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ABSTRACT OF THE DISSERTATION

Influence of Synthetic Conditions on the Polyol Process for High Power High Energy
Materials: Structural and Electrochemical Properties

by

Hyojung Yoon
Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2016

Professor Ying Shirley Meng, Chair

With the rapid depletion of conventional energy sources based on fossil fuels and
increasing energy demand, sustainable and renewable energy technologies, such as solar,
wind, hydroelectric power, have been drawn worldwide attention in energy-based
economics. Because of their uncontrollable and intermittent nature, large-scale high-
power electrical energy storage (EES) system is required to increase reliability of
renewable energy resources. Among various energy storage systems, lithium-ion batteries

(LiBs) are considered as the most important rechargeable energy storage system.
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However current LiB technology is still inadequate to compete against the conventional
fossil fuels and implement in the large-scale applications: Key questions are cost, energy
density, cycling life, and safety issues.

In the first part of this dissertation, rare-earth-free permanent magnets (PMs) are
intensively studied. Our innovative approach, using polyol process, developed
nanostructured cobalt carbide (NCC) consisting of an assembly of Co,C and Co;C
nanoparticles. The resulting material exhibits an energy product of greater than 15.84
MGOe at room temperature before compaction, which is confirmed through vibrating
sample magnetometer (VSM) and first order reversal curves (FORCs). An understanding
of the formation mechanism, using in sifu time-resolved x-ray absorption spectroscopy
(XAS), and the correlation between phase contributions to the properties are described in
detail. Our success in the development of rare-earth-free PMs may provide a cost-
effective and sustainable platform for clean technology applications.

Although the performances of LiBs have been drastically improved, the limit in
terms of the energy density and material stability still needs to be resolved. In the second
part, high-voltage cathode materials, spinel LiNipsMn;sO;s (LNMO) and olivine
LiCoPOs, are investigated to understand the influence of synthetic conditions of polyol
synthesis on their electrochemical properties and structural stabilities upon cycling. High-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
and X-ray photoelectron spectroscopy (XPS) allow us to determine the evolution of phase
transformation accompanied with the migration of transition metal (TM) ions at the

surface and electrode/electrolyte interfaces.
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Chapter 1. Introduction and Motivation

1.1. Li-ion Batteries
Rechargeable lithium ion battery (LIB) technology has been most extensively
used in energy storage systems for powering consumer electronics and power tools for

the past several years.'”

Compared with other commonly used batteries, LiBs are
featured by high energy/power density, long life and environmental friendliness. With the
recent development of hybrid electric vehicles (HEV) and electric vehicles (EV) such as
Tesla, Toyota Prius, Nissan Leaf etc., the rapid growth of interest in LiB research has
been accelerated. LIBs are the most suitable candidates for it, because lithium weighs
lightest, holds highest voltage, and greatest energy density of all metals.”™

In the early 1990s, Sony commercially introduced the LiB technology based on
the use of Li-intercalation compounds. Figure 1.1 illustrates the basic working principles
of LiB system, which consists of a positive (cathode) and a negative (anode) electrode
separated by a separator containing an electrolyte. The most common cathode material is
the oxides of transition metals, which can undergo oxidation to higher valences when
lithium is removed.”® As well known, carbon-based compound and Li-containing alloys
are the most common anode materials. Especially, graphite has a hierarchical structure to
possess the Li ion between the inter-slabs serve as an anode. A micro-porous separator
allows physical separation between the positive and negative electrodes, preventing short
circuit. The electrolyte, as an ion conductor to provide a medium to transport
electroactive Li' ions, is an organic solvent typically consisting of alkyl carbonates and

dissociated LiPFs salts. The Li ions flow through the electrolyte while the electrons



generated from the reaction go through the external circuit, thus the electrode system
must allow for the flow of both lithium ions and electrons.® The electrolyte should
features high ionic conductivity, high melting points and maintain stability within the
operating voltage (0.8 — 4.5 V).” Upon the discharge, Li-ion is inserted into the cathode
material and the transition metal ions in the cathode are reduced to lower valence by
accepting electrons generated from the anode as shown in Figure 1.1. The rates of these
processes, occurs at the electrode-electrolyte interface, determine the maximum discharge
current, thus the cathode performance depends critically on the electrode microstructure
and morphology. The developments of cathode materials therefore have become crucial

and receive much attention in recent decade.
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Figure 1.1 Schematics for the operating principle of lithium-ion battery (discharging)*



1.2. Permanent Magnets

Permanent magnets (PMs), specifically those containing rare earth metals, are
expending across many technological applications. They are an indispensible component
of many applications in electric, electronics, communications and automobile industries.
One area where they can make a major impact is in the field of electric motors. Because
they produce high torque with a much smaller motor, electric motors containing
permanent magnets are becoming more common, yet this higher torque is solely
associated with rare earth PMs.

The development of existing permanent magnet systems has occurred in abrupt
and substantial leaps (Figure 1.2). The first significant discovery was AINiCo in the 40’s.
The next major find occurred in the late 60’s when the first rare earth magnet SmCo was
discovered. Hexagonal SmCos compound with a CaCus-type structure appeared as the
first rare-earth high-performance magnets.®” The compound has magnetic properties that
are suitable for a permanent magnet, such as a large uniaxial magnetocrystalline

anisotropy (LoHa ~ 28 T), a relatively high saturation magnetization (J; ~ 1.14 T) and a

high Curie temperature (T, = 720 °C). The (BH)max of this type of magnet reached 160 kJ

m . The Sm,Co;; compound has a higher saturation magnetization (J; ~ 1.25 T) and a

higher T, than the SmCos compound; however, the anisotropy field is smaller.'” The
discovery of this “super-magnet” initiated a flurry of activity to develop better magnets
from more readily available materials. The early 80’s saw the development of the NdFeB
system, which had the largest energy product to date. The body centered tetragonal

12-13

Nd,Fe 4B phase,'' process via melt-spinning and powder-metallurgy'* techniques,

results in (BH)max greater than 288 kJm™.



However, there has not been a commercial non-rare earth magnet discovered that
approaches the energy products observed in the SmCo or NdFeB systems. Therefore,

studies on finding and developing new permanent magnet materials are strongly in

demand.
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1.3. Conventional Cathode Materials in Li-ion Batteries

Categorized by structure, the conventional cathode materials include LiMO, (M =
Co, Ni, Mn, etc.) layered compounds, LiMPOs (M = Fe, Mn, Ni, Co, etc.) olivine
compound, and LiM,O4 (M = Mn, Ni, etc.)spinel compounds. Goodenough firstly
demonstrated that the LiCoO; had a layered structure and the lithium could be removed
electrochemically.'® Since the LiCoO, became a viable cathode material, the transition
metal (TM) intercalation oxides have drawn significant interests at the cathode materials.

Figure 1.3(a) illustrates the ideal structure of the layered compound LiMO;. The
oxygen anions form a close-packed lattice with cations located in the 6-coordinated
octahedral crystal site. This structure allows the 2D Li diffusion pathways in which the
MO slabs and Li layers are stacked alternatively. Although the conventional layered
oxide LiCoO; has been commercialized as the cathode materials since 1990, the intrinsic
structural instability of the material limits the specific capacity, about 140mAh/g which is
only half of its theoretical capacity. The phase transformation proceeds when more than
half of the Li-ions are extracted from the structure.

In 1997, Padhi et al. discovered the electrochemical properties of the olivine
phase, in particular LiFePO,4."” The olivine structure of LiMPO, is shown in Figure
1.3(b). This material brought drastic changes in electrochemical energy storage because
of potentially low cost, plentiful elements, environmentally benign. The discharge
potential of the LiFePO, is about 3.4 V vs. Li with the specific capacity of 170 mAh/g
and it is very stable during discharge/recharge: no significant capacity fading was

observed even after long cycles. However, this material has a very low conductivity; it



could achieve the theoretical capacity only at a very low current density or at elevated
temperatures due to the low Li diffusion at the interface.

The LiM,Oy spinel cathode was originally proposed by Thackeray et al. in 1983."
Figure 1.3(c) shows the structure of LiM,04 spinel. The oxygen anion framework
contains cubic close-packed and it is same as that of LiMO, layered structure, differing
only in the distribution of the cations among the available octahedral and tetrahedral sites.
TM cations still occupy the octahedral site but 1/4 of them are located in the Li layer,
leaving 1/4 of the sites in transition metal layer vacant. Li ions occupy the tetrahedral
sites in Li layer that share faces with the empty octahedral sites in the transition metal
layer. Although the spinel structure is based on a three-dimensional MO, host and the
vacancies in transition metal layer ensure the three-dimensional Li diffusion pathways, it
has problem in terms of the capacity fading, resulting from Mn ion dissolution into to

electrolyte during the electrochemical reactions.

Figure 1.3 Structures of the conventional intercalation based cathode materials. Layer (a),
(b) olivine (b), and spinel (c) structure (Green: Li-ions; Pink: TM-ions; Blue: P-ions)



Chapter 2. Background

2.1. Polyol Synthesis

In nanoparticle synthesis, the polyol process appears as an easy to carry out and
versatile route among the chemical, physical, or electrochemical processes.'” Initially, the
polyol process was described as a novel route for preparing elemental metals and alloys
via reduction of inorganic precursors in various polyhydric alcohols namely a-diols or
etherglycols such as ethylene glycol, propylene glycol, tetraethylene glycol, etc..*’?*
Polyols, as well as monoalcohols, are mild reducing agents and also coordinating solvents,
which can form complexes with many metal cations, owing to their chelating

224 The solid inorganic precursor is suspended in the liquid polyol, which may

properties.
be quite soluble (nitrate, chloride, acetate) or only partially soluble (oxide, hydroxide),
then the solution is stirred and heated to a given temperature which can reach the boiling
point of the polyol for less reducible metals as illustrated in Figure 2.1. The reaction
occurs via a progressive or total dissolution of the solid precursor.

Beside metals, the polyol process turned out to be suitable for the preparation of
nano-sized binary and ternary oxides as well as phosphates, sulfides or halogenides,

22, 25-26
t00.””

It can be achieved through forced hydrolysis and inorganic polymerization.
The final compound of these reactions depends mainly upon the hydrolysis ratio 4
defined as the amount of water added in the polyol and the amount of metal involved.

In general, the characteristic features of the polyol synthesis can be summarized

as given below



* Inorganic compounds/salts are often well soluble because of the polarity
of the polyols (&g > 30)

* The reaction proceeds in two steps: Nucleation and particle growth,
resulting controllable morphology (Figure 2.2).

* The reaction performed at temperatures up to the boiling points of the
polyols (e.g., diethylen glycol = 197 °C, tetracthylene glycol = 314 °C),
resulting well-crystallized materials.

* The chelation of the solid nuclei by the polyols: Limiting the particle
growth and preventing agglomeration of the particles.

* The polyol process is comparably easy to perform and suitable for a

preparation of larger quantities.
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Figure 2.1 Schematic illustration of the polyol process with various polyols
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2.2. High-energy Cobalt Carbide (Co.C, x =2 and 3) Nanomagnets

The cobalt carbide nanomagnet is a novel material that demonstrates properties
not found in the original bulk materials. Figure 2.3 shows the crystal structure of Co
metal. Co metal has two stable low temperature allotropes, o-Co and p-Co.*® From the
[001] direction, a-Co has a hexagonal closed packed (HCP) structure while 3-Co has a
face centered cubic (FCC) structure as seen from the [111] direction in the Figure 2.1.
The calculated magnetic moments of o-Co and B-Co are 1.63 w, and 1.86 wy, per atom.>
Both kinds of Co metal are soft phase materials, which means these materials have a
relative low coercivity and high saturation magnetization.

Theoretical studies indicate that both Co,C and Cos;C are both metallic; however,
the bulk Co moment is reduced to 1.0 up/atom for the Co,C and 1.65 up/atom for CosC
phase, resulting the increase in magnetic moment from Co,C to Co;C phase.” Figure 2.4
shows the crystal structures of Co,C (a) and Cos;C (b) materials, respectively. Co,C has
one kind of Co atom; display a layered structure with intervening layer of carbon atoms.
It leads to an easy axis along the [001] direction and harder axis along the other direction.
However, CosC has two kinds of Co atoms. The crystal structure from the [100] direction
shows that two zigzag planes of Co atoms are separated by single plane of carbon atom,
resulting an easy axis along [100] direction.

However, the CosC phase shows the increase of magnetocrystalline anisotropy
energy (MAE) to 0.15 — 0.19 meV/Cos;C along other directions. The uniaxial anisotropy

of the compound contributes to higher coercivity.
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Figure 2.3 Crystal structures of a-Co (left) and B-Co (right)
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Figure 2.4 Crystal structures of Co,C (a) and CosC (b)

12



13

2.3. High-voltage Cathode Materials for Li-ion Battery

Considerable attention has been devoted to cathode materials, which can deliver
high energy and power density. Three classes of the cathode materials can be considered:
the 3-V cathodes, e.g. MnO,, LiFePO., the 4-V cathodes, e.g. LiCoO,,
LiNi;;3Co13Mn; 302, LiMn,O4, and the 5-V cathodes. Among high-voltage cathode active
materials, spinel structured LiNipsMn; sO4 (LNMO) and olivine LiMPO4 (M = Co and
Ni) have drawn considerable attention as the 5-V cathodes.*'

The Ni-doped spinel oxide, LiNigsMn; 504, has two different crystal structures of
the space groups of Fd-3m (disordered structure: Mn ions are present in mainly Mn*" and
little Mn*") and P4332 (ordered structure: Mn ions are present in only Mn*"), both
providing a 3D network for Li-ion diffusion. It provides access to redox couple
(Ni**/Ni*") below 4.8 V vs. Li. The disordered LiNiysMn;sOy4 spinel was found to have
better electrochemical performance than ordered spinel LiNip sMn; 504.

The LiMPO4 (M = Co, and Ni) materials belong to the olivine family of the
triphylite lithium orthophosphates where a PO,> polyanionic framework surrounds the
metal ions. It crystallizes in orthorhombic lattice with either the Pmna or Pmnb space
groups. The olivine-structured orthophosphates LiMPO4 (M = Co, and Ni) offer both
high redox potential. In fact the Co®*/Co”" and Ni**/Ni*" couples show increasing redox
potentials: 4.8, 5.1 V vs. Li'/Li’ for Co and Ni, respectively.

Even though they have emerged as the most promising candidates and extensively
studied, several issues are still open questions for the practical use: poor cycling life,
material instability, storage losses at high temperature, and oxidation of electrolyte at

high operating voltage are need to be solved.
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Figure 2.4 Crystal structure of LiNig sMn; 504 spinel (a) and LiCoPOy olivine (b)



Chapter 3. Advanced Characterization Tools

3.1. X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) has made major contributions to research
topics of correlation between structure and function of the material due to their element-
specific nature and high sensitivity to the local chemical environment. The X-ray
energies provided by synchrotron sources are applicable to most elements in the periodic
table. In XAS, transitions from core electronic states of the metal to the excited electronic
states (LUMO) and the continuum. The former is known as X-ray absorption near-edge
structure (XANES), and the latter as extended X-ray absorption fine structure (EXAFS),
which probes the fine structure in the absorption at energies greater than the threshold for
electron release.” X-ray absorption spectra of any material be it atomic or molecular in
nature are characterized by sharp increases in absorption at specific X-ray photon
energies, which are characteristic of the absorbing element. Figure 3.1(a) shows the
sudden increase in the X-ray absorption with increasing photon energy.

XANES spectra provide detailed information about the oxidation state and
coordination environment of the metal atoms. The K-edge absorption edge energy
increases with increasing oxidation state. Any energy somewhat greater than the LUMO
level is carried off as translational kinetic energy. The EXAFS modulations are a direct
consequence of the wave nature of the photoelectron, resulting interference owing to
scattering of nearby atoms. Thus, the EXAFS oscillations result from the interference
between the outgoing photoelectron wave and components of back-scattered wave from

neighboring atoms in the molecule.™*
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In general, A narrow parallel monochromatic X-ray beam of intensity Iy passing

through a sample of thickness x will get a reduced intensity I according to the equation:

In (’70) = ux (eq. 3.1)
where u is the linear absorption coefficient, which depends on the types of elements and
the density of the material. The absorption coefficient can be detected either directly by
measuring the intensities of incoming and transmitted beam (transmission mode) or
indirectly by measuring the intensity of the incoming beam and of the decay products

such as fluorescent X-rays or Auger electrons (fluorescence or electron yield mode) as

shown in Figure 3.1(b).
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Figure 3.1 (a) X-ray absorption spectroscopy spectra including XANES and EXAFS
regions. Inset schemes illustrate the origins of the oscillation in the spectra. (b) Schematic
of the experimental setup for the different XAS detection modes
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3.2. First-Order-Reversal Curve (FORC) Diagrams

Magnetic hysteresis loops are routinely used to determine the magnetic
characterization of materials. However it is difficult to obtain information of coercivity
distributions or interactions from the hysteresis loop.

To eliminate some of the ambiguity inherent of conventional hysteresis

. 35
measurements, Pike et al.

and Roberts ef al. developed first-order reversal curve
diagrams that can be used to identify and discriminate between the different components
in a mixed magnetic mineral assemblage.

37-38 It is

A FORC diagram is formed by series of partial hysteresis curves.
measured by saturation a sample in a field Hgy, decreasing the field to a reversal field H,,
then sweeping the field back to Hgy in a series of regular field steps Hy’ . This
measurement procedure is repeated for different values of H, to obtain a suite of FORCs

as shown in Figure 3.2. The FORC distribution p(H,, Hy) can be defined as the mixed

second derivative

_ 0%°M(HgHp)
p(Hg, Hp) = _—aH(aabe (eq. 3.2)

and plotted in rotated coordinates from (H,, Hy) to H. = (H,— H,)/2 and H, = (Hy, + H,)/e
where H, corresponds to the distribution of interaction fields, and H, the distribution of
switching fields.** *’

The recent development of FORC diagrams has allowed the detailed investigation
of coecivity spectra, interactions, and domain states of fine particle magnetic systems. In

addition, this method dramatically increases the speed of the calculation and return

results that are identical to the existing slower conventional methods.
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Figure 3.2 Definition and measurement of a single FORC (a) and a set of FORCs (b)*'
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3.3. High Resolution Scanning Transmission Electron Microscopy (STEM)

Probing the local atomic structure, chemical composition and atomic bonding of
the battery materials is crucial to understand the complexities of bulk materials and
interfaces upon electrochemical reactions. Transmission electron microscopy (TEM),
especially with the recently developed techniques such as aberration correctors and fast
imaging cameras, has become one of the best techniques to probe these parameters at
micron to atomic scale, under both static and in-situ electrochemical operations.

Especially, the scanning transmission electron microscope (STEM) is a very
powerful and highly versatile instrument capable of atomic resolution imaging and
nanoscale analysis. The basic concept of a STEM is relatively simple — a high-energy
electron beam is focused down to a small spot and fired through a thin sample. Signals
from scattered electrons and ionized atoms are recorded as the beam is scanned across the
sample. Chemical and bonding information along each projected atomic column can be
obtained by measuring the energy lost by transmitted electrons to core and valence
excitations at each point.*™*

The key to this instrument is the formation of an electron probe of atomic
dimensions, using the same detectors as a traditional TEM. A bright field detector and an
annular dark field detector collect scattered electrons. As the angle of the annular dark
field detector is increased away from the transmitted beam, the atomic number
dependence of the image contrast is increased. This configuration is often referred to as a
Z-contrast or high-angle annular dark field (HAADF) image.**

In addition, it can be combined with electron energy-loss spectrometry (EELS) to

analyze the energy distribution of inelastically scattered electrons from the specimen. It
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enables the STEM to characterize complex interface problems in LiBs using analytical

and imaging techniques with atomic resolution.

ADF
detector

Electron
spectrometer

Figure 3.3 Major elements of a scanning transmission electron®’



Chapter 4. In situ Non-aqueous Nucleation and Growth of Next generation Rare

Earth Free Permanent Magnets

Using a controllable wet chemical approach, polyol process, we developed a
cobalt carbide nanomagnet consisting of an assembly of Co,C and Cos;C nanoparticles as
an alternative to rare earth permanent magnets (PMs). The thermodynamically stable
mixed phase cobalt carbide nanoparticels are shown to be acicular in morphology. Their
exchange-coupled magnetic interaction possessing high maximum energy product (15.84
MGOe) and room temperature coercivity (2.9 kOe) was confirmed through vibrating
sample magnetometer (VSM) and first order reversal curves (FORCs). This nanomagnet
has drastically improved their magnetic properties compared to the pure bulk material. In
addition, to fully optimize the phase formation and magnetic performance, in situ time
resolved X-ray absorption spectroscopy (TR-XAS) measurement is applied. By studying
nucleation and growth evolution during the polyol process, a clearer understanding of the

different phase formation mechanics and magnetic properties was elucidated.

4.1. Introduction

A ferromagnetic material based upon nanoscale cobalt carbide had been recently
shown to exhibit unusually large coercivities and energy products, (BH)max.”> *> This
nanoscale cobalt carbide is especially attractive since it provides a rare-earth-free
alternative to currently existing high performance permanent magnets. The particular

properties realized by this material are highly dependent upon the processing conditions,

22
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where coercivity is shown to vary inversely with saturation magnetization.
Therefore, developing a fundamental understanding of the effect of those conditions on
the material’s magnetic properties is critical to translate its initial findings into a realistic
candidate, which can compete with rare-earth based magnets. Elucidation and control
over nucleation and growth at the nanoscale has been of notable interest over the past
decade since many chemical and physical properties can be vastly different than their

bulk counterparts.* *°

This is particularly true in the case of cobalt carbide, which has an
anomalously high magnetic energy density at the nanoscale. Through in situ time
resolved x-ray absorption spectroscopy (TR-XAS), we show that the nucleation and
growth of metastable cobalt carbide via the polyol process proceeds through
thermodynamically stable cobalt nuclei up to a critical size; below this critical size,
carbide formation is kinetically favored while above that size, metal is the more likely
outcome. We also demonstrate how the concentration dependences follow general
nucleation and growth theories.

In recent years, there has been extensive research into the fabrication of
nanocrystalline metals with uniform size and shape by utilizing several processing
techniques such as: thermal decomposition, photochemical reduction, pulsed laser

7% In particular, the chemical

ablation, as well as several chemical synthesis methods.
synthesis methods offer a more efficient route to obtaining nanocrystalline material of
tunable size and shape. The polyol process, in which metal salts are reduced by a
polyalcohol, has provided a simple and versatile approach to producing well-defined
20, 50-51

nanoscale materials by effectively separating the nucleation and growth steps.

Nevertheless, despite many reports elucidating mechanisms for the growth of
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nanoparticles with enhanced properties, wet chemical synthesis methods remain an art
rather than a science. As such, many methods to manufacture nanocrystalline materials
have failed to reach the industrial level. A major complication is the variation of the
kinetics depending on the synthetic parameters such as a sensitive dependence on pH,
metal precursor concentration, temperature, capping agents, and reaction time. To get a
precise synthetic system at the level needed for large-scale production, a more detailed
study of the nucleation and growth kinetics is needed. /n situ TR-XAS has been recently
proven to be a powerful method to monitor the dynamic structural changes and kinetics
during the formation of nanocrystalline materials. As in situ techniques are becoming
more commonplace in research, reports on the direct monitoring of the nucleation and
growth of nanocrystalline metals at room temperature using in situ TR-XAS are being
developed.”> Many reports describe room temperature photoreduction of catalytically
active materials such as gold colloids, platinum, rhodium, and palladium.’ Despite
these recent attempts to monitor the nucleation and growth of nanocrystalline materials,
there still lacks direct observation of high-temperature solution based syntheses. This is
of particular importance, as most systems used to synthesize nanocrystalline materials
require high operating temperatures in addition to complex reaction chemistries.

Here we report the kinetics of nucleation and growth for cobalt metal and carbide
nanocrystals formed using a polyol process, with reaction temperatures > 300 °C, using a
custom designed reactor. Recently, cobalt carbide nanoparticles have attracted
considerable attention as potential rare-earth-free permanent magnets due to their

28, 45

anomalous magnetic enhancement seen at the nanoscale. The nanoparticles offer

unusual magnetic properties, a high maximum energy product and coercivity, and these
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properties change with particle size, morphology and ratio of mixing particles. In order to
effectively control these variables and thereby optimize the magnetic properties of the
system, a detailed understanding of the effects of changes in synthesis parameters is
essential. The important role of surfactants and reaction duration on the crystallographic

structure and magnetic properties of cobalt carbide has been illuminated.

4.2. Experimental

All Chemicals were used without any further purification for synthesis of cobalt
carbide nanoparticles. In a typical procedure, 0.1 M cobalt chloride (CoCl,-6H,0,
guaranteed reagent, Spectrum Chemical) as a cobalt precursor is dissolved in 100 ml of
tetraethylene glycol (TTEG; CsH;30s, Spectrum Chemical), followed by the addition of
potassium hydroxide (KOH, > 85%, ACS reagent, Sigma-Aldrich). In a typical cobalt
carbide reaction, a cobalt precursor salt (CoCl,-6H,0) and KOH are dissolved in TTEG
within the designed in sifu reactor equipped with stirrer and a reflux condenser and
heated to 300 °C. The reaction was allowed to proceed for up to 2 h.

Powder X-ray diffraction (XRD) patterns of the cobalt metal and carbide
nanoparticles were obtained at the X16C high-resolution powder diffraction station at the
National Synchrotron Light Source. Retrieved samples for powder XRD were sealed in
Lindemann glass capillaries. X-rays of approximately 0.7 A wavelength were selected by
a channel-cut Si (111) monochromator, calibrated for each run with NIST standard
reference material 1976 ceramic corundum plate. The sample was spun during data
collection to insure good particle counting statistics. Diffracted X-rays were analyzed by

a single Ge(111) crystal before a commercial scintillation counter. Measured intensity
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was normalized to incident flux, measured by an ion chamber in the incident beam path
open to the atmosphere. Data were collected in step-scan mode, with collection time
typically linearly proportional to diffraction angle 26. Rietveld refinements of crystalline
phases of Co,C and CosC were performed with TOPAS-Academic software. The non-
crystalline structure of the Co sample was modeled with DIFFaX. More details are given
in the supplementary information. Morphological features were examined by a
transmission electron microscope (TEM) and a field-emission scanning electron
microscope (FESEM). SEM images were collected using a Phillips XL.30 ESEM at an
accelerating voltage of 20 kV. High-resolution TEM images and selected area electron
diffraction (SAED) patterns were taken on a JEOL 3000F transmission electron
microscope operated at 300 kV. The samples for TEM studies were prepared by drying a
drop of the aqueous suspension of nanoparticles on a carbon-coated copper grid (Ted
Pella, Redding, CA).

For the time-resolved in situ analysis, we developed in situ TR-XAS reactor.
Figure 4.1 shows schematic drawing of designed reactor cell. The reactor was made with
Aluminum (Al) in order to withstand the high operating temperatures along with the high
alkaline synthetic conditions required for reaction; the Al reactor also distributes the heat
evenly, thereby minimizing local temperature variations. A polyimide film window
allows for fluorescence mode analysis. Implanted cartridge heaters connected with a
temperature probe and a copper tubing cooling system within the reactor wall help
precisely control heating and cooling. The in situ study involves analyzing the x-ray
absorption near edge structure (XANES) and the extended x-ray absorption fine structure

(EXAFS) of the Co K-edge (7709 eV). We monitor the fluorescent x-ray intensity (/)
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using a Passivated Implanted Planar Silicon (PIPS) detector, where u(E) = I¢/I,. To
obtain real time data, each full XAS spectrum was obtained in 100 ms using quick
extended x-ray absorption fine structure (QEXAFS) mode at Beamline X-18B of the
National Synchrotron Light Source. In this setup, the angle of the crystal monochromator
is rapidly oscillated during scans.

Magnetic properties were measured using a Quantum Design-Versalab vibrating
sample magnetometer (VSM). The Hysteresis loop was carried out using a maximum
magnetic field of 3 kOe, with a field sweep rate of 100 Oe/s. Isothermal remanence
magnetization (IRM) plots were collected from 0 to 10 kOe with step of 100 Oe. The
direct current demagnetization (DCD) plots were collected in the same manner as the
IRM plots, except that the particles were first saturated in a field of -30 kOe. A Henkel
plot was then created by 6M = (Mpcp-Mr+2*Mrm)/Mr. A set of FORCs was obtained
by: (1) saturating the sample by applying a field Hmax = 20 kOe, (2) Reducing the field
to a return value H;, where H; < Hpay, (3) Increasing H to Hmax again and measuring the
magnetization M (H, H;), (4) Repeating steps (2) and (3) for decreasing values of H;
where H; > -Hp.x. The decrease magnetic field step was set to be 100 Oe and then a set of

approximately 100 FORCs was generated.



28

— Fluorescence

IPS Detector

In situ Reactor

Incident Beam

Figure 4.1 Diagram of a designed in situ cell for measurement of time-resolved XAS
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4.3. Results and Discussion
4.3.1. Polyol Synthesis of Cobalt Metal and Carbide

A major attraction of the polyol process is the ability to vary the polyalcohol
chain length, which in-turn enables control over the operating temperatures. For example,
the operating temperature of ethylene glycol is about 198 °C while triethylene glycol is
about 285 °C. The operating temperature is merely a few degrees below the boiling point

19, 23-24

(bp) of the solvent, where the polyalcohol is the most reactive . The synthesis of

cobalt carbide has been shown to require high operating temperatures, > 300 °C, and thus
TTEG was the polyol solvent of choice (bp = 325 °C)** *. From our previous study™, we
have already shown that the delicate control of the specific carbide phase can be obtained
through the addition of various amounts of KOH in the solution. Increasing the hydroxide
concentration results in an increase in the polyethylene glycol (PEG) chain length and it
can cause variations in the nucleation dynamics. To investigate the concentration of metal
salt and reducing agent dependence on the kinetics and formulate a mechanism,
nanoparticles were synthesized with two different reaction conditions. Detailed
conditions are described in Table 4.1. Varying synthetic parameters resulted in either the
formation of the thermodynamically stable Co” or the metastable carbide phase. The
structural properties of resulted nanoparticles were investigated using ex situ synchrotron
XRD. In Figure 4.2(a), the powder XRD pattern of Co metal could not be fit as one or
more crystalline phases. Bulk Co has a hexagonal close packed (HCP) equilibrium
structure at ambient conditions and has a martensitic transition to face centered cubic
(FCC) at high temperatures; the subtle energy difference between the two phases leads to

a variety of metastable and intergrowth forms™™. DIFFaX® was used to model such
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structures, with parameters adjusted to produce qualitative agreement with the data
shown in Figure 4.2(a). In this model, the characteristic dimensions of domains of each
type were ~8 atomic layers, and the triangular close-packed layers had a lateral extent on
the order of 75 atoms. The nearest neighbor distance within and between layers was
2.50(1) A. Note the stronger, sharper peaks where FCC and HCP peaks coincide, and the
clear broadening and suppression of the HCP (012) and (013) peaks at 26 = 27.2° and
35.3°, respectively. The fit is not sufficiently good to be regarded as a structural model
for the phase, but it is a useful first approximation. All the reflections shown in Figure
4.2(b) can be indexed in the orthorhombic system using the Pnnm and Pnma space group.
Rietveld refinements of crystalline phases of Co,C and Co;C were performed with
TOPAS-Academic software.®’ The results of the Rietveld crystallographic analysis and
crystal structures of the cobalt carbide samples are given in the Table 4.2 and Figure 4.3.
Figure 4.4(a) and (b) depict SEM images of the resultants at two different
synthetic conditions. SEM observations show agglomerated particle clusters, consisting
acicular or rod-like morphology. An interesting feature of cobalt carbides was that they
tended to stack vertically on their edges; therefore, they formed flower-like architectures.
To obtain structural information, we conducted high-resolution TEM studies, shown in
Figure 4.5(a) and (b). A thin layer of carbon is consistently observed at the edge of the
cobalt metal particles (Figure 4.5(c)). A similar observation was found through the micro-
Raman measurement (See Raman spectra in Figure 4.6). The HRTEM image in Figure
4.5(a), which was taken near the [001] zone axis, with a 0.22 nm d-spacing value,
corresponds to the cobalt metal on the (100) plane. The [010] direction was found to

typically lie along the long axis of the Cos;C crystallites in Figure 4.5(b). The lattice
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spacing was also determined to be about 5.0 A along that direction. Aggregated
nanometer-scaled crystals were observed with magnetic domain boundaries through
Lorentz microscopy (in Figure 4.7). The inset in Figure 4.5(b) shows a typical SAED
pattern recorded by directing the electron beam perpendicular to the flat faces of an
individual particle. The SAED pattern shows the corresponding diffraction pattern,

indexed to the [0 1 0] direction of CosC.



Table 4.1 Description of the conducted experiments

Reaction KOH (g) CoCI2 (E) [C02+]/ [OH]
Cobalt Metal 0.2 0.6 0.69
Cobalt Carbide 0.8 0.6 0.17

Table 4.2 Crystallographic details of the sample Co carbide

32

Phase Co,C

Space Group Pnnm (#58)

Lattice Parameters (A) a=4371(1),b=4.478(1), c = 2.881(1)

Mass Fraction 28(1)%

Atomic positions Co: 42 0.268(2), 0.346(1), 0
C:2a0,0,0

Minimum bond length (A): Co-C 1.89(1)

Co-Co 2.46(1)

Phase: Co;C

Space Group Pnma (#62)

Lattice Parameters (A) a=5.000(1), b =6.739(2), c =4.465(1)

Mass Fraction 72(1)%

Atomic positions

Col: 84 0.192(1), 0.063(1), 0.329(1)

Co2: 4¢ 0.030(1), "4, 0.836(1)

C:4c0.960(1), 4, 0.378(1)

Minimum bond length (A): Co-C 1.73(2)
Co-Co 2.46(2)
Scherrer size parameter (restrained common

to both phases) 220(10) A
X-ray wavelength 0.69978(3) A
R, 5.06 %

Ry’ 1.87 %

GOF * 2.70
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Figure 4.2 High-resolution powder x-ray diffraction patterns for Co metal (a) and carbide

(b)
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Figure 4.3 Crystal structures for Co,C (a) and Co;C (b)



(a)

(b)

Figure 4.4 Scanning electron micrographs of Co metal (a) and carbide (b)
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(a)

(b)

Figure 4.5 High-resolution TEM images and insets of SAED patterns for representative
of Co metal (a) and carbide (b)
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Figure 4.6 Raman spectra of the Co metal (a) and carbide (b) showing two types of D-G
bands
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Figure 4.7 (a)-(c) Lorentz micrographs of Co carbide particles
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4.3.2. Magnetic Properties of Cobalt Metal and Carbide

The magnetic behaviors of synthesized cobalt carbide nanoparticles were
investigated and compared with synthesized cobalt metal. While the cobalt metal shows a
high saturation magnetization with a low coercivity, the carbide sample has a high
coercivity (~2.9 kOe). That leads a 70% increase in the energy product (BHSS, 4 Pide ~
15.84 MGOe) as shown in Figure 4.8. Henkel plots (in Figure 4.9(a) and (b)), which can
be obtained from Isothermal remanent magnetization (IRM) and direct current
demagnetization (DCD) tests, were carried out to better investigate the interaction
mechanism and associated strength in these two systems based on Stoner-Wohlfarth
theory: SM=(Mpcp-Mr+2*Mirm)/Mr®*®  where Mg  represents the remanent
magnetization. Both the cobalt metal and carbide show a positive M value, which refers
to a dominant short-range exchange interaction. The highest intensity peak appears
around the coercivity field, where the angle @ between two single magnetic particles
becomes largest®. In Figure 4.10(a) and (b), first order reversal curves (FORCs) provide
information pertaining to the switching field distribution and give insight into interaction

35-36

mechanisms between particles in the system™". FORC contours are generated by

. .. _ 19?M(H.Hy) ..
calculating the second derivative, p(H, H,) = = anon The local coercivity field

(Hc) and bias interaction field (H,) are obtained by a coordinate transformation:
H,=(H—-H,)/2 and H, = (H+ H,)/2, where the H, is the coercivity of the
remanence. For assemblages of randomly orientated, non-interacting, single domain (SD)
grains, the FORC diagram displays an asymmetric “boomerang” shape contour line with

the central intensity peak’. The negative deviations of p on the H, axis reveal that
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exchange interaction is dominant in both cobalt metal and carbide systems, which are in
accordance with the Henkel plot results. The non-uniform and spread tails of the
switching field distribution on the H, axis in cobalt metal provides evidence of
asynchronous reversal behavior caused by polydisperse grain sizes and anisotropy within
the system®. However, the cobalt carbide system has a single-phase magnetization

reversal, at 3 kOe, indicating an exchange-coupled system with a narrow size distribution.
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Figure 4.8 Hysteresis loops obtained from a VSM measured operating at room
temperature for Co metal (red) and carbide (black) nanoparticles
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Figure 4.9 The isothermal remanence (IRM), DC demagnetization (DCD) remanence
curves, and Henkel plots for Co metal (a) and carbide (b)



43

(a)
2000

1000

Hu(Oe)

-1000

-2000
0 1000 2000 3000 4000 5000

Hc(Oe)

(b)

1000

Hu(Oe)

-1000

-2000
0 1000 2000 3000 4000 5000

Hc(Oe)

Figure 4.10 First-order reversal curve (FORC) diagrams for Co metal (a) and carbide (b)
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4.3.3. Nucleation and Growth Model by In situ TR-XAS Measurement

To reveal how the synthetic conditions affect nanoparticle synthesis, the dynamics
of the cobalt metal and carbide formation were investigated as a function of reaction
time. In order to analyze the formation kinetics by using the appropriate rate equation, we
proposed the overall reaction mechanism as shown in Figure 4.11, where the metal
nanoparticle formation is a two-step process>. The initial reaction rate, k;, designates the
ligand exchange forming the cobalt-glycolate species, which occurs once the metal salt
precursor is dissolved in the polyol. The reaction rate, k,, covers the progressive
conversion of cobalt-glycolate to Co” utilizing the electrons from the carbon center to
form a double bond with the oxygen atom™. The time evolution for Co K-edge in situ
TR-XAS spectra during polyol process for total reduction time of 100 min are plotted in
Figure 4.12(a) and (b) using a color scale for the spectrum intensity. To clearly show the
reduction of Co”" to Co’, selective XANES and EXAFS spectra are presented in Figure
4.13(a) and (b). As presented in XANES spectra, the magnitude of Co** absorption
around 7715 eV largely disappeared after intermediate state and shifted towards lower
energy in both reactions, corresponding to metallic Co” by the polyol process. It can be
also confirmed through the EXAFS spectra of the in sifu reactions that the absence of the
Co-Cl contribution and the presence of the Co-Co contribution for the final phase are
consistent with the reduction of Co>" to Co’. By checking the white line intensity u
(Ecoci2=7709 eV) and intrinsic peak - Ecorrers =7757 and Eco.-carpide =1784 €V attributed
primarily to Co-Co and Co-C bond respectively (See Figure 4.14 and 4.15) - quantitative
kinetic values were analyzed from the in situ TR-XAS spectra. Concentration data as well

as the fitting curves derived from reaction models are shown in Figure 4.16. The
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induction period is observed for the first 1250 and 500 s in Figure 4.16(a) and (b),
respectively. This duration corresponds to the accumulation of the critical concentration
of Co atoms necessary for the nucleation to occur in the original LaMer model®’.
Distinctly, in Fig. 4.16(b), the rapid onset of the nucleation (~ 500 s) resulted in a smaller
induction period over the cobalt metal formation. The formation of cobalt metal and
carbide phases shows a strong dependence on the induction time within the nucleation
stage. To obtain detailed rate constants from the raw data curve fitting, the Avrami-
Erofe’ev (AE)®*®” and Finke-Watzky (FW)® models were applied. The kinetic studies of
the solution based nucleation and growth of crystals are often described by the AE model,

expressed as mole fraction term:
a=1-—exp[—(kt)"]

On the other hand, the FW 2-step model® is able to provide quantitative rate
constants corresponding to the nucleation and growth process respectively. The FW 2-

step model can be described without explicit concentration-dependence terms™;

ki + k5
k; + kiexp[(ky + k3)t]

a=1

With these models, we determined the reaction rates via least squares fitting of the
concentration data derived from in situ TR-XAS (Table 4.3). It is found that the induction
period is drastically shortened with a decrease of [Co>]/[OH]. Our fitting results clearly

show a difference in nucleation rate, k;. Comparing k; of the cobalt metal and carbide

carbide metal

formation, ; is much larger than k,"°. It has been shown that hydroxyl ions

provide nucleation sites for the formation of metallic particles.”” This fact demonstrates
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that more seeds will be formed since there are enough nucleation sites, leading to the very
rapid nucleation rate at high concentration of hydroxyl ions, which results in much
smaller particle size. A critical size of Co’ nuclei is essential to forming the desired
carbide phase, as we believe that the formation of cobalt carbide is due to a surface
reconstruction/diffusion of C atoms into the Co structure by Fisher-Tropsch reaction with
the source of carbon monoxide being the aldehyde formed during the reduction of

cobalt’"

. In Figure 4.17, the graph depicts the hypothesized pathways as described in
the nucleation and growth kinetic model based on the fitted parameters. The plateau
region, observed in Fig. 4.16(b), supports our previous assessment that once the critical
nanosized Co nuclei are formed, they immediately act as a catalyst, whereby the carbon
monoxide is catalytically decomposed to C atoms. This reaction permits carbon diffusion
into the Co interstitial sites through a surface diffusion mechanism and hence results in

8. 45 Therefore, the cobalt nuclei should have a critical

formation of cobalt carbide
maximum size, which can be achieved with a fast enough nucleation rate to enable them
to fully incorporate carbon into their structure. Recently, it is reported that when two final
phases, Co metal and carbide in our case, compete from the same dissolved precursor at
the beginning of the reaction, the phase, with the lower energy barrier, prefers to form
more rapidly as the rate of nucleation is proportional to e"26/k8T where AG is the Gibbs
free energy, K is the Boltzmann constant and T is temperature’*. We believe that the fast

rate of nucleation helps to form cobalt carbide phase, which has a lower energy barrier

than metal.
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Figure 4.11 Proposed mechanism for the formation of Co nanoparticles synthesizes from
TTEG solution of CoCl, in the presence of KOH
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(a)

——180°C_lnitial
—— 240°C_Intermediate
——300°C_Final

- - - CoCl, Standard

- - - Co metal Standard

Normalized p (E)

7700 7710 7720 7730 7740
Energy (eV)

(b)

7750

—— 180°C_lnitial
—— 240°C_Intermediate
——300°C_Final

- - - CoCl, Standard

- - - Co C Standard

Normalized pn (E)

7700 7710 7720 7730 7740
Energy (eV)

7750

FT intensity (A.U.)

FT intensity (A.U.)

49

~{Co metal

Final

300°C
280°C
180°C

CoCl,

0

1

2 3 4
Radial distance (A)

5

6

CoC
Final
300°C
280°C

180°C

/\/\/\/\/\M
CoCl,

0

T T T

2 3 4
Radial distance (A)

5

o

Figure 4.13 XANES and EXAFS spectra at Co K-edge of initial, intermediate and final
state during in situ Co metal (a) and Co carbide (b) reactions including CoCl,, CoxC and
Co metal powder standards



(a)

(b)

Normalized u(E)

Normalized u(E)

1.2

1.0

0.8

0.6

0.4
0.2

0.0
7650 7680

1.2

50

" A P A A 1 A A 1 A L A L

77107740 7770 7800 7830 7860 78390

E (eV)

[—Co,C

10} CoC '\_,\/'\ e ~—

us:

as:

0.4} |

02} [

aol o

7650 7700 7750 7800 7850 7900
E (eV)

Figure 4.14 Ex situ Co K-edge XANES spectra for Co metal (a) and Co carbide (b) after

running reactions



51

g

\

//f/ s {
%@

—

~
<
~

——

%

7650 7700 7750 7800 7850 7900 7950 8000 7650 7700 7750 7800 7850 7900 7950 8000

Energy (eV)

Energy (eV)

Figure 4.15 Time evolution as a function of the reduction time for Co K-edge XANES

spectra for Co metal (a) and Co carbide (b)



52

(a)

® Co-Co eCo-EG = AEFit === FW Fit

1.0
o
o o
+l—| g
o~ 0.8 p—
(@) °O
O, 06 O
— S
H‘-‘ \‘_
g-l 04 ©
(@) o
(& (&
| S 0.2 Tl

0 500 1000 1500 2000 2500 3000 3500°°

Time (sec)
(b)

® Co-Co e Co-EG == AEFit === FW Fit

1.0 M v M Ll v L v T v T v T v
® [S]s] 1 . 41.0
— 3 12 S
F. e 08 S
@
N 0.8 ) o
(@) i ® B
O, ol o
= ° 06 O
&H :.-'
8 0.4 - 0.4 c:
[ ]
= 0.2 " Jo2 ©,
0 .

A A A A A i A A A 0_0
500 1000 1500 2000 2500 3000

Time (sec)

Figure 4.16 Plots of [Co™" precursor]/[C0”" precursor]o and (a) [C0metar]/[C0 metal]3900, and (b))
[CoOcarbide]t/ [Coocarbide] 3300 as a function of the reduction time on the basis of the temporal

change of normalized . Curve fitting to the experimental data was carried out on the
basis of the AE or FW model for the kinetics



53

Table 4.3 Fitting results based on the AE and FW equation for Co-metal and Co-carbide

formation
R " Samp]e AE model FW model
caction -
[Co*'J/[OH] ksH | " Kions (5) | Koows (M)
6.726 x 10 * 1.205x10°  6.242x 107
Cobalt Metal 0.69 4

obalt Vieta + 0.4369 % £ 6.0072%  =0.4681 %
Cobalt 017 1319 x 10 3 5872x10°  6.990 x 10
Carbide : + 0.4549 % +8.0722 % +2.1459 %
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model
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4.4. Conclusion

We have demonstrated the polyol synthesis of mixed phase cobalt carbide (Co,C
and Cos;C) nanoparticels having high coercivity (~2.9 kOe) and magnetic moments of
more than 50 emu/g. The magnetic properties of cobalt metal and carbide exchange-
coupled interaction system were explored. Furthermore, the effects of reaction parameters
on magnetic properties and composition of resultants was examined. The in situ TR-XAS
measurements and analysis has been clearly shown that hydroxyl ions provide nucleation
sites for formation of metallic particles. By changing the [Co>']/[OH] concentration
ratio, while keeping cobalt content constant, the resultant particles exhibited different
structural and magnetic properties due to their nucleation and growth rate variation. The
methods applied in this study can be used to tune synthesis parameters in order to achieve
strongly exchange-coupled nanoparticles in similar systems. In particular, the in situ
methods, and the insights they provide on the synthesis kinetics, permit materials
scientists to significantly narrow down the very large parameter space that exists in
optimizing synthesis protocols for the purpose of making large batches of magnetic
nanoparticels. Thus, the result reported in this study is an important step in attenuating
the critical-materials aspects of rare-earth elements and satisfying the ever-increasing
demand for permanent magnets for clean technology applications.

Chapter 4, in full, is a reprint of the material “In Situ Non-aqueous Nucleation and
Growth of Next Generation Rare-Earth-Free Permanent Magnets” as it appears in the
Physical Chemistry Chemical Physics, Hyojung Yoon, Aoran Xu, George E. Sterbinsky,
Darico A. Arena, Ziying Wand, Peter W. Stephens, Ying Shirley Meng, and Kyler J.

Carroll, 2015, 17, 1070. The dissertation author was the primary investigator and author
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of this paper. All the experiment and author of this paper. All the experiment and writing

were performed by the author.



Chapter 5. Mitigating Surface Structural Instability of High Voltage Spinel Cathode

Materials in Li-ion Batteries

Although high voltage spinel LiNipsMn; 504 is considered to be a promising high-
energy and high-power density cathode material for Li-ion batteries, it exhibits poor
cycle life and capacity degradation, especially at elevated temperatures. In this work new
findings on structural stability affecting the electrochemical longevity of the
LiNipsMn; sO4 material are discovered using a combination of in situ synchrotron X-ray
absorption spectroscopy and double-aberration-corrected scanning transmission electron
microscopy. We elucidate cation migration and subsequent surface structural changes at
the atomic level. Combining the DFT + U calculations with our experimental
observations, a correlation between these structural instabilities and the capacity
degradation is established. It is found that a well-maintained surface structure with low
surface energy could be obtained by through a synthetic route. This study yields new
insights on novel material design principles for preventing capacity degradation in

transition metal oxide materials for energy storage in high voltage Li-ion batteries.

5.1. Introduction

In the past decade, LiNigpsMn;sO4 (LNMO), one of derivatives of 4 V-spinel
LiMn,O4 (LMO) electrode, has gained a lot of research attention as a promising

candidate for powering electric vehicles and grid energy storage that could facilitate the

57
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use of renewable energy in larger scale applications.””’® Cation substitution for Mn by
divalent metal ions in the spinel lattice has proven to be an effective way to improve the
electrochemical performance of LMO by providing the stable 3D channels of Li-ion
diffusion. Although Ni-doped LNMO demonstrates a high operating voltage (~4.7 V vs.
Li) and better structural stability compared to the parent material, LMO, the poor cycle
and capacity fading still remain to be the major challenges in its widespread usage.’> ”*™**
To meet the recent demands, it is of critical importance to ensure that the LNMO material
can be cycled at high rates and high temperature with fast Li insertion-extraction kinetics.
The basis of lithium-ion battery (LiB) operation is intercalation reactions in which guest
ions are inserted and extracted from interspace within a host lattice without significantly
altering the structure itself. Despite the fact that there are minimal changes to the lattice
during intercalation at low voltages (< 4.4 V), undesirable restructuring of the lattice is
often accompanied by phase transition at high voltages. It is one of the major factors that
limits the kinetics and reversible energy density of LiB. Intensive investigation has been
conducted on the crystal structure of bulk LNMO by X-ray diffraction (XRD), neutron
diffraction, nuclear magnetic resonance, and Raman spectroscopy.” ™ Based on bulk
structural observations during extended storage or an electrochemical cycling, several
mechanisms have been proposed for the lattice restructuring: (1) lattice modifications

accompanied by the Jahn-Teller distortion,” ™

(2) cation mixing between Li and Mn, and
(3) loss of crystallinity via the dissolution of Mn®" ion into the electrolyte.””** These
structural studies provide valuable information to better understand the reaction

mechanisms in the bulk. However, a detailed understanding regarding the surface

structural stability of the LNMO is still lacking, which involves a local redox process
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initiated by oxidation of the electrolyte and catalyzed by the electrode surface.”®** Under
these circumstances, Mn dissolution is known to cause the most detrimental effect on

structural stability.”*”” In particular, it can lead to surface phase transformation from

87, 98-100 80, 101-103

spinel to rock-salt structure, as well as loss of crystallinity upon cycling,
which is known to limit the capacity retention. In-depth investigations are necessary to
identify the evolution of the surface structure changes associated with Mn dissolution.
We utilize a variety of short- and long-range structural surface sensitive
techniques to assess the importance of chemical-physical characteristics on the capacity
fade of high voltage LNMO material upon cycling. Polyol process (P-) is chosen to
synthesize LNMO materials compared to the conventional sol-gel method (SG-), because
polyol medium itself acts not only as a solvent in the process, but also as a stabilizer,

limiting particle growth and prohibiting agglomeration.'**'

More importantly, this
innovative synthesis process provides a superior reducing environment for synthesizing
LNMO materials,'”” which can play a vital role in obtaining high-performance LNMO
material with high energy density. Total electron yield (TEY) and fluorescence yield
(FY) synchrotron X-ray absorption spectroscopy (XAS) were used to confirm the surface
and bulk local structural changes. Additionally, electron energy loss spectroscopy (EELS)

and high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) quantifies surface structural changes.

5.2. Experimental
LiNipsMn; sO4 nanoparticles with same stoichiometries were prepared via two

different synthetic methods: (1) conventional sol-gel method'®*''* and (2) polyol process.
Y
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As for Sol-gel methods, the sol solution were prepared from the stoichiometric mixture of
Ni(CH3COO),-4H,0 (Aldrich), and Mn(CH3COO),-4H,0O (Aldrich) in distilled water.
The solution of LiOH-2H,O (Aldrich) in distilled water and aqueous solution of citric
acid was added dropwise to the metal precursor mixture stirring continuously. Next, the
pH of the mixed solution was adjusted to 7 by adding an ammonium hydroxide solution.
As-prepared sol solution was dried at 70 °C with a vigorous mechanical stirring. After gel
formation, the precursor was further dried overnight under vacuum oven at 120 °C for
overnight, eventually, the resulting gel precursors were decomposed at 500 °C for 12
hours in air and then calcinated at 900 °C for 14 hours in air, in sequence.

In case of Polyol process, Ni(CH3;COO),4H,O, Mn(CH3;COO),-4H,0,
LiOH-2H,0, and citric acid were added to 100 ml tetraethylene glycol (TTEG) in a
stoichiometric molar ratio. The mixture was heated at 280 °C for 3 h in a round bottom
flask connected to a refluxing condenser to ensure full activation of the polyol medium.
The resulting solution was centrifuged several times with methanol and subsequently
dried at 80 °C for overnight. The resulting precursors were decomposed at 500 °C for 12
hours in air and then calcined at 800 °C for 1 hour in air.

Powder x-ray diffractions (XRD) of all samples were collected by a laboratory x-
ray diffractometer (XRD, Bruker DS8) using a Cu K, radiation. The data was collected by
continuous scanning of a detector covering an angular range from 10.0° to 80.0° with a
scan rate of 0.02° s and wavelengths of A= 1.54 A. The Rietveld refinement was done

by FullProf.
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The amount of cation dissolution into the electrolyte was analyzed by inductive
coupled plasma atomic emission spectroscopy (ICP-OES Perkin Elmer Plasma 3700). A
custom-made three-electrode cell was disassembled in argon filled glovebox and the
electrolyte was collected and separated from the other battery components. The ICP-OES
equipped with two monochromators covering the spectral range of 167-785 nm with a
grated ruling of 3600 lines/mm. The system is capable of analyzing materials in both
organic and aqueous matrices with a detection limit range of less than 1 part per billion.

The particle size and morphologies were checked using field emission-scanning
electron microscope (FE-SEM, Phillips, XL30) at an acceleration voltage of 15 kV after
sputter-coating all the samples with iridium for 6s.

For the composite electrode fabrication, the slurry consisting of 80 wt.% active
materials, 10wt. % acetylene carbon black, and 10 wt.% poly(vinylidene fluoride)
(PVdF) in N-methyl pyrrolidone (NMP) was coated on a aluminum foil current collector,
and then dried overnight in a vacuum oven at 80 °C, and followed by punching and
pressed uniaxially. As-prepared electrodes were dried again at 80 °C for 6 hours before
storing them in an argon-filled glovebox (H,O level of <1 ppm) (MBraun, Germany)
before cell assembly. For the electrochemical characterizations, lithium metal (Aldrich)
was used for the negative (counter) electrode, and Celgard model C480 separator
(Celgard Inc., US) was used as a separator. The electrolyte was a 1- M solution of lithium
hexafluorophosphate (LiPF¢) in a 1:1 volume mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC). The cell used for the electrochemical tests was assembled in
a glove box (MBraun, Germany) filled with purified argon gas. The as-prepared cell was

charged and discharged between constant potential of 3.50 V and 4.85 V (vs. Li/Li") at a
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rate of C/10 (the theoretical specific capacity of 146.72 mAh g™ of LiNigsMn,; sO4 spinel
material was assumed). An Arbin battery cycler was employed to carry out all of the
galvanostatic cycling tests.

Electron microscopy was carried out using the double aberration-corrected
scanning TEM (TEAM 0.5) microscope operated at an acceleration voltage 80 kV
installed at the National Center for Electron Microscopy (NCEM) at Lawrence Berkeley
National Laboratory (LBNL). The images were recorded on a 3 mm diameter specimen
mounted to a double-tilt holder in a conventional stage that enables a tilting range of +
20-25 ° in combination with the ultrahigh-resolution pole-piece lens employed. All
annular dark-fiels STEM micrographs were recorded in TEAM 0.5 with a convergence
angle of 30 mrad and a probe size of ~1.5 A after fine-tuning of the probe corrector at 80
kV. All EELS spectra shown in this work were acquired from a square area of ~0.5 x 0.5
nm with an acquisition time of 3 sec and a collection angle of 35 mrad. To minimize
possible electron beam irradiation effects, EELS data were acquired from areas without
pre-beam irradiation. Mn L3 to L, intensity ratio analysis was done by averaging over 8 to
12 spectra using the method described by Wang et al.'"!

In situ XAS experiments were carried out at beamline X-18B at the National
Synchrotron Light Source (NSLS). A Si (111) double-crystal monochromator detuned to
30 % of its original maximum intensity to eliminate the high-order harmonics. Mn K-
edge (~ 6539 eV) XAS spectra were collected simultaneously in both fluorescence yield
(FY) mode, utilizing a gas ionization chamber as a detector, and in total electron yield
(TEY) mode under He gas flow. The cycled cathode electrodes were first washed by with

DMC solvent and then mounted on the sample holder of a specially designed cell.''?
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Reference spectra of Mn foil were used to maintain energy calibration. X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)
data were analyzed by the ATHENA software package.'"” The extracted EXAFS signal,
v(k), was weighted by k’ to emphasize the high-energy oscillations and then Fourier-
transformed in k-ranges of 2.5 to 7 A" for Mn to obtain the magnitude plots of the
EXAFS spectra in R-space (A). For the time-resolved in situ analysis, a previously

reported in situ XAS reactor was used (presented in Chapter 4).'%°

The in situ study
involves analyzing the X-ray absorption near edge structure (XANES) of the Mn K-edge
(~ 6539 eV). We monitor the fluorescent X-ray intensity (Ir) using a Passivated Implanted
Planar Silicon (PIPS) detector, where u(E) = 1/1).

The DFT+U calculations we adopt here treat core electrons by projector
augmented-wave method as implemented in the Vienna ab initio simulation package
(VASP). The rotationally invariant approach of the on-site Hubbard U given by
Liechtenstein et al. is utilized at the Mn sites. The U value, Ueff = U-J = 4.84 €V, is
chosen similar to a previous study. All calculations are performed with a plane wave
cutoff of 420 eV. A bulk thickness of around 15 A and a vacuum thickness around 15-20

A are always adopted. The surface calculations parameters are fixed to the relaxed bulk

values, and only the atomic positions are allowed to relax.

5.3. Results and Discussion
5.3.1. Materials Properties and Electrochemistry of the LiNipsMn;s04/Li Battery

System
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Extraordinary capacity retention and cyclablility at an elevated temperature are
achieved for P-LNMO as opposed to the conventional SG-LNMO. Figure 5.1 illustrates
evaluated electrochemical Li-insertion properties of SG- and P-LNMO electrodes
between 3.50 and 4.85 V vs. Li at the C/10 rate in both ambient and elevated temperature
(55 °C) conditions. Typical galvanostatic charge-discharge curves of spinel phase
materials were recorded. Both materials displayed a plateau at approximately 4.7 V vs. Li
and delivered a discharge capacity of ~120 mAh g™ after the first charge (in Figure 5.2).
To assess the stability, we selected an aggressive test profile where the cells were cycled
at 55 °C. As expected, both compounds experienced capacity fading during cycling, as a
result of side reactions between the electrolyte and cathode active materials. It is
proposed that Mn®" ions at the surface undergo a disproportionation reaction, 2Mn’" =
Mn*" + Mn*", and the Mn*" tends to dissolve into the electrolyte causing a degradation of
the cell performance. At the elevated temperatures, these reactions are highly accelerated
and a drastic fade in capacity profiles is noted. The cell based on SG-LNMO retained
only 40 % of its initial capacity after 100 cycles, whereas P-LNMO showed excellent
capacity retention of 90 % during the same cycling period. ICP-OES measurement
(Figure 5.3) was followed to determine the amount of Mn dissolution into electrolyte
after cycling, which has been well acknowledged as a major failure mechanism of LNMO
positive electrodes.'”' !> ''"* However, based on our SEM results, SG- and P-LNMO
samples had similar morphologies with an average particle size of approximately 200 nm
(70 — 280 nm) as shown in Figure 5.4. All of the XRD peaks in Figure 5.5 could be
indexed using the space group Fd-3m, showing the same long-range ordered structure

(Rietveld refinement results are listed in Table 5.1 and 5.2, respectively). Both LNMO
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spinel materials showed a cubic close packed structure where lithium is in the tetrahedral
sites and nickel and manganese are disordering in the octahedral sites. From these
classical bulk material characterizations, we have not noticed any significant distinction
between SG- and P-LNMO; therefore, we further investigated the local atomic structures
and the effect of transition metal (TM) dissolution via synchrotron XAS and aberration-

corrected STEM techniques with EELS analysis.
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Figure 5.4 Scanning electron micrographs of LiNipsMn; sO4 powders synthesized via a
sol-gel method (a) and polyol method (b)



71

(a)

SG -LNMO

(111)

* (311)
(400)

Intensity / Arbitrary Unit

0 20 30 40 50 60 70 80
26 (1=154A)

(b)

P -LNMO

(111)

x(311)
(400)

Intensity / Arbitrary Unit

0 20 30 40 50 60 70 80
20(r=1.54 )

Figure 5.5 The Rietveld refinement results from X-ray diffraction patterns collected from
LiNig sMn; sO4 powders synthesized via a sol-gel method (a) and polyol method (b)
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Table 5.1 Lattice parameters, atomic positions, and site occupancies results from Rietveld
refinement of sol-gel powders

V4 Site X Y V4 Occ.
Li 8b 0.37500 0.37500 0.37500 0.98610
Ni 8b 0.37500 0.37500 0.37500 0.01390
Li 16¢ 0.00000 0.00000 0.00000 0.01390
Ni 16¢ 0.00000 0.00000 0.00000 0.48610
Mn 16¢ 0.00000 0.00000 0.00000 1.50000
(0] 32e 0.23987 0.23987 0.23987 4.00000

a=b=c=8.173926 A ,a=p=y=90°,Fd-3m

R,,: 1.8 %, Ry: 5.784 %
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Table 5.2 Lattice parameters, atomic positions, and site occupancies results from Rietveld
refinement of polyol powders

Atom Site X Y V4 Occ.
Li 8b 0.37500 0.37500 0.37500 0.97522
Ni 8b 0.37500 0.37500 0.37500 0.02478
Li 16¢ 0.00000 0.00000 0.00000 0.02478
Ni 16¢ 0.00000 0.00000 0.00000 0.47522

Mn 16¢ 0.00000 0.00000 0.00000 1.50000
(0] 32e 0.23904 0.23904 0.23904 4.00000

a=b=c=8.165595A ,a=p=y=90°,Fd-3m

Ryp: 2.95 %, Ry: 5.467 %
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5.3.2. Local Atomic-level Crystal Structure of LNMO Before and After Cycling
Aberration-corrected STEM is used to investigate the local atomic-level crystal
structures. Multiple regions were selected for this study to check the consistency of the
results. Representative HAADF-STEM images of the pristine and cycled SG- and P-
LNMO (at the discharge state after 20 cycles between 3 and 4.85 V vs. Li) which were
taken along the [110] crystallographic direction are shown in Figure 5.6. In this direction,
the position of TM heavy atomic columns can be clearly identified as a diamond
configuration. Although Li would be invisible to HAADF-STEM, measurable intensities
on these columns imply the presence of anti-site TM defects. A well-defined spinel
structure in the bulk of both pristine materials extends on the surface as presented in
Figure 5.6(a) and (b). However, the HAADF images of the cycled SG-LNMO (Figure
5.6(c)) show contrasting changes on the surface of atomic columns corresponding to the
surface structural changes. Local atomic-level defect structures are observed only in the
surface regions (~2 nm) of SG-LNMO compared to the bulk structures. On the contrary,
both the bulk and surface structures of P-LNMO after cycling (Figure 5.6(d)) still
maintained the pristine spinel structure. Close examination of the cycled SG-LNMO
surface regions (Figure 5.6(c)) at higher magnification indicate the presence of bright
contrast in the tetrahedral Li sites and empty octahedral sites in the center of the diamond
configuration. This contrast cannot appear because of the light elements such as Li or O
due to their low atomic number Z which corresponds to the presence of the TM ion.
Based on our HAADF images, the TM ions migrated into two different Li atomic sites of
SG-LNMO, which resulted in local atomic structural changes. Tetragonal distorted spinel

(Mn304) and rocksalt-like (MnO) structures can be formed when TM ions migrated into
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the tetrahedral and octahedral Li sites respectively. Especially, the Mn3O4 structure
contains 1/3 soluble Mn”" ions in the tetrahedral site, attributed to the Mn ion dissolution.
Once the Mn;0, is formed during cycling, the tetrahedral Mn®>* ions can dissolve into the
electrolyte. This is in contrast to the cycled P-LNMO, which surprisingly maintained its
original spinel structure. This is in agreement with excellent cycling performance of P-
LNMO sample observed from our electrochemical (Figure 5.1(a)) and ICP-OES results,

which is attributed to the stability of the surface structure of P-LNMO.
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Figure 5.6 High resolution STEM images of the bulk and surface of pristine SG- (a) and
P-LiNipsMn; 504 (b). 20t cycled SG- (¢) and P-LiNipsMn; 504 (d) at high magnification
taken along the [110] zone axis. The schematic crystal structures represent the Li ions
(purple), transition metal ions (red) and oxygens (green)
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5.3.3. Local Electronic Structure of the LNMO Before and After Cycling

In situ extended X-ray absorption fine structure (EXAFS) spectra for both
charged/discharged SG- and P-LNMO were analyzed to provide in-depth insights into
bonding variations of Mn during electrochemical cycling. EXAFS was performed in TEY
and FY modes to obtain detailed analysis of local surface and bulk bonding variations,
respectively. The absorption was measured using emitted electrons in TEY mode. TEY
measurements can only probe the surface of a material (~3 nm) due to the shorter mean
free path of electrons.'>''® The Fourier-transformed (FT) Mn K-edge EXAFS spectra
from both TEY and FY modes are shown in Figure 5.7. EXAFS spectra were k’-weighted
in k-space, but not phase-corrected FT, causing shorter bond lengths in the plots than for
the actual ones. The FT magnitudes of pristine SG- and P-LNMO are also plotted in the
bottom panels for references. The first peak is assigned to the single scattering path from
Mn to the closest oxygen atoms (i.e., the Mn-O bond). The second and third peaks are
assigned to Mn to the nearest TM atoms (Ni and Mn) occupying the octahedral sites and
the second nearest TM occupying the tetrahedral sites (TMe). For the Mn K-edge results
shown in FY mode, there were negligible alterations in both the Mn-O and Mn-TM bond
length from the pristine to the 20" cycled state, indicating that Mn in the bulk of the
material in SG- and P-LNMO materials is stable and maintains its original site, which is
consistent with the HAADF images. However, the shift of the Mn-TM bond length and
the emergence of the Mn-TM can be observed during cycling in TEY mode, only for
the cycled SG-LNMO. This further confirms the TM migration occurred during the
cycling with the irreversible surface phase transition possibly to Mn3;O4 and rocksalt-like

structures, which caused shortening the bond length in the EXAFS spectra.
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EELS spectra were acquired to further elucidate the bulk and surface structural
changes by correlating the morphology with chemistry of the SG- and P-LNMO
electrodes. Figure 5.8 compares the O K-edge and Mn L; ;-edge EELS spectra from
surface and bulk of each pristine and cycled SG- and P-LNMO samples. The O K-edge
fine structure of the cycled SG-LNMO sample from surface is different from the bulk.
The O-K pre-peak almost disappeared on the surface of cycled SG-LNMO samples. This
O pre-peak can be ascribed to the transition of 1 s core state to the unoccupied O-2p
states hybridized with TM-3d states.''''® The decreased intensity of this peak, at energy
loss of ~532 eV, on the cycled surface of SG-LNMO likely indicates the variation of
unoccupied states of TM-3d and bonding lengths of TM-TM. These electronic structure
changes correlate well with the atomic structure differences revealed by XAS result in
TEY mode and the HAADF images of SG-LNMO. In addition, the Ls/L; intensity ratios
of various manganese oxide standard samples have been measured as the reference for
determining the valence state of the experimental samples (Figure 5.9). In 3d TMs with d
occupancies lower than 3d’, The Li/L, intensity ratio is generally in a positive
relationship with the d occupancy; i.e., inversely related to the oxidation state.''' !> %"
120" Surprisingly, we observed an increased Li/L, ratio for Mn after a few cycles,
indicating the Mn oxidation state reduced. Furthermore, Mn reduction primarily occurred
on the surface, which is associated with the pre-peak O K-edge loss of the SG-LNMO
surface. It is notable that the electrochemically induced oxidation state gradients in Mn
and the structural transition mainly occurred only at the surface a few atomic layers of

SG-LNMO.
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and bulk of LiNip sMn; sO4 powders synthesized via sol-gel and polyol methods
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5.3.4. Origin of Different Surface Stability of the LNMO via Sol-gel and Polyol
Methods

To understand how the Mn local environmental will affect the surface stability
and electronic structure, we obtained electron density of states (DOS). Figure 5.10
displays the GGA+U calculated Mn 3d DOS for SG- and P-LNMO. The advantage of the
DFT calculations is that we can directly analyze the changes in geometric and electronic
structure. Our time-resolved XAS measurements, as shown in Figure 5.11, demonstrate
that an alkoxyacetate anion remains on the outer shell of the Mn cation only during the
polyol process. Also, the STEM images confirm both SG- and P-LNMP is dominated by
(111) surface of spinel. To further investigate the effect of existing organic molecular
layer, calculations are done on bare (SG-LNMO) and alkoxyacetate adsorbed (P-LNMO)
(111) surface as shown in Figure 5.12 imaginary model set up. In the projected DOS for
the bare (111) SG-LNMO spinel surface (Figure 5.11(a)), the spin-up states in 3d orbitals
are fully occupied indicating Mn is in the divalent state as shown in the inset. It is well
known for the Mn®" ions dissolve into the electrolyte solution and deposit metal Mn on
the surface of the negative electrode. In Figure 5.11(b), after applying alkoxyacetate
adsorption onto the (111) surface, i. e. P-LNMO, the surface Mn is no longer divalent.
The e, orbitals are unoccupied and tp, are half occupied which is consistent with the
electron configuration of Mn*". Compared to the bare surface of SG-LNMO, the surface
alkoxyacetate functional group can draw more electrons from the surface Mn ions, which

results in the increased stability of higher Mn oxidation states on the surface of P-LMNO.
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Figure 5.11 (a) Time evolution as a function of the reaction time for Mn K-edge XANES
spectra during polyol process. (b) Selective XANES spectra of initial, intermediate and
final stage including Mn(CH3COO), dissolved in TTEG
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Figure 5.12 The imaginary model setup of the (111) surface: bare and with acetate
adsorption
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5.4. Conclusion

In conclusion, cation migration in LNMO spinel materials, which attribute to the
instability of the surface structure and derivative phase transformation, has been revealed
through a combination of in sifu synchrotron XAS and C,-corrected STEM with EELS
analysis. TM ions were visualized directly as a diamond configuration along the [110]
zone axis. Tetragonal distorted Mn3;O, spinel and rocksalt-like MnO phases were detected
only at the surface regions of the cycled SG-LNMO particles, while P-LNMO maintained
its original well-defined spinel structure. The P-LNMO materials show excellent cycling
not only at ambient temperature, but also elevated temperature (~55 °C) conditions.
According to first principles calculations, a stable surface of P-LNMO is established
through an acetate-absorbed surface during the polyol synthesis even without any
additional post processes, such as doping, coating or annealing. The structural changes
between bulk and surface regions of the high-voltage cathode material undoubtedly
influence the charge/discharge behavior and capacity fade in LiB. We anticipate that this
novel synthetic approach should lead to the design and development of a wide range of
other stable and safe, high-voltage intercalation compounds.

Chapter 5, in full, is currently under review for publication of the material
“Mitigating Surface Structural Instability of High Voltage Spinel Cathode Materials in
Li-ion Batteries” Hyojung Yoon, Hyun-Man Cho, Danna Qian, Mahsa Sina, Jim Ciston,
Chengyu Song, and Ying Shirley Meng. The dissertation author was the primary
investigator and author of this paper. All the experiment and writing were conducted by

the author except computational calculations.



Chapter 6. Probing Defects and Electrochemical Properties in Polyol

Synthesized High Voltage LiCoPQO,4 Olivine Materials

In this chapter, LiCoPO4 nanocrystals were synthesized via a polyol process and
tested as cathode materials for 5 V lithium-ion batteries. X-ray diffraction patterns
confirmed its orthorhombic phase in the Pnma space group without unwanted impurity
phases. In this work, the role of defects in the crystal structure and perpetual
decomposition of electrolytes were discussed to get more insight in capacity fading issues
during cycling. Also, the antisite Cor; defects along [010] crystallographic directions
were investigated using annular dark scanning transmission electron microscopy (STEM).
X-ray photoelectron spectroscopy (XPS) allowed us to determine the evolution of

electrode/electrolyte interfaces upon cycling.

6.1. Introduction

There has been a constant drive to improve the specific energy and energy density
of the lithium-ion batteries (LiBs) for large-scale energy storage system and future
applications. It can be achieved by either choosing a cathode material that operates at a
higher potential or has a higher specific capacity.'*’ Among polyanion-type materials,
LiCoPOy is a promising candidate because of its high redox potential (4.8V vs. Li'/Li)

122-123

and high specific capacity of 167 mAh/g, resulting in an impressive specific energy
of ~802 Wh/kg.'**'** Though LiCoPO, has been extensively studied in recent years, the
intrinsic low electronic conductivity and pronounced capacity fading upon cycling have

not been completely understood yet to practical usage for the LiBs.'**"'*’
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The defects in crystals are an important factor governing the intrinsic properties of

the material, such as mechanical strength, electronic conductivity, and mass diffusion

130-131

rates. Honma group have reported the intrinsic antisite point defects in LiCoPOj4

131

olivine material for the first time.” Their direct observation of the atom-by-atom

structure confirmed cobalt (Co) atoms partly occupied the lithium (Li) sites, which

132-133

hinders the diffusion of Li-ions and the relocation of transition metal (TM) ion to

the Li sites (TML;) inevitably influences the mass and the charge transport behavior of the

134-135

olivine materials. The concentration of defects in a crystal is determined by

thermodynamics, materials synthesized via non-equilibrium routes generally contain

higher concentrations of defects.'**"*

Therefore, careful choices of synthesis conditions
or post-treatment methods are needed to control the level of defects and to tune the
properties of materials. A polyol process, in which metal salts are reduced by a
polyalcohol, is chosen since the method can provide a superior reducing environment' >
to producing well-defined LiCoPO, nanoparticles."**'*! The LiCoPO4 cathode materials
also require an electrolyte with high oxidation stability to deliver its full capacity owing
to the tendency of the electrolyte to continuously decompose in conventional organic
electrolyte.'” '**!* Since the cyclic performance and rate capacity critically depend on
the structural and phase transitions taking place during the charge-discharge cycle,'**'*’
it is clear that fundamental knowledge of the underlying defects and instability of the
LiCoPO, materials in LiPF¢-containing electrolyte solutions is needed.'*

Herein, we report the electrochemical performance of LiCoPOs prepared by

polyol synthetic routes and suggest the possible mechanisms of capacity fading through

direct observation of crystal structures, especially structural defects at atomic-scale



&9

resolution. The atomic resolution high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) was used to confirm Cor; antisite defects
combining with powder X-ray diffraction (P-XRD) measurement upon electrochemical
cycling. The local environment and oxidation states of decomposed species at the
electrode/electrolyte interface were also investigated using X-ray photoelectron
spectroscopy (XPS). Our results provide the better understanding of the capacity fading

mechanism of the LiCoPQ, cathode materials.

6.2. Experimental

LiCoPOj4 nanoparticles were synthesized by polyol process. Lithium dihydrogen
phosphate (LiH,PO,) and Co(CH3;COO),-4H,O were added to 100 ml tetracthylene
glycol (TTEG) in a stioichiometric molar ratio (1:1). The mixture was heated at 280 °C
for 3 hours in a round bottom flask connected to a refluxing condenser to ensure full
activation of the polyol medium. The resulting solution was filtered and washed several
times with ethanol and subsequently dried at 80 °C for overnight. The resulting
precursors were decomposed at 450 °C for 12 hours. The pre-calcinated powders were
prepared as a pellet for high temperature sintering. These samples were then calcinated at
800 °C for 12 hours in air. Samples were cooled in the furnace back to room temperature.

For the composite electrode fabrication, the slurry consisting active material
LiCoPO4 with 10 wt% acetylene carbon black and 10 wt% poly(vinylidene fluoride)
(PVdF) in N-methyl pyrrolidone (NMP) were pasted on the aluminum foil current
collector using a doctor blade and dried overnight in a vacuum oven at 80 °C overnight.

The electrode discs were punched and pressed in a uniaxial way. For the electrochemical
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characterizations, lithium metal (Aldrich) was used for the negative (counter) electrode,
and Celgard model C480 separator (Celgard Inc., US) was used as separator. The
electrolyte was a 1 M solution of lithium hexafluorophosphate (LiPF¢) in a 1:1 volume
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). The cell used for the
electrochemical tests was assembled in a glove box (MBraun, Germany) filled with
purified argon gas (H,O concentration < 1 ppm). The as-prepared cell was charged and
discharged between constant potential of 2.80 and 4.95 V (vs. Li/Li") at a rate of C/10
(the theoretical specific capacity of 167 mAh/g of LiCoPO4 spinel material was
assumed). An Arbin battery cycler was employed to carry out all of the galvanostatic
cycling tests.

Scanning electron microscope (SEM) (Phillips, XL30) and field emission
transmission electron microscope (FE-TEM, JEM-2100F HR, JEOL) were employed in
order to examine particle morphology and size distribution. The elemental distribution
was determined using energy dispersive X-ray spectroscopy (EDS) equipped in the FE-
TEM. Crystallinity of the samples was examined by X-ray diffraction (XRD) (Bruker
D8) with Cu Ka radiation. XRD data was gathered in the range of 26 = 10 — 80°, at a
scan rate of 0.02 °/s. The refinement of the XRD data was carried out using the Rietveld
method in the FullProf software package suite. Atomic resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) images were
obtained using the double aberration-corrected scanning TEM (TEAMO0.5) microscope
operated at an acceleration voltage 80 kV installed at the National Center for Electron
Microscopy (NCEM) at Lawrence Berkeley National Laboratory (LBNL). The images

were recorded on a 3 mm diameter specimen mounted to a double-tilt holder in a
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conventional stage that enables a tilting range of + 20-25° in combination with the
ultrahigh-resolution pole-piece lens employed. X-ray photoelectron spectrometer (XPS,
K-Alpha, Thermo Fisher Scientific, USA) analysis was performed with a monochromatic
Al K, X-ray source (hv = 1486.6 eV) operating at pressure lower than 10" Torr. For
high-resolution spectra, constant analyzer energy (CAE, pass energy: 50.0 eV) mode was
applied, leading to a resolution of 0.1 eV. The acquired spectra were calibrated by with
the binding energy of the hydrocarbon Cls (C—H) at 284.6 eV. The data were analyzed

using the software CasaXPS and all peaks were fit using a Shirley-type background.

6.3. Results and discussion
6.3.1. Material Characterization of Polyol-synthesized LiCoPO4 Nanoparticles
Representative morphology of the LiCoPO4 powders synthesized via polyol
process is shown in Figure 6.1. The primary particles are homogeneously dispersed and
no secondary particles are observed through the SEM image. The average particle size is
determined to be ~250 nm. TEM micrograph in Figure 6.1(b) reveals a closer aspect on
one single nanoparticle. To confirm the presence of cobalt (Co), phosphorus (P), and
oxygen (O) elements, EDS line scan were performed over the cross-section of the
particle, with the corresponding TEM image. The blue, red and green spectra represent
the counts of Co, P and O signals along the yellow scan line, respectively. The EDS
spectra results clearly show the presence of Co, P and O elements in the nanoparticle.
The uniformity of the elemental distribution was further verified by taking EDS maps on
one single nanoparticle (Figure 6.1(c)). The signals from Co, P and O elements were

detected uniformly across the whole nanoparticle, validating our synthesis method and
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indicating that all elements were well distributed.

To confirm the structural properties, the XRD pattern of the polyol-synthesized
LiCoPO4 nanoparticles was collected as shown in Figure 6.2. All diffraction peaks could
be indexed as the orthorhombic space group P n m a using Rietveld refinement with unit
cell parameters of a = 10.1951, b = 5.9201, and ¢ = 4.6973 A. The P atoms occupy
tetrahedral sites, while the Li (4a) and Co (4c) atoms occupy octahedral sites in

. o . 147-148
agreement with reported olivine structure.'*’

It may be described as chains (along the ¢
direction) of edge-sharing cobalt centered octahedral connected to one another by
phosphate tetrahedral. These (CoPO,) are connected to one another by octahedrally

coordinated lithium atoms along the b axis."**'*

Table 6.1 gives other fractional atomic
coordinates properties obtained from the Rietveld analysis of the structures. It is evident

from the XRD result that a pure phase of LiCoPO4 nanoparticles has been successfully

prepared via polyol process.
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Figure 6.1 (a) SEM image of LiCoPO4 powders synthesized via a polyol process. (b)
TEM image of an individual nanoparticle. The blue, red and green lines represent counts
of cobalt, phosphorus and oxygen signals along the yellow line. Element mapping of
cobalt (c), phosphorus (d) and oxygen (e)
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Figure 6.2 The Rietveld refinement results from powder X-ray diffraction patterns
collected from the polyol-synthesized LiCoPO4 powders. The black crosses represent the
observed pattern, the red line corresponds to the calculated diffraction pattern and the
blue is the difference pattern
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Table 6.1 Lattice parameters, atomic positions and site occupancies result from Rietveld
refinement of the polyol-synthesized LiCoPO,4 powders

Atom Site X Y V4 Ocec.
Li 4a 0.00000 0.00000 0.00000 0.94257
Co 4a 0.00000 0.00000 0.00000 0.05743
Li 4c 0.27633 0.25000 0.99971 0.05743
Co 4c 0.27633 0.25000 0.99971 0.94257

P 4c 0.09954 0.25000 0.43276 1.00000
(0) 4c 0.09951 0.25000 0.75438 1.00000
(0) 4c 0.44372 0.25000 0.22562 1.00000
(0) 8d 0.17416 0.02279 0.28619 1.00000

a=10.1951 A,b=5.9201 A, c=4.6973 A ,a=p=y=90°
V=1283.510 A’, R,,: 2.836%, Ry: 8.274 %
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6.3.2. Electrochemical Properties of Polyol-synthesized LiCoPO4 Nanoparticles

The electrochemical properties of the polyol-synthesized LiCoPO4 have been
explored by galvanostatic charge-discharge method. The typical voltage profiles at
constant 0.1 C rate with cut-off voltage window of 2.8 to 4.95 V are depicted in Figure
6.3(a). The discharge profile exhibited a wide voltage plateau at around 4.75 V vs. Li/Li"
with initial discharge capacity up to 105 mAh/g. One noticeable characteristic of the
charging curves is the distinctive two voltage plateaus, corresponding to two-step Li

. . -151
deintercalations.'*”

This two-step behaviour has been recently reported as Li ion
extraction from LiCoPO, associating with the phase transitions: LiCoPO4 < Lig7CoPO4
(at ~4.8 V) and Lip;CoPO; < CoPO, (at ~4.9 V), respectively.'”® Polyol synthesis
proved that although the first discharge capacity could be improved without conductive
carbon addition or surface coating, the obtained discharged capacity is only 63 % of the
theoretical value, which is 167 mAh/g after removal of one Li ion. In addition, the severe
capacity fade of the LiCoPO, cathodes in the subsequent cycles is generally observed.
The cycling performance of the polyol-synthesized LiCoPO4 nanoparticles was also
evaluated as shown in Figure 6.3(b). The discharge capacity is 30 mAh/g at 50" cycle
with a constant current of 0.1 C rates. It only maintained 28.57 % of its initial discharge
capacity. The drastic capacity fading were observed in the fist 5t cycles, and then the
discharge retentions gradually become stable. The low discharge capacity and poor
cycling stability of the LiCoPO4 materials are believed due to the presence of antisite
defects and the thermodynamic instability of the electrolyte at the high operation voltage

close to 5 V vs. metallic Li. Thus, the prime challenge is to find out why the drastic

capacity loss occurred to solve the problems.
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Figure 6.3 (a) Electrochemical charge and discharge voltage profiles between 2.80 and

4.95V (vs. Li/Li"); (b) Dependence of discharging capacity retention on number of
cycles, the voltage range is 2.80 - 4.95 V (vs. Li/Li") at 0.1 C = 167 mAh/g
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6.3.3. Antisite Defects in Polyol-synthesized LiCoPO4 Nanoparticles

In the octahedrally coordinated cations, Li locates at edge-sharing M1 sites, and
Co is found in the corner-sharing M2 sites. The cation exchange antisite defects between
theses two octahedral M sites are the most favorable intrinsic point defects in the olivine

structure, resulting blocking the Li-ion diffusion pathways.13 1,133

It can directly affect the
cathode performance. Previous P-XRD refinement results confirmed that the LiCoPOg4
nanoparticels synthesized via polyol process have almost 6 % cobalt occupancy on the
lithium site. Therefore, we turn to the study on the local variations, transition metal
relocation, structural change, and their correlation to the capacity fading during the
electrochemical cycling.

Figure 6.4 presents high-angle annular dark-field (HAADF) STEM images
viewed along the [010] direction of the as-synthesized LiCoPO, nanoparitcles in
comparison with the electrochemically cycled LiCoPO4 samples. The [010] projection is
most suitable to identify the position of Co, P, O and Li with separated aligned columns.
The bright contrast produced by Co atoms can be clearly observed in a hexagon
configuration under the HAADF STEM mode. The P atomic columns are adjacent to Co
site. Because of the distance between them, Co and P could not be distinctively resolved
and appear as coma-shaped. Li and O atoms are not sufficiently heavy to produce any
contrast and thus are not visible. To make the link with crystal structure of the material,
the 2-dimensional (2D) atomic arrangement of a unit cell is overlaid on the STEM images
for direct comparison. One can note that the well-crystallized LiCoPOj olivine materials

successfully obtained through the polyol process. However, the 2D atomic arrays are not

perfectly matched with the images because of structural distortion of LiCoPO4
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nanoparticles. We can assume that the nanosized particles have crystal distortion than the
bulk.”**"** Since the Li atom itself does not produce any intensity, Coy; defects make
intensity increase in Li columns. The experimental observation of the samples by the
HAAD STEM mode confirmed that few visible contrasts are found in the Li columns,
indicating the lower degree of antisite defects in the pristine materials.

To confirm the low capacity and the fading being mainly attributed to the defects
in crystal structure, the cathode materials after 30 electrochemical cycles were examined
and its HAADF STEM image is shown in Figure 6.4(d). Despite the fact that the
discharge capacity of LiCoPO4 was 25 mAh/g at 30" cycle (Figure 6.3(b)), there is little
discernible difference in the contrast observed over the Li columns. The contrast
comparison further analyzed by line profile for both pristine and cycled samples. The line
profiles extracted from the blue boxes are depicted in Figure 6.4(c) and (f). This gives an
objective evolution of how much the contrast on the Li atomic column is increasing.
These observations clearly indicate that the intensities on the Li site are not drastically
changed before and after the cycling, revealing that the amounts of cobalt on the Li site
are similar for both materials. The 8.5 % of antisite defects in bulk after cycling are also
confirmed through the ex situ P-XRD measurement in Figure 6.5 and Table 6.2. This
implies that TM relocation of LiCoPOy is not primarily responsible for the discharge

capacity fade of the electrode.
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Figure 6.4 (a) High-resolution STEM images of the polyol-sytnehsized LiCoPOj4
nanoparticle taken along the [010] zone axis: (a) pristine and (c) after 20" cycles. Line
profiles extracted from the areas depicted in the high-magnification images of pristine (b)
and after 20" cycles. The schematic crystal structures represent the lithium (green),
cobalt (blue), phosphorus (red), and oxygen ions (magenta)
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Figure 6.5 The Rietveld refinement results from powder X-ray diffraction patterns
collected from the cycled LiCoPO4 composite elctrode. The black crosses represent the
observed pattern, the red line corresponds to the calculated diffraction pattern and the
blue is the difference pattern
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Table 6.2 Lattice parameters, atomic positions and site occupancies result from Rietveld
refinement of the cycled LiCoPO4 composite electrode

Atom Site X Y V4 Ocec.
Li 4a 0.00000 0.00000 0.00000 0.91496
Co 4a 0.00000 0.00000 0.00000 0.08504
Li 4c 0.27742 0.25000 0.98405 0.08504
Co 4c 0.27742 0.25000 0.98405 0.91496

P 4c 0.09620 0.25000 0.41784 1.00000
(0) 4c 0.10460 0.25000 0.75130 1.00000
(0) 4c 0.44177 0.25000 0.20787 1.00000
(0) 8d 0.17697 0.02921 0.29144 1.00000

a=10.1200 A,b=5.9188 A, c=4.7008 A ,a=p=y=90°
V=1283.798 A’, R,,: 8.183%, Ry: 12.542 %
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6.3.4. Co**/Co* Redox Reaction and Electrode/Electrolyte Interface

X-ray photoelectron spectroscopy (XPS) measurements were conducted to
investigate surface transformations at the cathode in behalf of electrochemical cycling.
Typical signals of Cls, Ols, P2p, Fls, and Co2p core levels are detected based on the full
scan spectra as shown in Figure 6.6(a)-(d).

Figure 6.6(a) shows Co 2p spectra of the pristine and cycled LiCoPO, composite
electrodes. The Co2p spectra consist of two spin—orbit doublets characteristic,
specifically Co2py» and Co2ps, with intensity area ration of bout 2:1."°*"** Each part
consists of a main peak at the binding energy of 781.5 eV and 784.9 eV due to Co*" ion
and it also has observable ‘“shake-up” satellite features (identified as “Sat.” in

Figure5a)."*

After electrochemical cycling, there are no appreciable changes in the Co2p
spectra. It is very close to that of the pristine LiCoPO, electrode. These results confirm
that the Co is almost totally at the +2 oxidation state after a few electrochemical cycles.
The Cls spectra present the main peak at 284.8 eV corresponding to C-C carbon
black and other peaks observed at 286.4, 289.2 and 291 eV are attributed to the PVdF
binder (-CH»-/-CF,-, C-O and O=C-C environments of carbon). While no significant
difference is observed in these spectra, XPS quantification reveals the 8% of increasing
carbonate species after cycling. This can be Li,CO; and/or lithium alkyl carbonate
(ROCO;Li), resulting from the decomposition of the electrolyte at the surface of the
electrode. "
Figure 6.6(c) shows O 1s spectra of the pristine and cycled electrode. Both spectra

revealed a main peak at 531.6 eV, which is attributed to oxygen atoms of the (PO4)*”

phosphate groups in LiCoPO, active materials. The spectra of the pristine sample also



104

display a weak component at 533.2 eV assigned to contaminating oxygenated species
adsorbed at the surface. The cycled electrode shows a noticeable increase of the high
binding energy component at ~534 eV. This is expected spectrum for oxygenated species
and Li alkyl carbonates deposited at the electrode/electrolyte interface resulting from
electrolyte degradation.

The P 2p spectrum shown in Figure 6.6(d) present 2ps, and 2p;» doublet
separated by ~0.9 eV with the 2ps, at 133.4 eV. The observation of only one P 2p
doublet confirms the presence of one environment for the (PO4)> phosphate group of
LiCoPO4. While cycled LiCoPOy cathode still retains the main peak components of the P
2p spectrum, the increased of another peak at higher binding energy (~136 eV) can be
noticed. It can correspond to the appearance of a partially fluorinated environment of
phosphorus; Li,POyF, of Li,PF,0,, also from the degradation of either LiPF¢ or PFs salt
respectively.''

Figure 6.6(e) shows the corresponding F 1s spectra of the pristine and cycled
electrode. A drastic change is observed after electrochemical cycling. Both the spectra
display unique peak at 687.7 eV attributed to the PVdF binder. However a significant
additional peak at 685.2 eV appears at surface of the cycled electrode, which can be
easily assigned to LiF, the major degradation compound of the salt LiPFs. The amount of
LiF deposited at the surface of the electrode is 64.57 %. This result suggests that the low
capacity and the fading being possibly attributed to the electrolyte instabilities upon

cycling.



(a)

LCP_Pristine Co2p®  (cop

Co 2p3/2, sat

Co 2p'~2

Co 2p1/2, sat

v T r
LCP_Cycled

8“0 ' 860 ' 7Sl)0 ' 7;30 ' 7"10
Binding Energy (eV)

105

Figure 6.6 (a)-(e) XPS results for the Co2p, Cls, Ols, P2p, and F1s region scans of the

pristine and cycled LiCoPO,4 composite electrode
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Figure 6.6 (a)-(e) XPS results for the Co2p, Cls, Ols, P2p, and F1s region scans of the

pristine and cycled LiCoPO,4 composite electrode (continued)
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Figure 6.6 (a)-(e) XPS results for the Co2p, Cls, Ols, P2p, and F1s region scans of the
pristine and cycled LiCoPO,4 composite electrode (continued)
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Figure 6.6 (a)-(e) XPS results for the Co2p, Cls, Ols, P2p, and F1s region scans of the

pristine and cycled LiCoPO,4 composite electrode (continued)
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Figure 6.6 (a)-(e) XPS results for the Co2p, Cls, Ols, P2p, and F1s region scans of the
pristine and cycled LiCoPO,4 composite electrode (continued)
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6.4. Conclusion

In summary, we demonstrated a polyol process for the synthesis of LiCoPO4
nanoparticels for high-voltage cathode materials. Pure phase olivine structured LiCoPOj4
have been successfully synthesized and their electrochemical performances were
investigated in conventional organic electrolyte. Despite of the improved charge-
discharge capacity of the material without any conductive surface coating, capacity fade
during cycling is still significant. Atomic resolution HAADF STEM and surface sensitive
XPS analysis reveal the structural and electrode/electrolyte interface evolution at the
surface. Through the direct observation of Li-to-Co antisite exchange defects combining
with XRD refinements, it can be confirmed that both the pristine and cycled materials do
not contain any antisite defects in a significant proportion (i.e., pristine < 6% and cycled
< 9%). Whereas, XPS analysis prove the increasing amount of Li alkyl carbonate species
(Li2CO3 and/or CH30CO;Li) and LiF upon cycling. These results suggest that the greater
capacity fading under cycling might be due to the acceleration of the degradation of
conventional electrolyte. Further work would include the investigation on the intrinsic
evidence for phase transformation (LiCoPO4 — Liy;3CoPOs — CoPOy) and catalyzing
electrolyte deterioration of the LiCoPOj lithium-ion battery system.

Chapter 6, in full, is currently being prepared for submission for publication of the
material “Probing Defects and Electrochemical Properties in Polyol Synthesized High
Voltage LiCoPO, Olivine Materials” Hyojung Yoon, Jessie Lin, Mahsa Sina, Hyeseung
Chung, Jim Ciston, and Ying Shirley Meng. The dissertation author was the co-primary
investigator and author of this paper. All the experiment parts were performed by the

author.



Chapter 7. Probing the Surface Structure of Polyol-syntehsized High Energy

LiNi,Co,Mn,0; Layered Cathode Material x+y +z=1)

7.1. Introduction
The widespread use of oxide materials in the present generation of automotive
batteries is motivated by the favorable balancing between capacity, rate capability,

voltage, and density."”

It is then not surprising that, also among the future generation of
cathode materials, some of the most promising candidates still belong to this family.
Currently, among the classical layer-structured metal oxide positive electrode in Li-ion
batteries, three-component layered LiNi,Co,Mn,O, (NCM, x+y+z =1) has received great
attention because of its high theoretical capacity depending on the composition of Ni, Co
and Mn in the structure and competitive cost. Theoretically, the current generation of
layered oxide materials is capable of meeting future energy storage demands by
increasing the operating voltages. To acquire high capacity from NCM layered materials,
operation in the high-voltage range (= 4.7 V) is required, which inevitably results in rapid
capacity fade over numerous cycles. It is found that the high voltage operation in NCM is
accompanied by the structural transformations resulting capacity fading issue. Electron
microscopy studies have revealed the structural reconstruction, from R3m layered to
Fd3m spinel and/or Fm3m rock-salt structures, occurs at the surface of NCM material.'*
This directly attributes to the capacity fading and the voltage decay with cycling.
Previously, our group has developed the polyol process to prepare LiNigsMn; 504

(P-LNMO) spinel material as a high-voltage cathode with the outstanding cyclability.

Using the double aberration-corrected scanning TEM (TEAM 0.5 at NCEM), we have

111
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observed a dramatic improvement in the surface structural stability compared to those
prepared by conventional sol-gel method. In this work, we have extended the polyol
method to synthesize the high energy NCM (HE-NCM) materials. It is expected that,
similar to P-LNMO, the polyol process help to prevent the structural changes occurring at
the surface with prolonged cycling at high cut-off voltage window. To solve the long-
term stability issues associated with the high-voltage operation, the surface reconstruction

and the chemical evolution need to be addressed.

7.2. Experimental

To synthesize various stoichiometric ~HE-NCM cathode materials,
Ni(CH3COO),-4H,0, Mn(CH3COO),-4H,0, Co(CH3COO),-4H,0 and LiOH-H,O (all
chemicals from Sigma-Aldrich), and citric acid were added to 100 ml of tetraethylene
glycol (TTEGQG) in a stoichiometric molar ratio. Then, the heat was applied to the mixture
in a round bottom flask with constant stirring. The mixture was heated up to 230 °C for 4
h in a round bottom flask connected to a refluxing condenser. The resulting solution was
centrifuged several times with ethanol, before being dried at 80 °C for the next 10 hours.
After, the resulting precursors were decomposed at 450 °C for 12 hours in air. Then, the
powder was made into one or two pellets before being calcinated at 800 °C for 12 hour in
air again.

Electrochemical discharging and charging process were performed using coin-
type (2016) cells. The working electrodes were composed of polyol synthesized HE-
NCM as an active material, acetylene black and PVDF at a weight ratio of 80:10:10. Pure

lithium metal was used was used for anode, while Celgard model C480 separator
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(Celgard Inc., US) was used as a separator. For the electrolyte, 1- M solution of lithium
hexafluorophosphate (LiPF¢) in a 1:1 volume mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) was utilized. Finally, the cell used for the electrochemical
tests was assembled in a glove box (H,O level of <1 ppm) (MBraun, Germany) filled
with purified argon gas. The prepared cell was charged and discharged between constant
potential of 2.50 V and 4.7 V (vs. Li/Li") at a rate of 1C and C/10, which was calculated
based on the theoretical specific capacity of 200 mAh/g.

Powder x-ray diffraction for the synthesized materials were collected by
laboratory x-ray diffractometer (XRD, Bruker D8) with a Cu K, radiation. The data were
collected with continuous scanning of a detector covering an angular range from 10.0 ° to
80.0°. The scanning rate was 0.02° s with wavelengths of A= 1.54 A. Then, the collected
data were refined with Fullprof. XPS was performed using a Kratos Ultra DLD XPS.
Analysis of the spectra closely followed previous work, with fitting performed by

CasaXPS software (version 2.3.15, Casa Software Ltd.).

7.3. Results and Discussion

To investigate the structural properties of the materials, the XRD patterns were
collected as shown in Figure 7.1. The layered LiNi;;Co1/3Mn;;30, (NCM333) has the
space group, R3m and trigonal crystral structure. This structure has Li-ions at the 3a, the
transition metal ions (M = Mn, Co, Ni) at 3b and O ions at 6¢ sites. The Rietveld
refinement patterns of the XRD obtained from polyol synthesized (P-) and commercial
(C-) NCM333 from the MTI Corp. exhibit a good agreement with those reported in the

literatures. Table 1 and 2 show the lattice parameters, atomic positions and site
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occupancies result from the Rietveld refinements. The cation mixing of lithium and
nickel for the P-NCM333 is 3.2 %, which is lower than that for the commercial one form
MTI Corp., 4.4 %.

Representative morphologies of the P-NCM333 powders and C-NCM333 are
shown in the scanning electron micrograph (SEM) images of Figure 7.2 and 3,
respectively. The average particle size of the P-NCM333 powders was approximately
200 nm. They are homogeneously dispersed and no secondary particles were observed,
while around 10 wm secondary particles were major in the C-NCM333 powders.

Figure 7.4 shows the electrochemical charge and discharge voltage profiles
between 2.50 and 4.70 V (vs. Li/Li+) with applied current of 1C rates of both P-
NCM3333 and C-NCM333. Both powders show the typical electrochemical behavior of
the NCM layered material. The initial discharge capacities are measured as 170 and 140
mAh/g for P-NCM333 and C-NCM333 respectively. This discrepancy is ascribed to the
different cation mixing with lithium and nickel sites as mentioned in the XRD
refinements. Figure 7.5 presents the relation between specific capacity and cycle number
of P- and C-NCM333 materials at the rate of C/10. Initially, the C-NCM333 powder had
larger capacity, but the capacity fading occurs with the following charge and discharge
cycles. It shows that increasing the charge cutoff voltages led to higher reversible
capacities for the first few cycles, followed by faster capacity degradation in case of C-
NCM333. It is also noticeable that the Coulombic Efficiency (C.E.) of C-NCM333 is
only 90 % during extended cycles. On the other hand, even though P-NCM333 powder
also exhibits capacity fading for the first few cycles, it seems to stabilize from around

20™ cycle with 99% of its C.E..
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Figure 7.6 shows the resulting x-ray photoelectron spectroscopy (XPS) spectra for
the Ni2p region scans on the pristine and cycled samples of C-NCM333 (a) and P-
NCM333 (b). The Ni2p region scans both have a main peak at ~ 854.5 and 872.1 eV
corresponding to two spin-orbit doublets characteristic from Ni2p;, and Ni2ps, with
intensity area ratio of about 2:1. Ni*". No noticeable difference is observed in the Ni2p
scans from pristine samples. However, the XPS spectra of cycled C-NCM333 and P-
NCM333 are drastically changed. The binding energy peaks for cycled C-NCM333
correspond to NiO 2p3/2 and 2pl1/2, respectively. It can assume that the surface of the

NCM333 particles underdoes severe phase transformation upon electrochemical cycling.

7.4. Conclusion

In this work, the electrochemical properties of LiNi;;3Co13Mn;;30, (NCM333)
layered materials synthesized from the polyol process were investigated and compared
with commercially available NCM333 powders from MTI Corp.. The polyol process
allows for the synthesis of nanoparticles without the formation of lattice defects, which is
difficult to avoid with typical low temperature synthetic methods usually necessary to
obtain nanoparticles. The structural and compositional properties of P-NCM333 were
investigated by XRD refinement. It proved that the properties of both P- and C-NCM333
powders are almost identical each other but P-NCM333 showed stabilized cycling
performance after first 20" cycles. XPS analysis revealed that C-NCM333 undergoes
much severe phase transformation in terms of Ni phase. It is believed that when the NCM
electrode is cycled with a 4.7 V cutoff, the highly oxidative environment promotes the

formation of the rock salt phase more universe. We believe that these new phases are
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critical to the increase in charge transfer resistance and the presence of the ionically
blocking rock salt phase at the surface inhibits the motion of Li ions.

Chapter 7, in part, is currently being prepared for submission for publication of
the material “Probing the Surface Structure of Polyol Syntehsized High Energy
LiNi,CoyMn,O, Layered Cathode Material (x + y + z = 1)”. Hyeseung Chung, Hyojung
Yoon, Jessie Lin, and Ying Shirley Meng. The dissertation author was the co-investigator

and co-author of this material.
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Figure 7.1 The Rietveld refinement results from powder X-ray diffraction patterns
collected from the P-NCM333 (a) and C-NCM333 powders. The black crosses represent
the observed pattern, the red line corresponds to the calculated diffraction pattern and the

blue is the difference pattern
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Table 7.1 Lattice parameters, atomic positions and site occupancies result from Rietveld
refinement of the P-NCM333 powders

Atom Site X Y V4 Ocec.
Li 3a 0.00000 0.00000 0.00000 0.96781
Ni 3a 0.00000 0.00000 0.00000 0.03219
Li 3b 0.00000 0.00000 0.50000 0.03219
Ni 3b 0.00000 0.00000 0.50000 0.29781
Co 3b 0.00000 0.00000 0.50000 0.33000

Mn 3b 0.00000 0.00000 0.50000 0.33000
(0) 6¢ 0.00000 0.00000 0.25795 2.00000

a=b=12.8552A,c=14.2365A,0=Bp=90°y=120°

Ryp: 2.39%, Ry: 10.78 %
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Table 7.2 Lattice parameters, atomic positions and site occupancies result from Rietveld
refinement of the C-NCM333 powders

Atom Site X Y V4 Ocec.
Li 3a 0.00000 0.00000 0.00000 0.95564
Ni 3a 0.00000 0.00000 0.00000 0.04436
Li 3b 0.00000 0.00000 0.50000 0.04436
Ni 3b 0.00000 0.00000 0.50000 0.28564
Co 3b 0.00000 0.00000 0.50000 0.33000

Mn 3b 0.00000 0.00000 0.50000 0.33000
(0) 6¢ 0.00000 0.00000 0.24935 2.00000

a=b=2.8568A,c=14.2139 A, 0=p=90°y=120°

Ryp: 1.82 %, Ry: 10.19 %
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Figure 7.2 SEM images of P-NCM333 powders synthesized via a polyol process at low
(a) and high (b) magnifications

Figure 7.3 SEM images of C-NCM333 powders synthesized via a polyol process at low
(a) and high (b) magnifications
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Chapter 8. Summary and Future Work

8.1. Summary

In this study, the influence of synthetic conditions on the polyol process for high
energy high power energy materials are investigated in terms of their electrochemical and
structural properties.

In the first part, the nucleation and growth kinetics of a non-aqueous high
temperature polyol process for the formation of cobalt carbide nanoparticles were
investigated. A nanostructured cobalt carbide (NCC) consisting of an assembly of Co,C
and Co3;C nanoparticles are developed. The resulting material has an energy product of
greater than 5 MGOe at room temperature, which is a dramatically improved coercivity
compared to pure bulk material. To understand the formation mechanism of the Co,C and
Co3C systems and their associated high-energy product and large anisotropy, in situ
quick-XAS was used and the nucleation and growth kinetics of cobalt carbide polyol
synthesis were proved. These findings will be of high importance to not only the
spectroscopy community but also those interested in nucleation/growth of nanomaterials
as well as those interested in developing next generation magnetic materials.

In the second part, LiNigsMn; 504, LiCoPOs, and LiNiCoMnQO,, for high energy
density cathode materials in LiBs, have been prepared through the polyol process as a
novel synthesis method and their structural and electrochemical properties have been also
investigated. The resulting materials synthesized from the polyol method shows
outstanding capacity retention compared to those prepared from conventional synthesis

methods: this is mainly due to mitigating the surface structural instability and promoting
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well-maintained original structure during the lithiation/delithiation process. Their
bulk and surface local atomic structural and chemical evolution before/after cycling have
been investigated by using double aberration-corrected STEM in atomic resolution. On
the basis of the combined results of in situ XAS and STEM studies, it was found that the
atomic structural transformation on the surface of active materials is the main source of
the TM dissolution problem.

This study verified that the drawback of the nanosized high voltage cathode
materials could be resolved with a new synthesis method, polyol process. The direct
confirmation of the structural transformation and decomposition of the conventional
electrolyte on the surface, presented in this work, provides novel insight into how to

design and optimize this material.

8.2. Future Work

The development of the high performance, low cost and environmentally friendly
portable power sources is crucial for the zero-emission transportation and energy back-up
technologies. Even though this study presents the most promising high energy cathode
materials, achieving stability of the material structures and good cycle performance at
high voltage and temperature operating conditions, it is not adequate yet to meet the
requirements of advanced applications such as electric vehicles. An additional point that
needs to be certainly stressed is that the goal achievement on cell level is strongly
depended on the choice of anode. Independent of the cathode potential to meet the
targets, fabricating a cell without a paired high energy anode will always lead to

decreased capacities and hence lower driving ranges."”’ Therefor, in-depth study on full-
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cell level is required. On the other hand, development of new electrochemical systems
and next-generation batteries with higher energy density are also desired. For instance,
lithium-air and lithium-sulfur batteries, are considered promising alternatives.

8.2.1 Irreversible Capacity Loss of High Voltage LiCoPO4

It is proven that the antisite defects in LiCoPOy are not significantly affected their
irreversible capacity loss in this study. Other significant issues are still under debating:
the irreversible electrolyte decomposition that occurs at higher voltages and structural
decomposition, LiCoPO4/CoPO4. Some reported researches that Fe-doped LiCoPOgs
performs significantly better than neat LiCoPOj4 by stabilizing the cathode structure and
improving the electronic conductivity of the material. These structural changes, however,
do not solve the problem of perpetual electrolyte decomposition that leads to polarization
and loss of cycleable lithium. In order to promote a low resistance passivation layer that
prevents electrolyte decomposition, studies on electrolyte additives need to be
incorporated.

8.2.2 Surface and Interface Properties of High Energy LiNi,Co,Mn,0,

Theoretically, the current generation of layered oxide materials is capable of
meeting future energy storage demands by increasing the operating voltages. In this
study, the polyol process can prepare high energy LiNi,Co,Mn,0, (HE-NCM) layered
cathode materials with the outstanding cyclability. However, it is not proved that the
structural transformations directly attributes to the capacity fading and the voltage decay
with cycling. It needs to further investigate how the high voltage operation in HE-NCM
is accompanied by the structural or phase transformations resulting capacity fading issue.

Especially, the degradation mechanism of different compositions HE-NCM can be
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differed, which involves the formation of the O1 phase in the highly delithiated state.'*®
This indicated that the degradation mechanisms of the HE-NCM material should be
carefully considered for different compositions. Experimental side, XAS and atomic
resolution STEM/EELS analysis need to conduct in order to dig deeper into the
relationships between structural changes, such as the bonding, electronic properties of the

interface.
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