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ABSTRACT
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Lithium-ion batteries (LIBs) have been widely used in various devices such as portable devices,
communication systems, and electric vehicles (EVs). In this dissertation, towards building LIBs
with enhanced energy density and improved performance, Ni-rich cathode and Si-based anode
are selected as the electrodes. The performance of LIBs is improved through optimization on

both cathode and anode material.

Ni-rich layered transition metal oxide with dual gradient on both primary and secondary particles
was successfully designed and synthesized through introducing Ni-based metal-organic
framework (Ni-MOF) to the coprecipitation of the precursor. During the calcination process, the
presence of organic components of Ni-MOFs promotes the formation of reduced Ni oxidation
state, leading to the formation of self-induced cation mixing layer with stable rock salt phase on
the surface of primary particles. It can successfully increase the structural stability through
inhibiting the generation of internal cracks caused by the internal strain and phase transition
within primary particles during cycling process. The metallic components from Ni-MOFs in the

core lead to the formation of Ni concentration gradient within secondary particles. As results, a



greatly improved electro-chemo-mechanical stability was achieved, which contributed to the

enhanced battery capacity retention upon long cycling.

At the same time, to overcome the disadvantages of Si-based anode material, including huge
volume change, poor cycling stability, and low conductivity, micro-sized AlSi alloy was used to
form the Si skeleton with an ultra-thin (<5 nm) mesoporous polypyrrole (PPy) skin (u-Si cage)
through a facile wet-chemical method. Under this configuration, the hollow skeleton provides
sufficient space to accommodate the large volume change upon lithiation/delithiation process.
The conductive PPy layer serves as a protective layer and fast channel for Li*/e" transport. In
addition, the application of micro-sized Si ensures high active mass loading and areal capacity.
The battery with the obtained p-Si cage as anode displayed excellent capacity retention upon

long cycling at high charge/discharge rates and high active mass loadings.

Additionally, the development of other Si-based materials was also explored in this dissertation.
SiGe@MXene composite was obtained through a low-temperature reduction from the
corresponding oxide. Through alloying with Ge, SiGe alloy showed improved rate performance
and cycling stability compared with pure Si anode. Herein, the combination of SiGe alloy and
MXene can further increase the performance of SiGe-based anode material. The autoadjustable
layer space of MXene can provide sufficient space to accommodate the volume
expansion/shrinkage upon Li* insertion/extraction process. At the same time, it can provide
superior conductivity, which can promote fast transportation of Li*/e". With the incorporation of
MXene, the SiGe@MXene composite exhibited improved cycling stability and rate capability,

which shows great potential as anode material for high-performance LIBs.
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Figure 3.7 Nitrogen sorption-desorption isotherm (a) and the pore size distribution curve (b) of p-
Si cage. The inset of (a) is the comparison of surface area and pore volume between AlSi alloy and
[T o o= ST P P T URPRPRR 88
Figure 3.8 XPS analysis (a) of pure AlSi alloy (black), AlSi alloy after direct etching (red) and p-
Si cage (blue). (b) XPS depth profiling of the u-Si cage before etching .........cccoocvveviic i, 89
Figure 3.9 FTIR curves of pure AlSi alloy (black) and the p-Si cage (red). .....ccoceveveiiieniennnnn 90
Figure 3.10 Morphology and chemical composition of p-Si cage before etching. Elemental
mapping of the p-Si cage before etChing. ... 91
Figure 3.11 Galvanostatic charge/discharge profile of u-Si cage with a loading of 3 mg/cm2 at 1.0
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(a) and 4.4 mg/cm? (b) at various rates of 0.2, 0.5 and 1.0 C, respectively. The specific capacity
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CHAPTER 1 INTRODUCTION

1.1 Development of Lithium-ion batteries

The development of energy techniques is becoming more and more important with the
development of human society. Energy storage technigue plays an important role in the application
of energy. With the wide applications of numerous electric vehicles (EVs), portable devices, and
other electric devices, the demand for high-performance rechargeable batteries has become more
urgent in recent years. The strong desire for advanced energy storage techniques motivated the

development of high-performance lithium-ion batteries (LIBS).

The history of the development of LIBs can be traced back to the rechargeable Li metal battery,
which was published by Lewis and Keyes in 1913. In early 1970s, the original lithium-metal anode
primary batteries with nonaqueous electrolytes, such as propylene carbonate-lithium perchlorate,
and lithium negative electrodes were developed and introduced to the world, which opens the new
pathway for the development of LIBs. Several different commercialized primary cells based on
lithium-carbon monofluoride and lithium-manganese dioxide were also introduced by Matsushita
and Sanyo, respectively, during 1973 to 1975. However, these types of primary Li metal cells were
limited to be used only for small devices, such as LED fishing floats, cameras, and memory backup

applications, due to the low energy density.®

To make LIBs with improved energy and power density, a lot of research efforts were spent on the
development and optimization of the LIBs, including the search for a cathode and anode materials,

optimization of the cell structure, development of electrolytes, et al.



1.1.1 Cathode

After comparison with other cathode materials, near metallic metal dichalcogenides, like TiS; and
TaS> with layered structure were first introduced as cathode material to store Li-ions. The layered
structure promotes enhanced cycling stability. However, the relative low voltage (~2 V vs Li/Li*),
need of prelithiation, and safety issue limited the application for large packs.* To overcome these
disadvantages, lithium cobalt oxide (LCO) was first introduced by Godshall et al. in 1980, which
is regarded as the first appearance of modern layered metal oxide. After further optimization, the
LCO cathode material can work at room temperature with organic electrolytes.* LCO had similar
layered structure with TiSz, which is favorable for the Li-ions insertion and extraction. Compared
with TiS, cathode, LCO showed high stability at ambient conditions, which largely increased the
safety. At the same time, it performed higher voltage of 3.5-4 V vs Li/Li*. Another advantage of
LCO was the prestored lithium during the preparation process, which can match with anode

material not limited to Li metal and provide more freedom for the choice of anode materials.
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Figure 1.1 Schematic illustration of the LMO, with layered structure (Copyright 2007 Elsevier).



The introduction of LCO with layered structure provides more ideas about the design of cathode
material. Later, different kind of transition metal oxide with layered structure were developed,®
such LiNiOg, LiNi1xyCoxMnyO2 (NMC), et al (Figure 1.1). Among various cathode materials, the
Ni-rich cathode materials, such as LiNio.8C0o.15Al0.0s02 (NCA) and LiNi1-xyMnxCoyO2 (x+y=<0.4)
have been widely investigated and regarded as one of the most promising cathode materials for

next generation LIBs.

1.1.2 Anode

At the same time when researchers were looking for cathode materials, the search for safer and
more stable anode materials to replace the pure Li metal was also under progress in parallel.
Various kinds of material were explored as anode, including various alloy anode materials
(including Si-Li, Sn-Li, and Li-Al) and WO,.% However, most of them were discouraged by the
large volume change upon lithiation, or some other problems. Among various candidates, carbon-
based materials were thought to be the most promising, due to the high specific capacity of 372

mANh/g, high reversibility, and low lithiation potential.®

A lot of cell design based on carbon-based anode were reported. For example, high temperature
molten salt cell coupling LiCs graphite anode with metal sulfide cathode, ambient temperature cell
using LiCs anode and NbSes cathode in 1,3-dioxolane solvent with LiAsFg salt electrolyte, graphite
anode cell with a solid electrolyte. However, considering the practical application, none of them
can be commercialized. Also, at that time, the organic decomposition layer separating the solid
electrode from the liquid electrolyte on the surface of graphite was named as the solid electrolyte
interphase (SEI). Following research also focused on the factors affecting the capacity and
cyclability of graphite. It was found that the capacity of graphite anode is proportional to the

graphitization, and the cyclability was related to the graphitization.
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In 1987, Yoshino et al. built the new cell using soft carbon with reversible capacity of ~200 mAh/g
as anode, coupling with the LCO discovered by Goodenough as cathode and carbonate-based
electrolyte.® This has been widely accepted as the first LIB. After confirming the enhanced safety
issue, the door to the commercialization of LIBs was opened. Sony Co. and A&T Battery Co.

started the production of commercialized LIBs in 1991 and 1992, respectively.

1.1.3 Components and working principle of modern LIBs.
Currently, the modern LIB usually contains four main components: the cathode, anode, electrolyte
and separator. During charge process, the lithium ions move from the cathode, through the

electrolyte, to the anode, and move back during discharge process.

Currently, the most commonly used commercial cathode is the lithium-ion donator in the cathode,

which is the main determinant of cell properties. There are several types of lithium metal oxides

Charge

Discharge

Electrolyte Electrolyte

- Cathode —— ‘Anode (graphite)

Anode (g;iphite) (layered oxide)

Figure 1.2 Schematics of a typical Li-ion cell (Copyright © 2012 WILEY -VCH Verlag GmbH
& Co. KGaA, Weinheim ).



are used for this purpose: lithium cobalt oxide (LCO), lithium nickel manganese cobalt oxide
(NMC), lithium nickel cobalt aluminum oxide (NCA), lithium manganese oxide (LMO), and
lithium iron phosphate (LFP).” Graphite is the current dominant anode material for LIBs, due to
its high stability and high capacity. Lithium titanate (LTO, LisTisO12) is also used for some special

LIBs, which can provide ultrahigh stability.®

Copper foil and aluminum foil are used as the current collector for anode and cathode, respectively.
The active material with binder and conductive additives are coated on the current collector. The
slurry was prepared through uniformly mixing active material, conductive additives, and binder
(e.g., PVDF) in solvent (e.g., Nmethyl-2-pyrrolidone). And the PVDF binder and N-methyl-2-
pyrrolidone solvent (NMP) are usually replaced with carboxymethyl cellulose, styrene-butadiene

rubber (SBR)binder, and water for the preparation of anode slurry considering about the cost.

The electrolyte is a mixture of lithium salt and organic solvents. Common lithium salts include
lithium-hexafluorophosphate ~ (LiPFs),  lithium-perchlorate  (LiCIO4) and  lithium-
hexafluoroarsenate (LiAsFs). Common organic solvents include ethyl-methyl-carbonate,
dimethyl-carbonate, diethylcarbonate, propylene-carbonate and ethylene-carbonate, which are
vital for increasing the mobility of lithium ions. The quality of electrolyte will directly affect the
performance of LIBs. Some additives can be used to improve the performance of LIBs, such as

fluorinated ethylene propylene (FEC) and vinylene carbonate (VC).!

The separator is a safety component between the cathode and the anode, preventing direct contact,
i.e. short-circuiting, while being permeable to lithium ions. The most common separator materials

are polyethylene and polypropylene.
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Figure 1.3 Li-ion battery cell configurations (Copyright 2018, Elsevier).

Li-ion battery cells are usually manufactured as cylindrical or stack cells. In the stack configuration,
the cathode, anode and separator are enclosed in laminate film (Figure 1.3). In the cylindrical
configuration, the layers are rolled and sealed in a metal can. Both configurations are used to
produce different standard cell sizes, such as 18650. When applied for different area, the LI1Bs can
be made into different shapes. For example, they can be manufactured into flexible for wearable

electronics or devices with polymer case.



1.2 Development of Cathode

1.2.1 Current state of art in Ni-rich cathode material

As one of the most promising energy storage devices, lithium-ion batteries (LIBs) have been
widely used as the power source for various portable electric devices and EVs and hybrid electric
vehicles (HEVs).81° The electrochemical performance, especially the energy density of LIBs poses
an important effect on the development of EVs and HEVs, which mainly affect the driving range
and charge frequency.tt 1?

As an important component in LIBs, cathode material is regarded as the major limiting factor
for the energy density of LIBs.” 34 Currently, the majority of cathodes used in LIBs is LiFePO4
(LFP) and LiNi1xyMnxCoyO2 (x+y<0.5) (NMC) family, such as LiNiyzsMn13C01302 (NMC111)
and LiNigsMno3C00202 (NMC532).251" Among these cathode materials, LiNiosMn150s can only
provide a moderate energy density. But it is regarded as one of the most promising cathode
materials for high power density, due to the high operating voltage of 4.7 V vs Li/Li* when
cooperated with appropriate electrolyte. Lithium-rich manganese based Li1+xM1.xO2 is showing
great potential with high specific capacity of ~250 mAh/g. However, the voltage fading and
capacity decay caused by the intrinsic layered to spinel phase transition still limit its practical

application. The polyanion-based compounds provide high voltage but low power and energy
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Figure 1.4 Radar plots comparing various classes of high-voltage positive electrode
materials with one example composition in terms of energy density (volumetric), power,
cyclability (with commercial carbon-based negative electrodes), cost and thermal
stability. The electrochemical performance of LiVPO4F is based on solely the V3*/4*
redox couple. Dashed lines exhibit the cyclability of the two samples (Li1.2Nio2Mng 6Oz
and LiNiosMn150.) obtained in Li-metal half cells (Copyright 2017, The Royal Society
of Chemistry).’

density due to heavier formula weight, inadequate intrinsic electronic/ionic transport, and lower
powder packing density (Figure 1.4).’

To meet the requirement of high energy density of LIBs from the development of EVs, it is
important to improve the upper cutoff voltages, the capacity and active material loading. Currently,
the Ni-rich cathode materials including LiNio.gCo00.15Al0.0s02 (NCA) and LiNiixyMnxCoyO2

(x+y=<0.4) have been widely and deeply investigated and studied. It has been regarded as a class



of promising cathode material and attracting considerable attention due to high capacity of above
200 mAh/g and the average high discharge potential of 3.8 V (vs Li*/Li).1% 81 However, some
challenges related to the poor cycling stability and rate capability of Ni-rich oxide cathode
materials still need to be addressed before they can compete in practical implementation.*® 2 The
reasons resulting in performance fading are originated from the Li*/Ni?* cation mixing,?" ?? Li
residues on the surface,'> 2 overcharging,* % exposing to high temperature,?® 2" crystal
orientation of the secondary particles,?® 2° et. al. Cycling lifetime and safety issue have become
the biggest problems and research focus for Ni-rich cathode material like NMC and NCA 302
Several strategies have been applied to mitigate the structural/interfacial degradation of Ni-rich
cathodes to improve the electrochemical especially the cycling capability.
Q) Element doping
Element doping has been proved to be an effective strategy to decrease Li/Ni disordering in the

Ni-rich cathode materials through increasing the structural stability and impeding the intergranular
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Figure 1.5 The partial O replacement doped by S in the lattice of Li12Nio.13C00.13Mno.5402
(Copyright 2019, Elsevier).>°



cracks in secondary particles.®** Tina et al.*® analyzed the effect of doping LiNiosC00.1Mno 10>
with various cations, including Mg?*, AI¥*, Si**, Ti**, Zr**, and Ta®" through a fast screening
methodology. Through substitution of mobile ions, such as Ni?* and Li*, with structurally and (1)
electrochemically monovalent, staticions,®” % (2) hindrance of Ni?* ion migration to the Li layers,3*
40 (3) decrease of oxygen release during electrochemical cycling by increasing oxygen and
transition metal (TM) ion bond strength,*" 42 and (4) increase in strength of the transition
metal—oxide bond, which limits the contraction of the material at the end of charge when the
Ni'V—0 bond becomes highly covalent, reducing O* repulsion.*> % As the cation doping sites are
difficult to control due to the coexistence of several transition metals with different oxidation states
in the transition metal layer, the dopant concentration needs fine optimization.®” %> The effects of
Al and Mg doping on oxygen evolution and structural stability in NMC811 were analyzed using
first-principle calculations. The most energetically stable site with Al doping is Ni-site, followed
by Co-, Li-, and Mn- sites. While Mg doping usually occupies the Li-site. Al doping can
significantly prevent the oxygen evolution under a broad range of delithiation stages and various
defects. Mg doping is effective on avoiding the formation of cation-disordered structures on the
fully lithiated structure. Except cation doping, anion doping was also proved to be effective and
relatively easy to improve the electrochemical performance of Ni-rich and Li-rich cathode
materials. Doping of F~ anions can stabilize the crystal structure by forming F-M (Ni, Co and Mn)
bonds.*> %6 Due to the relative weaker Li-S bonds, S?* displays great potential in enhancing the
ionic conductivity of Li- and Ni-rich cathode materials.*’-*® Zhang et al performed S doping on Li-
rich (Li1.2Nio.13C00.13Mno5402) and Ni-rich (NMC811) cathode materials (Figure 1.5).>° During
the preparation process, part of sulfur atoms were reduced and occupied the oxygen sites, inducing

the increment of unit cell parameters. The rest reacted with the oxygen and lithium atoms extracted
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from cathode material, forming sulfate species in situ accompanied by the appearance of oxygen
vacancies at the surface region. The migration energy barriers of Li ions in S doped
Liz.2Ni0.13C00.13Mno 5402 (0.53 eV) is much lower than that of undoped (0.71 eV). The doped
cathode material displayed improved cycling and rate capability.
(i) Surface coating

To reduce the reaction between the electrode surface and the electrolyte, surface coating is
regarded as an effective approach is to separate the bulk materials from the electrolyte solution.>*-
5 At the same time, the coating layer can provide structural support to the cathode material and
also prevent the surface phase transformations from a layered to disordered spinel and rock-salt

structures, which are produced from the parasitic reactions between the highly oxidized Ni** and
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- e
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Figure 1.6 Schematic illustration of the stability improvement through coating on both
secondary/primary particle via oCVD (Copyright 2019, Nature Publishing Group).®’
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the electrolyte, as well as the oxygen removal, especially in the highly delithiated state, enhancing
the cycle lifetime of cathodes. Currently, materials commonly used as the protective coating layer
include lithium salt like LizPOa, 5 LiFePO4,%" %8 conductive polymers like polypyrrole,>® & and
metal oxides, including SiO2,%% 52 Zr0,,%% %4 Al,03% %, It is an effective strategy to suppress the
increase of interfacial resistance during cycling through separating electrode from the corrosion of
the electrolyte.

However, coating only on secondary particles cannot absolutely prevent the penetration of
electrolyte along the grain boundaries. It is believed to be more effective to apply protection to
both the primary and secondary particles. Recently, a unique coating on both secondary and

primary particles of layered NMC was reported by Xu et al.®” In this approach, solid electrolyte
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Figure 1.7 Schematic illustration of the Ni-rich LiNiggC00.1Mng 102 with Ni
concentration gradient (Copyright 2017, American Chemistry Society).%
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LisPO4 was applied to cover both the primary and secondary particles using oxidative chemical
vapor deposition (0CVD) technique (Figure 1.6). After a long-time cycling, the PEDOT (Poly(3,4-
ethylenedioxythiophene)) protective layer can successfully enhance the structural stability, and
also stabilize the interface between cathode material and electrolyte without affecting the lithium

ions and electrons transportation.

(iif) Other approaches

By controlling the gradual change of the pH value in the synthesis of precursor, Zhang et al%®
successfully constructed NMC811 with Ni gradient concentration and an atom-scale integrated
hierarchical spinel coating layer on the surface (Figure 1.7). The Li*/Ni?* cation disordering

decreased from 3.26% for the normal NMC811 to 1.94% for the NMC811 with Ni concentration

Do
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Pore space
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TM solution (Ni, Co, Mn)

Co-precipitation reactor

Figure 1.8 a) Schematic of the synthesis process of porous LiNio.sC00.2Mno 202 by
coprecipitation method with polystyrene beads (PSBs) and corresponding cross-sectioned
SEM images of (b) precursor and (c) lithiated PSB-NMC. d) A HAADF-STEM image
showing the high magnified cross-sectioned PSB-NCM (Copyright 2017, Wiley-VCH
GmbH, Weinheim).®
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gradient. As a result, the structure stability and long-term storage is substantially improved. The
electrochemical performance on the cycling stability (92.7% vs 62.9%, 100 cycles), rate capability
(111.7 vs 13.9 mA h/g, 10 C), and low-temperature performance (156.6 vs 92.8 mAh/g; 93.2% vs
43.2%, 100 cycles, -20 °C) compared with the typical NMC811.

The concentration gradient of Ni has been demonstrated to be effective on improving the
structural stability and electrochemical performance. Sacrificial polymeric (polystyrene) beads
were introduced in the coprecipitation of NiosC002Mno2(OH). (Figure 1.8).%° The well dispersed
polystyrene beads react as the reaction seed for the coprecipitation of the NiosC002Mng2(OH):
and become the core of the core of the cathode materials. During the calcination, the carbonization
and decomposition of polystyrene beads in the core that promote the decrease of Ni oxidation state
and transition metals concentration gradient in the primary particles. At the same time, some inner
pores produced during this process can effectively accommodate the volume change during the

lithiation/delithation.
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Figure 1.9 Schematic illustration of the structure and characterization of (a) commercial
NMC and (b) Ni-rich LiNiogCo0.1Mno.10. cathode material with radially aligned single-
crystal primary particles (Copyright 2019, Wiley-VCH GmbH, Weinheim)."

Crystal orientation of primary particles: Most spherical NMC particles are aggregated densely by
many randomly oriented primary nanoparticles (Figure 1.9a).2% 2 2° |t is believed that the
micrometer-sized secondary particles have a lot of drawbacks. First, Li* can only diffuse along the
2D (010) plane among the hexagonal-layer structure.”® The Li* exchange at the
electrode/electrolyte interface is hindered and Li* diffusion pathway inside secondary particles is
prevented by the randomly oriented primary nanoparticles. Second, microstrains at the boundaries
of primary particles are generated as a result of the asynchronous volume change due to the

substantial anisotropic lattice expansion/contraction during the repeating Li* insertion/extraction
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process, particularly with the increased Ni content.”> "2 Optimizaiton on the crystal oriention is

proved to be effective to improve the performance of Ni-rich cathode material (Figure 1.9).72

1.2.3 Rationale of Ni-rich cathode material modification

Recently a novel concept of full transition metal concentration-gradient is attracting more and
more attention.”>’® Zhang et al synthesize Ni-rich LiNiosC001Mno102 through atom-scale
interfacial integration of self-forming hierarchical spinel layer with Ni gradient concentration.5®
Full concentration-gradient of Mn-rich phase with long rod-shaped primary particles was also
reported.”®"® The reported cathode materials with transition metal gradient displayed enhanced
electrochemical performance and structural stability. The specific capacity of cathode material is
related to the Ni concentration.! However, when Ni-rich cathode materials are charged to high
voltage, plenty of unstable Ni** ions will be reduced to form a stable and inactive NiO phase on
the surface.”® 8 As a result, the interfacial impedance will increase to have a poor cycling
lifetime.82 8 In the same time, the reaction of Ni*" with electrolyte can also lead to structural
degradation and electrolyte decomposition.”” The co-formed oxygen and thermal behavior will
have safety issues with flammable electrolytes.®® 8 Compared with Ni**, Mn**is believed to be
more stable and not involved in redox reaction. Through the construction of decreased Ni

concentration from center towards outer layer of the secondary particle, two-electron reaction

(Ni?*>Ni*") on charging can be effectively suppressed by the Mn-rich layer.”® 8

The gradient structure can be synthesized using co-precipitation methods by continuously
changing the precursor concentrations.”®"® The surface modification and preparation of precursors
can be combined in one step to create Ni gradient by pH modulating.®® For most of the reported
results, Ni-gradient of the secondary particles was created.®-# |t was also found that transition

metal concentration can be adjusted by introducing organic seeds.®® During the high-temperature

16



calcination, the organic molecules are carbonized and decomposed by oxidization to react with
transition metals of the primary particles. As a result, it forms the gradual decrease of Ni oxidation

state and transition metal concentration in the primary particles are gradually decreased.
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1.3 Development of Anode materials

Anode material also plays an important role in the development of high-performance LIBs.
Graphite has been widely used as the anode material for LIBs due to it high reversibility and low
cost since it was introduced to the LIBs. However, as the conventional commercialized anode
material, graphite cannot satisfy the current requirement of high energy density and high power
density for advanced LIBs, due to its relative low capacity, 372 mAh/g (LiCs state).?® % With the
demand for LIBs with high energy and power density, the research on advanced anode material

has also been attracting more and more attention during the past decades.

1.3.1 Silicon anode

Compared with carbon, other elements in group IV with higher theoretical capacities, including
silicon, germanium and tin, are considered as promising anode candidates for next-generation LIBs.
Among various anode materials, silicon is attracting tremendous attention due to several
advantages. First, silicon presents a theoretical specific capacity of around 4200 mAh/g, which is
almost 10 times higher than graphite. Second, the discharge potential plateau is around 0.4 V vs
Li/Li*, which is beneficial for higher working potential when coupled with cathode material,
leading to high energy density. Third, the price of Si is relatively low due to the abundant presence
on earth. All these advantages make Si one of the most promising anodes for the next-generation
LIBs.% 9 Regarding to these specificities, recently efforts have been made in developing a series

of new designs on nano-structured silicon.%*%7

However, behind the advantages, there are also several disadvantages limiting the practical

application of Si for LIBs:
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(1) Large volume change during lithiation/delithiation, leading to high internal stress and
pulverization of Si morphology. Experimental and simulation studies found a large volume
expansion (>280%) of Si upon lithiation and revealed a sharp interface between the fully lithiated

shell and the Si crystal core and crystal orientation dependent expansion.®

(2) The sever pulverization leads to electrical contact loss of active material from surrounding
particles, conductive network, and the current collector. As a result, increased internal electrical

resistance will be caused by this self-isolation of the active material.

(3) The large volume changes and pulverization would result in the repeating formation of unstable
thick SEI. A thin passivating SEI layer can protect the electrolyte from direct contact with Si and
avoid further decomposition. The continuous formation of SEI leads to block of the electron flow
and excessive decomposition of electrolyte and consumption of Li ions. A stable SEI is crucial for

the long cycling of Si electrodes.®®
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Figure 1.10 Schematic illustration of the lithiation process of a) solid nanowires, with repetitive
SEI formation on the surface after cycling, b) Si nanotubes, with a similar outcome that SEI
continues to grow upon the shrinking and expansion of the nanotubes, and c) Si nanotubes with a
mechanical constraining layer on the surface, where a thin and stable SEI layer is built.
Reproduced with permission (Copyright 2012, Nature Publishing Group).1%

Numerous works have been on applied on the effort to accommodate the huge volume change of
Si during cycling to overtake the rapid capacity decay and poor cycling stability which is a limits

the practical applications of Si anode (Figure 1.10).%0. 100. 101

1.3.2 Si nanostructure.

Si nanoparticles or nanostructures have been regarded one of the most promising design to better
capability in accommodating the volume change of Si during cycling due to larger specific surface

area and higher average binding energy per atom at the surface.®? The battery cycling capability
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Figure 1.11 Schematic illustration of the Li-ion pathway in Si
nanotube (Copyright 2009, American Chemistry Society).1

has been largely improved through constructing various nano-structured silicon, for instance,

nanowires,'® nanospheres'® and nanotubes.'%

Commercial available Si nanoparticles were treated through boron doping and AgNO3/HF etching
to create the porous structure with improved specific surface area, which was measured to be more
than 60 m?/g.1%® When applied as anode for LIBs, both the cycling stability and rate performance
were significantly improved. Si with hierarchical porous-hollow structure was synthesized through
reduction of SiO, with Mg. The specific capacity of 1200 mAh/g at 0.5 C and 1850 mAh/g at 0.1
C, and obviously improved cycling stability were achieved during electrochemical performance
test in coin cells. In situ TEM was also applied to confirm the working mechanism, where the
lithiation of Si starts from the surface and propagates inward, and the volume expansion of the
inner Si happens toward the center of the sphere and shrinks the hollow core.?” Porous network
was also applied to Si to sponge to accommodate the volume expansion.’® Si nanowires and
nanotubes were also successfully applied as anode material for LIBs.*® The unique benefit of 1D

structure can significantly accommodate the volume change of Si. Especially, the nanotubes are
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able to provide higher specific surface area, where the hollow space inside the tube allow the

release of the produced volume expansion inward and outward (Figure 1.11).1%0

The researchers also reported a scaffold that is comprised of Si nanoparticles, S-doped graphene
and polyacrylonitrile, to protect the Si while preserving the conductivity.!!* To improve the
electrical conductivity, carbon was always used to serve as the coating layer on the surface of Si

nanostructures.

However, there are still some limitations from nanostructured Si cannot be solved, which affect
the commercialization of Si nanomaterial as anode material for LIBs. First is the relatively low
active mass loading of nanomaterials, limiting the energy density of LIBs. Second, most of the Si
nanomaterials under high mass loading would result in severe pulverization, solid-electrolyte-
interface (SEI) growth and contact loss. As a result, the cyclability and rate performance are
affected a lot. Also, the low packing density, the complex synthesis rote, and the unstable quality
control of Si nanoparticles during scale-up production is still challenging, limiting the

commercialization of Si nanomaterials.'?

1.3.3 Micrometer-sized Si

Compared with Si nanoparticles, micrometer-sized Si particles is believed more practical as anode
for LIBs. Micrometer-sized Si can significantly improve the packing density and reach high mass
loading when applied as anode. At the same time, the production is relatively simple compared
with that of Si nanomaterials, which can reduce the production cost. Si with increased size, which
is also able to maintain high cyclability and high active material loading is considered as a
promising direction for mass production of LIBs with high volumetric and gravimetric energy

densities, e.g., over 500 Wh/kg.!*1%> How to improve the cycling stability of large Si particles,
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while maintaining high mass loading became the focusing point of the application of micrometer-
sized Si. One promising strategy is to artificially design the micrometer-sized structure with
characteristics of nanosized Si, which cannot only preserve the unique advantages of nanosized Si,
but also eliminate the associated drawbacks of the nanomaterial. Under the direction of this
strategy, basically two methodologies were successfully performed. One is micrometer-sized 3D
structure of Si with nanocharacteristics, including nanopores, nanograins. The other one is
incorporating nanosized Si onto a micrometer-sized host, such as graphite, graphene, and various

carbon frameworks.

Figure 1.12 SEM images of 3D porous Si-C particles at different magnification (Copyright
2008, Wiley-VCH GmbH, Weinheim).116
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Si/SiO, Porous Si

Figure 1.13 The preparation process from SiO precursor to the Si-C composite
(Copyright 2013, Wiley-VCH GmbH, Weinheim).'*’

Bulk Si with particle size ranged from several to 100 um was prepared (Figure 1.12). A huge
number of “octopus-foot-like” voids were created on the bulk structure, with thickness of Si walls
being around 40 nm, leading to high specific surface area of 158 m?/g. The benefits from both 3D
Si nanowalls and large number of nanopores promotes superior capacity retention and good rate
performance.'® Another work demonstrates the typical synthesis process of the Si-C composite.
Basically, porous Si was obtained through heating and etching process of SiO bulk material. Then
carbon was filled in the pores of the obtained porous Si to improve the conductivity and serve as

buffers to accommodate the volume change upon lithation/delithiation process (Figure 1.13).1Y

Another method is to incorporate the Si nano particles into conductive host. Among various host
material, graphite, as the widely used anode material for LIBs, is considered as a good candidate
as a host material to load Si nano particles due to its high cycling stability, low cost, and high
conductivity. Si-nanolayer-embedded-graphite was prepared through deposition of Si on both the
surface and internal pores of graphite via a CVD process.®® With this unique design, the uniformly
distributed Si nanoparticles can significantly improve the capacity of the composite. At the same

time, the graphite with pores can improve the conductivity and provide sufficient space to
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Figure 1.14 Schematic illustration and packing status with different size distribution of
the watermelon-inspired Si/C microspheres (Copyright 2017, Wiley-VCH GmbH,
Weinheim).!18

accommaodate the volume change. A thin layer of carbon coated on the surface of Si can enhance
both the ionic and electric conductivity. Based on the testing result, the total specific capacity of
the composite can increase to 517 mAh/g with 6 wt% of Si addition, ensuring it as a promising

candidate as anode for the LIB with high energy density.

Another interesting configuration is like watermelon (Figure 1.14), where the Si nanoparticles
were uniformly distributed in the matrix of flake graphite, and another thin layer of conductive

carbon was coated on the out surface to increase the conductivity and maintain the closely packing
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of the microspheres.!'® Under this design, the tap density of the Si/C composite was measure to be
0.88 g/cm?®, which is much higher than that of the Si nanoparticles, ensuring a high active mass
loading of 4.1 mg/cm? and areal capacity of 2.54 mAh/cm?. The increased tap density is important

of the practical application of the Si/C composite as anode for LIBs.

Except the above structure designs, yolk-shell or core shell structure is also attracting a lot of
attentions. Carbon-based or conductive polymers, which can provide good conductivity, are
usually the first choice as the shell material to conduct core-shell or yolk-shell structure. Core shell
structure can be introduced to improve the conductivity of the active material. At the same time,
the thin conductive layer is effective to suppress the growth of thick SEI on the surface of Si. After
the introduction of void space in the yolk-shell structure, it can provide sufficient space for the

volume change of Si during lithiation/delithiation and provide enhanced cycling stability.

1.3.4 Development of advanced binder

Various structural design can solve the problems affecting the practical application of Si as anode
for LIBs, including large volume change during cycling, poor electrical conductivity, low tap
density, and some other problems. Compared with other modification methods, the development

of conductive binder also provides another effective strategy to solve the problems of Si material.

The function of binder is to maintain the strong mechanical stability of all the components of the
electrode. The binder is expected to be minimal swelling in the electrolyte, flexible, Li conductive,
and stable under different voltages. Current, the widely used bind is PVDF. However, there are
still some disadvantages of PVVDF. The first one is the large swelling in electrolyte, which makes
it lose some of its adhesion ability. Another one is the relative weak adhesive force, due to the

absence of polar functional groups, leading to only van der Waals force with other components.
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Considering these two disadvantages of the PVDF, the search for a good candidate to be applied
in the Si electrode becomes important. As the large volume change and poor conductivity are the
two main disadvantages of Si, the advanced binders should be conductive and able to
accommaodate the large volume change during cycling to maintain the mechanical stability of the

electrode.
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Figure 1.15 Schematics of the technical approaches to address volume change issue in battery
materials. (Copyright 2011, Wiley-VCH GmbH, Weinheim).1%°

Based on this designing strategy, some bifunctional polymers were developed to serve as the
binder for Si based electrode (Figure 1.15). Except the basic function of binder, this kind of
polymer is also conductive, which eliminate the using of conductive additives, benefiting the
increase of energy density. Additionally, the presence of polar functional groups can form
chemical bonding with the surface of Si particles to maintain the desired mechanical stability.

Unlike the traditional binder, it can efficiently accommodate the large volume change during
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cycling and maintain contact between the Si and the conductive binders, ensuring better cycling

stability.®

Some self-healing polymers were also proved to be a promising candidate for serving as binder

for Si anode material.}**
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1.4 Design of battery with improved performance by engineering

electrode materials

In this dissertation, to build LIBs with enhanced energy density, Ni-rich cathode and Si-based
anode are selected as the electrodes. To overcome the above discussed challenges of Ni-rich
cathode and Si-based anode, various modification strategies to cathode and anode are proposed,

respectively.

Optimization of cathode:

The cycling stability is the main challenges of the Ni-rich cathode material. Various factors can
lead to the capacity decay of the Ni-rich cathode, including Li*/Ni?* disordering, Li residual,
overcharging, poor thermal stability, et al. The problem can happen to both primary and secondary
particles. Current, the commonly used modification methods are coating and doping, which can
be applied on either primary or secondary particles. To improve the structural stability, here, we
propose a novel modification strategy to simultaneously modify both the primary and secondary

particles through an easy coprecipitation method.

Development of anode:

For the Si-based anode, to increase the potential for practical application, micro-sized Si is selected
as the main component of the Si-based composite. Through building the micro-sized Si with
skeleton and protective thin skin, the Si-based composite anode material is expected to provide
sufficient space to accommodate the volume change during cycling and enhanced conductivity.
All these unique features contribute to the improvement of the electrochemical performance of Si-

based anode material.
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At the same time, a composite combined the advantages of both MXene matrix and SiGe alloy is
also proposed. Under this configuration, MXene with autoadjustable layer space can provide
sufficient space to accommodate the volume expansion/shrinkage upon Li* insertion/extraction
process. While SiGe alloy is also expected to show increased structural stability. With the
incorporation of MXene with high conductivity and outstanding mechanical stability, the
SiGe@MXene composite is proposed as anode material with improved cycling stability and rate

capability.
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CHAPTER 2 Ni-Rich Layered Transition Metal Oxide
Cathode with Dual Gradient on Both Primary and
Secondary Particles for High Energy-Density Lithium-lon

Batteries

2.1 Introduction

Lithium-ion batteries (LIBs) have been regarded as one of the most important energy storage
devices and been attracting more and more interest during the past decades. LIBs have been widely
used as the power source for portable electric devices, communication equipment, electric vehicles
(EVs) and hybrid electric vehicles (HEVs).2 Considering the development of technology and the
current status of traditional energy resources, EVs has been thought to be the most promising
transportation method for now and in future. The performance of EVs is closely related to the
performance of LIBs. To meet the demand of driving range and charge frequency for EVs and
HEVs, LIBs with high energy density, high rate capability, and thermal stability are required.t® 1?
Among the components of modern LIBs, cathode material has been regarded as one of the most
important factors limiting the energy density of LIBs due to its relative low specific capacity.'® 14
To reach high energy density, effort can be focus on two directions, the optimization and
improvement of both the upper cutoff voltage and the specific capacity of the cathode material.’
Various cathode materials have been widely and deeply investigated. Among them, Ni-rich
cathode materials, including LiNiixyMnxCoyO2 (xty < 0.4) (NMC) and LiNio8C00.15Al0.0502
(NCA), are attracting high attention and have been widely regarded as one class of the most
promising cathode material. The high capacity of above 200 mAh/g and the average high discharge
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potential of 3.8 V (vs Li*/Li) provide Ni-rich cathode material high potential to largely improve
the energy density and power density of LIBs.%'® However, there are still some challenges,
including the poor cycling stability and rate capability, limiting the practical application of Ni-rich
cathode materials need to be overcome in hurry.!® 2° Based on the previous research, the main
reasons resulting in the poor electrochemical performance can be summarized as the Li*/Ni?*
cation mixing, Li residues on the surface, poor thermal stability, crystal structure and some other

factors.30

Various methods or approaches have been applied on the modification of Ni-rich cathode material,
as discussed in Chapter 1. Compared with other modification methods, the construction of
transition metal concentration gradient provided a new idea for the designing of Ni-rich cathode
materials to improve the structural stability and electrochemical performance.” The concentration
gradient can be created through various methods, for example, controlling the gradual change of
the pH value in the synthesis of precursor,® and gradually changing the transition metal ions ratio
of the solution during coprecipitation.”® All these methods have been proved to be effective to
improve the structural stability of cathode material during cycling. Through introducing the
sacrificial polymeric (polystyrene) beads the coprecipitation process to sever as the core of the Ni-
rich NMC precursor, a cation mixing layer can be created on the surface of the secondary particles.
The self-induced cation mixing layer with rock-salt structure on the surface of primary particles
displayed significant influence on improving the structural stability during lithiation/delithiation

by suppressing the phase transition from the original layered structure.®®

As we know, to increase the tap density, most of the Ni-rich NMC cathode materials are composed

of microsized secondary particles, which are formed by densely packed nanosized primary
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particles.®” The capacity decay of Ni-rich cathode during cycling can be caused by various factors.
The accumulation of strain within primary particles would cause the pulverization of secondary
particles. At the same time, the penetrating electrolyte through grain boundaries can build thick
solid-electrolyte interphase layer on the surface of the primary particles, which can inhibit the
transport of electrons and lithium ions. However, after literature review, it can be found that most
of the reported approaches were applied only on primary or secondary particles. For example,
coating is mainly applied on the surface of secondary particles, which is not effective to eliminate
the volume change of primary particles and suppress the formation of strain of primary particles
during cycling. Doping can modify the component of primary particles but protecting the
secondary particles from the side reaction with electrolyte. All these can lead to the performance
decay for Ni-rich NMC cathode materials during cycling. Applying effective protection on both
primary and secondary particles provides a promising design strategy for Ni-rich NMC cathode

materials with high performance.®’
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2.2 Design strategies and preparation of D-NMC811

2.2.1 Synthesis of D-NMC811

Ni-gradient on secondary particle
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Figure 2.1 Design of MOF modulated double-Ni-gradient NMC811. Synthesis process of the D-
NMC811.

Herein, we propose a novel approach by simultaneously building dual Ni concentration gradient
on both primary and secondary particles of Ni-rich NMC cathode material through introducing Ni-
MOFs during the coprecipitation of the NMC precursor. The sample is denoted as D-NMC811.
The synthesis route is shown in Figure 2.1. Basically, without changing the conventional
coprecipitation method to obtain the precursor, Ni-MOFs are introduced into the synthesis of Ni-

rich cathode material.

As we know, the highly ordered three-dimensional MOFs with ultrahigh surface area, controllable
porous structure and periodic arrangement of metal atoms have been demonstrated as novel
pyrolytic precursors in obtaining non-precious metal oxides with homogeneous distribution of
particles.’?® MOF-derived metal oxides have been widely used for supercapacitor electrode
materials. In the area of LIBs, Li et al. developed a thin protective layer of MOF-derived alumina

on the surface of NMC622 through calcinating Al-based MOF (NH2-MIL-53) coated NMC
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precursor.*?* And MOFs were also successfully used to modify the surface of Li-rich layered oxide
cathode.'?? Here a different route is applied. Briefly, the precursor was synthesized through the
coprecipitation method. Ni-MOFs were uniformly dispersed in the metal sulfate solution and
pumped into the reactor. During the coprecipitation of the precursor, the well-dispersed Ni-MOFs
act as reaction seeds for the growth of metal hydroxide particles. The huge specific surface area
provides numerous active sites for the growth of metal hydroxide primary particles around the Ni-
MOFs. The precursor, NiixyMnxCoy(OH)., prepared through coprecipitation was incorporated
with Ni-MOFs as core of the secondary particles (Figure 2.1). After uniformly mixing with lithium
source (LiOH), the obtained precursors were subjected to calcination process under pure oxygen
flow. During the high temperature calcination, the Ni-MOFs were carbonized and decomposed by
oxidation and reacted with transition metals on the surface of the primary particles. Transition
metal concentration gradient with reduced Ni oxidation state were formed in the primary particles
due to the movement of transition metal ions motivated by the electric compensation of charge
change.'?® At the same time, due to the presence of metallic components from Ni-MOFs in the

core, Ni concentration gradient also formed in secondary particles.

2.2.2 Working mechanism of Ni-MOFs

The prepared NMC811through cooperation with D-NMC811 retains self-induced Ni
concentration gradient on both primary and secondary particles. The concentration gradient and
self-induced cation mixing layer on the surface of primary particles effectively improved the
structural stability during cycling by inhibiting the generation of internal cracks through resisting
the internal strain and suppressing phase transition within primary particles during cycling process.

At the same time, the high Ni content of the bulk materials ensures high specific capacity, while
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Figure 2.2 Schematic illustration of how cationic disordering is suppressed through
surface reconstruction by the presence of Ni-MOF in D-NMC811 during calcination.

low Ni content in the outer layer further improved the stability of the obtained cathode material.

This approach leads to significantly improved cycling stability.

Figure 2.2 illustrates how the cationic disordering (Li*/Ni?*) is suppressed through surface
reconstruction by the presence of Ni-MOF in the calcination process of D-NMC811. It is well
known that MOFs have been widely used to produce metal/carbon composite through
carbonization at relative high temperature in inert gas.'?* During the calcination process, as Ni-
MOFs are presented as the core of the precursor, which are closely covered by the transition metal
hydroxide, the Ni-MOFs core cannot get sufficient oxygen from the outside calcination
atmosphere. When the temperature is high enough, the produced carbon or carbon oxide from the
decomposition and carbonization of Ni-MOFs will extract oxygen from the surface of primary
particles. The resulted rapid oxygen loss on the surface of the primary particles produces a large

number of oxygen vacancies on the surface, leading to the phase transformation from layered phase
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to disordered rock-salt phase. Compared with layered structure, rock-salt phase is oxygen-deficient
and thermodynamically more stable, which is not easy to lose extra oxygen and is able to prevent
further oxygen loss through blocking the outward diffusion pathway from the bulk to the surface.
As a result, the Li*/Ni%* disordering can be effectively suppressed in the bulk.!?® For contrast,
without the protection of the rock-salt passivation layer, continuous Li/O loss produce lithium
vacancies on the surface, leading to the diffusion of lithium from the bulk to the surface and

formation of Li*/Ni®* disordering in the bulk.
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2.3 Characterization of D-NMC811

2.3.1 Characterization of Ni-MOFs

Before reaction, the Ni-MOFs were prepared through a hydrothermal method. Various
characterizations were applied to analyze the property of the obtained Ni-MOFs. Figure 2.3 shows
the morphology of the obtained Ni-MOFs. It can be found that, after drying, Ni-MOF particles
with diameter of ~1.3 um were uniformly dispersed into the coprecipitation solution containing

transition metals ions.

The specific surface area was also measured through N2 sorption-desorption isotherms, as shown
in Figure 2.4 a, b. The specific surface area of the obtain Ni-MOF was determined to be 933.7
m?/g with pore volume of 0.519 cm®/g and pore size of 10-60 nm through Brunauer-Emmett-Teller
(BET) method. The high specific surface area provides numerous sites for the growth of the

transition metal precursor.
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Figure 2.4 Surface and TGA analysis of the Ni-MOF. Nitrogen sorption-desorption
isotherms (a) and the pore size distribution (b). (¢) TGA data at a rate of 5 °C/min under an

air flow of 50 ml/min. (d) XRD patterns of Ni-MOF before and after TGA.

To accurately control the transition metal ions ration, the Ni content in the obtained Ni-MOFs
needs to be determined. Thermogravimetric analysis (TGA) was operated with a heating rated of
5 °C/min under an air flow of 50 ml/min. As shown in Figure 2.4 c, after heating to 800 °C, the
weight of the residual is 33.56% of the original mass. X-ray diffraction (XRD) was then applied
to determine the composition and structure of the residual. As shown in Figure 2.4 d, the residual

is determined to be NiO (PDF # 00-047-1049). The crystal structure of the obtained Ni-MOF was
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also confirmed to be Ni-MOF-74 (PDF # 00-063-0904). Combine with the TGA result, the Ni
content was determined to be 26.4%. The content of Ni in Ni-MOF was calculated as: (mass ratio
of the final produced NiO) * (Mw of Ni / Mw of NiO) = 33.56% * 58.693 / 74.693 = 26.4%. At
the same time, the crystal structure of the obtained Ni-MOF was also confirmed to be Ni-MOF-74

(PDF # 00-063-0904).
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Figure 2.5 XRD pattern of the NMC811 obtained directly from the
NiCoMn-MOF.

As the Ni-MOFs are shown as the core of the transition metal precursor, it is necessary to confirm
that Ni-MOFs can form layered structure during the same calcination as the transition metal
precursor. MOFs containing Ni, Co, and Mn with corresponding ratio of 8:1:1 was prepared

through same method as Ni-MOFs (denoted as NiCoMn-MOFs). Then, same calcination process
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was applied to the obtained NiCoMn-MOFs to figure out the possibility to produce NMC811. As
shown in Figure 2.6, the layered structure of the NMC811 directly derived from MOFs was
confirmed by XRD. However, the electrochemical performance of the obtained NMC was not
good, which may result from the inaccurate control of the transition metal ions ratio, particle

structure and morphology (Figure 2.7).12
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Figure 2.6 Cycling performance of the NMC811 obtained directly from the NiCoMn-
MOF.

2.3.2 Morphology and crystal structure

2.3.2.1 Morphology

The morphology of the obtained NMC particles is also important for practical application. To
improve the tap density, the favorable packing status of NMC particles is secondary particle
formed by closely packed primary particles. Scanning electron microscopy (SEM) was applied to
check the morphology of the obtained D-NMC811 and regular NMC81, as shown Figure 2.7.
From the SEM images, it is clear that the diameter of the secondary particles of the two samples

are about 4.0 um, which are composed of closely packed primary particles with diameter of several
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hundred nanometers. The formed packing status of the obtained NMC particles is beneficial to

improve the tap density of NMC cathode materials, which is important for the practical application.

Figure 2.7 SEM morphologies of (a-b) the D-NMC811, and (c-d) the conventional NMC811.
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At the same time, BET was applied to measure the specific surface area and pore size of the

obtained NMC samples, as shown in Figure 2.8. It can be found that the specific surface area of

NMC811 and D-NMC811 are 0.4943 and 0.5206 m?/g, respectively. The slightly increased

specific surface area may result from the possible pores after the decomposition of Ni-MOFs.
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Figure 2.8 Surface analysis of the D-NMC811 and conventional NMC811. Nitrogen
sorption-desorption isotherms and pore size distribution of the conventional NMC811 (a,
b) and the D-NMC811 (c, d).
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2.3.2.2 Crystal structure

X-ray diffraction (XRD) was used to measure the crystal structure of the two obtained NMC
samples, NMC811 and D-NMC811.1%" To reveal the structure details, Rietveld refinement was
applied. The fitting results were shown in Table 1. The XRD patterns and corresponding fitting
results from the refinement were plotted in Figure 2.9. First, clear splits between the (006)/(102)

and (108)/(110) are found on the XRD patterns of the two samples (inserted), indicating well-

| o Observed

—~ % D-NMC8I1 ___ cajculated

= o — Difference

S - =] Bragg position

2 S

. — —

22 =~ a\ —_— —

ﬂ T GE U ~—~ o>

O | ST 1 S s S=2&

~— Ry — —

g1 2 T g S

AR
rl T T T T T T T T T T
¢ g %"r NMCS811 g g — D-NMC#811
S

%

Intensity (a.u.)

L
r

10 20 30 40 50 60 70 80
2 Theta (degree)

Figure 2.9 XRD patterns and refinement results of the D-NMC811 and the
conventional NMC811.
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defined highly crystalline layer structure. The Li*/Ni?* disordering of the samples can be reflected
by the ratio of 1(003)/1(104) from the XRD refinement results. From the refinement results, it can
be found that the intensity ratio of 1(003)/1(104) of D-NMC811 increases from 1.082 to 1.244,
which indicates that the degree of cation mixing was reduced from 3.4 to 1.70%. It is also proved
by the increased ratio of parameters c/a of D-NMC811. The detailed suppressing mechanism has
been explained in section 2.2.2. The Li*/Ni?* disordering has been proved to be a key factor
affecting the initial capacity loss and cycling performance. The reduced Li*/Ni%* is usually

favorable for Li ion diffusion and the rate capability.?

Table 2-1 Lattice parameters, ratio of 1(003)/1(104) and Li*/Ni** mixing derived from the
Rietveld refinement of the D-NMC811 and conventional NMC811

Samples a (A) c(A) V (A3) Zox 1(003)/1(104) Li*/Ni?*
mixing (%)
NMC811 2.87096 | 14.20333 | 101.385 | 0.24779 1.082 3.40
D-NMC811 | 2.86691 | 14.19543 | 101.043 | 0.24744 1.244 1.70
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2.3.2 Confirmation of the gradient on both primary and secondary particles.
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Figure 2.10 Phase structure and chemical composition diagnosis of primary and secondary
particles. High-resolution TEM along with the corresponding FFT analysis of the primary particle
with (a) conventional NMC811 and (b) D-NMC811, respectively. The A region corresponds to
the surface area while B is located at the core area.

As discussed in the designing strategy, a thin cation mixing layer with rock-salt structure is
supposed to form on the surface of the primary particles of D-NMC811 during the calcination
process, due to the presence of Ni-MOFs. To confirm the presence of the cation mixing layer, high
resolution transition electron microscopy (HRTEM) with fast Fourier transform (FFT) patterns
were applied on the edge of the primary particles, as shown in Figure 2.10. From the HRTEM
images with FFT patterns of the primary particles of NMC811 and D-NMC811, it can be found
that a thin cation mixing layer with thickness of 5-10 nm was shown on the surface of D-NMC811.
While, different with that of D-NMC811, continuous layered phase is found from the core to the

surface from the obtained FFT patterns (Figure 2.10 a).
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Figure 2.11 Cross-section view (a) and the corresponding Ni, Mn, Co concentration evolution
from the surface to core (b) of a secondary particle of D-NMC811. TEM morphology (c) and
concentration evolution from the surface to core (d) of a primary particle of D-NMC811.

To further confirm the presence of concentration gradient on both primary and secondary particles,
TEM and SEM with energy dispersive X-ray spectroscopy (EDS) were applied on the obtained D-
NMC811 sample. The results are shown in Figure 2.11. First, as shown in Figure 2.11 a, the

cross-sectional SEM image of the secondary particle of D-NMC811 is selected to measure the

47



concentration gradient following the arrow from surface to core. It can be found that the atomic
ratio of Ni increases from ~76% to 82% in a length about 2.5 um (Figure 2.11 b). This can be
attributed to the presence of metallic components from Ni-MOF in the core of precursor. During
the calcination process, the metallic component, Ni, is left and involved in the formation of NMC.
Figure 2.11 c and d show the TEM image of a primary particle with corresponding EDS line scan,
which shows that reduced Ni concentration from the surface to the core. The atomic Ni ratio is

determined to be ~50% on the surface of primary particles, instead of ~75% in the bulk.
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2.3.3 Confirmation of the oxidation state change

Scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS)
were applied at the surface of primary particles of D-NMC811 to analyze the chemical and
electronic structures. The EELS depth profiles of Mn, Co, and Ni from the surface layer with a

depth of ~ 35 nm are shown in Figure 2.12 a-d. It can be found that the intensity ratio of Ls/L; at
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Figure 2.12 STEM image (a) of a primary particle of D-NMC811 with corresponding EELS
spectra of Mn (b), Co (c), and Ni (d) L-edges.

Mn-L edge and Co-L edge, which is correlated with the valence state of transition metals, is not

changed (Figure 2.12 b and c), indicating constant valence state of manganese and cobalt from
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the surface to the core.'?® Basically the oxidation state decreased as increasing of the integrated
intensities ratio of Ls/L2.2*° Obvious change of the Ls/L: is found on the Ni-L edge, as shown in
Figure 2.12 d. With the depth increase from the surface to the core, the peak of trivalent nickel is
increased, and the intensity ratio of Ls/L. is decreased, indicating the increased oxidation state
from divalent nickel on the surface to trivalent nickel in the core. During the calcination process
at high temperature, the organic component of Ni-MOFs is decomposed and carbonized by the
oxidization and produce COz. The produced CO: is able to diffuse out through the grain boundaries,
which has been proved to be able to extract oxygen and create oxygen vacancies on the surface of
primary particles.’3! At the same time, the most unstable trivalent Ni** ions are gradually reduced
to divalent Ni%* ions on the surface, resulting the gradual change of oxidation state of Ni from the
surface to the core of the primary particles. The oxidation state change of Ni ions provides driving
force for the movement of transition metal ions to balance the electron neutrality, resulting the
concentration gradient. During calcination process, the produced Ni?* on the surface can move
from the transition metal site to the Li site and form a thin layer of cation mixing region due to
similar ionic radius only on primary particles (Figure 2.10 b). The self-induced cation mixing
layer could significantly inhibit the volume change of grains due to the pillar effect and promote
high stability during cycling, which will be further evaluated in the following section 2.6.1%?
Furthermore, the transition metal concentration gradient on secondary particles also bring benefit
to the electrochemical performance The high Ni content of the bulk material ensures the high
capacity of D-NMC811 with further improved stability attributed to the presence of low Ni content

in the outer layer.” 133
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2.3.4 X-ray photoelectron spectroscopy characterization
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Figure 2.13 XPS spectra analysis of the D-NMC811 and conventional NMC811. Depth profiles of
Ni 2p (a-b), O 1s (c-d), and XPS spectra of C 1s (e-f), respectively. The ratio evolution of Ni to
Ni%*/Ni** (g) and lattice oxygen (TM-O) (h) with increasing etching time obtained from the depth
profiles.

X-ray photoelectron spectroscopy (XPS) was used to further confirm the structure information and
surface properties. As shown in Figure 2.13, XPS spectra depth profiles of Ni, O, and spectra of
C on the surface were obtained for NMC811 and D-NMC811, respectively. Figure 2.13 a-d show
the XPS spectra depth profiles and fitting results of Ni 2p and O1s of the obtained two samples,
respectively. The Ni 2p3/2 can split into two peaks at 855.8 eV and 853.9 eV, indicating the
existence of Ni®* and Ni?*, respectively. The oxidation state of Ni ions can be determined by the
value of Ni?*/(Ni%* + Ni**), which was calculated based on the fitting results and shown in Figure

2.13 g. It can be found that divalent Ni?* ion ratio for NMC811 and D-NMC811 before etching are

51



18.70% and 46.24%, respectively. After etching, from 10 s to 60 s, the divalent Ni* ion ratio for
NMC811 keeps constant at ~38.27%. But the Ni?* ion ratio for D-NMC811 decreases from 46.24%
to 37.11%, indicating the gradual change of oxidation state of Ni from the surface to the core. The
increased Ni?* ratio also matches well with the EELS results (as shown in Figure 2.12 d) and
provides further confirmation of the presence of self-induced cation mixing layer on the surface of
D-NMCB811 as obtained from the TEM images and FFT patterns (Figure 2.10 b). The formation
of Li residues, like LiOH and Li>COs, can lead to the decomposition reaction with electrolytes and
gas generation, resulting deterioration of the battery performance.3* The XPS spectra of O1s and
C1s (Figure 2.13 c-f) were also used to analyze the formation of carbonate on the surface. As
shown in Figure 2.13 h, on the original surface (without etching), the relative intensity ratio of the
peak at ~529 eV representing lattice oxygen covalency (TM-O) of D-NMC811 is ~30.1%, which
is higher than that of regular NMC811 (23.7%). Also, the relative intensity ratio of TM-O
significantly increased to 47.6% after etching of 10 s with corresponding etching depth of ~2.4 nm,
indicating the formation of much thinner layer of Li.CO3 on the surface of D-NMC811. However,
the peak of NMCB811 still shows relative low TM-O intensity ratio of 44.1% even after etching of
60 s, as an evidence of the presence of Li.CO3 with large thickness. The amount difference of the
formed Li2CO3 on the surface is further confirmed by the different intensity ratio of -COs on the

XPS spectra of C1s and O1s, as shown in Figure 2.13 c-f.
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2.4 Electrochemical performance
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Figure 2.14 Cyclic voltammetry of D-NMC811 and NMC811 at a scanning

Cyclic voltammetry (CV) was measured at a scanning rate of 0.1 mV/s, which is believed to be
able to reflect the electrochemical kinetic properties. As shown in Figure 2.14, the redox peaks
are much sharper for D-NMC811 compared with NMC811, indicating enhanced Li* diffusion
behavior.%® At the same time, the gap between all redox couples for NMC811 is wider than D-
NMC811. The voltage difference between anodic can cathodic peaks are 0.04 V and 0.19 V for
D-NMCB811 and NMC811. The voltage between anodic and cathodic peaks is associated with the

redox reactions involving Ni%*, Ni**, and Ni*, where smaller value reflects the superior
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2.4.2 Battery performance
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Figure 2.15 (a) Charge/discharge voltage profile of the first cycle at 0.1 C (2.8-4.3 V, 1 C=180
mANh/qg). (b) Specific charge/discharge capacity evolution of D-NMC811 and NMC811 at
different rates from 0.1 C to 5.0 C (before test, the batteries were charged/discharged at 0.1 C
between 2.8 to 4.3 V for 4 cycles for activation). Battery cycling performance (c,d) of D-
NMCB811 and NMC811 at 1/3 C at the temperature of 25 °C and 55 °C, respectively. The
loading was controlled to be 5-6 mg/cm?. The interrupted data were originated from the
temperature perturbation upon operation.
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The galvanostatic charge/discharge curves of NMC811 and D-NMC811 are shown in Figure 2.15
a. At 0.1 C, the NMCB811 and D-NMCB811 deliver initial specific discharge capacity of 199.88
mANh/g and 203.47 mAh/g with CE of 80.61% and 83.47%, respectively. Figure 2.15 b shows the
rate performance of NMC811 and D-NMC811 from 0.1 C to 5.0 C. It can be found that the rate
performance of D-NMCB811 is significantly improved compared with the NMC811 especially at
high rate. For example, the D-NMCB811 exhibits specific discharge capacity of 165.64, 149.17, and
136.71 mAh/g at current density of 1.0 C, 2.0 C, and 5.0 C, respectively. For comparison, NMC811
only delivers specific discharge capacity of 158.28, 139.64, and 119.12 mAh/g under the same
current densities. The enhanced rate performance can be attributed to the better Li* diffusion
kinetics as shown in the CV curve (Figure 2.14).58 After cycled at each rate for 5 cycles, when the
current density is changed back to 0.1 C, the discharge capacity of NMC811 returns to 160.09
mANh/g. However, D-NMC811 is still able to deliver a specific discharge capacity of 191.38 mAh/g
when the current density returns to 0.1 C, which is much higher than that of the regular NMC811,

indicating high cycling stability.

The galvanostatic charge/discharge cycling test is performed at 1/3 C at 25 °C and 55 °C, and 1.0
C at 25 °C, respectively. At 25 °C, the initial specific discharge capacity of NMCS811 is 188.0
mANh/g, and it maintains capacity retention of 86.14%, 77.02%, and 71.60%, after 100, 200, and
300 cycles at 1/3 C, respectively (Figure 2.15 ¢). In contrast, D-NMC811 shows enhanced cycling
stability. Though similar initial specific discharge capacity of 188.8 mAh/g is reached by D-
NMCB811, it delivers higher specific capacity of 181.8, 176.3, and 167.1 mAh/g after 100, 200, and
300 cycles at 1/3 C, respectively, and maintains 96.27%, 93.38%, and 88.50% of its initial capacity
after the corresponding cycles. The capacity fading rate is only 0.038% decay per cycle. At 1.0 C,

NMCB811 shows specific discharge capacity of 106.23 mAh/g with CE of 99.62% after 300 cycles
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Figure 2.16 Cycling performance of half-cell batteries with the D-NMC811 and
conventional NMCB811 as cathode electrode materials at 1.0 C and 25°C, respectively. Before

cycling at 1.0 C, the batteries were charged/discharged three times at 0.1 C for activation.
The mass loading of D-NMC811 and NMC811 is 5-6 mg/cm?.

(Figure 2.16). It maintains 59.37% of its initial capacity. The specific discharge capacity of D-
NMC811 is 149.38 mAh/g after cycling at 1 C for 300 cycles. The capacity retention is largely
increased to 85.54% compared with regular NMC811. To further evaluate the cycling stability of
the obtained samples, the coin cells assembled with NMC811 and D-NMC81 1 were tested at 55 °C
(Figure 2.15d). Compared with room temperature, cycling at elevated temperature is more likely
to accelerate the structural degradation due to the release of molecular oxygen from the NMC
lattice and make the cells exhibit worse cycling stability.3* 1% The specific capacity of D-NMC811
drops from 200.27 mAh/g to 152.51 mAh/g with CE of 99.47% at 1/3 C after 300 cycles, with
capacity retention of 76.15%. Under the same condition, NMC811 only shows specific capacity
of 117.16 mAh/g with CE of 98.78% after 300 cycles and maintains 58.95% of its initial capacity.
The results demonstrate enhanced rate and cycling stability of D-NMC811 at both room
temperature and elevated temperature, as a result of the optimal Li* diffusion kinetics and

improved structural stability.
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2.4.3 EIS characterization
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Figure 2.17 Nyquist plots of the cells with D-NMC811 (red) and conventional
NMC811 (black) before and after 100 cycles at 1 C, respectively (the coin cells were
charged to 4.3 V and kept for 2 h before test).

Electrochemical impedance spectroscopy (EIS) was conducted on both NMC811 and D-NMC811
in the charged state of 4.3 V before and after cycling. The Nyquist plots of the two samples are
shown in Figure 2.17. Before cycling, the charge transfer resistance (Rct), which can be determined
by the second semicircle, is determined to be 36.9 and 32.7 Q for NMC811 and D-NMC811,
respectively. After cycling at 1 C for 100 cycles, the Rct of D-NMC811 is 37.4 Q, which is much
lower than that of the regular NMC811 (43.0 Q). The resistance behaviors are related to the

structural stability and SEI film on the surface.
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2.4.4 dQ/dV characterization
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Figure 2.18 dQ/dV vs potential plots of D-NMC811 (a) and conventional NMC811 (b) at 10th,
50th and 100th cycles.

To analyze the phase transformation behavior, dQ/dV curves of NMC811 and D-NMCB811 after
10, 50 and 100 cycles are collected and plotted, as shown in Figure 2.18 a and b. The three redox
peaks can be attributed to the phase transformation from hexagonal to monoclinic (H1 to M),
monoclinic to hexagonal (M to H2), and hexagonal to hexagonal (H2 to H3). With increase of the
cycle numbers, it can be found that the peaks corresponding to the phase transformation of M to
H2 and H2 to H3 decrease. However, no obvious decrease is found on the peaks of D-NMC811,

indicating high reversibility during cycling.
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2.4.5 DSC measurement
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Figure 2.19 DSC profiles of D-NMC811 and NMC811 at a scan rate of 10 °C/min in

N2 (The coin cells were charged to 4.3 V and kept for 2 h before disassembling in
glovebox. The obtained electrode material and electrolyte with total mass of 10 mg
were collected and sealed in aluminum pan in glovebox for test. ).

Differential scanning calorimetry (DSC) was used to further analyze the performance and thermal
stability at elevated temperature. DSC of delithiated NMC811 and D-NMC811 at charged state of
4.3 V from coin cells are collected and shown in Figure 2.19. The phase transformation from
layered structure to disordered spinel structure can happen on the surface due to the oxygen loss*¥’

It can be found that the regular NMC811 shows an exothermal peak at around 231.6 °C, which is
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shifted to 267.4 °C by D-NMC811. At the same time, the reduced exothermic heat generation from
187.7 J/g to 71.1 J/g is also achieved by D-NMC811 (Table S3). As the layered-to-spinel phase
transition propagates from the surface to the bulk,'® the enhanced thermal stability can be
attributed to the reduced Ni content and the presence of stable self-induced cation mixing layer on
the surface. It has been reported that the thermal stability of Ni-rich cathode material can be
significantly increased through increasing the relative Mn content and decreasing the Ni content,

especially in the outer layer of the particles.’” 1%

Table 2-2 Calculated change in enthalpy for charged NMC811 and D-NMC811 cathode
materials obtained from DSC curves as shown in Figure 2.19.

NMC811 D-NMC811
Exothermic heat (J/g) -187.7 -71.1
Exothermic Temperature (°C) 231.6 267.4
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2.5 Full cell performance

Full cells were assembled by coupling the obtained NMC samples with graphite powders to
evaluate the practicability in commercial application. The battery using regular NMC811 with
negative/positive (N/P) ratio of 1.16 shows initial specific capacity of 173.22 mAh/g after
activation and specific capacity of 125.05 mAh/g with CE of 98.61% after 300 cycles at 1/3 C,
which maintains capacity retention of 72.19% (Figure 2.20 a). However, the battery using D-
NMC811 exhibits specific capacity of 153.26 mAh/g with CE of 99.86% and higher capacity
retention of 86.67% after cycling 300 times at 1/3 C. Pouch cells with total capacity of 300 mAh
were also assembled as shown in Figure 2.20 b. After formation and activation process, the pouch
cell using D-NMCB811 delivers a total capacity of 297.62 mAh with CE of 99.48%. The specific
capacity and energy density are calculated to be 172.81 mAh/g and 216.41 Wh/kg (Figure 2.21
and Table 3). After 500 cycles at 1 C, it still delivers a total capacity of 250.35 mAh, with capacity
retention of 84.12%. For comparison, the pouch cell using NMC811 shows similar initial total
capacity of 285.82 mAh and specific capacity of 166.03 mAh/g with CE of 96.50%. But the total

capacity drops to 151.57 mAh with capacity retention of 53.03% after only 400 cycles.
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Figure 2.20 (a) Full-cell battery cycling performance with D-NMC811 and NMC811 at 1/3 C.
The cathode mass loading of the active material is ~8.2 mg/cm2. The N/P ratio is 1.16. The
battery was activated at 0.1 C for 4 cycles before cycling. (b) 300 mAh pouch-cell battery
cycling performance with D-NMC811 and NMC811 at 1.0 C.

62



3]
[=]
[=]

~
&N
=
< 150
g
z
2 1001
o
4]
Q
i 50 « D-NMCS11 charge
5] o D-NMC811_discharge
7 4 NMCB811_charge
0 & NMC811_discharge

0 100 200 300 400 500

Cycle number

m 225

=

£

&

]

o

@ o D-NMC811_discharge
E 1254 & NMCB8I11_discharge
=

100 T T T T
0 100 200 300 400 500

Cycle number

Figure 2.21 Specific capacity (a) and the estimated energy density (b) evolution upon
cycling of the full-cell pouch cells with D-NMC811 and conventional NMC811 as cathode
electrode materials at 1.0 C, respectively. The pouch cell electrode was made with double-
side coated cathode materials with a single side mass loading of ~12.2 mg/cm2 and a N/P

ratio of 1.16.
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Table 2-3 Pouch cell detailed parameters

Parameters Mass (mg)
Loading of graphite/(mg/cm?) (double side coating) 13.6
Loading of NMC/(mg/cm?) (double side coating) 24.4
Cathode areal capacity/(mAh/cm?) 4.22
Anode areal capacity/(mAh/cm?) 5.03
IN/P ratio 1.19
E/C ratio/(g/Ah) 3
Discharge capacity (cathode)/(mAh/g) 172.8
Average discharge voltage/(V) 3.6
Anode/(mg/cmz) 14.4
Cathode/ (mg/cmz) 26.1
Al foil (T: 25um)/(mg/cm’) 3.9
Cu foil/(mg/cm) 7.65
Electrolyte/(mg/cmz) 12.6
Separator/ (mg/cmz) 3.4
Estimated package foil and tabs (~3 wt%) 2.04
Total weight/(mg) 70.14
Energy density/(Wh/kg) 216.4
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2.6 Characterization after cycling

2.6.1 Morphology and structure

Figure 2.22 Active material morphology evolution after 300 cycles at 1.0 C. SEM
morphologies of the conventional NMC811 (a,b) and the D-NMC811 (c,d).

The structural and chemical stability are closely related to the electrochemical performance of
NMC, which are further evaluated using SEM, HRTEM and XPS after cycling. Figure 2.22 shows
the SEM images of NMC811 and D-NMC811 after cycling 300 times at 1.0 C. As shown in Figure

2.22 a and b, sever pulverization of the secondary particles of the regular NMC811 is found after
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Figure 2.23 TEM morphologies of the D-NMC811 (a,b) and conventional NMC811 (c, d)
after 300 cycles at 1.0 C.

cycling, where individual primary particles with diameter of several hundred nanometers are
loosely packed and formed large particles with diameter of ~10 um. It is believed that intense
microstrain at the grain boundaries is produced resulted from the anisotropic lattice variation
during the repeated insertion/extraction of Li* ions. The accumulation of strain may promote the

initiation and development of cracks along the grain boundaries, resulting pulverization of the

66



secondary particles. At the same time, the primary particles spalled off from the secondary particles
and lose electric contact with each other, resulting in the increase of resistance and capacity fading.
The penetration of electrolyte along the cracks and grain boundaries would initiate side reaction
on the new formed electrode/electrolyte interface. The induced Ni2* by the side reaction can further
migrate from the transition metal slab to lithium position due to similar ionic radius with Li*,

leading to structure degradation at the particle surface and resulting obvious capacity fading.5® "

Thicker SEI and structure degradation are also found on the surface of NMC811 from the TEM
image (Figure 2.24 a and b). However, the self-induced cation mixing thin layer on the surface
of D-NMCB811 effectively alleviate the generation of internal cracks by resisting the internal strain
and suppressing phase transition within primary particles during cycling process. The unique
feature of protective layer with concentration gradient on both primary and secondary particles can
reduce the volume change and suppress the internal strain during de/lithiation process. Ni-rich
cathode material is believed to undergo a volume change of approximately 9-10% due to phase
transformation during lithiation/delithiation process, which would result in sever pulverization and
cracking during cycling.” 4% 141 Surface coating can be applied to suppress the intergranular
cracking caused by the microstrain during repetitive charge/discharge process. Here, the protective
layer on the surface of primary particles can reduce the volume change as the function of coating
layer. At the same time, the concentration gradient is believed to reduce the structure mismatch of
conventional coating layer caused by the different degrees of expansion/shrinkage of the core and
shell.”® As a result, after 300 cycles at 1 C, the D-NMCB811 still maintain it original secondary
particles with closely packed primary particles (Figure 2.22 ¢ and d). The TEM images (Figure

2.23 ¢ and d) also exhibit relatively thinner SEI and undegraded surface of the primary particles.
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2.6.2 XPS characterization
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Figure 2.24 The corresponding XPS spectra of F1s, O1s, and C1s of D-NMC811 (a, c, €)
and the conventional NMC811 (b, d, e).
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XPS was also applied to analyze the chemical bonding change after cycling, as shown in Figure
2.24. The F 1s spectra of D-NMC811 and the conventional NMC811 after 300 cycles at 1.0 C are
shown in Figure 2.24 a and b. The F 1s profile was fitted to four separated peaks at 684.6 eV,
685.5 eV, 686.8 eV, and 687.8 eV, corresponding to LiF, metal fluorides, LixPOyF;, and PVDF,
respectively. The peak intensity of NMC811 at 684.6 eV and 686.8 eV, corresponding to LiF and
LixPOyF,, are greater than that of D-NMC811. The relative areal ratio of LixPOyF; and LiF to
PVDF for NMC811 and D-NMC811 are calculated to be 88.3% and 72.3%, respectively, which
indicates the presence of thicker SEI.1*? This can be attributed to the effective suppression of side
reaction and the formation of thicker SEI by the unique structure on both primary and secondary
particles of D-NMCB811. The O 1s peak can be assigned to TM-O, C=0/O-H, and C-O at 529.2
eV, 532.4 eV, and 534.2 eV, respectively. Compared with NMC811, D-NMC811 shows much
greater peak of TM-O at 529.2 eV, providing further evidence of the thinner SEI. At the same time,
similar peaks of C=0/O-H and C-O are found on both NMC811 and D-NMC, suggesting the

possible involvement of the solvent in the formation of SE|.143

69



2.6.3 Ex situ XRD

Ex situ XRD was used to check the lattice parameter change of the NMC811 and D-NMC811 at
4.3V and 4.5V, respectively, as shown in Figure S10. The lattice parameters were obtained from
the Rietveld refinement (Table S4). Compared with the original state, the unit cell volume

shrinkage at 4.5 V for NMC811 is 4.80%. Due to the benefits from the unique structural feature,
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Figure 2.25 EX situ XRD patterns for NMC811, D-NMC811 at 4.3V and 45V,
respectively.

the volume change of D-NMCB811 is suppressed as 2.35% (Figure 6Q).
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Table 2-4 Lattice parameters from the Rietveld refinement of the D-NMC811 and conventional

NMCB811.
Samples Potential (V) a(A) c(A) V(A%) Rup(%)
43 2.81892 14.31922 98.543 5.71
NMCS811
4.5 2.81256 14.07644 96.433 6.21
4.3 2.82437 14.44514 99.792 6.54
D-NMCS811
4.5 2.81781 14.34937 98.670 8.81
102
101 4 ":::::::::::::::::::i;ﬁl
—_ D-NMCS811

AV=-2.35%

&Y

NMC8I11 AV=-4.80%

Originlal state 4'% Vv 45V
Cell potential (V)

Figure 2.26 The lattice parameter of V calculated by Rietveld refinement of the XRD
patterns for NMC811 and D-NMC8L11 at original state, 4.3 V, and 4.5 V, respectively.
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2.7 Conclusion

In this work, a novel designed Ni-rich cathode material with concentration gradient on both
primary and secondary particles was synthesized through incorporation of Ni-MOF during the
coprecipitation process. The reduced Ni content and oxidation state on the surface of primary
particles significantly enhance the electrochemical stability during cycling and thermal stability at
elevated temperature through inhibiting the generation of internal cracks through resisting the
internal strain and suppressing phase transition within primary particles during cycling process. At
the same time, the high Ni content in the bulk of the secondary particles still promotes high specific
capacity of the material, while the outer shell with low Ni content further improves the stability.
And the self-induced cation mixing layer on the surface of primary particles due to the presence
of Ni-MOFs during calcination process can significantly reduce the Li*/Ni?* disordering through
blocking the Li diffusion pathway from the bulk to the surface. All these features make the
prepared D-NMC811 deliver high thermal stability, favorable specific capacity, and excellent
cycling stability. Compared with regular NMC material and other modification methods, easy
operation and high capacity retention at different rates were achieved, which significantly
improves the practicability for commercial application. The building of gradient on both primary
and secondary particles also provides a promising design route for the optimization of Ni-rich
cathode materials with high energy density, long life, and enhanced safety. In addition, the
synthesis method through incorporation of Ni-MOFs does not change the conventional production

process of NMC, which makes it a more promising candidate to be scaled up.
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2.8 Experimental

2.4.1 Synthesis of Ni-MOF

Ni-MOF was synthesized based on previous reported method.’** Certain amount of
Ni(CH3CO2)2:4H20 (99%, Acros Organics) was added and dissolved in the solution of
dimethylformamide (DMF, Sigma-Aldrich), ethanol and DI water with ratio of 1:1:1 under
magnetic stirring at room temperature. After the addition of 2,5-dihydroxyterephthalic acid (98%,
Sigma-Aldrich), the mixture was stirred at room temperature to get a homogeneous solution. The
obtained solution was transferred into a 100 ml Teflon liner and sealed in stainless steel autoclave.
It was then reacted at 120 °C for 24 h. The obtained solid was collected through centrifugation.
After washing with fresh DMF and methanol, the collected powders were dried at 80 °C under
vacuum. Before used as seeds for the synthesis of NMC811, the Ni-MOF powders were treated at

180 °C for 5 h to remove the residual.

2.4.2 Synthesis of NMC811 and D-NMC811

Coprecipitation method was used to prepare D-NMC811. For more details, 100 ml of transition-
metal solution containing 0.76 M NiSQO4-6H20 (Aldon Corp Se), 0.1 M CoSO4-7H20 (99%, Acros
Organics), and 0.1 M MnSO4-H>0 (99%, Acros Organics) was prepared. Certain amount of Ni-
MOF was dispersed in the obtained transition-metal solution to make the ratio of Ni:Co:Mn to be
8:1:1. The amount of Ni-MOF was calculated based on the Ni content from TGA. All the solutions
were stored under the protection of N2. Certain amount of DI water was poured into the reactor as
base solution. After adjusting the pH to desired value using solution of NaOH and NH3-H2O, the
base solution was stirred and heated under the protection of N2 gas. After 30 min, the transition-

metal solution with Ni-MOF was pumped into the reactor with flow rate of ~0.5 ml/min.
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Simultaneously, a solution of NaOH and NHs-H20 was pumped into the reactor at the similar rate.
The pumping rate was further tuned to maintain the stable pH value. The pH and temperature were
carefully controlled during the reaction. The stirring rate was also increased gradually. After the
feeding was completed, the reaction was continued for 5 h. After washing with DI water for several
times, the precipitate was collected through vacuum filtration and dried at 100 °C for 12 h. The
precursor was mixed with 105% stoichiometric amount of LiOH-H.O (98%, Alfa Aesar) through
ball milling. The mixture was calcinated at 800 °C for 16 h in pure oxygen. The obtained sample
was marked as D-NMC811. For comparison, NMC811 was prepared using the same method only

without the adding of Ni-MOF.

2.4.3 Electrochemical measurement

The slurry was prepared by mixing active material, conductive carbon (SuperP) and PVDF with
the ratio of 80:10:10 in N-methyl-2-pyrrolidone (NMP, Honeywell). To form the electrode, the
slurry was coated on carbon coated Al foil (MTI Corp.), and dried in vacuum oven at 60 °C for 12
h. After being pressed under 6—10 MPa using a benchtop hydraulic press (Northern Tool+
Equipment), the electrode was pouched into the circle disc using a disc cutter (MSK-T-07, MTI
Corp.). The stainless-steel coin cells (CR2032, Xingye Co., Ltd.) with the obtained electrode,
polyethylene separator (Celgard 2400), and lithium foil (MTI Corp.) were assembled at room
temperature in an argon-filled glovebox. The electrolyte used was 1 M LiPFs in ethylene carbonate
(EC) and ethyl methyl carbonate (EMC) (3:7 volume ratio) with 10 % FEC and 2 % vinylene
carbonate (VC) as additives. The assembled coin cells were tested by galvanostatic cycling using
a battery tester system (2001CT, Landt Instruments, Inc.) after resting at room temperature for 4
h. Before cycling at different rates, all the coin cells were subjected three cycles at 0.1 C for initial

activation. The charge and discharge rates were calculated based on the theoretical capacity of
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NMC811 (1 C=200 mAh/g). NMC811 and D-NMC811 with mass loading of 5-6 mg/cm? were
used as cathode material to assemble full cell battery with (MCMB) graphite powder
(MesoCarbon MicroBeads, MTI Corp.). All the full cells were activated for three cycles at 0.1 C.

Pouch cells with total capacity of 300 mAh and N/P ratio of 1.16 were also assembled. Detailed
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Figure 2.27 Formation and activation process of the obtained
pouch cells with D-NMC811 and conventional NMC811 as
cathode electrode materials, respectively.

formation curves are listed in Figure 2.27. The detailed formation and activation process of pouch
cells can be described as: charge at 0.05 C to 3.4 V, rest for 5 min, charge at 0.1 C to 3.8 V, rest
for 5 min, charge at 0.2 C to 4.25 V, rest for 24 h at 45 °C under pressure. After release the gas
and seal the cell, the pouch cell is charged at 0.1 C to 4.25 V, followed by charging at 4.25 V until
the current is lower than 1 mA. After resting for 5 min, it is discharged to 2.8 V at 0.1 C. Then
all the pouch cells were charged/discharged at 1 C. The cyclic voltammetry (CV) was measured

using a Gamry Reference 600+ potentiostat with a scan rate of 0.1 mV/s at room temperature.
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Potentiostatic EIS was measured using Gamary Reference 600+ potentiostat in the range of 0.01

to 10° Hz at charged state.

2.4.4 Sample characterization

Hitachi S4800 ultrahigh resolution field emission scanning electron microscopy (FESEM) and
JEOL JEM-ARMZ200CF 200 kV STEM/TEM, which was affiliated with a probe aberration
corrected high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) mode imaging were used to characterize the structure and morphology of NMC samples.
The EDS element mapping was checked under 200 kV accelerating voltage with an image
resolution of less than 0.08 nm and energy resolution of 0.35 eV. The surface area and pore volume
of the samples were carried out by nitrogen sorption/desorption using a Micromiritics ASAP 2020
system at 77 K and analyzed based on Brunauer-Emmett-Teller theory. X-ray diffraction (XRD)
was measured on a Bruker D8 Discover X-ray Diffractometer using Ni filtered Cu Ka radiation
with applied current and voltage of 40 mA and 40 kV, respectively. after being dissolved in aqua
regia (HNOz:HCI in ratio of 1:3), the elementary composition of the obtained NMC cathode
materials were determined using inductively coupled plasma mass spectrometer (ICP-MS, Thermo
Fisher Element 2). X-ray photoelectron spectroscopy (XPS) was performed on Thermo Scientific
ESCALAB 250Xi equipped with an electron flood gun and a scanning ion gun. The spectra were
collected using an ultrahigh vacuum (UHV) apparatus with a base pressure below 1 x 1079 Pa.
The sample was irradiated using an Al Ka line (a photon energy of 1486.6 e¢V) of a non-
monochromatic X-ray source. The emitted electrons were detected using a hemispherical analyzer
under an angle of 45° to the surface normal. All the data were calibrated using the C 1s peak at
284.8 eV. Thermal gravimetric analyzer (TGA, TA Instruments SDT650) with a heating rate of

10 °C/min and air flow rate of 50 ml/min was used to determine the Ni content in the obtained Ni-
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MOFs. The differential scanning calorimetry (DSC) analysis was conducted using TA Instruments
Q200 with a heating rate of 10 °C/min under N2 atmosphere. Before the test, the NMC cathode
materials were fully charged to 4.3 V at 0.1 C and kept at 4.3 V for 2 h in coin cells. 10 mg of
electrode materials with electrolyte were collected from the current collector and sealed in
aluminum pan for test after disassembling in glovebox. Ex situ XRD were obtained using cathodes,
which were charged to the target voltage at 0.1 C and kept at target voltage for 2 h before
disassembling. Before test, the cathodes were immersed in DME (Dimethoxy ethane) for 30 min

to remove the electrolyte residual and dried in glovebox at room temperature.
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CHAPTER 3 Development of Si-Based Anode for Li-lon

Battery with Largely Improved Performance

3.1 Introduction

The most commonly used anode material for LIBs is graphite currently. However, the low specific
capacity of 372 mAh/g limits the application of graphite as the anode for next-generation LIBs. A
lot of efforts have been spent on the research of anode materials with high performance. Except
graphite, Si, Sn, Ge and some other materials are showing great potential as advanced anode with
high performance. Among them, Si is regarded as the most promising candidate for next generation
anode for LIBs, due to its high capacity and availability. Compared to graphite, the theoretical
capacity of silicon can reach 4200 mAh/g, which is much higher than that of the current used
graphite and other anode materials. However, as discussed in section 1.3, some problems still limit
the application of Si, including sever crystallographic expansion upon lithiation process, slow
lithium diffusion, and high reactivity at high states of charge, resulting in particle cracking, particle
isolation, electrolyte reactivity, and electrode delamination issues. A lot of efforts have been
applied to overcome the issues limiting the application of silicon, such as core-shell structure, yolk-
shell structure, porous structure, SiOx/C composite, Si nanoparticles, and some other 2d and 3d
structures. But the complex manufacturing and high cost become another obstacle blocking the

practical application of Si anode material.

Instead of pure Si, Si-based materials have been successfully applied as an additive in traditional
graphite anode to increase the capacity. Currently, the commercial Si-based anode includes SiOx/C

(420 mAh/g), SiC (450 mAh/g) anode, Si-graphene anode (600 mAh/g). There are only several
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commercially available products of Si anode in the market. More research facilities and companies

are spending a lot of effort on developing and promoting the commercialization of Si anode.

Among various modification and construction methods applied on Si anode, micro-sized
architectures with nano-structured Si have demonstrated promising battery performance. At the
same time, it is more favorable for industrial application. However, bare micro-sized Si without
further modification showed a capacity loss of about 80% of its initial capacity with poor cycling
stability due to the severe pulverization.!® Building of a thin protective layer on the surface of Si
has been proved to be effective on improving the electrochemical performance.*>4” Polymer-
based materials also provide a promising choice as the protective layer for Si materials, due to its
light-weight, relative easy synthesis procedure, low cost, and some other advantages.**®1%° Some
conductive polymers, such as polypyrrole (PPy), have been successfully applied as conductive
additives or advanced binders in LIBs, which can be regarded as candidates as the protective layer

for Si anodes. 119 151-154

In this section, a novel scalable synthesis of large silicon cage composite (micrometers) which is
composed of a Si skeleton and an ultra-thin (<5 nm) mesoporous polypyrrole (PPy) skin via a
facile wet-chemical method is proposed. Toward practical application, commercial availabe
micro-sized AISi alloy was used as the precursor. Under this configuration, the hollow skeleton
with empty space provides sufficient space to accommodate the drastic volume
expansion/shrinkage upon charging/discharging. The conductive PPy can provide protection and
increased conductivity as a protective layer to enhance fast channel for Li*/e” transport. During the
electrochemical performance test, the battery with the micro-silicon (u-Si) cage as anode displays
an excellent capacity retention upon long cycling at high charge/discharge rates and high material

loadings. A specific capacity of ~1660 mAh/g with Coulombic efficiency (CE) of ~99.8% was
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achieved after 500 cycles at 0.2 C with mass loading of 3 mg/cm?. Similar specific capacity with
CE of 99.4 % was also obtained after 400 cycles at 0.2 C with loading of 4.4 mg/cm?. At 1.0 C, a
capacity as high as 1149 mAh/g was remained after 500 cycles with high mass loading. The areal
capacity of as high as 6.4 mAh/cm? with 4.4 mg/cm? loading was obtained, which ensures a high

battery energy density in powering large devices such as electric vehicles.

The data shown in this section has been summarized and published.!>®
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3.2 Design strategies and preparation of p-Si cage
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Figure 3.1 Scalable synthesis of u-Si cage using AlSi micro-spheres as precursor by chemical
method (Copyright © 2019, American Chemical Society).'>®

In this work, a micrometer silicon skeleton caged inside a mesoporous PPy layer via a simple
chemical process was synthesized.®® First, compared with Si nanoparticles, the application of
micro-sized Si ensures the high tapped density, which is important to maintain high mass loading
when applied as anode for practical application. Second, the commercially available micro-sized
AlSi alloy is selected as the precursor, which can significantly reduce the difficult during scalable
production. Third, the synthesis of conductive PPy is relatively easy and low-cost, which shows
great potential for scalable production. Based on the above features, the mass loading of u-Si cage
can reach as high as 4.4 mg/cm? with an areal capacity of 6.4 mAh/cm? under 0.2 C. In addition,
the high cycling stability upon long cycling and high charge/discharge rate capability, which can

be attributed to the presence of Si skeleton and PPy with enhanced conductivity, make the p-Si
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cage a promising candidate for high performance LIBs targeting the broad applications.

The synthesis route of the the u-Si cage is shown in Figure 3.1. Typically, the AlSi alloy micro-
spheres (Al: 87-89 wt%); Si: 11-13 wt%) were first covered with an intermediate, mesoporous SiO2
(m-SiOy) layer, through a classic sol-gel reaction using TEOS. The presence of this m-SiO; leads
to the adsorption of PPy precursor and the formation of uniform PPy layer on the surface.
Subsequently pyrrole monomer was added into the mixture, generating a thin PPy layer on the
surface via polymerization using iron chloride as oxidant in an ice bath. Hydrochloride acid was
used to remove the Al component in the AISi alloy to form the Si skeleton. Then, hydrofluoric
acid with low concentration was used to remove the Al residual and m-SiO> to form the hollow Si

skeleton encaged by PPy layer, as shown in the TEM image of Figure 3.1.
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3.3 Characterization

3.3.1 Morphology of the p-Si cage

Intensity (a.u.)

| LI | L T L '
00 02 04 06 08 10
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Figure 3.2 TEM morphology (inset) of u-Si cage. Line elemental mapping (a) and area elemental
mapping (b) of a u-Si cage. High-resolution TEM image of the edge of a u-Si cage (c).*>°
The chemical composition and element distribution of the formed p-Si cage was checked using
EDS, as shown in Figure 3.2. As observed from the element linear scanning (Figure 3.2 a), a
series of strong Si peaks appear intermittently across the cage, indicating a hollow, tree-like
skeleton structure. However, the intensity of N and C, which are the main components of the PPy

polymer, are very low. It confirms the ultra-thin thickness of the PPy coating layer. Figure 3.2 b
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Figure 3.3 Morphology and chemical composition of the sample with different etching
processes. SEM images of pure AlSi alloy before (a) and after (b) direct acid etching. SEM
images of pu-Si cage before (c) and after (d) acid etching (Copyright © 2019, American
Chemical Society).?>®

shows the EDS element mapping of the obtained p-Si cage. First, the tree-like mapping of the Si
was observed, revealing the structure of the Si skeleton. While the spherical shape of the N and C
confirms the uniform coverage of PPy. At the same time, there are very small amounts of Al and
O are found on the surface of Al/SiO>, which is produced from the possible surface oxidation. A
single crystal structure with clear lattice fringes of a ~0.31 nm spacing corresponding to the Si

(111) plane are found on the HRTEM (Figure 3.2c). Additionally, the thickness of amorphous
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PPy layer was determined to be about 4-5 nm from the HRTEM image.

The morphology and chemical composition of the samples were further investigated using
scanning electron microscopy (SEM). The AlSi alloy precursor shows spherical shape with a size
of ~3 um and a smooth surface (Figure 3.3 a). A collapsed morphology with randomly ordered
silicon flakes was observed after removing the Al by direct acid etching (Figure 3.3 b). However,

after covered by the intermediate m-SiO, and PPy layer, the spherical shape of the alloy was
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Figure 3.4 SEM images and corresponding size distribution of the AlSi alloy (a, b) and p-
Si cage (c, d) (Copyright © 2019, American Chemical Society).>®

maintained while with a relatively rough surface, as displayed in Figure 3.3 c. A rougher surface

with more porous configurations was formed after selectively removing the Al and the m-SiO>
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layer (Figure 3.3 d), which is in agreement with the pore analysis from the BET results as shown
in Figure 3.8.

The particle size distribution of the original AlSi alloy and obtained p-Si cage were also analyzed
through SEM images, as shown in Figure 3.4. The particle size was measured based the

corresponding SEM images. And it can be found that the general size of the particle was still

remained after the polymer coating, compared with the original AlSi alloy particles.

3.2.2 XRD characterization

AlSi alloy
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Figure 3.5 XRD patterns of the p-Si cage (red), AlSi alloy

(black) and commercial Si (green) (Copyright © 2019,
American Chemical Society).'*

The phase information of the samples was further checked using X-ray diffraction (Figure 3.5). It

is seen that the AISi alloy precursor has two phases: large portion of Al and small portion of Si
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(black). After forming the p-Si cage, the relatively strong peaks of Si with the major crystalline
planes of (111), (220), (311), (400), (331) and (422) remain while the Al peaks disappear (red). A
very weak peak of Al,Os is also found due to the incomplete reaction in the etching step. More Al
residues can be found with less etching (6 hours) while the Si can also be removed if over-etched

(24 hours). In order to obtain a high purity of silicon skeleton, a moderate etching of 12 hours is

selected.
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Figure 3.6 TGA analysis of the u-Si cage (red) and pure PPy (black) under N2
(Copyright © 2019, American Chemical Society).t*

The specific capacity of the composite is closely related to the accurate Si content in the pu-Si cage
composite. Thermogravimetric analysis (TGA) of p-Si cage and pure PPy were applied with a

heating rate of 5 °C/min under N2 flow of 50 mL/min (Figure 3.6). It can be found that the Si ratio
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in the p-Si cage composite is as high as 78.3 wt% along with a small amount of PPy, ensuring the

high specific capacity of the composite.

3.2.4 BET analysis
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Figure 3.7 Nitrogen sorption-desorption isotherm (a) and the pore size distribution curve (b)

of u-Si cage. The inset of (a) is the comparison of surface area and pore volume between AlSi
alloy and p-Si cage (Copyright © 2019, American Chemical Society).*>®

The surface area and the pore structure were analyzed using the nitrogen-adsorption isotherm
(Figure 3.7). A remarkably lifted surface area of 202 m?/g with a pore volume of 0.33 cm®/g of
the pu-Si cage was received based on the Brunauer-Emmett-Teller (BET) calculation. In contrast,
the AlSi alloy only shows a very low surface area of 0.05 cm?/g and a pore volume of 0.0005 cm®/g.
The type IV isotherm of the pu-Si cage with a sharp capillary condensation at high relative pressure
and H1 hysteresis loop indicates the existing large amounts of channel-like mesopores. The pore
size distribution curve elucidates two major sizes: ~3.6 nm and 34.0 nm (Figure 3.7 b). The pores
centered at ~34.0 nm is originated from the large interval of the PPy layer and the space inside the
skeleton, which provide sufficient pathways for fast diffusion of Li ions through the electrolyte. It
should be noted the volume larger than 100 nm inside the cage was not calculated by the BET

measurement.
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3.2.5 Etching process analysis

Si2p N1s
C-NH,

L-Si cage

Intensity (a.u.)

AlSi alloy-etch

AlSi alloy-etch

AlSi alloy-etch|

i Sy

AlSi alloy
AlSi alloy

66 68 70 72 74 76 78 80 82 84 03 100 102 104 106 108 110302 306 400 404 408
Binding energy (eV)

L-Si cage

n AlO Al 2p S0 Si2p NH Nis
/:\y‘\ 0 sec
; 8
_\g 0 =zec 0 sec
S 60 se
120 sec
— /\&_
40 s
T T T T T T T T T T T T T T T T T T T T T T T
68 72 76 80 84 100 104 108 396 400 404 408
Binding energy (eV)
) Si-0/A1L0 O1s
cc C1s T
z CNH,
Z 0 sec
b
= 0 sec
60 sec
60 sec
120 zec 120 sec
240 sec AN 240 sec
T T T T T T T T T T T T T T
280 284 288 292 296 528 532 536 540 544

Binding energy (eV)
Figure 3.8 XPS analysis (a) of pure AlSi alloy (black), AlSi alloy after direct

etching (red) and u-Si cage (blue). (b) XPS depth profiling of the u-Si cage
before etching (Copyright © 2019, American Chemical Society).>®
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As shown from the XPS data, two strong peaks of Al 2p at 72.3 eV and 75.3 eV are derived from
the abundant Al and Al,Oz of the AlSi alloy (Figure 3.8 a, black). A weak hump peak of the alloy
after direct etching is found (red) while this peak becomes more negligible with PPy layer (blue),
indicating the most Al of the u-Si cage was successfully removed. Compared to Al 2p, the peaks
of Si 2p show an opposite evolution (Figure 3.8). The AlSi alloy exhibits a Si 2p peak at 99.4 eV
along with a shoulder peak at 103.9 eV those are related to Si and SiO», respectively (black). After

removing Al, both samples show a clear increase of the silicon peak at 99.4 eV (red and blue).
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AlSi alloy
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Figure 3.9 FTIR curves of pure AlSi alloy (black) and the pu-Si cage (red)
(Copyright © 2019, American Chemical Society).**®

However, the p-Si cage with PPy shows only the peak of silicon, which implies the covered
polymer layer suppressed the oxidation. The N 1s peak at 400.0 eV corresponding to -NHz bonding
in PPy is only found in the p-Si cage sample. The structure of the PPy layer on p-Si cage was
further confirmed using Fourier-transform infrared spectroscopy (FTIR) analysis (Figure 3.10).
The peak at 1580 cm™ is assigned to the C=C and C—C bonds in ring-stretching mode while the
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peak at 1413 cm™* corresponds to the C=C and C—N bonds in stretching mode. The bond vibration
at 1040 cm™ is related to the —C—H group in-plane deformation. The peaks at below 900 cm™ are
ascribed to C—H/N-H/C=C-C/C=C-N/C-N-C out-of-plane bending.'®® The characteristic

bipolaron bands at 1168 cm™ indicate that the PPy is in its doped state.'>’

In order to better understand the structure evolution during the synthesis, the AlSi alloy@PPy
before etching was also investigated (Figure 3.10). The high contrast Al, Si and O mappings show
the spherical morphology with certain oxides inside (Figure 3.10), which are similar to the AlSi
alloy precursor. The circle shapes of C and N present the formation of PPy layer outside (Figure
3.10) while the original alloy does not. The images in Figure 3.10 display a uniform, thin coverage

of PPy on the alloy. XPS depth measurements were carried out to study the chemical composition

Figure 3.10 Morphology and chemical composition of p-Si cage before etching. Elemental
mapping of the u-Si cage before etching (Copyright © 2019, American Chemical Society).1*
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of the pu-Si cage. As shown in Figure3.8 b, the intensity of the peaks of Al 2p and Si 2p gradually
increases while the intensity of peaks of C 1s, N 1s and O 1s decreases with longer ion etching
time, indicating the PPy layer is located outside the AlSi alloy. The peaks of Al 2p at 75.3 eV
(Al203) and Si 2p at 103.9 eV (SiOy) are decreased from the surface to center, indicating most

oxides exist outside the particles.
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3.3 Electrochemical performance
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Figure 3.11 Galvanostatic charge/discharge profile of p-Si cage with a loading of 3 mg/cm?2 at
1.0 C (a) (the first cycle is activation at 0.2 C with a coulombic efficiency of 78.17%). Cyclic
voltammetry of the battery with u-Si cage as anode at 2nd cycle with a scan rate of 0.05 mV/s
(b). Nyquist plots of pu-Si cage (red) and commercial Si (black) at 5th cycle at 0.2 C obtained
from EIS measurements (c) (Copyright © 2019, American Chemical Society).1*

The charge/discharge profiles of the battery under varying rates with the p-Si cage as anode and
Li metal as counter electrode display the typical charge potential at 0.32 V and discharge potential
at 0.08 V (Figure 3.11 a). The p-Si cage composites also show a Coulombic efficiency of 78.2%
in the first cycle. It is seen that the voltage platform increased significantly during the first 10
cycles. However, it only displayed slightly change in the following cycles, especially from 200th
cycle to 500th cycle, which indicates an improved cycling stability. The corresponding cyclic
voltammetry curve shows the negligible peak over 0.5 V, which indicates a less SEI layer
formation (Figure 3.11 b). The two broad delithiation peaks centered at 0.35 and 0.53 V during
charge process are attributed to the de-alloying of LixSi to Si, while the lithiation peaks around
0.02-0.2 V during discharge process are from the electrochemically-driven solid-state alloying

LixSi (in fully lithiated status, x = 4.4). The reduced charge transfer resistance with the pu-Si cage
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(~50 ohms) in contrast to the commercial silicon particles (~183 ohms) after 5 cycles from the EIS
result (Figure 3.11 c¢) implies the enhanced charge transfer kinetics through the mesoporous

membrane.
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Figure 3.12 Cycling performance of the battery with p-Si cage as anode with
loadings of 3 mg/cm? (a) and 4.4 mg/cm? (b) at various rates of 0.2, 0.5 and 1.0 C,
respectively. The specific capacity was calculated based on the pure silicon inside p-
Si cage. The black curve in (a) is the battery performance with commercial silicon as
anode. The Coulombic efficiency was calculated at 0.2 C (Copyright © 2019,
American Chemical Society).'*

The cycling performance of the batteries with different p-Si cage loadings at various rates was
investigated. As seen from Figure 3.12 a, the battery with 3 mg/cm? p-Si cage exhibits high
specific capacities of ~1980 mAh/g at 0.2 C (red), ~1700 mAh/g at 0.5 C (blue) and 1430 mAh/g
at 1.0 C (green) at the 20" cycle, respectively. High capacity retention of 1660, 1430 and 1149

mAh/g along with a high CE of 99.8 % was respectively achieved after 500 cycles. As a
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comparison, the battery with commercial silicon exhibits a fast capacity decay only after 100
cycles at 1.0 C (black). To reach a high energy density and fast charge/discharge of the battery, a
high active material loading and a high rate are required. The battery with a high loading of 4.4
mg/cm? displays initial charge capacities of ~1941 mAh/g at 0.2 C (pink), 1571 mAh/g at 0.5 C
(gray) and 1161 mAh/g at 1.0 C (yellow) (Figure 3.12 b). After 400 cycles, the capacities up to

1660, 1328 and 1073 mAh/g with a CE of 99.4 % are still retained, enabling an excellent cycling

capability.
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Figure 3.13 Areal capacity vs cycle number of the battery with the active material loading
of 3 mg/cm? (a) and 4.4 mg/cm? (b), respectively (Copyright © 2019, American Chemical
Society).!®
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Figure 3.15 Cycling performance of the battery with the p-Si cage as anode with a loading of 3
mg/cm?2 at 2.0 C. The specific capacity was calculated based on the pure silicon inside p-Si cage
(Copyright © 2019, American Chemical Society).!>®

The correlated areal capacities of as high as 4.3 mAh/cm? and 6.4 mAh/cm? after long cycles with
3 and 4.4 mg/cm? were obtained (Figure 3.13), which displays promising potential in making large
energy-density batteries. Meanwhile, the battery under the higher 2.0 C shows capacity retention

at 868 mAh/g after ultra-long 1500 cycles (Figure 3.14), indicating a largely improved rate

performance.
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Figure 3.14 Cycling performance of p-Si cage in a NMC 622/u-Si cage full cell at 0.2 C (the
loading of u-Si cage and NMC 622 are 0.6 mg/cm? and 11 mg/cm?, respectively) (Copyright ©
2019, American Chemical Society).'*

96



The full cell battery (total capacity: 1.06 mAh) paired with LiNigsMno2C00202 (NMC622) was
checked at 0.2 C (Figure 3.15). The battery with a negative/position (N/P) ratio of ~0.72 displays

a high charge/discharge capacity of ~900 mAh/g along with a CE of 98.5% after about 150 cycles.
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3.4 Characterization after cycling

Compared to pure nano-Si anode, the p-Si cage shows better capacity retention even with higher
mass loading/rate. This is mainly due to the large pore volume which allows volume change of
silicon during charge/discharge. Meanwhile, the micro-sized cage consists of interconnected
silicon particles, which is beneficial in fast ion transportation (Figure 3.16). If we do not consider
the volume mitigation due to the alloying process, according to the density of Al (2.7 g/cm?) and

Si (2.3 g/cm®) and the mass ratio, the Al occupies a 570% volume, which provides enough space

% 3
i 18

Figure 3.16 Low-mag (a) and high-mag (b) TEM images of the p-Si cage
(Copyright © 2019, American Chemical Society).**

to accommodate almost 300% volume change of Si during the cycling. Also, the volume
contributed from the space over 100 nm inside the cage (not measured by the BET) provides
additional accommaodation even with a reduced Al initial volume. The silicon skeleton has a strong
mechanical strength that maintains the tree-like framework even suffering drastic morphology
deformation. As seen from the morphology observation after cycling in Figure 3.17, the overall
framework of the p-Si cage was still remained after 20 cycles. The additional spaces also expand
the channel for electrolyte and improve the contact with active silicon, thus to enhance the charge

transfer kinetics on the solid-liquid interface.'>® In parallel, the mesoporous, conductive PPy layer
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Figure 3.17 Elemental mapping of the pu-Si cage after 20 cycle at 0.5 C. Cycling
performance of the battery using p-Si cage as anode with different loadings (Copyright ©
2019, American Chemical Society).'*

encapsulates the whole silicon skeleton to further avoid any loss while also serves as an efficiency
gateway for Li*/e” transport. Further, the minimum amount of PPy will not introduce additional
electrode volume and impurity, leading to an as-received density of ~950.2 mg/cm? (Figure 3.18).

As shown in Figure 3.19 and Table 3.1, about 5 times higher tapped density of the u-Si cage

Figure 3.18 Cross-section SEM image of p- Sl cage coatlng (the loading is
4.7 mg/cm? with an as-received density of 950.2 mg/cm?) (Copyright ©
2019, American Chemical Society).*>®
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sample than 30nm Si nanoparticles was achieved. In addition, the packing density of the u-Si cage
pellet up to 1.32 g/cm?® was obtained (Figure 3.19 b),**® which indicates promising potential in
making high energy-density batteries. The intermediate SiO> layer was created as a template to
introduce meso-pores for the PPy layer. Regarding to the Al residuals, we found most Al was
removed. We prepared the Al-Si composite with 20-70% Al residuals via insufficient etching. It
was found the battery capacity with ~70% Al residuals decreased to ~30% of initial capacity in a
few cycles even with a flat feature plateau of Al. Thus, in our experiments, the high capacity

retention implies the trace amount of Al is negligible in term of the electrochemical performance.

E
P=155 MPa

'g Thicknes§=0.150 cm

SiNPs (30nm) 0.3g p-Sicage 0.3g

Figure 3.19 (a) Volume comparison with 0.3g sample. (b) Produced pellet under
the pressure of 155 Mpa displays a density of 1.32 g/cm? (Copyright © 2019,
American Chemical Society).1*

Table 3-1 Tapped density comparison of u-Si and Si nanoparticles.

Samples Tapped density (g/cmB)
n-Si cage 0.59
Si nanoparticles (30nm) 0.12
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3.5 Conclusions

To summarize, we developed a scalable production of pu-Si cage that is composed of micro-sized
silicon and a protective PPy polymer layer. The sufficient space after removing Al from the
industry available AISi alloy precursor greatly accommodates the silicon expansion/shrinkage
upon charging/discharging, which results in an improved capacity retention upon long cycling.
Particularly the mesoporous structure, the strong skeleton base and better polymer conductivity
ensure fast Li*/e” transfer kinetics on the interface, leading to a high charge/discharge rate. A
battery with the silicon loading of as high as 4.4 mg/cm? was successfully obtained, which showed
a specific capacity over 1660 mAh/g and an areal capacity over 6.4 mAh/cm? after 400 cycles.
The improved battery performance with high silicon loadings opens an avenue in mass production

of high gravimetric and high volumetric energy-density batteries.

101



3.6 Methods/Experimental

3.6.1 Material synthesis

The p-Si cage sample was synthesized using commercial AlSi alloy micro-spheres (SkySpring
Nanomaterials, Inc.) as precursor via a modified sol-gel process.®% 1 |n a typical experiment, the
AISi particles were received by centrifugation after immersing into a 4 g/L polyvinylpyrrolidone
(PVP, Alfa Aesar) solution for 24 hours at room temperature. Subsequently the sample was
uniformly dispersed in a mixture solution of 0.1 g cetyltrimethylammonium bromide (CTAB,
Sigma-Aldrich), 30 mL deionized water (DI), 50 mL ethanol, and 0.5 mL ammonia solution (28-
30%, Sigma-Aldrich) under ultrasound agitation for 30 min. Then 500 uL tetraethoxysilane (TEQOS,
Sigma-Aldrich) was gradually added into the above solution upon magnetic stirring. After 5 hours
reaction, the sample was collected via 6000 rpm centrifugation and rinsed with ethanol for three

times.

The obtained AlSi alloy@m-SiO; intermediate product was dispersed in a mixture solution of 30
mL ethanol and 300 uL pyrrole. Then 1.5 M FeCls (MP Biomedicals, LLC) was added in a
dropwise way under nitrogen flow inside a 0 °C ice bath. After stirring for 24 hours, the sample
was recollected via centrifugation, washed in sequence with DI water and ethanol several times,
and finally dried in a vacuum oven. The dried sample was treated with 6 M hydrochloric acid
(VWR Analytical) for 12 hours. An additional hydrofluoric acid (2%, Sigma-Aldrich) treatment
for 2 hours was done to remove the SiO2 and Al/Al>O3 residues. The final p-Si cage sample was

received after the further rinsing and dry process.
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3.6.2 Electrochemical measurements

Battery fabrication: The stainless-steel coin cell (CR2032, Xingye Co., Ltd.) was assembled
inside an argon-filled glove box with the synthesized material as anode and lithium foil (1 mm
thickness) as counter electrode at room temperature. In all tests 1.0 M LiPFs dissolved in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1:1 volume ratio) with 5 wt% vinylene carbonate
(VC, Sigma-Aldrich) as electrolyte (LP47, BASF Corp.) and Celgard 2400 microporous
polyethylene film as separator were used. For the anode preparation, the electrode slurry was
fabricated by mixing 80 wt% active materials (u-Si cage), 10 wt% poly-vinylidene fluoride
(average Mn = 71 000, Sigma-Aldrich), and 10 wt% SuperP (Super C65, Timcal) in N-Methyl-2-
pyrrolidone (NMP, Honeywell) solvent. The as-received slurry was coated on Cu foil and then
dried at 80 °C overnight in a vacuum oven (Sheldon Manufacturing, Inc). After dry, the electrode
was pressed under 6—10 MPa by a benchtop hydraulic press (Northern Tool+ Equipment). The
dense electrode was then punched into the circle disc using a disc cutter (MSK-T-07, MTI Corp.).
For full cell batteries, the p-Si cage with 0.6 mg/cm? loading was used as anode material and
NMC622 with a loading of 11 mg/cm? was used as cathode material. The charge and discharge
rates were calculated based on the theoretical capacity of silicon. The Coulombic efficiency was
calculated as (Ccharge/Cdischarge) X 100%, where Caischarge @nd Ceharge are the capacities of the anode

for lithium insertion and extraction, respectively.

Electrochemical measurements: The electrochemical property of the coin cells was examined
by galvanostatic cycling. The sealed cells were rested for 24 h and were then charged/discharged
using a battery tester system (LANDT 2001CT, Landt Instruments, Inc.). All the coin cells were
subjected to an initial activation at 0.1 C for three cycles. The following cycling tests were operated

in a voltage window of 0.02-2.0 V under various rates from 0.2 to 2.0 C, respectively. The cyclic
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voltammetry and electrochemical impedance spectroscopy were measured using a Gamry
Reference 600+ potentiostate with a scan rate of 0.05 mV/s at room temperature. For the full cell
battery test, the u-Si cage electrode was prelithiated with Li metal to reach a capacity of about
1584 mAh/g at 0.1 C. Then the full cell was formed using the prelithiated p-Si cage as anode and

NMC622 as cathode. All the full cells were activated at 0.1C for a few cycles before cycling.

3.6.3 Sample characterizations

XRD pattern was obtained with a Bruker D8 Discover X-ray Diffractometer using Ni filtered Cu
Ka radiation. The applied current and voltage were 40 mA and 40 kV, respectively. SEM images
were collected on a Hitachi S4800 ultrahigh resolution field emission scanning electron
microscope (FESEM). Atomic resolution TEM images and EDS element mappings were operated
on a JEOL JEM-ARMZ200CF 200 kv STEM/TEM, which is affiliated with a probe aberration
corrected high-angle annular bright field/dark-field scanning transmission electron microscopy
(STEM) mode imaging. The EDS element mapping was checked under 200 kV accelerating
voltage with an image resolution of less than 0.08 nm and energy resolution of 0.35 eV. The surface
area and pore volume of the samples were calculated by the Brunauer-Emmett-Teller (BET)
method via the measurement of N2 sorption/desorption isotherms using a Micromiritics ASAP
2020 system at 77 K. Thermogravimetric analysis of the samples was done using a thermal
gravimetric analyzer (Shimadzu DTG-60AH) with a heating rate of 5 °C/min under N flow of 50
mL/min. XPS measurements were operated by Thermo Scientific ESCALAB 250Xi which is
equipped with an electron flood gun and a scanning ion gun. The spectra were collected using an
ultrahigh vacuum (UHV) apparatus with a base pressure below 1 x 1071° Pa. The sample was
irradiated using an Al Ka line (a photon energy of 1486.6 ¢V) of a non-monochromatic X-ray

source. The emitted electrons were detected using a hemispherical analyzer under an angle of 45°
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to the surface normal. All XPS spectra were fitted with Gaussian—Lorentzian functions and a
Shirley-type background and plotted as a function of the binding energy with respect to the Fermi
level. All the data were calibrated using the C 1s peak at 284.8 eV. Diffused FTIR was performed
on a Shimadzu IRTracer-100 FTIR spectrometer featured with the SN ratio of 0.25 cm™ resolution
and high-speed scanning capable of 20 spectra/s. The as-received sample density was calculated
upon the electrode made by 98 wt% active material and 2 wt% poly-vinylidene fluoride as binder.
The tapped density test was to demonstrate the density of Si-cage after coating on Cu foil, which
is proportional to the final battery volumetric energy density. The tapped density was measured
using an auto-tap density tester (Wincom Company, HY-100A) upon the ASTM 4781-03 standard.
The sample was first heated to 400 °C for 3h under argon. Then the sample was weighed and
carefully transferred into a 100 ml plastic cylinder. The volume was recorded before and after 1000
taps. The tapped volume of sample was calculated based on the ratio of mass and tapped volume.
The denser packing density of pellet sample was also measured*. During the test, the pellet was
produced by pressing 0.25 g pu-Si cage sample in a stainless-steel model with a diameter of 1.27
cm using hydraulic press (Carver, Model 3393) under the pressure of 155 MPa. After 1 min, the

pellet was removed from the model for density measurement.
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CHAPTER 4 Other Si-based Anode Materials

4.1 Introduction

Except nanostructured Si and micro-sized Si composite, Si alloy also provides another possibility
to create Si composite with improved electrochemical performance. For example, graphite,
graphene, porous carbon, and some other carbon-based materials are always the first choice as
loading material to form composite with Si due to their good conductivity and higher specific

surface area.

Recently, the 2D transition-metal carbides, MXene, are attracting great interest due to their
outstanding electrical, mechanical and electrochemical properties,'®? which displayed great
potential in the area of LIBs and catalysis. The good conductivity and high structure stability make
Ti3Co MXene a good candidate as loading matrix material to form composite with active material
with large volume change upon lithiation/delithiation, like Si,*®® Sn,*%4 S1% and so on. In our
previous study, a composite of amorphous GeOyx coated TisC> MXene (GeOx@MXene)
synthesized through a facile wet chemical method as anode for LIBs. The unique layered 3D

structure of TizC> can provide stable physical support for the Ge nanoparticles, efficiently shorten

= T e
NH3 H'» Ge02 NaBH4 >
Ttercalation ~Alkaline ~ " In-situ
solution reduction

Figure 4.1 Schematic illustration of the GeOx@MXene.16®

the Li* ions diffusion distance and accommodate the volume expansion during charge/discharge
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process. All these unique features contribute to the outstanding electrochemical performance of

the GeOx@MXene composite (Figure 4.2).160
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Figure 4.2 Cycling performance of the battery with GeOx@M2Xene as anode under (a) 0.5C
and a loading of GeOx of 1.0 mg/cm?, (b) 0.5 C and GeOx loadings of 2.0, 3.4 mg/cm?, and (c)
1.0 C, 5.0 C,10.0 C and 20.0 C (1.0 mg/cm?), respectively.1%

Inspired from the strategy of GeOx@M Xene, different composite materials were developed. It has
been proved that SiGe alloy can significantly improve the rate performance and cycling stability
of Si.*®” The improved electrochemical performance can be attributed to the improved structure
stability due to the enhanced yield strength.'®® However, specific structure design is also need to
accommodate the volume change upon lithiation/delithiation process. At the same time, the

conductivity needs further improvement.

Here, we propose to combine the advantages of MXene and SiGe alloy. In the formed composite,
MXene with autoadjustable layer space provides high structural stability, which can effectively
accommodate the volume change during cycling. The conductivity of the SiGe alloy can also be

improved after combining with MXene. The formation of SiGe alloy will increase the structural
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stability of the individual particles during cycling. All these features are beneficial to the enhanced

electrochemical stability.
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4.2 Design strategy and preparation

Shaking &
. . el
ultrasomcan@& Precursorm Reduction
- S S
Ti;C, Ti;C, solution Oxides@Ti;C, Active material @Ti;C,

Figure 4.3 Schematic illustration of the synthesis process of SiGe@MXene.

Figure 4.3 displays the schematic illustration of the composite of SiGe@MXene. Typically, TizC>
MXene was obtained from TisAlC2 MAX after HF etching. The space between MXene layers can
be further expanded through reaction with NH3z*H20. After shaking and sonication, MXene with
a few layers can be obtained. To form uniform coating on the surface, PVP was used pretreat the
surface of MXene in solution. The formation of SiGe alloy can be performed through reduction
the corresponding oxides. First, the MXene was coated with SiGe oxide though a reaction with
TEQOS and germanium ethoxide with appropriate ratio. After reaction at room temperature for 5 h,
the SiGe oxide@MXene composite was obtained through vacuum filtration and washing. The
collected powders were further dried at 80 °C for 12 h before the reduction process. The reduction
of the SiGe oxide was performed through a low temperature method, using AICIz and LiAIH4. This
reduction can happen at ~250 °C. The low temperature is expected to avoid the growth of SiGe

particles to aggregated particles, which will affect the electrochemical performance.

To compare the performance difference, Si@MXene and SiGe@RGO (reduced graphene oxide)

were also prepared using same method as SiGe@MXene.
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4.3 Characterization

4.3.1 Morphology characterization

PCvios e ep—
BSE MAG:13.0k< HV:15kV WD:16mm ) B.0Kx . HV: 15KV WD: 16 mm

5 13.0kx HV:15kV  WD: 16 mm J.0kx HV:15kV  WD: 16 mm

Figure 4.4 SEM image of SiGe@MXene with corresponding EDS
element mapping of Ge, Si, and Ti.

The morphology of the obtained SiGe@MXene was checked using SEM. The SEM image and
corresponding EDS element mapping of Ge, Si, and Ti are shown in Figure 4.4. It can be found
that the mapping of Ge and Si perfectly match the mapping of Ti, the main composition of TisC:
MXene, indicating that the uniform coating of SiGe alloy formed on the surface of MXene layers.
The uniform distribution of SiGe particles can be attributed to the presence of abundant functional
groups on the surface of MXene layer, such as -F, and -OH groups, which provide numerous sites
for the growth of the SiGe oxides.
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4.3.2 XRD characterization
The crystal structure of the obtained samples was confirmed using XRD, as shown in Figure 4.5.
After comparison with Si@MXene, the (111) and (311) peak of Ge were found on the XRD pattern

of SiGe@MXene, indicating the formation of SiGe alloy in the composite.

SiGe@MXene

e(111)

G
Si(112)
Si(220)
Si(311)

Ge(311)

Intensity (a.u.)
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Figure 4.5 XRD patterns of the SiGe@MXene and Si@MXene.
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4.4 Electrochemical performance

Specific capacity (mAh/g)

Figure 4.6 Specific discharge capacity evolution of Si@MXene and
SiGe@MXene at different rates from 0.1 to 2.0 C. The batteries were

The battery with the obtained SiGe@MXene and Si@MXene anodes were cycled at current
densities ranging from 0.1 C to 2.0 C (Figure 4.6) to characterize the rate performance. At
respective current densities 0of 0.1 C, 0.2 C,0.5C, 1.0 C, and 2.0 C, Si@MXene exhibits reversible
charge capacity of 1557.8, 1291.4, 1160.3, 972.2, and 883.5 mAh/g, respectively. After cycled at
each current density for 10 cycles, when the current density returned to 0.1 C, the Si@MXene
maintains the capacity of 1417.5 mAh/g, which is 91.0% of its initial capacity at 0.1 C. For
comparison, the SiGe@MXene shows charge capacity of 1436.6, 1282.5, 1206.9, 1111.7, and
1077.9 mAh/gat 0.1 C,0.2C, 0.5 C, 1.0 C, and 2.0 C, respectively. It can maintain the capacity
of 1402.0 mAh/g which is 97.6% of its initial capacity, when the current was changed back to 0.1

C. The observed excellent rate capability of the SiGe@MXene can be attributed to the improved
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cycled three times at 0.05 C for activation.

112

70



structural stability of SiGe on the surface of MXene and the intrinsic high electronic and ionic

conductivity of MXene.

The cycling performance was shown in Figure 4.7. Before cycling, the batteries were cycled five

2500 +—

170.05C
2000 4"
= e 0.5C
= 1%
:—a; 15001 ."'lun ««. @RO
g | @ — HITIIEES "“““"""Cuu«ucu«nuu«c«c
% L I
it 1000 5 SiGe(@MXene
= 1
3
& 500+

Loading: ~1.12-1.20 mg/cm?
0 - . - . : , .
0 20 40 60 80

Cycle number

Figure 4.7 Cycling performance of Si@MXene and SiGe@MXene at 0.5 C.

times at 0.05 C for activation. The SiGe@MXene delivered an initial capacity of 1217.3 mAh/g at
0.5 C, and capacity of 1176.0 after 70 cycle with capacity retention of 96.6%. For contrast, the
SiGe@RGO delivered an initial capacity of 1491.4 mAh/g and 1305.7 mAh/g after 70 cycles at
0.5 C. The capacity retention is calculated to be 87.5%. It can be found that RGO is beneficial to
improve the specific capacity of SiGe alloy, which can be attributed to the large specific surface
area. However, the cycling stability is not as expected. SiGe@MXene shows much better cycling
stability, which can maintain more than 96.6% of its initial capacity after 70 cycles, as a result of

the high structural stability of the 3d layered structure with auto adjustable layer space.'®®
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4.5 Conclusion

In this study, a rationally designed SiGe@MXene composite was synthesized through a low
temperature reduction method. The expanded TisC> MXene with autoadjustable layer space
provides sufficient space to accommodate the volume expansion of SiGe alloy particles during
cycling. At the same time, TisC> MXene also improves the conductivity and reduces the Li*
diffusion distance to ensure fast Li*/e” transfer kinetics and provide stable mechanical support to
the composite, which enhance both the rate and cycling performance. All these unique features
make the obtained composite with large active surface area, favorable electronic conductivity, fast
Li*/e transfer kinetics, flexible layer spacing, and excellent mechanical stability, exhibit
outstanding high-rate performance and cycling stability. Compared with RGO, the MXene also
displayed better cycling stability due to its stable 3d structure. Compared with other synthesis
method of Si-based composite, the low temperature reduction process avoids the aggregation of
the particles at high temperature, which is beneficial to the improvement of cycling stability.
Additionally, the facile synthesis method makes it a more promising candidate for high

performance anode with great potential to be scaled up.
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4.4 Experimental details

Synthesis of TisC2 MXene: TisC> MXene was synthesized through etching of TisAIC2 MAX (200
mesh, Forsman, China) by HF. Typically, 1 g of TisAIC, was slowly added into 10 ml Hydrofluoric
acid solution (48-52%, Sigma-Aldrich) in a Teflon container under magnetic stirring over 30 min.
After stirring for 1 h at room temperature, the container was moved to a water bath and kept stirring

at 60 °C. The reaction time was controlled to be 24 h. After centrifuging and washing using DI

water until the pH reach ~6, the TisC> sediment was collected via vacuum-assisted filtration using

a polyvinyl difluoride (PVDF) filter membrane with pore size of 0.22 um and dried in vacuum

oven at 80 °C for 24 h.

Synthesis of SiGe@MXene: Before the synthesis of SiGe oxide, the obtained TizC2 MXene was
intercalated with NHz*H2O. Firstly, certain amount of TizC, was dispersed in 10 ml ammonia
solution (20%, Acros Organics) and kept stirring for 3 h. After centrifuge, the sediment was
collected and redispersed in 50 ml DI water and sonicated for 10 h under the protection of Ar.
TEOS and germanium ethoxide with desired ratio were mixed together in ethanol. 0.01 g
polyvinylpyrolidine (PVP, G-biosciences) and MXene were dissolved in 100 ml of solution
containing ethanol and DI water with 800 pL of NH3*H20. The mixture of TEOS and germanium
ethoxide was slowly dropped into the 100 ml of solution containing ethanol and DI water under
stirring. After reaction at room temperature for 5 h, the samples were collected after centrifugation
and washing using ethanol and DI water. After drying, the obtained powders were mixed with
anhydrous AIClz and LiAIH4 in glovebox. Then the mixture was sealed in a stainless-steel reaction

and heated at 250 °C for 10 h. After reaction, the samples were immersed in 0.05 M of HCI solution
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under stirring to remove the residual. After washing with DI water and ethanol, the samples were

dried at 80 °C for 12 h under vacuum before making slurry.

Electrochemical measurement: To prepare the working electrodes, active material, conductive
carbon (SuperP) and PVDF with the ratio of 80:10:10 were mixed in N-methyl-2-pyrrolidone
(NMP) to form the slurry. After being coated on carbon coated Cu foil, the electrode was dried in

vacuum oven at 60 °C for 12h. Before being pouched into the circle disc using a disc cutter (MSK-

T-07, MTI Corp.), the electrode was pressed under 6-10 MPa using a benchtop hydraulic press
(Northern Tool+ Equipment). The stainless-steel coin cells (CR2032, Xingye Co., Ltd.) were
assembled at room temperature in an argon-filled glovebox using the obtained electrode,
polyethylene (Celgard 2400), and lithium foil (MTI Corp.) as working electrode, separator and
counter electrodes, respectively. The electrolyte used was 1 M LiPF6 in ethylene carbonate (EC)
and diethyl carbonate (DEC) (1:1 volume ratio) (LP47, BASF Corp.) with 10 % FEC and 2 %
vinylene carbonate (VVC) as additive. The assembled coin cells were tested by galvanostatic cycling
using a battery tester system (LANDT 2001CT, Landt Instruments, Inc.) after resting at room

temperature for 4 h.

Sample characterization: The morphologies and nanostructures of the SiGe@MXene composite
were characterized using Hitachi S4800 ultrahigh resolution field emission scanning electron

microscopy (FESEM) with EDS mapping.
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CHAPTER 5 Summary and outlooks

To build LIBs with improved energy density, Ni-rich NMC and Si-based composite are selected
as the electrode material. To improve the performance, the cathode and anode materials were
optimized, respectively.

For the Ni-rich cathode, modification on both primary and secondary particles were applied on
NMC811, where the concentration gradient on both primary and secondary particles was built
through incorporation of Ni-MOF during the coprecipitation process. On the level of the secondary
particles, the reduced Ni content in the out shell can enhance the stability during cycling when
contact with electrolyte. And the high Ni content in the bulk ensures the high specific capacity. On
the level of primary particles, the reduced Ni oxidation state leads to the formation of cation mixing
layer on the surface, which can significantly reduce the Li*/Ni?* cation mixing in the bulk during
calcination process, through blocking the Li diffusion pathway from the bulk to the surface. At the
same time, it can improve the cycling stability through inhibiting the generation of internal cracks
through resisting the internal strain and suppressing phase transition within primary particles
during cycling process. All these features make the prepared D-NMC811 deliver high thermal
stability, favorable specific capacity, and excellent cycling stability, showing high potential for
high-performance LIBs targeting broad application area. The building of gradient on both primary
and secondary particles also provides a promising design route for the optimization of Ni-rich

cathode materials.

For the anode part, two strategies were applied for the development of Si-based anode material.
The p-Si cage composed of micro-sized Si and a protective PPy polymer layer showed largely

improved electrochemical performance. Under the configuration of the u-Si cage, the skeleton
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structure under the protection of PPy can provide sufficient space to accommodate the volume
change upon Ithiation/delithiation. The presence of the mesoporous structure, the strong skeleton
base and better polymer conductivity ensure fast Li*/e" transfer kinetics on the interface, leading
to a high charge/discharge rate. The micro-sized Si with high tapped density is beneficial to reach
a high loading and high areal capacity, which is favorable during the practical application. The
improved battery performance with high silicon loadings opens an avenue in mass production of

high gravimetric and high volumetric energy-density batteries.

The developed SiGe@MXene anode also showed improved electrochemical performance
including rate and cycling stability. The MXene with autoadjustable layer space can effectively
accommodate the volume change of the Si-based particles. At the same time, TizC> MXene also
improves the conductivity and reduces the Li* diffusion distance to ensure fast Li*/e" transfer
kinetics and provide stable mechanical support to the composite, which enhance both the rate and
cycling performance. Through alloying, the structural stability of SiGe particles is increased.
Moreover, the low temperature reduction process avoids the aggregation of the particles at high
temperature, which is beneficial to the formation of uniform distribution and improvement of
cycling stability. Additionally, the facile synthesis method makes it a more promising candidate

for high performance anode with great potential to be scaled up.

Calculated based on the pouch cells made in our lab, the energy density is estimated to be improved
by 18-20% when the D-NMC811 is coupled with the u-Si cage, which shows great potential for

practical application.

However, this dissertation is only focused on the aspects of materials. There are still many other
factors affecting the design and improvement of LIBs. For example, one obstacle affecting the

application of Si-based anode material is the prelithiation technique.*®® Basically, the large active
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area of Si leads to not only the high specific capacity, but also the low initial CE, which
significantly affect the battery performance when coupled with cathode material. Fortunately,
thousands of researchers are spending their effort in this area to promote the development of LIBs.

We do believe that the LIBs are getting cheaper, stronger, and safer!
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