared with aqueous solution. The agglomerated particles can growth
rather quickly when they are dried at temperature even as low as 80°C. This may be due
to formation of increased bonding between the particles, instead of bonding with
hydrogen bonds, between the particles, which is due to the dehydration on the surface.
Fig 2.7 shows XRD pattern of Co(OH), obtained in ethanol and aqueous solutions. It is
very obvious that the sample produced in ethanol is much finer, showing much broader
diffraction peaks. The variation of the peak widths is due to the isotropic particle shape,
which is common for LDHs [14]. 3. Li/K salts/hydroxides are adsorbed on the surface of
the mixed hydroxides. The side products of the precipitation reaction are Li/K salts.

These salts, especially chlorides, are not very soluble in ethanol. And because no washing
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Figure 2.7. XRD patterns of Co(OH), obtain from titration in aqueous solution and
ethanol solution
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procedure was performed after filtering, given that washing by either ethanol or distilled
water can cause LiOH loss in the hydroxides mixture, some Li/K salts remain in the
mixture and presumably cover the surface of the hydroxides. The weight ratio of these
salts to the “real” precursors is estimated to be about 2:1, by comparing the actual weight
of the precursor and the theoretical weight of the LIOH-Co(OH), mixture. These salts are
mostly low melting Li/K nitrates or hydroxides, and in the following calcination process,
they form thin layer of highly viscous molten salts around the particle, thus effectively
preventing the fast growth of nanoparticles at elevated temperatures. This result is
consistent with the molten salts synthesis reported by various groups [15-27], where large
amount of molten salts were used to mediate the reaction and nanometric or
submicrometric LiIMO, particle were obtained. The growth of LiMO, crystals in molten

salts will be discussed in detail in the next chapter.

3.2. Electrochemical tests

Electrochemical tests have been carried out with LiCoO;, Li(Ni;»;Mn;;)O; and
Li(Ni;3Co1/3Mny/3)O; samples. Fig. 2.8 shows the cycling capacity of LiCoO, sample
calcined at 600°C for 10 hours and, as a comparison, the cycling capacity of commercial
LiCoO; (Sigma-Adrich) is also shown (for simplicity, the LiCoO, samples synthesized by
using the co-precipitation method is denoted as nano-LiCoO; in the rest of this thesis).

Nano-LiCoO, shows a 131 mAh/g capacity at the first discharge at a cycling rate of 7C
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between a voltage window of 4.2-2.5V (The practical capacity, 138 mAh/g, e.g. 50% of
the theoretical capacity of LiCoO; is used to define the C-rate; nC=1/n hour charge or
discharge). Although capacity fade is seen for continuous cycling (with no high voltage
holding and no relaxation time between cycles), the retention is still good, at least at the
first a few cycles. The rate performance of this LiCoO, sample is better than reported by
Okubo et al.[4], where the used LiCoO, particle has an even smaller particle sizes (~17
nm) and, correspondingly, a much large surface area. This can be ascribed to the different
morphology of our nano-LiCoO, In the work of Okubo et al., LiCoO, was synthesized
from a CoOOH precursor and by ion-exchange under hydrothermal conditions. The
particle morphology is most plate-like. But for our LiCoO,, as shown in Fig. 2.5, the
dominant morphology is rod/brick-like. As discussed in Chapter 1, a large active surface
area of the cathode will facilitate the Li exchange between electrode and electrolyte. This
morphology is presumably very good for the Li intercalation and deintercalation
reactions, since large surface perpendicular to (003) planes are exposed. Capacity fade is
observed both in Okubo el al.’s and our work. This is probably due to the side reactions
of LiCoO,, with electrolyte/organic solvents, which is not a significant problem for
micrometer sized LiCoO; but is more pronounced for nanometer sized LiCoO,.

Although as shown in Fig. 2.6, all Li(Ni;»Mn;;»)O, and Li(Ni;;3Co;13Mn;3)0;
samples show XRD pattern of a single phase of a typical layered structure (R-3m), °Li
NMR spectra show that the local structure of these samples are not homogenous. Fig. 2.9

shows the °Li MAS NMR of Li(Ni;2Mn;,2)O, and Li(Ni;;3Co13Mny/3)O,. They show
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Figure 2.9. ’Li MAS NMR of Li(Ni;»2Mn;,)O, synthesized at 600°C, 10 hours and
Li(Ni;;3Co13Mny/3)O; synthesized at 400°C and 600°C, 10 hours.
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different resonances than that reported by Grey and coworkers for bulk Li(Ni;»Mn;,)0;
[28-32] and Li(Ni;;3Co13Mn;3)0, [33-35]. For nano- Li(Ni;»Mn;;)0, the broad
resonance at around 750 ppm is assigned to the overlap of many resonances from Li in Li
layers and the smaller resonances at about 1500 ppm are assigned to Li in transition metal
layers and surrounded by 5 Mn and 1 Ni or 6 Mn based previous works by Grey and
coworkers [31, 32]. The new resonance that was not seen in previous studies at 150 ppm
is assigned to be Li in lithium layer in a layered LiMnO, (i.e. Mn’") like environment
based on the work reported by Lee et al. [36-40] for LiMnO, and LiMn,0O4 materials. For
Li(Ni;3Co1/3Mny/3)O,, beside the broad resonance at around 450 ppm representing Li in
Li layers, which is consistent with that reported by Yoon et al [33-35] for micrometric
Li(Ni;5Co1/3Mny/3)O;, there are also a sharp resonance at 68 ppm and a weaker resonance
at 0 ppm. The 68 ppm resonance is also similarly ascribed to the LiMnO,-like
environments based previous work by Lee et al.; while the 0 ppm resonance is ascribed to
Li in diamagnetic LiCoO»-like local environment since Co®" is diamagnetic. These results
imply a poor mixing of the transition metals at a local level in the transition metal layers,
since for long range structure, no separate LiCoO, or LiMnO, phase is able to be
distinguished by XRD. This also indicates the presence of Mn(IIl) and, correspondingly,
as required by charge balance, Ni(Ill) in these nanometric Li(Ni;»,Mn;»)O, and
Li(Ni;5Co13Mn;3)O, samples. This is different from those reported for bulk
Li(Ni;2Mn;2)O, and Li(Ni;;3Co013Mny3)O2, in which Ni and Mn present as Ni(II) and

Mn(IV) [41]. The presence of Mn(III) and Ni(III) is very likely due to the relatively low
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calcination temperatures. As a result, there may be less Ni-Mn clustering in these
compounds. The °Li MAS NMR spectrum of a sample of Li(Ni;3Co1,3Mny/3)O; prepared
at an even lower temperature, 400°C, is shown in Fig.2.9¢c. Comparing it with the 600°C
sample, the resonances from LiCoO; and LiMnO, like environment are even more
pronounced. These result implies that the reaction from mixed hydroxides precursors
(M(OH), )to LiMO., is a complex process rather than a one-step oxidation reaction like
what happens for Co(OH), when oxidized to LiCoO,. Phase segregations, caused by the
thermal decomposition of the hydroxides, may occur and the corresponding oxides of the
transition metals, such as NiO, Co3;04 and Mn3;04, may be formed as intermediate phases
during the calcination. To have a random distribution of transition metals in the transition
metal layers, high temperature calcination or annealing is needed. Li(Ni;»Mnj;)O;
showed a relative low capacity presumably due to the structural inhomogeneous
discussed above. This also might be ascribed to the presence of some NiO impurity phase
in the sample, whose characteristic XRD reflections largely overlap with the very broad
Li(NixMny)O, reflections and can not be readily distinguished. This impurity is present
due to the incompletion of the reaction at low temperature. However, at high
temperatures (above about 650°C), normally Li(Ni;»,Mn;;)O;in nanometer size is not as
stable as LiCoO; or Li(Ni;;3Co1/3Mny/3)0;. It tends to decompose, therefore forms NiO.
The synthesis conditions for Li(Ni;xMn;»)O, by this method need further optimization.
Li(Ni;5Co1/3Mny/3)O; shows good high rate capacities. As shown in Fig 2.10, it gives

165mAh/g discharge capacity at ~1C rate and 120 mAh/g capacity at ~5C in the cycling
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window of 2.5-4.3V. High-low rate alternately cycling capacity test shows that most of
the capacity can be recovered by low rate cycling. The difference between
Li(Ni;2Mn;2)O, and Li(Ni;3Co13Mny3)0; is that more Co can stabilize the layered
structure and prevent the phase segregations of the mixed transition metal hydroxides
upon heating. So that a perfect layered structure can be formed at relative low
temperatures, therefore it gives better electrochemical performances. We believe that by
further optimization of the synthetic conditions this nanometric Li(Ni;;3Co;,3Mn;3)O; can

be largely improved.

3.3. In situ XRD experiments

The phase evolution of LiCoO, upon charge has been reported by several groups
and was largely consistent with each other, although different notations of the phases
were used. Fig. 2.11 shows the phase diagram of LixCoO, upon charge reported by
Ohzuku et al. [42]. Three phases with different lattice type are shown in the figure with
the ranges in which they exist labeled by the black arrows. For clarity, the notations of the
phases that we are going to use in this thesis work are also shown on top of this figure,
where H stands for hexagonal phases, M stands for monoclinic phases and O3 and O1
indicate the stacking of the close packed O layers (ABCABC or ABABAB).

Amatucci et al. [43] firstly reported the full phase evolution of LiCoO; from the
pristine phase to the end member, CoO,, from their in situ XRD experiments as follows:

H1 - H1+ H2-> H2-> MI (at x~0.5 in LixCoO;)> H2-> M2-> M2 + H3->H3. Ohzuku
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Figure 2.11 The phase diagram of LixCoO; as function of x and OCV (open circuit
voltage) in the cell, reproduced from reference [42].
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et al. [45] reported a similar phase evolution route. Yang and McBreen reported another
two intermediate phases H2a and Ola appearing in between the H1->H2 [44] transition
and H2->01 [46] transitions (M2 phase was not observed in this experiment). Ceder and
Van der Ven et al. [47, 48] reported the phase evolution route for 0<x<0.4 in LixCoO,
suggested by first principle calculation: O3->03+H1-3->H1-3->H1-3+01, where H1-3
is an ordered phase adopting a ABABCACABCBC stacking sequence.

To study the possible particle size effect on the electrochemistry and phase
evolution of the cathode materials, in situ XRD experiments were performed. Two
samples were chosen to make the cathode film: sample A, LiCoO; prepared at 600°C, 5
hours and annealed at 400°C for 2 hours; and sample B, LiCoO; prepared at 600°C, 5
hours and annealed at 800°C for 10 minutes. The average particle size of sample A and B
are about 100 and 300 nm respectively, based on the statistics from the TEM images. Fig
2.12 shows the charge curve of the two cells. The charge capacity was controlled to be a
bit over the theoretical capacity of LiCoO, to compensate the capacity induced by
decomposition of electrolyte at high voltages and to get as mush as possible Li extracted
from LiCoO,. Fig. 2.13 shows the in situ XRD patterns of sample A and B in 20 range for
6-15° (wavelength used=0.922A) , where the (003) reflection of the pristine LiCoO,
hexagonal phase (O3) is located. The interruptions in the sequence of the patterns are due
to beam dumps. The beam is unavailable at these times because the synchrotron ring
needs to be refilled with electrons (usually every 12 hours). Fig. 2.12¢ shows the in situ

XRD pattern of bulk LiCoO; on charge reported by Yang et al. [44] as a comparison. For
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the nanometric LiCoO, samples prepared here, both of their (003) reflections show first a
gradually shift to lower 20 and then to high 26, indicating an expansion and then a
shrinking of the unit cell along c direction. No obvious peak splitting was observed,
suggesting that the typical HI->H2 transitions and the two-phase region do not occur. To
further clarify this question, FWHM of the (003) reflection and cell parameter ¢ were
measured/calculated from the patterns and plotted in Fig 2.14. For sample B, there is
obvious peak broadening in the range of 0.2 < x < 0.45. This is exactly where the
H1->H2 phase transition usually occurs. This implies the existence of HI->H2 phase
transition but because the broadening of the XRD peaks due to the small particle size and
strong overlap of the H1(003) and H2(003) peaks, the peak splitting was not resolved.
However for sample B, the one with smaller particle size, only a very small increase of
FWHM was seen at around x = 0.2. This indicates a more solid-solution-like behavior for
this sample. The small bump at x = 0.2 may reflect the presence of small amount of larger
particles in the sample. As more Li is extracted, the hexagonal phase remained and no M1
or M2 phase was could be distinguished. At the region near the end of charge, the
hexagonal phase O1 was observed in both samples. A dramatic FWHM increase observed
for both samples. This is possibly due to the domain orientation disorder and stacking
faults, which will be discussed in detail in next section. These results imply that the phase
evolution route of LiCoO; is indeed size-dependent. The smaller the particle size, the
larger the solid solution range and the less the two phase region. For LiCoO, with

intermediate particle sizes, such as sample B, although the M1 and M2 phase were not
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Figure 2.14 a FWHM of (003) peak and cell parameter ¢ of sample A (top) and B
(bottom). The blue solid circles represent ¢ values; the red squares represent the FWHM.
The shaded area corresponds to the time of beam dumps.
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seen, the phase evolution mostly follows the route reported for bulk LiCoO,, given that
the ranges of M1 and M2 are very narrow and they are also sometime not seen for bulk
LiCoO, [46]. The whole phase evolution for LiCoO, with a small particle size, such as
sample A, is more solid-solution-like except for a short range of H1-O1 two phase region
near the end of charge. This larger solid solution range of nanometric materials is also
reported for other electrode materials such as LisTisO;, [49] and LiFePO, [50],

suggesting that this phenomena maybe common for many cathode materials.

3.4. NMR experiments

Pristine and charged nano-LiCoO, were also studied by using ex situ 'Li MAS and
in situ static NMR. Fig 2.15a shows the spectra of ex situ 'Li NMR of LiCoO,
nanoparticles (synthesized at 500°C, 10 hours) charged to different SOD (State of
Charge). Interestingly, the spectra of the charged samples are different from that reported
by Menetrier et al. [8] for bulk HT-LiCoO,, especially for the appearance of the “Knight
shifted” peak. A “Knight shifted” resonance is an indicator of metallic behavior, implies
in this system that an insulator to metal transition has occurred. For bulk LixCoQO,, it first
shows up at x = 0.94 to 0.99 (the exact value depending on the stoichiometry of the
sample [7]), and is associated with the HI->H2 phase transition. Then in the following
two phase region, the 0 ppm diamagnetic resonance and the 60 ppm Knight-shifted

resonance coexist. After x = 0.6, only the Knight shifted resonance is seen and this
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resonance gradually shifts to 100 ppm as more Li is deintercalated. However, for
nano-LiCoO,, the knight shift resonance was not seen until x = 0.6. One possible
explanation for this inconsistency is the fast relaxation and self-discharge of the battery,
so that the sample studied in the ex situ NMR experiment is reduced by reaction with the
electrolyte before the NMR experiment can be performed. To prove this, a series of aging
experiments were performed: 3 cells using nano-LiCoO, as cathodes were charged to
x=0.5 with same current rate, and put into the glove box immediately after the charging
was stopped. The powder were packed in the rotors after: A, no aging time, B, 8 hours of
aging after the cell is disassembled, C, 2 weeks of aging after the cell is disassembled.
Fig. 2.11b shows the 'Li spectra of these samples. Sample A shows a Knight Shift peak at
around 60 ppm and a relatively sharp resonance at 0 ppm, due to the existence of the
diamagnetic species such as dry electrolyte and SEI. As the aging time increases, the
Knight Shift peak gradually shifts towards 0 ppm and the 0 ppm resonance become
broader, which indicates the possible presence of LixCoO, (x~1). The fact that the
Knight-shifted peak is clearly present in the non-aged x = 0.5 sample but disappears after
aging implies that the metal insulator transition might not be delayed in nano-LiCoO,
system, and that the late appear of the Knight-shifted peak in Fig. 2.11a may be due to the
side reaction of nano-LiCoO; and electrolyte, which result in some Li inserted back into
the structure, e.g. the self-discharge behavior of nano-LiCoO,. This is further proved by
in situ static 'Li NMR. The Knight-shifted peak appears at the very beginning of the

charge in the in situ experiments. The detail of the results will be discussed in Chapter 5.
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The self-discharge effect is closely related to the surface area of LiCoO, and it is not
obvious for bulk LiCoQO,. In fact, recent study by Menetrier et al. [7] showed that for very
stoichiometric bulk LiCoO,, the insulator-metal transition also happens at the very
beginning of the charge. The reason why it was observed before at x = 0.94 is because of
both the off-stoichiometry of the sample and very slight self-discharge of bulk LiCoO:..
This self-discharge effect is obviously a drawback for the application of nanometric
cathode materials in LIBs, but many studies have showed that the side reactions between
the cathode materials and the electrolytes can be largely retarded by surface coating or
modification, so it maybe possible to improve the cyclability of the nanometric cathode
materials by surface modification or coating. An example of improving the cycling

performance of LiCoO; by AlF; coating will be discussed in Chapter 3.

3.4. HRTEM experiments

Nano-LiCoO, samples charged to different capacities were studied by HRTEM
and electron diffraction. As discussed before, due to the self-discharge of the battery,
especially the self-discharge at high voltages, even the “fully” charged (charged to 5.3V
and the charge capacity is controlled to be larger than the theoretical capacity of LiCoO5)
LiCoO, does not show a single Ol phase (CoQ,), instead, shows a mixture of O3
(LixCoO,, x < 0.2) and O1 phase, sometimes even in one particle. Fig. 2.16a shows a
HRTEM image of a particle of a “fully” charged LiCoO, sample. In comparison to the

image of the pristine sample shown in Fig. 2.5d, a large numbers of defects were seen,
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Figure 2.16. (a) HRTEM image of a fully charged LiCoO, particle. The green circles
indicate dislocations; (b) the diffraction pattern of fully charged LiCoO; particle, indexed
with [110] zone axis of a O3 structure; (c) the low magnification image of the particle and

(d). The high resolution image of the particle on the square area indicated in (c). Scale bar
in (d) is 2 nm.
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such as the edge dislocations indicated by the circles. Fig .2.16c and b shows the low
magnification image and the electron diffraction pattern of another particle along the
zone axis [110]. Two small cracks are seen on the edge, which are probably due to the
lattice distortion caused by charging. Fig. 2.16d shows the high resolution image of the
area circled in Fig. 2.16¢, where a nanodomain-like feature is seen: The d-spacing of the
planes ((003) of O3 or (001) of O1) varies for each domain, from 4.2 ~ 4.4 A, and in the
domain boundaries, the lattice is obviously distorted. Some edge dislocations are also
seen in this area.

These defects and distortions are ascribed to the structural changes of LixCoO;
from O3 to O1 stacking, e.g. from a ABCABCAB stacking sequence to ABABABAB (or
BCBCBCBC, or CACACACA) stacking sequence of the Co-O octahedrons. Ideally, this
change requires shearing of four layers in every six layers as a repeating unit. Delmas and
coworkers [51] showed that when LiCoO; with O2 stacking, which is thermodynamically
unstable and can only be synthesized by using ion-exchange method, is heated at high
temperatures so that it carries out a O2-O3 transition, shearing of the whole particle and
the appearance the steps on the surface of the particle is seen. This is an example of
accommodating the stacking changes by shearing the whole layers across a particle.
However, under room temperature and during electrochemical cycling, this kind of
shearing of whole particle is not likely to happen. The shearing of the layers is rather
possibly to happen in smaller ranges, e.g. in nanodomains. Ceder et al. [47, 48] proposed

a so-called H1-3 stacking as an intermediate stacking between O3 and O1, where the
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sequence is ABABCACABCBC. In this model, in one unit cell, which is 4 times larger
than the original O3 unit cell along c axis, there are 12 Co-O layers. In one unit cell of
this model, two ABC stacking units are maintained to minimize its structure and energy
difference from the original O3 structure. However, to turn the O3 structure to this
structure, 8 out of total 12 layers still need to be translated or sheared. In fact, for any
transformation from O3 to O1, for example, from ABCABC to ABABAB or BCBCBC or
CACACA or other larger repeating units, 4/6 of the layers always need to be translated
and sheared. From an energy point of view, there are many degenerated configurations of
stacking sequence as the intermediate phase between O3 and O1. For the (110) surface as
shown in Fig 2.16, since Li can be extracted from any part of the surface simultaneously,
and Li can not diffuse through the (003) planes, e.g. through the Co-O octahedrons, each
small domain on the (110) surface can take different pathways to carry out the O3->01
transition independently. For example, in one domain, the stacking sequence can be
ABABAB with its neighboring domain being BCBCBC or ACACAC, or it can remain as
O3 stacking. This will lead to mismatches of the domain boundaries. Fig 2.17 shows the
schematics of transformation from O3 to Ol and the relaxation of the lattice on the
domain boundaries to minimize the distortion. When a repeating unit of ABCABC (0O3)
turns to ABABAB (O1) while its neighbor unit remains ABCABC, the first two layers
remain the same, but rest four layers need to translate their O atoms from the original
places to carry out the stacking change. Fig 2.17a and b shows the translation of O atoms

on the ab planes. In the figure, the O atoms in the O3 domain take A positions. In the
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Figure 2.17. Schematics of a model of relaxation and defects on O3-O1 domain
boundary. (a) On the ab plane, O atoms translate from A to C positions, resulting in
compression on domain boundary; (b) On the ab plane, O atoms translate from A to B
positions, resulting in expansion on domain boundary; (c) View on (110) plane, the O
atoms on the boundary are moved off the ab planes to relax the strain. Expansion shown
in the top two rows correspond to the ab plane translation shown in (b); Compression

shown in the middle two rows correspond to the ab plane translation shown in (a).
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domain on top of it, the O atoms can be translated to either B position (Fig. 2.17 b) or C
(Fig. 2.17a) positions to form O1 stacking. These two kinds of translation result in
compression (a) and expansion (b) of the lattice in the boundary respectively. To relax the
compression, one possible scenario is to push the O atoms on the boundary a bit off the
ab plane, like shown in the middle rows in Fig. 2.17¢. Thus the “local” d-spacing of (003)
plane is increased. Here we define this type of defect as a “-”” defect. Similarly, in the case
of lattice expansion is formed, the relaxation of the O atoms on the domain boundary will
cause the decrease of d-spacing of (003) plane. It is defined as a “+” defect. For
simplicity, in the schematics only 4 O atoms, e.g. two Co-O octahedra near the boundary
for each layer are shown with distortion, but in real case, the relaxation can happen
through several octahedra with slighter distortion for each octahedron. This kind of lattice
mismatch and relaxation appear not only between O3 and Ol domain, but also appear
between the Ol domains with different stacking sequences. For example, this can
between an O1 domain with ABABAB stacking and another O1 domain with ACACAC
stacking. This model may explain the random variation of the d-spacing of (003) plane
shown in Fig. 2.16a and d.

As more Li is extracted, the O1 domains grow and the O3 domains vanish. Also, Li
diffusion over the domain boundaries can cause the movement of the boundary and the
defects. These “+” and ““-” defects can move and may meet at some point. The distortions
can accumulate and, in some extreme cases, when the accumulated distortion is too large

to be accommodated by local d-spacing change, the layers can be broken to release the
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strain. Thus an edge dislocation, as shown in Fig.2.16a is formed. The other possible
route is that the defects move to the surface and accumulate to form microcracks, as the
ones shown by the circle in Fig. 2.16b.

The experiments on the discharged LiCoO, samples showed that most of the
defects disappear as Li is inserted back to the lattice, but there still some defects,
dislocations remaining. The cracks, of course, are not reversible either. As the number of
cycles increase, the microcracks on the edge of the particles can grow towards middle of
the particle and eventually break the particle in pieces. The cracking of the particle can
result in the particle being isolated from the conductive carbon and the increasing
dislocations can block the Li diffusion in the 2-D channels. For long term, this could be
one of the most important origins of the battery fail for the LIBs using LiCoO; as cathode

materials, when cycled to high voltages.
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4. CONCLUSIONS AND IMPLICATIONS

In this work we developed a new synthetic method for lithium transition metal
oxides, the co-precipitation in non-aqueous systems. By using this method, nanoparticle
of LiCoO,, Li(Ni;»,Mn;;,)0; and Li(Ni;3Co13Mn;3)0, with uncommon morphology
were obtained. LiCoO; and Li(Ni;;3Co13Mn;3)O, _nanoparticles showed excellent rate
performances when used as cathodes for LIBs. Although in situ XRD and ex situ NMR
experiments revealed that the self-discharge and the increased side reactions for these
nanoparticles would be problematic for their application in batteries, they are still
promising cathode materials for high rate LIBs since the self-discharge and side reactions
are possibly to be overcome or largely retarded by optimization of heat treatment and
surface modifications [52-56]. The O3-O1 phase transition is shown to be one of the
reasons that cause the capacity loss of LiCoO, when charged to high voltages. This may
be also true for other layered compounds, such as Li(NipsMnys)O, and
Li(Ni;3Co1/3Mny/3)O,, that have O3-O1 phase transition. Therefore it is important to limit
the state of charge of these compounds in the O3 range during cycling to improve the

capacity retention.
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ABSTRACT

A novel nanostructure of LiCoO,, so called a “desert rose” structure, which
resembles the morphology of natural minerals such as Gypsum, is synthesized by a new
synthetic method, the low temperature molten salt method. The reactions in the molt flux
are monitored by ex situ XRD and electron microscopy. A dissolution-reprecipitation
mechanism is proposed to explain the formation of this unusual morphology. Lithium ion

battery using this LiCoO, material as cathode shows excellent rate performances.

1. INTRODUCTION

Lithium ion batteries (LIBs) represent the most popular rechargeable batteries for
use in portable electronic devices such as cell phones and laptops, due to their long cycle
life and high capacity. However, their relatively low charge/discharge rates and safety
concerns have limited their use in applications that require both high power and high
capacity, such as Electric and Hybrid Electric Vehicles. Rate limitations result from a
number of factors including low ionic (Li") and electronic conductivity of the electrode
materials and slow insertion/extraction of Li™ into the cathode, at the cathode-electrolyte
interface. Here we report the synthesis of a new lithium transition metal oxide
nanostructure for the cathode material LiCoO,, by using a molten salts/hydroxides flux

method. Although high temperature (700-900 °C) molten salt syntheses have previously

87



been used to synthesize LIB cathodes [1-13], a much lower temperature flux system was
used here, resulting in a nanostructure with good electrochemical performance at high
rates.

Recent studies of layered cathode materials have shown that both the charge on the
transition metal layers and the interlayer spacing are important in reducing the activation
energies for Li" ion diffusion, resulting in high rate performances [14-17]. A second
approach to high rates involves the synthesis of materials with larger cathode-electrolyte
interfaces, for example, via the synthesis of nanoparticles, nanowires, thin films, and
porous structures [18-22]. This approach is not always straightforward for oxides, and is
often associated with high costs: Generally, high temperatures are required to achieve
phase purity and good crystallinity, while the synthesis of nanostructures and porous
structures is typically achieved at much lower temperatures. Furthermore, both the
stoichiometry and local structure must be carefully controlled to optimize electrochemical
performance. For example, LiCoO,, the most popular cathode material for lower-power
LIBs, is usually made by solid state reaction at 800—1000°C. Attempts to synthesize this
material at low temperatures via hydrothermal methods generally result in the growth of
particles larger than several micrometers [23, 24]. Thus, until now, there are very few
reports of LIB systems that show good capacity retention at high rates [15, 21, 25]. Here
we use a molten hydroxide mixed alkali metal salt flux as the reaction solvent, the much
larger viscosity and dielectric of the eutectic system resulting in particles that are much

finer than those prepared by solid state reactions [26, 27].
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2. EXPERIMENTAL

A representative procedure used to prepare the “desert rose” LiCoO; is as follows.
CsOH.H,0 (2 g), KOH (6 g), LiOH (1 g), and Co(NOs), (0.58 g) were put in a Teflon
container and heated up to 200°C either statically in a muffle furnace or in a oil bath with
vigorous stirring for 5 minutes to 48 hours. After cooling in air, the dark black products
were separated from the eutectic mixture by washing with large mount of deionized water
and filtration. The product was dried at 80°C overnight. The commercial sample of
LiCoO, was obtained from Sigma/Aldrich. The XRD patterns of the samples were
acquired with a bench-top X-ray diffractometer (Rigaku MiniFlex) and by using
synchrotron radiation X-Ray diffraction at the Beamline X7B at the National Synchrotron
Light Source (NSLS) located at Brookhaven National Laboratory (BNL). Cell parameters
of a =b = 28182, and ¢ = 14.0821 A, (Wg, = 2.21%) were obtained by Rietveld
refinement, which are slightly larger than those reported for micrometer-sized LiCoO,,
(typically a = b = 2.812-2.816 and ¢ = 14.03-14.06 A), but consistent with cell
parameters reported previously for LiCoO; nanoparticles [25]. SEM and TEM were
performed by wusing LEO-1550 field-emission and JOEL—4000 high resolution
microscopes, respectively. TEM was use to obtain the 2-D lattice image and single crystal
electron diffraction patterns of the samples. EDAX measurements showed only peaks due
to Co and O; Li is not observable with our detector window on the SEM. Electrochemical

experiments were performed with LiCoO, samples mixed with poly-vinylidene fluoride
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binder and acetylene black (6:1:3 wt %) in N-methyl pyrrolidone (NMP) to make a thick
slurry. The slurry was deposited on an aluminum foil by the doctor-blade method and
dried at 80°C overnight. Coin cells (CR2032, Hohsen Corp.) were assembled in an
argon-filled glove box. Each cell typically contained 6—8 mg of active material, separated
from the Li foil anode by a piece of Celgard separator (Celgard, Inc., U.S.A.). A1 M
solution of LiPFs in ethylene carbonate/dimethyl carbonate (1:1) was used as the
electrolyte. Galvostatic electrochemical experiments were carried out with an Arbin

Instruments (College Station, TX) battery cycler at various rates.

3. RESULTS AND DISCUSSION

By using CsOH.H,O (2 g), KOH (6 g), LiOH (1 g), and Co(NOs), (0.58 g) as the
starting materials, phase pure LiCoO, can be obtained after at least 16 hours of reaction at
200°C. To understand the reactions occurring in the molten flux, systematical ex situ
XRD and SEM/TEM experiment were performed. Fig. 3.1 and 3.2 show the ex-situ XRD
and SEM micrographs obtained from particles extracted as a function of reaction time at
200 °C from the flux comprising a 3:6:1 molar ratio of LiOH, KOH and CsOH.H,0O with

a melting point of approx. 180°C and the precursor Co(NO;),.
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Figure 3.1. XRD of samples obtained in the molten hydroxides flux as a function of
heat treatment time at 200 °C: A, 5 minutes; B, 30 minutes; C, 1 hour; D, 4 hours; E, 12
hours; F, 18 hours and G, 24 hours. Reflections due to Co(OH), and CoOOH are
indicated by asterisk and solid squares, respectively. Although the major, strong
reflections of LiCoO, overlap with those of Co(OH), and CoOOH, the weaker LiCoO;
(110) reflection at approximately 60°, (marked with a circle) is well resolved in all the
patterns. The LiCoO; reflections are indexed in G..
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Figure 3.2. SEM images of the samples as a function of heat treatment time in the molten
hydroxide flux: a, 5 minutes, b, 1 hour, c, 4 hours, d, 4 hours (different region), e, 18
hours, and f, 18 hours (different region). The scale bars are 2, 2, 1, 1, 1, and 10um

respectively.
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Based on this data a series of reactions are proposed:

Co(NO3),+40H > Co(OH)4* + 2NO5” (1)
Co(OH)4* €~ Co(OH),+20H" )
2Co(OH),+ 0.50, > 2CoOOH + H,0 (3)
CoOOH +7H,0 €= Co(OH,)s’ "+ 30H" 4)

Co(OH)s* + Li" © LiCoO, + 4H,0 + 4H"  (5)

Cobalt (II) oxides and hydroxides are amphoteric and dissolve in basic solutions to form
the (blue) Co(OH)4” ion, the blue color being clearly visible in the initial washings of the
solid product. After 5 minutes (sample A), Co(OH), is observed as the major phase,
(reaction (2)), and based on the sharp, intense reflections of Co(OH), seen in the XRD
pattern, the larger hexagonal-shaped plates in the SEM micrograph of Figure 3.2a are also
assigned to this phase. Oxidation of Co®" to Co®" has commenced already and CoOOH is
present as the secondary, less-crystalline phase. Some LiCoO; is formed even after 5
minutes of heating. Most of the Co(OH), phase has been oxidized to CoOOH following
0.5-1 hour of heating (Figure 3.1b and c). A new morphology is observed, the large
hexagonal plates, originally due to Co(OH),, leaching or dissolving from the center, the
edges remaining intact. Fig 3.3 shows the electron diffraction pattern of the edges of the
rings. This is consistent with a mixture or intergrowth of a layered CoOOH phase and a
cubic, low-temperature LiCoO, phase.

Oxidation of the Co(OH), particles (and Li'/H" exchange) apparently occurs from the

edges of the hexagonal plates, stabilizing the edges of the crystals and slowing down the
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Figure 3.3. The electron diffraction pattern of the intermediate product of the reactions in
the molten hydroxides flux (A) and the corresponding bright field image (B). The scale
bar in (B) is 200 nm.
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Co”" dissolution. Exfoliation of the plates is also seen, consistent with ion-exchange
between the layers and the layer shearing that is required for the transformation of
Co(OH); to CoOOH and LiCoO,. At the same time, finer (rod-like) crystals of LiCoO,
begin to nucleate and grow on the faces of the hexagonal plates; this phenomenon is
much clearer in the SEM micrographs taken after heating for 4 hours (Figure 3.2d). At
this stage, CoOOOH and Co(OH), are present only as minor phases and the small LiCoO,
particles appear to act as new nucleation centers for LiCoO, growth. The growth
directions can be more clearly seen following more extended heating, as shown in Fig.
3.4.

The morphology of the crystal assembly is similar to the “hyperbranched” growth
seen, for example, for PbSe and PbS [28, 29]. These latter materials are cubic and hence a
cubic 3D network is formed. In contrast, the layered material LiCoO,, tends to form
finely spaced plates or rods, the growth occurring on the (001) face forming rods
dominated by (00I) faces. This growth mechanism is readily rationalized because the (001)
surface is charged, as it is terminated by either O, Co, or Li. In contrast, growth in a
perpendicular direction maintains charge neutrality. The high dielectric constant of these
fluxes presumably helps in the termination of non-charge balanced (001) faces that form
during growth. Finally, in the fourth stage, (12 to 24 hours), single phase LiCoO, is
observed (Fig.3.1 G and Fig 3.2¢); all the hexagonal rings have dissolved and the
nucleation and growth of the LiCoO, smaller particles has resulted in spherical balls of

branched, rod-like crystals. This morphology resembles the “desert rose” form of the
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Figure 3.4. SEM image of 16 hour heat treated sample. The morphology is due to
hyperbranched growth of LiCoO, in the molten hydroxide fluxes. The relative orientation
relationship between the mother LiCoO, sheet and the branches can be clearly seen.
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Figure 3.5. SEM image of LiCoO, samples obtained by heating in molten hydroxides for
24 (a,b) and 48 hours (c,d) at different magnifications. The scale bars are 1 pm, 200 nm,
10 um and 1pm respectively. The inset shows a natural desert rose.
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mineral gypsum (inset of Fig. 4.4). Bigger assemblies of the desert-rose balls are seen in
Fig. 3.2 (F), this figure also illustrating how the larger plate-like Co(OH); crystals, which
served originally as nucleation sites, have slowly dissolved away to provide more cobalt
for the growing desert-rose structures. The balls grow larger and the thin plates/rods of
the ball grow thicker and begin to split into bundles on more extended heating (48 hours),
and the crystallinity of the samples increase, as shown in Fig. 3.5

The growth mechanism is quite different from that seen by Tarascon et al. and
Chiang et. al. for the conversion of Co(OH), to CoOOH [30] and LiCoO, [31] via
hydrothermal and solid state reaction syntheses. The final products in these studies were
derived via a solid state reaction involving the original hexagonal shaped Co(OH),
crystals, CoOOOH/LiCoO; particles with the same shape as the mother Co(OH), crystal
being formed [30, 31]. This mechanism is presumably similar to that responsible for the
formation of the lithiated hexagonal rings, but is not responsible for the formation of final
LiCoO, phase. In our case, solubility of Co(OH), (and Co™) in the highly basic (and
oxidizing) flux allows for the slow dissolution of the Co(OH), phase, oxidation to form
Co’" and the growth of LiCoO, from nuclei on both the original Co(OH), phase, and later
on, on the LiCoO» rods.

Synchrotron radiation X-ray diffraction of the 48 hour material indicates that the
material is phase-pure. The experimental data and the refinement is shown in Fig. 3.6. No
Li/Co interchange was allowed during the refinement based on the results of 'Li MAS

NMR spectroscopy. Isotropic strain and shape factors were used since the particles have a
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Figure 3.6. Synchrotron X-ray diffraction pattern and Rietveld refinement of the
structure of desert-rose LiCoO; heated for 48 hours. The black, red and green lines

correspond to the observed pattern, calculated peak positions and the difference of two
patterns, respectively.
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Figure 3.7. 'Li MAS NMR results for commercial LiCoO, (Sigma-Aldrich) and products
extracted following 1 hour, 4 hours and 48 hours heating in the molten salts system at
200°C. The 'Li MAS NMR experiments were performed with a double-resonance 1.8 mm
probe, built by Samoson and co-workers, on a CMX-200 spectrometer using a magnetic
field of 4.7 T. The spectra were collected at an operating frequency of 29.46 MHz at a
spinning frequency of 35kHz with a rotor-synchronized spin-echo sequence (m/2—t—mn
—t—acq.). /2 pulses of 3.5 us were used, with recycle delay times of 0.5 s. All the
NMR spectra were referenced to a 1 M 'LiCl solution, at 0 ppm.The inset shows a
100-fold enlargement on intensities of the spectrum of the 48 hours sample.
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large aspect ratio as shown in SEM and TEM pictures, which led to a better fit. Cell
parameters of ¢ = 14.0803(3) A, a = b = 2.81818(3) A, with Rp = 1.38%, wRp = 2.21%
were obtained. These cell parameters are slightly larger than those reported for
micrometer-sized LiCoO,, (typically a = b = 2.812-2.816 and ¢ = 14.03-14.06 A), but
consistent with cell parameters reported previously for LiCoO, nanoparticles [25].

Significant incorporation of K™ (or Cs") is excluded since K (or Cs) was not
detected by EDAX. 'Li MAS NMR spectroscopy, which is extremely sensitive to small
variations in the stoichiometry of Li;.xCoO, materials [32-36] also indicates that these
materials are more ordered than a typical sample of commercial LiCoO; prepared by high
temperature route. Fig 3.7 shows 'Li MAS NMR spectra of a commercial LiCoO, and the
samples obtained after 1 hour, 4 hours and 48 hours reaction in the molten flux. The
spectra of all the samples are dominated by the signal at 0 ppm due to the stoichiometric
regions of sample, where only Co®" (low-spin d°) ions are present. The peaks shown in
the spectrum of commercial LiCoO, at 179, -14.4 and -40 ppm are the typical resonances
for Li-excess LiCoO». [32-36] Although present in molten flux samples following 1 and 4
hours of heating, these peaks are not seen in the 48 hour desert-rose sample unless the
spectrum of this sample is enlarged 100-fold times. Thus, based on a comparison of the
relative intensity of the different peaks, the 48 hour molten salt sample is very close to
stoichiometric LiCoO,, and is more stoichiometric and ordered than the commercial
sample prepared by a solid state reaction.

TEM of the 24 hour sample confirms that the desert-rose structure is formed from
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rod-like crystals, with the (001) faces representing the major surfaces of these rods, and
the surfaces of the desert-rose balls being terminated by rounded faces perpendicular to
(001) planes. As shown in Fig. 3.8, the (003) planes, with d-spacings of 4.68 A,
corresponding to the spacing between the Co layers are clearly observed, parallel to
length of the rod. Furthermore, since many of the rods are thin enough to be imaged
perpendicular to the [001] direction, this indicates that the surface perpendicular to this
direction is also large. The surfaces perpendicular to the (001) face are electrochemically
active for Li" deintercalation/insertion.

Electrochemical tests on desert-rose LiCoO, and a commercial sample were
performed at rates of 1000 and 5000mAh/g, (7 and 36C if the practical capacity is
assumed to correspond to removal of 50% of Li) (Fig 3.9). Desert rose LiCoO; showed a
large discharge capacity of 155mAh/g at a 7C rate (between 2.5-4.5V), and the same
capacity at 36C (2—4.8V). The overpotential during high rate cycling is also much lower
than that seen for the commercial micron-sized material. The excellent high rate
performance is ascribed to the desert rose morphology, where the the surfaces of the balls
are covered by the Li-insertion active surfaces. This morphology also appears to have an
advantage over LiCoO; cathode materials (e.g. [25]) comprising individual nanoparticles,
since the individual particles within the ball are all electrically connected, [N.b., SEM
studies of the cathode materials confirm that the desert rose morphology is maintained
after grinding with carbon and pressing to form the battery cell.

Both the precursor salts and anions have a pronounced affect of the morphology of
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Figure 3.8. High resolution TEM image of desert rose LiCoO, formed after 24 hours of

heating (A) and the corresponding low magnification image (B). The scale bars in (A)
and (B) are 2 and 10 nm respectively.
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Figure 3.9. Discharge capacities as a function of cycle number and current density for
desert-rose-like LiCoO, (2.5-4.5V; 1000 mAg™' (triangles), 2.0-4.8V; 5000 mAg";
circles) and commercial LiCoO, (squares; 5000 mAg™). The cycling voltage windows
were adjusted to account for the large overpotentials observed at high rate, which were
particularly pronounced for the commercial LiCoO, sample. The voltage range for this
sample was increased from 2.0-5.0 V to 2.0-5.3 V at the end of cycle 8.
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the final product. For example, increasing the NO;™ concentration in the low temperature
molten salt systems, results in a progressively less well developed desert rose
morphologies and the formation of finer, isolated hexagonal plates, with much poorer
electrochemical performance. Fig 3.10 shows the SEM images of samples synthesized in
the LiNO3-KNO;-LiOH-KOH-CsOH eutectic flux, with the (NO;):(OH") ratios being
different. Co(NOs3), was used as the starting material and the mixtures were heated at 24
hours at 200 °C. The results showed that as the concentration of NOj3 increases, the final
LiCoO; products show less desert rose morphology and less branched growth. More fine,

isolated hexagonal plates are observed; this is the most clear in Fig. 3.10(d).
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Figure 3.10. SEM images of LiCoO, samples made with various nitrates: hydroxide
ratios. The LiNO3;-KNO;-LiOH-KOH-CsOH eutectic system was used for all the samples
with total (NOj3") : (OH) ratios of 2:1,(d) 1:1 (c) and 1:4 (b). An image of desert-rose
LiCoO; ( (NO5) : (OH') ratio of 1:75) (a) is shown below for comparison. The scale bars
are 1, 5, 1 and 2 um, respectively.
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4. CONCLUSIONS AND IMPLICATIONS

In conclusion, the molten hydroxide flux method opens up a new route to synthesize
lithium transition metal oxides at very low temperatures. The approach yields crystalline
products with excellent cation ordering between the Li and Co layers. The large
flexibility in type and concentration of the anion provides an opportunity to control the
morphology and preferred growth direction, providing the potential to design materials
with controlled morphologies for future applications. Low concentrations of nitrates yield
the so-called desert rose morphology via a dissolution-oxidation-precipitation mechanism,

a morphology which lead to high rate electrochemical performance.
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ABSTRACT

LiCoO,, with a novel and unique morphology, the concaved cuboctahedron,
was synthesized by using hydrothermal synthesis. Each cuboctahedron consists of
four equivalent hexagonal plates, which penetrate each other with a 70.5° angle.
Electron diffraction shows that these comprise a 4-fold twin crystal of LiCoO,. The
growth mechanism of the twin crystal is proposed to involve selective leaching of
CoO and Li-Co ion-exchange in the cubic precursor, CoO, followed by the isotropic

growth of the LiCoQO; plates.

1. INTRODUCTION

The moderate performance of most of the current LIB systems at high rates
results from many factors. One rate limiting step in the electrochemical reaction of a
LIB system is on the cathode side. Rate limitations can involve the Li" diffusion from
bulk to the surface of the particle and from surface to the electrolyte. The diffusion of
Li depends strongly on its diffusion path in the lattice of the cathode material. In an
ideal case, high rate performance is easier to achieve if Li diffusion is through 3-D
channels in the lattice and if the diffusion path is short. Spinel LiMn,O4 has been
intensively studied since it has a cubic lattice and the Li diffusion occurs through 3-D
channels. However, this material suffers from other problems such as the relatively

low capacity and Mn dissolution in the electrolyte, especially at elevated
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temperatures[1, 2]. LiCoO, and the LiMO, (M= Ni, Fe, Mn, Co) type layered
materials have 2-D channels. As discussed in Chapter 1, this implies that the Li ion
exchange between the cathode and the electrolyte strongly depends on the
morphology of the cathode particles and that not all the surface is active surface for Li
insertion/extraction. The recently developed olivine type LiFePO4 has very good high
rate performance due to presumably the very small particle sizes and large surface
area [3-5]. However, theoretical calculations [6] and high temperature neutron
diffraction experiments [7] have both shown that LiFePOy typically has 1-D Li ion
diffusion channels along b direction. The rate is similarly expected to have a
dependence on the -morphology

In our earlier work discussed in Chapter 3, we have shown that by designing a
high aspect ratio of primary particles and making 3-D assembled structure, the 2-D
diffusion material LiCoO; can be turned into a pseudo-3-D diffusion material which
can have excellent high-rate performance. Here we report another example where we
change 2-D type diffusion to a pseudo-3-D type of Li diffusion in LiCoO, by crystal
engineering. The synthesis and characterization of concaved cuboctahedron shaped
LiCoO; by a hydrothermal method will be discussed.

In our previous work we used a basic, oxidizing and low melting hydroxide flux
to synthesize LiCoO,. Co(OH), is first precipitated in this flux, the hydroxide
slowly oxidizing to Co®" first in form of CoOOOH, and partially lithiated CoOOH, and
finally as phase-pure LiCoQO,. This reaction is driven by the much lower solubility of

Co(Ill) than Co(Il) in the molten flux. Dissolution of the partially lithiated
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Co(OH),/CoOOH also occurred, to produce unusual morphologies. Since the edges
of the Co(OH), plate-like hexagonal crystal were stabilized due to almost immediate
Co™" oxidation and Li"/H" insertion, leaching occurred from the center of the
dominant surfaces, the (001) planes, leading to the formation of hexagonal rings as an
intermediate morphology. These rings, along with some non-leached Co(OH),
surfaces, serve as initial nucleation sites for LiCoO, growth, directly from the flux, or
via dissolution of the lithiated CoOOH phase and then reprecipitation as LiCoOs,.
The LiCoO, (001) faces then serve as new nucleation sites for further growth. New
LiCoO, rods or sheets grow from these faces. Growth occurs along a direction
perpendicular to the [001] direction, with a characteristic angle of 70.5° between the
original (001) face and the growth direction. The final product, which forms the
so-called “desert rose” morphology found in natural minerals such as gypsum, is
formed from hyperbranched growth, in which many thin rods and sheets form a 3-D
assembly and each piece of the rod is physically and electrically connected. Fig. 4.1
shows a high magnification SEM image on the surface of a “desert rose” LiCoO;
assembly, with some of these 70.5°C angles labeled.

To further study the growth mechanism of LiCoO, and other LiMO, type
cathode materials in highly basic solutions, hydrothermal methods were used instead
of molten fluxes. Because in hydrothermal conditions, water is added as a solvent and
the concentration of anions such as OH" is lower, nucleation is slowed down and the
growth process is accelerated at the same time due to the lower viscosity of the

aqueous solution in comparison to the molten fluxes. The starting material

115



WD= 9mm 200nm  File Name = 121306-050.tf STONY Signal A = RBSD Date :13 Dec 2006

Mag = 100.00 K X|—] BRAWSK EHT=15.00kv Time :12:52:53

Figure 4.1. SEM image of the surface of the “desert rose” LiCoO,. The angles
indicated by the red lines are about 70.5°
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combination used in our first hydrothermal synthesis is almost the same as used in
previous molten flux method, except that CsOH was not used and water was used as

solvent.

2. EXPERIMENTAL

2.1. Synthesis

Two synthetic procedures were used in this work to prepare the concaved
cuboctahedron morphology. In the first procedure, 0.58 g Co(NO3), (Sigma-Aldrich,
98%) was dissolved in 5 ml distilled water to form a clear reddish solution. 7 g of
KOH (Sigma-Aldrich, >85%) and 1 g of LiOH (Sigma-Aldrich, 99%) were dissolved
in 10 ml distilled water. The Co(NOs), solution was then added slowly to the
hydroxides solution while stirring. The resulting solution was transferred to a Teflon
lined hydrothermal bomb and was heated statically in an oven at 200°C for 24 to 48
hours. After the bomb was cooled down to room temperature, the product was washed
with distilled water and centrifuged several times. Some of the samples were washed
with 0.1M hydrochloric acid to remove the Co(OH),. The final washed products
were dried overnight in an oven at 80°C. Higher yields of the concaved cuboctahedron
morphology were observed by using the second procedure, in which nanoparticles of
CoO or Co(OH), were used as the Co source instead of cobalt nitrate. The
nanoparticles of CoO were prepared by dehydration of commercial Co(OH),

(Sigma-Aldrich) in a tube furnace under Ar atmosphere. Nanoparticles of Co(OH),
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were prepared by a precipitation method: 0.1M Co(NOs), solution was added slowly
into 0.1M LiOH (Co:Li ratio=1:2) solution while stirring. The products were filtered

and then washed with distilled water and dried at 70°C overnight.

2.2. Characterization

Powder X-ray diffraction patterns were collected either on a Rigaku MiniFlex
diffractometer or at beamline X16C at Brookhaven National Laboratory. The SEM
images were taken by using a LEO-1550 field emission scanning electron microscope.
A JEOL 2100F high resolution transmission electron microscope was used to obtained

atomic images and single particle select area electron diffraction (SAED) patterns.

2.3. Electrochemistry

The as prepared LiCoO, sample was mixed with poly-vinylidene fluoride
binder and acetylene black (6:1:3 wt %) in N-methyl pyrrolidone (NMP) to make a
thick slurry. The slurry was deposited on an aluminum foil by using a doctor-blade
method and dried at 80°C overnight. Coin cells (CR2032, Hohsen Corp.) were
assembled in an argon-filled glove box. Each cell contains typically about 6-8 mg of
active material, separated from the Li foil anode by a piece of Celgard separator
(Celgard, Inc., U.S.A.). A 1 M solution of LiPF¢ in ethylene carbonate/dimethyl
carbonate (1:1) was used as the electrolyte. Electrochemical experiments were carried
out on a battery cycler (Arbin Instruments, College Station, TX) in galvanostatic

mode at various rates.
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3. RESULTS AND DISCUSSION

Although the starting material combination used in the first hydrothermal
preparation method was very similar to that used in our previous molten flux method,
except for the omission of the CsOH and the use of water as a solvent, very different
morphologies were obtained. Surprisingly, in the final product of a 24 hours reaction
at 200°C, many very regular, uniform and extremely unusual concaved
cuboctahedron-shaped crystals are seen by SEM as shown in Fig. 4.2a. Figure 4.2b
and ¢ show two single particles in different orientations, and Fig. 4.2d shows a sketch
drawing showing the perspective geometry. Each cuboctahedron particle consists of
four equivalent hexagonal plates, and the angles between each two of these plats are
all 70.5° so as to maintain an overall cubic symmetry. To our best knowledge, this
shape of crystal has only been reported once before for CuS by Wu et al.[8]. However,
unlike some of the crystals of CuS found by Wu et al., our crystals are much more
uniform and always comprise 4 hexagonal plates, while in the CuS system some
particles contained 2 or 3 plates. Apart from the geometrical simplicity and beauty of
these unique crystals, a number of questions are raised: what is this material and how
and why does it form?

The XRD pattern of this product shows a mixture of Co(OH),, CoO and
LiCo00O;. Co(OH); is formed from the reaction of Co(NOs), and OH™ while CoO is
formed from the decomposition of the unstable Co(OH), phase. Presumably, LiCoO,

forms from the lithiation of either Co(OH), or CoO. The product was quickly washed
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Figure 4.2. (a) SEM image of concaved cuboctahedron Li,CoO, particles; (b) The
“(100)” view of a single particle; (c) The “(111)” view of a single particle; (d)
Schematic drawing of the particle.
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Figure 4.3. (a) A single particle with truncated cube shape. (b) Schematic drawing of

a truncated cube.
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with 0.1M HCI to dissolve the Co(OH), phase. Only the CoO and LiCoO; phases
were seen by XRD, the cuboctahedrons still being observed by SEM. The lattices of
CoO and LiCoQO,; are similar, the lattice of LiCoO; being derived from CoO by
replacing every other close paced layer of Co by Li so that the 3-fold symmetry along
3 out of 4 [111] directions is lost. Although the direct oxidation of CoO to LiCoO, has
not been reported before as far as we know, from the crystallographic point of view, it
is very possible that the concaved cuboctahedrons are derived from the lithiation of
the CoO phase. This suggestion will now be explored below.

In addition to the cuboctahedrons, some large crystals are also seen in the
sample before and after washing, as shown in Fig. 4.3a. These crystals are derived by
truncating the edges and corners of a cube to expose the [9], {100} and {110} faces as
shown in the schematics in Fig. 4.3b. These large cubic crystals are ascribed to CoO
since CoO has a cubic lattice (space group Fm-3m, a=4.26 A) and the reflections of
CoO in the XRD patterns are very sharp and intense. They show obvious pitting on
their {100} faces but the {111) faces remain intact. The nature of the pitting clearly
shows that the dissolution of CoO in this basic solution and hydrothermal conditions
is selective. This can be explained by that the {111} faces are charge polarized surface
so that they are easy to be stabilized by electrical double layers, and it is more
difficult to extract a ion from the surface; while the {100} faces are charge neutral
surface so that Co(II) can be easily pulled out and diffuse into the solution [9]. On the
other hand, since Co(Il) tends to be oxidized to Co(IIl) under basic conditions, Li

insertion along the {111} planes of CoO and a corresponding oxidation of Co(Il) to
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Co(III) are plausible. Given that the cuboctahedrons show an overall cubic symmetry,
it is very possible that the concaved cuboctahedron grows off from a CoO mother
crystal by selective pitting and preferred growth along a specific direction.

Although the results of XRD can not directly determine whether the concaved
cuboctahedron crystal is LiCoO; or not, since it is in a mixture of two phases, a TEM
and electron diffraction study on the first sample batch showed that this unique crystal
is LixCoO,. Fig. 4.4a shows the morphology of a concaved cubotahedron viewed
along the normal direction of one hexagonal plate (labeled as V1, which shows a
bright contrast). The selected-area diffraction pattern (SADP) taken of the V1 plate is
shown in fig. 4.4b. The bright spots can be indexed as the [001]y pattern of LixCoO,
(here subscript H denotes the index based on the hexagonal lattice of LiCoQ;). They
can not be indexed as CoO as the lattice parameters of LiCoO; and CoO are different.
Also, these patterns can not be indexed as Co304 as LiCoO; can be distinguished from
Co304 based on differences in the extinctions. On this basis, it can be concluded that
the concaved cubotahedron is LixCoO»,, rather than CoO or Co3;04. The normal of the
hexagonal plate is [001]y, while its side planes are (100)y, (010)y and (1-10)y,
respectively. However, the 'Li MAS NMR spectrum of this sample is rather like
charged LixCoO2 than the stoichiometric LiCoO;. At the same time, the capacity of
this sample is low (~30-80 mAh/g between 2-4.8V) ) . This implies that this sample
may be LiyCoO, with Li deficiency. Therefore there may be Li vacancies in the
lattice.

The weak spots in Fig. 4.4b indicated by the black arrow suggest the presence
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Figure 4.4. (a) Morphology a of concaved cuboctahedron viewed along the normal of
V1 plate. (b) Selected-area diffraction pattern of V1. (¢) Calculated diffraction pattern
based on the ordered LixCoO; structure with the occupancy of Lil being zero. (d)
High resolution image from the edge of V1. The inset is the simulated image using the
same model as used in calculation for diffraction.
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Tablel. The atomic position and occupancy of the cuboctahedron Li,CoO,

Xyz Occupancy
Lil 0,0,0 <1, depending on x
Li2 0.5,0,0 1
Col 0,0,0.5 1
Co2 0.5,0,0.5 1
0] 0,0, 0.2402 1
02 0.5, 0.5, 0.2402 1
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of a 2*2 superstructure on the ab plane of LiyCoO,. Fig. 4.4d shows the high
resolution image on the edge of the V1. The superlattice is not homogeneous, with
some domains being random ordered. Based on the calculation of the diffraction
intensity simulations and the high resolution images, the superlattice is tentatively
ascribed to the vacancies of Li (or H on Li site) in LixCoO;. This is caused probably
either the incompletion of Li-Co exchange or the side reaction of H-Co exchange. The
super structure of the LiyCoO; is determined as rhombehedral with space group of
R-3m and a=2ay and c=cy, where ay and c( are the lattice parameters of LiCoQO;. The
atomic positions are listed in Table 1. Fig 4.4c shows the simulated diffraction pattern
along [001]y zone axis based on this model and the simulated atomic image is shown
as the inset in Fig. 4.4d.

LiCoO; is known to have a layered, hexagonal lattice. However, the concaved
cuboctahedrons show an overall cubic symmetry. How do the four hexagonal plates
combine together to form a cubic symmetric crystal? A 4-fold twinning mechanism is
proposed from the crystallographic point of view and proved by careful electron
diffraction work discussed below.

Co0, which is proposed to be the parent phase, has a point group of m-3m,
which has four 3-fold axes. In contrast, LiCoO, has a point group of -3m, which has
only one 3-fold axis. The transformation of CoO to LixCoO, must result in the loss of
three 3-fold axes, e.g. [11-1], [1-11] and [-111] 3-fold axes, only one 3-fold axis, e.g.
the [111] 3-fold axis, remaining. LiCoO; has an equal probability of being generated

with its unique 3-fold axis (the c axis in a hexagonal lattice) being along the [111],
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[11-1], [1-11] or [-111] axes of the parent phase (CoO). Thus, four twin variants can
grow off the parent CoO crystal at the same time. The angles between any two of the
c-axes of the four variants should all be 70.5°, which is the angle among {111} in a
cubic lattice. In the morphology images of the concaved cuboctahedrons, the angles
among the hexagonal plates have been measured to be 70.5°. This is not a visual
coincidence. Rather it can be proved by following electron diffraction results.

The lattice of LiCoO, can also be described by a rhombohedral unit cell with
a~8.00 A and 0~89.88°. This unit cell is only slightly different from a cubic unit cell
with o being only 0.12° smaller, so that the subtle d-spacing or angle change or spot
split expected for the twin variants may not be distinguishable in the SADP due to the
limitation of the resolution of the TEM facility. However, based on the different
extinctions between the SADPs along the real 3-fold and the pseudo-3-fold axes, we
can verify the existence of the twins. Fig. 4.5 shows the image and SADPs of a
cuboctahedron LiCoO, crystal. The SADP shown Fig. 4.5b, ¢ and d are taken from
different area indicated by the circles and arrows in Fig. 4.5a respectively, without
changing the tilting. Pattern ¢ and d can be indexed as a diffraction pattern of LiCoO,
along zone axis [100] for plate V1 and [-100] for plate V2, respectively. Thus, ¢ axes
of V1 and V2 twin variants are determined, as labeled in the figure. The angle
between the ¢ axes of V1 and V2, which is also the angle between the c* axes of their
reciprocal lattice, is measured to be 70.5°. This is consistent with the angle among the
{111} planes expected for a cubic system. Now it can be concluded that the concaved

cuboctahedron consists of four hexagonal plates, with each plate being a twin variant.
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Figure 4.5. (a) Morphology of concaved cuboctahedron viewed along the [100]V1 (or
equivalent [-100]V2, or [142]V3). (b-d) SADPs taken from the different twin variants
of LiCoO,, (b) [142]V3. (¢) [100]V1 and (d) [-100]V2.
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The plate normal is the c axis (the 3-fold axis) of the variant.

To further prove this proposed CoO—>LiCoO, scenario, nano-CoO prepared by
decomposition of commercial Co(OH), was used as starting material instead of
Co(NOs3); in the hydrothermal synthesis. The particle size of this nano-CoO is about
50 nm. After 48 hours reaction at 200°C and following washing and drying, the final
products show a mixture of LiCoO; as the major phase with Co(OH), and Co304 as
minor phases. Many more cuboctahedrons are seen in this sample. The appearance of
the Co304 phase is due to two possible oxidizing reactions of CoO competing under
this condition, the final products of these two mechanisms being Co304 and LiCoOs,.

Systematic experiments were done to optimize the yield of LiCoO, and the
cuboctahedrons by varying synthesis parameters such as temperature, heating time,
concentration/amount/ratio of the starting materials, etc. The results show that the rate
of the CoO to LiCoO; reaction strongly depends on concentration of Li". When the
LiOH concentration is reduced, less LiCoO, phase is formed in the final products and
much less or even no cuboctahedrons are seen. This is easy to be understood, as that
the increased Li" concentration moves the equilibrium of Co3;04,€=>Co0€->LiCo0,
to the right side. The rate of the CoO to Co3;04 reaction, however, depends mostly on
the amount of water. When less water is used as a solvent, less Co304 phase and more
LiCoO; phase are formed, and correspondingly, more cuboctahedrons are seen. The
reason of this dependency is not clear yet, but it may be due to the fact that water
functions as the oxidizing reagent in the reaction of CoO to Co3;0O4 . Water is much
more oxidizing under the 200°C hydrothermal conditions than at atmospheric pressure

and at room temperature, especially at high pHs [10]. Thus the presence of more
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water will very likely move the equilibrium of Co3;04,4¢—=2>CoO<—>LiCoO; to the left
side.

Many other Co sources were tested as the starting material of this synthesis,
such as commercial CoO and Co(OH);, the particle size of which are about 5 pm and
20 um respectively. However, very few cuboctahedrons are seen in the products from
either one of these starting materials. This implies that the size of the CoO parent
crystal is actually crucial in this reaction. Much higher yields of the cuboctahedrons
were observed when a lab-synthesized nano-Co(OH), was used instead of CoO as the
cobalt source. The nano-Co(OH), was prepared from a Co(NOs3),-LiOH titration and
the average particle size is about 10 nm. When this nano-Co(OH), was used as
starting material and minimum amount of water (5 ml, Li:H,O molar ratio~1:7) was
used, phase-pure LiCoO, product was obtained after heating at 200°C for 48 hours,
with the cuboctahedrons representing the overwhelming morphology, as shown in Fig.
4.6a. Fig 4.6b shows a large region of the same sample in a lower magnification, in
which very uniform cuboctahedron crystals are seen. In this reaction, the real
precursor is still CoO but with even smaller particle size and higher reactivity than the
nano-CoO precursor previously used, since it is formed in situ by decomposition of
the nano-Co(OH),. The XRD pattern of this sample is shown in Fig. 4.7 with the
corresponding Rietveld refinement. Only trace amount of the Co3;O4 phase is seen, as
indicated by an arrow in the figure. Cell parameters of a=b=2.81465(2), ¢=14.04655(6)

A are extracted from the refinement, which are within the range expected for
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Figure 4.6. (a) Small scale and (b) large scale SEM image of pure-phased LiCoO,
with cuboctahedron morphology.
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Figure 4.7. The XRD pattern and Rietveld refinement of the high yield
cuboctahedron LiCoO, The black arrow indicates the characteristic reflection of
Co30,4 impurity.
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Figure 4.8. (a) Morphology of not fully ion-exchanged LixCoO, concaved
cuboctahedra, and (c) stoichiometric LiCoO, concaved cuboctahedra. Scale bars in (a)
and (c) are 200 nm. (b) and (d) are SAD patterns on the particle shown in (a) and (c)
along the [124]y zone axis, respectively.
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stoichiometric micrometric LiCoO, [11]. The result of direct coupled plasma (DCP)
analysis shows that the Li:Co ratio in this sample is 1.05(£0.05):1. The 'Li MAS
NMR spectrum of this sample contains, besides the diamagnetic resonance at 0 ppm,
no extra resonances due to Li-excess or Li-deficiency. All these results together
suggest that this concaved cuboctahedron LiCoO, 1is very stoichiometric.
Correspondingly, there should be no more superstructures due to Li-deficiency in this
high yield sample. Fig 4.8 shows the SAD patterns of the samples from the first route
(Co(NOs); as the starting material) and the high yield route (nano-Co(OH), as starting
material). The weak spots that appear in Fig. 4.8 b indicating the presence of the
superstructure is not seen in Fig 4.8d. The presence of the superstructure in the first
route synthesized sample is possibly due to higher water content in the system, which
may induce H-Li or H-Co exchange in the LiCoO; like regions.

The mechanism for growth then can be summarized as follows: a mother crystal
of CoO, no matter what shape it is in, is pitted from all 6 [100] directions equivalently.
At the same time, due to high concentration of Li" in the aqueous phase, Li" starts
inserting into the CoO lattice along all {111} planes by exchanging with Co*".
Correspondingly, upon one Li" insertion/exchange, one Co in the neighboring layer is
oxidized to Co(Ill) to maintain charge neutrality. Since Co(III) is much more stable
and less soluble in the basic solution, the Co(Ill) layer is then stabilized by the Li
insertion. This creates a 2-D channel between two Co(IIl) layers, where Li can keep
exchanging with Co(II) until it reaches the center of the mother CoO crystal. This is

not a simple ion-exchange mechanism but must involve a simultaneous oxidation
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reaction. It can be called an oxidizing-ion-exchange reaction. After all the {100} faces
been pitted, other faces, such as the {110} and {111} faces, will also be pitted to form
a fully concaved cuboctahedron shape. At the same time, Co(Il) in the solution,
largely in form of Co(OH),> will also be oxidized to Co(Ill) and re-precipitate
together with Li” and OH on the surface of new formed LiCoO,-like region, growing
along the [001]y, [010]y and [110]y directions, as observed in our previous study.
Finally the combination of pitting and growth occurring together, a mother CoO
crystal gradually adopts a concaved cuboctahedron shape. Fig. 4.9 shows the
proposed pitting and growth of the cuboctahedrons.

In fact, the real growth process is much more complicated than this: The parent
CoO crystals do not have to be in a regular shape like shown in Fig. 4.9 and the
pitting and growth process occurs in parallel (for simplicity, Fig. 4.9 shows these
process in series with pitting occurring first). Irregular intermediate morphologies are
expected before the particles finally grow into the regular concaved cuboctahedron
shape. Fig. 4.10 shows two examples of the intermediate morphologies, where the
crystals are heavily leached but not yet in a concaved cuboctahedron shape.

The fact that all the cuboctahedrons are perfectly symmetrical regardless of the
shape of the mother CoO nanocrystals is ascribed to the very small size of the mother
CoO particle and the high surface energy on its edges. If one of the 4 pieces of
LiCoO, plates, V2, as schematically drawn in Fig. 4.10 (for clarity, only two plates
are shown) is smaller than the other plate V1, then on the region where the edges of

these plates penetrate each other, as indicated by a black arrow in the figure, a
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Figure 4.9. Growth mechanism of the concaved cuboctahedron. The parts shown in
darker color represents the leached planes. For clarity, only one plane for each type is
shown.
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(b)
Figure 4.10. SEM images of particles in intermediate morphologies between the
cubic precursor and the concaved cuboctahedron product.
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concaved “V” shape is formed. This will cause quick growth at the bottom of the “V”
which is followed by fast growth of other parts on the edge of V2, until eventually V2
becomes the the same size as V1 (and other two plates). Thus the “V” vanishes and
the out surface of the particle is rounded, and correspondingly, the four plates are
exactly the same size.

Although this concaved shape is not ideal for creating a high density compact
of the cathode and will be not good for the volumetric power density. However, its
unique morphology may benefit to the performance of LIBs. For example, the
twinned crystal makes LiCoO,, a layered 2-D Li conductor, a pseudo 3-D conductor
with all the twinning plates are physically and electrically connected inside. It could
efficiently improve the high rate performance of LiCoO,. This effect has been shown
by the desert rose form of LiCoO,, as discussed in Chapter 3.

The electrochemical performance of the phase-pure concaved coboctahedron
LiCoO, was tested in coin cells. Fig 4.12 shows its charge-discharges curves at ~ 1C
rate between 2.5-4.3 V of the first three cycles. The first discharge capacity is about
108 mAh/g, lower than the practical capacity of LiCoO, However, many reasons can
cause the low capacity, for example, high over-potential was observed in cycling of
the cells, which may be one reason for the low capacity. This indicates high resistance
of the cell, possibly related to the surface status of the sample. High temperature
annealing or surface modification may be required for this sample to show good rate
performance possibly expected for this morphology. Optimization of the

electrochemical performance of this cuboctahedron LiCoOs is still in study.
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Figure 4.11. The schematics showing the isotropic growth of the concaved
cuboctahedrons.
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Figure 4.12. Charge and discharge of the cuboctahedron LiCoO..
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The synthesis of this unique LiCoO, reveals a very interesting topological
reaction basically due to the lattice similarity of bivalent transition metal oxide and
their trivalent, lithiated form. It is very possible that this kind of reaction is not limited
to LiCoO; only. Similar concaved cuboctahedrons have been observed in the products
from using Fe, Mn and Ni doped CoO/Co(OH), as starting materials, but the yield is
much lower, since this kind of reaction is sensitive to many factors and optimization
work is required for each specific starting material combination. Fig. 4.13 shows
image of concaved cuboctahedrons in the products and their corresponding energy
dispersive X-ray spectroscopy (EDX) results (the scanning beam was focused on the
particle) when MnCo(OH); and NiCoMn(OH)s are used as starting materials.
Although due to that the Mn and Ni solubility in this kind of twinned LiCoO, may be
not as large as those shown in LiMngsCosO; and Li(Ni;3Co;;3Mn;3)0, compounds
synthesized by other methods, it is not impossible to have some Mn and Ni doping in
this concaved cuboctahedron morphology.

Moreover, this twinning mechanism is not limited to cubic to rhombohedral
transition either. For example, nanometer sized FeO was used as starting material. The
final product is shown by XRD to be LiFeO,, which has a tetragonal lattice. Fig 4.14a
shows the typical morphology of this sample. It is different from the cuboctahedrons
but also appears to contain twin crystals. As shown in Fig. 4.14b, the angle of 70.5° is
seen again between the primary particles. Although in future more TEM and electron
diffraction work needs to be done to confirm the twin structure in this sample, it is

plausible that this morphology is ascribed to similar oxidizing-ion-exchange
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mechanism and the transformation of cubic FeO to twinned tetragonal LiFeO,. These
results open new possibilities of tuning the morphology of crystals by systematic

crystal engineering work.
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Figure 4.13. SEM image of concaved cuboctahedra found in the products of the
hydrothermal synthesis when (a) CoMn(OH),, (b) NiCoMn(OH)¢ are used as starting
material and the corresponding EDX results. Both samples were synthesized at 200°C

for 24 hours.
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Figure 4.14. SEM images of LiFeO, synthesized by hydrothermal method. The angle
labeled in (b) is about 71°.
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4. CONCLUSIONS

In the work discussed above, an extremely unique and beautiful morphology,
the concaved cuboctahedrons, is obtained for the first time for a layered compound,
LiCo0O,. This morphology is also only reported for the second time other than CusS.
However, in the work of CuS [8], in which this morphology was the first time
reported, the growth mechanism was not explained with any supporting experimental
evidence. Here an oxidizing-ion-exchange and isotropic growth mechanism is
proposed for the first time based on chemical and crystallographic possibilities to
explain the formation of the morphology for LiCoO, and is proved by using a series
of analytical techniques. Near 100% yield was archived by optimizing the starting
materials and synthesis conditions following this growth mechanism. This result not
only reveals a new topological reaction, but also opens new possibilities of designing
the morphology of crystals by utilizing the difference of symmetry between the

precursor and the products.
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ABSTRACT

Li MAS NMR spectroscopy as a powerful analytical tool to study the local
structure of cathode and anode materials has been demonstrated and discussed in
previous chapters. However, since many of the reactions occurring in the batteries are too
quick to be captured by ex situ experiments, it is desired to monitor in situ and in real
time the structural changes of the electrodes during the electrochemical cycling. This
chapter describes the use of a solid state NMR experiment system that allows in situ
observation of the resonances of each component of the battery (the cathode, the anode,
and the electrolyte) and its application to LiCoO,. Static ‘Li NMR spectroscopy,
combined with deconvolutional fitting, is used to provide information on the local
structure  of the electrodes. Commercial (micrometer sized) LiCoO,
laboratory-synthesized LiCoO, nanoparticle, and the “desert rose” LiCoO, are studied,

and their rate capabilities are compared.
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1. INTRODUCTION

The Li diffusion in a battery system is considered a very important issue and has
been studied intensively. Commonly used methods include potential intermittent titration
technique (PITT) and galvanostatic intermittent titration technique (GITT) [1-4].
However, these methods are indirect measurements and depend largely on the
construction of the cell and the equivalent circuit used in the analysis of the data.

NMR has been proved to be a powerful tool for detecting ion mobility in solids and
solutions. The Li self-diffusion coefficient (Ds) in various organic solvent-based liquid
electrolyte systems has been studied by field gradient NMR. For example, the Ds of Li in
LiPFe-PC electrolyte varies from 1.32x107° m%s to 2.04x10™° m?s, depending on
different concentrations [5]. The Ds of Li in LiPFs-EC/DMC (2:8) system was reported to
be in the order of 10™° m%s [6]. Mulder and Wademaker et al. also demonstrated that
the diffusion coefficient and site activation energy of Li in LixTiO, system could be
directly measured and calculated by using 2D-exchange NMR [7, 8].

However, a real LIB system is very complicated. The rate of the electrochemical
reactions are controlled not only by the diffusivity of Li in each component, but are also
affected by many other factors, such as the Li exchange on the interface between the
electrodes and the electrolyte, the Li concentration induced polarizations, and the over
potentials. To understand the Li transport property and the Kinetics of electrochemical

reactions in a battery, it is necessary and important to monitor the battery system in situ
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and in real time. Letellier and coworkers have shown that it is possible to collect NMR
signal while the cell is functioning for Li-carbon cells [9, 10]. This method has been
applied to Si [11]. As the first step of the attempts to apply this technique to more
electrode materials and battery systems other than the Li-silicon system, a Li-LiCoO,
system is chosen as a model system for investigation. Some of the preliminary results of

this system will be discussed.

150



2. EXPERIMENTAL

2.1. Preparation of the in situ pouch-cell

Due to the fact that the presence of large amount of metal in the bore of the magnet
can change the homogeneity of the magnetic field, for an in situ cell, as few as possible
metal components should be used. In an in situ cell, a plastic bag is used to seal the
battery and make it airtight, a copper mesh (for the anode) and a aluminum mesh (for the
cathode) are used as the current collectors instead of copper and aluminum foil.
Correspondingly, the assembly of the cathode is not by using usual doctor-blade method.
Instead, the cathode is made by pressing a solid mixture of active material, carbon black
(or carbon super P, as conductive additive) and powder of polytetrafluoroethylene (PTFE)
on the aluminum mesh. Similarly, a thin Li foil is pressed on the copper mesh as the
anode. A glass fiber, instead of normally used Celgard membrane, is used as the separator
as it can hold more liquid electrolyte in between the electrodes. Fig 5.1 shows the
schematics of an in situ pouch-cell where Si is used as the other electrode against Li [11].
The typical size of the main part (excluding the extending out meshes) of an in situ cell is

about 12mm*5mm*3mm (length*width*thickness).
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+ DBP+ Carbon SP

Figure 5.1. The schematics of an in situ pouch-cell. Reproduced from reference
[11].
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2.2. Setup of the in situ static NMR system

The as-prepared in situ pouch-cell was first inserted into the coil of a 5 mm CMX
static NMR probe. Then the two current collectors, the Cu mesh and the Al mesh were
connected to an Arbin electrochemical cycler through well shielded BNC cables and the
probe was carefully loaded up into the bore of a 4.7 T magnet, with the connection to the
cycler remaining. Fig. 5.2 shows the schematics of the in situ NMR system. To get a good
signal/noise ratio, good grounding of the probe is required. To avoid the noise in the radio
frequency RF range from the cycler going into the probe and disturbing the NMR signal,
a low pass filter is used between the cell and the cycler. In the first several experiments,
the electrochemical cycling and NMR pulsing and signal collecting were started and
synchronized manually. In an upgraded system, the synchronization of the
electrochemical cycler and the NMR console can be controlled by program through the

hardware communications between the two facilities.
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Figure 5.2. The schematics of the used in situ NMR-electrochemical cycling
system.
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3. RESULTS AND DISCUSSION

As many of the Li-containing cathode materials of LIBs are paramagnetic
compounds, not all of them are readily observed in static 'Li NMR, as the signal may be
too broad to be detectable. The feasibility of the cathode materials to this experiment
depends on many factors, such as the Ty (spin-lattice relaxation) and T, (spin-spin
relaxation) relaxation times of their resonances. LiCoO, is one the cathode materials
that gives relative narrow and strong signals in static mode. Moreover, based the results
of ex situ 'Li magic angle spinning (MAS) NMR, which was discussed in Chapter 1, the
intensity and position of characteristic “Knight-shifted” resonance of charged LixCoO,
can be used as quite good variables to monitor not only the structural changes but also
the state of charge of LixCoO,. By studying a Li-LiCoO; battery in the in situ NMR
system, some useful information can be obtained to help answer some important
questions including when the “Knight-shifted” peak first occurring and how the battery
self discharges, etc.

In the in situ cells we used, two LiCoO, materials were used, the commercial,
micrometer sized LiCoO; and the lab-synthesized, “desert rose” form LiCoO,, which is
expected to have higher specific surface area and more capable for high rate cycling than
the commercial LiCoO, (Chapter 3). Fig. 5.3a shows the Li static NMR spectra of a
Li-“desert rose” LiCoO, cell upon the first electrochemical cycle at a C/14 rate. The cell

was charged to 4.8 V and then discharged to 2V. Single pulse method was used to excite
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and collect the NMR signals, with a pulse delay of 0.2 s. The spectra were collected every
360 scans, about 2 minutes.

In Fig. 5.3a, three major resonances are seen. The sharp and intense resonance at
about 250 ppm is the “Knight-shifted” resonance of Li metal (anode), which is consistent
with what reported before. The even sharper resonance at around 0 ppm is ascribed to Li*
in the liquid phase (the electrolyte) and possibly the diamagnetic Li salts formed from the
side reactions, such as LiF, Li,O, Li,COs, etc, which are mostly located in the
solid-electrolyte-interphase (SEI) layers. The broad resonance, centered also at 0 ppm in
the first spectrum and shifting to higher ppm during charge, is assigned to be Li in
LixCoO,. The gradual shift of the LixCoO, resonance can be viewed more clearly in Fig.

5.3b.
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Figure 5.3. (a) The in situ 'Li static NMR spectra of “desert rose” LiCoO, on the
first cycle. (b) The in situ 'Li static NMR spectra of “desert rose” LiCoO, on the
first cycle, zoomed in between 250 to -100 ppm.

As a comparison, the spectra of charged “desert rose” LixCoO,, signals collected ex
situ after about one hour after stop charging, are shown Fig. 5.4 and the in situ static 'Li

NMR spectra of commercial LiCoO, upon cycling at a C/2 rate are shown in Fig. 5.5.
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The results of the ex situ experiments for “desert rose” LixCoO, are different from either
that reported by Menetrier et al. [] for micrometer sized LixCoO, and that discussed in
Chapter 1 for LixCoO, nanoparticles. When x>0.7, no Knight-shifted resonance is
observed. However, in the in situ experiment (Fig 5.3b), the resonance of LixCoO, starts
shifting at the very beginning of the charge. Similarly, the Knight-shifted resonance for
commercial LixCoO, also appears early in the beginning of the charge (Fig. 5.4). The
above results imply that the metal insulator transition occurs at the very beginning of the
charge for both samples. The reason why the Knight-shifted peak was not seen at the very
beginning of the charge in the ex situ experiments but visually appeared in the in situ
experiment may be due to two possible reasons: 1. The self discharge of the batteries
during the time after the cell stopped charging and before it was disassembled in the
glove box and washed with DMC, which is more pronounced for LiCoO, with
nanoparticle/nanostructures. 2. The inhomogeneity of the cathode material upon charging.
It is to say, during charging, especially high rate charging, some of the particles may
became metallic and result in the Knight-shifted peak at 60 ppm, while other particles

remain pristine, but the overall gravity of the broad peak visually move to higher ppm.
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Figure 5.4. The ex situ 'Li MAS NMR spectra of “desert rose” LiyCoO, as
function of x. The inset is the zoom-in of the spectrum of “CoO;” (“x=0"), where
nominally all the Li is extracted from LiCoO,, however, still a very small amount
of Li left in the lattice due to either the self discharge or the fact that the
coulombic efficiency of this system is not 100%.
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As desert rose LixCoO; is ex situ charged to x=0.5, the Knight shifted peak reaches
the maximum ppm around 100, which is consistent with the work of Menetrie et al. on
micrometer sized LiCoO,. As more Li is extracted, this resonance shifts back towards 0
ppm, and correspondingly, the intensity drops as less Li remains in the structure. The
same trend was observed for both commercial and desert rose LiCoO, in the in situ
experiments. At the point where nominally all the Li is extracted from desert rose
LixCoOg, i.e. x = 0, there are still small amount of Li remaining in the structure and
resulting in three resonances at 94, 58 and 0 ppm. The presence of these Li in the lattice
is due to either the self discharge or the fact that the columbic efficiency of this system is
not 100% (the decomposition/electrochemical oxidation of the solvents in the electrolyte
at high voltages). These three resonances were not seen in our ex situ experiments for
commercial LixCoO, sample when charged to the same state (x = 0) but was seen for
LixCoO, nanoparticles samples at the same state of charge. This may be due to the
different metastable local ordering for nano- and bulk-LiCoO at high voltages, but more
experiments are required to explain the difference more clearly.

Based on both ex situ and in situ experiment results, the change of the Li
resonances of both commercial and desert rose LiCoO, can be briefly summarized in
Table 1.

By using these constrain, the in situ NMR spectra for both samples were fitted by
using deconvolution method. The intensity of all the resonances, including the resonance

from the liquid electrolyte, SEI and Li metal are corrected/adjusted to reduce the error
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induced by the fact that their T, time are longer than the experimental pulse delay. Fig 5.6
shows two examples of the fitting of the spectra. The intensity, broadening and position
of the resonances suggested by the results of ex situ experiments are adjusted by a
program to get the best fit to the experimental data. The fitting results for the first two
continuous cycles of a Li-desert rose LiCoO; in situ cell are shown synchronized with the
electrochemical curve in Fig. 5.7. The intensity of the Li metal resonance is plotted in
blue line. It clearly increases during charge and drops during discharge both linearly,
apparently, because the current is constant. The intensity changes of the electrolyte (red
line) in within 1% of the total intensity and is considered to be in the range of errors.
More complex, but very clearly, the intensity of LixCoO, resonances follow the charge
and discharge current nicely, with the 60 ppm Knight shifted peak intensity increasing at
the beginning of the charge and dropping after x < 0.5, and correspondingly, the 0 ppm
diamagnetic peak (LiCoO,) gradually disappearing at the beginning of the charge and
coming back a little bit at the end of the charge. The fact that the changes of the LixCoO,
resonance is not linear as the Li metal signals is due to that the intensity of these
resonances does not simply reflect the changes of the population of the Li ions, but also
largely affected by how paramagnetic the compounds is. During the discharge the change
of the intensity of the LiCoO, resonances is the reverse of that during the charge but also
follows the current well. These results show that it is possible to monitor the in situ
battery systems not only qualitatively but also quantitatively, although this is just a

preliminary attempt and many experimental parameters and the fitting protocols need to
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be further optimized and improved.
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Table 1. LiCoO; resonances at different state of charge/discharge

State of charge/discharge Resonances
x>0.75 60ppm (Knight-shifted) and 0 ppm (diamagnetic)
0.75>x>0.5 60-100ppm (Knight shifted)
X<0.5 100-0 ppm (Knight shifted) and 0 ppm
W electrolyte
Li metal ‘ | )
‘ | LiCoO, 1
'| l |
I'l ’. //I \~time: 4 min H |l.
_M,“_,_/" \ — _J I\_,/;II\‘_
500 0 -500 500 0 -500
PPM PPM
J—

L |
Metallic L]*CQQZ___LL‘NL time: 44 min |-

.-w.—-—~—”‘f"(f . ‘.“‘w\;m =
500 F’PI\? -500 500 PF’I\Q -500

Figure 5.6 Two examples showing the deconvolutional Fitting on the in situ
spectra
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4. CONCLUSIONS AND IMPLICATIONS

The work discussed above demonstrated that the in situ ‘Li static NMR can be
applied to a new system: Li-LiCoO,, other than the first reported Li-carbon system and
recently reported Li-Si system. More than just observation of the changes of the in situ
spectra qualitatively, the intensity changes of different resonances, which are reasonably
corresponding to the changes of the amount of different Li containing species in the in
situ battery systems, can be extracted from the experimental spectra by fitting. Therefore
it becomes possible to follow the Li ion transport in the battery quantitatively. For
example, Fig. 5.8 shows a tentative model which may be used to calculate some kinetics
parameters, such as the Li ion exchange rate from LiCoO, to the electrolyte, by fitting
the apparent over potential of the system. Although, obviously a lot of necessary
optimization and improvement on the experimental methods, the models and the NMR
fitting protocols are required, this study still is still thought to be very possible and

promising.
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CHAPTER 6

CONCLUSIONS

The objective of this dissertation work is to improve the rate performance of the
cathode materials of LIBs by controlling their particle size and morphology, with
focus on the LiMO;, type cathode materials. These morphological and particle
size-controlling approaches have been demonstrated to be effective by the results
from the LiCoO, nanoparticles (Chapter 2) and “desert rose” LiCoO, (Chapter 3).
These LiCoO, materials, with small particle size and, more importantly, with
electrochemically-favorable morphologies, showed much better rate performances
than commercial LiCoO,. The latter was synthesized using solid state reactions and
has micrometer-particle sizes and electrochemically unfavorable morphologies. Rate
performances of most of the known electrode materials largely depend on their
morphologies, except for a few cases, e.g., LiMn,O4, which has a cubic structure and
isotropic 3-D Li diffusion channels. Particle size also plays an important role for the
rate performance of electrode materials. For some materials, such as LiFePO, and
some newly developed conversion compounds, particle size is demonstrated to be a
crucial factor for them to function well in batteries. Therefore the morphological and
particle size-controlling approaches developed in this dissertation work are expected
to be also useful for many other electrode materials.

Crystal growth mechanisms of the LiMO, type cathode materials were also
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studied, especially for the chosen model compound, LiCoO,, in order to resolve the
questions about how to control the morphology of the electrode materials. As two
examples, the growth mechanisms of the “desert rose” form of LiCoO;, and the
concaved cuboctahedron form LiCoO, were proposed and supported by
comprehensive experimental evidence. The results show that by choosing proper
starting materials and by changing the concentrations of reagents in the initial reaction
solutions and therefore by controlling the growth kinetics, it is feasible to tune particle
size and morphology to be electrochemically favorable. A better understanding on the
growth mechanism of electrode materials is very helpful to design synthetic methods.

Structural analysis on the cathode materials upon cycling, by using
comprehensive techniques such as NMR, XRD and electron microscopy, both ex situ
and in situ, provides insights of how cathode materials function in the cells. Such
information can help to understand the rate limiting factors in a battery system. The
1% order phase transitions with high activation energies that occur during cycling,
such as the 03-O1 transition of LiCoO, at high voltages, can be problematic for
practical application. In situ NMR experiment results demonstrated that the
electrochemical reactions can be monitored in real time. More importantly, with
further improvement of this technique and with some modeling work, we believe it is
feasible to quantitatively measure Li* flow across the cell and to provide insights into
the rate limiting steps in the batteries. Such information will be very helpful for the

development of new high power, high rate LIBs.
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