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ABSTRACT OF THE DISSERTATION

CVD-Assisted Carbon-Coating on Titanium-Based Silicate Anode Material

for Lithium-lon and Sodium-lon Batteries

Dejia Kong
Doctor of Philosophy Candidate in Chemical Engineering
University of California, Los Angeles, 2020
Professor Yunfeng Lu, Co-Chair

Professor Philippe Sautet, Co-Chair

The communication between humanity and energy sources reflects the evolution of human
society. As the landmark of history, from the awe of the prehistoric man about the fire to the
steam's popularization in the industrial revolution, different kinds of energy play an unparalleled
role in the development of technology. Up to time now, electricity, the ultimate energy source in

existence, powers the development of civilizations. Meanwhile, with the more urgent request for



improving the quality of life, higher energy consumption, and more diverse forms of energy
storage systems (ESS) are integrated into the world.

Among all the various ESS, the battery received considerable attention because of its high
theoretical energy density, the feasibility of current technology, and applicability for different
fields. Whereas, the significant issues rest on the sluggish reaction kinetics of electrode materials
during fast charging and discharging process. For instance, graphite is the most used anode
material for lithium-ion batteries because it has economical production cost and considerable
energy density (theoretical capacity: 372 mAh g, discharge plateau: ~ 0.1 V vs. Li*/Li). When
employed as high-power batteries, however, graphite shows inadequate endurance with rapid
fading of its capacity and delivers reduced capacity. The uncontrollable growth of lithium
dendrite will also cause safety problems, particularly at high charging current density.

In order to fill the vacancy of the desired high-rate anode candidate, titanium-based
materials acquire numerous studies. The most representative candidate is LisTisO12 (LTO),
which has been widely studied and commercialized. In respect that LTO has “zero strain”
physical property, its cycling stability is exceptionally long, compared with other carbon-based
anodic materials. However, low electronic conductivity (10® S cm™), slow ionic diffusivity, low
theoretical capacity (175 mAh g 1), and high operational voltage (1.55 V vs. Li*/Li) limit its
performance and further development in the matter of power batteries. By contrast, another
member from titanium-based materials, lithium titanium silicate (Li>TiSiOs, LTSO), offers an
intriguing theoretical capacity of 308 mAh g and a low potential of 0.28 V vs. Li*/Li.

Nevertheless, inherent properties like low electric and ionic conductivity are still tangling
the growth of such materials in power lithium-ion batteries. For the improvement of these

drawbacks, using carbon composites and nanocrystallizations is simple and effective.



Nevertheless, they bring new issues like low tap density, low initial coulombic efficiency, and
complex synthesis. In brief, there is a conflict between the total amount of carbon materials (for
conductivity enhancement), particle size (for ionic diffusivity improvement), and tap density
(effect on volumetric energy density), initial coulombic efficiency (related to specific surface
area).

In this dissertation, we first designed a chemical vapor deposition (CVD)-assisted synthetic
strategy to achieve conductive carbon-coating over the surface of fumed-silica and transform the
catalysts to LTSO for high-rate anode material of lithium-ion batteries. The application of CVD
allows the steerable carbon content and uniform surface carbon growing to compensate for the
low conductivity. With optimized carbon content (2.35 wt.%), the obtained LTSO carbon
composite could deliver desirable high-rate performance (~ 100 mAh gt at 15 C, where 1 C =
300 mA g1), which is comparable with commercialized LTO.

In consideration of using nanosized particles (fumed-silica, with 20-30 nm primary
structure), the current state needs to advance regarding the tap density and initial coulombic
efficiency. Thereupon we proposed a novel tactic for CVD-assisted in-situ graphitic carbon-
coating by employing the dual functional material, LTSO, with both catalytic and
electrochemical activity. The catalytic ability of LTSO render the hierarchical structural design
with microsphere particulate, which guarantees the tap density at 1.3 g ml. The optimized thin
layer (15 nm) conductive carbon-coating, with only 3.5 wt.%, dramatically improves the
conductivity form ~ 107 S m™ to ~ 10° S m. After incorporating all the advantages, carbon-
coated LTSO reveals a superior graphite-like volumetric capacity of 441.1 mAh cm and

LisTisO12-like rate capability (120.1 mAhcm3at 4.5 A g1).



Based on the attained understanding of LTSO, we then started the exploration of relative
titanium-based silicate in sodium-ion batteries (NazTiSiOs, NTSO) as anode candidate. By using
inexpensive materials (fumed-silica and P-25) and facilities (ball milling), the obtained NTSO is
very practicable for large-scale production. Benefited from the similar catalytic ability as it of
LTSO, NTSO carbon composite shows promising performance with excellent cycling stability

(100 mAh gt at 100 mA g* and 90% capacity retention after 3000 cycles).
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Chapter 1. Introduction and background

11 Energy and energy storage systems
1.1.1 History of energy

Energy plays a critical role in human history as a source of energy, a sense of safety, and a
historic milestone of evolution. With the development of technology, people are relying more on
energy and using it to explore the universe further, seeking the truth of life.

Three hundred thousand years ago, when the Homo sapiens became distinguished from
Homo erectus, the first energy era started. The era sustained until the beginning of stable
societies nearly 10,000 years ago.! Throughout prehistory, all efforts to control higher energy
flows were plugged by the low power of humans and by the ineffective use of fire.
Acclimatization of draft animals and utilizing of fire for producing metals and other durable
materials instituted the first excellent energy transition: reliance on these extra somatic energies
had raised energy quantity of preindustrial societies by ten times higher.?

The second transition got underway only several thousand years later; it was not as general
as the initial one, and its impacts made a thoughtful, and relatively early, the variance only in
some places: it came as some outdated societies replaced large shares of their human resources
by waterwheels and windmills, ingenious but straightforward inanimate prime movers that were
designed to convert the two typical renewable energy flows with growing power and
efficiency.!?

The third admirable energy transition (substitution of animate prime movers by engines and
biomass energies by fossil fuels) began only several centuries ago in a few European countries,
and all industrialized nations accomplished it through the 20" century. That transition is up till

now to run its course in most low-income economies, particularly in Africa. The latest energy



transition has been underway since 1882 when the world’s first electricity-generating stations
were established in London, New York, and Appleton, Wisconsin (the first hydroelectric
station).! From then on, all modernizing countries have been consuming increasing shares of
their fossil fuels circuitously as electricity and introducing new methods of primary electricity
generation to increase the overall production of this most adaptable and most expedient form of
energy. The second key feature of this transition has been a firm relative withdrawal of coal
reflected by the rise of hydrocarbons, first crude oil and later natural gas.?

Refining the quality of life has been the primary individual benefit of this pursuit for higher
energy use that has brought augmented food harvests, a more significant accumulation of
personal possessions, the profusion of educational opportunities, and massively enhanced
personal mobility.! The increase of the world’s population, the growing economic might of
nations, the extension of military abilities, the development of world trade, and the globalization
of human affairs have been the vital joint consequences of the quest.?

1.1.2 Energy storage systems

Energy systems play a crucial role in garnering energy from various sources and converting
it to the energy forms required for applications in various divisions, e.g., utility, industry,
building, and transportation.® Energy sources like fossil fuels can be used to provide energy
according to customer demand, i.e., they are readily storable when not required. However, other
sources such as solar and wind energy need to be harvested when available and stored until
needed. Employing energy storage can provide several advantages for energy systems, such as
permitting increased penetration of renewable energy and better economic performance. Also,
energy storage is essential to electrical systems, allowing for load leveling and peak shaving,

frequency regulation, damping energy oscillations, and improving power quality and reliability.



Energy storage systems have been used for centuries and undergone continual improvements
to reach their present levels of development, which for many storage types, is mature. So far,
there are a lot of different types of energy storage systems on the stage, which can be classified
as multiple categories. For instance, features of electrochemical energy storage types, according
to specific energy and power, are often summarized in the “Ragone plot,” which helps recognize
the potentials of each storage type and contrast them for applications requiring varying energy
storage capacities and on-demand energy extraction rates.* The plot also helps to pick the most
suitable energy storage for particular applications or demands (Figure 1-1). Energy density
means the amount of energy stored for a given system or space, and power density is the energy
transfer rate per unit volume or mass. When produced energy is over demands and will not be
consumed in the short term, an energy storage device with a high energy density that can store
excess power is required. When the charging/discharging current is high, and charge/discharge
fluctuations over short periods are frequent, a high-power density device is desired. Energy
storage systems also can be classified based on the storage period. Short-term energy storage
typically involves the storage of energy for hours to days, while long-term storage refers to the
storage of energy from a few months to a season (3 to 6 months). For instance, long-term thermal
energy storage retains thermal energy in the ground over the summer for use in winter. It should
be emphasized that only a few types of energy storage systems are shown in Figure 1-1 since the

Ragone plot is commonly used for capacitors, batteries, and fuel cells.
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Figure 1-1. Energy-storage Ragone plot.°

The various types of energy storage can be divided into many categories, and here most
energy storage types are categorized as electrochemical and battery energy storage, thermal and
thermochemical energy storage, compressed air energy storage, flywheel energy storage,
pumped energy storage, magnetic energy storage, and hydrogen energy storage. In the current
dissertation, the electrochemical and battery energy storage will be discussed in detail.

1.1.3 Electrochemical and battery energy storage

Electrical energy can be stored electrochemically in batteries and capacitors. Batteries are
developed energy storage technique with has high energy density and high working potential.
Various types exist, including lithium-ion, sodium-sulfur, nickel-cadmium, lead-acid, lead-
carbon batteries, as well as zebra batteries and flow batteries. Capacitors store and deliver energy

electrochemically and can be classified as electrostatic capacitors, electrolytic capacitors, and
4



electrochemical capacitors. Among these three types, electrochemical capacitors, also called
supercapacitors or ultracapacitors, have the highest capacitance per unit volume due to having a
porous electrode structure.

Several new electrode materials and electrolytes have been reviewed and suggested to
improve the cost, energy and power density, cycle life, and safety of batteries. Hall and Bain®
provide a review of electrochemical energy storage technologies, including flow batteries, Li-ion
batteries, sodium-sulfur, and the related zebra batteries, nickel-cadmium, and the related nickel-
metal hydride batteries, lead-acid batteries, and supercapacitors. Baker et al.® also viewed some
of these electrochemical energy storage technologies, while Hou et al. provide performance
information for supercapacitors and Li-ion batteries.” Nitta et al.® review fundamental properties,
opportunities, challenges, and recent progress of anode and cathode material research for lithium
batteries. As strategies to improve the performance of Li-ion batteries, Nitta et al. suggest (1)
reducing dimensions of active materials, (2) formation of composites, (3) doping and
functionalization, (4) tuning particle morphology, (5) formation of coatings around active

materials, and (6) modification of the electrolyte.
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Figure 1-2. Energy densities for various types of rechargeable batteries compared to gasoline.®
Note: Ni-Cd: Nickel-Cadmium; Ni-MH: Nickel-metal hydride; Li-ion: Lithium-ion; Zn-Air:
Zinc-air; Li-S: Lithium-Sulphur; Li-Air: Lithium-air.

Among the various battery types, lithium batteries are playing an increasingly important role
in electrical energy storage because of their high specific energy (energy per unit weight) and
energy density (energy per unit volume). A fully charged Li-air battery is competitive with
gasoline concerning the practicable energy density that can be delivered for powering the electric
vehicles (Figure 1-2). The fundamental battery chemistry during discharge is the
electrochemical oxidation of lithium metal at the anode and the reduction of oxygen from the air
at the cathode. In order to enable the high performance and commercialization of Li-air batteries,
plenty of technical challenges have to be addressed: designing structures of electrodes,
optimizing electrolyte compositions and explicating the storage mechanisms during charging and

discharging process.° The most significant developments, the main limiting factors for Li-air

6



batteries, and the current understanding of their chemistry have been summarized in the
following content.®® The Li-ion battery is a type of lithium battery that uses an intercalated
lithium compound as an electrode material. Bruce et al. examine the energy that can be stored in
Li-air (based on aqueous or non-aqueous electrolytes) and lithium-sulfur (Li-S) batteries and
compare it with that for Li-ion batteries, and discuss cell operation and development
challenges.'! They suggest that both batteries offer improved energy density compared to Li-ion
batteries and could also be more cost-competitive than Li-ion batteries. However, they suggest
that more research on the fundamental chemistry involved in the Li-O2 and Li-S cells is needed
before they can reach markets. Thackeray et al. provide a historical overview of Li-ion batteries,
the status of current ones, and a description of advances in lithium-air batteries.'? The
performance of Li-ion batteries is affected by the solid electrolyte interphase, a protecting layer
formed on the negative electrode of the battery due to electrolyte decomposition during the first
charge-discharge cycle. Verma et al. discuss factors that affect the solid electrolyte interphase
and how they impact battery performance.'® Janek and Zeier'* propose that the energy density of
conventional Li-ion batteries will soon reach a physicochemical limit, and solid-state batteries
that use solid electrolytes rather than liquid ones could meet the need for higher energy and
power densities, although technical issues such as slow kinetics limit commercialization of solid-
state systems.

Due to the extensive availability and low price of sodium, and the similarity of Li and Na
insertion chemistries, Na-ion batteries could become the future low-cost batteries for smart
electric grids that integrate renewable energy sources. A mountain of work has to be finished in
the Na-ion field to get closer to Li-ion technology. Cathodic and anodic materials have to be

optimized, and new electrolytes will also be the key for Na-ion accomplishment. Palomares et al.



describe Na-ion battery materials to provide a broad view of already explored systems and a
platform for future research. Among the Na insertion cathodic materials, the authors suggest
phosphates and fluorophosphate as promising options, but only after structural characteristics
and Na insertion-extraction mechanisms are further studied and well understood.*® They also
suggest several electrolytes as promising for Na-ion batteries, including sodium p-alumina solid
electrolyte and gel polymer electrolytes. Watanabe et al. review the various application of ionic
liquids, i.e., liquids consisting entirely of ions, and focus on their use as electrolyte materials for
Li/Na-ion batteries, Li-sulfur batteries, and Li-oxygen batteries.’® They focus on the
characteristic features of ionic liquids, including non-volatility, high thermal stability, and high
ionic conductivity, to provide solutions to some current barriers for further developing the
batteries. Ru et al. propose Al-ion batteries as the alternative candidate for Li-ion batteries
because of their plentiful materials, desired cost performance, environmental friendliness, the
potential for high-rate application, and long service life.}” Such advantages could allow them to
support power generation from renewable energy sources. However, their energy density, cell
capacity, and cycle stability may still need to be improved before commercialization. Ru et al.
review development challenges for such batteries, such as a selection of the most suitable
electrolyte and positive electrode materials; these challenges result in the batteries remaining in

the conceptual stage.

1.2 Overview of lithium-ion batteries

Li-ion batteries (LIBs) have an unbeatable combination of high energy and power density,
making it the technology of choice for portable electronic equipment, electric tools, and
hybrid/full electric motorcars.*® Greenhouse gas emissions will be dramatically diminished if

electric automobiles powered by Li-ion batteries replace most engine vehicles.*® The high power



efficiency of Li-ion batteries may also permit their purpose in miscellaneous electric power grid
applications, including enhancing the quality of energy gathered from solar, wind, geothermal,
and other renewable energy sources, thus dedicating to their more extensive use and establishing
an energy-sustainable economy. Therefore Li-ion batteries are of intense interest from both
industry and government funding agencies, and research in this field has teemed in recent years.

Nevertheless, looking to the future, many suspect that Li-ion batteries will be able to power
the world’s desires for portable energy storage in a long time. For some applications at the
current stage, for example, transportations and transmission grids, Li-ion batteries are
uneconomic, and the insufficient Li sources and some of the transition metals currently applied
in Li-ion batteries may one day become an issue.?° At the same time, Li-ion batteries have
convinced essential advantages over other systems. Firstly, Li has the lowest reduction potential
over other elements, allowing Li based batteries to have the highest possible working voltage.
Also, Li is the lightest metallic element and has the smallest ionic radii in any single charged
ions. These advantages allow Li-based batteries to acquire high volumetric and gravimetric
energy density and power density. Lastly, although multivalent cations afford for higher charge
capacity, the additional charge severely decreases their mobility. Known that ionic diffusion in
the solid electrodes is often the rate-limiting issue for power performance, this offers a giant
obstacle for the further development of such alternative chemistries.

A significant shortage of Li is unlikely presently.??? Similar statements have been made
about peak oil but have yet to arrive as world oil reserves and resources remain to grow with
increasing prices and the progress of exploration and mining development. Following absolute
guantities, the amount of Li available on the Earth is sufficient to power a global fleet of

automobiles.?® Rising prices, though, can be problematic for Li-ion batteries because the cost is



the primary factor inhibiting its expansion into renewable energy applications. Even so, Li is not
a significant factor in the cost of Li-ion batteries at present. Li is used in the cathode and
electrolyte, which make up only a small portion of the overall cost.?* Within these
considerations, the cost of processing and the cost of cobalt in cathodes are the major influencing
factors.? Given its fundamental advantages, Li-ion batteries will possibly continue to dominate
portable electrochemical energy storage for many years to come. Since Li-ion batteries are the
preferred supplier of the moveable electrochemical energy storage system, improving their cost
and performance can markedly extend their applications and empower new technologies that rely
on energy storage systems. A large number of research in Li-ion batteries has yet been in
electrode active materials. With higher rate aptitude, higher energy capacity, and adequately high
voltage window, electrodes can expand the energy and power densities of Li-ion batteries and
allow them to be smaller and cheaper. However, this is only referable if the material itself is not

too expensive or rare.
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Figure 1-3. a) Availability, and b) capacities of elements that may host Li as electrodes.
Elements with abundance (as the fraction of Earth’s crust) below 10° are slightly faded, and
elements below 107 are faded further. Prices are approximate 5-year ranges of metal prices
(except Ge, which is a three years range), 80-100 mesh natural graphite for carbon, and the

Vancouver/USGS prices for sulfur.2 Gravimetric and volumetric capacities are theoretical values

calculated based on de-lithiated mass and lithiated volume.

Figure 1-3 shows the wholesale price of various metals and the abundance of elements as a
fraction of the Earth’s crust.?® Although the electrodes are not manufactured from pure metal

bars, the prices illustrate the relative differences. Mn is much cheaper than Co, which elucidates
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the cost difference in the cathodic active materials prepared from them. The abundance of
elements signifies a restriction on the obtainability of the element. While actual availability also
depends on supply and demand, this chart shows the superiorities of some elements. Finally, the
theoretical specific and volumetric capacities of the elements which undergo conversion

reactions with Li are shown in Figure 1-3b.
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Figure 1-4. Approximate range of average discharge potentials and specific capacity of
some of the most common: a) intercalation-type cathodes (experimental); b) conversion-type
cathodes (theoretical); c) conversion type anodes (experimental), and d) an overview of the
average discharge potentials and specific capacities for all types of electrodes. Note: LCO:
lithium cobalt oxide, LMO: lithium manganese oxide, NCM: nickel cobalt manganese oxide,
NCA: nickel cobalt aluminum oxide, LCP: lithium cobalt phosphate, LFP: lithium iron
phosphate, LFSF: lithium iron fluoro-sulfate, LTS: lithium titanium sulfide.®
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Inappropriately, as valuable as the periodic table is, most cathodic materials are chemical
compounds and are not suitable for this chart. Figure 1-4 is a relatively comprehensive form of a
simplified chart, representing average electrode potential compared to experimentally accessible
(for anodes and intercalation cathodes) or theoretical (for conversion cathodes) capacity. This
map allows the reader to estimate different combinations of anode and cathode, and their
theoretical voltage window, energy density, and total capacity. The chart can also be used to
recognize proper additives, electrolytes, and current collectors for the electrode materials of
choice.

For a more compendious illustration, the evolution of Li-ion batteries (working electrodes)
from conventional technologies into advanced, state-of-the-art, and hybridized technologies, is

shown in Figure 1-5.
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Figure 1-5. Historical evolution and advances of Li-ion battery technologies.?’

1.3 High-rate anode material for lithium-ion batteries

With the growing demands of electric vehicles, portable electronics, and ESSs, the
rechargeable batteries with high power density are obbligato requirements for their extensive
applications.?®3* Fast charging, as one of the core technology of rechargeable batteries, has
drawn extensive interests and exhibited an excellent market prospect.?39-3-38 The data analysis
of all charge points through Ireland and Northern Ireland shows that the fast charging
substructure is the most prevalent and becomes commercially feasible because of its time saving
and handiness.®” Figure 1-6a compares the required travel time from Salt Lake City to Denver,

of internal combustion engine vehicles, conventional charging electric vehicles, and extremely
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fast-charging electric vehicles. Conventional charging electric vehicles consume 29% more time
than internal combustion engine vehicles because of the long charging duration and frequent
charging cycles during the journey. By comparison, high-speed charging requires equal time to
internal combustion engine vehicles due to its short charging time. Thus, the fast charging
technology is the kernel to solve the extended mileage issue of electric vehicles, and it is critical

to lessening consumer range concerns.>%4°
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Figure 1-6. a) Drive from Salt Lake City to Denver with different strategies. b) Four 1000 V
battery electric vehicles architectures to support extreme fast charging. ICEV, BEV, DCFC,

S
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XFC, BMS, DC represent internal combustion engine vehicles, battery electric vehicles, direct
current fast charger, extreme fast charging, battery management system, and direct current,

respectively.*°

The fast charging ability for Li-ion batteries has raised rigorous requirements for their core
components, including electrodes, electrolytes, and external equipment.*:42 The achievable
charge/discharge rate of a Li-ion battery depends critically on the mobility rate of the Li-ions and
electrons within the batteries, including electrodes, electrolytes, and their interfaces.**** Fast
charging typically involves high fluxions, which result in lithium dendrites growth and the
repeated formation of solid-electrolyte interface (SEI) film, further contributes to the reduced
coulombic efficiency, increased voltage polarization, and safety risks.*>*® Worse still, organic
liquid electrolytes in conventional Li-ion batteries are combustible and reactive, fast charging
cause the increase of temperatures for batteries, increasing the possible risks of explosion or
ignition after exposure or leakage of liquid electrolytes.*” While solid electrolyte benefited from
its intrinsic stability and safety has aroused full attention for the applications in next-generation
Li-ion batteries.*®*° Simultaneously, with the development of high ionic conductivity solid-state
electrolytes, it is possible to realize fast charging in solid-state lithium batteries.

1.3.1 The requirements of electrodes for fast charging

The rate performances of lithium batteries depend mostly on the mobility of the ions and
electrons transportation within the electrolytes, composite electrodes, and their interfaces. The
sluggish ion and electron transportation of the electrode is considered as the rate-limiting step in
batteries. Thus, these two particular factors that should be satisfied for electrodes for fast
charging technology are a) high ionic conductivity, and b) excellent electronic conductivity. The

criterion for fast charging is to return 60% of the state of charge (SOC) of the battery within 6
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min. Table 1-1 lists the Li-ion battery performances with different electrodes at 10 C. It is worth
noting that when the ionic or electric conductivity is less than = 10° S cm™, it will be difficult for

the battery to attain 60% of the SOC at 10 C. Therefore, ~5 X 10° S cm™ is believed as the

critical threshold of ionic and electronic conductivity for fast charging electrode. When the ionic
or electronic conductivity of the electrode is lower than this threshold, the electrode is not
suggested to be applied in the fast-charging application. The higher intrinsic conductivity is
necessary for an electrode with a high areal loading or large size particles. The approaches
include developing novel electrode materials with high ion and electron mobility,*3°1-%3
designing hierarchically structured electrode with high ion and electron transport rate through
coating or doping,®®#*** reducing the length of transportation path for electrons and Li-ions
through structural unification,***® and modifying the ion diffusion channels by controlling crystal

structure.**>*
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Table 1-1. The ionic and electronic conductivity of different electrodes.>®

Electrode? Conductivity SOC [%] Rate [C] Areal loading  Areal loading
[Sem™ [mAh em~7] [mg em™
Anode
LigTisOy~TiO; - 62 60 1.75 10
LTO-graphene foam (GF) =1.36 % 10* (Electronic) 77 200 - -
LisTisOy5 2.5 % 107® (Electronic) 26 10 B -
Li4TisOp; =3 %107 (lonic) - - - -
LisTisOq1 5Bro 2 6.3 %107 (Electronic) 57 10 — —
Cathode
Poly-(anthraquinonyl sulfide)-26 wt% 6.4 % 107 (Electronic) 60 100 - -
functionalized graphene sheets (PAQS-26 wit% FGS) 90 10
PAQS-6 wi% FGS 2.9 %1075 (Electronic) 64-75 10 - -
Polyimide-functionalized graphene sheets (PI-11 wt% FGS) 3.5 %107 (lonic) 66 10 - -
Pl-6 wt? FGS 1.2%x107° (lonic) 6-40 10 - -
LiFeqgPpe504.5 - =85 20 0.6 3.6
Pristine LiFePO, 107°-10°"° (Electronic) =6 /30 0.4 25
Li;M,FePO, =102 (Electronic) =41 10.8 0.4 25
LiFeggsMgg 0sPOy 1.65 % 107* (Electronic) =65 10 1.2 6.7
1.79 % 10 (lonic)
LiFeq s5Nig sPOs 6.40 % 10 (Electronic) =29 10 1.2 6.7
5.04 % 107° (lonic)
LiFePO, 3.7 X 10 (Electronic) =29 1 1.2 6.7
5.0 % 107 (lonic)
LiCoO, 1% 107 (Electronic) =100 =0.05 9.1 60.9
Mg-doped LiCoO, =5 %107 (Electronic) =97 =0.05 9.1 60.9
LiCoO,~CNTs 3.8 % 107 (Electronic) 91 1 - -

a) Calculation of the SOC [%]: LisTisO12 and LiFePO4 based materials are compared with their

theoretical capacity, 175 mAh g1, and 170 mAh g%, respectively. LiCoO2 based materials are

compared with 150 mAh g . The others are compared with their capacity at 0.1 C rate.

1.3.2 Anodic electrode materials for high-rate application

Graphite is one of the most widely recognized anode material in Li-ion batteries due to its

good reversibility, safety, and low cost.3! However, the poor high-rate intercalating capability

dramatically confines its practical applications in fast charging.>” The slow lithium-ion diffusion

mainly causes the reduced rate performance of graphite within the bulk carbon-based materials.>®

Therefore, porous carbon anode has been applied to shorten the Li-ion diffusion pathway in the

bulk phase and increase channels for transporting ions.>*° Maier and co-workers prepared
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hierarchically porous carbon monoliths, which exhibited a high-rate capacity of 145 mAh g* at
30 C.%! Besides, surface modification is another tactic to enhance the rate performance of the
carbon-based anode material. The existence of heteroatoms on the surface of carbon-based
material can efficiently enhance the reaction kinetics and electronic conductivity. Cheng et al.
described that the N-doped graphene and B-doped graphene exhibited a high capacity of 199
mAh g and 235 mAh g at 25 A g2, respectively.®? Huang et al. suggested that the combination
of porous structure and heteroatoms doping improved the high rate performances of carbon-
based material in lithium batteries. The as-prepared nitrogen-doped porous carbon nanofiber
networks provided a reversible capacity of 226 mAh g* at a current density of 20 A g™* for about

40 cycles.®®
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Figure 1-7. Electrode for fast charging: a) the spinel structure of LTO (left) and its projection
along with the (1 1 0) direction (right). b) Rate performance of the LTO nanosheets. LTO-600
represents Li/Ti molar ratio is 4.5:5, LTO-RT-600 represents Li/Ti molar ratio is 4:5. c)
Schematic of a flexible battery containing a cathode and an anode made from 3D interconnected
graphene foam (GF).* d) Cyclic performance of the LTO/GF at 30 and 100 C.* ¢) Cyclic
capability for LiFeo.9Po.9504-5 Synthesized at 600 °C at 20 and 60 C. f) Discharge capability for

LiFeo.oPo.950s. at different rate.5®

Alternatively, immense efforts have been dedicated to seeking for novel anodic materials to
acquire better high rate performance. As the most promising anodic candidate for high rate
lithium batteries, LisTisO12 (LTO) has been extensively researched because of its excellent

structural stability during the Li-ion intercalation/deintercalation process and higher safety.545¢
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However, both the poor electrical conductivity and sluggish Li-ion diffusion leave an unfulfilled
rate capability of pure LTO. In order to overcome these essential drawbacks, approaches have
focused on enhancing the electronic conductivity by doping or reducing the ion diffusion
pathway by fabricating nanostructured particles.®”%® Xia et al. pronounced that the carbon-coated
nanoporous microsphere LTO revealed a capacity of 126 mAh g* at 20 C.%° Figure 1-7a exhibits
the well-defined spinel structure of LTO. The projection of (1 1 0) crystal face confirms that the
rutile-TiOz is at the edges of the LTO nanosheets.”® Such rutile-TiO2 terminated LTO nanosheets
show a reversible capacity of 110 mAh g* at 60 C charging/discharging rate, with an areal
loading of 10 mg cm (Figure 1-7b).54 LTO/graphene foam composite anode (Figure 1-7¢)
exhibits a capacity of 130 mAh g* at 100 C (Figure 1-7d).*® This remarkable rate performance is
credited to the porous structure and superior electronic conductivity of the composite electrode.

Furthermore, the high content of other high-performance anodes for fast charging has been
explored. Cho et al. prepared disordered graphene-like and enlarged interlayered distance of 0.69
nm MoS; nanoplates, which provided a reversible capacity of 700 mAh g at 50 C.”* Luo et al.
pronounced that the mesoporous FezO4 loaded on 3D graphene foams exhibited a capacity of 190
mAh g at 60 C.”> Wu et al. discovered the mesoporous CosO4 nanowire arrays anode with a
considerable capacity of 350 mAh g* at 50 C.”® Cui et al. demonstrated a notable Si-SiOx
double-walled silicon nanotube anode, in which the ion-permeable outer wall of SiOx can
sufficiently avert the reaction between inner silicon and electrolyte, and thus deliver a very high
capacity of 540 mAh gtat 20 C."
1.3.3 Titanium-based materials for high-rate anodic electrode

So far, the dominating and commercial anode materials for electrochemical energy storage

are carbon-based. To be specific, graphite and activated carbon have dominated the LIBs anodes.
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Although the carbon materials show significant advantages of low cost and excellent cycling
stability, the increasing requirements for higher energy density and power density of energy
storage fields put forward higher demands on the electrode materials. Based on these
requirements, various metal oxides have been proposed and gradually employed as anode
materials for LIBs due to the high energy density or power density.”

Generally, the electrochemical lithiation mechanism of metal oxides used as anode materials
can be divided into four categories. 1) Intercalation/deintercalation reaction: lithium ions can be
intercalated into the lattice vacancy sites with no volume change or little volume expansion, such
as TiOz, Nb2Os, LisTisO12, and TiNb2Oy, etc.”®’" 2) Alloying/dealloying reaction: lithium ions
can be alloyed and formed to LixM alloy and Li-O in the first discharge process, and then the
LixM participate reaction as the only active component in subsequent cycles, accompanied by a
vast volume expansion/shrinkage. The typical representative oxides are SnO., Sh,03, SiO, and
Li,Sn0Og, etc.”®"® 3) Conversion (Redox) reaction: lithium ions can participate in the conversion
reaction with the MxOy process directly and generate metal M and Li>O, which will participate in
reaction in the subsequent cycles together with small volume change. The typical representative
oxides are NiO, Co304, Fe3Oa, and MnOy, etc.8%#2 4) Both alloying/dealloying and conversion
reaction: that is, lithium ions participate the electrochemical reactions through the two
mechanisms at the same time, such as ZnM204 (M = Co and Fe), CdFe204, M2SnO4 (M = Co,
Mn, Mg, and Zn) and metal carbonates, etc.838 5) Both intercalation /deintercalation and
conversion reaction: lithium titanium silicate (Li-TiSiOs) has hybrid lithium-ion storage
mechanism which includes two intercalations and one conversion process within different
voltage window.® Due to the conversion reaction mechanism and noticeable volume change, the

(2), (3), and (4) oxides generally deliver weak cycle stability. On the contrary, the (1) oxides,

22



described as insertion-type electrodes, show excellent rate capacity and cycle stability due to the
stable crystalline structure for Li-ion intercalation and deintercalation. Primarily, they can exhibit
significant pseudocapacitive effects during the fast Li-ion intercalation process, which further
elevates the rate capability and can be applied as the anode materials for nonaqueous Li-ion
capacitors.®® However, (5) oxide is a little bit special because its cycling stability depends on the
discharge cutoff which is essentially because of the occurrence of conversion reaction.

Ti-based oxides, including TiOz, Li4TisO12, Li2TiSiOs, Naz2TizO7, TiNb2O7, etc., are the
most representative insertion-type anode materials for electrochemical energy storage. Lately,
massive efforts have acknowledged the vast potential of Ti-based oxides for Li-ion batteries. The
significant advantages of Ti-based oxides could be summarized as the following aspects. 1)
Excellent intrinsic safety due to the high working potential (1.2-1.7 V vs. Li*/Li). 2) Stable
crystalline structure during repeating lithium intercalation/de-intercalation based on the reaction
mechanism (1). 3) Superior rate capability over traditional carbon materials. 4) Resource
abundant and low cost. Inspired by that, titanium oxide-based materials have been extensively
investigated and considered as alternatives for the traditional carbon-based anode materials in the
LIBs. Besides, exploring novel Ti-based oxides for applications such as the sodium-ion batteries
and hybrid pseudo-capacitors is another intriguing approach that has bright prospects.
Unfortunately, some issues and challenges, such as low electrical conductivity and lithium
diffusion coefficient, still limit its electrochemical performance. In order to overcome these
drawbacks, understanding the electrochemical mechanism of Ti-based oxide anodes for a
different energy storage system and making targeted modification are imperative for future

applications in electrochemical energy storage devices.
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1.4 Carbon composites in lithium-ion batteries

Because of the low electronic conductivity of most electrode materials, various carbon
composites have been widely used to achieve superior electrochemical performance.
1.4.1 Porous carbon materials

Because of the high surface area, large pore volume, and unique pore size distribution,
porous carbon materials are considered having great potential for many applications and
therefore, attracted tons of attention.8”# Activated carbon, with a broad pore size distribution,
however, has many limitations, such as low conductivity, low mass transportation, and low
structural stability, which confines its commercialization in catalytic and electrochemical
applications. Many efforts have been attempted to overcome these drawbacks and produce high-
quality porous carbon materials with tuneable pore size, narrow pore size distribution, high
specific surface area, and high conductivity from increased graphitization.®® On the other hand,
the morphology control has also been developed to prepare different structures, which are
beneficial to enhance the performance as catalysts or electrode materials.®** Nevertheless, the
expectation of pure carbon materials in energy storage fields is still shadowy due to their
disadvantageous intrinsic properties. For example, the theoretical capacity of carbon-based
material (e.g., graphite, meso-carbon microbeads) is only 372 mAh g%, which is much lower
than other types of active material, especially Sn/SnOx and silicon, as anodes for lithium-ion
batteries.®® For lithium-oxygen batteries, carbon has sluggish dynamics in the oxygen reaction
and oxygen evolution reactions, leading to low charge/discharge round-trip efficiency.
Furthermore, non-aqueous electrolytes decompose on carbon catalyst, and side reactions produce

by-products on the cathode side, resulting in poor cycling stability of lithium-oxygen batteries.®*
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Porous carbon materials have been incorporated with other active materials to explore novel
electrode materials with satisfying catalytic or electrochemical properties. The porous carbon-
based composites have many special features to achieve enhanced properties. For instance, the
carbon frameworks always provide superficial electron transportation to achieve high electronic
conductivity. Therefore, the porous carbon composite electrodes, with high operating current
condition, is valuable for high-power energy supply systems. The active materials, embedded in
the carbon substrate, induce enhanced performance, which can be credited to the synergistic
effect. The porous structure of the composites results in a more adequately infiltrating effect of
electrolyte, which allows the enhanced electrode/electrolyte interface. The higher interface
means more active sites for promoting electrochemical and electrocatalytic reactions. Therefore,
the porous carbon-based composites have many favorable characteristics and can achieve
outstanding performance for energy storage and catalysis.%

Many strategies have been constructed to fabricate porous carbon substrates.?®%” Generally,
for “bottom-up” strategies, there are three typical synthesis methods: hard templating, soft
templating, and mixed templating (hard and soft templating) methods.

1) Hard templating methods have been extensively used to prepare porous carbon substrates
with a wide range of pore sizes from microporous to macroporous by nano casting carbon
precursors to different kinds of hard-templates. The structures of the as-prepared porous carbon
material are the replicas of their templates. Explicitly, carbon structure will fill the void space
between template particles, and the porous structure will replace the template after the removal.
Therefore, the structure of porous carbon materials is controllable by selecting proper templates

with specific synthetic route.*
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Figure 1-8a shows a diagram of the synthetic route for CozO4 in CMK-5 nanotube arrays,
forming a peapod-like tubular composite by nano casting a Co precursor in CMK-5/SBA-15
precursor.®® In this manner, CozO4 nanoparticles can be restricted within the intratubular pores of
the nanotube arrays. This specially designed anode architecture is efficient to overcome massive
volume changes during the Li* insertion and extraction process. The interspace between the
nanotubes, inherited from the structure of SBA-15, is accessible (similar to CMK-3), which leads
to efficient electrolyte contact. A similar strategy can also be applied to construct SnO,/CMK-5
composite.’® As shown in Figure 1-8b, the SnO,-80@CMK-5 presents an excellent
electrochemical performance of 1039 mAh g after 100 cycles, at a discharging current density
of 200 mA g between 0.005 and 3 V. The ultrafine SnO2 NPs with average diameters of 4-5 nm
offer a high reactivity and shorten electronic and ionic transport lengths, leading to a superior
capacity and excellent rate capability. The walls of the carbon nanotubes suppress the expansion
and aggregation of SnO- nanoparticles. The hollow area of the mesopores between nanotubes
can compensate for the volume change of SnO; and provide efficient electrolyte flow. During Li
intercalation, nanoparticles of tin-lithium alloy grow along the meso-channels of CMK-5, which
simultaneously increases the sufficient contact between active particles and carbon structure,
promoting the electronic transportation within the active material, and enhancing the
conductivity of the composite. Hence, the SnO2-80@CMK-5, because of its remarkable
reversible capacity, high coulombic efficiency, stable cycling performance, and decent rate

capability, is considered as an applicable anode candidate for LIBs.
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Figure 1-8. a) Schematic illustration of the formation process of mesoporous peapod-like
Cosz0:s@carbon nanotube arrays. b) Schematic illustration of volume change during Li*

insertion/extraction processes in SnO2/CMK-5 composite.%

2) Soft templating methods have a milder requirement of preparation than the hard
templating methods since the templating surfactant has a lower decomposition barrier during the
heating treatment. In a soft templating strategy, guest species are self-assembled in

nano/mesostructures by the self-assembly. For such a spontaneous process, it is crucial to
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generate micelles from the communication between surfactants and guest species. The curvature
of micelles determined by the hydrophilic/hydrophobic ratio significantly affects the symmetry
of closed packed micelles (e.g., 2D hexagonal or 3D bicontinuous cubic structure). During high-
temperature calcination, the surfactant molecules can be removed, and the carbon frame can be
obtained.101-103

Liu et al. reported a versatile route to prepare hollow TiO2/graphitic carbon (H-TiO2/GC)
spheres with superior electrochemical performance for lithium-ion batteries.’** The schematic
illustration of the preparation and functioning of H-TiO2/ GC anodes is summarized in Figure 1-
9. Typically, mesoporous amorphous TiOz shells can be uniformly deposited onto the surface of
SiO2 nanospheres via a versatile kinetics-controlled coating method.'® The as-prepared
SiO2@TIiO> core-shell structured spheres were hydrothermally treated in a glucose solution to
form SiO,@TiO2/C spheres. Along with the hydrothermal reaction, glucose was decomposed
and filled in the void space of the polycrystalline TiO2 networks, forming a TiO2/C core-shell
structure. During the heating process, the amorphous TiO2 core and carbon shells could be
converted in-situ to crystalline TiO2/graphitic carbon composite. This mesoporous H-TiO./GC
composite offers a high specific surface area (298 m? g1), a large pore volume (0.31 cm® g*) and
size (= 5 nm), distinct hollow structure (monodispersed particle size of 600 nm, and the inner
diameter of around 400 nm, with a shell thickness of 100 nm), and small anatase TiO>
nanocrystals (=~ 10 nm) uniformly encapsulated in thin layers of graphitic carbon. Therefore, the
H-TiO2/ GC hollow spheres could achieve excellent electrochemical performance with decent

stability as a candidate for anode material of Li-ion batteries.

28



% Amorphous
&%, carbon filling &
e

(a) ‘ i TiO, coating

sio, L e s
sphere Si0,@Ti0, $i0,@Ti0,/C

Calcination at 500 °C Calcination at 800 °C
and SiO, removal and SiO, removal

5 Amorphous TiO, ",
1@ Anatase TiO, :
'

500 nm

'
'@ Amorphous carbon :
\@ Graphitic carbon }

P —=—H-Ti0z/C
b 258 —=—H-TiO2 04 —— HTIOC A

&L 3 - e H.TiO2 ’,

iZW — E 02 v\

- ) &

Eis : W e

Z 2 =

g 100 5 02 )

g g /

ol 0.4

0.6 42 T T T T
20 40 60 80 100 1.2 14 16 18 20 22 24 28 0 100 200 300 400 500 3.05 310 3.15 320 3.25
Cycle Number Potential (V) Zree 1000/T (VK)

Figure 1-9. a) Schematic illustration of the formation of conformal graphitic carbon coating of
mesoporous hollow TiO. (Denoted as H-TiO2/GC) spheres. b) SEM and ¢) TEM images of the
mesoporous H-TiO2/GC hollow sphere d) Cycling performance of H-TiO2/GC and H-TiO»
spheres at a constant current density of 0.1 A g (approximately 0.5 C). Inset images show the
structural evolution of H-TiO2 and H-TiO2/GC spheres upon cycling. e) Cyclic voltammetry
(CV) curves of H-TiO2/GC and H-TiO; sphere electrodes with a scanning rate of 0.5 mV s. f)
Nyquist plots of H-TiO2/GC and H-TiO2 spheres at room temperature. g) Activation energy and
corresponding Arrhenius plots of log io versus 1/T for fresh electrodes of H-TiO2/GC and H-TiO>
spheres collected at 2 V at different temperatures from 35 to 55 °C.%°

3) Mixed templating methods, namely, hard and soft templating combination methods, are
smart methods to produce hierarchical porous materials, which provide multi-sized pores for
secure transportation of electrolyte and lithium ions. Several templates can be applied to form the
microporous structure, including colloidal, foam, anodic aluminum oxide, and biological
templates. Simultaneously, mesostructured can be generated in situ by surfactant. After final
calcination and template removal, hierarchically porous carbon materials can be obtained.%®

Subsequently, active materials can be loaded into the cavity of porous carbon with desirable
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nano casting and heat treatment procedures to obtain the final porous carbon composites for
lithium-ion battery materials.

Kim et al. reported mesoporous Si@carbon core-shell nanowires with a diameter of ~6.5

nm that were prepared by using mesoporous silica SBA-15 as a rigid template and an organic
silicon source as a precursor.” The as-synthesized nanowires demonstrate an excellent first
charge capacity of 3163 mAh g with high Coulombic efficiency of 86% at a rate of 0.2 C (600
mA g1). Furthermore, around 87% capacity is retained after 80 cycles, and the rate performance
at 2 Cis 78% of it at 0.2 C. On account of carbon modification, mesoporous Si@carbon core-
shell nanowires exhibit superior electrochemical performance, which also implies the excellent
structural stability. Similarly, mesoporous SnO./C composites can be obtained by impregnating
organic tin salt in SBA-15 hard-template with calcination at 400 °C (Figure 1-10a).1% The SnO;
nanostructure can be uniformly coated by a thin layer of carbon, which improves its stability and
conductivity (Figure 1-10b-d). Therefore, the mesoporous SnO2/C composites present amended

electrochemical properties (Figure 1-10e).
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Figure 1-10. a) Schematic view of the preparation of mesoporous SnO.@carbon core-shell
nanowires. b) TEM image of the SnO,@carbon core-shell structure and (c) enlarged TEM image
of (b), showing the carbon-coated core-shell structure. d) HRTEM image of a mesoporous
SnO,@ carbon core-shell structure with graphitic carbon coated on SnO crystalline.*®
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1.4.2 Graphite-derived materials

Carbon-based materials are progressively playing increasingly critical roles for energy
storage in lithium-ion batteries (L1Bs).*%° Graphite-derived materials, in particular, are
appropriate for energy storage devices and especially for LIBs, owing to their layered structure
and the reversible reaction between these materials and the lithium-carbon compounds used as
electrolytes.''® Graphite is extensively used as the anode material in LIBs due to its unigque
electrochemical and physical properties.*'!!2 Despite its widespread use, the low theoretical
capacity (372 mAh g1)1*3114 and reduced rate capability'® of graphite still restricts LIB
performance. Theoretical research has indicated that reducing the dimensionality of routine
anode materials via nanotechnology can realize higher energy capacity. Thus low dimensional
carbon materials have been investigated as a replacement for graphite in LIB anodes.'!6:117
Graphene, the carbon-based two-dimensional (2D) material discovered in 2004, has generated
excitement among LIB researchers because of its atomic thickness, unique electronic properties,
high mechanical strength, high thermal conductivity, and large surface area.''#!® Graphene,
along with its leading derivatives, has promoted rapid developments in LIB
commercialization.'?>*2! Graphene oxide (GO) can be easily synthesized on a large scale via the
chemical oxidation and exfoliation of graphite. GO contains oxygen functionalities (epoxy,
hydroxyl, carboxyl, and carbonyl groups) on its surfaces and edges, which help in the attachment
of metal oxide nanomaterials for energy-related applications. Several techniques, such as
chemical treatment, thermal annealing, microwave heating, and laser irradiation, can be applied
to obtain the reduced GO (rGO). Figure 1-11 presents a schematic illustration of the possibilities

for the application of graphene/rGO and their derivatives in LIBs.
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Figure 1-11. Graphene/GO and derived structures for application as electrode materials in
LIBs.122

The main paths for the synthesis of graphene can be classified into two major categories:
top-down and bottom-up methods.*?® In the top-down methods, bulk size materials are converted
into their smallest compositional components.*?* Some of the main top-down methods to produce
graphene from graphitic sources are mechanical/chemical exfoliation,*?%1? |aser ablation,'28:12°
plasma etching,**° and unzipping of carbon nanotubes (CNTs).1311%2 |n the bottom-up methods,
the synthesis of graphene is accomplished from liquid or gaseous carbon-containing
precursors.*3® Molecules/atoms are decomposed from carbonaceous precursors and in-situ
arranged to form the hexagonal structure of graphene layers. CVD,**1% pyrolysis,'* and

epitaxial growth'” are some of the main paths in this approach for the synthesis of graphene.
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Figure 1-12 shows a schematic representation for the synthesis of graphene by both bottom-up

and top-down routes.
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Figure 1-12. Schematic representation of graphene synthesis by different approaches.??

Reduced graphene oxide (rGO) has physical and chemical properties similar to those of
graphene. The high electrical conductivity of rGO is of particular importance for application in
nano-devices. Several GO/graphite oxide reduction methods have been employed to minimize
the amount of oxygen present on the surfaces of GO, thus increasing its conductivity. Some of
the essential reduction strategies involve chemical, thermal, microwave, or laser treatments
(Figure 1-13).
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Figure 1-13. Reduction of GO/ graphite oxide into rGO using various methods.??

The GO contains many oxygen-containing groups, including epoxy, carboxyl, and hydroxyl
groups. By changing the concentration of these oxygen-containing groups, GO can be turned into
a material with tunable electrical properties. It is also important to note that GO can provide
large numbers of active sites for anchoring electroactive materials. Overall, graphene/GO-based
materials modified with metal oxides exhibit better electrochemical performance for LIB
applications. Several C/metal oxide hybrid structures, with widely varying morphologies, have

been proposed by Raccichini et al. as shown in Figure 1-14,1%8
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Figure 1-14. Structural models of different graphene-based composite electrodes.**

Kim et al. fabricated self-assembled ZnO nano-aggregates, using GO as the template, which
exhibits superior electrochemical performance (Figure 1-15).1*° With the reduction of GO, the
ZnO-based nanohybrids showed a high discharge capacity (752.8 mAh g!) after 65
charge/discharge cycles. The rGO-based electrode also displayed a capacity of 400 mAh g2,
even when subjected to a current density of 2 A g. According to the authors, the hierarchical

self-assembled structure is the main reason for tremendous electrochemical performance.
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Figure 1-15. Illustration Depicting the Preparation of SAZO and GO Nanocomposite.1%
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Sun et al. synthesized a Co30s-graphene core-shell composite by a solvothermal method
(Figure 1-16).14° This graphene-wrapped composite revealed enhanced electrochemical
performance with a vast potential range of 0.01-3 V. With high surface area and synergistic
interactions between Co304 and graphene. The hybrid electrode achieved high discharge and
charge capacities of 1609 and 1115 mAh g, respectively. The low CE for the initial cycle was
caused by the formation of SEI, which is one of the common problems in LIBs. With 23.8 wt.%
of graphene loading, the C0304-based nanohybrid maintained a high reversible capacity of 600

mAh g up to 500 cycles.
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Figure 1-16. Scheme of the fabrication process of Co304@G core-shell composites. 4

37



Liu et al. reported the sol-gel synthesis of LTO/graphene composites, which exhibited a
capacity of 170.7 mAh g* at 1 C.'* The specific capacity was lower than the ones for
conventional metal oxide-based composites. However, the electrode retained ~99% of the
specific capacity after 100 cycles. In another similar study, LTO/rGO exhibited a capacity of
only 131.6 mAh g%, but no capacity fading was observed up to 500 cycles.'*? On the other hand,
the rate capability was quite impressive, being higher than the one for pristine LTO. With a
minimal graphene loading (3 wt.%), the nanohybrids exhibited long cycle life because of the
more accessible transport of Li* ions.

Nonetheless, there are still many challenges to entirely surmount the inadequacies of carbon-
based anode materials such as low initial coulombic efficiency, low tap density, and
unsatisfactory cycling stability.143
1.5  Application of chemical vapor deposition in lithium-ion batteries

Chemical vapor deposition (CVD) is the most widely used method for synthesizing
graphene because it fulfills the requirements for electronic applications (large area, high-quality
graphene), which are frequently not achieved by exfoliation.1**1% Another advantage of CVD is
the flexible choice of carbon precursor materials.4¢147 On the other hand, the cost of CVD
synthesis of graphene is higher than that of mechanical and liquid-phase exfoliation. In the CVD
method, various types of carbon-containing substances are decomposed at high temperature in
the absence of oxygen on metallic substrates for large-area graphene growth. Examples of carbon
sources may be solids (camphor, sucrose, polymers), liquids (ethanol, benzene, hexane,
turpentine oil), or gases (C2Hz, C2Hs, CH4). Appropriate substrates are Cu, Ni, Au, Co, Pd, Pt, Ir,

Ru, Re, Rh Ge etc..148-1%2
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As shown in Figure 1-17, the growth mechanism involves several steps for final graphene
formation. Depending on the substrate material, these steps may include decomposition,
adsorption, dissolution, dehydrogenation, diffusion, nucleation, segregation, and precipitation
(Figure 1-18).1531% Carbon has a relatively high solubility in Ni at high temperatures, so carbon
dissolved in Ni diffuses, segregates, and precipitates to form graphene (few to multi-layers).*>®
On the other hand, carbon has very low solubility in Cu, so it adsorbs on the surface and diffuses
to form single, bi, and trilayer graphene.'>>¢ For this reason, Cu is presently the most
extensively used catalyst material, which offers reasonable control over the number of graphene

layers formed.
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Figure 1-17. Scheme of a general process for chemical vapor deposition.
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Figure 1-18. Growth kinetics in CVD-produced graphene on various catalysts: Case of CH4 on
Ni and Cu.>’

Hydrocarbon-based reactants, the most mentioned being methane (CHa), are commonly used
as C source. Due to strong C-H bonds in the methane molecule (440 kJ mol™), its thermal (non-
catalytic or non-plasma-activated) decomposition occurs at very high temperatures
(>1200 °C).'®8 This high temperature is not easily obtained in a typical thermal CVD set-up.
Different transition metal catalysts (e.g., Fe, Co, Ni, Cu) are widely used to reduce the
temperature of the decomposition of methane. Such catalytic behavior is also confirmed during
low-temperature (< 900 °C) graphene growth on metals, with assistance from CVD. Therefore,
non-catalytic activation can be considered negligible when working in thermal systems.**CVvD-
assisted graphene material is usually relocated onto the particular substrate for further
employment. Therefore, seeking specific dielectric substrates, such as BN, Si, SiO2, Al>O3, GaN,
MgO, and SisNa, with the ability to endow direct growth of continuous graphene films is entirely

worth exploring. Considerable efforts were made to grow graphene films on these substrates
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directly, but so far continuous and highly conductive films have been challenging to

synthesize.160-164

1.6 Overview of sodium-ion batteries

Among the diverse available energy storage systems, the Li-ion battery, which has
dominated the portable electronic market, has become the primary contender to power the next
generation of electric vehicles (EV) and plug-in electric vehicles. Li-ion cells offer a sufficient
energy density and output voltage of all rechargeable battery technologies in use. Moreover, Li-
ion technology relies on rich and versatile chemistry leading to an extensive range of potential
electrode materials for both cathodic (LiCoO2, LiMn20a4, LiFePO4) and anodic electrodes (C, Sn,
Si, etc.).®®

After that, so far, Li-ion batteries have attracted all the attention in energy storage. However,
recently, Na-based compounds have made a comeback because of controversial debates
regarding the size of reserves and higher cost to obtain Li.*®® Recently, worries have emerged
about the availability reserve of lithium and hence future price, given the projected orders of
exponential growth in lithium usage of batteries for hybrid or fully electric vehicles (EV).
Though the mild extension of Li production can supply 1 MM 40 kW h vehicle batteries, to
fulfill a long-term target with 100 MM 40 kW h Li-based EV batteries per year, a dramatic
enlargement of annual production will be inevitable.*%® The issue is not deficient lithium reserves
on a global scale, but what fraction can be used and still be economically practical.X®” Most
untapped lithium reserves occur in remote or politically sensitive areas. Aggrandizement will
necessitate an extended lead period, also involve massive capital investment in mining, and may
require the extraction and refining of resources with inferior quality, which could lead to higher

extraction costs. Currently, high costs remain a critical obstacle to the prevalent scale-up of
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battery energy storage. Concerning the long-term “stock” objective of 1 billion 40 kWh vehicle
batteries, the available quantity of several Li-based materials is satisfactory but close to the
boundary of what is accessible. Indeed, if following such a route, Li recycling will be obligatory.
Although the argument over the viability and environmental influence of lithium carbonate
production remain, sodium-based compounds are under consideration as options for abundant
scale energy storage combined to renewable energy sources. Expansion of battery research
regarding alternative materials may accelerate the ability to complete both the scaling and cost
challenges of long-term planning for battery energy storage. Therefore it is urgent to search for

low-cost replacements that have massive reserves.

Table 1-2. Main characteristics of Na and Li materials.®

Characteristics Na Li

Price (for carbonates)” 0.07-0.37 € kg ! 4.11-4.49" € kg !
Capacity density 1.LI6 Ahg'! 386 Ahg'
Voltage vs. S.H.E. =27V 3.0V

[onic radius 0.98 A 0.69 A

Melting point 97.7°C 180.5°C

“ Purity: 98.8-99.2% min. ” Battery grade: 99.9%. ¢ S.H.E.: Standard
Hydrogen Electrode.

The use of Na in place of Li in batteries could alleviate the available shortage of lithium
economically, due to the unlimited sodium sources, the ease to recover it, and its lower price
(Table 1-2). Furthermore, sodium intercalation chemistry of positive electrode materials is very
comparable to lithium, hence making it possible to practice very similar compounds for both
systems. Moreover, if a rechargeable sodium-ion battery with excellent performance features
could be developed, it could have the benefit of using electrolyte systems with lower
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decomposition voltage, since the higher potential of half-reaction for sodium concerning lithium.
This low operating voltage would make Na-ion batteries more economical because water-phase
electrolytes could be applied instead of organic electrolytes. The Na has already been
successfully used in Na/S and Na/NiCl; Zebra batteries.

It has to be indicated that Na-ion batteries will always fall short of meeting requirements of
specific energy densities, if compared to Li-ion batteries, for the following reasons. 1) The
molecular weight of sodium is much higher than lithium. 2) The ionization potential rises from
3.893 eV t0 5.390 eV as it goes from Cs to Li in the sequences of alkali metal elements. The
lower the ionization potential, the faster the electron shifts from the alkali metals to the anode.
For example, graphite is used as a typical anode material. Consequently, the potential energy
could be harvested based on the charge transfer becomes smaller in the order of Cs > Rb > K >
Na > Li. 3) Though it looks inconsistent with what occurs with lithium intercalation. The
smallest ionic diameter of Li can explain this fact. Therefore, Na-based batteries will have
difficulties competing with Li-based batteries in terms of energy density. Nevertheless, they can
be considered for use in applications which have mild requirement on the weight and footprint,
for example, storage of off-peak and substantially fluctuating renewable energies, such as wind
and solar farms. Despite these considerations, there exists an increasing interest in the Na-ion
energy storage system. Recent computations by Ceder et al. on stability, potential, and diffusion
barrier of Na-ion and Li-ion materials designate that Na-ion systems can be competitive with Li-
ion systems.*%® In any case, Na-ion batteries would be impressive for keeping down the cost for
grid storage, which could make renewable energy an essential source of energy rather than just a

standby.
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The search for commercially feasible Na-ion batteries requires discovering and adjusting
new electrode materials and electrolytes for more economical, safer, and more lasting battery
systems. One of the ways to get more economical systems would be exploring the aqueous-phase
electrolyte, which would not exact ultra-dry fabricating conditions and would not apply higher-

cost organic electrolytes. Another subsidiary saving could be the use of cheaper materials for

assembling the battery, for instance, the current collectors.
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Figure 1-19. The most critical cathode and anode materials studied for their application in
sodium-ion batteries, represented by their specific capacity and operating voltage versus a

sodium metal anode.®

Figure 1-19 depicts the most essential cathodic and anodic materials for sodium-ion
batteries, indicating their specific capacity and operating voltage. It is not hard to see that many

materials have been reported in the literature as potential cathodic candidates for Na-ion
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batteries. In contrast, only some carbon-based anodes have been pointed out for this storage
technology.

The favorite family of cathodic materials in a Na-ion battery is phosphate-based materials,
die to their decent thermal stability and higher voltage window. It is worth mentioning that
olivine NaFePOQ4 has the highest theoretical specific capacity among NaVPO4F, NasV2(POa)2Fs3,
NazFePO4F, and NasV2(PO4)s.2 Still and all, these phosphates require conductive coating and
nano-crystallization for realizing the improvement of electrochemical performance.

As for the anodic materials, the use of metallic sodium is not practical due to the formation
of the dendrite, and aging problems happen in the interface. Furthermore, alternative anode
materials must be explored to fabricate aqueous-phase Na-ion batteries.

1.7 Anode material for sodium-ion batteries

The exploration of proper anode materials for Na-ion batteries is sophisticated. Although a
great diversity of phases that can potentially be used as cathode electrodes which have been
identified, very few valuable materials have been reported for anode electrodes.®®
1.7.1 Carbon-based anodic materials

Graphite, the anode of choice in LIBs with a high theoretical specific capacity of 372 mAh
g%, operates at a flat and low potential of = 0.15 V vs. Li*/Li and is stable over many cycles.
When applied to the SIB system, the electrochemical insertion of sodium into graphite results in
NaCg4, corresponding to the deficient theoretical capacity of only 35 mAh g.16%170 |t was
initially proposed that the more significant Na* ion mismatches the graphite interlayer distance
of 3.35 A, and results in less favorable formation energy for binary graphite intercalation
compounds (b-GIC).1"*173 However, this could not explain the fact that other b-GIC such as MCg

and MCg (where M is the alkali metal) are readily formed with heavier alkali metals such as K,

45



Rb, and Cs.1"* It is therefore evident from the above that the ionic radii of the alkali metals are, at
least, not the only inhibiting factor.

Expanded graphite (EG) is yet another carbonaceous anode material that has been proposed
for SIB application.’? The charge insertion mechanism in EG is illustrated in Figure 1-20a,
where pure intercalation is therein assumed. Further explorations in the role of the oxygen-
containing surface groups in the insertion mechanism are, however, needed. A comparison
between the voltage profiles obtained in EG and the typically observed voltage profiles in rigid
carbon-based electrodes (see Figure 1-20b,c) reveals that the voltage profiles reported in EG only
show a sloping profile and do not manifest a plateau region. This fundamental difference could
be a result of the modification of the distribution of intercalation sites due to the function of

heteroatoms, such as the oxygen-containing surface groups.
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Figure 1-20. Overview of sodium storage in hard carbon and expanded graphite. a) Illlustrative
figure showing sodium intercalation in graphite, graphite oxide, and expanded graphite. b)
Voltage profile in expanded graphite showing a sloping potential. c) Typical voltage profile in
hard carbon.*
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The state-of-the-art anode material for SIBs is hard carbon, prominent since its inception in

the year 2000.1"* Hard carbons are usually prepared by high-temperature carbonization of solid-

175 176 177

phase organic and polymer precursors such as cellulose,*” glucose,*”® sugar,*’" and poly-
pyrrole.}’® The complex microstructure of HC is composed of graphene-like parallel layers
embedded in a microporous amorphous phase. This structure is frequently exemplified by the
“house of cards” model, which is here shown in Figure 1-21. The charge and discharge voltage
profile of HC is also shown in Figure 1-22. From these results, two characteristic features are
evident: i) a sloping region from =~ 1 V, and ii) a long plateau region commencing from about 0.1

V until reaching 0 V (vs. Na*/Na).
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Figure 1-22. Typical potential vs. capacity profile for hard carbon when tested against sodium

metal counter electrodes.'”®
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Doeff et al. discussed the electrochemical insertion of sodium into a petroleum-coke carbon
and observing a reversible capacity of 85 mAh g*.28 They evidenced the highest value reported
for electrochemical “intercalation” of Na-ion on carbonaceous materials (NaCis) by using

submicron particle-sized carbon powder (Figure 1-23).

25
2 Petroleum Coke, as received
S 1.5 Graphite
g Ground Petroleum Coke
= 1
o
>
3 0.5
o : Shawinigan black
0 NaC
NaC,;; NaCy NaCs, 15
1 1 1 1 1 1 [l

-0.5
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

% to NaC,,

Figure 1-23. Discharge curves (50 mA cm2) of Na/P(EQ)sNaCFsSOs/C cells heated to 86 °C.
The spikes in the profiles are due to periodic current interrupts to assess the cell polarization.&

Tirado’s group presented the reversible capacity of 121 mAh g* and 200 mAh g for the
discharging of amorphous carbon black, where 0.0155 moles of Na could be inserted in 1 cm?® of
carbon material '8 It was confirmed that sodium was stored between the graphene layers in the
amorphous carbon black, and the accessibility of carbon surface was another limiting condition
for the capacity contribution. The same research group, some years later, showed improvements
by using amorphous carbon obtained from the pyrolysis of a polymeric resin forming
microspheres with high surface area (Figure 1-24).182 The reversible capacity for this material,
through the insertion of Na-ion, was 285 mAh g, which is also unaffected about the addition of

different ether solvents in the electrolyte. As ether-type solvents are chemically reactive against
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metallic sodium than carbonate-based electrolytes, optimizing the additive amount of ether-based
solvents in the liquid and solid electrolytes will be the key for the electrochemical efficiency of

the batteries.

Figure 1-24. SEM of carbon microspheres.!#

Prof. Janek’s group has made a templated carbon which could provide 130, 120, and 100
mAh gtat C/5, 2 C, and 5 C rates, respectively.'® They reveal the specific storage mechanism
where at the first capacity value corresponds to a NaC17 nominal composition. Up to the present
time, similar capacities but reduced cyclability could be reached only for carbon black at room
temperature with a current density as small as C/75. This remarkable result is attributed to the
hierarchical pore system in the material, which consists of interconnected pores in the macro-
and mesopore range that enables fast ion transport and short diffusion lengths. This structure is
produced from porous silica as a template and mesophase pitch as a carbon precursor, which
develops into a well-defined and thus highly conductive carbon microstructure compared to other

carbons.
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1.7.2 Titanium-based anodic materials

Several titanium-based compounds are extensively studied as possible intercalation hosts in
SIBs, and this is partly due to their promising applications in LIBs.*®*8" The first successful
sodium intercalation in anatase-type TiO, occurred in its nanocrystal forms.*® Nanocrystalline
TiO2 has an impressive rate capability at a moderate gravimetric capacity of about 150 mAh g
and exhibits stable cyclability up to 1000 cycles. 8 Furthermore, an outstanding rate
capability of 11 C rate is reported in carbon-coating free samples, the highest among either
carbonaceous or Ti-based SIB anodes.'® This is a phenomenal achievement, given the fact that
TiO2 has a low electric conductivity intrinsically. Figure 1-25a illustrates the crystal
configuration in TiO>. Figure 1-25b shows a high-resolution SEM image of pristine TiO2
nanoparticles. The electrochemical properties of TiO> are illustrated in Figure 1-25c-f, where a
sizeable first cycle irreversible capacity loss is highlighted and based on the cyclic voltammetry
analysis, the redox reaction appears to be kinetically limited. However, the cyclability and rate
performance are outstanding.

Several disadvantages, however, persist in anatase TiO., some of which are illustrated in
Figure 1-25c. The most evident being a sloping voltage profile that undermines the available
energy density. Furthermore, a first cycle Coulombic efficiency of only 42% is rather
unimpressive. In general, nanosized active materials come at a penalty of increased SEI
formation and side reactions at the surface of the active material, and this results in the mostly
irreversible capacity loss therein evidenced. However, despite these challenges, nanocrystalline

TiO2 remains a promising candidate anode material for high-power SIB applications.
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Figure 1-25. Properties of anatase-type TiO». a) Schematic illustration of the configuration of

TiO2 octahedra and b) SEM image of pristine TiO2 nanoparticles. ¢) The first 100

charge/discharge voltage profiles of TiO, showing the first cycle irreversible capacity loss and d)

cyclic voltammogram of TiOg, illustrating the first cycle sweep. e) Extended cycling voltage

profiles of TiO2 showing 1000 cycles. f) Rate capability tests of TiO2 and a high rate of 11 C is

evidenced while a return to 0.11 C recovers the initial capacity.!*
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Sodium titanates, the compounds composed of Na>O and TiO> with a general composition
series of Na,O-nTiO;, have also been applied as anode materials in SIBs.!* In 2011,
Senguttuvan et al., in a quest for low-voltage transition metal oxides, investigated the
electrochemical insertion of sodium in Na-TizOv, 1° a compound which hitherto had been
utilized for divers proposes such as photocatalysis and heavy metal removal from wastewater.%?
Surprisingly, Na>TizO7 can reversibly insert up to 2 moles of Na* ions per formula equivalent,
corresponding to = 200 mAh g%, while Li;TizO7 can only intercalate 1.4 moles of Li* ions.'® An
impressively low and plateau (flat) discharge potential of 0.3 V vs. Na*/ Na was also evidenced,
culminating in the lowest intercalation potential recorded in oxide electrodes of either LIBs or
SIBs. Figure 1-26a-c illustrates the structure and electrochemical properties of Na;TizOy.

While microsized NaxTizO7 is electrochemically active, it suffers from a short cycle-life. On
the other hand, nanosized samples of Na>TisOhave a significantly improved cyclability, but due
to the increase in surface area, the first cycle Coulombic efficiency is unimpressive. Several
optimizations challenge to simultaneously reduce the first cycle irreversible capacity and
increase the cyclability remain in Na Ti3Oy. Interestingly, however, nanosized and carbon-coated
Na,TizO7samples, as shown in Figure 1-26c¢, exhibit longer cycle life. Carbon coating has thus
proved to be a highly beneficial strategy to enhance the electronic conductivity and

simultaneously reduce the SEI formation in such electrode materials. %1%
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voltage profile of NaxTisO13. €) Capacity versus cycle number for Na;TisO1zat 1 C rate. f) A pure
NazTisO13// NazV2(POa)2F3/C full cell cycled at C/5 rate.'*

Sodium nano titanate NaTizOs(OH)-2H20, and its dehydrated form, are another titanium-
based anode material that was first reported by Shirpour et al. in 2013.1% Although an
attractively low voltage of 0.3 V vs. Na*/Na is therein reported, the voltage curve exhibits a
sloping profile and attribute of the solid-solution charge insertion mechanism. Furthermore, a
severe loss in capacity in the first cycles points to the need for electrode optimization.

Even though a relatively flat voltage profile is observed in the charge/discharge profile, as
illustrated in Figure 1-26d, the average voltage thereof is too high (0.8 V vs. Na*/Na). It limits
the energy density of SIB cells fabricated with a Na>TisO13 anode material, also considering the
low gravimetric capacity of the samples. Indeed, Rudola et al. prepared such a cell using a
NasV2(PO4)2F3s/C composite electrode in EC/PC and 1 M NaClO; electrolyte.!®” As expected,
the resulting average cell voltage of 2.5 V and capacity for the weight of the anode of 41 mAh g
after 20 cycles were relatively low. In this study, they used an excess cathode in the balanced full
cell, most likely as a strategy to overcome the anodic first cycle irreversible capacity loss.

Spinel LisTisO12 (LTO), a known “zero-strain” anode material for LIBs,®® was first reported
as a sodium host in 2012 by Liang et al..!*® As a SIB anode, LisTisO1. has an attractively high
plateau voltage between 0.5 and 0.8 V vs. Na*/Na and achieves a reversible capacity of 145 mAh
gL, Three-phase structural evolutions upon Na insertion are also reported, wherein pristine
LisTisO12 evolves to LiNagTisO12 and LizTisO12 upon Na insertion.!®® Early optimizations of
LTO composite electrodes focused on binders.1®® Compared to conventional polyvinylidene
difluoride binders, sodium alginate and carboxymethyl-cellulose sodium binders resulted in

better cyclability and coulombic efficiency. Recently, Na-doped LTO has been reported to have
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an improved electrode capacity of 150 mAh g™ and an enhanced cyclability of 800 cycles,?%
while a superior rate capability of 10 C rate and 15 C rate has been reported in carbon-coated
nanosheets and LTO nanorods, respectively.?°:29 Although these electrochemical properties are
desirable for a safe SIB, a general drawback for LTO is a relatively high operating electrode

potential for application in high energy density cells.*’
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Chapter 2. The objective of this dissertation

As mentioned in the last chapter, electronic conductivity and lithium-ion diffusivity are two
essential factors in improving the performance of lithium-ion batteries, especially at the fast
charge and discharge aspects.

So far, forming carbon composites is the most used tactic for electronic conductivity
enhancement because of its economical and practical. However, typical methods, such as
blending with conductive carbon, carbide encapsulation, and in-situ growth on carbon materials,
will also present new issues, such as low initial coulombic efficiency, reduced high-rate
performance, weak cyclability, and low tap density. For the improvement of lithium-ion
diffusion, nanosizing particles are the most direct way. However, small granules are usually
unable to tolerate high-temperature treatment, which could cause particle aggregation and result
in smaller solid/electrolyte contact area. Such property will severely affect available processing
methods to promote battery performance, like high-temperature carbonization and chemical
vapor deposition for carbon coating. It is also worth mentioning that nanoparticles will also lead
to small tap density, which will dramatically lower the volumetric energy density for the battery,
and then impede the further commercialization.

One of the essential high-power anodic family is the titanium-based materials, such as TiO:
and LisTisO12, because of their remarkable structural stability in tolerating fast reaction kinetics.
Unfortunately, the performance of these materials is severely constrained by the above issues.

Hence, the current dissertation will start the exploration of hybrid approaches by combining
material and structural design to overcome both low electronic conductivity and slow ion
diffusion topics and retain high volumetric energy density for titanium-based high-rate anode

materials.
57



On the other hand, sodium-ion batteries, as the substitution of lithium-ion batteries, have
relatively immature systems, particularly for anode electrode materials. The as-mentioned two
principal elements are also perplexing further developments of sodium-ion batteries. In
consequence, the current dissertation will also seek the appropriate titanium-based candidates

through hybrid approaches to achieve superior cyclability and rate performance.
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Chapter 3. Using silica as a catalyst for C\VVD-carbon-coating and

precursor of silicate anode material of lithium-ion batteries

3.1 Introduction

As described above, chemical vapor deposition (CVD) has been mainly used as a
technology to synthesize graphene in the battery field. It can form a high-quality surface carbon-
coating on the catalyst, which is loaded on the substrate. Most of the catalysts are in the form of
pure metal or metal oxides to conduce the catalysis with mild temperature (< 1000 °C).
However, such form usually does not have electrochemical activity, which means they need to be
removed by further treatment for utilization in the formation of the electrode material.
Considering the cost of the CVD process is generally higher than other traditional methods of
producing graphene material, the overall commercial value of employing CVD in large-scale
production of electrode materials is not entirely favorable. Therefore, seeking the particular
substrates which have both catalytic ability of the CVD process and electrochemical activity for
batteries is very remunerative.

Recently, Hyuk et al. discovered the potential of silica for the synthesis of 3D graphene
using methane-CVD treatment without a metal-based catalyst.?°® They demonstrated the reaction
as SiO2 + CHs — SiOx + OH™ + 3H" + carbon(graphene), where SiOx provides catalytic sites for
graphene growth, and OH™ serves as a mild oxidant to facilitate the graphitic carbon formation
toward graphene and prevents the formation of silicon carbide (SiC) layer at the surface of SiOx.
They mentioned that for a 30 min treatment under 1000 °C with methane gas, a prominent
growth of graphene was confirmed. With the increase of CVD duration, the silica particle started

to break up. Then, instead of surface growth, the graphene carbon began to become unoriented
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and form a popcorn-like ball structure (Figure 3-1). However, they proceed with graphene

coating to make carbon composite with commercial LiNiosC001Mng302 powder.

After 0 min growth

After 30 min growth

Figure 3-1. Graphene growth from SiO. nanoparticles. a-c) TEM characterization a before CVD

growth, b after 5 min growth, and c after 30 min growth (scale bars, 50 nm). d-f) Their respective

60



magnified images (scale bars, 10 nm). g) Higher magnification image of graphene after 30 min
growth and its atom-level view from the white box (inset)(scale bar, 2 nm). h) Graphical

illustration of popcorn-like graphene growth from SiO, nanoparticles.?%

The family of the titanium-based anode (such as TiO2,2%* LisTisO12,% LizTiSiOs,8%% and
TiNb2O-"®) serves as promising alternatives to carbonaceous materials due to their superior
structural stability in tolerating fast reaction kinetics.2% Of particular, the emerging Li>TiSiOs
(LTSO), a compound of LioO-TiO2-SiO> ternary system, has spurred a growing interest in
potential candidates for ultrafast anode materials.2%”-?®® Compared with the low theoretical
capacity (175 mAh g) and moderate operational potential (1.55 V vs. Li/Li*) of well-researched
LisTisO12,22° LTSO offers an intriguing theoretical capacity of 308 mAh g and a low potential
of 0.28 V, simultaneously combining the merits of high-energy graphite and high-power
LisTis012.%°

Inspired by In Hyuk Son et al.”s work, we started the further exploration based on silica and
CVD treatment by transforming silica to the aforementioned titanium-based lithium silicate,
Li>TiSiOs, for high-rate anode material of LIBs.

3.2  Experimental section
3.2.1 Preparation of graphene-coated silica nanoparticles (SiO2/C), LTSO and LTSO carbon
composite

Si0,/C was synthesized through the methane-CVD process. 1 g fumed-silica was placed in a
tube furnace and pre-heated to 1000 °C under Argon (Ar) gas flow (500 mL min™). Then, 200
mL min't CH4 gas was introduced and hold for 30 min to yield Si/C powder.

LTSO and LTSO carbon composites were prepared by a sol-gel method and solid-phase

reaction. A certain amount of lithium acetate hydrate was first dissolved in ethanol for forming
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solution A. Si/C powder (using pure fumed-silica for the synthesis of LTSO) was dispersed
within ethanol as solution B. Solution C was prepared by diluting tetrabutyl titanate in ethanol.
Then, blending solutions A and B with the help of an ultrasonic device. Solution C was then
added in the mixture under intensely stirring. Subsequently, a few drops of water was slowly
dropwise added. At the same time, keep stirring until the hydrolysis of tetrabutyl titanate was
completed, where the mixture was uniformly scattered with gray-white particles. The amount of
Li, Ti, and Si was kept as a stoichiometric ratio of LTSO where the molar ratio of Li:Ti:Si is
2:1:1. The volumetric ratio of water/ethanol is 0.5/30. The mixture was thoroughly dried at 80 °C
under constant stirring and ground to powder, which was calcinated under Ar gas (using air gas
for LTSO) at 870 °C for 8 hours, with a 5 °C min heating rate, to form gray LTSO carbon
composite (snow-white powder for LTSO).
3.2.2 Material characterization

Powder X-ray diffractometry (XRD) was performed using a Rigaku Miniflex 11
diffractometer with Cu-Koa radiation at 40 kV and 40 mA. The morphology and crystal structure
of as-synthesized products were identified by a field scanning electron microscopy (SEM, Nova
230 Nano) with energy-dispersive X-ray spectroscopy (EDS), and a transmission electron
microscopy (TEM, HRTEM, FEI-T12). Thermogravimetric analysis (TGA, Q600 SDT, TA
Instruments) was performed in the air from 20 to 1000 °C with a heating rate of 10 °C min.
Raman spectrum was collected with a Renishaw 200 System. X-ray photoelectron spectroscopy
(XPS) results were carried out using an AXIS Ultra DLD instrument. Powder electronic
conductivity measurement was completed using the ST2722-SZ four-point probe resistivity

tester.
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3.2.3 Electrochemical measurements

The LTSO and LTSO carbon composite electrodes were prepared by the slurry-coating
method. Solids containing activate materials (LTSO and LTSO carbon composite), Super P
(carbon black), and polyvinylidene fluoride, were uniformly blended in a mass ratio of 70:20:10,
correspondingly. The mixtures were subsequently dispersed in N-methyl-2-pyrrolidone, forming
homogeneous slurry for doctor blade coating on a Cu foil. The as-prepared electrodes were
assembled in the 2032-type coin cells with Li metal foils as the counter electrode and 1 M
lithium hexafluorophosphate (LiPFg) dissolved in a mixture of dimethyl carbonate (DMC),
ethylene carbonate (EC), and diethyl carbonate (DEC) (1:1:1, by volume) as the electrolyte. The
galvanostatic charge-discharge measurements were carried out using a Land CT2001A battery
tester at room temperature. The electrochemical impedance spectra were taken in a frequency
range of 0.1 to 10° Hz with an alternating-current voltage amplitude of 20 mV by using a

Solartron 1860/1287.
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3.3 Results and discussion

Figure 3-2. SEM images of a-c, g) LTSO and b-d, h) LTSO carbon composites.

As shown in Figure 3-2, the overall morphology of LTSO and LTSO carbon composites is
semblable. Due to the high-temperature treatment, the fumed-SiO. nanoparticles aggregated and
formed secondary structure as the larger chunks (Figure 3-1a,d). On the surface of aggregations,
the primary structure with minor size was observed (Figure 3-2b-c, e-f). The particle surface

becomes smoother after the formation of LTSO, compared with SiO»/C, because of the solid-
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phase reaction (Figure 3-2g, h), and may imply the potential volume change during the solid-

phase reaction.

Li, TiSiO, (200)

Figure 3-3. a, b) TEM images of LTSO carbon composites. ¢) HRTEM image with crystal

spacing indication of LTSO carbon composites.

For a better understanding of the crystal structure of LTSO carbon composite, TEM and
HRTEM images were captured and showed in Figure 3-3. From Figure 3-3c, it is confirmed that
the internal crystal has ~0.644 nm for its crystal spacing, which was agreed with the reported
literature as the LTSO. The outer layer is believed as the previous surface carbon-coating fumed-
silica, with the help of methane-CVD, which has a thickness of around 5 nm. However, the
coating layer is not entirely homogeneous, where branches are noticed in Figure 3-3a and b. This
unidirectional carbon may be caused by volumetric change during the formation of LTSO and

harm the tap density.
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Figure 3-4. Comparison of XRD results for LTSO carbon composites with different duration of
CVD treatment.

For optimizing the conductivity of the LTSO carbon composite, the maximum amount of
carbon-coating needs to be specified. We applied different CVD duration on fumed-silica to
achieve a different amount of carbon-coating since they are positively related. However, from
Figure 3-4, we find out that when the treating time is increased from 5 min to 15 min, the purity
of LTSO is severely affected. A lot of byproducts, such as Li>Ti>O4, Li>SiO3, and unreacted
SiOy, are detected. This phenomenon is attributed to the restricted diffusion of Li and Ti source
during the solid-phase reaction by the surface carbon-coating layer. Namely, when increasing the
duration of CVD, the purity of LTSO will be reduced. Even so, the achieved carbon-coating still

has a positive impact on the conductivity and performance of LTSO.
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Figure 3-5. a) TGA, and b) Raman result of LTSO carbon composite with 5 min CVD treatment.

Figure 3-5 indicates the further characterizations of the carbon-coating layer. For 5 min

CVD treatment, 2.35 wt.% carbon material is achieved (Figure 3-5a). Raman spectrum (Figure

3-5b) identifies the coated carbon structure has specific D (~1330 cm™), G (~1600 cm™?), and 2D

(~2665 cm™) peaks of conventional graphitized carbon material (Io/lc = 1.1). These

characteristic vibrations prove the carbon-coating has both sp? and sp® hybridization of carbon

bonds. Such results are in accord with the mentioned literature,

which also implies that the

current approach can conduct the high-quality graphene carbon coating for assembling LTSO

carbon composite.
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Figure 3-6. Electrochemical properties and performances comparasion of LTSO and LTSO
carbon composite (LTSO/C): a) charge/discharge curves; b) electronic conductivity; c)

electrochemical impedance spectrum (EIS);. d) multi-rate performance, 1 C = 300 mA gL,

To demonstrate the advantages brought by CVD-assisted carbon coating, we implemented
different electrochemical measurements, as described in Figure 3-6. Charge/discharge curves
(Figure 3-6a) show that LTSO carbon composite exhibits a distinct discharge plateau at around
0.3 V vs. Li*/Li, especially compared with pristine LTSO. Such a consequence is on account of
dramatic improvement in electronic conductivity from ~ 1 x 107" S m™ to 1.23 S m™,2% with ~
10" times higher (Figure 3-6b). Consistent with the conductivity measurement, the EIS result

indicates the reduction of charge transfer resistance of LTSO carbon composite (200.4 Q)
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compared with LTSO (350.8 Q), which suggests the enhanced reaction kinetic from the facile
carbon-coating. As a result, the LTSO carbon composite exhibits superior rate performance (~
320 mAh g*tat 2 C, and ~ 100 mAh g* at 15 C) that overmatches the pristine LTSO.
3.4  Conclusion

Hereto, we successfully achieved the combination of CVD-assisted high-quality carbon
coating and in-situ transformation of catalyst (instead of the removal of catalyst) to novel anode
electrode material, LTSO. The results indicate that 5 min CVD treating time is the optimum for ~
107 times higher of the conductivity enhancement, considering the purity of LTSO. The yielded
LTSO carbon composite could deliver desirable high-rate performance (~ 100 mAh g at 15 C,
where 1 C =300 mA g1), which is comparable with commercialized LTO. However, there are
still potentials of the current combination that could be explored, such as more considerable

conductivity improvement, higher capacity at a low rate, 2’2 and higher tap density.
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Chapter 4. Exploration of self-catalyzed silicate anode material for

high power lithium-ion batteries

4.1 Introduction

In the previous chapter, the synthesis of LTSO and LTSO carbon composite from CVD-
treated fumed-silica had been detailly studied. The duration of CVD was optimized as 5 min for
the successful synthesis of LTSO carbon composite with decent purity. Even though using nano-
sized particles would facilitate the diffusion of Ti and Li precursor during the solid-phase
reaction, the thickness of the carbon coating layer is critical for limiting such process and then
impact the purity of LTSO. Because of the threshold of thickness for the carbon layer, the further
increasement of conductivity is also confined. Moreover, the employment of nanosized particles
would result in infaust tap density, and the volumetric energy density of LTSO carbon composite
would also be astricted. Therefore, another approach to accommodate the conflict between
particle size, crystal purity, and optimal conductivity needs to be excavated.

Hitherto, using CVD as a carbon-coating tactic to accomplish in-situ growth of graphene
carbon on the surface of electrode materials, especially for the anode side, has not been explored
yet. It is essential because most of the electrode materials either do not have catalytic activity
(such as LTO, TiO2), or can not sustain the high-temperature (~ 1000 °C) process (such as LFP),
or will react with carbon sources during the CVD process (such as FesO4). However, silicate,
with similar Si-O crystal structure to it of SiO2, may have the comparable catalytic ability for
CVD carbon-coating. Besides, direct structural design on silicate itself will allow us to not only
bypass the effect of carbon layer thickness, but the particle size and tap density.

Therefore, we initiated the investigation on LTSO for its potential of CVVD-assisted in-situ

growth graphene coating and the following benefits on its electrochemical performances.
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4.2  Experimental section
4.2.1 Preparation of SiO2 micro-sphere template, LTSO, and carbon-coated LTSO (LTSO/C).

The SiO2 micro-sphere template was synthesized through the hydrolysis of tetraethyl
orthosilicate.?** 3.40 g of lithium acetate dihydrate dissolved in 30 ml of ethanol, and 5.73 g of
tetrabutyl titanate in 20 ml of ethanol were blended and followed by the addition of 1.00 g SiO>
template and 5 mL deionized water to produce LTSO precursor. The as-formed precursor was
thoroughly dried at 80 °C under constant stirring and ground to powder, which was calcinated
under air at 870 °C for 8 hours, with a 5 °C min heating rate, to form white LTSO powder. The
resulting LTSO was then placed in a tube furnace and heated to 1000 °C for 30 min with a gas
flow consist of Ar (500 mL min™)/CHs4 (200 mL min™) to obtain LTSO/C.
4.2.2 Material characterization

Powder X-ray diffractometry (XRD) was performed using a Rigaku Miniflex 11
diffractometer with Cu-Ko radiation at 40 kV and 40 mA. The morphology and crystal structure
of as-synthesized products were identified by a field scanning electron microscopy (SEM, Nova
230 Nano) with energy-dispersive X-ray spectroscopy (EDS), and a transmission electron
microscopy (TEM, HRTEM, FEI-T12). The N2 adsorption/desorption curves were collected by
using the ASAP 2020 plus at 77 K, and the surface areas were calculated by the Brunauer-
Emmett-Teller (BET) equation. Thermogravimetric analysis (TGA, Q600 SDT, TA Instruments)
was performed in the air from 20 to 1000 °C with a heating rate of 10 °C mint. Raman spectrum
was collected with a Renishaw 200 System. X-ray photoelectron spectroscopy (XPS) results
were carried out using an AXIS Ultra DLD instrument. The XPS spectrums were analyzed using
CasaXPS with the calibration of C 1s peak at 284.6 eV and Shirley-type background for fitting

results. Powder electronic conductivity measurement was completed using the ST2722-SZ four-
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point probe resistivity tester. The tap density of LTSO/C was determined by tapping 4 g LTSO/C
powder in a small glass vessel on the bench for 30 minutes by hand. The measured volume of
tapped powder and its weight was used to calculate the tap density.
4.2.3 Electrochemical measurements

The LTSO and LTSO/C electrodes were prepared by the slurry-coating method. Solids
containing activate materials (LTSO and LTSO/C), Super P (carbon black), and polyvinylidene
fluoride, were uniformly blended in a mass ratio of 70:20:10, correspondingly. The mixtures
were subsequently dispersed in N-methyl-2-pyrrolidone, forming homogeneous slurry for doctor
blade coating on a Cu foil. The as-prepared electrodes were assembled in the 2032-type coin
cells with Li metal foils as the counter electrode and 1 M lithium hexafluorophosphate (LiPFs)
dissolved in a mixture of dimethyl carbonate (DMC), ethylene carbonate (EC), and diethyl
carbonate (DEC) (1:1:1, by volume) as the electrolyte. The galvanostatic charge-discharge
measurements were carried out using a Land CT2001A battery tester at room temperature. The
electrochemical impedance spectra were taken in a frequency range of 0.1 to 10® Hz with an

alternating-current voltage amplitude of 20 mV by using a Solartron 1860/1287.
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4.3 Results and discussion

a

NH,OH TEOS

\ /

Lithium
Acetate

Water-ethanol

solution SiO, template LTSO precursor

Li,TiSiO; (200)
0.644 nm

Graphite (002)
0.349 nm

Figure 4-1. a) Schematic illustration of the synthetic route for LTSO and LTSO/C. Imaging of
LTSO/C: b, ¢c) SEM image coupled with EDS element mappings (C, Si, O, and Ti); d) Enlarged
SEM image; e) TEM image; f, g) HRTEM images.

Figure 4-1a briefly illustrates the synthetic procedure for the LTSO/C composite. The Si
source utilizes SiO> spherical templates that were prepared via hydrolysis of tetraethyl

orthosilicate (TEOS) within an aqueous solution of ammonium hydroxide (NH4OH).?*1:2'? The

73



resulting SiO templates were uniformly blended with lithium acetate (Li source) and tetrabutyl
titanate (TBT, Ti source) in the ethanol-water mixture, leading to precipitated LiOH and TiO on
SiO, templates as LTSO precursor.® Calcinating the precursor in the air atmosphere at 870 °C
produces the ternary Li2O-TiO2-SiO2 compound (LTSO). A subsequent CVD treatment

(1000 °C) of LTSO using methane (CH4) as carbon source (40% in argon by volume) catalyzes a

conductive carbonaceous coating on LTSO.

Figure 4-2. SEM images of a-c) LTSO, and d-g) LTSO/C.

74



Figure 4-3. SEM images of the silica template.

Figure 4-1b-c, Figure 4-1d, and Figure 4-1e show a corresponding energy-dispersive X-ray
spectroscopy (EDS) mappings, scanning electron microscope (SEM) image, and transmission
electron microscope (TEM) image of LTSO/C, respectively. The SEM comparison of LTSO and
LTSO/C shows in Figure 4-2. The primary particles templated from SiO (Figure 4-3) show a
uniform particulate size of ~ 400 nm, and they are partially agglomerated into secondary
microsized assemblies. Such hierarchical architecture not only provides the fast lithium-ion
diffusion at the nanoscale region (primary particle) but also contributes to the high tap density of
the material at the microscale region (secondary structure).?%® The element mappings (C, O, Si,
and Ti) from EDS (Figure 4-1c) support the uniform carbonaceous coating on LTSO particles.
As shown in Figure 4-1f-g, high-resolution TEM (HRTEM) of LTSO/C was imaged to
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approximate the thickness of the carbonaceous layer. Two distinct domains differentiated by one
crystal spacing of 0.349 nm and another spacing of 0.644 nm respectively originate from the
(002) plane of graphitic structure and the (200) plane of the LTSO phase, thus yielding an
average coating thickness of ~ 15 nm. Meanwhile, the spacing of 0.349 nm again suggests the
presence of defects compared with the planar distance of 0.335 nm for perfect graphite. N2
adsorption isotherms of SiO> template, LTSO, and LTSO/C show Brunauer-Emmett-Teller
surface area of 11.6, 6.9, and 3.4 m? g}, respectively (Figure 4-4). The microsized secondary
particle, along with the low surface area of LTSO/C, contributes to a high tap density of 1.3 g

mL* (Figure 4-5).
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Figure 4-4. N, adsorption/desorption isotherms: a) SiO, template; b) LTSO and c¢) LTSO/C.
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Figure 4-5. Illustration of tape density measurement of 2.5 g LTSO/C in a 4 ml glass vial.

a b c
s A \O
_ 8 g 5 LTSO/C | _ D & LTSO/C
2 ge l Jf§ LTSO/C | g, 2 ,‘\ ,f\
S a8 & KA ‘
> o JdesM st t] S > A f\
7 8 §7 ; I\
3 EFRE | o gl THe g g 2D
= j 2 € |T-0-Si| ‘
£ = = | l‘b-,\,,/ W“
‘ Li,TiSiO, JCPDS 013-0268 | -2 S SR,
Ll lapbie oul =
20 40 60 200 400 600 800 500 1000 1500 2000 2500 3000
2 Theta (degree) Temperature (degree C) Raman shift (cm™")
d e f g
Ti** 2pys i silicates ccie-c |
4593 eV 102.1 eV H 2846 eV A C-0/C-0-C .
% i i 53240V} 5510 ov
Ti* 2p4; c-oic-0/c-0-C || i
465.0 eV 2851 eV N !
i tH ! i\ C=0
.‘/ c-0-C c=0-C i1 5315ev
i 289.7 eV i
L e\ 533.9eV /

H H ; i i i
468 466 464 462 460 458 456 108 106 104 102 100 98 96 296 294 292 290 288 286 284 282 280 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4-6. a) XRD patterns of LTSO and LTSO/C. Physical and structural characterizations of
LTSO/C: b) TG curve; c) Raman spectrum; d) Ti 2p; e) Si 2p; f) C 1s and g) O 1s spectra of
XPS.

The crystal structure of LTSO/C and LTSO was confirmed by powder X-ray diffraction
(XRD). The pattern of LTSO/C indicates a crystalline phase and closely resembles the bare LTSO,
both of which are in accord with the literature (straight bottom lines) (Figure 4-6a).2> A minor

impurity (Li2SiOs3) peak at 19 degrees exhibits negligible intensity after the CVD process. The
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weight percentage of the coated carbon was determined by thermogravimetric analysis (TGA) of
LTSO/C in air atmosphere. As shown in Figure 4-6b, the composite undergoes a total weight loss
of 3.5% starting from 200 °C to 600 °C, which corresponds to the complete oxidation of coated
carbon. Minimizing the content of carbonaceous coating in the composite is of practical
significance for achieving a high tap density of parent material. The graphitic structure of coated
carbon was investigated by Raman spectroscopy. As depicted in Figure 4-6¢, the characteristic
vibrations at 1331 cm™ (D band), 1585 cm™ (G band), and 2358 cm™ (2D band) arise from the
defect structure and sp? hybridization of carbon-carbon bonds in graphitic materials (Io/lg = 1.08),
which imply the successful coating of graphitized carbon.?°?®* The additional peaks at
283.7/418.1 and 817.5 cm™ could be assigned to Ti—-O-Si bonds (O-bridged TiOs octahedra and
SiOs tetrahedra) and Ti-O bonds (TiOs octahedra), respectively.?®® X-ray photoelectron
spectroscopy (XPS) was performed to determine the elemental composition of LTSO/C. The
survey scanning detects the presence of Li 1s, Si 2p, Ti 2p, O 1s, and C 1s signals (Figure 4-7).
Specifically, the binding energy at 465.0 eV (Ti** 2p*?) and 459.3 eV (Ti** 2p%?) could be assigned
to the O-bridged TiOg octahedra in LTSO (Figure 4-6d).2%% 214 As shown in Figure 4-6e, the
binding energy at 102.1 eV primarily originates from the SiO4 tetrahedra in LTSO as the
characteristic peaks for SiO. (Si—O-Si bond) are typically reported at much higher binding
energies (beyond 103.4 eV).?14216 From the deconvoluted peaks of C 1s spectrum (Figure 4-6f),
the dominate peak at 284.6 eV and minor peaks at 285.1/289.7 eV are respectively ascribed to the
graphitic (C=C/C—C) and defective carbon (C=0/C-0/C-0O-C/C=0-C), which are in coincidence
with the Raman results.?%*?*” From the deconvoluted peaks of O 1s spectra, the binding energy at

531.0 eV confirms the Ti—-O-Si bonds of LTSO.?*> Moreover, oxygen-related functional groups
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comprising C=0 (531.5 eV), C-O/C-O-C (532.4 eV), and C=0-C (533.9 eV) are in good

accordance with the results from C 1s spectra (Figure 4-6f).21":218
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Figure 4-7. Full XPS spectra of LTSO/C.

To determine the electronic-conductivity enhanced by CVD treatment, LTSO and LTSO/C
powders were densified into dimensional pellets for four-point probe resistivity measurements.
The bare LTSO exhibits poor electronic conductivity of ~ 1 x 107 S m,2% which is dramatically
improved with eight magnitudes higher value of 9.8 x 10> S m for LTSO/C (Figure 4-8a). The
electrochemical impedance spectroscopy (EIS) performed on half-cells comprising LTSO or
LTSO/C as cathode and L.i foil as anode supports the results from conductivity measurement. Both
Nyquist plots of EIS exhibit a semicircle (or depressed semicircle) followed by a straight line
(Figure 4-8b). The intercept of the semicircle at high frequency, the diameter of the semicircle,

and the slope of the line (Warburg tail) are indicative of the Ohmic resistance, the charge transfer
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resistance, and the solid-diffusion resistance, respectively (details in Table 4-1 and Figure 4-9).2°
The substantial reduction in charge transfer resistance of LTSO/C (115.6 Q) compared with LTSO
(350.8 Q), evidently signifies the enhanced reaction kinetic upon the introduction of a highly
conductive carbonaceous coating. Moreover, the ion-diffusion coefficient (at the open circuit)

derived from analyzing the Warburg part, through equation

DLt =R?T%/2 A?n*F*C2 A2

where Dii* represents the Li* diffusion coefficient in LTSO (cm? s1), R represents the gas
constant (8.31 J mol* K1), T represents the absolute temperature (298 K), A represents the
surface area of the electrode (0.785 cm?), n represents the number of electrons transferred per
molecule during the electrochemical reaction, F represents the Faraday constant (96485 C mol™),
C represents the molar concentration of Li* in LTSO, and Aw represents the Warburg coefficient
associated with Z* and ™, shows two orders of magnitude improvement (from 6.45 x 1076 to
4.29 x 10 cm? s1) after CVD treatment, which suggests that the surface carbonization of CHy

on LTSO potentially promotes the intrinsic diffusion of Li* ions.
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Figure 4-8. a) Electronic conductivity comparison between LTSO and LTSO/C. Electrochemical
characterizations on LTSO and LTSO/C in half-cells: b) Nyquist plots of EIS (dots) and fitting
(lines) of corresponding equivalent circuit (inset); ) initial discharge profiles (low voltage
cutoff: 0.05 V, current density: 60 mA g-1); d) CV curves.

The galvanostatic cycling of LTSO and LTSO/C were carried out in a voltage window
between 0.05 V to 3 V (vs. Li/Li*). The initial voltage-capacity curves of LTSO/C and LTSO at
the current density of 60 mA g* (0.2 C) are presented in Figure 4-8c. The LTSO/C exhibits an
initial discharge capacity of 321 mAh g and a reversible charge capacity of 216 mAh g*,
corresponding to an initial Coublomic efficiency of 67%. Moreover, the cell shows a well-profiled

average discharge and charge plateau at 0.3 V and 0.8 V, respectively. In sharp contrast, the bare
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LTSO delivers a significantly lower reversible charge capacity of 127 mAh g and poor initial
Coublomic efficiency of 48%, which are accompanied by a large voltage hysteresis with
indiscernible voltage plateaus. The cyclic voltammetry (CV) curves depicting the reaction kinetics
features are in good accordance with the initial galvanostatic cycles (Figure 4-8d). The plot of
LTSO/C reveals the pronounced redox peaks at ~ 0.3/0.8 V, which could be assigned to
intercalation-type reaction (LizTiSiOs + X Li* + X & <> LizLixTiSiOs, x < 0.5, 3 to 0.28 V).% In
comparison, LTSO shows considerably lower reaction peak currents (Ip) indicative of smaller Li*

diffusion coefficient (D.i*), according to the Randles-Sevcik equation,
I, = 2.69 x 10°n'® A D;i*%° C \0°

where |, represents the peak current in amps, n represents the number of electrons transferred
during the redox reaction per molecule, A represents the surface area of the electrode (cm?), C
represents the concentration of Li* in LTSO (mol cm™), Di* represents the diffusion coefficient
of Li* in LTSO (cm? s1), and v represents the scanning rate (V s), where 1,2 is proportional to

DLi+-207

Table 4-1. Fitting results of electrochemical impedance spectroscopy (EIS).

LTSO 2.1 350.8

LTSO/C 1.7 115.6

Note: Rs means ohmic resistance, R¢t means charge transfer resistance.
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region.

The above results collectively demonstrate that the CVVD-assisted carbonaceous coating on
LTSO unambiguously facilitates the reaction kinetics by improving electronic and ionic transports.
The electrochemical performances concerning rate capability and cycling stability were further
evaluated. Figure 4-10a depicts the specific discharge capacity of LTSO, and LTSO/C plotted
against consecutive rates from 0.2 C to 15 C. At a low-rate of 0.2 C, the LTSO delivers an average
discharge capacity of 150 mAh g, underlining a considerable difference with its theoretical
capacity (308 mAh g*).2" At a high-rate of 15 C, the LTSO fails to work, showing negligible
capacity, which arises from the inherent low charge transport and sluggish reaction kinetics. In
marked contrast, the LTSO/C could afford a notably enhanced capacity of 323 mAh gt at 0.2 C
and retain 30% of the capacity at 15 C. As shown in Figure 4-11, the optimization of carbon
content in LTSO/C indicates that a minimum 0.5% carbonaceous coating could improve rate

performance. Content higher than 3.5% could be detrimental to the rate performance.
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Figure 4-10. Galvanostatic cycling of half-cells: a) rate test (1 C = 300 mA g1); b) durability test
at 5 C; c) long-term cycling test of LTSO/C at 2 C (low voltage cutoff: 0.1 V). d) Comparison
between LTSO/C with anode counterparts (graphite, TiO2, LTO) in volumetric capacity-current

density plot.

It is noted that the LTSO/C delivers gradually increasing specific capacity that exceeds the
theoretical capacity at 0.2C, which could be elucidated by its multi-step lithium-ion storage
mechanism. Specifically, the first intercalation-type reaction occurs when discharge cutoff (Vcutoff)
is higher than 0.28 V: Li2TiSiOs + x Li* + x & <> LizLixTiSiOs, x < 0.5. The second one is a
conversion-type reaction: LizLixTiSiOs + (2-x) Li* + (2-X) e <> LisSiO4 + TiO (0.1 V < Veutof <
0.28 V). The reported theoretical capacity of 308 mAh g is calculated based on these two steps.
Once the cutoff is lower than 0.1 V, however, another intercalation reaction, TIO+y Li* +y e «
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LiyTiO, would take place and provide additional capacity, leading to a total capacity between 350
mAh g? to 412 mAh g1.29%20° Thys, the maximum capacity (323 mAh g*) achieved herein at a
low cutoff of 0.05 V could be interpreted by the contribution from the second intercalation reaction.
Moreover, as the conversion-type reactions are typically accompanied with structure changes,
including phase separation and grain boundary movement, which lead to particle cracking and
enlarged surface area.?’ Consequently, the observed capacity increasement in the first few cycles

could be explained by the conversion-type reaction and corresponding structural evolution.??
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Figure 4-11. a) TG results of LTSO/C composites with different CVD treatment durations. b)
Nyquist plots of LTSO/C composites with different carbon contents. ¢) Rate performances of

LTSO/C composites with different carbon contents.

85



As compared in Figure 4-10b, the cycle durability was validated during high-rate operation at
5 C for 200 cycles. The LTSO/C yields an ultrastable reversible capacity of 135 mAh g, which
is more than tripled compared with bare LTSO at the same condition (40 mAh g*). Meanwhile,
the preserved structural integrity of LTSO/C was confirmed by impedance measurement (Figure
4-12a) and diffraction pattern (Figure 4-12b) after intensive cycling at a high-rate. As shown in
Figure 4-12c, a high operating cutoff voltage from 0.05 V to 0.1 V warrants outstanding prolonged
1000 cycles of LTSO/C owing to the structural stability under dominant intercalation-type
lithiation (above 0.1 V).8 Furthermore, the high tap density of LTSO/C (1.3 g mL™) benefit from
the microsized particles exceeds or is comparable with its titanium-based (e.g., LTO, TiO2) and
commercial graphite anodes. As summarized in Figure 4-10d, the LTSO/C distinguishes itself
from other counterparts (graphite,??! LTO,89222-224 and TiO, 225-228) in terms of rate capability (up
to 4.5 A g 1), volumetric capability (450 mAh cm™), and low discharge plateau (0.3 V). At low-
rate, the high tap density of LTSO/C enables its volumetric capacity comparable commercial
graphite; at high-rate, the LTSO/C could retain specific capacities comparable to the conventional
high-rate anodes (LTO, TiO2). These intriguing attributes offer a practical alternative as the high

volumetric capacity and high-rate anode material.
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Figure 4-12. a) Electrochemical impedance spectrum results of fresh and cycled LTSO/C cells.
b) XRD results of fresh and cycled LTSO/C cells.

4.4  Various efforts for making LTSO carbon composite with different benefits

As demonstrated in the previous sections, 1) using silica as both catalysts for CVD carbon-
growth and precursor of forming active electrode material, and 2) using LTSO as self-catalyzed
electrode material for surface CVD carbon-coating, both tactics provide decent electronic
conductivity enhancement over the pure LTSO. For showing different paths of increasing the
advantages of LTSO carbon composite, several attempts were conducted.
4.4.1 Applying inexpensive precursors to synthesize LTSO

The previous approaches are utilizing tetrabutyl titanate (TBT) as Ti sources. It can provide
even dispersion of TiO2 granulum after hydrolysis reaction. During the heating treatment for the
formation of LTSO, the homodisperse allows solid precursors to diffuse into the bulk crystal
conveniently. Otherwise, the purity of LTSO will be impacted. However, such a precursor is not
economically friendly and requires particular storage conditions since it is sensitive to water.
Therefore, we also developed the method using P-25 (TiO2) as a Ti source, fumed-silica as a Si

source, and ball milling as a practicable mixer for large-scale production.
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Figure 4-13. Comparison of a) XRD and b) rate performances for LTSO synthesized from a
different method.

Figure 4-13a shows the XRD patterns of LTSO carbon composites with different synthetic
methods. The economical one (yellow top curve) has similar purity over other tactics. It proves
the feasibility of using cheap materials and cost-effective device to produce LTSO carbon
composite. Furthermore, the obtained LTSO has decent rate performance even without carbon-
coating. As shown in Figure 4-13b, the eco-LTSO (red dot) exhibits comparable rate
performance as it of pristine LTSO synthesized from TBT.

4.4.2 Applying spray drier to synthesize LTSO carbon composite

Spray drying is a conventional large-scale production method. It requires liquid precursor
solutions and creates microparticles with spherical morphology, which is benefiting to the tap
density. In order to apply spray drying for producing LTSO, the internal conductivity
enhancement is necessary, since the LTSO itself has insufficient electron transportation property.
Therefore, we come up with a modified precursor by using graphene oxide (GO) water

dispersion and fumed-silica. These solids are thoroughly pre-decentralized in deionized water
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before feeding in the spray drier. After collecting the ejection, the gray powder is blended with
TBT suspension in the ethanol-water solution. By evaporating the solvent, the solid LTSO

precursor is acquired and then heated to 870 °C for 8 hours in argon gas flow to form the LTSO

carbon composite.
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Figure 4-14. Characterizations of LTSO carbon composite synthesized by using a spray drier
and GO/fumed-silica/P-25: a) SEM image; b) XRD; ¢) Raman spectrum; d) multi-rate

performance.
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Figure 4-14a indicates the morphology of LTSO carbon composite via spray drying; the
expected spherical structure is observed. The particles have broad size distribution because the
spray drying cannot control the size of the droplet during the spray process, where the liquid
precursor is extruded by compressed air. The harvested LTSO composite shows excellent purity,
which contributes to the uniform dispersion of different element sources (Figure 4-14b). The
Raman characteristic of GO in the composite (Figure 4-14d) reveals the high-quality conductive
carbon that consists of graphitic carbon with defects. It suggests that GO maintains the original
structure after the heating process and is functional for conductivity enhancement. As a result,
the rate performance of the LTSO composite is pretty decent where it gives over 100 mAh g*

capacity at 15 C

4.5  Conclusion

In conclusion, a thin graphitized carbon-coated Li>TiSiOs composite material (LTSO/C) was
fabricated by a chemical vapor deposition treatment. The uniform and conductive coating endow
the LTSO/C with exceptionally enhanced charge transport for lithium storage. Theoretical results
revealed that such high-quality coating growth originated from the catalytic activity of functional
groups on the parent Li>TiSiOs surface. Moreover, the low content of carbonaceous coating (3.5%),
mild surface area (3.4 m? g?), and hierarchical microparticles assembled by nanospheres
collectively contribute to a tap density (1.3 g mL™) for practical anode use. The LTSO/C exhibits
a comparable volumetric capacity of 441.1 mAh cm™ to commercial graphite at 0.15 A g and
120.1 mAh cm™ to commercial LTO at 4.5 A g%, providing an advanced alternative anode material
for durable high-rate lithium-ion batteries. Furthermore, various attempts to generate LTSO carbon

composite unfold the flexibility and operability of LTSO in the industrial field.
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Chapter 5. Application of silicate in sodium-ion batteries

5.1 Introduction

Sodium-ion batteries are considered as the alternative technology of lithium-ion batteries for
the future energy storage system, due to their low-cost, high safety, and abundant material
reserve. The current stage of sodium-ion batteries, however, indicates that seeking more
appropriate electrode materials are urgent for the development of its real applications and
commercialization.

Anodic materials, so far, are dominated by carbon-based materials, primarily the hard
carbon. However, such carbonaceous material can not provide the outstanding rate and cycling
performances and survive the high-rate process due to the sluggish reaction kinetics and sodium
plating inside the layered carbon structure. The consequent structural collapse will ruin the
electrode material structure and then create the failure of the battery. Even though metal oxides,
Ti-based oxides specifically, provide advanced capacity under high current density, the high
energy barrier of Na-ion insertion for metal oxides is still insurmountable and limiting further
improvement. Besides, such metal oxides, similar to them of Li-ion batteries, are usually
struggling with low electronic conductivity and slow ionic diffusivity. Without additional crystal
structural and carbon composite modification, the metal oxides can hardly deliver favorable
results. Therefore, many efforts have been made to overcome such drawbacks by discovering
novel material with alternative ion storage mechanisms, creating hierarchical and nanosizing
morphologies, and achieving effective conductive carbon-coating. Nevertheless, the current
candidates still fall short for commercialization because of miserable cycling stability or complex

production process.
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Herein, we proposed a simple one-step synthesis of novel titanium-based silicate anode
material (Na2TiSiOs, NTSO) with CVD catalytic ability to achieve high-quality conformal
carbon-coating.

To date, the NTSO is commonly synthesized through hydrothermal reactions,??*%° however
it is not conducive for mass production with harsh requirements, especially high pressure.
Jianyang Ding et al.?®! reported another approach of synthesizing NTSO with a solid-state
reaction between NaOH, TiO», and SiO». They mixed all solids in an agate mortar for further
annealing, and the yielded particles have average diameters around 1.6 micrometers. As an
improvement for the solid-phase reaction, we applied the mild ball milling process to achieve
similar mixing of reactants, and which is also suitable for large-scale production because it is
environment friendly and cost-effective.?*?

Combining the advantages of silicate with excellent chemical stability and in-situ catalytic
capacity for conductive carbon growth, and titanium-based material with decent structural
stability, the NTSO is expected to show remarkable rate performance and cycling stability.

Besides, exploration of applying the inexpensive precursors and scaleable production process is

also considered to push the practicability of making NTSO for future commercialization.

5.2  Experimental section
5.2.1 Preparation of NTSO and NTSO carbon composite (NTSO/C)

NTSO was synthesized through a simple one-step solid-phase reaction. A certain amount of
sodium hydroxide, fumed-silica, and P-25 (TiO2) were mixing by mild ball milling, where the
molar ratio of Na:Ti:Si is 2:1:1. The sizes of agate balls are various from 0.8 cm to 0.3 cm. Then

the powder mixture was calcinated in the air at 850 °C for 3 hours to form white NTSO. The
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prepared NTSO was then placed in a tube furnace and heated to 900 °C for 30 min with a gas
flow consist of Argon (500 mL min)/ Acetonitrile (150 mL min) to obtain NTSO/C.
5.2.2 Material characterization

Powder X-ray diffractometry (XRD) was performed using a Rigaku Miniflex 11
diffractometer with Cu-Ka radiation at 40 kV and 40 mA. The morphology and crystal structure
of as-synthesized products were identified by a field scanning electron microscopy (SEM, Nova
230 Nano) with energy-dispersive X-ray spectroscopy (EDS), and a transmission electron
microscopy (TEM, HRTEM, FEI-T12). Thermogravimetric analysis (TGA, Q600 SDT, TA
Instruments) was performed in the air from 20 to 1000 °C with a heating rate of 10 °C min™.
Raman spectrum was collected with a Renishaw 200 System. X-ray photoelectron spectroscopy
(XPS) results were carried out using an AXIS Ultra DLD instrument. Powder electronic
conductivity measurement was completed using the ST2722-SZ four-point probe resistivity
tester.
5.2.3 Electrochemical measurements

The NTSO and NTSO carbon composite electrodes were prepared by the slurry-coating
method. Solids containing activate materials (NTSO and NTSO carbon composite), Super P
(carbon black), and polyvinylidene fluoride were uniformly blended in a mass ratio of 70:20:10,
correspondingly. The mixtures were subsequently dispersed in N-methyl-2-pyrrolidone, forming
homogeneous slurry for doctor blade coating on an Al foil. The as-prepared electrodes were
assembled in the 2032-type coin cells with Na metal foils as the counter electrode, glass fiber as
the separator, and 1 M sodium perchlorate (NaClOa) dissolved in a mixture of ethylene carbonate
(EC) and polycarbonate (PC) (1:1, by volume) as the electrolyte. The galvanostatic charge-

discharge measurements were carried out using a Land CT2001A battery tester at room
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temperature. The electrochemical impedance spectra were taken in a frequency range of 0.1 to

10% Hz with an alternating-current voltage amplitude of 20 mV by using a Solartron 1860/1287.

5.3  Results and discussion

As shown in Figure 5-1, NTSO and NTSO/C share similar globular morphology and
particle size, which is in a range of 1 to 10 micrometers with morphology. The particle structure
of NTSO/C is well preserved without further sintering after CVD treatment if compared with
LTSO/C in the last chapter. It is because the treating temperature for NTSO is 900 °C, which is
quite close to the calcinating temperature for forming NTSO, and the calcinating duration is
relatively short, with only 3 hours. The micron-level particles, achieved by the ball milling
process, are also helpful in maintaining the structure if they undergo a high-temperature heating

treatment.
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Figure 5-1. SEM images of a-c) NTSO/C, and d) NTSO.

XRD results (Figure 5-2b) of NTSO and NTSO/C indicates that the crystal structure
remains the same after CVVD treatment, which also signifies the excellent thermal and chemical
stability of NTSO. Such property is observed from other silicates and ascribed from their
particular structure and stable Si-O bonds. Besides, the relatively higher intensity of NTSO
characteristic peaks from NTSO/C implies the heating process (during CVD treatment) is also

helpful for improving the degree of crystallinity.
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Figure 5-2. a) SEM images of NTSO/C. b) XRD results of NTSO and NTSO/C. c) TGA of
NTSO/C. d) Raman spectrum of NTSO/C.

After 30 min CVD treatment, ~ 2.5 wt.% carbon material is attained (Figure 5-2c). Though

the indication in the figure 5-2c is 2.84 wt.%, after deducting the amount of water that

contributes to the weight loss at around 100 °C, the total mass of carbon is shown as an

estimation here. Raman spectrum (Figure 5-2d) indicates the carbon material achieved by the

CVD process, like LTSO/C as described in the last chapter, has a similar carbon structure (D

and G peak at ~ 1300 cm™ and ~ 1600 cm™, respectively) and a decent degree of graphitization
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(Io/le = 1.2). Therefore, we proved that NTSO also shares catalytic activity during the CVD

process for achieving high-quality carbon-coating.

Figure 5-3. EDS element mappings (Ti, Si, Na, O, and C) of NTSO/C.

From Figure 5-3, the EDS mapping of NTSO/C confirms the facile carbon-coating after
CVD treatment, where C element is distributed evenly over the surface.

For illustrating the enhancement of CVD-assisted carbon-coating on NTSO, multiple
electrochemical measurements were conducted and summarized in Figure 5-4. The cyclic
voltammetry curve of NTSO/C (at the first cycle) reveals the electrode reaction when
discharging takes place (Figure 5-4a). Specifically speaking, the peak at around 0.55 V vs.
Na*/Na indicates the formation of the SEI layer, where the electrolyte reacts with the electrode
material. Such a process will have an undesirable impact on the initial coulombic efficiency of
NTSO/C. Even though it will fade away in a few cycles, the irreversible consumption of lithium-

ion and electrolyte may cause severe failure on the full battery, where the lithium-ion source is
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coming from the cathode side instead of lithium metal foil. Fortunately, such a drawback could

be compensated by the pre-intercalation of Na-ion, which is similar to lithiation in LIBs.
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Figure 5-4. Electrochemical properties and performance measurements of NTSO and NTSO/C:
a) cyclic voltammetry curve of NTSO/C (first cycle); b) discharge curve of NTSO/C (first cycle);
c) electrochemical impedance spectrum of NTSO and NTSO/C; d) rate performance of NTSO
and NTSO/C; e) cycling test of NTSO/C with a current density of 100 mA g,

As shown in Figure 5-4b, the discharge cure of NTSO/C in the first cycle shows the slop at
around 0.55 V vs. Na*/Na, which coincides with the cyclic voltammetry results and confirms the
voltage of the SEI formation. The electrochemical impedance spectrum indicates the
enhancement of charge transfer resistance of NTSO/C from 1298 Q to 793 Q, after CVD carbon-

coating (Figure 5-4c). It also demonstrates the benefit of electronic conductivity increasement.
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As a result, NTSO/C exhibits superior rate performance over NTSO (Figure 5-4d). It delivers
100 mAh g* reversible capacity at a current density of 50 mA g*, where NTSO only shows less
than 40 mAh g*. However, when the current density increases to 500 mAh g, the NTSO/C
starts to be lacking in strength. Such a phenomenon is understandable since the energy barrier of
insertion Na-ion is much higher than it of Li-ion, as mentioned in the previous chapter. It will
cause insufficient ion storage in the electrode material, especially when undergoing the high-rate
charge/discharge process. Even though the carbon-coating provides the advantages of electronic
and ionic transportation, but the intrinsic ionic storage mechanism still falls short.

It is worth mentioning, however, that the NTSO/C shows the excellent cycling stability
(Figure 5-4e). Different from traditional carbon-based materials, NTSO/C can maintain over
90% capacity retention after 3000 cycles with a current density of 100 mA g. Though the initial
coulombic efficiency is ~20%, which ascribes to the formation of the SEI layer, the long cycle-

life creates the possibility of NTSO/C for future applications.

54  Conclusion

In summary, we have developed a low-cost and easy-scalable tactic to produce NTSO
carbon composites for anode electrode material of sodium-ion batteries. With ~ 2.5 wt.% surface
carbon-coating, accomplished by 30 min acetonitrile-CVD treatment, NTSO carbon composite
exhibits decent rate performance and exceptional cycling stability (over 90% capacity retention
after 3000 cycles). Though the low initial coulombic efficiency requires further handling for the
full battery application, the advantages still make NTSO carbon composite valuable for further
development, such as the large-gride energy storage, public transportation, and building energy

supply, which is not sensitive for high-power demands.
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Chapter 6. Conclusion of the dissertation

Fast charge/discharge capability is a critical feature for the next generation of lithium-ion
batteries because of the growing demands of the high-performance portable devices, such as
electric vehicles, remote communication devices, and uncrewed transportations. The essential
technical issues of the current lithium-ion batteries rest on developing electrode materials with
excellent electronic conductivity, ionic diffusivity, and cycling stability.

Titanium-based materials are extensively regarded as the most promising candidate for high
power lithium-ion batteries applications, especially the commercialized and well-researched
LisTisO12, because of their outstanding structural stability. However, the insufficient theoretical
capacity and high discharge voltage plateau limit the further development of titanium-based
materials. Besides, the low electronic conductivity and ionic diffusivity also require additional
treatments and material designs. Freely employing such materials is still challenging, particularly
for high-rate adhibitions.

Thereupon, we designed a scalable synthetic strategy towards novel anode electrode
material, Li>TiSiOs, with exceptional high-power performances. The achieved tactic employed
chemical vapor deposition as an in-situ carbon growth method to accomplish high-quality
conformal carbon-coating over the surface of LiTiSiOs. Benefited from the catalytic activity of
Li>TiSiOs, the low optimized content of carbonaceous coating (3.5 wt.%), mild surface area (3.4
m?2 g1), and hierarchical microparticles assembled by nanospheres collectively contribute to a tap
density (1.3 g mL™?) for practical anode use. The resulting Li-TiSiOs carbon composite exhibits a
comparable volumetric capacity of 441.1 mAh cm™ to commercial graphite at 0.15 A g** and
120.1 mAh cm to commercial LisTisO12 at 4.5 A g%, providing an advanced alternative anode

material for durable high-rate lithium-ion batteries.
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Furthermore, the exploration of titanium-based silicate for sodium-ion batteries also reveals
a talented candidate, Na TiSiOs, which shares similar catalytic activity as it of Li,TiSiOs. The
accomplished Na.TiSiOs carbon composite exhibits admirable rate performance with 100 mAh
g ! at a current density of 50 mA g, and 60 mAh g at a current density of 200 mA g*. The
remarkable cycling stability with 90% capacity retention after 3000 cycles further affirming the
potential value of developing the NazTiSiOs as anode material for sodium-ion batteries.

To conclude, we hope this dissertation could elucidate the function of titanium-based silicate
in lithium-ion and sodium-ion batteries and inspire a new path for designing carbon composites

with the help of chemical vapor deposition.
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