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ABSTRACT

The increasing demands on high energy density and long cycling life in electronics and
energy storage systems require lithium-ion batteries (L1Bs) with higher capacity anodes to
replace the present commercial anode, graphite, which has a limited capacity of only 372
mAh g?. Silicon-based materials (silicon and silicon suboxides) are among the most
attractive alternative because of their high theoretical capacity but can hardly reach
commercialization due to numerous technical and engineering barriers. The effort in this
dissertation focuses on improving the electrochemical performance of SiO and Si anode
materials, trying to pave a way to a greener and cleaner energy industry. A total of 5

projects (from Chapter II to ChapterVI) are included in this dissertation as follows.

The first chapter introduces the background and challenges in the development of anode
materials for LIBs, followed by the motivation of my work in the years of pursuing the

Ph.D. degree.

In Chapter II, low-cost coal-derived humic acid (HA) is used as a feedstock to synthesize
in situ graphene-coated disproportionated SiO (D-SiO@G) anode with a facile method.
HR-TEM and XRD confirm the well-coated graphene layers on a SiO surface. Scanning
transmission X-ray microscopy and X-ray absorption near-edge structure spectra analyses
indicate that the graphene coating effectively hinders the side-reactions between the
electrolyte and SiO particles. As a result, the D-SIO@G anode presents an initial discharge

capacity of 1937.6 mAh g *at 0.1 A g * and an initial coulombic efficiency of 78.2%. High

XiX



reversible capacity (1023 mAh gt at 2.0 A g %), excellent cycling performance (72.4%
capacity retention after 500 cycles at 2.0 A g %), and ratecapability (774 mAh gt at5 A
g %) results are substantial. Full coin cells assembled with LiFePO, electrodes and D-
SIO@G electrodes display impressive rate performance. These results indicate promising
potential for practical use in high-performance lithium-ion batteries. In addition, the effect
of particle size and carbon content on the electrochemical performance of the SIO@G

anode is also analyzed.

In Chapter III, the microstructure and composition evolution in amorphous SiO and
graphene-coated SiO is investigated using different heat-treatment conditions. X-ray
absorption near-edge structure techniques are also employed to analyze the surface and
bulk composition change during the initial lithiation process, supplemented by physical or
chemical characterization and electrochemical testing. The results reveal the structural
transition of SiO during heat treatment, from amorphous to disproportionated hierarchical
structure, where the as-formed dielectric exterior SiO2 shell and interior SiO> matrix
severely polarize electrodes, hindering the lithiation process. Carbon coating on SiO
effectively restricts the growth of the SiO- shell and facilitates charge transfer, leading to
improved electrochemical performance. A schematic model is proposed to reveal the
relationship between the treatments, the resultant structural evolutions, and corresponding

electrochemical behaviors.

Chapter 1V depicts the work of using lignite-derived coal tar pitch to develop high-
performance SiO/C/Gr anode composites. Two synthesis routes using high softening point
pitch and low softening point pitch with SiO anode are discussed separately. Benefiting

from the LS-CTP coating, the SiO/G/C composite shows a long cycle life with 84.5%

XX



capacity retention after 500 cycles. The SiO/C composite synthesized by HS-CTP also
shows a high reversible capacity (~1000 mAh g* at 2.0 A g'*) with a considerable cycle

life (85% capacity retention after 200 cycles).

In Chapter V, SiO2 nanoparticles (hano-SiO) and low-cost coal-derived HA are used as
feedstock, by magnesiothermic reduction and spray drying, to synthesize micrometer-sized
porous Si coated with graphitized carbon shell (mpSi@C). Our Si-C anodes feature
micrometer-sized porous Si coated with a graphitized carbon shell. The hierarchical
graphitized carbon shell and porous silicon structure relieve the mechanical stress of the Si
phase upon cycling, which stabilizes the structure. This mpSi@C composite design allows
for a high initial discharge capacity of 2199.9 mAh g* at 0.1 A g* and a cycling
performance of 68% capacity retention after 100 cycles at 1.0 A g™. The multipoint contact
between the Si anode and C structure allows for a remarkable performance rate of 566.3

mAhgtat5.0 Agl

In Chapter VI, coal fly ash is used to replace SiO. nanoparticles as a low-cost feedstock
and structure template to in-situ synthesize hierarchical hollow porous Si@C composites.
The hollow and porous structure allows the Si anode to expand and contract freely during
lithiation and delithiation. The in-situ synthesized tough carbon coating acts as an effective
electrolyte barrier and structure sustainer to keep the electrochemical performance
composites from decaying during long-time cycling. As a result of this hierarchical design,
the synthesized HP Si@C composite presents an initial discharge capacity of 2502.3 mAh
gl at 0.05 A g and initial coulombic efficiency (ICE) of 81.7%. Besides, the multipoint
contact between the Si anode and C shell leads to excellent rate performance even with

high mass loads.

XXi



CHAPTER I
RESEARCH INTRODUCTION

1.1. Background — Anode Materials for Lithium-lon Batteries

Lithium-ion (Li-ion) batteries (LIBs) are a type of rechargeable battery comprised of
cathode electrodes, anode electrodes, separators, and electrolytes, where Li-ions exist as
the energy transmission medium.2 Compared with traditional batteries, such as Lead-acid
batteries, LIBs possess much higher energy density, longer cycle life, and lower self-
discharge.®* Since its invention in 1991 by the Sony company, LIBs have been attracting
intensive studies to improve their electrochemical performance.® The energy of a battery
can be primarily calculated by its output voltage and specific capacity (Equation 1), which

is determined by its cathode and anode materials:
E=[AUXIdt =Q X AU Equation 1

Cathode materials have experienced a wide development (Table 1.1), with a steady
increase in practical capacity from 145 mAh g* of LiCoO2, 165 mAh g* of LiFePQ,, 170
mAh g of NMC111, and 200 mAh g of NMC811.5" Less dramatic improvements have
been achieved in the anode part, where graphite has been dominating for more than 30
years with a limited capacity of 372 mAh g, which can hardly meet the urgent demand
for high energy density batteries. Up to now, many higher Li storage anode materials based

on alloying, such as Si (4200 mAh g?), Sn (960 mAh g?), P (2596 mAh g), Ge (1600



mAh g?), as well as transition metal oxides based on conversion have been discovered.®

However, none of them have reached mass commercialization.

Table 1. 1. Characteristics of representative cathode compound.

; Commercial Average voltage Level of
Materials capacity g g
V) Development
(mAh g?)
LiCoO2 145 3.8 Commercialized
LiMn204 120 4.1 Commercialized
LiFePOq 165 3.4 Commercialized
NMC111 170 3.7 Commercialized
(LiNio.33Mno.33C00.33)
NMC811 200 3.8 Commercialized
(LiNio.sC00.1Mno.1)
1.2. Silicon Anode Materials
Table 1. 2. Properties of anode materials.
_ Average Commercial Volume
Materials Voltage capacity Cyclability
Change
V) (mAh g*)
Graphite 0.1 370 10% Excellent
Si 0.3 4200 300% Terrible
e 0.3 2400 100% Good

Silicon (Si) anodes are among the most attractive alternative mainly because of their high

theoretical capacity,® wide availability, and low delithiation potential. It is consensus that



the alloy reaction can achieve much more capacity compared with the intercalation
reaction. Graphite’s capacity is from its intercalation reaction with Li, forming the
compound LiCe. In contrast (Table 1.2), Si can react with Li to form LixSis alloy,
delivering a much higher theoretical capacity of 4200 mAh g*.° However, the huge
capacity of Si is paid for by its drastic volume change during lithiation and delithiation
(approximately 400%, V/Vo), which pulverizes Si particles and subsequently makes them
lose electrical contact with current collectors.*!! Moreover, the side reaction between Si
and electrolytes forms the solid-electrolyte interphase (SEI), which is vulnerable in the
following cycling and keeps consuming the electrolyte, resulting in a thick SEI and
deteriorated Li* transport. All these problems combined lead to low cycling efficiency and

rapid capacity loss.
So far, plenty of approaches have been proposed to address the above problems:

1) Nano-sized silicon. Si nanolization is widely considered to be one of the most effective
solutions as Si with a nanometer-sized diameter (D < 150 nm) had been demonstrated
to survive cycling without pulverization'>®, Nano-Si also decreases the diffusion
length for lithium ions, leading to excellent rate capability’*1¢. Based on this, numerous
types of nanowires,!” nanotubes,'8'° and nanospheres® have been synthesized and
demonstrated to have improved performance. Nevertheless, these nano-Si structures
are accompanied by enlarged surface areas, which enhances the side reactions between
Si and electrolytes. Moreover, the synthesis of nano-Si requests complicated and strict
processes, making nano-Si very expensive and less practical for mass production.?

2) Porous silicon. Compared to nano-silicon, porous silicon, which is taken as clusters of

a great quantity of nano-Si particles and voids, has some unique advantages: smaller



3)

surface area, much lower viscosity, and better thermodynamic stability.'! 22 The voids
in the porous structure accommodate silicon expansion and contraction freely during
the lithiation/delithiation process.t 232 These merits attract a large amount of interest
in exploring the synthetic processes of porous silicon anodes for L1Bs.?>2¢ Among them,
the magnesiothermic reduction (MR reaction) of SiO. is considered a promising
method to synthesize porous silicon for its much lower reaction temperatures than
conventional silicon productions and controllable porosity.?=! Nanosized-porous and
microsized-porous Si structures synthesized by MR reaction have been reported to have
considerable cycling performance.??> 3 However, one defect of the nano-porous
structure is its severe consumption of the electrolyte due to the large surface area,
leading to a low ICE. Microsized porous Si has a higher ICE as a result of a smaller
surface area, however, its mechanical strength is also limited due to its much larger size
than that of nano-porous Si, making it easier to fracture during cycling.*?

Electrolyte additives. The huge volume change of Si during cycling breaks the SEI film
repeatedly and causes the continuous formation of the SEI films. Apart from the
structural designs, electrolyte design is focused on restricting the SEI growth during
cycling and forming stable and robust SEI films. Some effective electrolyte additives,
such as VC (Vinylene carbonate) and FEC (Fluoroethylene carbonate),®® have been
developed by the mechanism of reductive reactions to protect electrolyte solvents from
decomposition, resulting in better cycle life. These findings are inspiring but still not
good enough to make Si anode practical. New additives with higher reductive potential,
high chemical compatibility, and good film-forming characteristics are urgently needed

to further improve the stability of the interface between electrolytes and Si anodes.*



4) Binders. The repeated volume expansion and shrinkage of Si not only pulverize Si itself
but also result in the delamination of Si from the current collector. The delaminated Si
particles are electrically isolated from the battery circuit and lead to huge capacity loss.
Well-designed binders with the properties of high elasticity,® mechanically robust,
and self-healing®” have been developed and show a promising future in the LIB industry.
Although the binders alone cannot solve Si’s problems, high-performance binders can
significantly alleviate the side effects of pulverization and simplify the complicated and

costly synthesis process.®

1.3. SiO Anode Materials

Silicon monoxide (SiO) possesses a compromised theoretical capacity of ~ 2400 mAh g
139 with a much smaller volume expansion (~ 200%), making it more practical for LIBs
when compared to Si alone;**! however, due to the uncommon valence state of silicon,
an accurate structural model of the SiO materials remains controversial after decades of
experimental and theoretical efforts.*> Two structural models, the random-mixture (RM)
and random-bonding (RB) were proposed to address SiO’s composition and valence
distribution.** The RM model posits that SiO exists as a stoichiometric mixture of
amorphous SiO, and amorphous Si,* while the RB model posits that silicon exists with
the valence of 0 to +4 randomly connecting the oxygen atoms.*® A recent study indicates
that Si nanoclusters (Si®) are surrounded by an amorphous SiO2 matrix (Si**). Some silicon
exists with valences of +1, +2, and +3 in their interfacial regions.*® SiO’s unique
composition and structure allow it to deliver better cycling performance than Si anodes.
The reason for that is the amorphous SiO, matrix reacts with Li-ions (Equation 2) in the

initial lithiation process (Figure 1.1), forming irreversible Li>O and L.i silicates. Both can



act as a buffer phase that effectively alleviates the significant volume change of the Si

nanoclusters.*’

Si0 + Li - Li,Si,, + Li,0 + Li Silicates Equation 2
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Figure 1. 1. Schematic illustration of the initial lithiation of SiO anode materials.

On the other hand, the irreversible reactions in the initial lithiation process also lead to a
low initial coulombic efficiency (ICE).***° Some other barriers include the intrinsic
inferior electrical conductivity, the electrical isolation effect caused by volume changes
during cycling,! and considerable side reactions with electrolytes.>?>3 These issues on
SiO are not as severe as on Si anode and they have similar solutions, but still prevent the

mass commercialization of SiO in LIBs.>*

1.4. Graphene Coating

Apart from the aforementioned approaches to surmount the barriers on the way to the
commercialization of Si and SiO anodes, some effective methods, including conductive
coating,> structural design,®*® and chemical etching,>*® have been performed.
Graphene coating is taken as one of the most effective ways to improve the electrochemical
performance of Si-based (Si and SiO) anode materials. This coating can significantly

increase electronic conductivity and prevent the reactions between Si and electrolytes.1-62
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A multilayered graphene shell with excellent resilience and much higher conductivity can
effectively accommodate the volume expansion of Si via a sliding process between
adjacent layers without breaking the graphene shell.%*-® Two approaches are frequently
used to prepare Si and graphene composites: externally mixing Si with graphene, or
reduced graphene oxide (rGO), and in-situ synthesis of graphene on the surface of the Si-
based anode particles. The method of mixing Si with graphene has been extensively
reported in other peer-reviewed journal articles. Xu et al.®” used conductive rGO bubble
films to capture SiOx nanoparticles by electrostatic interaction. The synthesized SiOx@G
delivered excellent cycling performance, up to an 80% capacity retention after 1,000
cycles; however, rGO is generally produced under the harsh conditions of Hummers’
method, which brings severe environmental issues. the complicated synthetic process of
rGO is also accompanied by a significant increase in production cost, which limits its mass
application in LIBs. Moreover, graphene sheets used as the coating material mostly possess
a size of tens micrometers with very few functional groups, which limits its multi-contact
with Si-based anode particles.®® The poor contact offset the graphene’s excellent
conductivity. To make things worse, the large size of the graphene sheet severely blocks
Li-ion from transporting, resulting in limited improvement in electrochemical
performance.®® Instead, in-situ synthesis of graphene on the surface of active material
particles is expected to solve these issues and make graphene coating practical. Li et al.”
synthesized in-situ graphene cages by catalyzing Ni to encapsulate Si microparticles, as
one example. This process resulted in the graphene cage allowing the Si microparticles to
expand while retaining electrical connectivity, showing a stable cyclability of 90%

retention after 100 cycles. However, the existing reports of in-situ graphene synthesis



usually involve metallic catalysts, the complete removal of which is a significant challenge.
Chemical vapor deposition (CVD) and other plasma-assistant methods can produce high-
quality graphene, but those technologies remain costly due to the limit of production

capacity.55°56: 64

1.5. Research Hypothesis and Significance

Coal is an abundant and low-cost sedimentary rock composed predominantly of carbon
that has been demonstrated to be a promising material for a variety of applications.”*"2 It
is formed from buried plant matter by coalification, during which buried plant matter
changes from cellulose, which consists of glucose (Figure 1.2), through peat, lignite, and
bituminous coal to anthracite.”® Under extreme conditions, anthracite can change to
graphite. In these changes, high temperature and pressure remove functional groups
(mostly H and O) and aggregate C into benzene rings. The removal of H and O elements
is accompanied by a decrease in solubility. When the coalification process comes to the
anthracite, the benzene rings bond together tightly, just as graphite, making it insoluble and

difficult to break into graphene.

Glucose Peat Lignite Bituminous Anthracite

High Calorific, Fixed Carbon

Moisture, Volatiles, Oxygen

Figure 1. 2. Schematic of formula changes in the coalification process.



Because of this, low-rank coal, such as lignite, shows its unique value. Unlike graphite, a
key characteristic of low-rank coal — in particular, lignite — is its loose intermolecular
bonding that is significantly different from the strong intermolecular bonding (Van der
Waals forces) within the layer-by-layer structure of graphite. The loose bonding implies
the feasibility to produce graphene-like materials with quality comparable to commercial
graphene in a facile condition. Moreover, the combustion of coal for energy production
also brings plenty of coal byproducts, such as fly ash, gypsum, and slag.”* Some of these
byproducts have been used in the synthesis of soil amelioration agents and catalyst supports
due to their unique structure and properties, which fit LIB material research very well.”>"®
With these potential benefits, coal and its derivatives show promising potential in the

synthesis of high-performance anode materials at a considerably low cost.

The essential mission of the Institute for Energy Studies (IES) is to facilitate the
advancement of energy technologies that are economically competitive, reliable,
sustainable, and politically and environmentally acceptable. In recognition of North
Dakota's vast energy resources — lignite coal, biomass, and other renewables, | have
devoted myself to improving energy density and efficiency in renewable energy systems,
aiming to play a positive role in the clean, efficient, and sustainable development of these

precious resources.



CHAPTER II

SYNTHESIS OF GRAPHENE-COATED SILICON MONOXIDE ANODES FROM
COAL-DERIVED HUMIC ACID FOR HIGH-PERFORMANCE LITHIUM-ION
BATTERIES

Statement: This chapter is based in part on the previously published article listed below:
Xu, S.; Zhou, J.; Wang, J.; Pathiranage, S.; Oncel, N.; Robert llango, P.; Zhang, X.; Mann,
M.; Hou, X., In Situ Synthesis of Graphene-Coated Silicon Monoxide Anodes from Coal-
Derived Humic Acid for High-Performance Lithium-lon Batteries. Adv. Funct. Mater.
2021, 31 (32), 2101645.

2.1. Introduction

When used as the commercial anode material for LIBs, graphite has a limited capacity of
372 mAh g1, which does not meet the demand for high energy density applications. Silicon
monoxide (SiO) is taken as a promising candidate due to its much higher theoretical
capacity of ~ 2400 mAh g* and tolerable cycling performance.*® 7 SiO can be synthesized
by the vapor deposition reaction between Si and SiO> at high temperatures and can be
modeled as a mixture of amorphous silicon and silica at the nanoscale.*®: ® The Si-O bond
(452 kJ/mol) is two times stronger than a Si-Si bond (223 kJ/mol), which creates a much
smaller volume change (200%) during lithiation and delithiation.*® 7" ® The as-formed
Li.O and Li silicates during the initial lithiation of SiO act as a buffer to alleviate the
expansion and shrinkage of Si clusters, resulting in improved cycling stability.*® 8-81

Nevertheless, the intrinsic poor electronic conductivity and low initial coulombic
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efficiency of SiO leads to poor rate performance and increased capacity decay, hindering

its substantial application in LIBs.*": 8

Graphene coating is taken as one of the most effective ways to improve the electrochemical
performance of SiO anode materials. This coating can significantly increase electronic
conductivity and prevent the reactions between SiO and the electrolyte.52-52 A multilayered
graphene shell with excellent resilience and much higher conductivity can effectively
accommodate the volume expansion of SiO via a sliding process between adjacent layers
without breaking the graphene shell.®3% However, most graphene coating approaches
either involve complicated synthetic processes or high costs with hazardous environmental
impacts.>® An approach that synthesizes graphene in-situ from low-cost feedstock that can
be directly adopted to existing industrial processes for LIB electrode material production,

therefore, is highly desired.

Coal is an abundant, cheap resource and has recently been used to prepare nanosized
graphene.’? 82 In these researches, harsh conditions similar to the Hummers’ method have
been used to create graphene from various types of coal. This method neglects an essential
characteristic of coal, particularly low-rank coal such as lignite: loose intermolecular
bonding significantly different from the strong intermolecular bonding, or VVan der Waals
forces, within the layer-by-layer structure of graphite. In low-rank coal, humic acid (HA)
is the primary organic matter and one of the most abundant natural carbon resources.
Chemically, HA is not a single molecule but a complex mixture of thousands of organic
compounds with a wide range of molecular weights, from several hundred to millions.®
Given the complexity of HA, the exact chemical structure is unclear; however, the basic

structure of HA is polyaromatic rings, where two-thirds of the carbon atoms are sp? bonded,
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with a variety of substitutional groups such as the predominantly carboxyl groups and
hydroxyl groups.®* Recent research indicates that HA can be converted into graphene-like
materials with a quality comparable to rG0O.85-% These approaches require expensive
catalyst systems and harsh reaction conditions in a Parr reactor at high temperature and
pressure and are not adoptable for use in existing industrial processes for LIB electrode

material production.

Herein, we have developed a facile and low-cost route to synthesize an in-situ graphene-
coated SiO anode using coal-derived HA as the carbon source (Fig. 1a). The abundant
functional groups of HA make it highly soluble in alkali agueous solutions. This property
makes it much more effective to coat SiO particles with HA than using graphene or
graphene oxide. HA was evenly coated on the surface of amorphous SiO (P-SIO@HA) in
our experiments. The heat treatment performed afterward produced disproportionated SiO
while converting HA into graphene coating in situ. Physical and chemical characterization

and electrochemical testing were performed to confirm the effectiveness of the design.

2.2. Methods

2.2.1. Synthesis of D-SIO@G: 2.0 g of pristine silicon monoxide (P-SiO) powder (3 — 7
pm, Sigma Aldrich) and 0.5 g of HA, extracted and purified from North Dakota lignite,
were mixed in 25 mL of DI water. 2.0 mL of ammonium (28% — 30%, LabChem, USA)
was added dropwise into the mixture to completely dissolve the HA. This mixture was
stirred for 1 h at room temperature, then elevated to 80 °C with continuous stirring to
evaporate solvents and precipitate HA on the surface of the SiO particles. The obtained P-
SiO@HA precursor was completely ground and sintered at 300 °C for 2 h and subsequently

at 1000 °C for 8 h in a high-purity Ar atmosphere. A disproportionated SiO coated with
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graphene (D-SIO@G) composite was obtained when the mixture was cooled to room
temperature.

2.2.2. Materials Characterization: X-ray powder diffraction (XRD) was performed on
an X-ray diffractometer (Smartlab, Rigaku) operated at 40 kV and 44 mA using Cu Ka
radiation at a scan rate of 4°/min from 10° —80°. The D-SiO@G particle cross-section was
made by polishing the powder sample embedded in an epoxy resin on a LaboPol-21
polisher to investigate its internal structure. The particle morphology and element
composition were analyzed with a field-emission scanning electron microscope (FEI
Quanta 650 FEG SEM) equipped with an energy dispersive X-ray (EDX) spectrometer and
field-emission transmission electron microscopy (FE-TEM, JEM-2100F, JEOL, 200 kV).
The Raman spectra were collected with a Raman microscope (HORIBA LabRAM HR
Evolution, 532 nm, 1800 grating). TEM images were analyzed with Digital Micrograph
software to calculate the interplanar spacing of the crystal lattices. The element valence
and bonding configuration on the sample’s surface was analyzed with X-ray photoelectron
spectroscopy (Al Ka, 1486.6 eV, PHI-5400). The carbon content of the D-SIO@G was
analyzed with a carbon analyzer (TOC-V, SHIMADZU) with an SSM 5000A module for
the solid samples. Thermogravimetric analysis (TGA) was conducted on a TA instrument,
SDT Q600, from room temperature to 800 °C at 5 °C min in an Ar atmosphere.

Scanning transmission X-ray microscopy (STXM) and X-ray absorption near-edge
structure (XANES) spectroscopy were conducted at the SM beamline of the Canadian
Light Source. Coin cells with target electrodes after completing 50 cycles were
disassembled in a glove box. The coating powder was scraped off of the cycled target

electrodes, dispersed in acetonitrile by brief sonication, and deposited on holey TEM grids
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after complete drying under a vacuum. All samples were sealed in argon-filled aluminum
composite bags and transferred to the vacuum chamber (10° Torr base pressure) of the
beamline’s end station without air exposure. A Fresnel zone plate focused the
monochromatic X-ray beam to a 30 nm spot on the sample during testing, and the sample
was raster-scanned at the selected sample region with a synchronized detection of
transmitted X-rays. This method generated image stacks over a range of photon energy
across Si K-edge, C K-edge, and O K-edge at specific sample regions. The acquired STXM
data were analyzed by a Xis2000.87-%

2.2.3. Electrochemical Measurements: The electrode slurry was prepared by mixing the
active material, conductive agent (acetylene black), and binders CMC (Carboxymethyl
Cellulose, average weight of 450K, MTI, USA) and SBR (Styrene-Butadiene Rubber,
MTI, USA) at a mass ratio of 60:20:8:12 in DI water. This slurry was then coated onto
copper foil and dried in a vacuum oven at 100 °C overnight. CR2032 coin-type cells were
assembled in an Ar-filled glovebox with the active materials as the working electrode,
lithium foil as the counter electrode, a Celgard 2400 membrane as the separator, and 1.2 M
LiPFs in EC/DMC/EMC (1/1/1 in wt%) with 10 wt% FEC as the electrolyte. The cells
were tested with galvanostatic charge-discharge between 0.001 V and 2.0 V (vs. Li/Li")
using a Neware Battery Testing System (CT-4008, Neware Technology Limited,
Shenzhen. China). The current densities and specific capacities were calculated based on
the mass of active materials in the working electrode. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) was performed on a Gamry Series G 750
electrochemical workstation (Gamry Instruments, Warminster, USA). CV measurements

were conducted within the voltage range of 0.01-2.5V at 0.1 mV S, EIS measurements
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were completed at an AC voltage amplitude of 10 mV and a frequency from 300 kHz to
0.01 Hz. Full cells were fabricated using the D-SiO@G electrodes and LFP electrodes with
an N/P ratio of 1.15. The D-SiO@G anode for full cells was prelithiated in half cells for

20% of its hypothetical capacity in advance.

2.3. Results and Discussion

_____________________________________________________________________________

/ 'Craphen; N

4

- - - - -

/
s’

____________________________________________________________________________

e Carbon
© Oxygen
« Hydrogen

____________

Figure 2. 1. (a) Schematic of the synthetic process of D-SIO@G anode materials. (b)
Humic acid (HA) and its typical molecular model. SEM images of (c) Pristine SiO (P-SiO).

Figure 2.1a illustrates the synthesis schematic of the D-SiO@G anode material. The HA
used in this work is a dark brown powder (Figure 2.1b), with a typical molecular structure
that contains several carboxyl and hydroxyl groups surrounding a graphene-like core.
The pristine SiO powder used has a narrow particle size distribution from 3 — 7 um (Figure
2.1c). While mixing, the added NHs-H>O solution provides an alkaline environment to
react with the carboxyl groups of HA, forming a soluble ammonium humate salt. The Zeta

potential measurement (Figure 2.2a) indicates that both P-SiO and HA are negatively
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charged in the alkaline environment (pH = 10). As a result, the NH4" cations in the
suspension of SiO and HA mixture act as electropositive protonated media to connect SiO
particles with HA molecules by electrostatic interactions (Figure 2.2b),%” which drives the
deposit of HA coating on the surface of the SiO particles in the evaporation process. After
the evaporation of the solvents, a noticeable HA coating was found on the surface of the

SiO particles from the SEM image (Figure 2.2c).

~
1~
-’

Humic acid
—SiO

Intensity (a.u.)

-100 -50 0 50
Zeta potential (mV)

Figure 2. 2. (a) Zeta potential of the HA and SiO suspensions in the alkaline environment
(pH = 10). (b) Schematic of NH4" cations connecting HA molecules with a P-SiO particle
by electrostatic interactions. (¢) SEM image of the P-SIO@HA precursor after the stir-
evaporation process (c). (d) SEM image of the D-SiO@G composite.

D-SiO@G displays morphology similar to P-SiO (Figure 2.2d) after heat treatment except
for a few carbon lumps that originated from a small amount of excessive HA, indicating a
thin and even coating. The D-SiIO@G particles were etched with 5% HF solution for 45

min to confirm these findings. The etching occurs on the D-SiO particles, as indicated in

16



Figure 2.3a, leaving residual D-SiO cores encapsulated by thin graphene shells, which are
nearly identical in shape to the unetched D-SiO@G particles. This thin shell preserves its
original shape during etching, which implies it is mechanically robust and should prevent
the D-SiO particle from fracture during cycling.®® D-SiO@G is an agglomerate-free
powder in contrast to anodes coated by prevalently used carbon sources in the industry
such as pitch, in which breaking down the agglomerate after calcination is mandatory. This
synthesis procedure is facile and straightforward compared with other in-situ graphene

coatings with no toxic reagents, expensive catalysts, or harsh conditions involved.> 66 70
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Figure 2. 3. SEM images of (a) HF-etched D-SiO@G particles. Insert shows the
backscattered electrons (BSE) image. (b) Raman spectra of P-SiO and D-SiO@G. (c) TGA
curves of the HA and SIO@HA precursors at the ramp of 5 °C min under an Ar
atmosphere. (d) XRD patterns of Pristine SiO, Disproportionated SiO (D-SiO), and D-
SIO@G samples.

The nature of this coating was further studied by Raman spectroscopy. The pronounced G-
band (1585 cm™) in Figure 2.3b demonstrates the highly graphitic nature of the in-situ
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synthesized graphene shell. The significant D-band (1350 cm™) indicates many defects,
which facilitate Li-ion transport through the shell. Also, the intensive silicon bands in D-
SIO@G compared to P-SiO confirm the formation of the Si phase by disproportionation
reaction. TGA (Figure 2.3c) was used to investigate the weight change of pure HA and P-
SIO@HA over heat treatment. The TGA curve of pure HA exhibits two sharp weight losses
in the temperature ranges of room temperature — 150 °C and 200 °C — 600 °C. The weight
loss at the lower temperature range represents the evaporation of the moisture in HA, and
the higher temperature range weight loss can be attributed to the decomposition and
volatilization of the functional groups during carbonization. The weight retention of HA is
over 55% from 200 °C to 800 °C, which is higher than most carbon sources and would lead
to significant mechanical strength and press density due to its chemical structure
characteristics.?>%! Carbon analysis indicates a 9.8% D-SiO@G powder residual carbon

content.

The XRD patterns displayed in Figure 2.3d indicate phase changes over the synthetic
process. A halo observed at 26 =15~35° indicates the amorphous nature of SiO with
underlying silicon characteristic peaks,®? which were amplified dramatically in the patterns
of both D-SiO and D-SiO@G. These phase changes reflect the thermal disproportionation

of amorphous SiO:®!
2810 - Si + Sio,

A small but sharp peak appears at approximately 26=26.6° in the D-SiIO@G pattern, which
can be attributed to the graphitic nature of the coated shells.®® 923 This phase evolution

agrees with the Raman spectra analysis results.
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Figure 2. 4. (a) XPS survey spectra of P-SiO and D-SiO@G. (b) Si 2p spectrum of D-
SIO@G. (c) C 1s XPS spectrum of D-SiO@G. (d) O 1s XPS spectrum of D-SiO@G.

XPS, as a surface-sensitive spectroscopic technique, was used to investigate the surface
chemical features, such as valences and composition, of SiO materials (Figure 2.4). The
XPS spectra of P-SiO and D-SiO@G between 800 and 0 eV (Figure 2.4a) indicate an
intense C1s peak, but much smaller O1s and Si2p peaks in D-SIO@G compared to that of
P-SiO due to effective graphene coating. The Si 2p peak of D-SiO@G is fitted with three
subpeaks, corresponding to Si** (103.8 eV), Si%* (102.0 eV), and Si° (99.8 eV), confirming
the existence of the elemental Si phase,® as shown in Figure 2.4b. The C1s peak (Figure
2.4¢) is deconvoluted into C=C, C-C, and C=0 subpeaks. Among these peaks, the
significant proportion of the C=C subpeak and relatively smaller C-C subpeaks indicate

that the carbon coating is mainly graphitic with some defects.>® The small C=0 peak may
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come from CO, contamination,® or residual carboxylic acid groups of HA. The dominant
proportion of the Si** peak (Figure 2.4b) and Si-O (Figure 2.4d) implies that on the particle
surface, amorphous SiO; is more abundant than the elemental Si phase, as the detective

depth of XPS for solid materials is only a few nanometers.
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Figure 2. 5. (a, b) The low and high magnification of TEM images of D-SiO@G. (c) The
interplanar-spacing of Si nanocrystal and Graphene layers corresponding to areas 1 and 2,
respectively. (d) SEM image of the cross-section of a D-SiO@G particle. (e-h)
corresponding EDX elemental mapping.

High-resolution transmission electron microscopy (HRTEM) and Energy Dispersive
Spectroscopy (EDS) was used to analyze the microstructure and chemical composition of
D-SiO@G particles (Figure 2.5). Closer inspection (Figure 2.5b) reveals that the D-SiO
particle is coated with an even 5 nm thick graphene shell, confirming the conversion of HA
to graphene. The Si nanocrystal clusters can be found embedded in the amorphous phase
(Si0O2 matrix). The amorphous SiO, matrix can react with Li-ions during lithiation, forming
Li.O and Li silicates, which could alleviate the Si phase’s considerable volume change in
the following cycles.”” The interplanar spacing of the Si nanocrystal and coated graphene

layers, corresponding to areas 1 and 2, respectively, was measured from the TEM image.
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The d-spacing of area 1, calculated with the Gatan Digital Micrograph, is ascribed to the
interplanar spacing of Si (111) (Figure 2.5cl). The d-spacing of graphene layers is
calculated to be approximately 0.37 nm (Figure 2.5¢c2), and the calculated d-spacing is
slightly larger than that calculated by the XRD results (d-spacing calculated from 26=26.6°:
0.34 nm). This difference may be due to the TEM, as a localized technique, representing a
small portion of graphene disrupted with testing environments such as observation angle
and measurement setup. XRD is the standard method for lattice measurements, which
represents the whole property. EDS elemental mapping of the cross-section of D-SIO@G
displays the distribution of silicon (Figure 2.5f), oxygen (Figure 2.5g), carbon (Figure
2.5h), and their overlays (Figure 2.5e). Evenly distributed silicon and oxygen mappings
indicate that the domain size of individual Si clusters is much smaller than the resolution

limit of EDS, around 1 um, and therefore can hardly be detected from the SiO, matrix.
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Figure 2. 6. (a) Cycling performance and coulombic efficiency of D-SIO@G and cycling
performance of P-SiO at 1 A g*. (b) Charge-discharge profiles of the D-SiO@G electrode
at different cycles. (c) Rate capabilities of P-SiO and D-SiO@G. (d) Charge-discharge
profiles of D-SIO@G at different current densities. (e) Illustration of D-SiO@G in
lithiation showing the graphene layers can buffer the expansion of SiO.

The well-coated graphene shell on the D-SiO anode creates a remarkable improvement in
the electrochemical performance compared to P-SiO (Figure 2.6). As shown in Figure 2.6a,
the P-SiO electrode shows a low initial coulombic efficiency (ICE) of 66.3% and poor
cycling performance, with a high initial discharge capacity of 2374 mAh g* at 0.1A g,
The D-SIO@G electrode exhibits a much higher ICE of 78.2%, one of the highest results

among previous reports, and approaches the hypothetical limit of a SiO-based anode with
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an excellent cycling performance of 72.4% capacity retention at 500" cycles.*® & A
relatively lower initial discharge capacity of 1937.6 mAh g* at 0.1 A g is ascribed to
carbon coating counted as the active material, and the disproportionation of SiO, where the
partial SiO, phase formed by the disproportionation is not lithiation-active.®? ICE is a
critical parameter for anode materials in practical application as the majority capacity loss
occurs in the initial cycle due to the formation of the SEI and irreversible reactions. The
high ICE of the D-SIO@G electrode should be attributed to the complete graphene coating,
which effectively prevents the SEI from growing. The coulombic efficiency of the D-
SIO@G electrode increases rapidly, exceeds 99.8% within ten cycles, and stays above
99.8% in most of the following cycles, indicating that the thin and tough graphene shell
successfully prevents active particles from fracturing during cycling. This process limits
irreversible reactions between the SiOx and the electrolyte. Figure 2.6b presents the charge-
discharge profiles of the D-SIO@G electrode at different cycles. As current density
increases to 2.0 A g%, there is an apparent capacity increase from the 10" to 60" cycle
which reaches 1191.8 mAh g2, likely due to electrolyte penetration in the incipient tens of
cycles. Compared to the electrochemical performance of other recent research on SiOx-
based anodes, the D-SiIO@G anode in this work displays both high specific capacity and

longer life cycles at a higher current density.

Rate capability tests were also conducted and analyzed (Figure 2.6¢). As the current density
increases from 0.1 A g, the specific capacity of D-SiO@G electrodes decreases gradually
but still exhibits a discharge capacity of 774.0 mAh g at a high current of 5.0 Ag™. Asa
comparison, the specific capacity of P-SiO decays quickly with an increase of current and

delivers a discharge capacity of only 4.7 mAh g at 5.0 A g*. When the value of the current
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density returned to 0.1 A g%, the capacity of the D-SiO@G electrode was restored to nearly
the original value, exhibiting excellent rate performance. The charge-discharge profiles for
the different current densities (Figure 2.6d) display a similar shape without an apparent
voltage plateau change, manifesting the composite’s high electrochemical stability over
heavy current cycling. The excellent cycling and rate performance can be significantly
attributed to the outer graphene shell (Figure 2.6e), which significantly improves the
anode’s electric conductivity and acts as a significant barrier that prevents side-reactions

between D-SiO particles and the electrolyte during cycling.”
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Figure 2. 7. Morphology of (a) P-SiO particles and (c) D-SIO@G particles after cycling
50 times by averaging STXM image stack at Si K-edge, and their chemical mapping at (b)
and (d), respectively. (e) Si K-edge XANES spectra of P-SiO bulk (thin red line), and P-
SiO surface (thin green line), D-SIO@G bulk (thick red line), D-SIO@G surface (thick
green line). (f) Morphology of cycled D-SiO@G particles by averaging O K-edge STXM
image stack and the O K-edge XANES spectra (in-site) corresponding to the selected
regions in the morphology mapping.
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Synchrotron-based scanning transmission X-ray microscopy (STXM) is a powerful tool
for imaging and analyzing the chemical composition and structure of various
nanomaterials.® In this paper, STXM and X-ray absorption near edge structure (XANES)
spectra were conducted to explore the morphology and chemical composition of P-SiO and
D-SiO@G particles that had been charged and discharged at 1 A g™* for 50 cycles. Figure
2.7a (P-SiO) and Figure 2.7c (D-SiO@G) show the Si atom-sensitive morphology of the
cycled particles by averaging STXM image stacks at the Si K-edge. The brightness in these
graphs is proportional to the X-ray absorbed by the Si atoms, thereby reflecting the Si
concentration. Both samples present large Si-contained particles and morphology
resembling that seen in the SEM images, illustrated in Figure 2.2d. Both samples also show
morphology features with much lower X-ray absorption in addition to the large bright
particles diffused away from large particles. This behavior may be due to SEI in the cycled
particles that have fallen off during STXM sample preparation. The chemistry difference
between the large particles and the possible missing SEI can be distinguished by extracted
Si K-edge XANES spectra, depicted in Figure 2.7e. Chemical mapping of the distribution
of bulk anode particle and SEI components in D-SiIO@G and P-SiO was conducted by
fitting the STXM stack with Si K-edge XANES, the results of which are displayed in
Figures 2.7b and 7d, respectively. The mapping confirms the spatial separation between
these two components in both samples. Compared with the D-SiO@G (Figure 2.7d), the
P-SiO (Figure 2.7b) has more non-anode particle Si-containing species, which infers a
higher non-stable SEI film. These results indicate that the graphene shell boosted the
growth of the stable SEI film during cycling. Figure 2.7e depicts the Si K-edge XANES

spectra of the bulk P-SiO and D-SiO@G (red in Figures 2.7b and 7d) and the SEI in P-
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SiO and D-SiO@G (green in Figures 2.7b and 7d). The XANES adsorption feature at
approximately 1840 eV is attributed to a silicon phase, and the feature at 1847 eV is
oxidized Si, such as SiO; and Li2SiOs. The Silicon (Si%) concentration decreases following
the trend of bulk D-SIO@G >bulk P-SiO > SEI in D-SiO@G > SEI in P-SiO, while at the
same time the oxidized silicon shows an opposite change trend. Since STXM is a
transmission technique and, therefore, a bulk sensitive probe, the observed enhanced
silicon feature in bulk P-SiO and SEI in D-SiO@G, relative to that in P-SiO, verifies a
thinner and more stable SEI in D-SiO@G.®’ This point is further validated by the detection
of Li>COs, a stable SEI in carbon-based anodes via O K-edge XANES spectra and STXM
images of the cycled D-SiO@G particles in Figure 2.7f. The inset XANES spectra of the
specified STXM spots exhibit the 7* (C=0) bond’s spectroscopic feature via the peak at
533 eV and the peak splitting at ~ 540 and 545 eV in the D-SiO@G particle indicating the
existence of Li2CO3.% Li,CO3; must be formed by the reaction between the graphene shell
and electrolyte during battery cycling and is considered an active phase to prevent solvent

co-intercalation and carbon exfoliation.®’
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Figure 2. 8. (a) Cyclic Voltammetry curves of P-SiO and (b) D-SiO@G at a scanning rate
of 0.1 mV-S™for the first 3 cycles. (c) The Nyquist plots of P-SiO and D-SiO@G based
electrodes before cycling.
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The CV profiles in Figure 2.8(a-b) delineate the first three cycles of the prepared P-SiO
and D-SiO@G at the scanning rate of 0.1 mV-S™. The broad cathodic peaks at both 1.2V
and 0.76V for D-SIO@G in the first reduction process can be assigned to the formation of
a solid electrolyte interphase (SEI) film.%® The cathodic peak at 0.01 — 0.2 V for both P-
SiO and D-SiO@G corresponds to the reaction of Li-ions and SiO, forming LixSi, Li20,
and lithium silicates.*® In the following oxidation process, the anodic peaks at 0.37 V and
0.56 V for P-Si0O, 0.30 V and 0.49 V for D-SiO@G can be ascribed to the lithium’s removal
from the LixSi phase.® The values of the D-SIO@G redox peak increase in subsequent
cycles as more silicon participates in the lithiation/delithiation process.*?® The difference
between each redox peak potential (AEp) for D-SIO@G (0.01V and 0.30V) is smaller than
that of the P-SiO anode (0.01V and 0.37V), which is due to the coated graphene shell that
assists in the transfer of Li-ions and electrons and stabilizes the SEI film.®3% This
explanation is also supported by the electrochemical impedance spectroscopy (EIS)
analysis (Figure 2.8c). Nyquist plots for both instances exhibited depressed semicircles at
high and medium frequencies corresponding to charge transfer resistance (Rct), along with
an oblique line at a low frequency associated with Li-ion diffusion. Compared to the P-SiO
electrode (Rct = 149.3 Q), the D-SiIO@G electrode (Ret = 52.6 Q) presents a much smaller
charge-transfer resistance, demonstrating that the graphene shell can significantly improve

interface properties and electronic conductivity.®®
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Figure 2. 9. (a) Discharge and charge profiles of the D-SIO@G//LFP full cell at different
rates. (b) The cycling performance of the D-SIO@G//LFP full cell. (¢) LED matrix
successfully lit by the D-SiO@G//LFP full cells.

Several full cells in coin cell configuration were created by pairing the D-SIO@G
electrodes with the LFP electrodes to demonstrate the feasibility of practical application in
LIBs. The D-SiO@G electrodes were prelithiated to improve the coulombic efficiency in
the first cycle. The assembled D-SiO@G//LFP full coin cell demonstrates an excellent rate
capability with the increase of a charge-discharge rate from 0.1 Cto 1 C (1 C=170 mA ¢
1. The discharge capacities have a slight decay, from 135.3 mAh g to 119.3 mAh g*
(Figure 2.9a). This decay should be attributed to the capacity loss of the LFP cathode from
0.1C to 1C. Further cycling tests within the cell potential range of 2.0 - 3.8 VV at 1 C (Figure
2.9b) indicate that the full cell can retain a considerable capacity of 75% after 100 cycles.
Two of the assembled full cells were successfully connected to an LED matrix, which
reacted with an intensely bright light (Figure 2.9c), suggesting an excellent full cell

performance based on the D-SiO@G anode and LFP cathode.

2.4. Conclusion

In summary, a simple approach to in-situ synthesizing high-performance silicon and
graphene anode materials for LIBs has been developed using coal-derived HA as a carbon
source. We have confirmed the simultaneous conversion of HA to graphene and the

disproportionation reaction of SiO with various characterization tools. The well-coated
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graphene shell hinders the reaction between the electrolyte and the SiO particles while
significantly improving the SiO anode’s conductivity. As a result, The D-SIO@G anode
presents excellent cycling performance and rate capabilities, exhibiting high reversible
specific capacities of 1023 mAh g* and 774 mAh g at a current density of 2 A g and 5
A g, respectively, along with an initial coulombic efficiency (ICE) of 78.2%. We also
performed tests indicating a successful high current capability using D-SiO@C electrodes
paired with LFP electrodes to illuminate an LED matrix.

The in-situ graphene coating approach can be easily adapted to an existing industrial
procedure for LIB electrode material production. No toxic reagents, expensive catalysts, or
harsh conditions were involved in the synthesis process, creating an efficient scaling
method. Our work’s adaptability and scalability are substantially different from most
graphene coating reports for LIBs;>> 6467.70.93 therefore, this simple process combined with
the abundant and low-cost raw materials indicates a significant potential for successful
commercialization. This work not only advances the current technology of preparing high-
performance silicon and graphene anode materials, it also provides an excellent method of

developing “coal-to-high value product” technology under a carbon-strain environment.

29



CHAPTER III

INVERSTIGATION OF THE EFFECTS OF HEAT TREATMENT AND CARBON
COATING ON THE ELECTROCHEMICAL BEHAVIORS OF SILICON MONOXIDE
ANODE

Statement: This chapter is based in part on the previously published article listed below:
Xu, S.; Hou, X.; Wang, D.; Zuin, L.; Zhou, J.; Hou, Y.; Mann, M., Insights into the Effect
of Heat Treatment and Carbon Coating on the Electrochemical Behaviors of SiO Anodes

for Li-lon Batteries. Adv Energy Mater. 2022, 2200127.

3.1. Introduction

SiO’s high capacity with relatively stable cycling performance attracts intensive interest in
its application in LIBs. Some approaches have been conceived to improve the
electrochemical performance of SiO anode, including conductive coating,*! structural
design,™*? and chemical etching,™*3 which are effective. These approaches usually involve
a common heat treatment process to calcinate the SiO-related precursors; however, most
of these reports did not consider the heat treatment’s impact on SiO since it is thermally
unstable due to its unique structure. Heat treatment can expedite the disproportionation

reaction of SiO:[14
25i0 - Si + Si0,

The disproportionation reaction accelerates at temperatures higher than 800 °C, promoting

the Si and SiO, phase separation.[*® Higher temperatures and longer heating times increase
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the degree of disproportionation, which can be indicated by the increased nanocluster size

and crystallinity of the Si phase.[*4]

Intensive SiO studies have demonstrated that the growth and separation of the Si and SiO>
phase caused by heat treatment can significantly impact its electrochemical performance.®*
1% The electric resistance of the disproportionated SiO materials increases when heated at
high temperatures since the SiO2 matrix phase becomes denser and more dielectric.[*®! The
disproportionated SiO (D-SiO) becomes inert during lithiation because of the high
electrical resistance caused by the SiO, matrix when heated at temperatures higher than
1,150 °C;I*% however, there are still some unsolved questions about the effect of heat
treatments on SiO. 1) How do heat treatments impact the electrochemical performance of
SiO anodes? Several researchers have investigated ICE and cycling life, but their results
are often contradictory.™ 2) How does the surface composition and structure of the SiO
anode particle change during heat treatment? Reports studying the disproportionation of
SiO have focused on its bulk properties, overlooking the composition and structure change
on its surface, which plays a crucial role in the electrochemical behaviors of SiO materials,
including SEI formation, initial lithiation, and charge transfer resistance. The overpotential
that appeared in the initial lithiation of disproportionated SiO materials has not been
thoroughly investigated yet.[*5% 173 3) What is the cause of “Si nanowire” formations often
observed during SiO heat treatment?*®l “Si nanowires” formed on the surface of SiO
particles when heated from 900-1100 °C. These nanowires were deemed conducive to the
electrochemical performance of a SiO-based anode; however, the report failed to provide

a detailed analysis of its formation mechanism, synthetic atmosphere, distribution, and
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content.l’®! 4) How does carbon coating impact the composition and nanostructure

evolution of SiO materials during heat treatment?

To shed a light on those fundamental questions, herein we present a systematic study on
this matter. We start with investigating the effects of heat treatment and carbon coating
processes on the morphology, microstructure, and chemical composition of SiO by using
a series of microanalysis techniques, such as SEM, Raman, and XRD. Our work focused
on analyzing the dynamic evolution of the Si and SiO, phases during the process. We
further analyzed and compared three anode particles, namely pristine SiO (P-SiO), D-SiO,
and carbon-coated D-SiO (D-SiO@G), before and after cycling by XANES technique (Li-
K and Si L-edge), supplemented with battery cycling life and Electrochemical Impedance
Spectroscopy (EIS) testing. At last, we proposed a SiO structural model to illustrate the

relationships of “synthetic processes-microstructure-electrochemical behaviors”.

3.2. Methods

3.2.1. D-SiO Preparation: Disproportionated SiO (D-SiO) powder was prepared by
sintering pristine SiO (P-SiO, Dsp = 5 pm, the atomic ratio of Si and O = 1:1, Alibaba)
using a series of heat treatment processes (300 °C for 2 h, and then at 800 °C for 2 h, 900
°C for 2 h, 1,000 °C for 2 h, 1,000 °C for 8 h, and 1 000 °C for 20 h) with a ramp rate of 5
°C min! under a reducing atmosphere (10% H: with 90% Ar) in a TFM2 two-zone tube
furnace (Across International, USA). The obtained D-SiO samples were named D-SiO-
800-2, D-Si0-900-2, D-Si0O-1000-2, D-SiO-1000-8, and D-SiO-1000-20. Another series
of disproportionated SiO (D-SiO) powder was prepared using the same heat treatment

process except under a pure Ar atmosphere.
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3.2.2. D-SIO@G Preparation: Humic acid, extracted and purified from North Dakota
lignite according to our previous reports, was used as the carbon source in the carbon
coating process.'* Humic acid (2.5 g) and 10 g of P-SiO powder were mixed in 100 mL
of DI water, then 1 mL of ammonium (28% - 30%, LabChem USA) was added dropwise
into the mixture to dissolve the humic acid completely. This slurry was stirred vigorously
for 1 hour then spray dried (Spray Dryer TP-S15, Toption) with an inlet temperature of 200
°C. The powder was then sintered using the same heat treatment process as the D-SiO
preparation. A series of D-SiO with graphene coating composites (D-SIO@G) were
obtained upon cooling to room temperature. The obtained D-SIO@G composites were
named D-SiO@G-800-2, D-SiO@G-900-2, D-SiO@G-1000-2, D-SiO@G-1000-8, and D-

SiO@G-1000-20.

3.2.3. Materials Characterization: Powder X-ray diffraction (XRD) profiles were collected
using an X-ray diffractometer (Smartlab, Rigaku) at an accelerating voltage of 40 kV, a
tube current of 44 mA, and a scan rate of 2° min? from 10° to 80°. Field-emission
transmission electron microscopy (FE-TEM, JEM-2100F, JEOL, 200 kV) and field-
emission scanning electron microscopy (FE-SEM, Quanta 650 FEG, FEI) were conducted
to analyze particle morphology and microstructure. X-ray photoelectron spectroscopy was
conducted using a PHI 5600ci spectrometer equipped with a hemispherical electron
analyzer and a monochromatic Al Ko (1486.6 ¢V) radiation source. A carbon analyzer
(TOC-V, SHIMADZU) with an SSM 5000A module was used to calculate the carbon

content of the D-SIO@G composites.

3.2.4. Electrochemical Measurements: Active materials, conductive agent (acetylene

black), CMC (Carboxymethyl Cellulose), and SBR (Styrene-Butadiene Rubber) with a
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mass ratio of 60:20:8:12 were mixed with DI water for 8 h to prepare the electrode paste.
The paste was spread onto a copper foil and dried overnight in a vacuum at 100 °C. The
coated copper foil was punched into disks with a diameter of 14 mm to create working
electrodes, in company with lithium foil as the counter electrodes, 1.2 M LiPFg in
EC/DMC/EMC (1/1/1 in wt%) with 10 wt% FEC as the electrolyte, and Celgard 2400
membrane as the separator to assemble CR2032 coin cells. Galvanostatic charge-discharge
testing between 0.001 V and 2.0 V (vs. Li/Li*) was performed with a battery testing system
(CT-4008, Neware Technology Limited, Shenzhen, China) at room temperature. In this
work, the discharge process represented the lithiation process while the charge was
delithiation. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)

were conducted on a potentiostat (Interface 1010E, Gamry Instruments, USA).

P-SiO, D-SiO-1000-8, and D-SiO@G-1000-8 electrodes with an initial status of lithiation
(SoL) were investigated with Si L-edge and Li K-edge X-ray Absorption Near-Edge
Structure spectroscopy (XANES) at the VLS-PGM beamline of the Canadian Light Source,
University of Saskatchewan. Electrodes in half coin cells were first lithiated to a specific
state of lithiation (SoL) then disassembled and rinsed with acetonitrile (>99.5%, Fisher
Chemical) in a glovebox. The electrodes were dried in an ultra-pure Ar atmosphere,
attached to the sample holders under an Ar atmosphere, then transferred into the vacuum
chamber of the beamline’s endstation. The XANES spectra were collected and analyzed
using a microchannel plate detector in the fluorescent yield mode (FLY).%? A high vacuum
(< 1x 1077 torr) was maintained in the experimental chamber during the test. The

collected FLY data were normalized with the lo current and measured using a nickel mesh
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placed in front of the sample. The energy shift of the beamline was calibrated by the LiCl

103

during the test. Please refer to the reference for detailed operation procedures.

3.3. Results and Discussion

Figure 3. 1. (a-f) Photos of crucibles with SiO powder after heat treatments. SEM images
of (g) the D-SiO particles in the top red-brown substance (TRS), and (h) D-SiO particles
under the TRS. (i) EDX analysis spot of the Si nanowires, and (j) corresponding elemental
content.

Figure 3.1a-f depicts the photos of the pristine SiO (P-SiO) and D-SiO samples after heat
treatments under a reducing atmosphere. The pristine P-SiO powder (Figure 3.1a) is
brownish-black, similar to the appearance of the D-SiO samples prepared at lower
temperatures (Figures 3.1b and c¢). The D-SiO powder in the crucibles is covered with a
thin topping of a reddish-brown substance (TRS) when heated at 1 000 °C for 2 h and above
in the reducing atmosphere (Figure 3.1d-1f), as indicated by the cross-section of the D-
Si0-1000-20 powder (Figure 3.1f). The TRS accounts for about 1/25 (1000 °C for 2h) to
1/9 (1000 °C for 20h) in weight of the D-SiO powder. After the topping was removed, all
the following characterizations were focused on the bottom part. SEM inspection reveals
that some nanowires (Figure 3.1g) are attached to D-SiO particles in the TRS layer, while

the bulk of the D-SiO powder under the TRS is composed of D-SiO particles (Figure 3.1h)
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that are identical to the P-SiO particles (Figure 3.2m) with no interparticle nanowires. The
EDX elemental analysis (Figure 3.1j) reveals that the nanowires consist of silicon and
oxygen with atomic contents of 48.0 and 52.0%, respectively. The atomic ratio of silicon
to oxygen (~ 1:1) indicates that the so-called “Si nanowires” are primarily SiO, formed by
the sublimation of SiO and the subsequent deposition of SiO vapor under high
temperatures. These Si nanowires should have a crystalline silicon core and an amorphous
SiO, sheath structure, as indicated by previous reports.2%1% The electrochemical
improvements, if any, by the Si nanowires would be restricted to their insulating structure
(dielectric SiO2 sheath), small quantity, and localized distribution. It is worth noting that
under ultra-pure argon, which is one of the most widely-used atmospheres in research, a
topping of white (instead of reddish-brown) nanowires in the TRS layer was observed. The
white nanowires are composed of SiO (Figure 3.2a-f). Therefore we suspect SiO is
oxidized by the trace oxygen in the high purity argon, which indicates the SiO is extremely
reactive at a high temperature. The color of the D-SiO powder (Figure 3.2g-1) becomes
lighter with an increase in heating temperature and time, from brownish-black similar to
the P-SiO to brown when heated at 1000 °C for 20 h. This observation implies that a layer
of the lighter color substance is likely enriched on the SiO particle surface. During the high-
temperature treatment, the SiO vapor consisting of (SiO)n (n > 1) clusters would also
deposit onto its surrounding D-SiO surfaces in addition to the formation of Si nanowires.
Higher binding energy and lower surface strain are the driving forces of a stable
configuration as calculated by the density-functional theory, which makes it energetically

favorable for oxygen atoms to migrate from the core to the surface, causing the structural

36



transition:>® 1% An exterior SiO2 shell forms on the surface of D-SiO particles, while the

Si phase remains in the core, making the color of D-SiO powder lighter.
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Figure 3. 2. (a-f) Photos of SiO powder in crucibles after heat treatments in ultra-pure Ar
atmosphere. (g-1) Photos of the SiO powder after heat treatments (toppings removed). (m)
SEM image of the pristine SiO (P-SiO). (n) XRD patterns of the P-SiO and D-SiO samples.
(o) SEM image of the D-SiO@G particles.

Another consequence of the heat treatment process is the evolution of the XRD patterns
(Figure 3.2n). P-SiO exhibits an XRD pattern with a bump peak (15-30°). D-SiO-800-2
shows a similar XRD pattern as P-SiO, indicating that no apparent disproportionation
reaction happens when heated at 800 °C for 2 h. Several peaks belonging to crystalline Si
appear, and become sharper and more intense as the temperature and heating time increase,
while a broad peak (18 — 25°) attributed to amorphous SiO: is also separated from the SiO

bump peak.%’
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The effect of the carbon coating on the SiO morphology evolution during the heat treatment
process was also investigated. We used humic acid as the carbon source to create a
conductive and resilient nano-graphene coating during the heat treatment process.** The
synthesized D-SIO@G composites (Figure 3.20) possess a similar particle size to P-SiO
but with a rounded-edge shape because of the graphene coating. Importantly, no Si
nanowire is found in the powder. The coating accounts for 9.1 wt% of the D-SIO@G and

does not change the XRD patterns compared to the D-SiO materials.
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Figure 3. 3. TEM images of (a) P-SiO, (b) D-SiO-1000-8, and (c) D-SiO@G-1000-8. XPS
spectra and their corresponding fitting peaks for (d) P-SiO, (e) D-SiO-1000-8, and (f) D-
SiO@G-1000-8.

High-resolution transmission electron microscopy (HRTEM) was performed to inspect the
SiO's surface composition and microstructure changes during the heat treatment and
graphene coating process. The observable lattice fringes belonging to Si nanoclusters are
enclosed by the amorphous matrix, represented by white dashed circles in Figures 3.3a, 3b,

and 3c. The HRTEM image of P-SiO (Figure 3.3a) indicates a swarm of Si nanoclusters a
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few nanometers in size randomly distributed in the amorphous SiO2 matrix in the radial
direction of the particle.*® The HRTEM image of a D-SiO-1000-8 particle (Figure 3.3b)
indicates that no Si nanoclusters can be found near the particle surface except for a thick
amorphous SiO: shell (~ 20 nm) because of the heat treatment. The Si nanoclusters are
fewer but larger in size compared with P-Si0O.1%1% The HRTEM image of a D-SiO@G-
1000-8 particle (Figure 3.3c) reveals the Si nanoclusters similar in size to D-SiO-1000-8,
however, possess a much thinner amorphous SiO2 shell (5 nm). The surface difference can
be attributed to the intact graphene coating, which limits the sublimation and subsequent
deposition of SiO and hinders oxygen migration from the core to the surface effectively,
resulting in a thinner SiO2 shell and the absence of Si nanowires in all carbon-coated
samples. The TEM observations are also supported by X-ray photoelectron spectroscopy
(XPS) results. The Si 2p peaks in all P-SiO spectra (Figure 3.3d), D-SiO-1000-8 (Figure
3.3e), and D-SIO@G-1000-8 (Figure 3.3f) can be fitted with five subpeaks corresponding
to Si° (Si nanocluster), Sit*, Si*, Si®*, and Si** (SiO2 matrix). The considerable Si and SiO>
subpeaks in the P-SiO spectrum indicate prevalent Si nanoclusters and SiO> phases on the
P-SiO particle surface, which agree well with the TEM results. Intermediate valence (Si**,
Si%*, Si®*) subpeaks experience considerable shrinkage from P-SiO to D-SiO-1000-8 due
to the heat treatment process, since these valences disproportionate into Si® and Si**,
forming larger Si nanoclusters and denser SiO, matrices; however, the Si° subpeak in D-
SiO-1000-8 does not increase accordingly with the Si*" peak but suffers significant
reduction, which should be attributed to the cover of the exterior SiO: shell since the XPS
only has a detective depth of a few nanometers for solid materials. The intact graphene

coating of the D-SIO@G-1000-8 composite (Figure 3.3f) leads to a very weak Si 2p peak,
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in which the Si** subpeak dominates, demonstrating the existence of the SiO shell beneath

the graphene coating.
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Figure 3. 4. (a) First and second charge-discharge SiO curves after different heat
treatments, and (b) the overpotential of SiO samples. (c) First and second charge-discharge
curves for D-SIO@G samples.

We used half coin-cell testing to further investigate the effect of the heat treatment and
carbon coating process on the SiO electrochemical behavior. Figure 3.4a illustrates the
charge-discharge profiles of the first and second cycles of the P-SiO and D-SiO electrodes.
P-SiO delivers the highest discharge capacity of 2564.8 mAh g (Table 1) at a current
density of 50 mA g. D-SiO-800-2 delivers a capacity (2461.2 mAh g2) close to P-SiO
since the heat treatment at 800°C for 2 h cannot make substantial changes to P-SiO. The
initial discharge capacity decreases with an increase in temperature and heating time,
accompanied by a decline in the discharge plateau potential, indicating that the
overpotential of the electrodes increases drastically.”® Figure 3.4b specifically depicts the

overpotential evolution of all SiO samples. As lithiation begins, the max-overpotential
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point appears at the incipient stage of lithiation, at approximately 150 mAh g*. Higher
heating temperatures and longer heating times facilitate the formation of a thicker and
denser SiO; shell, making it more resistant to electrochemical reactions.!*'! The shell
with high electrical resistance and low Li* transport acts as a barrier, preventing the
migration of Li-ions through the surface of the particles, causing the maximum resistance
overpotential (orange arrow, Figure 3.4b). When the heat treatment is performed at 1000
°C for 20 h, the exterior SiO2 shell is thick enough to completely prevent Li-ions from
passing through, making the lithiation potential drop to 0 V versus the counter electrode
(lithium metal), which indicates that Li-ions cannot penetrate through the SiO. shell and
begin to deposit on the surface of the D-SiO particles, resulting in the capacity dive of D-
Si0-1000-20. Li-ions can pass through the barrier and react with Si nanoclusters inside the
D-SiO particles with lower heating temperatures or less heating times, releasing more
capacity (> 150 mAh g, Figure 3.4b). The following lithiation process is also
accompanied by the drop of the discharge plateau potential (blue arrow, Figure 3.4b), from
0.35 V for P-SiO to 0.07 V for D-SiO-1000-8 at the capacity of ~300 mAh g, indicating
that the amorphous interior SiO> matrix also becomes denser and more inert at high
temperatures, causing a new resistance overpotential. Another valuable finding was that
once Li-ions react with the SiO; shells and SiO2 matrix, they form irreversible Li>O and Li
silicates, which are conducive to charge transfer and act as the access point for Li* transport
in the following cycles.*” As a result, no resistance overpotential was observed after the

first cycle of all samples (Figures 3.4a and 4c).
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Table 3. 1. Initial Discharge Capacity and ICE for pristine SiO, D-SiO, and D-SiO@G

samples.
Initial Cycle Initial Cycle
Discharg )
_ Charge  Efficienc D-SiO@G Charge  Efficienc
SiO samples e Discharge
(mAh g y samples (mAh g y
(mAh g (mAh g?)
D) (%) D) (%)
D)

P-SiO 2564.8 1709.3 69.8
D-Si0-800-2 2461.2 1697.4 69.0 D-SiO@G-800-2 2264.4 1733.1 76.5
D-Si0-900-2 2107.9 1287.9 61.1 D-SiO@G-900-2 2124.2 1662.6 78.3
D-Si0-1000-2 1992.1 1204.2 60.4 D-SiO@G-1000-2 2044.0 1604.0 78.5
D-Si0-1000-8 1968.9 1395.0 70.9 D-SiO@G-1000-8 1942.8 15334 78.9
D-Si0-1000-20 207.9 93.9 452 D-SiO@G-1000-20 1831.1 1452.8 79.3

Figure 3.4c depicts the effect of graphene coating on the charge-discharge behaviors of the
D-SiO samples. D-SiO@G samples treated at higher temperatures and longer times also
present a decrease in initial discharge capacity, which is similar to the P-SiO and D-SiO
samples; however, the sample D-SiO@G-1000-20 could overcome the overpotential
barrier and deliver a considerable discharge capacity (1831.1 mAh g™), while its uncoated
counterpart D-SiO-1000-20 could not. This difference should be attributed to the graphene
coating that favors thinner SiO> shells and makes the D-SiO particles more conductive,
which alleviates the overpotential and facilitates charge transfer.>> 2 The graphene
coating can significantly increase the ICE, as depicted in Table 1: D-SiO-800-2 has an ICE
of only 69.0%, while the ICE of D-SiO@G-800-2 significantly increased to 76.5%. With

the increase in heating temperature and time, the ICE further increases to 79.3% for D-
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SIO@G-1000-20. Two reasons for that are: 1) the graphene coating prevents the side
reactions between the electrolyte and SiO materials, limiting the growth of the SEI film
and leaving more Li-ions reversible, and 2) a higher temperature and longer heating time
make the SiO, domains denser and more electrical resistant, limiting the formation of Li

silicate, a well-known low Coulombic efficiency byproduct®*3,
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Figure 3. 5. Li K-edge XANES spectra of (a) P-SiO, (b) D-SiO-1000-8, and (¢) D-SIO@G-
1000-8 electrodes at a series of SoL. Si L-edge XANES spectra of (d) P-SiO, (e) D-SiO-
1000-8, and (f) D-SIO@G-1000-8 electrodes at a series of SoL.

X-ray Absorption Near-Edge Structure spectroscopy (XANES) as a powerful tool for
analyzing the chemical composition and distribution of electrode interface and bulk was
conducted at the VLS-PGM beamline of the Canadian Light Source. Figures 3.5a, 5b, and
5c reveal the Li-K edge XANES spectra of the P-SiO, D-SiO-1000-8, and D-SiO@G-1000-
8 electrodes respectively as a function of the state of lithiation (SoL) (5%, 20%, 60%, and
100%) in the first lithiation. In the three graphs, three peaks can be allocated to two

compounds, LiF (peaks at ~ 62 eV and ~ 70 eV) and Li2O (~ 58 eV and ~ 63 eV), as
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indicated in the XANES library for lithium compounds.'®® Li>O originates through two
routes: 1) the lithiation reaction of SiO, and 2) the decomposition product of two unstable
SEI components, Li.O> and Li.COs, caused by the soft X-ray radiation during the XANES
measurement. Route 2 is trivial and neglectable in our testing due to limited X-ray exposure
time (<10 min).5% 193 114 The Jow Li-K edge excitation energy (50 eV- 75 eV) leads to an
analysis depth of approximately 15 nm, which is ideal for analyzing the chemical
composition of the SEI film formed in the initial lithiation process. All three spectra (SoL
5%) in Figures 5a, b, and ¢ had two peaks (~ 62 V and ~ 70 eV) in the initial discharge
(lithiation) process corresponding to a lithiation potential of 0.5 V, attributable to LiF: a
major characteristic component of SEI film.> A new peak at ~58 eV appears with an SoL
increase of 5% to 100%, accompanied by the shift of the main peak from ~ 62 eV to ~ 63
eV. The peak shift degree was in the order: P-SiO > D-SiO-1000-8 > D-SiO@G-1000-8,
as indicated by the orange arrow (Figure 3.5a-c). With the SoL of 100%, the main peak in
P-SiO had the largest shift, indicating the Li.O overtake LiF on the particle surface, while
the D-SIO@G-1000-8 peak has no apparent shift, indicating LiF remains dominant along
with Li20. In other words, the latter has a more stable surface chemical composition. Since
the analysis depth of the Li-K edge is greatly overlapped with the thickness of the SEI film
formed in the initial lithiation, it is safe to conclude that the SEI film formed on the D-
SiIO@G-1000-8 is more stable than the other two counterparts. Combining with the initial
lithiation (discharge) capacity data in Table 1, P-SiO (2564.8 mAh g!) delivered a capacity
30.3% higher than D-SiO-1000-8 (1968.9 mAh g1). We further infer that the accompanied
severe volume change from the high capacity of P-SiO breaks the as-formed SEI, leaving

more Li,O in lithiated SiO exposed and then detected.®’
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Figure 3.5 (d, e, and f) illustrates the Si-L edge XANES spectra of the P-SiO, D-SiO-1000-
8, and D-SiO@G-1000-8 electrodes with an initial SoL series of 5%, 20%, 60%, and 100%,
respectively. The peaks at 99 eV in each graph are associated with Si°, also referred to as
Si nanoclusters, while those from 104 —109 eV are attributable to Si**, also referred to as
the SiO, phase.!™® Specifically speaking, the first two peaks around 105-106 eV can assign
to Si3s, while the broad peak at 108 eV is Si3d state.''® D-SiO-1000-8 exhibits the most
intense Si peak due to the disproportionation of SiO, while the Si peak for D-SiO@G-1000-
8 is slightly weaker due to carbon coating. It is also visible that D-SiO@G-1000-8 has a
lower Si3d state, which might reflect the Si-O-C interaction, and this is the key electronic
structure observation by XANES. The detection depth of the Si L-edge XANES spectra
can be 150 nm at 99 eV, which is deep enough to gain the bulk information inside particles.
With the increase of SoL in the initial lithiation process, Si reacts with Li-ions, forming
LixSi alloys, while SiO; reacts with Li-ions, and mainly forms Li>O and Li silicates, leading
to the declination of all peaks. All three electrodes show a gradual decrease of Si3d
intensity along with lithiation which might indicate that charge compensation involves
Si3d state. The Si° peak of the P-SiO and D-SiO@G-1000-8 electrodes disappear when the
SoL reaches 100%, while the D-SiO-1000-8 electrode still has some residual. This
observation indicates that some Si nanoclusters are not able to react with Li-ions in D-SiO
due to the resistance of the exterior SiO2 shell and interior SiO2 matrix, resulting in a
capacity loss. As for sample D-SiO@G-1000-8, the graphene coating limits the growth of
the SiO- shell and makes the particles more conductive than D-SiO-1000-8, leading to a
higher lithiation degree. The evolution of the surface and bulk composition revealed by the

XAENS analysis agrees well with their electrochemical performance.
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Figure 3. 6. Cycling performance of (a) SiO and (b) D-SiO@G samples (50 mA g for the
first cycle, 200 mA g* for the second and third cycles, and 1,000 mA g for the rest cycles).
Cyclic voltammetry curves (third cycles) for the (c) SiO and (d) D-SiO@G samples.
Nyquist plots of the (e) SiO and (f) D-SIO@G samples.

The effect of heat treatment and carbon coating on electrochemical performance is further
illustrated in Figure 3.6. P-SiO has the best cycling performance among SiO samples,
delivering a reversible capacity of 1468.2 mAh g* at 1000 mA g with a capacity retention
of 51.2% after 150 cycles (Figure 3.6a). The cycling performance of D-SiO significantly

deteriorates with an increase in heating temperature and time. The Si nanoclusters inside



the D-SiO particles cannot react with Li-ions when heat-treated at 1000 °C for 20 h due to
the impenetrable exterior SiO> shell, resulting in a limited reversible capacity of 45.6 mAh
gl at 1000 mA g*. In contrast, D-SiO samples with carbon coating tend to have improved
cycling performance (Figure 3.6b). D-SIO@G-1000-20 had the best cycling performance
with a reversible capacity of 1223.2 mAh g and capacity retention of 84.2% after 200
cycles. This improvement can be explained by two reasons: 1) the carbon coating prevents
the side reactions between D-SiO particles and the electrolyte, facilitating durable
cycling,®* and 2) the heat treatment process increases the density and resistivity of the SiO2
phase,''® making Li-ion transport difficult, and resulting in a lower capacity accompanied
by a smaller volume change during cycling, which is conducive to a longer cycling life. A
capacity increase can be detected from the samples heat-treated at 1000 °C and some
reports,>>-% in the incipient tens of cycles (Figure 3.6b), which can be attributed to the

additional lithiation of the unreacted SiO. phase and its embedded Si nanoclusters.

The cyclic voltammetry (CV) of the SiO and D-SiO@G samples was performed at a scan
rate of 0.1 mV S. The SiO (Figure 3.6¢c) and D-SiO@G samples (Figure 3.6d) exhibit
reduction peaks in the range of 0.001-0.2 V corresponding to the lithiation of SiO during
the third CV cycle, while the oxidation peaks at 0.3-0.5 V can be attributed to the
delithiation process. D-SIO@G samples have a smaller redox peak potential difference
(AEp: ~0.53 V for D-SiO@G samples and ~ 0.55 V for D-SiO samples), and larger redox
currents than their corresponding D-SiO samples, indicating a faster and more intense
redox reaction response due to the graphene coating. These results are also supported by
the electrochemical impedance spectroscopy (EIS) results. The Nyquist plots for all SiO

(Figure 3.6e) and D-SIO@G samples (Figure 3.6f) possess one depressed semicircle in the
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high-frequency area corresponding to charge transfer and an inclined line in the low-
frequency area associated with Li-ion diffusion. The charge-transfer resistance for SiO
samples increases when heat-treated at a higher temperature and longer time. The D-
SIO@G samples deliver a smaller charge-transfer resistance than the corresponding D-SiO
samples for the same reason as the CV results: the graphene coating and the subsequent

reduced exterior SiO- shell facilitate electron transfer and Li-ion transport.
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Figure 3. 7. (a) Schematic diagram of the relationship between the electrochemical
behavior and the composition and microstructure of SiO induced by heat treatments. The
dashed line in each particle denotes the schematic boundary between the SiO> shell and
SiO2 matrix. (b) Schematic diagram of D-SiO materials in the initial lithiation process. (c)
Schematic diagram of the effect of graphene coating. The particle colors reflect the actual
color change observed in the experiment. The dashed line indicates the boundary between
the surface and the bulk, corresponding to the boundaries labeled in the HR-TEM image in
Figure 3.3. The yellow section in Figures 3.7a4, 7a5, and 7c depict the areas where
lithiation occurs effectively.

We investigated the effects of heat treatment and carbon coating processes on SiO

composition and microstructure changes and explicated the relationships between their
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morphology and electrochemical behaviors. Here, we propose a schematic model in Figure
3.7 to establish the SiO structure evolution during the heat treatment and carbon coating
processes. P-SiO has Si nanoclusters in the surrounding amorphous SiO, matrix, delivering
considerable discharge capacity during the lithiation process (Figures 3.7al—7a4). The
high-temperature heat treatment applied to P-SiO (Figure 3.7al) triggers
disproportionation (Figures 3.7al—7a2), expediting the Si and SiO2 phase separation and
forming a more inert and denser SiO> matrix and larger Si nanoclusters. High temperature
also sublimates a certain amount of SiO, generating SiO vapor, which partially deposits
onto the top of the sample powder, forming Si nanowires, while a certain proportion
condensed and deposited onto the surface of the surrounding SiO particles where oxygen
atoms tend to enrich, forming an exterior layer of SiO> shell (Figure 3.7a2). The lithiation
depicted in Figure 3.7a2—7ab5 is insufficient, as evidenced by a capacity loss, compared
with P-SiO (Figure 3.7al) because 1) the SiO2 phase, including both the exterior SiO> shell
and interior SiO, matrix, has a higher lithiation energy barrier and only partially
participated in the lithiation reaction, and 2) the SiO2 shell on the surface hinders the
lithiation of the Si phase since Li-ions must migrate through it before reacting with the
interior Si nanoclusters (Figure 3.7b), causing the max overpotential (Figure 3.7b, orange
arrow). Further lithiation of the interior Si nanoclusters is also hindered by the inert and
resistive interior SiO> matrix, resulting in decreased lithiation plateau potential (Figure
3.7b, blue arrow) and some unreacted areas (Figure 3.7a5). When treated at a higher
temperature and longer time, the exterior SiO shell becomes thick enough to prevent Li-
ions from passing through and cause a Li-deposit onto the D-SiO surface (Figure

3.7a3—Figure 3.7a6) (Figure 3.7a2—7a3), resulting in a significant capacity loss. The
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graphene coating process illustrated in Figure 3.6c¢ significantly limited the growth of the
exterior SiO> shell by confining SiO sublimation at high temperatures, facilitating the
charge transfer through the surface, and preventing the side-reactions between SiO and the
electrolyte, leading to a thinner and more stable SEI, higher ICE, and better cycling

performance.

3.4. Conclusion

In summary, we systematically investigated the composition and structure evolution of
amorphous SiO under a series of heat and carbon coating treatments, as well as the resultant
electrochemical behaviors, including the initial lithiation profiles, ICEs, and cycling life.
SEM and TEM results provide direct evidence of the formation of Si nanowires, the
exterior SiOz shell, and the interior SiO. matrix. Electrochemical testing and XANES
analysis indicate the as-formed dielectric SiO2 phase severely hinders the lithiation process,
polarizes electrodes, and subsequently causes severe overpotential, leading to capacity loss
and deteriorated cycling life. Carbon coating on SiO effectively restricts the growth of the
SiO> shell, facilitating the alloy reactions of Li-ions and the interior Si nanoclusters,
accompanied by a stable SEI. As a result, a higher ICE (79.3%) and improved cyclability
(84.2% after 200 cycles) are achieved. Our findings resolve some of the long-standing
questions on SiO, while also offering important insights for the future design and

application of SiO-based anode materials.
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CHAPTER IV

LIGNITE DERIVED COAL TAR PITCH FOR HIGH-PERFORMANCE
SIO/GRAPHITE/C ANODE MATERIALS

4.1. Introduction

Similar to coal-derived HA, which is successfully used as a feedstock for in situ graphene
coating, showing promising potential for reducing the cost of synthesizing high-
performance anode materials, coal tar pitch also has attracted intensive interest from the
LIB industry. Coal tar pitch (CTP) is a bright black solid substance at room temperature,
showing a glass phase. That is, as the temperature gradually increases, the CTP will slowly
transform from a hard solid state to a soft transition state, which is generally defined as the
softening point. Based on the softening point, CTP is divided into low softening point CTP
(< 75°C, LS-CTP), medium softening point CTP (75°C - 95°C, MS-CTP), and high
softening point CTP (> 95°C, HS-CTP). Compared with petroleum pitch, CTP usually has
a higher degree of polymerization and aromaticity, which is a property of conjugated
cycloalkenes in which the stabilization of the molecule is enhanced due to the ability of the
electrons in the = orbitals to delocalize.” 7 Because of this, carbonized CTP can form a
highly conductive network, which is of excellent merit when used in electrode materials.
Many high-value carbon materials, such as carbon foam,'!® activated carbon,’® carbon
nanosheets,*® and graphitic carbons'?® have been successfully synthesized by using CTP
as the precursor. These applications indicate a promising potential of CTP in improving

SiO’s conductivity and volume change during cycling. However, due to the viscous and
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organic nature of CTP, previous reports working on CTP mostly involve toxic and organic
solvents, such as DMF,*2! NMP,*?? and alcohol,*?® which produce hazardous wastes to the
environment and are not cost efficient. A synthesis process that can disperse CTP in water-

based solvents and coat SiO at a low cost for LIB electrode material production is highly

desired.
— Low softening point CTP (< 75°C)
Viscous semisolid at room temperature. Liquid at high temperature (>100 °C).
Emulsifying is feasible to produce CTP emulsion.
Coal Tar Pitch Medium softening point CTP (85 °C - 95°C)
—_—
(CTP) No feasible method found.

High softening point CTP (>95°C)

Solid at room temperature. brittle at low temperature (< 0 °C).
Wet-ball milling is feasible to produce CTP suspension.

Figure 4. 1. CTP with different softening points.

Herein, SiO anode materials accompanied by low-cost lignite-derived CTP to design
effective morphologies and hierarchical structures for high-performance LIBs were
performed. We proposed two routes to disperse low softening point CTP and high softening
point CTP to synthesize SiO/C composites, respectively. In this study, we closely examined
the effects of the composition and softening point of CTPs on the yield and electrochemical
performance of SiO/C composites. Due to the confidentiality of an ongoing DOE project,
specific information pertaining to specific materials and experimental conditions used is

withheld from disclosure.
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4.2. Methods
4.2.1. Preparation of LS-CTP Emulsion: The LS-CTP emulsion was prepared with our

proprietary process.

4.2.2. Synthesis of SiO/G/C Composite: A SiO/G/C composite was obtained by using the

LS-CTP emulsion.

4.2.3. Preparation of HS-CTP Suspension: The LS-CTP emulsion was prepared with our

proprietary process.

4.2.4. Synthesis of SiO/C Composite: A SiO/C composite was obtained by using the HS-

CTP suspension.

4.2.5. Materials Characterization: Field-emission scanning electron microscopy (FEI

Quanta 650 FEG SEM) was used to analyze the particle morphology.

4.2.6. Electrochemical Measurements: The electrode paste was prepared by mixing the
composite, a conductive agent (Carbon nanotube), and CMC (Carboxymethyl Cellulose)
at a mass ratio of 90: 4: 6 in D.I. water. The paste was then spread onto copper foil and
dried overnight at 80 °C in a vacuum oven. The coated foil was punched into disk electrodes
with diameters of 14 mm. Coin-type cell (CR2032) assembly was performed in an Ar-filled
glovebox using the electrode as the working electrode, lithium foil as the counter electrode,
a Celgard 2400 membrane as the separator, and 1.2 M LiPFe in EC/DMC/EMC = 1/1/1
(wWt%) with 10 wt% FEC as the electrolyte. The cells were evaluated at 25 °C with
galvanostatic charge-discharge testing between 0.01 V and 1.5 V (vs. Li/Li*) on a Neware

Battery testing system (CT-4008, Neware Technology Limited, Shenzhen. China). The
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current densities and specific capacities were calculated based on the mass of the active

materials in the working electrode.

4.3. Results and Discussion

4.3.1. Analysis of SiO/G/C Composite Synthesized by LS-CTP

Figure 4. 2. (a) SEM image and (b) corresponding backscatter electron image of SiO/G/C
composite. (c) a SEM image and (d) its BSE image of SiO/G/C composite particle.

By using the optimized LS-CTP emulsion, a SiO/G/C composite was obtained after spray
drying and calcination. The SEM image of the SiO/G/C composite (Figure 4.6a) exhibits
the particle size ranging from 5 to 20 um. The corresponding BSE image (Figure 4.6b)
indicates the even distribution of the brighter SiO among the darker graphite particles. The
magnified SEM image (Figure 4.6¢c) of a SiO/G/C particle shows abundant carbon
nanofibers around the particle surface. The carbon nanofibers are formed by the
carbonization of CTP during calcination. The corresponding BSE image (Figure 4.6d)
indicates the carbon nanofibers act as ropes to bind graphite and SiO particles together.
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The close contact of SiO with graphite effectively alleviates SiO’s dielectric nature.
Moreover, the conductive nature of the nanofibers is conducive to electron transfer and

thus facilitates fast charging and discharging.
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Figure 4. 3. (a) Discharge capacity and cycling performance of the SiO/G/C composite.

The well-connected carbon nanofibers on the SiO and graphite surface create a remarkable
improvement in the electrochemical performance, as shown in Figure 4.7. The SiO/G/C
composite presents an excellent cycling performance of 84.5% capacity retention after 500

cycles.

4.3.2. Analysis of SiO/C Composite Synthesized by HS-CTP.
The SiO/C composite (Figure 4.8) synthesized by HS-CTP suspension delivers a lithiation
capacity close to 2000 mAh g* at the current density of 0.1 A g*. When the cycling current

increases to 2.0 A g%, the SiO/C still releases a high reversible capacity (~1000 mAh g?)
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with a considerable cycle life (85% capacity retention after 200 cycles), which should be

ascribed to the highly conductive carbon coating derived from the high softening CTP.
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Figure 4. 4. (a) Discharge capacity and cycling performance of the SiO/C composite.

4.4. Conclusion

In summary, we have developed two routes to make the most of CTP in LIB anode
materials. By using LS-CTP, the obtained SiO/G/C particle surface presents a conductive
network, which binds SiO with graphite closely. Benefiting from the structure, the
composite shows a long cycle life with 84.5% capacity retention after 500 cycles. The
SiO/C composite synthesized by HS-CTP also shows a high reversible capacity (~1000
mAh gt at 2.0 A g!) with a considerable cycle life (85% capacity retention after 200

cycles). Despite the results in this chapter being summarized from an unfinished project
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and the lack of many characterizations and testing, the encouraging results have exhibited

a bright future for the application of CTP in LIBs.
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CHAPTER V

SYNTHESIS OF MICROMETER-SIZED HIERARCHICAL POROUS SI@C ANODES
FOR HIGH-PERFRMANCE LITHIUM-ION BATTERIES

5.1. Introduction

Silicon anodes can possess a capacity of 4,200 mAh g%, which is about double that of SiO
anode materials. Silicon resources are also widely available and abundant.® 12412> The high
capacity, however, is offset by its drastic volume change during lithiation and delithiation,
which pulverizes the Si particles and lowers the electrical contacts with current
collectors.!%!! The side reactions between Si and the electrolyte form the solid-electrolyte
interphase (SEI), which is vulnerable to repeated cycling and consumes the electrolyte,
resulting in a thick SEI and deteriorated Li* transport. These problems all lead to low

cycling efficiency and rapid capacity loss.

As discussed in Chapter II, the MR reaction of SiO2 is an easy and low-cost method to
produce microsized porous Si, which has been taken as a promising approach to
synthesizing high-performance Si anode materials due to its much smaller surface area
compared to nanosized Si. Its mechanical strength is limited though due to its much larger
size than that of nano-porous Si, making it easier to fracture during cycling.®?> Graphene
coatings have been proposed as an ideal approach to support porous Si structures and limit
the side reactions between Si and the electrolyte due to excellent resilience and high

conductivity;®: 8 126 nowever, previously manufactured graphene coatings are
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sophisticated, need catalysts, and endure harsh conditions during the synthesis process,

limiting production substantially.

Coal is classified as low-rank, medium-rank, or high-rank according to the degree of
coalification.'?” HA, the primary organic component of low-rank coal (lignite) is derived
from peat and has a molecular weight range from several hundred to millions.}? HA is a
dark brown powder where two-thirds of the carbon atoms in its molecular are sp? bonded.
The rest of the atoms exist primarily in carboxyl groups and hydroxyl groups (Figure 5.1).
HA with the unique structure has been demonstrated above to convert to graphene coating

facilely on SiO particles,®! and may also be a promising solution for microsized porous
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Figure 5. 1. Schematic illustration of the synthetic process of the mpSi@C composite.

In this work, we have introduced SiO2 nanoparticles (nSiO2) and a feedstock of low-cost
coal-derived HA to synthesize micrometer-sized porous Si coated with a graphitized
carbon shell (mpSi@C) through spray drying, calcination, and MR reactions (Figure 5.1).
The obtained mpSi@C composite possesses a microsized hierarchical graphitized carbon
structure that encapsulates the nanoporous Si (npSi) to effectively release the mechanical
stress of the Si anode upon lithiation. Detailed electrochemical testing and

characterizations were performed to determine the effectiveness of the design.
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5.2. Methods

5.2.1. Synthesis of mSiO.@C Composite: A quantity of 3.5 g HA, extracted and purified
from North Dakota lignite, was dissolved in 30 mL of D.I. water with ammonium (1.0 mL,
28%-30%, LabChem, USA). The mixture was stirred at 200 rpm for 1 hour, followed by
the addition of 10.0 g SiO. nanoparticles (500nm) and 0.45 g P123 as a surfactant. The
result was stirred vigorously for 2 hours and then spray-dried at an inlet temperature of 200
°C. The powder obtained from spray drying, mSiO2@HA, was sintered at 300 °C for 2

hours, then at 800 °C for 5 hours in a high-purity Ar atmosphere to produce mSiO>@C.

5.2.2. Synthesis of the mpSi@C Composite: A total of 0.81 g mSiO>@C powder containing
0.7 g SiO2 was completely mixed with 0.6g Magnesium powder (325 mesh, Sigma Aldrich,
USA) and 4.0 g NaCl powder (Sigma Ultra, USA) in a glovebox. The mixture was sealed
in a stainless-steel tube (Figure 5.2) and then heated to 700 °C for 5 hours at a heating rate
of 4°C/min under an Ar atmosphere. The resulting powder was washed in sequence with
HCI solution (10%, A.C.S) for 2 hours and a HF solution (5%, Sigma Aldrich, USA) for
20 minutes to remove impurities. The mpSi@C composite was obtained after D.I. water

washing and vacuum drying.
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Figure 5. 2. MR reaction in a stainless-steel tube.

5.2.3. Materials Characterization: Powder X-ray diffraction (XRD) was performed on an
X-ray diffractometer (Smartlab, Rigaku) using Cu Ko radiation at a scan rate of 2°/minute,
from 10°-80°. Field-emission scanning electron microscopy (FEI Quanta 650 FEG SEM)
was used to analyze the particle morphology. The Raman spectra were collected with a
Raman Spectrometer (HORIBA, 532 nm, 1800 grating). The mpSi@G carbon content was
analyzed with a carbon analyzer (TOC-V, SHIMADZU) that uses an SSM 5000A module

for solid samples.

5.2.4. Electrochemical Measurements: The electrode paste was prepared by mixing the
mpSi@G composite, a conductive agent (Carbon nanotube, Tuball, Luxembourg), and
binder (CMC, Tuball, Luxembourg) at a mass ratio of 90: 4: 6 in D.l. water. The paste was
then laminated onto copper foil and dried overnight at 80 °C in a vacuum oven. The coated
foil was punched into disk electrodes with diameters of 14 mm. Coin-type cell (CR2032)
assembly was performed in an Ar-filled glovebox using the mpSi@G electrode as the

working electrode, lithium foil as the counter electrode, a Celgard 2400 membrane as the
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separator, and 1.2 M LiPF6 in EC/DMC/EMC = 1/1/1 (wt%) with 10 wt% FEC as the
electrolyte. The cells were evaluated at 25 °C with galvanostatic charge-discharge testing
between 0.01 V and 1.5 V (vs. Li/Li*) on a Neware Battery testing system (CT-4008,
Neware Technology Limited, Shenzhen. China). The current densities and specific
capacities were calculated based on the mass of the active materials in the working
electrode. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
were performed on a Gamry interface 1010E electrochemical workstation (Gamry
Instruments, USA). CV measurements were conducted in the voltage range of 0.01-2.0 V
at 0.1 mV S EIS measurements were performed at an AC voltage amplitude of 10 mV

and a frequency of 1 MHz to 0.1 Hz.

5.3. Results and Discussion
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Figure 5. 3. (a) HA powder and its idealized molecular structure. SEM images of (b) nSiO>
particles, (c) mSiO.@C particles and a magnified inset image, (d) mpSi@C particles and
amagnified BSE inset image, (e) a broken mpSi@C particle, and (f) XRD patterns of nSiO-
powder and the mpSi@C composite.
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We used nSiO, powder that consists of nano spherical particles with an average particle
size of 500 nm (Figure 5.3b). Micrometer-sized SiO» coated with graphitized carbon
(mSiO.@C) was obtained by spray drying and calcination. Spray drying is a mature
technology for the massive production of microsized particles.*** An nSiO; and HA slurry
was atomized into mist during spray drying, consisting of many small slurry droplets. The
droplets contained a water solvent that evaporates instantaneously under the high-
temperature inlet gas, leaving the mSiO@HA particles. The subsequent calcination
converted mSiO@HA to mSiO.@C with a carbon content of 13.6%. Most of the
mSiO.@C particles were spherical, with particle sizes ranging from 2-15 um (Figure 5.3c).
The magnified SEM image of a mSiO.@C particle (Figure 5.3c inset) reveals the
distribution of nSiO; and carbon, where nSiO; constitutes the main body of the mSiO.@C
particle and is connected and coated by carbon material. The nSiO; particles react with the
Mg vapor from the sublimation of Mg powder at high temperature, forming Si and MgO,

as shown in the magnesiothermic reaction (MR reaction):2 3!

Si0, + 2Mg = Si + 2MgO
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HCI washing and HF etching removed the MgO and unreacted SiO,, leaving the mpSi@C

particles (Figure 5.3d) with a shape identical to the mSiO,@C particles. The magnified

BSE inset image in Figure 5.3d indicates

that solid nSiO: particles were converted —— mpSi@C
Bare Si

to a porous structure. This finding was D G

supported by the high-resolution SEM

Intensity (a.u.)

image of a broken mpSi@C particle

(Figure 5.3e), revealing nanoporous Si

particles and surrounding carbon shells, 1000 1250 1500 1750 2000
Raman Shift (cm™)

This hierarchical structure is conducive Figure 5. 4. Raman spectra of bare Si and the
mpSi@C composites.

to good electrochemical performance

during cycling since the carbon network inside the mpSi@C particles increases its
conductivity, while the outer carbon coating prevents side reactions between Si and the
electrolytes. The XRD patterns in Figure 5.3f confirm the proposed phase change in Figure
1. The broad peak located at 26 = 15 ~25° indicates the amorphous nature of the nSiO;
powder. A high purity mpSi@C composite was collected after the synthesis process, with
all peaks belonging to the Si phase. The Raman spectroscopy analysis was conducted
(Figure 5.4), revealing a significant G-band (1585 cm™) that demonstrates the highly
graphitic nature of the carbon in the mpSi@C composite, while the considerable D-band

(1350 cm™) indicates many defects that will facilitate Li-ion transport through the

micrometer-sized particles.
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Figure 5. 5. (a) Cycling performance and coulombic efficiency of mpSi@C and the cycling
performance of mpSi@C at 1.0 A g*. (b) Rate capabilities of bare-Si and mpSi@C
electrodes.

Cycling and rate testing results (Figure 5.5) reveal a remarkable electrochemical
improvement compared to bare Si material. The mpSi@C composite presents a high initial
discharge capacity of 2199.9 mAh gt at 0.1 A g* (Figure 5.5a), which is lower than the
bare Si capacity of 3310.4 mAh g1; however, due to the benefits from the well-designed
hierarchical structure, the mpSi@C composite presents considerable cycling performance
at 1.0 A g%, with a 68% capacity retention after 100 cycles. The capacity of bare Si dropped
significantly, below 200 mAh g in 10 cycles. The rate capability testing of the mpSi@C
composite and bare Si were conducted at a series of current densities. The mpSi@C
composite delivered reversible capacities of 1183.7, 984.6, 899.2, 789.1, and 566.3 mAh
gt at current densities of 0.2, 0.5, 1.0, 2.0, 5.0 A g}, respectively (Figure 5.5b). When the
current density was decreased to 0.2 A g1, the capacity nearly recovered to its original
value of 1121.3 mAh g*. The capacity of bare Si dropped significantly with the increase
in current density and could not recover its capacity when the current density returned to
0.2 A g. The considerable cycling and rate performance of the mpSi@C composite are

contributed to the Si and carbon structure in at least three ways: 1) the nanoporous Si
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structure could accommaodate the volume change of Si during lithiation/delithiation without
breaking the surrounding carbon shell, 2) the highly graphitized carbon structure presented
high electrical conductivity for charge transfer through the whole micrometer-sized particle,
creating a high rate performance, and 3) the outer carbon coating effectively prevented the

reactions between the embedded Si and electrolytes, limiting the growth of the SEI film.
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Figure 5. 6. (a) Cyclic voltammetry curves of bare-Si and (b) mpSi@C at a scan rate of
0.1 mV S for the first three cycles. (c) Nyquist plots of bare-Si and mpSi@C electrodes
before cycling.

The CV curves in Figures 5.6a and 5.6b describe the first three cycles of the bare-Si and
mpSi@C composite at a scan rate of 0.1 mV S*. The initial mpSi@C cathodic scan
revealed a broad peak at 1.2 V that should be attributed to the SEI film formation between
the carbon shell and the electrolyte. The reductive peak in the range of 0.01-0.2V
corresponds to the Si phase lithiation in bare Si and mpSi@C. The two oxidation peaks at
0.35 and 0.51 V for bare Si and 0.32 and 0.49 V for mpSi@C can be attributed to the
removal of lithium from the as-formed LixSi alloy. The peak current increased gradually
from the first to third cycle as more Si participated in the alloying process. The difference
between the redox peak potential (AEp) for mpSi@C at 0.001 V and 0.49 V was smaller
than that of the bare Si at 0.001 V and 0.51 V, indicating a faster current response in

mpSi@C due to the hierarchical Si and carbon structure, which facilitates electron transfer
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and Li-ion transport during potential scanning. These results are supported by the Nyquist
results (Figure 5.6¢) obtained from electrochemical impedance spectroscopy (EIS) analysis.
Nyquist plots for both bare Si and mpSi@C exhibit one depressed semicircle in the high-
frequency range, corresponding to charge-transfer resistance and an inclined line in the
low-frequency region associated with Li* diffusion.®*? Apparently, the mpSi@C composite
possesses a much smaller charge-transfer resistance than bare Si due to its much smaller

semicircle.

5.4. Conclusion

In summary, we have demonstrated a feasible approach to creating a mpSi@C composite
using SiO2 nanoparticles and a feedstock of coal-derived HA. The rationally designed
carbon structure hinders the side reactions between the electrolyte and the embedded
nanoporous Si, significantly improving the conductivity of the composite. The mpSi@C
composite presents a remarkable cycling performance of 68% capacity retention after 100
cycles and rate capabilities of 566.3 mAh g* at 5.0 A g*. This work provides a new and

practical approach for improving Si anode performance for use in LIBs.
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CHAPTER VI

SYNTHESIS OF COAL FLY ASH DERIVED HOLLOW POROUS SI@G ANODE
FOR HIGH-PERFORMANCE LITHIUM-ION BATTERIES

6.1. Introduction

Massively synthesizing high-performance Si anodes at an affordable cost to replace
graphite is still challenging because this not only requests a delicate structure design to
alleviate the dramatic volume change of Si during cycling but also needs a durable,
conductive, and inert coating to prevent Si from consuming electrolytes. Microsized porous
Si synthesized by the MR reaction of SiO: has been taken as a promising method to produce
high-performance Si anode materials due to its much lower reaction temperatures than
conventional silicon production and controllable porosity. Jia et al.?? reported a typical
microporous silicon composite synthesized by reducing micro-silica that was made by a
microemulsion approach and demonstrated high rate capability (~ 650 mAh gtat 11 A g
1 and cycling stability (370 cycles with 83% capacity retention), showing bright future for
application. Moreover, the MR reaction used in this article has become a focus of research
in recent years as many abundant and cheap silica resources, such as rice husk, sand, and
coal fly ash (CFA), can be used as feedstocks to reduce synthesis costs. Unlike other
massive silicon resources, there is a pressing and ongoing need to develop clean recycling
methods for CFA as its improper disposal is a big environmental concern. With the huge
global energy demand and colossal utilization of coal to meet energy needs, it is estimated

about 750 million tons of coal fly ash were produced in a single year and only 1/4" was
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utilized’* 133, CFA is mostly collected from the electrostatic precipitator of power plants
with a size distribution mainly from 2 um to 50 um. It is commonly a hollow or solid
spherical structure (depending on parent coal), and contains 20-60% silica with porosity of
30-65%%33134 All these features — abundant and high silica content, microsize spheres, and
hollow porous structure make it an excellent template and silicon source to synthesize high-
performance silicon anodes. Xing et al.*® used the “NaOH etching — HCI extracting — Mg
reduction — HC1 washing” process transforming fly ash into nanostructured silicon powders.
The synthesized nanostructured silicon exhibited good electrochemical performance
(1450.3 mAh gt at 4.0 A g1). However, the authors just took fly ash as a massive Si source
to extract pure silica and didn’t make the most of its unique spherical and hollow porous

structure, which is extremely useful in silicon anode design.

Herein, based on the work in Chapter V, we further reduce the cost of synthesizing high-
performance Si anodes by making the most of coal fly ash, a cheap and massive by-product
from power plants, as the Si source and structure template to in-situ synthesize hierarchical
hollow porous Si@C composites (HPSi@C). The hollow and porous structure allows the
Si anode to expand and contract freely during lithiation and delithiation. The carbon
coating acts as an effective electrolyte barrier and structure sustainer to keep the
electrochemical performance composites from decaying during long-time cycling. The
obtained HPSI@C composite possesses a microsized hierarchical graphitized carbon
structure that encapsulates the hollow porous Si to effectively release the mechanical stress
of the Si anode upon lithiation. Detailed electrochemical testing and characterizations were

performed to determine the effectiveness of the design.
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6.2. Methods

6.2.1. Pretreatment and Classification of Coal Fly Ash: Coal fly ash (191 g) from the
Wabash River highland power plant was first calcinated at 700 °C for 5 h to fully oxidize
residual carbon and subsequently leached with 200 mL D.l. water and 50 mL HCI (37%,
Fisher Chemical, USA) overnight to remove reactive compounds. After this, the leached
fly ash was mixed with 3% PEG 4000 (EMD Millipore, USA) and stirred vigorously to
form a homogeneous suspension. The suspension was rested for a certain time to deposit.
By adjusting the sedimentation time and repeated sedimentation (Figure 6.1a), a series of
classified fly ash beads (CFAB) with even particle sizes were obtained (CFAB-1, CFAB-

2, CFAB-3, CFAB-4) upon vacuum drying.

6.2.2. Synthesis of HPSi@SiC Beads: 0.65g CFAB beads were fully mixed with 0.43 g Mg
powder and 6.0 g NaCl powder in a glovebox. The mixture was sealed in a stainless
container and then heated to 750 °C for 5h at a heating rate of 4°C/min under an Ar
atmosphere. After this magnesiothermic reduction, the obtained powder was soaked in HCI
solution (5%) overnight followed by D.l. water washing. The resulting hollow porous
beads (HPSib) were subsequently combined with NHz solution (28%, 3.0mL), D.I. water
(200 mL), and CTAB (0.10 g). After vigorously stirring for 1 h, 0.4 g resorcinol (Alfa
Aesar, USA) and 0.56 mL formaldehyde (37.0%, J.T Baker, USA) were added and stirred
overnight. HPSI@RF beads were collected after filtering and drying under a vacuum. By
sintering the HPSI@RF beads at 800 °C for 5 h under Ar flowing, followed by 5% HF
etching for 1 h to fully remove unreacted SiO2, HPSIi@C beads were obtained after water

washing and drying in a vacuum.
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6.2.3. Materials Characterization: Powder X-ray diffraction (XRD) was performed on an
X-ray diffractometer (Smartlab, Rigaku) operated at 40kV and 44mA using Cu Ka
radiation at a scan rate of 4°/min from 10° — 80°. The particle morphology and element
composition were analyzed by a field-emission scanning electron microscopy (FEI Quanta
650 FEG SEM) equipped with an energy-dispersive X-ray (EDX) spectrometer and field-

emission transmission electron microscopy (FE-TEM, JEM-2100F, JEOL, 200 kV).

6.2.4. Electrochemical Measurements: The HPSi@SIiC electrode slurry was prepared by
mixing HPSi@SiC beads, conductive agent (Carbon nanotube, Tuball), and binder (CMC,
Tuball) at a ratio of 90: 4:6 in D.I. water. The slurry was then laminated onto copper foil
and dried at 100 °C in a vacuum oven overnight. The coated foil was punched into disk
electrodes with diameters of 14 mm. CR2032 coin-type cells were assembled in an Ar-
filled glovebox with the HPSIi@SiC electrode as the working electrode, lithium foil as the
counter electrode, Celgard 2400 membrane as the separator, and 1.2 M LiPFs in
EC/DMC/EMC = 1/1/1 (wt%) with 10 wt% FEC as the electrolyte. The Mass loading for
HPSi@SiC beads was 0.7 mg cm™. The cells were tested by galvanostatic charge-discharge
testing between 0.001 V and 2.0 V (vs. Li/Li*) on a Neware Battery testing system (CT-
4008, Neware Technology Limited, Shenzhen. China). The current densities and specific
capacities were calculated based on the mass of active materials in the working electrode.
CV (cyclic voltammetry) and EIS (electrochemical impedance spectroscopy) were
performed on a Gamry Series G 750 electrochemical workstation (Gamry Instruments,
Warminster, USA). CV measurements were conducted in the voltage range of 0.01-2.0V
at 0.1 mV S1. EIS measurements were carried out at an AC voltage amplitude of 10 mV

and frequency from 300 kHz to 0.01 Hz.
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6.3. Results and Discussion
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Figure 6. 1. (a) Pretreatment and classification of raw CFA. (b) composition of raw CFA.
SEM images of (c) raw CFA, (d) acid washed CFA, (e) CFAB-1, (f) CFAB-2, (g) CFAB-
3, (h) CFAB-4. (i) Chemical composition of etched CFABs.

XRF results in Figure 6.1b indicate that raw fly ash has the composition of 50.8% SiO2,
11.9% Fe»0s3, 26.7% Al>O3, 6.6% KCNMO (stands for the sum of K0, CaO, NaO, and
MgO as they have similar properties), 1% carbon, and 3.1% others (trace cation’s oxides).
The high content of SiO2 makes coal fly ash to be a promising feedstock for silicon anode.
In addition, SiO> tends to form the thick outer crust, encapsulating compounds, such as

Al,03 and Fe;0s, during the formation of the coal fly ash beads.!3¢13" The SEM image
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(Figure 6.1c) shows the raw fly ash beads are mostly spherical in shape, with a diameter
ranging from about 1-30 um. From the magnified in-set, on the beads’ surface, we can see
a layer of nanoscale dust, which is supposed to be CaO absorbed by fly ash during its
formation. By calcination and acid washing to eliminate its carbon and some soluble
inorganic compounds, the generated SiO»-rich beads show a similar diameter range but
with a smooth surface (Figure 6.1d). Besides, we can also observe some broken SiO-rich
beads have a hollow structure, which is an excellent template for synthesizing hollow
porous Si anodes. To obtain monodisperse silicon-rich beads, we used a simple but very
effective method — sedimentation — to classify these beads, as sedimentation speed is
proportional to the square of particle size.®

va 2@ P9
9 181

By optimizing the sedimentation time and after repeated sedimentations, a series of
deposits (CFAB-1, CFAB-2, CFAB-3, CFAB-4) were obtained. SEM images of these
deposits (Figure 6.1e, 1f, 1g, 1h) demonstrate the classification's effectiveness. The particle
size of each deposit is similar and gradually decreases from CFAB-1(~ 30 um), CFAB-2
(~ 10 um), CFAB-3 (~ 5 um), to CFAB-4 (1-2 um). XRF results (Figure 6.1i)of these
deposits indicate a decrease in SiO2 content from FA-1 (58%) to FA-4 (50.8%), with
increases in Al,Oz and Fe>Os content. The particle size and composition of the classified
components will surely impact the morphology and electrochemical performance of

synthesized composites.
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Figure 6. 2. (a) Schematic illustration of the synthetic process of the HPSi@C beads. (b)
XRD patterns of raw fly ash, classified fly ash, HPSi beads, and final HPSi@C beads.

Figure 6.2 (a) illuminates the synthetic process of the HPSi@C beads. We make the most
of the unique hollow structure of fly ash beads, by MR reaction, to reduce the SiO and
other metallic oxides in situ. After HCI washing to remove soluble matters, only Si is left
with a hollow porous structure. The following RF coating and calcination process form a
layer of carbon coating, which improve the electrical conductivity of the composite
significantly while preventing the side reactions between the hollow porous Si and
electrolyte. The XRD results in Figure 6.2b confirm the proposed phase change over the
synthetic process. Raw coal fly ash possesses the XRD patterns with a broad bump in 26=
15 - 35°, containing many amorphous compounds, while the most significant peaks belong
to SiO.. Due to HCI washing, the broad bump disappears in the classified fly ash. The
following MR reaction and HCI washing successfully converted SiO2 to Si while removing
other components, as indicated by the XRD pattern of the HPSi beads, with little impurity
left. The final carbon coating process didn’t make observable composition changes as

indicated in the XRD pattern of HPSi@C beads.
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Figure 6. 3. HRSEM image of (a) a broken HCI-washed CFAB-3 bead, (b) a broken HPSi-
3 bead, (c) a HPSi@C-3 bead. SEM image of (d) HPSI-2, (e) HPSI-3, (f) HPSIi-4 beads
produced from CFAB-2, CFAB-3, and CFAB-4, respectively. SEM of (g) HPSi@C-2, (h)
HPSI@C-3, (i) HPSi@C-4 beads.

The HRSEM images (Figure 6.3a, b, ¢) show the morphology of a broken HCI-washed fly
ash bead, a broken HPSi-3 bead, and an intact HPSIi@C-3 bead, respectively,
demonstrating that the unique structure template of coal fly ash is retained after all the
synthetic procedures. The MR reaction removes O from SiOg, leaving a porous Si structure.
The void in the porous and hollow structure can accommodate the volume change of Si
freely without breaking the structure, resulting in good structural stability. HPSi-2 (Figure
6.3d), HPSI-3 (Figure 6.3e), HPSI-4 beads (Figure 6.3f) and following HPSi@C-2 (Figure
6.39), HPSI@C-3 (Figure 6.3h), and HPSIi@C-4 (Figure 6.3i) beads were produced

individually by using classified fly ash component CFAB-2, CFAB-3, and CFAB-4,
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respectively. These SEM results show similar monodisperse beads to their corresponding

fly ash components, suggesting the effectiveness of the design.
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Figure 6. 4. (a) Cycling performance of HPSi@C-2, HPSi@C-3, HPSi@C-4 beads, and
bare Si anodes. (b) Hollow-porous structure of Si and the hollow-porous structure after
lithiation.

The cycling testing results (Figure 6.4a) reveal the cycling performance of HPSI@C-2,
HPSI@C-3, HPSi@C-4 beads, and bare Si anodes. The capacity of bare Si dives quickly
to below 100 mAh/g in 20 cycles despite a high initial discharge capacity of 3502 mAh/g,
while all the HPSIi@C composites present much better cycling life. Among them, the
HPSI@C-3 presents the best cycling performance and delivers the highest reversible
capacity and capacity retention (85.1% retention after 100 cycles). The significant
improvements come from the unique hierarchical structure of CFA beads and the in-situ
intact carbon coating. As shown in Figure 6.4b, the hollow porous structure formed in MR
reaction effectively mitigates the stress from Si’s volume change during
lithiation/delithiation, while the carbon coating shell prevents the side reactions between
Si and the electrolytes. As a result of the design, the excellent cycling performance of the

HPSi@C beads is achieved.

76



6.4. Conclusion

In conclusion, power plant waste CFA as the Si feedstock and structural template is
successfully used to synthesize hierarchical HP Si@C composites. The hollow and porous
structure inherited from the CFA allows the Si anode to expand and contract freely during
cycling. Besides, the in-situ synthesized carbon coating acts as a barrier to prevent the
reactions between the Si and electrolyte. Benefiting from the design, the hierarchical
HPSi@C composite shows promising potential for application in LIBs. In the booming era
of renewable energy, the low-cost CFA brings new perspectives to the synthesis of Si anode

materials.
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