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ABSTRACT OF THE DISSERTATION

Effect of Nano-Size on Lithium-Ion Batteries:

High Voltage LiNio.sMn1.504 Spinel and Rechargeable NiO-CuF> conversion materials

by

Hyung Man Cho
Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2015

Professor Ying Shirley Meng, Chair

The worldwide energy crisis boosted the development of environmentally benign
energy infrastructures where energy storage is one of the key components. Among various
energy storage systems, lithium-ion batteries have been attracted a keen interest as the best
candidate for maximizing energy efficiency, however current lithium-ion battery
technology is still inadequate to satisfy the requirements of advanced applications such as

electric vehicles. LiNiosMnis04 spinel materials have been considered as a promising

XV



positive electrode due to its high operating voltage ~ 4.7 V (vs. Li/Li") and relatively higher
energy density (theoretical specific capacity, 146.72 mA h g™).

In this thesis, elementary polarizations of LiNio.sMnisO4 spinel materials with
disordered (space group, F d —3 m) and ordered (space group, P 43 3 2) structures are
quantitatively analyzed to clarify how the differences in crystallographic structure affect
the rate performance. In order to increase the active surface area and reduce the diffusion
length, the nanowire electrode was prepared via sol-gel based template synthesis. It is
proved that nanostructure can improve instant discharging rate with a reduced charge-
transfer and diffusion resistances. As a result of maximized surface area, however
manganese ions dissolution results in capacity fading over prolonged cycling. Atomic layer
deposition on the surface proved an effective surface protection method. Using a
combination of X-ray absorption spectroscopy (XAS) coupled with aberration-corrected
scanning transmission electron microscopy (STEM), it is found that the atomic structural
transformation at the surface is the main source of the Mn dissolution problem on the
conventional spinel LiNipsMn;.s04 materials. A new synthesis method, Polyol process, is
also introduced which does not suffer from the detrimental dissolution problem. As an
alternative to the conventional intercalation materials, CuF2 conversion materials are also
investigated. NiO coated CuF, can show the promising rechargeable behavior and its

mechanism was disclosed with the help of pair distribution function analysis.
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Chapter 1. Introduction

1.1. Lithium-Ion Batteries (LIBs)

Portable electronics continue to drive development of advanced battery systems.
The rapid growth of interest in environmental-friendly transportation systems also
accelerates the battery research as an energy source of electric vehicles, ships, and aircraft
that can be operated with little or no oil consumption and carbon dioxide emission.
Lithium-ion batteries (LIBs) are the most auspicious candidates for it, because lithium
weighs lightest, holds highest voltage, and greatest energy density of all metals.!"
Therefore, lithium-ion batteries highly interest industries and governments to lead
abundant research in battery field.

Lithium-ion batteries are closed systems, which contain a positive (cathode) and a
negative (anode) electrodes, and a separator containing an electrolyte, as shown in Figure
1.1. In the commercialized lithium-ion batteries, the positive electrodes employ the
transition metal oxides which consist of transition metal oxide hosts with specific sites for
lithium ions to be intercalated in. The carbonaceous materials, especially graphite, are
extensively adopted negative electrodes. These two electrodes are physically disconnected
by a porous separator that averts the electric short circuit and allows electrolyte to pass
through. Typical electrolyte is an organic solvent and dissociated LiPFs salts, which
provide stable operation range between 0.8 V (vs Li/Li") and 4.5 V (vs. Li/Li"). Various
solvents such as ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate
(DMC) are utilized in conventional lithium-ion batteries. During the charging process,

lithium ions are extracted from the positive electrode, pass through the electrolyte, and



intercalated into the negative electrode. At the same time, electrons flow through external
circuit from positive electrode to negative electrode. Thus, active materials in the positive
electrode are oxidized, simultaneously the reduction happened in the negative electrode.
The opposite reaction happens in discharging process.

The successful development of lithium-ion batteries with high power/energy
density relies on minimizing the ionic and electronic resistance related to the battery
operation. It is imperative to understand the electrode reaction mechanism which shows
the pathway of electrons and lithium ions in active materials. Figure 1.2 illustrates the
elementary reaction steps of a general electrode reaction. When the electrochemical
reaction happens, each elementary reaction step at the interface of the active materials can
be roughly classified as follows: I. Mass transfer reaction due to lithium ion transport
through the porous separator wetted with the electrolyte, 1. Surface reaction that lithium
ion transport through the surface film, such as the solid electrolyte interphase (SEI), on the
active materials, III. Electron (charge) transfer reaction at the interface between the
electrolyte and active materials, and IV. Diffusion step of lithium ion inside the active
materials. Interfacial charge transfer and solid-state lithium diffusion through the active
materials are usually the most difficult reaction steps in the lithium insertion/extraction
process. Each materials, however, has different properties. Suitable characterization of
active materials can develop the successful design strategy for advanced lithium-ion battery

electrode materials.
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Figure 1.2 Elementary reaction steps of a general electrode reaction



1.2. High-Voltage Spinel Materials, LiNio.sMn1.504

Selecting electrode materials has to meet various criteria: cost, energy, power, cycle
life, and safety. LiNiosMnis50O4 spinel materials have attracted particular attention as a
promising candidate for replacing the current positive materials commercially available,
for example, LiCoO2, of lithium-ion batteries. Spinel LiNigsMni504 provides a high-
voltage plateau at ~ 4.7 V (vs. Li/Li"), which is ascribed to the redox potential of the Ni*"**
and Ni*"#* couples. Thus, it enables relatively higher energy density (theoretical specific
capacity, 146.72 mA h g'!).

Figure 1.3 represents the crystal structure of LiNiosMni.sO4 spinel material. The
spinel-framework structure inherently makes it easier for the lithium ion transportation
inside the bulk materials (Solid-state diffusion) because the spinel structure is based on a
three-dimensional MO, (M: transition metals) host and the vacancies in transition metal
layer along [111] cubic structure ensure three-dimensional lithium pathways. In the
structure of LiM2O4 spinel, M cations occupy the octahedral site, however a quarter of
them are located in the lithium layer alongside [111]cubic, leaving a quarter of the site in
transition metal layer vacant. Lithium ions occupy the tetrahedral sites in lithium layer that
share faces with these empty octahedral sites in the transition metal layer. Due to the
differences in the charges and ionic radii of Mn*" and Ni?", this material has two different
crystallographic structures, which is highly influenced by the heat-treatment condition
during the synthesis. One is a perfectly ordered structure in which all Ni?" ions are fully
coordinated by 6 Mn*" nearest-neighbors in the lattices (Space group: P 43 3 2). The other
is a disordered structure in which Ni** and Mn*" are distributed randomly among the 16d

octahedral sites (Space group: F d -3 m). Many researchers have endeavored to study two



different crystallographic structures of LiNip.sMnisO4 spinel material: the disordered
structure with the space group F d -3 m and the ordered structure with the space group P

453 2.*7 The main factors affecting the electrochemical performances have been identified:

6,8

the degree of cation ordering between Mn*" and Ni** ions,* ®® composition ratio of Mn

and Ni,”!® Mn*" content,'!"!3 morphology,'* surface plane with preferred orientation,'>"!’

surface compositions'® which derived from various synthesis, and calcination/annealing

conditions.

Figure 1.3 Crystal structure of LiNio.sMn1.504 spinel (Blue: lithium ions, Purple:
transition metal ions, and Red: oxygen ions)



1.3. Conversion Materials, CuF:

Transition metal compounds My Xy (M=Co, Fe, Ni, Cu, etc,; X=F, O, S, N, etc.), so
called “conversion” materials, have now been widely investigated for their potential use in
rechargeable batteries because of their high capacity.!” During the conversion reaction,
more than one electron transfer occur per transition metal ion, which is opposed to limited
< 1.0 electrons for intercalation reactions. Among all the known conversion materials, CuF
is of particular interest due to its high specific capacity (528 mA h g'!) and voltage (3.55 V
vs. Li/Li"). The large band gap offers high operating voltages, but low electronic
conductivity and poor rate performance. The large voltage hysteresis during the
charge/discharge limits the overall energy efficiency. In particular, it has never been shown
the reversible conversion reaction. This is mainly due to sintering of metal nanoparticles,
huge volume change, and metal dissolution into the electrolyte. Although recent progress
began to show promising results, several remaining challenges still prevent it from use. A
study by Badway et al. on iron fluoride demonstrated enhanced electrochemical properties
by fabricating the formation of carbon metal fluoride nanocomposites.?’ When this
research was applied to copper, it showed an increase in theoretical capacity to 50%,
however when the carbon was replaced with mixed conductors, such as MoOs, the capacity
was increased up to 85 %. Wang et al. suggested that origins of poor reversibility in CuF»
conversion process was explained by the segregation of large Cu particles (5-12 nm).?! It
does not provide any pathway for local electron transport through the insulating LiF phase.
To characterize the effect of protective coating on conversion mechanism, it is essential to

employ techniques that are sensitive to both structure and chemistry of the materials, and



independent of long-range order. Since the conversion process involves amorphization and

nanoparticle, it is limited to use standard crystallographic tools.



Chapter 2. Background

2.1. Nano-Size Effects — Active Interfacial Area

During electrochemical reactions in the lithium-ion batteries, mobile species of
lithium ions transport from positive electrode to negative electrode through the electrolyte
or vice versa, and there are a few different elementary reaction steps: a mass transfer
reaction via separator with electrolyte, a surface film reaction, a charge transfer reaction at
the interface between the active material and electrolyte, and lithium ion diffusion within
solid-state materials. Among various electrode materials, solid-state diffusion of lithium
ions inside the active material is generally considered to be the rate determining step of
lithium-ion batteries. Previously, however, the systematic investigation in LiCoO2 material
disclosed that charge transfer reaction step proved to be the most important factor in high
rate battery discharging.?? Recently, Singer et al. reported a direct observation of non-
equilibrium structural dynamics in spinel LiNip.sMni 504 materials using in situ coherent
X-ray diffraction under operando conditions.? It is interesting that a comparison between
the X-ray data and the electrochemical data disclosed a significant discrepancy. It is
because the electrochemistry is governed by the surface of the electrode and X-ray
diffraction is sensitive to bulk electrode material. As shown in Figure 2.1, during fast
charging process the surface of the active material is actually delithiated and acts as an
ionic blockade for ions trapped at the interface, hence delaying the phase-transformation
inside the bulk materials.

Nano-structured active materials with nano-pores and/or particles are hopeful

approaches to ensure the maximized active surface area, thereby significantly accelerating



lithium ions insertion/extraction.?*>> However, a difficulty of uniform dispersion and an
unwanted charge consumption during the initial surface film formation because of its

extremely large surface area need to be resolved for the practical use.

a £
+ Phase Il Phase III*

=

Figure 2.1. Phase transformation of different particles during (a,b) charging and (d,e)
discharging. Discrepancy between X-ray and electrochemistry explained by ionic
blockade during the fast rates for ions trapped at the surface of materials (c,f)**
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2.2. Nano-Size Effects — Diffusion / Phase-Transformation

Diffusion process is crucial reaction step when interfacial charge transfer is
relatively facile and thus the total intercalation is governed by the solid-state diffusion
inside active materials. Fundamentally, the activation energy for diffusion step highly
relates to the length of the diffusion path, and the electrostatic interaction between lithium
ions and coordinated neighbors. Much work has been done to improve lithium diffusivity
by compositional and/or structural modification at atomic scale on the basis of ab initio
calculation.??” Application of nano-size active materials for the lithium-ion batteries has
a genuine benefit to improve solid-state diffusion of lithium ions.?® The improvement of
lithiation/delithiation kinetics can be attributed to a reduction in the characteristic time
constant (t=L%/D; L = diffusion length, D = diffusion constant). The time t for intercalation
decreases with the square of the particle size upon reduction of dimensions.

As a result of diffusion process, the active materials encounter the structural
dynamics during charging and discharging process. Many electrode materials including
LiFeP04,2°7% LisTisO12,>' and LiNigsMn; 504" *? are known to coexist in two structural
phases with different lattice parameters at particular lithium contents. Phase separation is
a reluctant phenomenon due to a slow nucleation of a new phase, diffusion limited across
the phase boundary, and strain from phase separation, which leads to defect formation and
capacity fade. Ulvestad et al. studied in-situ three-dimensional strain evolution of a single
LiNio.sMn;504 particle during charging and discharging process with coherent X-ray
diffractive imaging.>® The study reported direct observation of both stripe morphologies
and coherency strain at nanoscale. Figure 2.2 presents the interior strain distribution on

selected cross sections. The diffuse width of the stripe boundary, estimated from the images
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as 50 nm, indicates the minimum size for two-phase coexistence. It is plausible that the
particle less than 50 nm would not involve the phase separation but exist entirely as one

phase or the other.

Particle shape and size 8.19A,35V 8.143A, 467V 8.142A,48V
—
100nm - -_— A,
AP —

Figure 2.2. Interior strain distribution on selected cross sections at positions shown by the
leftmost figure®?
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2.3. Nano-Size Effects — Volume Change

Energy density as well as power density and safety are important issues in lithium-
ion battery applications. It is straightforward that batteries with high energy density enable
the electric devices to operate for a longer time. Therefore, it is required to increase specific
capacity in order to obtain higher energy density. Alternative electrode materials, which
have alloying reaction, such as Sn and Si, are considered to be promising candidates for
negative electrode.”® 3* The theoretical capacities of Sn and Si are 990 and 4200 mA h g’!,
respectively, which is much higher than that of graphite, 370 mA h g'. This type of
electrode materials suffer from expanding and contracting as lithium ions are inserted and
extracted, respectively. The repetition of this volume change during charging and
discharging process generates fatigue of the materials, and eventually they are cracked out
or pulverized, resulting in severe capacity fading. One of simple solution for this volume
change problem is nano-size materials. Yang et al. reported that nano-size Sn electrode
show better cycling performance than bulk-size Sn electrodes due to a smaller absolute
volume change.*® This finding provoked lots of nano-structured materials in lithium-ion
batteries. Transition metal compounds MyXy (M=Co, Fe, Ni, Cu, etc,; X=F, O, S, N, etc.),
so called “conversion” materials, also go through the volume change during charging and
discharging process. Badway et al. inform that nano-size metal fluoride composite with

carbon shows improved electrochemical properties.>®



Chapter 3. Synthesis and Characterization

3.1. Sol-Gel based Template Method

Martin opened up the nanofabrication strategy of template synthesis.’’*® This
method has been employed to synthesize nano-structured materials, for instance, carbon,
gold, semiconductors, polymers, and battery electrode materials. This method generally
involves deposition of precursor materials into a micro- or nano-porous template. This
template is commercially available track-etch polymer membranes or anodic aluminum
oxides. Both the pore diameter and the specific chemical interaction between the pore wall
and the precursor result in different structures such as tubes or wires.

Figure 3.1 illustrates the schematics of the sol-gel based template synthesis. A
precursor impregnated polycarbonate template is placed on top of platinum foil. The foil
not only serves as a substrate during its synthesis, but also plays a role of a current collector
during the electrochemical characterization. After drying up of the gelation process, the
template is removed by the plasma etching. Finally, with the help of heating or aging
process, the precursor turns into the desired product. The result is a nano-structured
electrode that reflects the geometry of pores of the template, such as length, diameter, and
number density. Nanowires protrudes from the surface of the current collector like bristles
of a brush. In the conventional electrode of lithium-ion batteries, active materials are mixed
with polymeric binder (PVdF) and a conductive additive (carbon). In this template method,
those inactive components are not necessary and are excluded. Therefore, this nano-

structured electrode can be a good candidate for the investigation of true nano-size effects.

13
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Template immersing in the solution

Drying (on a Pt substrate) (gelation)

<

O, plasma etching (template removal)

A |

Heat-treatment (Crystallization)

Figure 3.1. Schematics of the sol-gel based template synthesis
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3.2. Electrochemical Impedance Spectroscopy

In practical batteries, the influence of current rate on the electrochemical cell is
controlled by polarization, which is derived from the elementary reaction steps. The most
common are direct measurement of instantaneous current and voltage characteristics on
charge and discharge curves. The curve can be utilized to calculate the cell capacity, the
effect of charge and discharge rates, and any information on state of health of batteries.

Another technique to characterize the battery behavior is the electrochemical
impedance spectroscopy, which can reveal a significant amount of information about
battery operation characterization.**** The impedance of an electrode is given by

Z=R+joX

where X = oL — 1/(0C), j= V-1, and o is the angular frequency (2nf); L is the inductance,
and C is the capacitance. A typical impedance spectra and corresponding equivalent circuit,
illustrating the behavior of intercalation electrode processes, are shown in Figure 3.2 and
3.3. Activation processes present a semicircular behavior with frequency that is
characteristic of relaxation processes. Concentration processes exhibit a characteristic 45°
behavior of diffusion processes, referred to as Warburg behavior. Ohmic components have
no capacitive character and are independent of frequency. The frequency of the maximum,
fmax, of the semicircle gives the relaxation time, where t = 1/fmax = RC. Some
electrochemical capacitors take advantage of this capacitance to enhance its performance

of supercapacitors, such as electrochemical double-layer capacitor.
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3.3. X-ray Diffraction

X-ray diffraction (XRD) is a powerful method to uniquely identify crystalline
phases in materials of interest and to measure the structural properties, such as grain size,
phase composition, preferred orientation, and defect structures.*! X-ray diffraction is a
noncontact and nondestructive method. Materials consists of any element can be
successfully investigated with X-ray diffraction, however it is more sensitive to high-Z
elements, because the diffracted intensity from these high-Z elements is much larger than
from low-Z elements. Therefore, the sensitivity of X-ray diffraction relies on materials.
With in-house X-ray source, the sensitivities down to thickness of ~ 50 A are achievable,
but synchrotron radiation allows the characterization of much smaller size.

The most common X-ray source of the in-house experiments is copper with a
characteristic wavelength of 1.54 A. Synchrotron radiation sources that contain a large
cyclic particle accelerator with magnetic fields guide electrons. Electric fields accelerate
the electrons that are synchronized with the travelling particle beam. The brilliance of a
synchrotron source is about 10 orders of magnitude greater than in-house X-ray
diffractometers. In addition, synchrotron radiation uses photon energies that are two orders
of magnitude higher than in-house X-ray sources.

Crystals consist of planes of atoms that are spaced a distance, d, but can be resolved
into various atomic planes with a different d-spacing. The certain atomic plane can be
uniquely identified by the Miller index. These are the three reciprocal intercepts of the
plane with the a, b, and c, and are reduced to the smallest integers with the same ratio.
Therefore, a (hkl) plane intercepts the crystallographic axes at a/h, b/k, and c/l. The d-

spacing between (hkl) planes is denoted dnki, and for cubic crystals, it is
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dia = a0/ V (B2 + K2 + 1?)

where ag is the lattice constant of the crystal.

When there is constructive interference from X-ray scattered by the atomic planes
in the crystalline material of interest, a diffraction peak is observed. Bragg’s law allows a
condition for constructive interference from planes with spacing dui,

A =2 dnki sin Onki

where Onu is the angle between the atomic planes and the incident and diffracted X-ray
beam, as shown in Figure 3.4. In order to observe the diffraction, the detector should be
positioned for the diffraction angle at 2 Onx. The crystalline material must be oriented so
that the normal to the diffracting plane is coplanar with the incident and diffracted X-rays.
The angle between the diffracting plane and the incident X-rays is equal to the Bragg angle

Ohkl.

) Incident v,
s pfane wave e )
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Figure 3.4. Schematics of Bragg’s Law
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3.4. Pair Distribution Function Analysis

The traditional crystallographic structure characterization of X-ray diffraction is no
longer sufficient to investigate properties of materials on an atomic scale. The limitation of
the traditional method is that it only yields the long-range average structure of the material.
The pair distribution function (PDF) analysis, however, gives more information about local
arrangements, because it uses the total scattering pattern, which includes Bragg and diffuse
scattering. The pair distribution function gives the probability of finding an atom at a given
distance from another atom. Therefore, the study of the pair distribution function on
different length scales allows researchers to get the information about the nano-scale
structure of materials.

From the powder diffraction data, the pair distribution function is achieved by a

sine Fourier transform of normalized scattering intensity S(Q),***?

2 oo
6 = 47 [p() — pol = () | 15(@) = Usinc@r) da
0

Where p(r) is the microscopic pair density, po is the average number density and Q is the
magnitude of the scattering vector.

The pair distribution function analysis provides atomic scale structural insights,
from the local coordination geometry to several nanometers. The pair distribution function
analysis has an advantage of describing the short- as well as medium-range local structure,
compared with the X-ray absorption fine structure (XAFS) method, which only enables to
determine the first and second nearest neighbor distances. The peaks in the pair distribution
function are related to the bond lengths and atom to atom distances. The spatial extent of

well-defined peaks corresponds to the length scale, which is over the ordered structures,
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such as, particle size or local structure within an amorphous system. The intensities of
peaks come from relative abundance of each atom to atom distance, which are coordination
number and relative abundance of a particular elements. Figure 3.5 shows a good example
of the pair distribution function analysis. The diameter of the bucky ball, Ceo, is 7.1 A.
Sharp peaks are observed in the pair distribution function pattern coming from the
characteristic C-C pairs on the ball up to 7.1 A. Thereafter only broad featureless structure
exists. The sharp peaks are intra-molecular structure and the broad feature is inter-

molecular structure, or ball-ball correlations.
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Figure 3.5. (a, b) Ceo, (c) its normalized neutron diffraction pattern, and (d) the
corresponding PDF. The vertical dotted line in (d) is at 7.1 A the diameter of the ball*?



Chapter 4. Effect of Ni/Mn Ordering on Elementary Polarizations of LiNiosMn1.504

Spinel and Its Nanostructured Electrode

Elementary polarizations of LiNiop.sMnisO4 spinel materials with disordered
structure (space group, F d -3 m) and ordered structure (space group, P 43 3 2) are
quantitatively analyzed in order to clarify how the differences in crystallographic structure
affect the rate performance of the cathode materials. Furthermore, the ordinary approach
to increase the rate performance of an electrode through a reduction of the diffusion lengths
and an enlargement of the active surface area with the nano-structured electrode is

systematically investigated.

4.1. Introduction

LiNio.sMn; 504 spinel materials have attracted particular attention as a promising
candidate for replacing the current commercially available positive materials, e.g. LiCoO»,
of lithium-ion batteries.'* !*4* Spinel LiNio.sMn; 504 provides a high-voltage plateau at ~
4.7 V (vs. Li/Li") and thus enables relatively higher energy density (theoretical specific
capacity, 146.72 mA h g'!). Inherently, the spinel-framework structure makes the lithium
ion transportation inside the bulk materials (solid-state diffusion) easier because the spinel
structure is based on a three-dimensional MO, (M: transition metals) host and the vacancies
in transition metal layer along [111] cubic structure ensure three-dimensional lithium
pathways. In the structure of LiM204 spinel, M cations occupy the octahedral site but 74 of

them are located in the lithium layer along [111]cubic, leaving "4 of the sites in transition
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metal layer vacant. Lithium ions occupy the tetrahedral sites in lithium layer that share
faces with these empty octahedral sites in the transition metal layer.’

Many researchers have endeavored to study the two different crystallographic
structures of LiNigsMni 504 spinel material: the disordered structure with the space group
F d -3 m and the ordered structure with the space group P 43 3 2.!213: 4546 Degpite its
importance to the overall performance, there is still a lack of understanding of how ordering
of nickel and manganese on the octahedral sites affects the elementary reactions steps
involved in their electrochemical operation. In this work, we have used a combination of
electrochemical impedance spectroscopy and the theoretical analysis of their equivalent
circuits,? *7-*8 to quantitatively analyze and compare the proportional contribution of the
elementary reaction steps to the total polarization of the disordered and ordered structures.
Furthermore, the nano-structured electrode is prepared in order to improve its rate
performance, and the variation of its elementary reaction steps are analyzed and compared
to those in the conventional composite electrodes. Since the instantaneous power density
is one of the key performance factors for designing the battery for transportation
application, we focus on the analysis of the elementary reaction steps at the charged state
of the battery at the initial discharging time. This work serves as a good starting point to
fundamentally understand the nano-structured electrode kinetics, with the goal of

designing batteries possessing the ideal performance.

4.2. Experimental
LiNiosMn; 504 spinel materials were synthesized using a sol-gel method.!” The

resulting gel precursors were decomposed at 500 °C for 12 hours in air and then calcinated
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at 900 °C for 14 hours in air. The as-prepared disordered structure powders were made to
the ordered structure by annealing at 700 °C for 48 hours in air. For the composite electrode
fabrication, the slurry consisting of 80 wt. % active materials, 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, dried overnight in a vacuum oven at 80
°C, and punched and pressed uniaxially. In order to minimize the effect of the porosity, the
similar loading weights of the cathode electrodes are employed in this work (0.01378 g and
0.01384 g for the disordered and ordered structures, respectively).

LiNio.sMn1.504 spinel materials were also prepared as a nano-fiber/-wire structure
via a sol-gel based template-assisted synthesis method. Commercially available
polycarbonate porous membrane (Whatman, P/N: 7060-2502) of 200 nm (= 0.2 um) pore
diameter as a template was immersed into a precursor sol. Fully soaked templates were
placed on a platinum foil current collector, and gelation was carried out in the drying oven.
The oxygen plasma etching system (Trion RIE/ICP dry etcher) was used to remove the
template. Eventually, as-prepared protruding nano-structured electrode was crystallized
with 900 °C heat-treatment for only 2 hours. The active weight of the nano-structured
electrode is estimated from the calculated volume and the observed porosity, the value is
in good agreement with the measured value by an electronic balance with 0.1 mg accuracy.

The morphologies and size distributions were examined with a scanning electron
microscope (SEM, Phillips, XL30) and a transmission electron microscope (TEM, FEI
Tecnai G2 Sphera cryo-electron microscope). For the TEM, the nano-structured fibers were
suspended on a 300 mesh copper grid with lacey carbon. In order to identify the crystalline

phase of the synthesized materials, powder X-ray diffraction (XRD, Bruker DS)
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measurements using Cu Ka radiation were employed. XRD data were obtained for the
range 20 = 10 — 80 °, with a scan rate of 0.02 ° s”!. XRD data analysis was carried out by
the Rietveld refinement using the FullProf software package. The molar ratio of Ni and Mn
of the samples were analyzed by inductive coupled plasma optical emission spectroscopy
(ICP-OES Perkin-Elmer Plasma 3700).

The methodology to analyze quantitatively the effect of the elementary impedances
on the total dc polarization was introduced in the previous work.?> 478 In this work, with
the use of such methodology, the effect of the crystalline structure difference (disordered
and ordered structures) was compared. In addition, the effects of nano-structured electrode
on the rate performance were investigated. For the electrochemical experiments, the
custom-made three-electrode cell configuration was employed.”> 47* The prepared
electrodes and lithium metal were used for the positive and negative electrodes,
respectively. For the reference electrode, the copper wire was placed in between separators
(Celgard C480). Before the tests, elemental lithium was cathodically coated on the bare
copper wire by taking lithium metal electrode as a counter electrode. The electrolyte was a
1 M solution of lithium hexafluorophosphate (LiPFs) in a 1:1 volume mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC). All the cells used for the electrochemical
tests was assembled in a glove box (MBraun, Germany) filled with purified argon gas (H20
level of <1 ppm).

The as-prepared cell was charged and discharged three times between 3.5 and 4.85
V (vs. Li/Li") at a rate of 0.1 C (= C/10) (the theoretical specific capacity of 146.72 mA h
g of LiNiosMn;sO4 was assumed to convert the current density into C rate). The

electrochemical impedance measurement was carried out in the frequency range of 100
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kHz to 10 mHz at a cell potential of 4.85 V (vs. Li/Li") using a signal with an amplitude of
10 mV. Pulse discharge tests were performed right after the impedance test. For the pulse
discharge test, a variety of pulse discharge currents were applied when a constant potential
of 4.85 V (vs. Li/Li") was obtained at the open circuit. In order to get the open circuit
voltage with negligible lithium contents, all the cells was charged with the application of
the low constant current rate, C/20, and the constant voltage was applied subsequently until
it has an equilibrated potential after an extended rest at open circuit. We chose low lithium
content (high voltage) because it is well known that the electrode/electrolyte interface is
less stable at the high voltage where surface film is formed.® A Solatron 1287
electrochemical interface was employed to carry out all of the galvanostatic/potentiostatic
tests. For the electrochemical impedance measurements, the Solartron 1287
electrochemical interface was coupled with a Solartron 1455A frequency response

analyser.

4.3. Results and Discussion

4.3.1. Characterizations of Powder Materials and Nano-Structured Electrodes

Typical morphologies of the LiNio.sMni 504 spinel materials with disordered and
ordered structures are shown in the SEM images of Figure 4.1(a) and (b). When disordered
structure powders calcinated at 900 °C, the primary particles formed polygonal
morphology with the dust-like small particles at the surface as shown in Figure 4.1(a). The
average particle size was about 700 nm (in the range of 400-1000 nm). After further
annealing at 700 °C, as-prepared ordered structure powders (Figure 4.1(b)) also had

polygonal morphology and similar particle size, ca 700 nm (in the range of 400-1000 nm).
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(a)

..50() nm
—

(b)

Figure 4.1. Scanning electron micrographs of LiNig.sMn1.504 (a) disordered structure and
(b) ordered structure powders synthesized via a sol-gel method, and (c) top views of
nanowire prepared via sol-gel based template synthesis method
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(c)

Figure 4.1. Scanning electron micrographs of LiNio.sMni 504 (a) disordered structure and
(b) ordered structure powders synthesized via a sol-gel method, and (c) top views of
nanowire prepared via sol-gel based template synthesis method, continued.

It is notable that the tiny particles at the surface of the disordered structure disappeared
completely with the transformation from the disordered structure to ordered structure. It
has been reported that the separate small particles are the rock-salt phase that is commonly
observed in the synthesis of LiNiosMn;sO4 spinel materials, especially over 700 °C
calcination temperatures. % 4346

For the nano-structured electrode of LiNio.sMni 504 spinel materials, sol-gel based

template synthesis method®® °!-2

was employed in this work, as described in the
experimental section. Figure 4.1(c) shows the SEM image of as-prepared nano-structured

electrode, depicting the nano-fibers protruding from the surface of the platinum current

collector, like shrubs with twisted branches. The average diameter of the nano-fibers and
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length were approximately 160 nm and 12 pum, respectively. A closer look at the nano-
structured electrodes with the TEM images in Figure 4.2 reveals that it is constructed with
a series of connected particles (ca. 160 nm of the average particle size in the range of 50-
200 nm).

In order to identify the structural properties of the materials, the XRD patterns are
collected and compared as shown in Figure 4.3. The nominal LiNiosMnis50O4 spinel
material is cubic close packed with lithium on the tetrahedral sites. The disordered structure
with nickel and manganese disordering on the octahedral sites has the space group, F d -3
m, while, the ordered structure has the space group, P 43 3 2.% ® The Rietveld refinement
patterns of the XRD for both disordered and ordered structures indicated an excellent
agreement with those reported previously in the literatures.* ** 53 In the case of the
disordered structure (Figure 4.3(b)), small peaks were observed at 20 = 37.6 °, 43.7 °, and
63.5°, indicative of a cation-rich rock salt phase (as mention in the Figure 4.1(a)). Recently,
it is reported that this rock salt phase contains both manganese and nickel in a lower ratio
than in the spinel phase.!? The superstructure peaks of the ordered structure (Figure 4.3(c))
were confirmed with the small peaks observed at 26 = 15.3 ©, and 39.7 °, consistent with
the literature report.* The lattice parameter of the disordered structure, 8.1739 A, is larger
than that of the ordered structure, 8.1653 A. The presence of Mn*" in the spinel phase,
which can be derived from the 4 V (vs. Li/Li") plateau shoulder in charge/discharge curves,
results in a larger lattice parameter.*>>* The XRD patterns of the nano-structured electrode
discloses that the nano-structured electrode consists of the LiNio.sMn1.504 spinel materials,
as shown in Figure 4.3(a). Since the peaks of the nano-structured electrode are relatively

weak and broad, attempts to account for them by introducing the phase into the Rietveld
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(a)

(b)

Figure 4.2. Transmission electron micrographs of (a) and (b) nanowire prepared via sol-
gel based template synthesis method
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Figure 4.3. XRD patterns of (a) as-prepared nanowire electrode. The Rietveld refinement
results from XRD patterns collected from LiNiosMni 504 (b) disordered structure and (c)
ordered structure powders synthesized via a sol-gel method
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refinements did not yield satisfactory results. Nevertheless, all the peak positions are well-
matched with the powder materials synthesized via a sol-gel method, except the peaks from
the platinum current collector (see asterisks in Figure 4.3(a))

The Ni and Mn molar ratio of the pristine materials were checked by ICP-OES
analysis (Table 4.1). Although a cation-rich rock salt phase appeared in the disordered
structure, the molar ratio of Ni and Mn is in good agreement with the theoretical ratio in

all samples.

Table 4.1. Ni : Mn molar ratio of the pristine LiNio.sMn1.504 materials, disordered
structure (F d -3 m), ordered structure (P 43 3 2), and nanowires as measured by ICP-OES

Ni:Mn ratio experimental .
Sample Theoretical
(ICP-OES)
Disorder
3.02
(Fd-3m)
Order
3.05 .
(P 4332) 3.00
Nano-wires 3.01

4.3.2. Effect of the Crystalline Structures on the Elementary Electrode Reactions

Figure 4.4 presents the cell potential (or cathodic polarization) transients of the as-
prepared disordered and ordered structures during constant current discharging for 10
seconds at different discharging rates. Right after the pulse discharging, the transients

showed a rapid drop and a relatively slow decrease in potential with time. The transients
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of the disordered structure (solid lines) fell slower than those of the ordered structure
(dotted lines). The maximum discharging rate of the disordered structure was 30 C; the cell
potential still remained above the low cut-off voltage of 3.5 V (vs. Li/Li") throughout the
whole discharging time. However, at the discharging rate of 15 C, the cell potential
transient of the ordered structure reached the cut-off voltage before 10 seconds. This means
that the disordered structure enables a more prolonged operation at high current drains
compared to the ordered structure; i.e., the disordered structure shows better rate

performance than the ordered structure, which is consistent with earlier reports.* & 121345
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Figure 4.4. Experimental cell potential (or cathodic polarization) transients during the
cathodic pulse discharging for 10 s at different discharging rates obtained from
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Figure 4.5. Impedance spectra of the positive electrodes from the disordered (solid) and
ordered (hollow) structures, obtained at a cell potential of 4.85 V (vs. Li/Li"). The inset is
the equivalent circuits to model its reactions

To explore how a dissimilarity of nickel and manganese ordering in the crystal
structure affects the elementary reaction steps and their contribution to the total dc
polarization, the differentiation of the resistive elements was done by using the
electrochemical impedance spectroscopy, as shown in Figure 4.5. For the positive
electrodes (intercalation process, Figure 4.5), it is generally agreed that the depressed
semicircle in the high-frequency range reflects lithium-ion migration though multilayer
surface films, and, in the medium-frequency range, nearly perfect (undepressed) semicircle
is attributed to charge-transfer resistance coupled with the double layer capacitance at the
interface between the surface film and intercalation materials. Also, the inclined line in the

low-frequency range is responsible for the solid-state lithium diffusion through the
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intercalation materials, known as the Warburg impedance.** 3-® On the other hand, the
origin and mechanism of lithium negative electrode reactions are not clear at this point.
The detailed analysis of the lithium negative electrode is beyond the scope of this work.
To quantitatively analyze the obtained impedance spectra, the mechanism-based
equivalent circuits which model the elementary reactions was adopted, as shown in the
insets of Figure 4.5. First resistance, Ro, indicates the uncompensated ohmic resistance. A
series of the resistance and constant phase element (CPE), R-CPEf and Rp-CPEgp,
represents the lithium migration through multilayer surface films, which can be simplified
into porous part and compact interphase. From the reported literatures,>’' it is
demonstrated that Li intercalation processes of LixMOy materials, such as LixMn2Os,
LixNiOz, and LixCoOz, show similarity with the graphite materials, and thus, typical
impedance spectra of LixMOy materials are also similar with that of the graphite materials.
Therefore, those impedance spectra were nicely fitted with the multilayer surface film
model. In this work, the impedance spectra of LiNiosMni 504 spinel are also analogous to
other intercalation materials, which contain a high frequency semicircle which is basically
potential invariant. This similarity justifies the adoption of the impedance model with the
multilayer surface films. And a pair of the resistance and CPE, R¢-CPEq1, shows the charge-
transfer resistance and double layer capacitance. In addition, the Warburg impedance, Zy,
indicates the solid-state diffusion. All the electrical parameters in the equivalent circuit
were determined from the CNLS (complex non-linear least squares) fitting method, and
are summarized in the Table 4.2. The equivalent circuit based on the obtained electrical
parameters was re-constructed towards the circuit simulation, as explained in the previous

literatures.*”*3
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Table 4.2. Electrical parameters of the working electrodes, determined from the complex
non-linear least squares (CNLS) fitting of impedance spectra to the equivalent circuit.
This also includes the diffusion coefficient, diffusion length and some calculated values

CPEL™ CPER," CPE4™
Ra | Ra Re Ra A, D L@ [R®| c® e c®
C C C
n n | n
Q Q [uFs™? Q [uFs" Q mFls Qs% [x102m?s? nm | Q mF x10°Qm? [ x10°Fm*

Disorder

(Fd-3m) 1.01]4.86 (12.01| 0.88 | 1.65 [4103|0.73 (18.73| 6.26 | 0.99 | 51.14 7.76 700 [12.85( 4.91 18.36 0.007

Order

(P4:32) 1.1916.67 (3.41| 1 |[15.85(27.06|0.85 [99.27|5.56 |0.79 | 87.57 191 700 |44.32( 5.78 63.31 0.008
3

Nano-

wires 3.05(18.8|71.44|0.92 (78.62|1104.6| 0.90 (12.44| 7.88 | 1 10.55 14.7 160 | 0.44 | 3.95 2.75 0.025

() Constant phase element (CPE) was expressed in the form of C(jw)" (0.5<n<1).
@ Auis the Warburg coefficient.

&) D at 4.85 V (vs. Li/Li") was estimated from the GITT®78,

@ I was roughly estimated to be the radius of particle from the SEM and TEM
observation.

©) RD=Aaﬂ7/D_0‘5, CD=L2ﬂD_1 ZD‘I, I”=RDZZ7'1, C=CDﬂ1.

Using the circuit simulation, the variations in the total elementary polarizations of
the disordered and ordered structures were obtained with the discharging time at a
discharging rate of 5 C, and then, its time-dependent contributions of the elementary
resistances to the total polarization were obtained as shown in Figure 4.6(a) and (b). The
charge-transfer reaction and solid-state diffusion step are the first and second largest
contributions of the total dc polarization for both the disordered and ordered structures. It
also proved that the contribution of lithium migration through the surface films is relatively
trivial. In addition, it is noteworthy that the contribution of the charge-transfer resistance
of the ordered structure shows over 50 % at 10 s discharging, which is considerably higher

than that of the disordered structure.
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4.3.3. Elementary Reaction Behaviors of the Nano-Structured Electrode

The above results demonstrated that the charge-transfer and diffusion stsep are the
two major sources responsible for the power density. Especially, it showed that the nickel
and manganese ordering in the spinel structure aggravated the charge-transfer reactions.
Now, it would be interesting to see what happens to the nano-structured electrode. The
nano-structured electrode has been considered as a promising way to achieve utmost power
density without much sacrifice of energy density. Its short diffusion lengths and relatively
large surface area will reduce the resistance to interfacial reactions and thus accelerate
electrode kinetics.?* 2 9263 In this work, the nano-structured electrode was prepared via

the sol-gel based template synthesis,*® 3'-?

as shown in Figure 4.1(c). The conventional
composite electrodes consisting of nano-size materials, such as nano-particles, and nano-
rods, might be insufficient due to the inherent imperfection of the structure. When the
active species around the nano-particles become exhausted, the overall electrode reactions
deteriorate rapidly by the transport of the species toward the porous structure. However,
the one-dimensional nano-structured electrodes, which stand up from the current collector,
not only secure the straight path for the facile movement of the active species in the
electrolyte, but also provide continuous pathways for electron transport.

The cell potential (or cathodic polarization) transients of the as-prepared nano-
structured electrode during the 10 s current pulse at a variety of discharging rates are shown
in the Figure 4.7. All the transients show an abrupt drop at the moment of the application
of the current, followed by a gentle decrease in potential with time. It is noted that even at

the very high discharging rate of 30 C, its cathodic polarization, 0.5 V, was less than half

of the maximum polarization, 1.35 V. There is no doubt that the nano-structured electrode
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Figure 4.7. Experimental cell potential (or cathodic polarization) transients during the
cathodic pulse discharging for 10 s at different discharging rates obtained from nanowire
prepared via sol-gel based template synthesis method
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improved the power density significantly. The differentiation of the resistive elements was
further investigated in the same manner as described above.

Figure 4.8 shows the impedance spectra of the nano-structured LiNigpsMnj 504
spinel materials obtained after three charge and discharge cycles. Using the same
equivalent circuit model, all the electrical parameters were estimated by the CNLS fitting
method (Table 4.2). When comparing between the nano-structured electrode and the
previous powder composite electrodes, the real impedances of lithium migration from
internal compact interphase, Rp, and charge-transfer reaction, Re, and Warburg

coefficient, Ay, are summarized in Figure 4.9.
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Figure 4.9. Changes in individual real impedances and Warburg coefficient with the
disordered and ordered structure, and its nano-structured electrode
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A closer look at the changes in the resistances measured in the composite electrodes
and nano-structured electrode shows that the resistance R¢t from the charge-transfer
reaction and the Warburg coefficient Aw reduced. In the case of the charge-transfer
reaction, the resistance of the nano-structured electrode was ca. 1.5 times smaller than that
of the disordered structure composite electrode. In addition, the Warburg coefficient of the
nano-structured electrode was ca. 4.8 times lower compared to the disordered structure
composite electrode. This indicates that the strategy employed to reduce the impedances
with the reduced diffusion length and the increased active surface area is successful.

However, it is also noteworthy that the resistance from the lithium migration
through the multilayer surface films increased significantly. Especially, the resistance of
the inner compact interphase, R», became the largest elementary impedance. It is increased
by ca. 5.0 times compared to that of the ordered structure. The most probable reason for
this increase of the surface film resistances is the oxidation of the electrolyte. It is well-
known that the high voltage operation of the LiNipsMn1.504 spinel materials over 4.3 V
(vs. Li/Li") oxidizes the liquid-carbonate electrolyte.®* This detrimental reaction occurs
during cycling, and thus leads to increasing the passivation layers on the surface. The
increased surface area of the nano-structured electrode aggravates this undesirable
process.! 112

Notwithstanding the deteriorated surface film resistance, the origin of the improved
rate performance (or power density) in the nano-structured electrode (Figure 4.7) is still
reasonably explained with the reduced the charge-transfer and diffusion resistances. The
highest frequencies of the arc from the charge-transfer reaction and the inclined line for the

diffusion step were estimated to be 2.5 Hz and 0.25 Hz, respectively (Figure 4.8). This
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implies that the charge-transfer reaction starts to dominate the discharging transient only
after 0.4 seconds; and, the diffusion step after 4 seconds. However, for the further
enhancement of the nano-structured LiNio.sMn1.504 spinel materials as battery electrodes,
it is quite clear that the surface modifications, which stabilize the interface between the
electrode and electrolyte, should be followed. The nano-structured electrode shows strong
evidence of Mn** ions at the surface of LiNio.sMn; sO4, which can lead to Mn** dissolving
into the electrolyte and migrating to the anode.'**>-65-% The long term cycling of the nano-
structured LiNiosMnisO4 spinel and its surface characteristics will be discussed in a

separate paper.

4.4. Conclusion

In this work, dependence of the contribution of elementary impedances to total dc
polarization on battery discharging process was successfully analyzed with two different
structures of the LiNio.sMn1504 spinel materials, disordered (space group, F d -3 m) and
ordered (space group, P 43 3 2) structures, from a combination of electrochemical
impedance spectroscopy and theoretical analysis of the equivalent circuit. The charge-
transfer and solid-state diffusion resistances proved to be the important factors in the course
of high-rate battery discharging of the LiNipsMn; 504 spinel materials. Especially in the
case of the ordered structure, it was demonstrated that the charge-transfer resistance has
the most severe effect on the total dc polarization. Moreover, in order to increase the
electrochemically active surface area and reduce the diffusion lengths, the one-dimensional
nano-structured electrode was prepared via sol-gel based template synthesis. The nano-

structured electrodes prepared in this study significantly improved the rate performance of
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the LiNipsMnisOs4 spinel materials with the reduced charge-transfer and diffusion
resistances, even though the resistances from the multilayer surface films were
deteriorated.

Chapter 4, in full, is a reprint of the material “Effect of Ni/Mn Ordering on
Elementary Polarizations of LiNig.sMn1.504 Spinel and Its Nanostructured Electrode” as it
appears in the Journal of the Electrochemical Society, Hyung-Man Cho, Ying Shirley
Meng, 2013, 160, A1482. The dissertation author was the primary investigator and author

of this paper. All the experiment and writing were performed by the author.



Chapter 5. Effect of Surface Modification on Nano-Structured LiNio.sMn1.504 Spinel

Materials

In this chapter, the spinel-phase oxide LiNigsMnis04 (LNMO), a high energy
electrode material currently being explored for use in lithium-ion batteries, was prepared
using a sol-gel based template synthesis to yield nanowire morphology. Research has
shown that extensive electrolyte decomposition and the formation of a surface passivation
layer results when LiNio.sMnj 504 is implemented in electrochemical cells. As a result of
the high surface area associated with nanoparticles, manganese ions dissolution results in
capacity fading over prolonged cycling. In order to prevent these detrimental effects and
not compromise electrochemical performance, TiO, and Al>O3 thin films were deposited

using atomic layer deposition (ALD) on the surface of LiNio.sMni 504 particles.

5.1. Introduction

The improvement of lithiation/delithiation kinetics can be ascribed to a sharp
reduction in the characteristic time constant (t=L?/D; L = diffusion length, D = diffusion
constant). The time t for intercalation decreases with the square of the particle size upon
reduction of micrometer dimensions. In addition, a large surface area permits extensive
electrode-electrolyte contact, leading to a high lithium-ion flux across the interface. As a
result of the shortened electron pathway through the active electrode material, the electrical
resistance of nano-sized materials is significantly less than particles of micron-sized

regime. The implementation of nano-particulate materials results in various benefits,

43
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however deleterious aspects can be intensified. For example, the increase in surface area
results in an escalation in electrode-electrolyte side reactions. This phenomenon is
augmented at both high (> 4.3 V vs. Li/Li") and low (< 1.0 V vs. Li/Li") operating
potentials.>® For this reason, most of previous nano-structured materials research was
limited to the electrodes with the low operating voltages, such as, most of anodes®"!,
LiFePO,", etc.

To overcome this problem, surface modification of the material is required for the

stable interface between the electrolyte and electrodes.”>””> Recently, various materials

have been investigated as possible coatings on the LiNipsMnis04 electrodes. Metal

74, 76-81 82-83

oxides and polymer coatings have been employed as possible materials to
prevent manganese dissolution. Carbon has been explored as an additive to both prevent
dissolution as well as increase electronic conductivity.®* Various surface modification
methods, such as physical vapor deposition or wet-chemistry have been utilized with the
aim of improving interfacial properties. However, those methods have limitations that
include nonconformity and unwanted phase transformations due to inter-diffusion of the
elements during high temperature operation. Unlike other surface modification methods,
atomic layer deposition (ALD) is a particularly useful method for deposition of conformal
thin films with a high degree of thickness tenability.®>%° The low temperature process
implements a coating only at the surface, thus preventing unpredictable changes in the bulk.
While the use of ALD to deposit protective layers on conventional LiNiopsMnisO4

electrodes containing both carbon and binding additives,®*! there exists an absence of

publications concerning electrodes without such additives. In the present study, the
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nanowire LiNig.sMn1.504 cathode material is prepared and probed without such additives,
allowing for investigation of nano-size effects.

Prior studies indicate that strong deviation of electrochemical properties will result
when cathode particles are reduced from the micron-regime to that of the nano.”! *°
However, there remains a dearth of quantitative understanding of the degree that reduction
to nano-size affects elementary electrochemical parameters. This work provides critical
insights in the analysis of lithium-ion transport kinetics of nano-structured materials and
analytical studies concerning ALD surface modifications to successively inhibit
deleterious side-reactions. Following surface modification of the LiNig.sMn;.504 cathode

material, the elementary resistances involved in cell operation have been quantitatively

investigated.

5.2. Experimental

The spinel-phase material LiNig.sMn; 504 with nanowire morphology was prepared
using a sol-gel based template synthesis*® (Figure 3.1). A commercially available
polycarbonate membrane with a nominal pore diameter of 200 nm (Whatman, P/N : 7060-
2502) was used as the template. The sol solution was prepared using a stoichiometric
mixture of nickel acetate tetrahydrate (1.867 g), manganese acetate tetrahydrate (5.514 g),
and lithium acetate diacetate (1.530 g) dissolved in deionized water (100 ml) with 0.5 wt.%
polyvinylalcohol (PVA). All chemicals were purchased from Aldrich and used as received.
The template filled with the as-prepared solution was placed on a Pt foil current collector,
and dried overnight at 70 °C. The template was removed using an oxygen plasma etching

system (Trion RIE/ICP dry etcher) under the following operating conditions: 50 sccm O
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flow rate, 100 mTorr Oy pressure, 150 W RF power, and an etching time of 2 hours. Finally,
the nanowire electrode was crystallized at 800 °C for 1 hour.

TiO2 and Al>Os thin films were deposited on the as-prepared nanowire electrodes
using atomic layer deposition (Beneq TFS200). Titanium tetrachloride and water were used
as the precursors for the TiO2 deposition. Deposition of AlOs3 required the use of
trimethylaluminum and water as precursor reagents. Both deposition experiments
employed N as the carrier gas and were carried out at 250 °C.

Scanning electron microscope (SEM) (Phillips, XL30) and transmission electron
microscope (TEM) (FEI Tecnai G2 Sphera cryo-electron microscope) were utilized in
order to examine particle morphology and size distribution. The chemical composition was
determined using an energy dispersive X-ray detector (EDX) equipped in the SEM.
Crystallinity of the samples was examined by X-ray diffraction (XRD) (Bruker D8) with
Cu Ko radiation. XRD data was gathered in the range of 20 = 10 — 80 °, at a scan rate of
0.02 ° sl The refinement of the XRD data was carried out using the Rietveld method in
the FullProf software package suite. The Ni/Mn molar ratio in the solid and electrolyte
samples was characterized by inductively coupled plasma optical emission spectroscopy
(ICP-OES) (Perkin-Elmer Plasma 3700).

A custom-made three-electrode cell was employed for -electrochemical
experiments.*’*%?! In order to remove the effect of the lithium metal counter electrode on
the electrochemistry, a three-electrode cell configuration is necessary. This effect is
reflected in impedance analysis, as the impedance from the counter electrode can influence
the working electrode properties. As a result, we employed the three-electrode cell

configuration for impedance experiments. Electrochemical experiments such as



47

galvanostatic cycling and C-rate determination, a two electrode cell configuration was
employed using the LiNiosMnis04 nanowire cathode and lithium metal anode. Nano-
structured electrodes and lithium metal foil were used for the positive and negative
electrodes, respectively. A 1 M solution of lithium hexafluorophosphate (LiPFs) dissolved
in a 50/50 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) was
used as electrolyte. The electrochemical cells were assembled in an argon filled glove box
(MBraun) (H2O concentration < 1 ppm). The specific capacity in this work was calculated
on the basis of the active mass of nanowire electrode. The mass of each electrode including
Pt substrate was estimated statistically by measuring ten times, respectively, using a micro
balance (Shimadzu, AUW120D), followed by calculation of the average mass value and
variance. The active mass of each nanowire electrodes was obtained by mechanical
removal from the Pt substrate. The average loading of active mass in the electrodes was
found to be 0.00081 g (= 0.81 mg) and had a range of 0.00080 — 0.00082 g (= 0.80 — 0.82
mg). A Solartron 1287 electrochemical interface was wused to perform the
galvanostatic/potentiostatic experiments. Electrochemical impedance experiments utilized
the Solartron 1287 electrochemical interface, coupled with a Solartron 1260 frequency
response analyser. Electrochemical impedance spectroscopy was performed in the
frequency range from 100 kHz to 10 mHz at a cell potential of 4.77 V (vs. Li/Li") using a

signal with an amplitude of 10 mV.

5.3. Results and Discussion

5.3.1. Characterization of Nano-Structured Electrode Materials
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(a)

(b)

Figure 5.1. Scanning electron micrographs of (a) top and (b) cross-sectional views of
LiNio.sMn; 504 nanowire electrode prepared via the sol-gel based template synthesis
method
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Figure 5.2. Transmission electron micrographs of electron micrographs of LiNip.sMni 504
nanowire electrode prepared via sol-gel based template synthesis method

(111) 7

x (311)
(400)

Intensity / Arbitrary Unit

20 (A=1.544)

Figure 5.3. The Rietveld refinement results from XRD patterns collected from
LiNig.sMn; 504 nanowire electrodes. The black crosses represent the observed pattern, the
red line corresponds to the calculated diffraction pattern and the blue is the difference
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The sol-gel based template synthesis is shown schematically in Figure 3.1. Typical
morphology of the as-prepared nanowire electrode is observed by SEM (Figure 5.1(a) and
(b)). From the cross-sectional view of Figure 5.1(b), it is revealed that the nanowires are
uniformly protruding from an underlying Pt current collector substrate. The average
diameter of each nanowire was determined to be ~140 nm with a length of approximately
13 um. The TEM images in Figure 5.2 detail the fine morphology of the nanowire, which
is composed of crystalline particles with an average size of 47 nm and range within 30 - 80
nm. The particle size was estimated statistically by counting at least 30 different sample
regions from the TEM images, followed by calculation of the average size. The nanowires
have a polycrystalline structure with nano-size crystallites of different orientations. A
legible lattice fringe of 0.47 nm can be observed from the locally magnified TEM images
(the inset of Figure 5.2), which is consistent with the (111) inter-planar spacing of the
disordered structured LiNipsMni 504 spinel materials. It should be noted that the nanowire
electrodes in this study offer an unbiased ability to study the nano-size effect, as additives
to improve electronic conductivity and binding agents have been removed.

The structure of the as-prepared nanowires was characterized using powder X-ray
diffraction following mechanical removal from the Pt current collector, as shown in Figure
5.3. The disordered LiNiosMni 504 spinel material has a cubic crystal structure with space
group F d -3 m. The lithium atoms occupy the tetrahedral sites (Wyckoff position: 8a)
while the disordered nickel and manganese atoms occupy the octahedral sties (Wyckoff
position: 16d).* Rietveld refinement was performed and the refined parameters with
reliability factors are presented in Table 5.1. A relatively high Ry factor was obtained in

the refinement, which is likely the result of broadened XRD peak patterns due to nano-size
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Table 5.1. Parameters and reliability factors obtained by the Rietveld refinement of
nanowire electrode, from Figure 5.3

a=b=c¢=8.1920434,0=$=y=90°,Fd-3mS$S

Label | Atom X Y Z B Occ

Lil Li 0.37500 | 0.37500 | 0.37500 | 0.00000 | 0.96074

Nil Ni 0.37500 | 0.37500 | 0.37500 | 0.00000 | 0.03926

Li2 Li 0.00000 | 0.00000 | 0.00000 | 1.77179 | 0.03926

Ni2 Ni 0.00000 | 0.00000 | 0.00000 | 1.77179 | 0.46074

Mn2 Mn | 0.00000 | 0.00000 [ 0.00000 | 1.77179 | 1.50000

03 O 0.24183 | 0.24183 | 0.24183 | 0.00000 | 4.00000

Conventional Rietveld Reliability Factor : Ry,: 3.63, Ry: 10.06

effect.*! The particle size was calculated to be 41 nm using Scherrer’s formula*!°? (against
the (111) peak):
L=09A/BcosH

where A is the wavelength of the X-ray and B is full width at half maximum (FWHM)
value. This calculated value is consistent to the estimated particle size obtained from the
TEM images.

Electrochemical charge and discharge was performed in the potential range of 3.5
- 4.85 V (vs. Li/Li") with applied current rate of C/7.5 using LiNiosMn; 504 (non-coated)
nanowires as the positive electrode (Figure 5.4(a)). The plateau at ~4.7 V (vs. Li/Li") arises

from the Ni>"*" redox couple while the plateau at ~4.0 V is the result of the Mn**"#* couple.
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Capacity arising from the voltage plateau at ~4.0 V (vs. Li/Li") has been used to estimate
the amount of Mn*" in the LiNig sMn; 504 spinel materials. The origin of Mn(III) ions has

10, 93

been ascribed to transition metal (TM) ion substitutions , various crystallization

12,94 "and different cooling rates*’ during heat treatment. In this work, all the

temperatures
nanowire electrodes was prepared at the same calcination temperature, 800 °C, and same
cooling rate. ALD is also a well-known method which prevent any unpredictable changes
on the coated materials because of its low operating temperature. Therefore, we can easily
estimate that the amount of Mn®" is same on those samples. Moreover, our group previously
studied non-equilibrium structural dynamics in LiNiosMni5O4 spinel materials under
operando conditions using coherent X-ray diffraction imaging (CXDI) and it was revealed
that there is the sharp discrepancy between electrochemistry and structural changes during
fast charging/discharging process.?® It disclosed that during the fast charging process the
ionic blockade layer formed at the surface of the materials, thus actual overall phase
transformation does not reached at that specific state which the electrochemical signal
indicates. In this study, as-prepared nano-wire LiNio.sMn1.504 electrode without carbon and
binding additives has the benefit allowing for investigation of nano-size effects, but the
poor electrical conductivity leads large polarizations. Hence, in the present study, the
plateau at ~4.0 V (vs. Li/Li") cannot properly represent the amount of Mn** in the nanowire
electrodes. While the electrochemical profiles show similar plateau regions with the typical
composite electrodes (with added carbon additive and binder), the irreversible capacity
occurs not exclusively in the first cycle, but also in consecutive cycles. It is hypothesized

that this is the result of a side reaction between the electrolyte and active electrode material

at the electrode/electrolyte interface. By plotting the differential capacity (dQ/dV) vs. cell



(a)

(b)

Figure 5.4. (a) Electrochemical voltage profiles between 3.5 —4.85 V (vs. Li/Li") for
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non-coated nanowire at 1/7.5 C rate (black), and TiO>-coated (blue) and Al,Os-coated

(red) nanowires. (b) Differential capacity (dQ/dV) plot of nanowires
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potential (V), a peak is observed above 4.6 V in the first charging profile, indicating that a
side reaction is indeed occurring. This peak is not observed when using conventional
powder LiNigpsMn; 504 and we purport its evolution to be related to electrode activation.
At particularly high potentials, the electrolyte can decompose and form a layer on the
surface of the electrode particles. Previous reports have described that this can be
significantly detrimental to lithium-ion conduction through the electrode/electrolyte
interface.*> °> Prolonged operation at this high voltage can exacerbate these types of side
reactions. In addition, reduction of the manganese(IIl) ions at the surface of LiNig.sMnj 504
leads to manganese(Il) ions, which can dissolve in the electrolyte. Manganese(Il) ions
proceed to diffuse through the electrolyte to the lithium metal anode and plate on the
surface.'>*>% This leads to an increase in the internal resistance of the cell and as a result,
poor battery performance. The particle morphology does not change following
electrochemical cycling, but Rietveld refinement shows that the lattice parameter and Ry
increase. This is likely the result of augmentation of the nanosize effect and Manganese(II)
dissolution. In addition, a recent publication reports structural changes in the electrode
during the first cycle, which has been purported to be migration of transition metal ions
into empty octahedral sites to form Mn3Os-like and rocksalt-like structures.” In the case
of LiNio.sMn1 504 nano-wire, the surface area is remarkably higher, which can result in a
large side reaction peak in the charging profile. However, the exact nature of 4.6 V peak in

dQ/dV profile in the charging process is still open to discussion.

5.3.2. Surface Modification — Atomic Layer Deposition (ALD)
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In order to prevent the deleterious effects of electrolyte decomposition and cation
dissolution, the interface between the electrolyte and the active materials must be modified.
Atomic layer deposition (ALD) is a technology that has been repeatedly shown to be
extremely useful in the surface modification of complex nano-structured materials.® %
This technique is based on successive, surface-controlled reactions from gaseous reagents
to produce thin films and overlayers in the nanometer range with perfect conformality and
controllability. Figures 5.5(a) and (b) show images obtained using SEM as well as energy
dispersive X-ray spectroscopy (EDX) analysis of the TiO2 and Al,O3 coated nanowire
electrodes. Following successful deposition of TiO; and Al,Oj3 thin films, the nanowires
were found to be in the same protruding fashion from the Pt substrate. The thickness of the
thin film is directly proportional to the number of ALD cycles. The growth rate of both
TiO2 and Al>Os3 thin films on the nanowire electrodes was calculated as shown in figure
5.5¢c. Each ALD cycle deposits a uniform TiOz and Al>Os thin film layer of approximately
0.0389 nm (= 0.389 A) and 0.0816 nm (= 0.816 A) in thickness, respectively on the
nanowire LiNipsMn; 504 surface. As shown by TEM (Figure 5.6(a) and (b) for TiO2 and
AL O3, respectively), the surface of the coated nanowires is highly smooth and uniform.

To determine the effect of the deposition layers on the electrochemical performance
of nanowire LiNipsMni 504 electrodes, galvanostatic charge/discharge experiments were
performed with an applied current rate of C/7.5 in the potential range of 3.5 — 4.85 V (vs.
Li/Li"). Figure 4a details a TiO-coated nanowire electrode with an approximate coating
thickness of 0.43 nm (= 4.3 A; 11 cycles), and an Al,Os-coated nanowire electrode with a
coating thickness of ~0.41 nm (= 4.1 A; 5 cycles). Electrodes layered with either thin film

material were found to exhibit typical redox behavior of LiNio.sMni.504 spinel material,
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Figure 5.5. Top views (SEM) of ALD coated nanowire electrodes (a) TiO2 ALD 11
cycles (b) AlbO3 ALD 30 cycles. The insets indicate the percentage of each component
from EDX analysis. (c) Various deposition thickness as a function of ALD cycles
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Figure 5.5. Top views (SEM) of ALD coated nanowire electrodes (a) TiO» ALD 11
cycles (b) Al2O3 ALD 30 cycles. The insets indicate the percentage of each component
from EDX analysis. (c) Various deposition thickness as a function of ALD cycles,
continued.
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(a)

(b)

Figure 5.6. Transmission electron micrographs of (a) TiO2 ALD coated (50 ALD cycles)
and (b) Al,O3 ALD coated (15 ALD cycles) nanowires
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such as the Ni>”#" and Mn*"** plateaus at around 4.7 V and 4.0 V (vs. Li/Li"), respectively.
It was found that the irreversible capacity fade is significantly reduced as a result of coating
the nanowire LiNig.sMnj 504 material using atomic layer deposition.

In spite of the considerable effects of volume and surface area of the nano-wire
electrode on the electrochemical performance, there is no existing testing method that
would allow for the accurate determination of these quantities without damaging the one-
dimensional morphology. In lieu of an experimental measurement, the surface area was
calculated as follows: as the average diameter of the nanowire is 140 nm (= 2r) and the
length is 13 pm (= L), the outer rectangular area of a nanowire is 5.72 x 10" cm? (= 2nr x
L). The average number of pores in the polycarbonate (PC) template is 4.7 x 10® pores/cm?.
In addition, the diameter of the electrode cutout is 14 mm, leading to a surface area of 1.54
cm? (= 1 x 0.72). Hence, the number of nanowires in the electrode is 7.24 x 10® wires (=
4.7 x 108 x 1.54), leading to a total outer rectangular area of nanowires to be 41.41 cm? (=
(7.24 x 10%) x (5.72 x 10®)). Therefore, the total surface of area is 42.95 cm? (= 41.41 +
1.54). Using the aforementioned values, the superficial volume of a single nanowire is
calculated to be 8.005 x 10! cm® (=nr? x L) and the total volume of nanowires is 5.79 x
10 cm?® (= (8.005 x 10°"* cm®) x (7.24 x 10® wires)). The average thickness of substrate
layer is 200 nm, leading to the volume of 0.308 x 10 cm? (= 1.54 x (200 x 1077)). Therefore,
the total volume of electrode is 6.098 x 10 cm®. Accordingly, as shown in Figure 5.4 (a),
the discharge capacity of non-coated nanowire is 101.12 mA h g!, 134.31 mA h cm?, and
1.907 x 103 mA h cm™. The discharge capacity of the TiO»-coated electrode is 103.17 mA

h g, 138.73 mA h cm?, and 1.969 x 10 mA h cm™. Nanowire electrodes coated with
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AlO3 lead to discharge capacities of 105.72 mA h g!, 140.43 mA h cm?, and 1.994 x 10-
3mA hem?,

In addition, the electrode/electrolyte side reaction was effectively prevented, as
shown by the absence of a peak at ~4.6 V in the differential capacity plot (Figure 5.4b).
Aluminum oxide is a well-known insulating material, and as such it was hypothesized that
a thick layer of Al2O3; would inhibit lithium ion movement and dramatically increase the
internal resistance. However, the formation of a Li-Al-O film was found to be an effective
lithium ion conductor and electronic insulator.®”> ®” The surface modification by TiO»
coating is widely adopted in order to prevent cation dissolution and electrolyte
decomposition. However, there are no reports about the lithium ionic conduction
mechanism through TiO2 phase. As the thickness of the TiO; coating layer is less than 0.5
nm, we purport that this TiO2 can form a Li-Ti-O glass phase during the lithiation,
analogous to that of Li-Al-O films. This resulted in a retention of electrochemical
performance as well as prevention of electrolyte decomposition and manganese ion
dissolution.

To further investigate the effect of the ALD coating on the nanowire electrodes,
experiments correlating capacity retention with various discharge rates were performed, as
shown in Figure 5.7. A cell utilizing a non-coated nanowire electrode shows not merely
inferior rate capability (less than 10 mA h g'! at a rate of 1 C), but also significant capacity
fading during prolonged cycling. In addition, the coulombic efficiency was found to be
exceptionally poor, dropping to nearly 60 % at the 30th cycle. It has been postulated that
the poor electrochemical performance is a result of increased electrolyte decomposition

and cation dissolution associated with the increased active surface area of the nanowires.
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Figure 5.7. Specific capacity versus cycle number plot at different charge and discharge
rates. (black: non-coated NW, blue: TiO;-coated NW, red: Al,Os-coated NW)
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Figure 5.8. Impedance spectra of nano-structured electrodes, obtained at a cell potential
of 4.77 V (vs. Li/Li"). The insets are the equivalent circuits to model its reactions. Dotted
lines were determined from the CNLS fittings
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Coating the nanowire with either TiO> or ALOs; resulted in starkly different
electrochemical performance compared to non-coated LiNio.sMni 504 nanowire electrode.
This is exemplified in a much improved observed coulombic efficiency of > 90 % at 25th
cycle in Figure 5.7 (e.g. 98.8 % in the Al2O3 coated nanowire). In the case of the Al>O;
coated nanowire electrode, the discharging capacity at a 1 C rate still presents 99 mA h g’
1

In order to probe the effect of surface modification by ALD on the electrochemical
reaction mechanism, electrochemical impedance spectroscopy (EIS) measurements were
performed in the charged state at 4.77 V (vs. Li/Li"), as shown in Figure 5.8. These
experiments can help to elucidate the elementary resistances that strongly affect
electrochemical performance. The impedance spectra (Nyquist plots) consist of two
semicircles: one each in the high and intermediate frequency ranges, and an inclined line
at a constant angle to the abscissa. The first semicircle in the high frequency is the result
of the lithium migration through the surface film, and the second semicircle in the
intermediate frequency originates from the interfacial charge transfer reaction. The inclined
line is attributed to solid-state lithium ion diffusion into the active electrode materials. The
impedance spectra were modelled using a simplified equivalent circuit as shown in the
inset of Figure 5.8. The resistance, Ro, represents the uncompensated ohmic resistance.
The first pair of resistance and constant phase element (CPE), R-CPEys, indicates that
lithium migration occurs through the surface film region. The second pair of resistance and
CPE, R.-CPE, is indicative of charge-transfer resistance and double layer capacitance.
The Warburg impedance, Zw, describes the solid-state diffusion step.*® 337 All the

electrical parameters in the equivalent circuit were determined from the complex non-linear
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least squares (CNLS) fitting method*® °*°, and are summarized in the Table 5.2. It is
particularly noteworthy that the resistance Rr from the TiO; and Al>O3 coated nanowires,
reduced by about 50 Q and 70 Q, respectively. This corresponds to a reduction of
approximately 44 % and 67 % when compared to that of the non-coated nanowire electrode.
Impedance spectroscopy results indicate that the resistance originating from the surface
film region in the charged state (4.77 V vs. Li/Li") can be significantly reduced by ALD
coating on the active materials. A reduction in resistance suggests that electrolyte
decomposition at high voltage operation and manganese(Ill) dissolution have been

curtailed.

Table 5.2. Electrical parameters of the working electrodes, determined from the complex
non-linear least squares (CNLS) fitting of impedance spectra to the equivalent circuit.
This also includes the diffusion coefficient, diffusion length and some calculated values

Positive electrode

Cell CPE; CPE,
RQ Rf Rct A(o
potential C C
n n
'V (vs. Li/Li*)| Q Q mF sm! Q  |uF s} Q 5705
Bare NW 2.82( 105 | 0.295(0.751|24.37| 96.5 (0.888|30.29

TiO, ALD 4.77 2.06 | 58.99 | 0.158 (0.923|39.66 | 77.5 (0.862(25.11

ALO;ALD 2.57(34.14 | 0.108 (0.823 |41.93 | 56.9 (0.871|23.10
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Figure 5.9. (a) Mn dissolution into the electrolytes with the various nanowire electrodes
from ICP-OES analysis. Photographs of Li metal counter electrodes after the
electrochemical tests (b) without ALD deposition (c¢) with AbO3 ALD
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(c)

Figure 5.9. (a) Mn dissolution into the electrolytes with the various nanowire electrodes
from ICP-OES analysis. Photographs of Li metal counter electrodes after the
electrochemical tests (b) without ALD deposition (c) with AbO3 ALD, continued.
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In order to investigate the extent of cation dissolution into the electrolyte, the
electrochemical cells were disassembled in an argon filled glove box and the electrolyte
was separated from the other battery components. Elemental analysis of the electrolyte was
performed using inductively coupled plasma optical emission spectrometry (ICP-OES). It
was determined that manganese ion dissolution into the electrolyte is alleviated when
electrodes are coated with either TiO> and Al,O3 (Figure 5.9(a)). The concentration of
manganese in the electrolyte when using non-coated LiNiosMnisO4 electrode was
determined to be ~10 ppb after 30 cycles of electrochemical charging and discharging.
However, when the nanowires are coated with AbO3 (5 ALD cycles, ~4 nm thickness), the
concentration of manganese in the electrolyte decreased to a mere ~1 ppb. Increased cation
dissolution was found to result in severe darkening of the lithium metal anode. However,
cells using an aluminum oxide coated LiNip.sMn1.504 cathode resulted in a relatively clean
and shiny lithium anode surface. This qualitative observation further reveals how
significant a reduction in Manganese(III) dissolution results when coating the nanowires

with insulating thin films.

5.4. Conclusion

Our studies have indicated that an increase in surface area of one-dimensional
nanowire electrode results in detrimental interfacial side reactions. Protective thin films
composed of either titanium dioxide or aluminum oxide were successfully deposited on
LiNio.sMn; 504 nanowire electrodes using atomic layer deposition. The protective layer at
the surface of the nanowire makes it possible to not merely decrease the irreversible

capacity fade, but also diminish the manganese dissolution during electrochemical cycling.
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This results in an acceleration of lithium ion migration through the surface film and a
reduction in resistance. Our work gives significant insight in the importance of interface
protection for high voltage nano-structured electrode materials.

Chapter 5, in full, is currently being prepared for submission for publication of the
material “Effect of Surface Modification on Nano-Structured LiNipsMn;sOs Spinel
Materials” Hyun-Man Cho, Michael Vincent Chen, Alex C. MacRae, 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.



Chapter 6. Implementation of stable surface structures; a promising key to solve

capacity fading issues for the high-voltage LiNiosMn1.504

In this chapter, the structural changes at the surface and bulk of LiNigsMn 504
spinel materials were extensively investigated. The structural stability related to the
transition metal migration are compared with LiNipsMnisO4 spinel materials via
conventional sol-gel method versus polyol process. The surface and bulk of as-synthesized
and cycle-aged disordered LiNio.sMni 504 structures at the fully lithiated/delithiated state
were explored using a combination of in situ X-ray absorption spectroscopy (XAS) coupled

with aberration-corrected scanning transmission electron microscopy (STEM).

6.1. Introduction

Unique among various high-voltage cathode materials, spinel structured
LiNio.sMn; 504 materials allow three-dimensional lithium-ion diffusion in its lattice. This
has drawn remarkable attention because it enables enhanced diffusion kinetics and makes

13,23, 32-33, 9192, 100 However, this material exhibits

high-rate capabilities possible.
degradation with extended cycling. For example, it is well documented that the
LiNiosMn; 504 spinel shows capacity fade, related to Mn*" dissolution from the active
materials and electrolyte decomposition during the high voltage operation.*> % °2 There is
another possibility that the capacity fading could be derived from the loss of crystallinity
during the electrochemical charging/discharging process. In order to prevent the possible

degradation mechanisms and subsequently attempt to improve the performance of this

material, our group has adopted the polyol process as a new method of synthesizing

68
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LiNiosMn; 504 materials. This method, commonly described as the polyol process, is
composed of reductive metallic compounds in a liquid alcohol medium, maintained at its
boiling point.'?!1% The polyol medium itself acts not only as a solvent in the process but
also as a stabilizer, limiting particle growth and prohibiting agglomeration.®® Especially,
this innovative process provides a superior reducing environment, especially for

synthesizing LiNio.sMni 504 spinel materials..

6.2. Experimental
LiNiosMn; 504 nanoparticles with same stoichiometries were prepared via two

different synthetic methods; conventional sol-gel method'® 3% °!

and polyol process. Sol-
gel methods: The sol solution were prepared from the stoichiometric mixture of
Ni(CH3COO)24H>0 (Aldrich), and Mn(CH3COO),°4H,0 (Aldrich) in distilled water. A
solution of LiOH*2H>0 (Aldrich) in distilled water and aqueous solution of citric acid was
added dropwise to the metal precursor mixture with a continuous stirring. 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 in 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. Polyol process:
Ni(CH3COO),2*4H>0, Mn(CH3COO),+4H,0, LiOH*2H,0, and citric acid were added to
100 ml tetraethylene glycol (TTEG) in a stioichiometric molar ratio. The mixture was

heated at 280 oC 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
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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 calcinated 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 D8) using a Cu Ka radiation. The conditions for the data

collection were: continuous scanning of a detector covering an angular range from 10.0 °

to 80.0 ° with a scan rate of 0.02 ° s-1 and wavelengths of A= 1.54 A. The Rietveld
refinement was done by FullProf.

The chemical compositions of the samples were analyzed by inductive coupled
plasma atomic emission spectroscopy (ICP-OES Perkin Elmer Plasma 3700). The
instrument is 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
million.

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 pasted on the 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 (H2O level of <1 ppm) (MBraun, Germany). For the
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electrochemical 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 (LiPFs) 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 rate of C/10 (the theoretical specific capacity
of 146.72 mA h g of LiNiosMn;sOs spinel material was assumed). An Arbin battery
cycler was employed to carry out all of the galvanostatic cycling tests.

Electron microscopy work was carried out on a Cs-corrected FEI Titan 80/300-kV
TEM/STEM microscope equipped with a Gatan Image Filter Quantum-865. All EELS
spectra were acquired at 300 KV and with a beam size of ~0.7 A. The 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 prebeam irradiation. Mn L3 to L2
intensity ratio analysis was done by averaging over 8 to 12 spectra using the method
described by Wang et al.!®

X-ray photoelectron spectrum (XPS) experiment was performed with a
monochromatic Al Ka X-ray source (hv = 1486.6 eV) operating at a pressure lower than
107! 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 fitting Cls photopeak at 285.0 eV and then deconvoluted using CasaXPS

software package. All peaks were fit using a Shirley-type background.
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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 the DMC

1.195 Reference

solvent and then mounted on the sample holder of a specially designed cel
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, y(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).

Electron microscopy was carried out using the double aberration-corrected
scanning TEM (TEAMO.5) microscope operated at an acceleration voltage 80 kV installed
at the National Center for Electron Microscopy (NCEM) at the Lawrence Berkeley
National Laboratory (LBNL). The images were recorded on a 3 mm diameter specimen

mounted to a double-tilt holder in a conventional compu-stage that enables a tilting range

of £ 20 - 25 ° in combination with the ultrahigh-resolution pole-piece lens employed.

6.3. Results and discussion
In this work, the resulting LiNio.sMnisO4 via polyol process shows outstanding

capacity retention compared to conventional LiNigsMn; 504 prepared by sol-gel method.
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(a)

(b)

Figure 6.1. (a) & (b), SEM images of LiNio.sMni 504 via sol-gel and polyol methods. (c)
& (d), Rietveld refinement results from XRD patterns. (¢) Dependence of capacity
retention with cycles at 25 & 55 °C. (f) Mn dissolution into the electrolyte with the cell
ageing by ICP-OES analysis
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Figure 6.1. (a) & (b), SEM images of LiNio.sMn1.504 via sol-gel and polyol methods. (c)

& (d), Rietveld refinement results from XRD patterns. (¢) Dependence of capacity

retention with cycles at 25 & 55 °C. (f) Mn dissolution into the electrolyte with the cell
ageing by ICP-OES analysis, continued.
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Figure 6.1. (a) & (b), SEM images of LiNio.sMn1.504 via sol-gel and polyol methods. (c)
& (d), Rietveld refinement results from XRD patterns. (¢) Dependence of capacity
retention with cycles at 25 & 55 °C. (f) Mn dissolution into the electrolyte with the cell
ageing by ICP-OES analysis, continued.
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Figure 6.1. (a) & (b), SEM images of LiNio.sMni 504 via sol-gel and polyol methods. (c)
& (d), Rietveld refinement results from XRD patterns. (¢) Dependence of capacity
retention with cycles at 25 & 55 °C. (f) Mn dissolution into the electrolyte with the cell
ageing by ICP-OES analysis, continued.
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Typical morphologies of the materials from sol-gel and polyol synthesis are shown in the
scanning electron micrograph (SEM) images of Figure 6.1(a) and (b), respectively. Both
LiNio.sMn1 504 materials had a similar particle size of approximately 200 nm in a range of
70 — 280 nm. To investigate the structural properties of the materials, the XRD patterns
were collected and compared as shown in Figure 6.1(c) and (d). LiNiopsMn;.504 spinel
material is cubic close packed with lithium on the tetrahedral sites. The disordered structure
with nickel and manganese disordering on the octahedral sites has the space group, F d -3
m. The Rietveld refinement patterns of the XRD obtained from both materials exhibit a
good agreement with those reported in the literatures.”! From the Rietveld refinements, it
is noteworthy that the cation mixing of lithium and nickel for LiNig.sMni 504 prepared by
sol-gel method is 1.39 %, which is lower than that for LiNig.sMni 504 via polyol, 2.48 %.
The nickel and manganese molar ratio of the as-prepared LiNipsMn1.504 spinel materials
were also confirmed by ICP-OES analysis. The molar ratio of nickel and manganese from
both synthesis is in relatively good agreement with the theoretical ratio, Ni : Mn =1 : 3.
From these material characterizations, we cannot notice any significant discrepancy
between those powders from two different synthesis. Interestingly, however,
electrochemical properties of these two materials are somewhat different. Electrochemical
charge and discharge voltage profiles between 3.50 and 4.85 V (vs. Li/Li") with applied
current of C/10 rates show the typical electrochemical behavior of the LiNio.sMnj 504
spinel material with around 4.7 V (vs. Li/Li") plateau related to the redox couple of Ni*"/4*
and 4.0 V (vs. Li/Li") plateau to the redox couple of Mn*"**. However, the discharging
capacity of LiNipsMn;sOs4 via polyol, 113.0 mA h g!, is smaller than that of

LiNio.sMn; 504 prepared by sol-gel, 126.5 mA h g'!. This discrepancy is ascribed to the
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different cation mixing with lithium and nickel sites as mentioned in the XRD analysis.
Figure 1(e) presents the relation between specific capacity and cycle number of
LiNio.sMn; 504 spinel materials at the rate of C/10. Initially, LiNipsMn; 504 prepared by
sol-gel had larger capacity, but the capacity fading occurs with the following charge and
discharge cycles. On the other hand, even though LiNig sMn; 504 via polyol had a relatively
smaller capacity, but its capacity retention is much better than LiNig.sMn1.504 prepared by
sol-gel.

Many researchers reported previously that this LiNig.sMn1.504 spinel materials is
notorious for the Mn dissolution problem at the surface.*> %> It is insisted that Mn** ions
at the surface undergo a disproportionation reaction, 2 Mn** = Mn?* + Mn*', and the Mn?*
tends to dissolve into the electrolyte causing the degradation of the cell performance. In
order to explore how much concentration of Mn in the electrolyte exists after the
electrochemical charge and discharge cycles, ICP-OES analysis was carried out with the
electrolyte, which was re-collected from the disassembled electrochemical cells in the Ar
filled glove box, as shown in Figure 1(f). It proved that the Mn dissolution happens severely
only in the case of LiNig.sMn1.504 prepared by sol-gel.

In order to investigate the surface chemistry disparity, which we believed at the
beginning that it might highly related to the dissolution problem, EELS analysis of valence
state was carried out in reference to the spectra acquired from standard specimens with
known cation valence states, as shown in Figure 6.2(a) and (b). Due to the intensity ratio
of L3/L2 is sensitive to the valence state of the corresponding element, an experimental
plot of these data serves as the reference for determining the valence state of the element

in the materials.!””!% The bulk region of both LiNiosMn; sOs materials exhibit the Mn
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Figure 6.2. (a) EELS spectra of the O K- and Mn L-edge from the surface and bulk of
LiNio.sMn;.504 (b) Intensity ratios of L3/L2 calculated from the spectra. (¢) XPS results
for the Mn 2p and Mn 3p region scans from LiNipsMni.504 powders via a sol-gel and

polyol method
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Figure 6.2. (a) EELS spectra of the O K- and Mn L-edge from the surface and bulk of
LiNio.sMn1 504 (b) Intensity ratios of L3/L2 calculated from the spectra. (¢c) XPS results
for the Mn 2p and Mn 3p region scans from LiNipsMn1.504 powders via a sol-gel and
polyol method, continued.
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L3/L2 ratio corresponding to Mn*'. On the other hand, the ratio of the surface region in
LiNio.sMn; 504 via polyol process increases more than that in LiNig.sMnj 504 prepared by
sol-gel. This indicates the valence state of the surface in LiNiosMni15O4 via polyol has
lower valence states than that in LiNigsMni1.sO4 prepared by sol-gel. Figure 6.2(a)
compares the EELS spectra of the O K-edge and the Mn L3 and L2 edges from the surface
and bulk of both materials, respectively. The energy position and fine structures of Mn-L
edges are identical on the spectra from the bulk region of both materials. However, those
from the surface regions slightly shift to a lower energy loss, which represents a decreased
valence state of manganese.'” This is in an agreement of the Mn L3/L2 ratio result from
Figure 6.2(b). It is also noticeable that fine-structure of O K-edge at the surface of the
polyol powders changed. The first peak, at energy loss of ~532 eV almost disappeared on
the spectrum from the surface of the polyol powders. This loss of O prepeak can be ascribed
to the transition of 1 s core state to the unoccupied O-2p states hybridized with TM-3d
states. Figure 6.2(c) shows the resulting x-ray photoelectron spectroscopy (XPS) spectra
for the Mn2p and Mn3p region scans on two different synthetic methods (polyol vs. sol-
gel). The Mn2p region scans both have a main peak at ~ 641.6 eV corresponding to Mn*".
No noticeable change is observed in the Mn2p3/2 peak from pristine samples. To further
explore the Mn oxidation state, the Mn3p region was investigated. Utilizing the Mn2p and
Mn3p regions allow one to probe both the surface layer (Mn2p) as well as inner surface
layer of the cathode material (Mn3p) by utilizing differences in the kinetic energy (Mn2p
KE =610 eV and Mn3p KE = 1204 eV) and escape depths.'®> The Mn3p region scans for
the both pristine samples show a binding energy of ~ 49.8 eV, similar to Mn*" in a-Mn20;

and B-Mn203. However, regarding XPS fitting/deconvolution of Mn2p scans, the peak area
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at ~ 641.0 eV, due to Mn*" in MnO, shows significant difference. Peak area (=peak
intensity) is considered as the amount of a material is at the surface. Therefore, Mn2p scans
suggest that the outer surfaces of both materials, have different oxidation state (chemistry)
which is resulted from the Mn presenting in the outer layer and oxidized to more Mn?",
This result is consistent with the presented EELS spectra in this work showing different
valence state of Mn on the surface and bulk. The results from the XPS analysis, performed
on surface and bulk region of both LiNipsMn;sOs materials, suggesting that Mn?* is
predominant only on the surface of LiNig.sMn1.504 via polyol. It was found by Karim et al.
that the final low-energy structure of the prevalent (111) surface in LMO crystallites can
be attributed to charge and coordination.!'” For example, lower charged surface cations (in
this case Mn?") will usually result in more stable surface facets. The EELS spectrum, which
shows the decreased intensity of the O-K edge peak, also supports the Mn cation is being
reduced to the lower oxidation state on the polyol surface. In addition, the oxygen loss at
the polyol-synthesized surface, as shown in EELS spectrum of the O-K edge, can attribute
to the undercoordinated geometries on the surface. It also causes different surface
termination by undergoing significant reconstruction to minimize the total surface energy.

To study in-depth local structural variations at the surface and bulk around Mn
during cycled-aging, in situ extended X-ray absorption fine structure (EXAFS) spectra for
both charged/discharged materials were analyzed using transmission electron yield (TEY)
and fluorescence yield (FY) modes. The absorption is 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,!!!"!12 similar to that of the Mn3p XPS. The Fourier-

transformed (FT) EXAFS spectra from both TEY and FY mode (k3-weighted in k-space
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but not phase-corrected FT, causing shorter bond lengths in the plots than for the actual
ones) at Mn K-edge are shown, respectively, in Figure 6.3(a) and (b). The FT magnitudes
of pristine LiNipsMnj 504 materials via sol-gel and polyol are also plotted in the bottom
panels as references. The first peak at approximately 1.3 A in Figure 6.3 is assigned to the
single scattering path from Mn to the closest oxygen atoms (i.e., the Mn-O bond). The
second peak at about 2.25 A is assigned to Mn to the nearest TM atoms (Ni and Mn)
occupying the octahedral sites. The third peak at about 3.1 A is assigned to Mn to the
second nearest TM occupying the tetrahedral sites (TM). 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 20th cycled state, indicating that Mn in both materials is stable
and maintains its original structure within the bulk site. On the other hand, the spectral
changes during cycled-aging in TEY mode, the shift of the Mn-TM bond length and the
emergence of the Mn-TM; can be observed only on the LiNigsMn;.5s04 prepared by sol-
gel. It is pointing to the formation of the Mn3O4 phase and the migration of Mn cations
(mostly Mn?") to the surface which is well-known phase transition phenomenon in
LiNio.sMn; 504 spinel materials. The TM migration happened upon during the cycling then
formed irreversible Mn3O4 or rocksalt-like phase transition onto the surface. However,
surprisingly, LiNig.sMn; 504 via polyol process does show structural and phase stability by
looking at the spectra on both at the bulk and surface even after 20th cycled. It is
worthwhile to mention that the establishing stable surface structure through polyol process
is the key to prevent Mn ion dissolution and help long-term cycleability.

The local atomic-level crystal structures were further investigated via STEM.

Multiple particles were selected for study and the results are consistent, therefore only
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Figure 6.4. (a) HR-STEM images of the bulk and surface of 20th cycled LiNigsMnj 504
at low magnification and (b) high magnification taken along the [110] zone axis. The
schematic crystal structures represent the Li ions (purple), transition metal ions (red) and

oxygen (green)
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representative data are shown in Figure 6.4. STEM images from the cycled LiNiosMni1.504
spinel materials (at the discharge state after 20 cycles between 3 to 4.85 V) were taken
along the [110] crystallographic direction. In this direction, the position of TM heavy
atomic columns can be clearly identified from a diamond configuration of contrast. The
STEM images at the bulk regions of LiNigsMn; 504 prepared by sol-gel method showed
the structure to be spinel. However, two types of local atomic-level structures different
from spinel are clearly observed at the surface regions of LiNip.sMnj 504 prepared by sol-
gel (Figure 6.4(a)). Close examination of the surface regions in high magnification (Figure
6.4(b)) clearly reveals the presence of bright contrast in the tetrahedral Li sites and empty
octahedral sites, the center of the diamond configuration. This contrast cannot be caused
by light elements such as Li or O due to their small atomic number Z. It can only be
attributed to the migration of heavy TM ions during electrochemical cycling. On the
contrary, LiNigsMn; 504 via polyol showed only spinel structure at both the bulk and
surface regions. All of them consistently demonstrate the migration of TM ions only in
LiNio.sMn1.504 prepared by sol-gel and stable spinel structure in LiNig.sMn1.504 via polyol

process, persistent with TEY and FY XAS spectra.

6.4. Conclusion

On the basis of the combined results of in situ XAS and STEM in this paper, it was
found that the atomic structural transformation at the surface of the active materials is the
main source of the Mn dissolution problem on the conventional spinel LiNiosMnis04
materials, especially, one synthesized via sol-gel method. TM ion migration involving

different phase formation at the surface plays a bridging role in accelerating Mn dissolution
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during electrochemical cycling. Herein, our group developed new pathway to synthesis
LiNio.sMn1.504 spinel materials from polyol process. This material does not encounter the
atomic structure transformation at the surface and an ensuing critical dissolution problem
without any surface modification or post-treatment. This newly reported good
electrochemical performance related to the stable surface structure will help to solve the
capacity fading issues on this materials.

Chapter 6, in full, is currently being prepared for submission for publication of the
material “Implementation of stable surface structures; a promising key to solve capacity
fading issues for the high-voltage LiNipsMn;sO4” Hyojung Yoon, Hyung-Man Cho,
Danna Qian, 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 except

EELS and STEM study.



Chapter 7. Effect of Coating Materials on CuF2 Cathode for Lithium-Ion Battery

Using Pair Distribution Function (PDF) Analysis

In order to fulfill the demanding requirements for advanced battery applications,
such as electric vehicles, the increase of energy density is one of the inevitable conditions.
Inadequate energy density of the current intercalation materials can be overcome by using
conversion materials, since all the possible oxidation states of the compound can be utilized
during the its redox reaction. In this chapter, CuF; and NiO-coated CuF> are investigated
to understand the mechanism and NiO coating effect with the help of pair distribution

function analysis.

7.1. Introduction

Among all the known conversion materials, CuF> is of particular interest due to its
high specific capacity (528 mA h g!) and voltage (3.55 V vs. Li/Li*). The large band gap
offers high operating voltages, but low electronic conductivity and poor rate performance.
The large voltage hysteresis during the charge/discharge limits the overall energy
efficiency. In particular, it has never been shown the reversible conversion reaction.

A study by Badway et al. on iron fluoride demonstrated enhanced electrochemical
properties by fabricating the formation of carbon metal fluoride nanocomposites.*® When
this research was applied to copper, it showed an increase in theoretical capacity to 50%,
however when the carbon was replaced with mixed conductors such as MoOj3, the capacity

increased up to 85 %. Wang et al. suggested that origin of poor reversibility in CuF>
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conversion process was explained by the segregation of large Cu particles (5-12 nm).?! It
does not provide any pathway for local electron transport through the insulating LiF phase.

We have developed a NiO coating for the CuF, conversion materials, which is the
first demonstration of a rechargeable CuF> cathode. We believe that the coating layer
provides enhanced ionic/electronic conductivity as well as it confines Cu, LiF, and CuF»
particles to facilitate the formation of a conductive nano-scale metallic network. It also
reduces electrolyte decomposition and prevents copper dissolution into the electrolyte. In
order to investigate the differences in the conversion reactions quantitatively, we analyzed
the phases and Cu nanoparticle size at the 1% and 2" discharged states using pair

distribution function analysis.

7.2. Experimental

Commercially available CuF, (Alfa Aesar) powder was used for this study. NiO
coated CuF2 (NiO-CuF») was prepared by ball milling process of CuF> with acetylene black
(Strem chemicals). Stoichiometric mixtures (CuFz : NiO = 85 : 15 wt. %) were placed
inside a planetary ball mill (PM 100, Retsch) and the milling was performed for 6 h at 500
rpm under Ar atmosphere. As-prepared NiO-CuF2 and pure CuF2 were again ball-milled
under the milling condition in order to get the carbon composites (NiO-CuF (or CuF) : C
=80 : 20 wt. %)

Electrochemical discharging and charging process were performed using coin-type
(2016) cells. The working electrodes were composed of NiO-CuF»/C (or CuF/C),
acetylene black and PVDF at a weight ratio of 70:20:10. Pure lithium metal was used as a

counter electrode and polypropylene C480 (Celgard) was used as a separator. The coin
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cells were assembled with the electrolyte consisting of 1 M LiPFs dissolved in ethylene
carbonate (EC) and dimethylene carbonate (DMC) with a volume ratio of 1:1 (Novolyte)
in an MBraun Ar-filled glovebox (H>O < 0.1 ppm). Electrochemical cycling was performed
using a battery cycler (Arbin) at room temperature, with a constant current density of C/35,
and a cell potential range of 2.0 ~4.0 V (vs. Li/Li"). For the linear potential sweep
voltammogram, Cu and Ni foils were employed for the working electrodes. Other
conditions were same as previous experiments. Scan rate was 1 mV s,

High-energy total X-ray scattering data (A = 0.2114 A) were collected at the
dedicated PDF beamline 11-ID-B at the Advanced Photon Source, Argonne National
Laboratory. The raw images were integrated using the software FIT2d.!!* PDFgetX2'!*
was used to correct the data for background contributions, Compton scattering and detector
effects. PDFgetX2 was also employed to do Fourier transform the data to generate G(r),
the PDF. Structure models were refined against the PDF data within PDFgui. The electrode
samples were recovered at different states of charge by disassembling the coin cells inside
the glovebox. The electrodes were washed with battery-grade DMC (Novolyte, packed and

sealed in Kapton under Ar atmosphere.

7.3. Results and Discussion

Figure 7.1 shows the electrochemical voltage profiles of CuF»/C and NiO-CuF;
electrodes in the voltage window between 2.0 and 4.0 V (vs. Li/Li") at C/35 rate. The
CuF2»/C electrode delivered 300 mA h g'! at the 1% discharge, which is only 57 % of the
theoretical specific capacity as shown in Figure 7.1(a). The plateau of conversion reaction

was lower than 2.8 V (vs. Li/Li"), which shows a huge difference from the theoretical redox
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voltage of 3.55 V (vs. Li/Li"). This poor electrochemical performance is mainly because
of the large band gap and consequent poor electrical conductivity. Moreover, this CuF»/C
electrode did not show a reversible charging process, which was an agreement of the
reported results. On the other hand, NiO coated CuF; electrode exhibits considerable
improvement in the electrochemical performance in Figure 7.1(b). The 1% discharging
capacity is 400 mA h g (about 75 % of the theoretical capacity), and the discharging
plateau shows over 2.9 V (vs. Li/Li"), indicating that the overpotential was diminished.
The large overpotential contains a significant component of polarization related to slow
reaction kinetics particularly upon the lithiation (discharge) process. The remarkable
improvement on this NiO-CuF; electrode is its reversibility; It shows the rechargeable
reaction with the capacity of > 250 mA h g!. This is the first report of the reversible
conversion reaction in CuF; materials.

After discharging CuF> material, nano-sized Cu metal particle and LiF phase can
be formed. Due to limited particle size of nanomaterials, a conventional crystallographic
approach using Bragg scattering cannot disclose full information of their structure.'!>!1¢ In
this work, pair distribution function analysis of X-ray total scattering data was employed
in order to investigate the phase transformation in an atomic scale of CuF2/C and NiO-
CuF2/C conversion reactions.

The experimental pairs distribution function profiles and their refinement results
for 1% discharged CuF2/C, and 1% discharged, 1% charged, and 2™ discharged NiO-CuF»/C
are shown in Figure 7.2(a), (b), (c), and (d), respectively. The phase mole fractions and the
evolution of the particle sizes were evaluated from the refinement of structural models

against the corresponding pair distribution functions, where a bimodal distribution of small
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and large Cu particles was used to describe a non-uniform particle size for the Cu metal
phase (Figure 7.3). The results show that after the 1% discharged both CuF2/C and NiO-
CuF»/C materials consist of Cu nanoparticles with similar sizes of ca. 20 A (= 2 nm) and
ca. 95 A (=9.5 nm). Interestingly, in the 15 charged NiO-CuF2/C electrode, Cu metal phase
of small particle size disappeared, and it was reformed with smaller particle size, ca. 10 A
(= 1 nm), in the 2™ discharged state. It can be assumed that the Cu metal phase of small
particle size involves the conversion reaction. This is different from the recent report by
Hua et al., which insists that small-sized Cu metal does not change during the following
charging process.!!” In addition, phase distribution of large-sized Cu metal does not change,
but its size reduces from ca. 95 A to ca. 80 A during the discharging and charging process.
This represents Cu metal involves a conversion reaction. On the other hand, NiO phase
does not involve the reaction, however from the electrochemical data in Figure 7.1(b), a
reversible capacity is about 30 % during the charging process, and phase transformation of
CuF> is only about 20 %. Therefore, it is noteworthy that there is still a Cu dissolution
problem. In order to confirm the Cu metal dissolution potential, linear potential sweep
voltammogram for Cu and Ni foils was conducted in Figure 7.4. From this result, it is clear

that the CuF> conversion reaction potential is closed to the Cu dissolution potential.

7.4. Conclusion

The rechargeable conversion reaction of NiO-CuF2/C electrode have been studied
and compared with normal CuF»/C electrode using pair distribution function analysis. The
results indicated that a bimodal size distribution (ca. 20 A and ca. 95 A) of Cu nanoparticles

was found in both CuF2/C and NiO-CuF»/C electrodes after 1% discharging. Only small
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nanoparticle of ca. 20 A, however, involved the rechargeable conversion reaction. Taking
observation and analysis into account, we deduce that NiO phase can minimize the Cu ions
dissolved in the electrolyte and increase the chance of reversible reaction to CuF,. There is
discrepancy on reversible capacity and the amount of phase transformation, which indicate
that Cu dissolution still exists. A further surface modification, such as polymer coating,
can be an appropriate solution to avoid Cu dissolution and enhance the performance of
CuF> materials.

Chapter 7, in part, is currently being prepared for submission for publication of the
material “Comprehensive insights into the conversion reaction voltage and reversibility of
CuF; electrode in Li-ion battery”. Joon Kyo Seo, Hyung-Man Cho, Mahsa Sina, Katsunori
Takahara, Ying Shirley Meng. The dissertation author was the co-investigator and co-

author of this material.
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Chapter 8. Summary and Future Work

8.1. Summary

In this study, high-voltage spinel material, LiNio.sMn1 504, for positive electrode in
lithium-ion batteries, have been prepared in nanowire electrode to maximize the power
density of lithium-ion batteries, and its nano-size effects on battery performance have been
investigated with the help of X-ray diffraction, X-ray absorption spectroscopy,
transmission electron microscopy, inductively coupled plasma optical emission
spectrometry, and electrochemical impedance spectroscopy. Nanowire electrode can
improve an instant discharging power density of LiNipsMn;sO4 spinel material with a
reduced charge-transfer and diffusion resistances. Since an increase in surface area of
nanowires results in detrimental interfacial side reactions, however, overall
electrochemical performance was degraded, such as, poor cycleability and capacity fading.
AlO3 ALD coating at the surface of the nanowire can provide the protective layer and
overcome the unwanted reaction. 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 Mn dissolution problem on the conventional
spinel LiNiosMnis0O4 materials. This study verified that the drawback of the nano-
structured electrode could be resolved with the help of the surface modification, as well as
a new synthesis method, polyol process.

The inadequate energy density of current intercalation materials can be overcome
by using conversion materials, because all the possible oxidation states of compound can

be utilized during its redox reaction. Among the various conversion materials, CuF have

98



99

been attracting an interest since it can provide higher operating voltage, 3.55 V (vs. Li/Li").
This CuF; electrode, however, cannot give the rechargeable behavior, thus its practical use
was inhibited. In this study, first rechargeable performance was reported with NiO coated
CuF> and its rechargeable reaction mechanism have been studied by using pair distribution
function analysis. A bimodal size distribution (ca. 20 A and ca. 95 A) of Cu nanoparticles
was found in NiO-CuF2/C electrode after 1st discharging and only a small particle size of
Cu metal involves the charging/discharging process. It is suggested that NiO phase can
minimize Cu ions dissolved into the electrolyte and increase the chance of reversible

reaction to CuF».

8.2. Future Work

It is proved that nano-size in lithium-ion battery electrode affects kinetic properties
of LiNiosMni1504 spinel materials. The roles of nano-size in the electrodes have been
emphasized in conventional lithium-ion batteries, however these conventional electrodes
based on intercalation reaction have a limit in respect to increasing the battery energy
density. Its maximum energy density is not adequate to meet the requirements of advanced
applications such as electric vehicles. Development of new electrochemical systems with
higher energy density are desired, and next-generation batteries, for instance, lithium-air
and lithium-sulfur batteries, are considered promising alternatives. It is believed that
nanostructured electrodes will be highly useful improving lithium-air and lithium-sulfur
batteries. Nanostructured metal oxides were utilized as catalysts in lithium-air batteries.''*-
19 Ordered mesoporous carbon was employed as an effective sulfur reservoir for lithium-

sulfur batteries.'?*'2! However, there is still a lack of extensive investigation in
g
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nanostructure effects on lithium-air and lithium-sulfur batteries.

CuF; materials, which show the conversion reaction, were studied in order to satisfy
the demanding energy density of advanced applications. Even though this study presents
the positive results in terms of the rechargeability, it still needs to resolve the Cu dissolution
problem for practical use. A further surface modification, such as polymer coating can be
an appropriate solution to avoid the Cu dissolution. On the other hand, compositional
and/or structural modification at atomic scale such as doping and substitution can avoid

dissolution with the redox potential change.
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