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ABSTRACT

Structure and scope of master theses. It consists of seven 8 parts: literature
review, research materials and methods, results, occupational health and safety in
emergencies, economic section, development startup project, conclusions and
reference list. Master thesis include: 101 pages, 67 pictures, 20 tables, 86 references.

Keywords: GALVANOSTATIC ANALISIS, MECHANOACTIVATION,
SEM, TITANIUM OXIDE, SILICA, USXES.

Actuality. Modern electronics require the use of portable energy sources with
high indicators of electrochemical characteristics. Currently, the most promising means
of energy conservation are lithium power sources (LPS).

The purpose and tasks of the research. The aim of the work was to determine
the effect of the duration of mechanical processing on the morphology of the powder
SiO,/TiO, nanocomposite and electrochemical characteristics of LPS with cathodes
based on such nanocomposites.

The object of the study — SiO»/TiO, hanocomposite with a component ratio of
80/20 % after different duration of treatment.

Subject of research — SEM images with magnification 500 and 2500 times, data
of USXES and galvanostatic investigation.

Methods of research — SEM, USXES, galvanostatic analysis.

Scientific innovation. The determination of the effect of mechanical activation
on the morphological features of SiO,/TiO, nanocomposite and dependence of
galvanostatic characteristics of LPS from these features.

Practical significance of the obtained results. The generalized results can be
used to predict changes in the structural and electrochemical characteristics of LPS
with cathodes based on other nanosized oxides.

Approbation of coursework materials. The result of work presented in the
international conferences HighMatTech-23 and XIX — ICPTTFN.



AHOTANIA

CTtpykTrypa Ta 06csir MaricTepcbKoi aucepramii. PodoTa ckiiamaeTbes 3 ceMu
8 YacTWH: JITepaTypHUM OIS, Marepiaid Ta METOAMU IOCIIJKEHHS, pe3yJbTaTh
JOCTIKEHb, TirieHa Ta Oe3leka mpaill B HAJA3BUYAHUX CHUTYaIlisiX, €KOHOMIYHHIA
PO311, cTapTan NPOEKT, BUCHOBKH Ta CIIMCOK BUKOPUCTAHOI JliTepaTypu.Marictepch
ka qucepraris Mictuth: 101 cTopinka, 67 pucynku, 20 Tabnuii, 86 mocunas.

Kmouosi cioBa: 'AJIbBBAHOCTATUYHUI AHAJII3, MEXAHOAKTHB
AL, CEM, OKCUJ TUTAHY, JIOKCU A KPEMHIIO, YMPEC.

AKTyajabHicTb. CydacHa €JIEKTpOHIKA BUMara€ BUKOPHCTAHHS MOPTATUBHUX
JDKEepel eHeprii 3 BUCOKMMHU MTOKa3HUKaMHU €JIEKTPOXIMIYHUX XapaKTepUcTukK. B manmuii
yac HaWOLIbII TMEPCHEKTUBHUM 3acO00M €HEpro30epeKeHHs € JITIEBI JpKepena
ctpymy (JITIC).

Mera i 3agaui gocaimkeHnsi. Metoro po6oTu OyJio BU3HAUEHHS BIUIMBY
TPUBAJIOCTI MEXaHIYHOI OOpOOKM Ha MOP(OJIOTII0 MOPOIIKOBOTO HAHOKOMITO3UTY
SiO,/TiO; Ta enekTpoximMiyni xapaktepuctuku JIIIC 3 karomaMu Ha OCHOBI TaKUX
HaHOKOMITO3UTIB.

00'exr pocaimkennsas — SiO,/TiO, HAHOKOMIIOZUT 3 CHIBBIAHOIIEHHSM
koMrioHeHT 80/20% micist pi3HOi TPUBAJIOCTI MEXaHIYHOT OOPOOKH.

Ipeamer pocaimxennss — CEM-3niMku 31 30ubmenHsM 500 ta 2500 pasis,
nani YMPEC nocnipkeHHs Ta ralbBAHOCTATUYHOTO aHai3y.

Metoau pocaimxenns — CEM, YMPEC, raapBaHocTaTHYHHUI aHaI3.

HaykoBa HoBuM3HA. Bu3HaueHHS BIUIMBY MEXaHIYHOI akTWBallii Ha
mopdosoriuai  ocobauBocTi  HaHokommo3uTy  SiOo/TiO, Ta  3aneKHICTD
rajgbBaHoCcTaTHUHKMX XapakrepucTtuk JIJIC Big mux ocoOIMBOCTEH.

IIpakTu4yHe 3HAYEHHS OTPUMAHMX pe3yJIbTATiB. Y3araiabHEHI pe3yibTaTd
MOXYTh OyTH BHUKOPHCTaHI Ui TPOTHO3YBaHHS 3MIH CTPYKTypHUX Ta
eneKkTpoxiMiuyHuX Xapakrtepuctuk JIJIC 3 kaTomaMu Ha OCHOBI IHIIUX HAHOPO3MIPHUX
OKCH/IIB.

Anpobanis MartepiajiB KypcoBoi po06oru. 3a pe3ylbraraMu poOOTH

NpeCTaBJICHI Ha MibkHapoaHuX KoH(pepeHnisx HighMatTech-23 ta XIX — ICPTTFEN.
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1 LITERATURE REVIEW

1.1 Description of nanosized Titanium oxide

1.1.1 Manufacturing methods

There are various methods for preparing nano-titanium oxide, which can be
generally divided into three categories: gas-phase method, liquid-phase method and
solid-phase method. The appropriate method can be selected according to different
needs and applications.

Chemical Vapor Deposition (CVD). Chemical Vapor Deposition is a
commonly used gas-phase method to deposit nanostructured TiO, films. It involves the
reaction of precursor gases in the presence of heat, leading to the deposition of TiO,
on a substrate [1]. There are different variations of CVD, including low-pressure
chemical vapor deposition (LPCVD) and thermal decomposition chemical vapor
deposition (TDCVD) [2]. In LPCVD, volatile titanium precursors and oxygen react at
low pressure and elevated temperatures, allowing the controlled growth of TiO; films.
The precursor gases are typically introduced into a reaction chamber, and the
deposition occurs on a heated substrate. On the other hand, TDCVD involves the
thermal decomposition of volatile titanium precursors in the gas phase. The precursor
gas is introduced into a heated reactor, and the decomposition process leads to the
deposition of TiO; on the substrate [3]. CVD offers precise control over film thickness,
composition, and uniformity. It is widely used for thin film deposition in various
applications, including electronics, optoelectronics, and photocatalysis.

Physical Vapor Deposition (PVD). Physical Vapor Deposition is a gas-phase
method that involves the physical transfer of material from a solid source to a
substrate [4]. Two common PVD techniques for TiO, deposition are magnetron
sputtering and electron beam evaporation. In magnetron sputtering, an inert gas (e.g.,
argon) is introduced into a chamber containing a target made of TiO, [5]. The gas ions
are accelerated and collide with the target, causing the ejection of TiO, atoms. These
atoms then deposit onto the substrate to form a TiO, film. In electron beam evaporation,

a high-energy electron beam is used to vaporize a solid TiO, source, which then
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condenses on the substrate to form a TiO, film. PVVD methods offer excellent control

over film thickness and uniformity [6]. They are widely used for coating applications
in various industries, including optics, electronics, and solar cells.

Gas-Phase Combustion. Gas-phase combustion methods involve the
combustion of precursor gases to produce nanostructured TiO, [7]. Two common
techniques are flame synthesis and combustion chemical vapor deposition. Flame
synthesis involves burning a fuel mixed with a titanium precursor gas. The combustion
process generates high temperatures and rapid cooling, leading to the formation of TiO,
nanoparticles. This method offers simplicity and scalability for producing TiO,
nanoparticles. Combustion chemical vapor deposition utilizes a combustion flame to
activate precursor gases and deposit TiO, on a substrate. The flame provides the
necessary energy for the reaction between the precursor gas and oxidizer, resulting in
the formation of TiO, films [8]. Gas-phase combustion methods are suitable for large-
scale production of nanostructured TiO, and offer the advantage of simple equipment
setup and cost-effectiveness.

Hydrothermal. The principle of preparing nano-titanium oxide by
hydrothermal method is to mix the titanium source with an appropriate amount of
solvent (usually water) in a high-temperature and high-pressure water environment to
react [9, 10].

Sol-gel method. The sol-gel method is based on the chemical reaction process
of sol and gel, wherein sol is a colloid system formed by suspending nanoparticles in
solution, and gel refers to the solid colloid formed by sol system under appropriate
conditions [11]. In the sol-gel method, metal organic compounds (usually metal
alkoxides or metal amide salts) are first converted into metal oxolates by hydrolysis or
hydrolysis condensation reaction to form a sol system [12]. Then, by controlling the
conditions of the sol system (such as temperature, pH value, etc.), the gelation reaction
occurs to form a gel system [13]. Finally, organic matter and other impurities in the
sol-gel system are removed by heat treatment or other treatment methods to obtain
nano-titanium oxide.

Solvothermal method. The preparation of nano-titanium oxide by solvothermal

method is a common synthetic method, which can obtain high-quality nano-titanium
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oxide materials by controlling the reaction conditions and solvent selection [14]. The

preparation of nano-TiO, by solvothermal method is based on the solvothermal effect
in solution [15]. When the reactant is dissolved in an organic solvent under high
temperature conditions and heated under appropriate reaction conditions, the solubility
in the solvent will be significantly reduced, resulting in the precipitation of the
solute [16]. By controlling the concentration, temperature, reaction time and other
parameters of the solution, the controllable synthesis of nano-titanium oxide can be
realized.

Plasma Arc Discharge. It is a commonly used method to prepare titanium oxide
titanium dioxide [17]. It uses a plasma generated by high voltage discharge to evaporate
titanium material, and forms nano -sized titanium oxide particles during condensation.

Oxide Reduction. In this method, titanium oxide anterior body, such as titanate
or titanium oxide. Then, through the role of reducing agent (such as hydrogen,
ammonia, or methane), the reaction of oxides occurs at high temperatures at high
temperatures to generate nano -titanium oxide.

Hydrothermal Treatment. This method involves mixing a titanium source
(such as titanate or sodium titanate) with a solvent (usually water) and hydrotreating it
in a high temperature and pressure water environment [18]. In the hydrothermal
reaction, the titanium source dissolves and forms nano titanium oxide under
appropriate conditions.

High-Energy Ball Milling. High energy ball milling uses a high speed rotating
ball mill to ball mill titanium powder with a ball mill medium (usually metal balls). In
the process of ball milling, the collision and friction under the action of mechanical
energy caused the titanium powder particles to break and aggregate, forming nano

titanium oxide particles.
1.1.2 Crystalline structure
Titanium dioxide (TiO2) is a common compound with a variety of crystal

structures, of which there are three most common: rutile structure, anatase structure

and quartz structure [19].
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Rutile structure. The rutile structure is the most stable phase of titanium dioxide

and the most common crystal structure. It consists of hexagonal closest-packed oxygen
ions, with titanium ions occupying half of the octahedral voids. This structure has a
tetragonal crystal system with a space group of P42/mnm. The structure is shown in

Figure 1.1.

Figure 1.1 — Rutile structure of Titanium dioxide [20]

Anatase structure. The anatase structure is another common titanium dioxide
crystal structure with a tetragonal crystal system. It consists of hexagonal close packing
of oxygen ions, half of the octahedral voids are occupied by titanium ions. The space

group of this structure is 141/amd. The structure is shown in Figure 1.2.

Figure 1.2 — Anatase structure of Titanium dioxide [20]

Brookite structure. The brookite structure is the third crystal structure of
titanium dioxide, which also belongs to the tetragonal system. It consists of hexagonal

close packing of oxygen ions, with titanium ions occupying half of the octahedral voids.
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The space group of this structure is PBCA. The structure is shown in Figure 1.3.
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Figure 1.3 — Brookite structure of Titanium dioxide [20]

The lattice parameters are shown in Table 1.1.
Table 1.1 — Crystal structure data of TiO, [20]

Characteristic Rutile Anatase Brookite
Tetragonal Tetragonal crystal ~ Orthorhombic
Crystal system
crystal system system crystal system
a=0.545
] a=0.4584 a=0.3776
lattice constant/nm b=0.918
c=0.2953 ¢=0.9486
c=0.515
Space group P42/mnm 141/amd Pbca
Number of
molecules/ Unit 2 2 4
cell
. 1.949(4) 1.937(4)
Ti-O bond length 1.87-2.04
1.980(2) 1.965(2)
- Ti- 81.2° 77.7°
O- Ti-O bond 77 0°-105°
angle 90.0° 92.6°

1.1.3 Electronic structure

The electronic structure of titanium dioxide (TiO,) can be described by
considering the electronic configurations of titanium (Ti) and oxygen (O) atoms. In
titanium dioxide, titanium atoms form an octahedral coordination structure with six

oxygen atoms [21].
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The electronic structure of a titanium atom is [Ar] 3d? 4s?, where [Ar] means that

the electron configuration outside the nucleus is the closed shell structure of argon. The
3d and 4s orbitals of titanium atoms are involved in chemical bond formation and
energy band structure. The 3d orbitals are usually at lower energy levels, while the 4s
orbitals are at slightly higher energy levels.

The electronic structure of the oxygen atom is [He] 25”2 2p”4, where [He] means
that the electron configuration outside the nucleus is the closed shell structure of helium.
Oxygen atoms usually form ionic or covalent bonds with titanium atoms in the form of
oxyanions. In titanium dioxide, each oxygen atom forms a covalent bond with one
titanium atom by sharing electron pairs to form the chemical bond of titanium oxide.

In a crystal, the lattice structure formed by the titanium and oxygen atoms affects
the behavior of the electrons. The electronic structure of titanium dioxide has a band
gap in its energy band structure, where there is an energy gap between the valence and
conduction bands. This makes titanium dioxide an important property in applications
such as optoelectronics and catalysis [22].

Study on the energy band structure of rutile phase TiO, have done by Shi
Kaiming [23]. Rutile phase titanium dioxide is composed of a supercell of four unit
cells and belongs to the tetragonal phase. As shown in Figure 1.4, the Brillouin zone is

set to K point 3x5x7, as shown in Figure 1.5.

=N

Figure 1.4 — Rutile phase with TiO, Figure 1.5 — Rutile phase TiO; Brillouin
structural model [23] zone coordinate map [23]
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Band structure and density of states analysis were studied by Shi Kaiming [23].

The energy band structure of rutile phase TiO; is derived through calculation as shown
in Figure 1.6, and the density of states (DOS) is shown in Figure 1.7. Take the Fermi
level to be 0.

It can be seen from the figure that the minimum band gap of the TiO, valence

band is (1.84) eV, and the calculated result is smaller than the experimental value

(3.0 eV) [24].

TR

High symmetry point

Figure 1.6 — Rutile TiO, energy band structure [23]
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This value is close to the literature value, indicating that the calculated value is

relatively realistic. The reason for the error between the calculated value and the
experimental value is the influence of the GGA approximate calculation, but it will not
cause trouble to the analysis process of the energy band structure. At the same time,
the valence band structural characteristics are also reflected in the density of states
diagram.

Anatase titanium dioxide consists of four unit cells forming a supercell. Each
group of units is composed of 16 oxygen atoms and 8 titanium atoms, and has a
tetragonal heart-shaped structure, as shown in Figure 1.8. The Brillouin zone is set to

a k-point grid 7x3x2, as shown in Figure 1.9.

Figure 1.8 — Anatase phase with TiO; Figure 1.9 — Anatase phase TiO,

structural model [23] Brillouin zone coordinate map [23]

The energy band structure of anatase phase TiO; is derived through calculation
as shown in Figure 1.10, and the density of states (DOS) is shown in Figure 1.11. Take
the Fermi level to be 0.

The band gap width in the energy band structure diagram of anatase is calculated
to be 2.251 eV, which is a band gap semiconductor. Calculation results show that the
forbidden width of anatase is 0.29 eV wider than that of rutile. The experimental
anatase gap is 3.2 eV, which is 0.2 eV higher than the experimental rutile (3.0 eV) [24].

This is consistent with the calculation results in this paper.
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High symmetry point

Figure 1.10 — Anatase TiO; energy band structure [23]
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Figure 1.11 — DOS of TiO(anatase) [23]

The valence band width near the Fermi level of anatase is 4.546 eV. 1.2 eV
narrower than rutile. The literature [25] shows that its valence band width is 4.75 eV,
which is 1.76 eV narrower than the forbidden band width of rutile measured in similar

experiments. The conclusion is basically consistent and reliable. Observing the
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difference between rutile (Figure 1.6) and anatase (Figure 1.7), we can see that the

double-peak characteristics of anatase are not very obvious. Due to the role of ionic
bonds between atoms, the lowest electron density of the two bonded atoms can be equal
to the ground state electron density. However, if the former is higher than the latter, it
means that covalent bonds have a huge impact. Analyzing the structure of interatomic
bonds through energy band structure and density of states can also explain some
properties of interatomic bond structures.

It can be inferred from this that the Ti-O bond structure is a covalent bond, and
the entire atomic structure presents a spatial structure in which octahedral covalent

bonds are connected.

1.1.4 Different types of morphology

Nano titanium dioxide (nano titanium dioxide) is a kind of titanium oxide
particles with nanoscale size, usually expressed as TiO; [26]. It has many different
morphologies and structures, the most common of which are crystalline and
amorphous.

Crystal form:

Rutile. The rutile phase is the most stable crystal form with a high degree of
order in the crystal structure. It has good light stability and weather resistance and is
often used in outdoor paints, plastics, and ceramics in sunlight to provide durability
and color retention.

Anatase. Anatase is another common crystal form with high surface activity and
photocatalytic activity. It is often used in catalytic reactions, photocatalytic water
splitting, degradation of environmental pollutants, and solar cells.

Amorphous form:

Spherical TiO.. Spherical titanium oxide is a spherical nanoparticle shape with
a large specific surface area and good dispersion. It is commonly used in cosmetics,
sunscreens and skin care products to provide UV protection and antimicrobial
properties.

Tube-like TiO.. Tubular titanium oxide is a nanoparticle morphology with a
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tubular structure, with large pores and high surface area. It has potential application

value in the fields of dye-sensitized solar cells, catalysts and sensors.

Nano-sheet TiO.. Nano-sheet TiO; is a hano-particle morphology with a sheet-
like structure and has a large number of surface active sites. It has a wide range of
applications in the fields of electrochemical energy storage, catalysis, and
photocatalytic reactions.

The application range of nano-titanium oxide is very wide.

Solar cells. Nano-titanium oxide can be used in the photoelectric conversion
layer in dye-sensitized solar cells to improve the efficiency of the cells.

Photocatalysis. Nano-titanium oxide has excellent photocatalytic properties and
can be used in the fields of degradation of environmental pollutants, water splitting and
hydrogen production.

Self-cleaning coating. nano-titanium oxide can be applied to self-cleaning
coatings on surfaces such as glass and ceramics to provide anti-pollution and easy-to-
clean properties.

Cosmetics and skin care products. Nano-titanium oxide is widely used in
cosmetics, sunscreens and skin care products as an anti-ultraviolet agent and
antibacterial agent.

Dyes and coatings. nano-titanium oxide can be applied in dyes and coatings to
improve the dispersion and light stability of pigments.

Catalyst. Nano-titanium oxide has good activity and selectivity in catalytic

reactions, and can be used in organic synthesis, clean energy and other fields.

1.1.5 The use of TiO; as an electrode material for lithium current sources

The application of titanium dioxide (TiO;) as an electrode material for lithium-
ion batteries is a active research field. Due to its excellent electrochemical properties
and good stability, TiO, has been widely studied and applied as a negative electrode
material in lithium-ion batteries [27].

Here are some key applications and characteristics of TiO, as a negative

electrode material in lithium-ion batteries:
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High cycling stability: TiO, exhibits good chemical and electrochemical

stability, enabling high cycle life and long-term stability. This is due to the structural
stability of TiO, during lithium-ion insertion/extraction, which reduces volume
expansion and contraction of the material.

Safety: TiO; is a relatively safe material, less prone to thermal runaway or fire
incidents. Therefore, using TiO, in lithium-ion batteries can enhance the safety
performance of the batteries.

Low voltage platform: The lithium-ion insertion/extraction reactions of TiO;
occur at a lower voltage range (typically around 1 — 2 V). This means that TiO;
electrodes have a lower voltage platform, which can reduce electrolyte degradation and
the battery’s own electrolyte decomposition reactions.

High energy density: Although TiO, has a relatively low specific capacity
(typically below 100 mAh/qg), its lower voltage platform allows for relatively higher
energy density, especially in applications that require higher safety performance and
cycle life.

Environmentally friendly: Compared to some other negative electrode materials
for lithium-ion batteries, such as graphite, TiO; is an environmentally friendly material
that does not pose significant environmental issues and can be more easily recycled
and processed.

It should be noted that, despite the advantages mentioned above, TiO; as a
negative electrode material for lithium-ion batteries still faces challenges, such as
relatively lower energy density and specific power due to its low specific capacity.
Therefore, researchers are continually striving to improve the performance of TiO; by
synthesizing modifications, designing nanostructures, and developing composite
materials, among other methods, to meet the demands of higher energy density and
power in applications.

TiO, as a base of anode material was investigated by Tang shasha [28]. TiO,-
based materials include lithium titanate and iron dioxide materials, which have a high
lithium insertion potential. Although the theoretical specific capacity is far lower than
that of tin-based and silicon-based materials, they have attracted the attention of many

researchers due to their higher stability.
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The theoretical specific capacity of lithium titanate material Is 175 mAhg?, and

the actual specific capacity can reach 160 mAhg™. It has the advantages of long cycle
life, flat discharge platform, and good cycle stability. During the process of insertion
and extraction, the crystal [29] form does not change and the volume changes very little.
Amine [30] et al. used TiOSO,4 and LiOH as precursors and performed heat treatment
at 50 °C, 80 °C, 600 °C and 800 °C respectively, and finally prepared lithium titanate
with a porous structure. The test results showed that the material was, the discharge
specific capacities under the rate test conditions of 10C and 20C were 165, 160 and
159 mAhg* respectively, and the rate performance was very excellent. At present,
lithium-ion batteries using lithium titanate as the negative electrode material have been
used in electric motorcycles, buses and other transportation vehicles. Many domestic
research units are also committed to the research and development of this material,
which is a very promising battery material.

The advantages of TiO, materials as negative electrodes for lithium-ion batteries
mainly include the following points: (1) The lithium insertion potential is high (about
1.8V vs. Li*/Li) [31], which inhibits the growth of lithium dendrites; (2) High stability
and low solubility in the electrolyte; (3) Small volume change during charge and
discharge, good cycleability, safety and service life; (4) Cheap and environmentally
friendly [28, 31-38]. The electrochemical reaction process of TiO, material during the
charge and discharge process can be expressed as:

TiOx+xLi+xe —LixTiO,

The theoretical capacity of TiO; is relatively low, 335 mAhg?, that is, the
theoretical capacity is reached when the lithium insertion coefficient X is equal to 1,
and the corresponding Ti is reduced from positive 4 valence to positive 3 valence.
Under normal circumstances, the reversible lithium insertion coefficient can only reach
0.5, that is, the specific capacity is 168 mAhg? [39]. At present, TiO, materials have
not been widely used, mainly due to their poor conductivity and low lithium ion
diffusion coefficient. Electrons cannot conduct efficiently. When lithium ions are
embedded in the crystal lattice of the material, an effective electric field cannot be
formed on the surface of TiO,. In addition, the lattice channel is narrow, so Li* cannot

be effectively embedded and extracted [40].
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The preparation of anatase titanium dioxide with controllable crystal planes and

the application of lithium ion anodes were studied by Xia Yu [41].

Mesoporous titanium dioxide microspheres and titanium dioxide nanorods are
used as negative electrode materials for lithium-ion batteries, and the device is a 2032
button battery shell. As a half-cell, pure lithium sheets are naturally used as counter
electrodes, and the electrochemical performance of the device is characterized and
tested in a room temperature environment. The traditional charge and discharge curve
is cycled one hundred times at a rate of 1C (168 mAg™) and the operating voltage range
is controlled between 1.0-3.0 V. You can observe the particular curves in Figures 1.12b
c. The titanium dioxide nanorod anode material exhibits 248.9 mAh g and 184.4 mAh
g* respectively at the 1st, 2nd, 3rd, 10th and 50th discharges at a charge and discharge
rate of 1C. Specific capacities of 173.3 mAh g?, 153.3 mAh g?, 135.6 mAh g* and
122.2 mAh g*. The increase in specific capacity during the initial charge is mainly
attributed to the formation of the solid electrolyte film on the titanium dioxide electrode.
After one hundred cycles, the specific capacity of titanium dioxide nanorods can still
be maintained at 122.2 mAh g, but the mesoporous titanium dioxide nanospheres
After one hundred cycles, the specific capacity is only 34.5 mAh g*. The cycle
performance of lithium battery devices based on titanium dioxide nanorods and
mesoporous titanium dioxide microspheres remains within the voltage range of 1.0-
3.0 V at 1C rate, as shown in Figure 1.12, a. When using mesoporous titanium dioxide
microspheres as electrode materials, we can observe that the specific capacity of the
battery device decreases significantly, but the decay rate of titanium dioxide nanorods
is extremely low. In order to further study the battery performance of titanium dioxide
nanorods at high current rates, we tested the cycle performance from 1C to 10C rate.
The specific curve is shown in Figure 1.12, f. The titanium dioxide nanorod electrode
was cycled at 1C, 2C, 5C and 10C, and the specific capacities were 146.3 mA g%,
126.3 mAh g?, 103.8 mAh g* and 85 mAh g respectively. As a comparison,
mesoporous titanium dioxide microspheres were used as electrodes for cyclic tests at
different rates under the same conditions. as shown in Figure 1.12, e, As the current
increased, its specific capacity also declined sharply. However, after the mesoporous

titanium dioxide microspheres undergo a hydrothermal process, they are subjected to
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high-temperature annealing treatment to promote further crystallization, and then used

in lithium-ion battery devices. It is found that the cycle performance and rate
performance of the device are significantly improved. [42, 43]. In our work, the direct
hydrothermal synthesis of titanium oxide nanorods does not require high-temperature
annealing to promote crystallization and can still achieve excellent electrochemical
performance. This is mainly due to the high crystallinity of the titanium dioxide

nanorods themselves. degree and exposes more high-energy crystal faces.
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(a) Cycle performance of the lithium-ion battery using mesoporous titanium
dioxide microspheres and titanium dioxide nanorods, (b, ¢) Charge and discharge
curves of the lithium-ion battery using mesoporous titanium dioxide microspheres

and titanium dioxide nanorods at 1C charge and discharge current, (d) Rate
performance of lithium-ion batteries using mesoporous titanium dioxide
microspheres and titanium dioxide nanorods, (e-f) Charge and discharge curves of
lithium-ion batteries using mesoporous titanium dioxide microspheres and titanium
dioxide nanorods at different charge and discharge rates [41]
Figure 1.12 — Electrical properties of mesoporous titanium dioxide microspheres

and titanium dioxide nanorods
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1.2 Description of nanosized silicon oxide

1.2.1 Manufacturing methods

The preparation of nano-silicon oxide is an important technology for preparing
nano-materials [44]. At present, there are many methods for preparing nano-silicon
oxide. The following is a general description of its current situation:

Sol-gel method. This is a commonly used method for preparing nano-silica. It
forms a colloid by colloiding a silicon source (usually a silicate) in a solution, followed
by gelation and heat treatment to form nano-silicon oxide [45]. This approach allows
control over the shape and size of the nanoparticles, and allows the introduction of
other materials during the synthesis to alter the properties of the silica.

Thermal oxidation method. This method uses high-temperature heat treatment
to oxidize silicon sources (such as silane) in the gas phase to generate nano-silicon
oxide particles. The method is simple and applicable to large-scale production, but
requires high control of temperature and atmosphere.

Hydrothermal synthesis method. Hydrothermal synthesis is a method of
preparing nanomaterials under high temperature and high pressure water environment.
Under hydrothermal conditions, silicon sources and synthetic agents form colloids
during the reaction, and the morphology and size of nano-SiO, can be controlled by
adjusting the reaction conditions.

Gas phase method. gas phase method includes thermal evaporation method,
thermal decomposition method and vapor phase deposition method, etc., through
chemical reaction of silicon source in gas phase, nano silicon oxide particles are
generated. These methods can be performed under an inert atmosphere to control the

morphology and size of the nanoparticles.

1.2.2 Crystalline structure

The crystal structure of silicon dioxide (SiO,) mainly has two forms: quartz and

cubic phase [46].
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Quartz structure. Quartz is the most common crystalline form of silica and one

of the most abundant minerals in nature. It has a hexagonal closest-packed structure
with a space group of P3_121. In quartz, each silicon atom (Si) is coordinated
tetrahedrally by four oxygen atoms (O), and each oxygen atom is coordinated linearly
by two silicon atoms. Quartz crystal has good optical and electrical properties, and is
widely used in optical devices, electronic components and quartz clocks and other
fields. The structure is shown in Figure 1.13.

Cubic phase structure. The cubic phase is another crystal structure of silica,
which has a hexahedral closest-packed structure with a space group of Fd-3m. The
cubic phase is stable at high temperature and will transform into a quartz structure at
room temperature. In cubic phase crystals, each silicon atom is tetrahedrally
coordinated by four oxygen atoms, and each oxygen atom is tetrahedrally coordinated
by four silicon atoms. The cubic phase has special thermal expansion properties, so it
Is used in some high-temperature processes and ceramic materials. The structure is

shown in Figure 1.14.

Figure 1.13 — Quiartz structure of ~ Figure 1.14 — Cubic phase structure of
Silica [46] Silica [46]

Properties of Silica Amorphous Nanoparticles. Silica amorphous
nanoparticles are non-toxic, odorless and pollution-free, and are a common non-

metallic material. By using transmission electron microscopy to test the internal
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structure of silica amorphous nanoparticles, and analyzing the results, we found that its

microstructure presents a flocculent and network-like amorphous structure. Due to the
small size, large specific surface area and high surface energy of silica amorphous
nanoparticles, they are very easy to agglomerate. Moreover, there are a large number
of unsaturated double bonds and hydroxyl groups in different bonding states on the
surface of silica amorphous nanoparticles, which make them hydrophilic and have
many special properties, such as quantum tunneling effect, special photoelectric

properties, etc. [47].

1.2.3 Electronic structure

The electronic structure of silicon dioxide (SiO;) can be studied by molecular
orbital theory or density functional theory [48].

Molecular Orbital Theory:

In molecular orbital theory, silica can be regarded as a molecule composed of
silicon atoms and oxygen atoms. The electronic structure of a silicon atom is 1s* 2s?
2p¢ 3s? 3p?%, and that of an oxygen atom is 1s®> 2s*> 2p*. In the formation of silica
molecules, covalent bond formation occurs between silicon atoms and oxygen atoms.
The 3s and 3p orbitals of silicon atoms and the 2s and 2p orbitals of oxygen atoms
overlap each other to form molecular orbitals. These molecular orbitals are filled with
electrons, forming covalent and non-bonding electron pairs.

Density Functional Theory (DFT):

Density functional theory is an electron density-based method that can be used
to calculate the electronic structure of solids [49]. DFT can provide more detailed
information, such as band structure, energy level distribution, etc. According to the
results of DFT calculation, silicon dioxide is considered as an indirect bandgap
semiconductor with a certain energy band structure. Its conduction band bottom is at a
high-symmetry k-point, and its valence band top is at other k-points. The size of its
bandgap depends on the approximation method and calculation parameters used.

Methods of experimental investigation of the density of states in the valence

band and in the conduction band:
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Information about the partial density of states in the valence band of SiO, been

obtained using the experimental X-ray emission spectra [50, 52]. These experiments
are based on the recording of the emission spectra observed upon filling of vacant states
(holes) with electrons at the atomic core levels Si 1s, Si 2p, and O 1s. The X-ray
radiation intensity, to within an energy dependence of the transition matrix element, is
proportional to the electron density of states in the valence band. The width of the
valence band of SiO, is approximately equal to 13 eV, which is significantly less than
the energy of X-ray transitions observed in the emission spectra. In this regard, it is
usually assumed that the transition matrix element is weakly dependent on the energy.
In the dipole approximation, X-ray transitions in which the orbital angular momentum
changes by =1 are allowed. According to the dipole selection rules, in the Si Ly, 3
emission spectra, there are transitions from the Si 3s, 3d states of the valence band to
the Si 2p atomic level (the L, 3 level in X-ray spectroscopy notation). In the Si K spectra,
there are transitions from the Si 3p states of the valence band to the Si 1s atomic states.
In the O K emission spectra, there are transitions from the O 2p states of the valence
band to the O 1s atomic level.

The electronic states of the valence band are also studied experimentally using
X-ray photoelectron spectroscopy (Figure 1.15) [51]. In this experiment, electrons
from the valence band and from the core levels are excited into a continuous spectrum
by monochromatic ultraviolet radiation (ultraviolet photoelectron spectroscopy (UFS))
or X-ray radiation (X-ray photo electron spectroscopy (XPS)). The photoionization
cross section with the excitation of valence band electrons into vacuum depends on the
symmetry of the electron wave functions and exciting photon energy [53].

The density of states in the conduction band is experimentally investigated using
the X-ray absorption spectra, or the quantum yield spectra. In the quantum yield spectra,
there are transitions from the occupied Si 1s, Si 2p, and O 1s atomic levels to the
unoccupied vacant states of the conduction band. The quantum yield spectra, as a first
approximation, are interpreted in the approximation of dipole selection rules.

Electronic structure of a-quartz and amorphous silicon dioxide from data of x-

ray photoelectron spectroscopy and quantum chemical calculations.



29

XPS

onéuctfy/ / /
7/_??3 "~ -é--l—--._‘_ _,7._E=0

/

E{‘
E
Valence
band

Core levels

NMNEIEIMIE
#A| O ||| X
Si2pip, 32 N
SiL,
Ols 0K
N
@ |
Sils SiK
—_—

Emission  Absorption

Figure 1.15 — Scheme of experiments on the study of the electronic structure of
silicon and photoelectton spectroscopy [54]

X-Ray Emission and Photoelectron Spectroscopy.
Among crystalline allotropic modifications of silicon dioxide, the most

important and studied modification is a-quartz (a-SiO). The unit cell of quartz has the
parameters a=4.913 A and ¢ = 5.404 A and contains nine atoms (Figure. 1.16, a). The

Si—O bond length is equal to 1.610 A. The Brillouin zone of a-SiO; is shown in

Figurel.16, b.
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Figure 1.16 — (a)Unit cell and (b) Brillouin zone of a-SiO; [54]
Figure 1.17 presents the results of the experiment on X-ray spectroscopy of the

valence band and conduction band electronic structures of crystalline a-quartz and
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amorphous fused quartz measured in [52]. Shown at the bottom left is the valence band

X-ray photoelectron spectrum of thermal silicon dioxide on silicon measured in
the [51].
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Figure 1.17 — Experimental X-ray emission and quantum yield spectra of a-SiO, and
fused quartz from [52] (solid lines) and the calculated partial density of states for
a-SiO; (dash-dotted lines). Shown at the bottom left is the experimental valence band
X-ray photoelectron spectrum of thermal silicon dioxide on silicon from [51]. Shown
at the bottom right are two tetrahedra linked to each other via oxygen atoms. The

notation of X-ray transitions is given in Figure 1.15 [54]

Striking is the similarity of the experimental X-ray emission spectra and
quantum yield spectra of the crystalline quartz and the amorphous phase (fused quartz).
It should be noted that the experimental X-ray spectra of fused quartz in Figure 1.17
are identical to the spectra of thermal silicon dioxide on silicon [50].
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Crystalline quartz is characterized by the translational symmetry and longrange

order in the arrangement of atoms. In fused quartz, thermal silicon dioxide on silicon,
there is only a shortrange order. The reflection spectra of a-quartz and amorphous SiO;
are shown in Figure 1.18 [55]. In amorphous SiO,, Van Hove singularities are slightly
broadened compared to crystalline a-quartz. Thus, although there is no longrange order
in amorphous silicon dioxide, its electronic structure is similar to the electronic

structure of crystalline quartz.
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Figure 1.18 — Refection spectra of amorphous SiO; and a-quartz [54]

The presence of electronic states in the band gap (Figure 1.18) is apparently
caused by many-electron effects, such as the Coulomb interaction of electrons and
holes, which is not considered in the theoretical calculations. The L, 3 qguantum yield
spectra of silicon, as well as the K X-ray emission and quantum yield spectra of oxygen,
are especially strongly shifted toward the band gap. In the O K Xray emission spectra,
there is no band gap at all. In the Si L, 3 quantum yield spectra, a peak at an energy of
approximately 106 eV is shifted into the band gap. It can be assumed that the low-
energy shift of the quantum yield spectra of silicon and oxygen is associated with the
formation of X-ray excitons. Similar features of the electronic structure are also
observed in other materials, for example, in SiOxNy [56], TiO; and Al,Os [57].
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1.2.4 Different types of morphology

Nano silica dioxide is a silicon dioxide particle with a nanoscale size, usually
expressed as SiO,. It can have a variety of shapes and structures, the most common of
which include spherical, nanorod, nanosheet, and porous [58].

Spherical silica nanoparticles. Spherical silica nanoparticles are spherical
nanoparticles with large specific surface area and good dispersion. It is commonly used
in the following areas [59].

Drug delivery system. Spherical silica can be used as a drug carrier for controlled
release and targeted drug delivery.

Cosmetics. It can be used in cosmetics as a filler and thickener to improve the
texture and stability of products.

Coatings and plastics. Spherical silica can be used as a reinforcing agent to
improve the durability and mechanical properties of coatings and plastics.

Rod-shaped silica nanoparticles. Rod-shaped silica has a rod-like structure
with a large aspect ratio, a large specific surface area and a highly tunable morphology.
Its main application areas include [60].

Optical materials. Nanorod silica can be used to prepare optical materials such
as optical waveguides and optical sensors.

Catalyst. Its high specific surface area and tunable morphology make it an ideal
choice for catalysts.

Electronic devices. Nano-rod silica can be used to prepare nano-electronic
devices, such as nano-transistors and nano-sensors.

Sheet-like silica nanoparticles. Nanosheet silica has a thin and flat sheet
structure with a large number of surface active sites. Its main applications include.

Catalyst. Nano-flaky silica has a large surface area and active sites in catalytic
reactions, so it can be used for efficient catalytic reactions [61].

Adsorbent. Due to its large number of surface active sites, nanoflaky silica can

be used as an adsorbent for the removal of organic pollutants and heavy metals in water.
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1.2.5 The use of SiO, as an electrode material for lithium current sources

The application of nano-silicon dioxide (SiO,) as the cathode material of lithium
batteries is one of the important research directions in the field of lithium batteries.
Below I will introduce in detail the application of nano-silicon dioxide as a lithium
current source electrode material and the current application status [62].

Characteristics of nano silica:

Nano-SiO; has the following key characteristics, making it a strong candidate
for lithium battery cathode materials:

High specific surface area: Nano silica has a very high specific surface area,
which can provide more active reaction areas, thereby improving the reaction rate and
capacity of the electrode.

Excellent electrochemical performance: Nano-SiO, has high lithium ion
intercalation/deintercalation capacity and low charge transfer resistance, which is
conducive to the realization of high capacity and high rate charge and discharge
performance.

Good cycle stability: nano-silica can reduce the volume expansion and shrinkage
of electrode materials, and improve the cycle life and stability of lithium batteries.

Application of nano silicon dioxide in lithium battery:

Nano silicon dioxide is mainly used in the negative electrode material of lithium-
ion battery in lithium battery, that is, the negative electrode material of lithium-ion
battery. Its main applications include:

Lithium-ion battery negative electrode compatibilizer: nano-silica can be used
in combination with traditional negative electrode materials (such as graphite) to form
composite materials and increase the specific capacity of negative electrode materials.
By adding nano-silica, a higher lithium intercalation capacity of the anode material can
be achieved, thereby increasing the energy density of the entire battery.

Electrolyte additive: nano-silica can be used as an additive to the electrolyte to
improve the stability of the electrolyte interface and the lithium-ion transmission rate
of lithium-ion batteries, thereby improving the power performance and cycle life of the
battery [63].
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The electrochemical properties of silicon dioxide (SiO,) in lithium-ion battery

applications are of significant importance, especially as an electrode material or
auxiliary material. Here are the main electrochemical properties of silicon dioxide in
lithium-ion battery applications:

High capacity: Silicon dioxide has the potential for high capacity because its
atomic structure allows it to react with multiple lithium ions, enabling it to store more
lithium. Its theoretical capacity is higher compared to traditional carbon materials.

Reversible lithium intercalation/deintercalation: Silicon can undergo reversible
reactions with lithium ions through an intercalation/deintercalation mechanism. During
charging, lithium ions are intercalated into the silicon lattice, and during discharging,
lithium ions are deintercalated, making this process reversible.

Expansion behavior: Despite its high capacity, silicon experiences volume
expansion when lithium ions are intercalated, which can lead to structural breakdown
and performance degradation of the electrode material. Effectively addressing silicon's
expansion issue is crucial. Strategies include nanoscale design, silicon alloying, and
encapsulation of silicon particles.

Cycle stability: Due to the expansion and contraction of silicon during charge
and discharge cycles, specially designed electrode materials are needed to ensure cycle
stability. Silicon electrode designs often incorporate multilayer composite structures to
mitigate stress caused by expansion.

Electrical conductivity: Pure silicon dioxide has relatively low electrical
conductivity, so it is typically mixed with conductive additives such as carbon to
enhance the electrode's electrical conductivity and improve battery performance.

Microstructure control: Controlling the microstructure of silicon dioxide is
essential for optimizing battery performance. Techniques such as nanostructuring,
porous structures, and nanocoatings can enhance the electrochemical properties of
silicon dioxide [64].

Si0; and SiO,/MXene composite materials for lithium battery anodes studied by
Zhou Hui [64]. Scanning electron microscopy was used to characterize the morphology
of Si0; and BM SiO,/MXene composite materials. Compared with SiO, before ball
milling Figure 1.19, a, the particle size of BM SiO, has been significantly reduced
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Figure 1.19, b. When used as electrode materials, the reduction of particle size can

often effectively reduce the volume effect. Figure 1.19, c, dare SEM images of BM
Si0O/MXene composite materials. It can be seen that the BM SiO; particles and MXene
nanosheets agglomerate together to form a compact three-dimensional structure due to
electrostatic self-assembly, in which the MXene nanosheets are evenly dispersed in the
BM SiO; particles. Since MXene has a certain degree of mechanical flexibility, the
extrusion between BM SiOgparticles will cause wrinkles in the MXene nanosheets.
This compact three-dimensional structure facilitates the transport of ions and electrons

and also makes the material more stable.

Figure 1.19 — (a) SEM image of SiO,, (b) SEM image of BM SiO,, (c-d) SEM
image of BM SiO,/MXene [64]

1.3 Description of the TiO2/SiO, mixture

1.3.1 Mixture manufacturing methods and structure

Ti0,/SiO, mixture is a common composite material used for the fabrication of
materials with special optical, electronic, or catalytic properties [65]. Here is a common
method for preparing TiO,/SiO, mixture and its potential structures:

Preparation Method:

Sol-gel method: Firstly, prepare sol solutions of titanium tetra-n-butoxide
(Ti(OC4Hy)4) and tetraethyl orthosilicate (Si(OC;Hs),). Then, mix the two sols and stir

at an appropriate temperature to form a gel. Finally, the TiO,/SiO, mixture is obtained
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through heat treatment and annealing steps.

Hydrothermal method: Mix the titanium source and silicon source with an
appropriate amount of water and conduct a hydrothermal reaction under high
temperature and pressure. By adjusting the reaction conditions and the ratio of raw
materials, the relative content and crystal structure of TiO, and SiO, can be controlled.

Structure: TiO,/SiO, mixture can have different structural forms depending on
the preparation method and material parameters. Here are several possible structures:

Core-shell structure: TiO, nanoparticles act as the core, surrounded by a SiO;
shell, forming a core-shell structure. This structure can provide improved optical
properties and surface protection while maintaining the catalytic activity of TiO,.

Mixed structure: TiO, and SiO, form a homogeneous mixed structure without a
distinct interface. This structure enables good interaction between the two materials
and exhibits combined properties.

2D or 3D network structure: TiO, and SiO; are interconnected in a network-like
fashion, forming a 2D or 3D structure. This structure can increase the material's
specific surface area and porosity, enhancing catalytic activity and adsorption

performance.

1.3.2 Structure and morphology of Nanocomposites Based on Titanium

and Silicon Oxides

Nanocomposites based on titanium and silicon oxides are materials that combine
nanoparticles of titanium oxide (TiO,) and silicon oxide (SiO) into a single composite
structure. These nanocomposites can exhibit unique properties and are used in various
applications, including catalysis, sensors, coatings, and electronics. The structure and
morphology of these nanocomposites can vary depending on the synthesis methods and
the specific ratios of TiO, and SiO, used. Here, I'll provide a general overview of their
structure and morphology:

Core-Shell Structure:

In many cases, titanium oxide nanoparticles are encapsulated within a silicon

oxide shell or vice versa. This core-shell structure is often desirable as it combines the
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properties of both materials and provides control over surface interactions.

Homogeneous Mixing:

In some nanocomposites, TiO, and SiO, nanoparticles may be uniformly mixed
at the nanoscale. This homogeneous distribution can be achieved through various
synthesis techniques, such as sol-gel processes or co-precipitation methods.

Size and Morphology of Nanoparticles:

The size and morphology of the TiO, and SiO, nanoparticles within the
nanocomposite are crucial factors. Smaller nanoparticles generally lead to larger
surface areas and enhanced reactivity. The specific shapes of the nanoparticles (e.g.,
spheres, rods, or nanowires) can also impact the properties of the nanocomposite.

Particle Agglomeration:

Controlling the agglomeration of nanoparticles is essential to maintain a high
surface area and prevent the loss of desired properties. Proper dispersion techniques
and surface modifications may be employed to mitigate agglomeration.

Porosity and Pore Size Distribution:

The porosity of the nanocomposite can be tailored by adjusting the synthesis
parameters. The pore size distribution can impact applications like catalysis and gas
sensing by influencing the accessibility of reactants to the active sites.

Crystallinity:

The degree of crystallinity in both the TiO, and SiO, components can vary.
Crystalline phases may provide improved structural stability and specific reactivity,
while amorphous phases may offer enhanced surface area.

Interfacial Interactions:

The interactions at the interface between TiO, and SiO, components can
significantly affect the properties of the nanocomposite. The choice of surface
modifiers or the introduction of dopants can modify these interactions.

Doping and Functionalization:

Introducing dopants or functional groups onto the surface of nanoparticles can
further tailor the properties of the nanocomposite, such as its electronic conductivity,
photocatalytic activity, or chemical reactivity.

Characterization Techniques:
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Various analytical techniques, such as transmission electron microscopy (TEM),

scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and NMR spectroscopy, are used to characterize the structure,
morphology, and composition of these nanocomposites.

Chen Huimin studied a nano-Ti0O,-SiO, composite material as an anode material

for lithium batteries. See Figure 1.20.

P X R
Sy 4 By

’i‘ f W yi

&
S ;
3 2
E N X ‘
:

15.0kV 8.8mm x20.0k 2.00um

Figure 1.20 — (a) SEM image of silicon-titanium nanocomposite under
hydrolysis conditions at 20000x magnification; (b) SEM image of silicon-titanium
nanocomposite under hydrolysis conditions at 40000x magnification; (c) SEM image
of silicon-titanium nanocomposite under alcoholysis conditions at 20000x
magnification

Figure 1.20 is the characterization of the morphology of the prepared TiO,-SiO,
nanocomposite at different magnifications. Figure 1.20, a is the scanning electron
microscope image (SEM) of the TiO,-SiO, nanocomposite prepared under hydrolysis
conditions with a magnification of 20,000 times, and Figure 1.20, b is the magnification
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of 40,000 times prepared under hydrolysis conditions. Scanning electron microscope

image of TiO,-SiO, nanocomposite (up to nanometer level). Figure 1.20, c is the SEM
Image of silicon-titanium nanocomposite material under alcoholysis conditions with a
magnification of 20,000 times.

Yavorsky focused on the effect of MTB on the electronic structure of SiO,/TiO,
mixtures [66]. With increasing concentration of titanium dioxide in the mixture to a
maximum value of 90 wt.%, the charge capacitance of the LPS with the cathode based
on the initial and MBT mixture is near 100 A-kg (Figure 1.21).

150 200 250 300 0 50 100 150 200 250 300
1 C (Ah/kg) C (A Ivkg)

1-3 — number of cycle
Figure 1.21 — Discharge curves of initial (a) and MBT (b) 0.1 SiO, + 0.9 TiO;

mixtures

In subsequent cyclying, the capacitance of both LPS is almost the same, but the
power of the LPS with the cathode based on the MBT mixture is much higher. The
power of LPS with cathode based on MBT mixture 0.1 SiO, + 0.9 TiO; increased due
to the change in the nature of the interaction between SiO; and TiO, nano particles. In
this case, the increase of the charge state of oxygen is due to the transfer of electrons
from high energy Tisd-states to the prn-states of oxygen. This is slightly different from
the mixture with maximum concentration of silica dioxide, because we saw transfer of
electrons from Sisd-states to the Op-states in the mixture 0.8 SiO, + 0.2 TiO,. At the
same time, the shape of the discharge curves of both LPS during the second and third
discharge cycles testifies to the for mation of oxides, which are most likely to be

accompanied by a further decrease in the charge capacity of the LPS during next
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cyclying.

1.3.3 Electrochemical characteristics of lithium current sources with
cathodes based on SiO2/TiO>

Ti0,/SiO, mixture has gained significant attention as a promising electrode
material for lithium-ion batteries. This composite combines the unique properties of
titanium dioxide (TiO;) and silicon dioxide (SiO,), resulting in improved
electrochemical performance and stability. Here is an overview of the key features and
advantages of TiO,/SiO, mixture as an electrode material:

High lithium storage capacity: TiO, has a relatively low theoretical lithium
storage capacity compared to other materials. However, when combined with SiO5, the
Ti0,/Si0O, mixture exhibits enhanced lithium storage capacity due to the synergistic
effects between the two components. This enables the electrode to store more lithium
ions during charging, leading to improved battery capacity.

Excellent cycling stability: One of the critical challenges in lithium-ion batteries
Is the degradation of electrode materials over repeated charge-discharge cycles. The
Ti0,/Si0, mixture demonstrates excellent cycling stability, showing minimal capacity
decay and maintaining its performance over an extended period. This stability is
attributed to the inherent structural stability and improved mechanical properties
provided by SiO..

Enhanced rate capability: The TiO2/SiO, mixture exhibits fast lithium-ion
diffusion Kinetics, enabling rapid charging and discharging rates. This high rate
capability is crucial for applications that require quick energy storage and release, such
as electric vehicles and portable electronics.

Improved safety: Safety is a significant concern in lithium-ion batteries due to
the potential for thermal runaway and combustion. The TiO,/SiO, mixture offers
enhanced safety characteristics compared to some other electrode materials, as it is
more stable and less prone to forming dendrites or causing electrolyte decomposition.

Compatibility with lithium metal anodes: TiO,/SiO, mixture is compatible with

lithium metal anodes, which is a highly desirable feature for next-generation batteries.
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The combination of TiO,/SiO, as the cathode and lithium metal as the anode can enable

the development of high-energy-density lithium batteries with improved overall
performance.

The TiO,/SiO, mixture holds great promise for advancing the performance and
safety of lithium-ion batteries. Ongoing research focuses on optimizing the
composition, nano-structuring, and electrode architecture to further enhance its

electrochemical properties and commercial viability.
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2 RESEARCH METHODS

2.1 Research materials

2.1.1 Synthesis of precursor TiO:

A sample of anatase titanium dioxide (TiO,, surface area: 45 m?/g) was
synthesized via the sol-gel method in an aqueous solution using titanium tetrachloride
at the research facility affiliated with the National Academy of Sciences of Ukraine.
The resulting product was then purified from any remaining adsorbed hydrogen

chloride through heating at 400 °C for 3 hours in a thermal furnace.

2.1.2 Synthesis of precursor SiO;

The investigated specimens of pyrogenic titanium oxides and silicon dioxides
were prepared at the research and experimental facility located within the O.0O. Chuyka
Institute of Surface Chemistry, a part of the National Academy of Sciences of Ukraine
in Kalush. SiCl, served as the primary material for their fabrication and underwent
hydrolysis/oxidation when introduced into an O,/H, flame, leading to the creation of
individual SiO, oxide nanoparticles (VDC) possessing a specific surface area of
230 m?/g (PC300).

2.1.3 Mechanical processing of composites

Mechanical stimulation (referred to as mechanical activation in English) is the
process of enhancing the bonding between surface atoms of solid particle substances
through mechanical treatment. The grinding process in a vibrating mill results in the
accumulation of structural imperfections, phase alterations, and even the
amorphization of crystals, all of which impact the chemical reactivity of the mixture.
Subsequently, the high local pressures in specific regions of the nanocomposite lead to
the formation of tension, followed by relaxation.

The shock-vibration treatment, which involves mechanical activation, was
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carried out on the mixed system x-(SiO,) + y-(TiO,) (where x = 80 wt.%, y = 20 wt.)

referred to as ST 20, in a mechanical vibration mill Ardenne, (Germany) . This

mechanical activation was conducted within a metal reactor with a 25 mm diameter
using a single metal sphere with a 10 mm diameter, at a reactor oscillation frequency
of 50 Hz. The preparation of all mechanoactivated samples in the vibrating mill
occurred over time intervals of 3, 5, 10, 15, and 20 minutes. The corresponding
relationship between the sample name and time of their mechanical is shown in
Table 2.1

Table 2.1- The correspondence between the name of the

samples and time of their mechanical treatment

Name of the sample Mechanical duration, min
ST 20 0
ST 20 3 3
ST20 5 5
ST 20_10 10
ST 20_15 15
ST 20 20 20

2.2 Methods of research

2.2.1 Raster electron microscopy

In this experiment, a scanning electron microscope is used to observe the
morphological information of the prepared sample. The testing principle is based on
the interaction between electrons and matter. When a beam of high-energy incident
electrons bombards the surface of a substance, the excited area will produce secondary
electrons, Auger electrons, etc., and by using the interaction between electrons and the
substance, the morphology, composition of the measured sample obtained, electronic

structure and internal electric field or magnetic field and other information on various
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physical and chemical properties. Through scanning electron microscopy testing,

secondary electrons and backscattered electrons can be collected, and information
about the microscopic morphology of the material can be obtained. If X-rays are
collected, information on the chemical composition of the substance can also be
obtained [71].

Scanning electron microscope (SEM) is an observation method between
transmission electron microscope and optical microscope. It uses a narrow, focused
high-energy electron beam to scan the sample, and stimulates various physical
information through the interaction between the beam and the material. This
information is collected, amplified, and re-imaged to achieve the purpose of
characterizing the microscopic morphology of the material. The resolution of the new
scanning electron microscope can reach 1 nm; the magnification can reach 300,000
times and is continuously adjustable; it has a large depth of field, a large field of view,
and good three-dimensional imaging effects. In addition, the combination of scanning
electron microscope and other analytical instruments can observe the microscopic
morphology and analyze the micro-region components of the material at the same time.
Scanning electron microscopes are widely used in the research of rock soil, graphite,
ceramics and nanomaterials. Therefore, scanning electron microscopy plays an
important role in the field of scientific research [67].

The signal used for imaging in a SEM comes from the interaction of the incident
beam with atoms at different depths in the sample. Under the bombardment of electron
beam, the sample will produce a variety of signals including backscattered electrons,
secondary electrons, characteristic X-rays, absorbed electrons, transmitted electrons,
Auger electrons, cathode fluorescence, electron beam induced effects, etc., and a It is
difficult for a single machine to be equipped with detectors for all signals.
Backscattered electrons (BSE), secondary electrons (SEI), and characteristic X-ray
detectors are standard detectors for general scanning electron microscopes [67].

Raster or scanning electron microscopy (SEM) has a number of advantages
compared to other methods. For example, compared to traditional light microscopy, it
has a much higher resolution and depth of field; relative ease of interpretation of the

obtained images due to their three-dimensional presentation; the possibility of
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connecting additional devices for analysis in the micro range with sufficient ease of

adaptation and management of these devices. It is also necessary to note the relatively
low requirements for the preparation of research samples. Compared to scanning probe
microscopy, scanning electron microscopy allows you to examine significantly larger
areas of the surface; work with highly embossed surfaces; use a much wider range of
magnifications; to receive information not only about surfaces, but also about
"subsurface” layers adjacent to the surface. One of the advantages of SEM is the
possibility of determining the phase composition in certain areas of the sample.

The study of the surface and morphology, as well as the determination of the
chemical composition of the mixtures was carried out using a SEM-106Y scanning
electron microscope (SELMI, Ukraine). Surface images of the research objects were
obtained with high spatial resolution and depth of field in reflected (BSE) and
secondary (SE) electrons. The resolution in the high vacuum mode is 4nm. The limits
of the permissible relative error of measuring the mass fraction of an element in the
range from ;,Mg to o,U in the composition of massive samples is no more than:

* + 4 % for elements with a mass fraction range of more than 10 %;

« + 20 % for elements with a mass fraction range greater than 1 % to 10 %;

« + 50 % for elements with a mass fraction range from 0.1 % to 1 %.

For a detailed study of the morphology and microstructure, photographs were
taken at magnifications of x100, x250, x500, x1000 and x2500.

2.2.2 Ultra soft x-ray emissin spectroscopy

Ultrasoft X-ray emission spectroscopy (USXRES) stands out as one of the most
enlightening techniques for examining electron distribution within the valence band.
This approach effectively portrays the energy dispersion of valence electrons situated
in specific symmetrical, occupied zones, as dictated by X-ray series and the associated
selection rules. The obtained UMRE spectra are indicative of the energy distribution
of valence electrons belonging to surface and subsurface atoms spanning just a few
atomic layers beneath the sample's surface. Given the immense potential within the

realm of nanoscale materials research, it is paramount to recognize ultrasoft X-ray



46
emission spectroscopy as an indispensable tool for the exploration of nanomaterials.

USXRES is a cutting-edge analytical technique that employs synchrotron-
generated soft X-rays to probe the electronic structure of materials. Rooted in the
principles of X-ray emission spectroscopy (XES), USXRES provides valuable insights
into the distribution and behavior of valence electrons in a material. This method is of
particular interest due to its elemental specificity and chemical environment sensitivity,
making it a powerful tool for studying the electronic structure of solids [68-70].

In USXRES, a sample is exposed to synchrotron X-rays. These incident X-rays
can excite core-level electrons (typically 1s or 2p) to higher energy states within the
atom. The energy difference between the initial and final states corresponds to the
energy of the X-rays used.

As a consequence of core-level excitation, secondary X-rays are emitted as the
core electrons return to their ground state. These secondary X-rays are element-specific
and carry information about the electronic structure of that particular element. Notably,
the emitted X-rays are sensitive to the presence and distribution of valence electrons in
the sample.

USXRES allows researchers to selectively target and investigate the electronic
states, chemical bonding, and coordination of valence electrons in a material by
choosing the appropriate X-ray energy. Moreover, the method is highly sensitive to the
chemical environment of atoms, enabling the study of chemical bonding and local
coordination in compounds.

In this study, ultrasoft X-ray emission spectroscopy was employed to investigate
the X-ray OKa-emission bands, which provide insights into the energy distribution of
filled valence Op-states. The experiments were conducted using the RSM-500 X-ray
spectrometer-monochromator. To achieve the desired contrast in the OKa-bands while
avoiding sample damage, the anodic current was carefully adjusted.

The X-ray OKa-spectra were acquired at an accelerating voltage (Ua) of 5 kV
and anode current (la) of 5 mA. To maintain a pristine experimental environment, the
measurements were carried out under oil-free vacuum conditions with the additional
step of freezing hydrocarbon vapors using a nitrogen "trap"” positioned near the anode.

The residual pressure in both the X-ray tube and the spectrometer was meticulously
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maintained at 3.75x1078 mm Hg.

To ensure the reliability of the data and avoid potential overlap of the OKa-band
from the sample with that of the copper anode, measurements were taken on the cleaned
surface adjacent to the sample. These measurements were performed in the energy
range hv = (510 — 535) eV, which corresponds to the OKa-band of the mixtures.
Comparison of intensity levels before and after sample examination confirmed that the
copper anode's quanta intensity remained below background levels.

X-ray radiation was spectrally resolved using gold-coated diffraction gratings or
a filter mirror. The final filter mirror was equipped with a polystyrene coating to block
wavelengths shorter than 4.4 nm. The use of 10 um slit widths helped minimize
hardware distortions, with measurements showing distortions of no more than 0.2 eV
in the energy range of interest.

X-ray quanta were recorded using a secondary electron multiplier featuring a
primary photocathode made of sputtered CsJ (KBL1500). The energy positions of the
OKa-bands in the studied samples were determined relative to the CrLI line of pure
metal, which served as a reference. It is important to note that the hardware distortion
of the PCM-500 device for the study of transition metal nanooxides was estimated to
be approximately 0.2 eV.

Data analysis and processing were carried out using computer software,
specifically Microsoft Excel and OriginPro. The research results were evaluated by
comparing the obtained spectra normalized to either a specific peak or background

intensity, ensuring the reliability of the findings.

2.2.3 Methodology of galvanostatic analysis

Galvanostatic charge/discharge testing is one of the most core characterization
methods in battery material research. Specifically, by controlling the battery to
charge/discharge at a specific current, the charge/discharge characteristic curve of the
sample, that is, the capacity-voltage curve, can be obtained; using a program to control
the battery to charge/discharge multiple times can characterize the cycle life of the

sample; The rate performance information of the material can be obtained by cycling



48
the battery at different current densities [73].

The contemporary advancement of nanotechnology and nanoelectronics exhibits
a strong interconnection with portable electric current sources. Enhancing the
characteristics, particularly the storage capacity and power output of these sources,
presents an engaging avenue for investigation. Consequently, the research focus on
modifying the distribution of valence electrons within the cathode materials of lithium
power sourses (LPS) by varying particle size, adjusting component ratios, or refining
synthesis techniques holds considerable promise.

The schematic diagram of LPS [64] (a scanning electron microscope figure 2.1)
includes:

— anode (metallic lithium or material containing lithium ions);

— cathode (a material in which Li+ ions are intercalated into the channels of
the crystal structure);

— lectrolyte (lithium-containing liquid, solid or gel-like material with an

ionic type of conductivity).

e

|

Charge

Anode Separator Cathode
(graphite) (LiCo0,)

Figure 2.1 — Schematic diagram of LPS [64]

In a closed circuit, driven by the potential difference between the anode and

cathode, the element undergoes discharge. Lithium ions migrate from the anode and
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intercalate into the structure of the cathode. During the charging process, lithium ions

are deintercalated from the cathode material (CM) and transported to the anode under
the influence of an electric field.

The assessment of charge capacities was conducted using a universal platform
designed for investigating the intercalation properties of TIONIT P2.00 LPS in a
galvanostatic mode. All parameters governing cycling were configured via a computer
connected to the device using MultiCycle software. The voltage range was selected
based on the chemical potentials of the cathode and anode materials (metallic Li).
Optimal charge/discharge currents were determined at 0.1 times the theoretically
calculated specific capacity of the LPS (0.1C). Data analysis was performed using
Microsoft Excel and OriginPRO software.

For the production of LPS with an intercalation mechanism, it is often necessary
to enhance the cathode composition's conductivity by incorporating conductive
additives. This approach facilitates the achievement of higher discharge current values.

Research on LPS layouts operating under conventional currents, as required by
such systems, demands the use of electrochemical cells featuring larger contact areas
at the electrode-electrolyte interfaces and shorter distances between the electrodes.
This configuration ensures elevated exchange current values and a significant reduction
in electrolyte consumption.

The anode was a round lithium foil with the appropriate diameter, while a
slightly larger non-woven propylene separator was employed. The cathode was
prepared as follows: a mixture of cathode-active material (the test samples), a
conductive additive (carbon black), and a binding agent (PVA dissolved in n-methyl)
was applied to a separator paper of the same shape and dimensions as the lithium anode.
Subsequently, the fabricated electrodes were dried at 100°C for 2 hours. This process
resulted in the formation of electrochemical cells using a non-aqueous electrolyte -
LiPF6 with butyrolactone as the solvent.

The results of the operation of the electrochemical cell in the galvanostatic mode
are presented with the help of graphs, where the specific capacity is laid down on the
abscissa axis, and the voltage recorded by the device is on the ordinate axis. The

specific capacity is calculated by the formula
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, 2.1)

where I is constant current, which we set independently;
t is the time during which the cell is charged (discharged);

m is the mass of the cathode substance.

The specific capacity is one of the extremely important characteristics of an
electrochemical cell, which is directly related to the ability of the structure of the
cathode material to accumulate lithium ions.

When using a cathode material (SUM) based on initial and

mechanoactivatedmixtures, the current generation process can be written as

xLi* + xe~ + SUM — Lix SUM , (2.2)

where x is the value of the "guest" load or the degree of intercalation, in other words,

X is the number of introduced lithium ions per one formula unit of the "host" material,

which was determined from the ratio

x=(nF) Mg
mn (2.3)
or
X = (nF)’lMIt
m

: (2.4)

where n is the number of electrons participating in the reaction from the hydroxide-
reduction process;
F is the Faraday constant;

M and m are the molar mass and mass of the sample of the “host” material,



respectively;
q is the amount of passed electricity;
| is the discharge current;

t is the discharge time.

o1
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3 RESULTS OF SCIENTIFIC RESEARCH

3.1 SEM investigation

This section presents the results of an experimental study of the morphological
features of the 20 %Ti0O,/80 %SiO, nanocomposite after mechanoactivation (MBT)
with different treatment durations (3 min, 5 min, 10 min, 15 min, and 20 min). The
SEM image of 0.2TiO,+0.8SiO, precursor (ST 20) with 2500 times magnification be
shown in Figure 3.1. and the results of point chemical analysis shown in Table 3.1.
First of all, it should be noted that point chemical analysis does not allow determining
the concentration of oxygen in a certain structural element. Therefore, when
determining structural elements based on the results of spot chemical analysis, we will
rely on the concentration of Ti and Si, which will correspond to TiO, and SiO,
respectively. From the image of the precursor and the results of spot chemical analysis,
it can be seen that dark gray (point 3, Figure 3.1) and light gray (point 2, Figure 3.1)
agglomerates of silicon oxide, because the concentration of Si atoms is more than 90 %
(Table 3.1). On the other hand, at point 1 (Figure 3.1), the concentration of titanium is

maximum. This may indicate that the light agglomerates are titanium oxide.

Table 3.1 — Point chemical analysis of initial mixture 0.2Ti0,+0.8SiO,

Atomic concentration of chemical element
in specific point, At.%
Chemical element

Si 10.1 92.8 92.2

Ti 89.9 1.2 6.8
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WD=15.8mm 20.00kV  x3.93k
Figure 3.1 — SEM image of the initial mixture (precursor) 0.2TiO,+0.8Si0, x3930

First of all, let's establish the morphological features of the ST 20 precursor
before mechanical treatment (Figure 3.2, a, Figure 3.3, a). It can be seen from the image
of the ST 20 mixture (Figure 3.2, a) that isolated dense agglomerates of TiO, are
scattered among the cloud-like distribution of amorphous SiO,. The size of SiO, and
TiO, agglomerates is 1-70 and 1-10 microns, respectively. When processed for
3 minutes (Figure 3.2, b, Figure 3.3, b), it can be seen that with slight agglomeration
of SiO,, the aggregation of TiO, particles into larger clusters with a size of 40 um is
observed. A further increase in the duration of MBT treatment to 5 minutes led to a
slight decrease in the size of SiO, agglomerates to a value of 1-40 um (Figure 3.2, c).
In addition, it should be noted (Figure 3.3, ¢) that with this length of processing, some
fragmentation of TiO, agglomerates into particles and their inclusion in the volume of
SiO; agglomerates is observed. Treatment of the mixture for 10 minutes causes the
total fragmentation of TiO, agglomerates, an increase in the density of the newly
formed agglomerates and a decrease in their size to less than 20 um (Figure 3.2, d,
Figure 3.3, d). During mechanical activation, within (15 — 20) minutes, the density of
the nanocomposite increases (Figure 3.3 e, f) and the size of the newly formed

agglomerates (Figure 3.2 ¢, f) increases to (5 — 30) um and (10 — 40) um, respectively.
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20.00kV__ x500 : 20.00kV__ x500

a- ST-20; b - ST-20-3; ¢ - ST-20-5; d - ST-20-10; e - ST-20-15; f - ST-20-20
with magnification x500
Figure 3.2 — SEM images

From the conducted SEM analysis, found that increasing the duration of
treatment duration of the 0.2TiO,+0.8SiO, nanocomposite leads to fragmentation of
the agglomerates of the precursors, uniform distribution of the components among each

other, and the formation of denser agglomerates based on SiO; and TiO, nanoparticles.
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a- ST-20; b - ST-20-3; ¢ - ST-20-5; d - ST-20-10; e - ST-20-15; f - ST-
20-20 with magnification x2500
Figure 3.3 — SEM images

3.2 The results of USXES investigation

It is generally known that the formation of electrochemical characteristics of
lithium current sources occurs due to redox reactions of lithium ions on the surface of
the cathode material. That is why oxides of transition metals and metals with a highly
developed structure and morphology are used as the basis of cathode materials. Since

lithium ions interact precisely with oxygen, which is on the surface of the cathode
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material, it is important to know the distribution of valence electrons on oxygen anions

in the cathode material. This will make it possible to purposefully predict the degree of
recombination and the ability of the cathode material to repeat cycling. Therefore, in
order to understand these processes, a study of the distribution of Op-electrons in the
obtained nanocomposites was carried out using ultra-soft X-ray emission spectroscopy

(Figure 3.4, a).
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Figure 3.4 — Results of USXES

It is generally known that the formation of electrochemical characteristics of
lithium current sources occurs due to redox reactions of lithium ions on the surface of
the cathode material. That is why oxides of transition metals and metals with a highly
developed structure and morphology are used as the basis of cathode materials. Since
lithium ions interact precisely with oxygen, which is on the surface of the cathode
material, it is important to know the distribution of valence electrons on oxygen anions
in the cathode material. This will make it possible to purposefully predict the degree of
recombination and the ability of the cathode material to repeat cycling. Therefore, in
order to understand these processes, a study of the distribution of Op-electrons in the
obtained nanocomposites was carried out using ultra-soft X-ray emission spectroscopy
(Figure 3.4, a).

From the results of the USXES study of nanocomposites, before and after
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treatment with different durations (Figure 3.4), it was established that with a 3-minute

treatment of the nanocomposite, there is a slight decrease in the integrated intensity of
the Oka. spectrum, which is most likely the result of the evaporation of adsorbed water
from the nanocomposite. This is in good agreement with the results obtained by the
authors [72]. Carrying out MBT for 5 minutes is accompanied by a rapid increase in
the integral intensity of the Oka-spectrum in the energy range corresponding to the -
states of oxygen (Figure 3.4, a). This may indicate the formation of n-bonds between
the surface atoms of the nanocomposite particles as a result of processing for
5 minutes [66] An increase in the processing time to 10 min is accompanied by a
decrease in the population of electrons in the Opn energy range, and the line shape of
the OKa-spectrum becomes very similar to the spectrum of the nanocomposite, which
was processed for 3 minutes. This may indicate the breaking of weak w-bonds formed
during the first 5 minutes of processing. A further increase in the processing time to
15 min leads to a slight increase in the integrated area of the OKa spectrum, but the
shape and location of the peak remain almost the same. With a further increase in the
duration of the MBT, the shape, position of the OKa spectrum and its integral area do

not change.

3.3 Results of galvanostatic analysis

Figure 3.5 shows the galvanostatic cycling results of LPS with cathode based on
initial nanocomposite ST-20. As can be seen from figure 3.5, a, the beginning of the
LPS 1% discharge is accompanied by a rather rapid decrease in the potential difference
to 1.7 V. Thereafter the discharge rate extremely decreased and stabilized at
7.07 mA-h/g. After that, the battery was uniformly discharged to the potential
difference 1 V. The capacity and power value of 1% discharge cycle is 357 mA-h/g and
490.45 mWI/g. From the results of galvanostatic cycling (Figure 3.5, b), it can be seen
that the battery capacity and power are decreases due to cycling. The capacity of the
5™ galvanostatic cycle is approximately 29 mA-h, the 10" cycle is 22 mA-h/g and the
50" cycle is 9 mA-h/g. The power of the 5" galvanostatic cycle is approximately
36.5 mW/g, the 10" cycle is 28.3 mW/g and the 50" cycle is 13.7 mW/g. At the same
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time, the extremal power decreases by 92.6 % during 5 cycles are observed. A 94.2 %

reduction in power is observed within 10 cycles. And during 50 cycles, the power
reduction is 97.2 %.
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a - galvanostatic mode, b - galvanostatic cycling
Figure 3.5 — Discharge capacity of LPS with cathode based on the

nanocomposite ST-20

Figure 3.6 shows the galvanostatic cycling results of LPS with cathode based on
initial nanocomposite after 3 min treatment (ST 20-3). As can be seen from figure 3.6,a,
the beginning of the LPS 1% discharge is accompanied by a rather rapid decrease in the
potential difference to 1.85 V and capacity 8.0 mA-h/g. After that, the battery was
uniformly discharged to a potential difference of 1 V and a capacitance value of
112 mA-h/g. The power value of 1% discharge cycle is 158.3 mW/g. From the results
of galvanostatic cycling (Figure 3.6, b), it can be seen that the battery capacity and
power are decreases due to cycling. The capacity of the 5" galvanostatic cycle is
approximately 21 mA-h, the 10" cycle is 11 mA-h/g and the 50" cycle is 6.5 mA-h/g.
The power of the 5" galvanostatic cycle is approximately 27.8 mW/g, the 10" cycle is
15.4 mW/g and the 50" cycle is 10.1 mW/g. From these results we can see that the
extremal power decreases by 82.5 % during 5 cycles are observed. During 10 cycles

power decreases on 90.2 % and during 50 cycles the power reduction is 93.6 %.
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Figure 3.6 — Discharge capacity of LPS with cathode based on the

nanocomposite ST-20-3

Figure 3.7 shows the galvanostatic cycling results of LPS with cathode based on
initial nanocomposite after 5 min treatment (ST 20-5). As can be seen from figure 3.7a,
the beginning of the LPS 1% discharge is accompanied by a rather rapid decrease in the
potential difference to 1.80 V and capacity 6.6 mA-h/g. After that, the battery was
uniformly discharged to a potential difference of 1 V and a capacitance value of
276 mA-h/g.

1.0 ST 20-5
5 51, w01C 3 4. 07 SAZ0.5 b
S 354 1=0.1C
33.01 >
o 3.0
%2 5' 52 51
>0 ] S \
2.0 2.0 \
1. 57 L. 51 10 cycle 5 cycle
1- O- T T T T T T 1. 0‘ \
0 50 100 150 200 250 300 0 5 10 15 20 25 30 35 40
Capacity (C, mA-h/g) Capacity (C, mA-h/g)

a - in galvanostatic mode, b - galvanostatic cycling
Figure 3.7 — Discharge capacity of LPS with cathode based on the

nanocomposite ST-20-5
The power value of 1% discharge cycle is 397.3 mW/g. From the results of

galvanostatic cycling (Figure 3.7, b), it can be seen that the battery capacity and power
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are decreases due to cycling. The capacity of the 5" galvanostatic cycle is

approximately 40 mA -h, the 10" cycle is 24 mA -h/g and the 50" cycle is 20 mA-h/g.
The power of the 5™ galvanostatic cycle is approximately 59.0 mW/g, the 10" cycle is
36.8 mW/g and the 50" cycle is 33.4 mW/g. From these results we can see that the
extremal power decreases by 85.2 % during 5 cycles are observed. During 10 cycles
power decreases on 90.7% and during 50 cycles the power reduction is 91.6 %.
Figure 3.8 shows the galvanostatic cycling results of LPS with cathode based on
initial nanocomposite after 10 min treatment (ST 20-10). As can be seen from figure
3.8, a, the beginning of the LPS 1% discharge is accompanied by a rather rapid decrease
in the potential difference to 1.82 V and capacity 6.6 mA-h/g. After that, the battery
was uniformly discharged to a potential difference of 1 V and a capacitance value of
96 mA -h/g. The power value of 1% discharge cycle is 134.1 mW/g. From the results of
galvanostatic cycling (Figure 3.8, b), it can be seen that the battery capacity and power
are decreases due to cycling. The capacity of the 5" galvanostatic cycle is
approximately 24 mA-h, the 10" cycle is 16.7 mA-h/g and the 50" cycle is 9.6 mA -h/g.
The power of the 5" galvanostatic cycle is approximately 36.8 mW/g, the 10" cycle is
24.7 mW/g and the 50" cycle is 14.6 mW/g. From these results we can see that the
extremal power decreases by 72.6 % during 5 cycles are observed. During 10 cycles

power decreases on 81.6 % and during 50 cycles the power reduction is 89.1 %.
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nanocomposite ST-20-10
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Figure 3.9 a shows the galvanostatic cycling results of LPS with cathode based

on initial nanocomposite after 15 min treatment (ST 20-15). As can be seen from this
figure the beginning of the LPS 1% discharge is accompanied by a rather rapid decrease
in the potential difference to 1.78 V and capacity 5.3 mA-h/g. After that, the battery
was uniformly discharged to a potential difference of 1 V and a capacitance value of
79 mA-h/g. The power value of 1% discharge cycle is 111.4 mW/g.

Figure 3.9 b shows the galvanostatic cycling results of LPS with cathode based
on initial nanocomposite after 20 min treatment (ST 20-20). As can be seen from figure
3.9 b, the beginning of the LPS 1st discharge is accompanied by a rather rapid decrease
in the potential difference to 1.4 V and capacity 8 mA -h/g.After that, the battery was
uniformly discharged to a potential difference of 1 V and a capacitance value of
50 mA-h/g. The power value of 1% discharge cycle is 66.9 mW/g.
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Figure 3.9 — Discharge capacity of LPS with cathode based on the

nanocomposite in galvanostatic mode

Figure 3.10 a show the discharge patterns of LPS based on nanocomposites after
different duration of treatment. Figure 3.10 b shows the dependence of first cycle LPS
power from the treatment duration. As can we see from figure 3.10 a, the initial rapid
reduction of the potential difference occurs to about 1.7 V in the LPS based on initial
sample and samples that are treated during (3 — 15) min. At the same time, LPS with a

cathode based on a mixture after 20 minutes of treatment is rapidly dischargedto 1.4 V.
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Further discharge of all LPS occurs evenly, but to the different values of the

capacitance. The highest capacity and power have the LPS based on initial
nanocomposite, and it is 357 mA-h/g, 490 mW/g respectively. During machining for
3 minutes, there is a decrease in the electrochemical characteristics of LPS by more
than 3 times, up to 112 mA-h/g and 158 mW/g. The high capacitance of LPS based on
the initial nanocomposite is most likely the result of the interaction of adsorbed water

in the cathode material and additional lithium ions.

—a— ST 20
3.54 a D 500{ 49043 b
= ol U B
o $220 20 %
-]
220 o 300
i} =
=2.01| g 200
> o
1.51 o
100
1. 01
: : ‘ 04— : : : :
0 100 400 0 5 10 15 20

Enpecity & ma i
a - Discharge capacities of 1t cycle of LPS with cathodes based on nanocomposites
SA 20 (black line), SA 20_3 (red line), SA 20 _5 (blue line),

SA 20 10 (purple line), SA 20 15 (green line), SA 20 20 (turquoise line).

b - Dependence power of 1% cycle of LPS from duration treatment

Figure 3.10 — Electrochemical characteristic

However, water desorbs during treatment for 3 minutes. This is confirmed by
the results of USXES (Figure 3.4), which showed a significantly higher charge of
oxygen ions of the source material compared to a nanocomposite treated for 3 minutes.
Increasing in the processing duration to 5 min is accompanied by an increase in the
charge state of oxygen, in the energy region corresponding to the Op,-states
(Figure 3.4), and some fragmentation of the nanocomposite (Figures 3.2 and 3.3). It
can be said that the 5-minute treatment formed O-Op,-bonds between surface atoms of
the nanoparticles. Such changes in electronic structure and morphology lead to an

increase in the discharge capacity and power of LPS to 276 mA -h/g and 397.3 mW/g.
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A further increase in the processing duration of the nanocomposite to (10 — 20) min

leads to the breaking of weak Op,-bonds between the surface atoms of the
nanocomposite particles (Figure 3.4) and increasing its compaction (Figures 3.2 and
3.3). This leads to the decreasing of the electrochemical characteristics of LPS from 96
mA -h/g (134 mWI/g) in nanocomposite treated for 10 min to 50 mA-h/g (67 mWI/g) in
nanocomposite treated for 20 min. Finally, | would like to pay your attention to the fact
that the best electrochemical characteristics in galvanostatic cycling are possessed by
LPS with a cathode material based on a nanocomposite treated for 5 minutes, the
discharge capacity of which was approximately 40 mA-h (5" cycle), 24 mA-h/g (10th
cycle) and 20 mA -h/g (50th cycle). Most likely, the formation of high electrochemical
characteristics during galvanostatic cycling can be attributed to the high charge state

of oxygen in the energy region, which corresponds to the O-Op; states.
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4 OCCUPATIONAL HEALTH AND SAFETY IN EMERGENCIES

4.1 General provisions

Labor protection includes the legislative system, socio-economic, technical,
health, and treatment and preventive measures to ensure the safety, health and
efficiency of workers.

Safety and industrial hygiene is a system of organizational measures and
technical means to prevent dangerous and harmful production factors from affecting
employees. Risk factors include causing workers to be injured or their health conditions
suddenly and drastically deteriorated. On the contrary, harmful production factors can
cause workers to get sick or reduce efficiency.

Therefore, the first condition for completing the master's thesis is to ensure the
job security of the research engineer. Eliminate the possibility of scientific laboratory
equipment causing harm to workers, create normal working conditions, and eliminate
the influence of harmful factors that cause occupational diseases. Proper calculation
and measures to eliminate the influence of harmful factors on the human body are one
of the main contents that must be formulated at the beginning of the master's thesis,

because the health and efficiency of the staff depend on it.

4.2 Analysis of Harmful and Dangerous Production Factors (HDPF)

The paper investigates the effect of mechanical processing duration of the
nanopowdered SiO,/TiO, composite on the morphology and galvanostatic
characteristics of lithium power sources. The relationship between the change in
structural characteristics and the capacities of lithium current sources with electrodes
based on mixtures before and after treatment was established.

During the experiment, Ardenne mechanical vibration mill, USXES, SEM
scanning electron microscope, lithium power supply and other equipment were used.
Mechanical vibration may cause mechanical damage to people and generate noise,
nano-level powder will cause dust pollution, USXES and other analytical instruments
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will produce radiation, and all electrical equipment will have electrical safety hazards,

etc. This chapter will analyze the unsafe factors existing in the experiment process and
propose solutions.
4.2.1 Working space
The dimensions of the lab grounds and windows were measured:
- dimensions of the laboratory: width (6 m), length (8 m), height (3.2 m);
- Window size: width (2 m), height (1.8 m).
We will calculate the area and volume. The laboratory area is:
S =axb=6x8 =48 m?,
The laboratory volume is:
V = axbxc = 6x8x3.2 = 131.6 m*
According to JIBH B.2.2-28-2010 [74], the area norm per person is 4.5 m?, and
the room volume norm per person is 16 m2,
Let's calculate the area and volume per person for this audience, provided that
the number of employees is three:
S,= 48/3 =16 m?;
V,=154.6/3 =51.2 m3,
So, the laboratory space meets the standards.

4.2.2 Microclimate in the laboratory work area

It is very important for the laboratory environment to have the best temperature,
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humidity and clean air at a certain flow rate for the normal life and work performance

of the human body, so the microclimate of the laboratory work area is studied. The
main components are temperature, humidity, and air mobility. According to
JICH 3.3.6.042-99 [75] "Hygienic specifications for the microclimate of industrial
plants”, the division of cold and warm periods is distinguished according to the seasons.

The research results of microclimate parameters in the laboratory working area

are shown in Table 4.1.

Table 4.1 — Values of microclimate parameters for laboratory working areas

Air temperature, °C Air humidity, % Air speed, m/s
Period

Measured | Acceptable| Measured| Acceptable| Measured| Acceptable
Cold 18 21~24 65 <75 0.18 <0.2
Warm 26 21~28 45 <55 0.24 0.1~0.3

The results of the microclimate study show that according to the standard
established by JICH 3.3.6.042-99 [75], the microclimate does not fully meet the
allowable standard and has adverse effects. The microclimate indicators in the warm
season throughout the year are within an acceptable range. Although there is heating
supply in winter, due to the large laboratory area, it cannot meet the overall temperature

requirements.

4.2.3 Light Analysis

Lighting is generally divided into three types: natural lighting, artificial lighting
and combined lighting. The laboratory uses a combination lighting system: a lighting
system that uses natural and artificial lighting during the dark hours of the day. In visual
working conditions, natural lighting alone is not sufficient and is supplemented by
artificial lighting in accordance with JIBH B2.5-28-2006 [76].

The natural lighting of the laboratory is provided through the windows. During
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daylight hours, daylighting fully complies with established standards, saving

electricity. Artificial lighting fixtures are evenly placed in the upper area of the room.
When lighting does not meet established specifications, workers can experience
impaired vision, headaches, and difficulty concentrating over long periods of time,

leading to inaccurate job performance.

4.2.4 Noise analysis

The operation of laboratory equipment (especially fans, burners, grinders, etc.)
Is accompanied by noise, vibration or ultrasound. The continuous impact of these
factors has adverse effects on human health. Noise can cause premature fatigue and
have adverse effects on the nervous system, increasing the likelihood of injury.
Excessive vibrations lead to persistent impairment of the body's physiological
functions: circulatory disturbances under the influence of vasospasm, loss of skin
sensitivity, reduced joint mobility. Noise, vibration and ultrasound are the result of
mechanical vibrations that propagate from the source of the vibration through the
environment. The human ear perceives vibrations as sound if the frequency is in the
range of 16 to 20,000 Hz. Fluctuations in frequency from Hz particles to 12 Hz are
perceived by humans as individual shocks. The high-frequency oscillations directly
perceived by the human body are related to vibration. Vibratory oscillations with a
frequency of (6 — 9) Hz, which can be directly perceived by humans, are a serious
danger, since the largest internal organs have their own oscillation frequencies within
the same limits, and dangerously disturbing resonances of function can occur in the
beginning. Under production conditions, noise is perceived by the human ear as sounds
passing through the air in varying intensities and tones (JACH 3.3.6.037-99) [77]
specifies the permissible noise levels and general requirements for noise protection in
workplaces.

When working in environments with high noise levels, earplugs should be worn

to avoid injury.
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4.2.5 Radiation

There is a risk of ray radiation during the operation of USXES and SEM
scanning electron microscopes. However, strict maintenance inspection requirements
and operating guidelines for such instruments in the future, and users can operate under

the guidance of teachers and instruction books to avoid ray radiation damage.

4.3 Engineering solutions
4.3.1 Electrical Safety

All laboratory equipment is powered by a 380 V power supply. The equipment
used is a Class I and Class Il electrical product according to ITYE-2017 [78] Methods
of Protection of Persons from Electric Shock.

Construction requirements for electrical installations are given in the
Regulations for Arrangement of Electrical Installations (ITYE-2017) [78] for electrical
installations under construction or renovation with a voltage not exceeding 500 kV.
According to the PNE, premises are classified into three categories according to the
risk of electric shock injury, depending on whether there is an element of increased or
special risk of electric shock injury in the space. Following this investigation, there are
no particularly dangerous elements present in the laboratory.

During the use of electrical equipment, there may be a risk of electric shock.
Mainly due to easy access to current-carrying parts of the equipment due to damaged
wire insulation; voltage on de-energized current-carrying parts due to incorrect
connection of the device; unsatisfactory or incorrect operation of the equipment,
operator inattention, etc. Reason [79].

To ensure the electrical safety of workers, the following measures are adopted:
regular inspection of insulation status, inaccessibility of live parts, and timely training
and knowledge testing of operators on electrical safety issues, distribute insulating

gloves and safety shoes.
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4.3.2 Ventilation of laboratory premises

The air extractor is selected according to the experimental process and the type
of equipment, it must ensure the necessary cleanliness of the air in the workplace and
minimize the consumption of removed air, prevent the spread of harmful substances in
the room and not interfere with technical operations. Suctioning of the equipment is
Imperative in order to be as close as possible to sources of harmful emissions. Typical
schemes and designs of suction pumps and their calculation methods are summarized
in the Design Guide [80].

The volume of air to be exhausted or supplied by the ventilation system (air
exchange volume L required for the production site in m3/h) is determined by different
methods depending on the specific conditions: from empirical formulas or
recommended air exchange volumes.

In general, the intensity data of harmful substances released into the atmosphere

by indoor air exchange is calculated by the following formula

_ 1000 gV | (4.1)
Cex — Cin
where V is the intensity of the release of harmful substances per unit time g/h;
B - coefficient of uneven distribution of harmful substances in the volume of the
room;
Cex, Cin - concentration of harmful substances in the air exhaust and incoming

(inflow), mg/m2.

For general exchange ventilation B it is recommended to take from 1.2 to 2.0:
smaller values - for low-toxic substances and with a relatively uniform distribution of
sources of their formation; maximum - for more toxic substances with their uneven
release.

Concentrations of harmful substances in the exhaust and supply air Cex, Cin are

taken as follows. The concentration of harmful substances in the supply air should be
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minimal and not exceed 30 % of the MAC in the air of the working area, and in the

exhaust air should not exceed the MAC in the air of the working area [81]. Therefore,
the value of Cex is usually taken to be equal to the maximum concentration limit. Then

the general formula 1.1 takes a more specific form:

1000 BV

=0, (4.2)
CMAC - Cin

If the air is removed from the work area and Ci, =0

1000 pV
=208

4.3
Crmac (%3)

If from the upper zone, then

[ = 1000 BV (4.4)

KaCmac’

where K, — air exchange coefficient (has a value of 0.9 ~ 1.1 when supplying air
with horizontal jets; 1.65 ~ 1.85 - when supplying to the working area: 1.25 ~ 1.4 ata
height of 4 m). Larger values of K, are used at a multiplicity of air exchange equal to
3, smaller -10.

We inquired on authoritative websites about that the maximum allowable
concentration of SiO, and TiO; in the air is 2 mg/m?3, substituting into the formula to

calculate when supplying air with horizontal jets

10008V 1000-1.6-2.2 m?3
= = =1760 —,
KaCMAC 1 - 2 h

when supplying to the working area

10008V 1000-1.6-2.2 m3
= = = 1006 —.
KaCMAC 175 - 2 h
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4.4 Safety requirements in emergency situations

Types of hazards that may occur in the workplace include: fire; explosion (inside
equipment, buildings or the environment); rupture or destruction of equipment; emissions
of harmful substances; combination of these types of danger [82, 83]. In order to prevent
the emergence and elimination of emergencies (emergencies) at the enterprise should be
a plan for localization and elimination of emergencies and accidents in accordance with
the provisions [84]. During the analysis of the danger of the enterprise (object) it is
necessary to identify all possible emergencies and accidents, including unlikely, with
catastrophic consequences that may occur at the enterprise, to consider scenarios for their
development and assess the consequences. Identification of opportunities and conditions
of accidents should be performed on the basis of analysis of features of individual
equipment (devices, machines, etc.) and their group (technological units), as well as
taking into account the hazardous properties of substances and materials (explosive and
harmful) used in production. It is necessary to take into account the parameters of the
state of substances (temperature, pressure, physical state, etc.) and the state of the
equipment, which correspond to both the normal technological regime and the modes that

are possible during the onset and development of the accident.

4.4.1 Fire safety

According to HAIIB b.03.002-2007 [85], the laboratory has the characteristics
of class B due to the presence of combustible objects (tables, cabinets, parquet floors,
etc.). Primary fire suppression installations are designed to eliminate the center of a
small fire and to extinguish a fire in the initial stages of fire development by facility
personnel before the arrival of dedicated firefighting units.

The main means of fire extinguishing include: fire extinguishers, fire
extinguishing equipment (buckets, fire buckets, sandboxes, shovels, fire blankets) and
fire extinguishing tools (hooks, crowbars, axes, etc.). Fire extinguishers and fire
fighting equipment must be painted red.

The laboratory is equipped with a VVK-2 fire extinguisher. There is also a fire
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hydrant with a hose not far (15 m) from the laboratory.

Finding signs of fire in time and calling the fire brigade can quickly locate the
fire source and take measures to eliminate the fire source, thereby greatly reducing the
loss caused.

Electrical fire alarm systems (EPS) are considered the fastest and most reliable
means of warning of a fire detectors are one of the main elements of an EPS installation.

DTL type thermal fire detectors are installed in the affiliated laboratory, the
number is 4 sets. According to the detector square placement scheme, they are placed
according to the specification.

The laboratory takes the following precautions:

1) operators need to be familiar with fire safety content;

2) people who enter the laboratory should know the fire evacuation diagram;

3) learn how to use fire extinguishers and their application scenarios in
advance;

4) daily fire detector maintenance and inspection.

4.4.2 Other safety

If there is a voltage failure in equipment such as scanning electron microscopes,
optical microscopes or grinding machines, the circuit breakers on the switchboard must
be turned off and the laboratory's chief engineer must be notified.

If someone gets an electric shock, it is necessary to disconnect the equipment
available in the laboratory from the network, put the victim on the wooden floor, put a
cotton pad under the head, call 103 to call the doctor, and if necessary, conduct a
medical examination on the victim. Artificial respiration.

If a fire occurs, it is necessary to turn off the circuit breaker and start
extinguishing the fire with a fire extinguisher [86].

Every engineer or laboratory worker who discovers a fire or ignition must:

- immediately call the University's 101 to notify the fire department;

- start extinguishing the fire using the fire extinguishing tools available in the

laboratory (fire extinguisher, fire hydrant, etc.);



73
-call officials (Chief Engineer, Safety Supervisor, Superintendent) to the scene

of the fire.
In case of injury, the chief engineer, the superintendent must be informed and go

to the medical center [83].
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5 ECONOMIC SECTION

5.1 Scientific and technical relevance of the research topic

Lithium batteries are widely used in mobile phones, automobiles, notebook
computers, portable devices, medical equipment, and weapon systems. Especially with
the advent of the Internet era, people’s demand for portable electrical appliances is
increasing day by day. In particular, new energy represented by electric vehicles is
Impacting the status of traditional fuel vehicles. In addition, the demand for electric
energy storage obtained from renewable energy and energy in the form of heat Also
getting bigger and bigger.

Since the unique properties of nanomaterials can have beneficial effects on
lithium batteries, the expansion of nanotechnology application fields requires in-depth
study of these properties. Due to the very interesting physical properties of transition
metal nanooxides, there has been an increased interest in the study of their structural
features, properties, and electronic structural features.

Among the many unique properties of nanoscale oxides, their electrochemical
properties are exploited to fabricate state-of-the-art adsorbent materials and cathodes
for lithium current sources (LDS). Due to the defect structure of the nanoparticle
surface and the characteristics of interatomic interactions, it is characterized by a large
number of broken bonds and high surface energy. Since cations in oxides are
surrounded by oxygen ions, the content of intercalated lithium ions mainly depends on
their attraction to oxygen anions. Meanwhile, the content of adsorbents and intercalated
Li ions is largely determined by their interactions with ions located on the defect
surface of nanoparticles. The nature of this interaction depends on the charge states of
these anions and the energy distribution of their valence electrons. Therefore, it is an
urgent task to study the variation of valence electron energy distribution and ionic
charge state with structural and dimensional features to improve the intercalation

ability of materials.
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5.2 Calculation of the planned cost of the research

The calculation of all the costs of the NDR related to the implementation of this
topic makes it possible to establish the planned estimated cost of this topic. Planning
ensures the reduction of labor and material costs in order to obtain the best results for
the least costs.

Planned costs are determined from the following cost items:

1) staff salary;

2) social contribution;

3) expenses for experimental materials;

4) experimental equipment fee;

5) third-party service fees;

6) business trip expenses;

7) other expenses not directly accounted for;

8) indirect fees.

5.2.1 Calculation of staff salaries

Fees under this clause include the salaries of all categories of employees
performing the experimental work.

Wages are calculated based on labor intensity data for individual jobs and
individual wages. Calculated in man-days. The list of jobs and their labor intensity are
summarized in Table 5.1.

Multiply the daily average salary of each type of personnel by the corresponding
planned labor intensity to calculate the planned salary fund for all personnel.

Daily wages are defined as the ratio of monthly wages to condition months (five-
day work week).

The results of the calculation of personnel salaries on this topic are summarized
in Table 5.2.
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Table 5.1 — Labor intensity of the stages of performing scientific and research

work
Name of works on the Professor Res_earch Experiment
research topic (days) engineer executor
(days) (days)
Clarification and
specification of tasks on the 3 — -
research topic
Formulate working methods 6 — 6
Eqmpmen'F ready for 5 g 11
experiment
Preparation of the mixture 2 6 10
SEM analysis 2 8 12
USXES 2 5 10
Galvanostatic analysis 5 2 20
Work product registration 3 — 6
Total workers 25 29 75
Table 5.2 — Calculation of labor costs
Position of Planned labor Salary, UAH
per;orrr]]ﬂers of mtgnsﬂy, Monthly Average daily Total for
the theme (days) salary salary workers
Professor 25 20507.09 970.29 24257.25
Research 29 9238 435.75 12636,75
engineer
Experiment 75 ] ] ]
executor
Total labor costs in this work 36894




5.2.2 Determination of social contribution amount

7

The Single Social Contribution (SSC) is a compulsory contribution to national

social insurance. From January 1, 2016, the SSC rate is 22 %. The basis for the

calculation of SSC are the total labor costs in this work. (summary of

Position of Planned labor Salary, UAH
pe:orr:ers of mtgnsﬂy, Monthly Average daily Total for
the theme (days) salary salary workers
Professor 25 20507.09 970.29 24257.25
Research 29 9238 435.75 12636,75
engineer
Experiment 75 ] ] ]
executor
Total labor costs in this work 36894
)
SSC =TC-0.22 (5.1)

where TC - total labor costs in this work. Currently, the SSC will be:

SSC = 36894 x 0.22 = 8116.68 UAH.

5.2.3 Experimental Material Cost

Material cost is calculated based on the unit price and the total amount of

material used. The calculation results are summarized in the Table. 5.3

Table 5.3 — Experimental material price
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) _ Market price per Amount,
Name of material Unit | Mass _
unit, UAH UAH
TiO, powder (pure) kg 1 750 750
S10, powder (pure) kg 0.25 1300 325
Total 1075

We accept transport and procurement costs at the level of 10 % of the planned

cost of total costs for materials:

In this case, the total cost of purchasing materials and transporting them will be:
Cy = 1075-1.1 = 1182 UAH.

5.2.4 Experimental Equipment Cost

All work was performed on existing equipment and the cost of this article was

not anticipated. A list of the equipment used is given in the Table. 5.4.

Table 5.4 — List of scientific equipment required

The name of the equipment Equipment model
Ultra soft x-ray emission spectroscope PCM-500
Scanning electron microscope SELMI PEM-1061
Galvanostatic analysis TIONIT P2.00 (MultiCycle)

5.2.5 The cost of third-party services

All work was carried out directly in the laboratories of the department of

metallurgy and heat treatment, so there is no cost of third-party services.
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5.2.6 Business trip expenses

All work is carried out directly in the laboratories of the Department of

Metallurgy and Heat Treatment, so no travel expenses are provided.

5.2.7 Other direct unaccounted for expenses

This work combines all the costs of research work that are not included in the
previous articles. When carrying out work, we accept other direct costs at the level of
10% of the amount of accrued costs for research work.

Oc = (TC+SSC+Cy)-0.1 (5.3)
It will currently be:

Oc = (36894 + 8116.68 + 1182) x 0.1 = 4619.27 UAH.

5.2.8 Indirect expenses

This work includes the costs associated with the management of the executing
organization, the costs of invention and rationalization; depreciation costs of fixed
assets; costs of scientific and technical information; costs of ensuring normal working
conditions and safety; costs of paying for bank services; taxes, fees and other obligatory
payments and expenses, etc.

Consider the option of calculating indirect costs in proportion to the amount of
direct costs at the level of 20 %.
[c = (TC+SSC+ Cy +0¢)-0.2 (5.4)

It will currently be:

I[c = (36894 4+ 8116.68 + 1182 + 4619.27 ) X 0.2 = 10162.39 UAH.
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5.2.9 Development of a planned calculation of the estimated cost of the work

The planned calculation of the cost of research in this work is based on the

calculations and regulatory data (

Table able 5.5).

5.3 Scientific and technical efficiency of research

The calculation of the expected economic effect of research work is necessary

to determine the feasibility of this work. However, it can be calculated only for of

research work, which is directly aimed at creating new materials, improving product

quality parameters, as well as creating new designs.

To determine the annual economic effect, we use a scoring system to assess

economic efficiency on the following indicators:

- the importance of development (K1);

- the possibility of using the results of development (K2);

- theoretical significance and level of novelty (K3);

- the complexity of the study (K4).

Table 5.5 — Planned calculation of the estimated cost of research

materials

Name of cost items Amount, UAH Rationale
Staff salary 36894 According to the calculations
Social contribution 8116.68 22.0% of total labor costs
Expenses for experimental
1182 According to the calculations

Experimental equipment

expenses

According to the calculations
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Third-party service expenses — No Third-party service fees

Business trip expenses — No business travel expenses

Other direct unaccounted 10% of the amount of direct

4619.27 _ o

costs estimated costs in this work

According to the standards of

Other expenses not directly the organization-executor of the
10162.39 o
accounted for topic (in our work 20% of the
amount of direct costs)

Total 60974.34 Sum of all items

The total score (S) is calculated by multiplying the coefficients

S= Kl‘ Kg' K3‘ K4 (55)

In our case, the scoring of efficiency according to The scoring evaluation of research
validity is shown in Table 5.6.

Table able 5.6 is:

S=3x8x3x5=360.

The conditional effect of research work is calculated by the formula:

ESy =500 X S —Ey X Cry (5.6)

where 500 is the notional value of one point;

Ey — normative coefficient of economic efficiency (can be in the range of
0.1-0.3);

Cry — total costs of research work (RW) (Summary of Table 5.5);

In our work, the conditional effect of research work will be:
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ESy =500 X 360 — 0.25 X 60974.34 = 164 756.43 UAH.

The economic efficiency of research is determined by the coefficient of
conditional economic efficiency E,.It is the ratio of the conditional effect of research

work to the total cost of research work and is calculated by the formula

E
E, = 2% (5.7)
CRW

In our work, E, will be:

i~ 164 756.43
e 6097434

The coefficient of conditional economic efficiency of research work is 2.7 (it

Is >1), which indicates the feasibility of its implementation.
The scoring evaluation of research validity is shown in Table 5.6.

Table 5.6 — Score evaluation of the effectiveness of research

Research work Symbol
performance of the Characteristics of this work Scores

evaluation indicator | indicator

_ Work is performed under the
The importance of o
K3 agreement on scientific and 3

development _ _
technical cooperation

The possibility of
_ The results of development can be
using the results of K> ) 8
used on the scale of one industry
development

Theoretical During the work received new
significance and level K3 information that complements the 3

of novelty idea of the essence of the studied
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processes

The complexity of the
study

K4

The work is performed by one unit,
costs from 50,000 to 100,000
hryvnias
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6 DEVELOPMENT STARTUP PROJECT

6.1 Description of the project idea

Lithium-ion batteries have attracted extensive attention as a driving force for
electric vehicles due to their high energy density and power density. However, the
anode materials of lithium-ion batteries commercialized at this stage are mainly
graphite-based materials, and its theoretical specific capacity is only 372 mAh g7,
which cannot meet the needs of high-power and high-energy power batteries. Due to
their special lithium storage mechanism, metal oxides generally have higher theoretical
specific capacities (450 mAh g* to 1500 mAh g*?) than graphite, and have broad
application prospects. And metal oxidation is also a good catalyst.

Therefore, metal oxides have received extensive attention as anode materials.
The reason why the metal oxide has such a high specific capacity is due to its special
reaction mechanism: during the discharge process, the oxide reacts with metal lithium
to form lithium oxide and metal element. During the charging process, lithium oxide
reacts with metal element to regenerate metal oxide and metal lithium.

The selection of metal oxides in a suitable state becomes the top priority, but
the material volume of metal oxides will change greatly during the charge-discharge
reaction, resulting in gradual pulverization of the material and loss of electrochemical
activity. Therefore, the cycle performance of the lithium battery negative electrode
material poor, which limits its commercial application.

The study found that the size of nano-materials is small, and the volume change
of the material during charging and discharging is also small, which can effectively
alleviate material pulverization and improve battery performance. Therefore, 80 %
SiO; and 20 % TiO; in nano-states are selected for research, which can be used in new
lithium batteries in the future. widely used in batteries.

A description of the idea for starting the project is shown in Table 6.1.



Table 6.1 — Description of the idea of a startup project
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Content of the idea

Directions of application

Benefits for the user

The relationship
between the nanoscale 80 %
Si0,/20 % TiO, mixture and

the change of structure
characteristics and capacity of
lithium current source was
studied.

Nanoscale 80 %
Si0,/20 % TiO, Negative

Lithium Current Source

More stable and larger
capacity lithium

battery

The comparative analysis of indicators is carried out: for the own idea the

indicators having a) worse values (W, weak); b) similar values (N, neutral); c) the best

values (S, strong). The identification of strong, weak and neutral characteristics of the

project idea is shown in Table 6.2

Table 6.2 — Identification of strong, weak and neutral characteristics of the

project idea

Ne | Technical and economic (potential) products / concepts of competitors
characteristics of the Idea 1y nroject [Competitor [Competitor2|Competitor3
1 New technology N N N N
2 Excellent performance S N W N
3 Service life S W wW N

6.2 Technological audit of the project idea

Within the limits of this division it is necessary to carry out audit of technology

by means of which it is possible to realize the idea of the project (technology of creation

of the goods).

Determining the technological feasibility of the project idea involves the analysis




of the following components (Table 6.3):

Table 6.3 — Technological feasibility of the project idea
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o Technologies forits| Technology | Availability of
Project idea ) _ o _
implementation availability technologies
_ | Vibration treatment
80 % SiO; + 20 % TiO; _ _ _

(mechanical Available Available

nano powders o
activation)

(mechanical activation)

Selected technology for implementing the project idea: Vibration treatment

The analysis of the results in the table shows that 80 % SiO, + 20 % TiO, nano

powder can be prepared by shock vibration treatment (mechanical activation).

6.3 Analysis of market opportunities to start a startup project

In the macroscopic world, the physical properties of the substance itself and the

scale energy of the substance itself, so the nanometerization of the surface of the

material is an inevitable trend of future development. Since the unique properties of

nanomaterials can have a beneficial impact on lithium batteries, the expansion of

nanotechnology application areas requires in-depth study of these properties. Due to

the very interesting physical properties of transition metal nanooxides, there has been

increasing interest in the study of their structural features, properties, and electronic

structural features.

Among the many unique properties of nanoscale oxides, their electrochemical

properties are exploited to create state-of-the-art adsorbent materials and cathodes for

lithium current sources (LDS). Therefore, it is imperative to select a suitable nano-

metal oxide to improve the capacity of lithium batteries.

A preliminary description of the potential market for startup projects is shown

in Table 6.4.
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Table 6.4 — Preliminary description of the potential market of a startup project

Ne Market indicators (name) Characteristics
1. Number of main players, units 12
2. Total sales, RMB / (100 million ) 17.6
Market dynamics (qualitative _
3. Growing
assessment)

Presence of entry restrictions (specify o
4. o No restrictions
nature of restrictions)

- _ 1.High Purity Nano Powder
Specific requirements for o
5. o - 2. Can be used for lithium
standardization and certification
battery cathode

Average rate of return in the industry (or
6. 14.3
market), %

Compare the industry (or market) average rate of return with the bank's
investment interest (3.78 %). The average rate of return in this industry is higher, so
the investment in this industry makes sense.

According to the statistics, investigation and analysis of China Advanced
Industry Research Institute of Lithium Battery, the consumption and total import and
export scale of my country's lithium battery anode material market has been estimated.
The total consumption scale of the Chinese market is on the rise. At the same time, the
demand for nano-material lithium battery anodes in new energy vehicles, wind power,
hydropower energy storage, portable appliances, military aerospace and other high-end
fields is increasing, and it has excellent future application prospects.

The characteristics of potential customers of the startup projects are shown in
Table 6.5
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Table 6.5 — Characteristics of potential clients of the startup project

Target Differences in the
The need _ _ ) Consumer
audience behavior of different )
Ne | that shapes _ requirements for
(target market potential
the market the product
segments) target customer groups
The market demand is
high, and the supply may
Nano metal
_ exceed the demand
oxide
o o Affected by the More stable and
lithium Lithium battery ) _
1. _ development and higher capacity
battery anode material o
research progress of lithium battery
anode o _
_ lithium batteries and the
material
global economy, the
price is high

After identifying potential groups of clients, the market environment is analyzed:

tables of factors that contribute to the market implementation of the project and factors

that hinder it are compiled. The factors in the table are presented in descending order

of importance.

The Table 6.6 shows that threat factors.

Table 6.6 — Threat factors

The content of the The reaction of the company is
Ne Factor _
threat possible
Strong new

1. | New competitor

competitors appearing

to enter the market

Strengthen product technology

innovation

2. Substitutes

Substitutes grab the

company's sales

Strengthen product technology

innovation

Further analysis of the proposal is carried out: the general features of competition



in the market are defined (Table 6.7 and 6.8):

Table 6.7 — Factors of opportunities
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Factor The content of the The reaction of the company is
N opportunities possible
Market Increase in market Cooperate with other companies
. demand demand
new New technology Technology transfer to new products
& technology research to serve a larger customer base

Table 6.8 — Step analysis of competition in the market

Features of the competitive

environment

What is this

characteristic

Impact on the company's activities
(possible actions of the company to

be competitive)

Specify the type of

competition - monopoly /

Technology monopoly (independent

vintage

_ o monopoly research and development and
oligopoly / monopolistic / _
production of products)
pure
By level of competition -
_ local Affect company performance
local / national /
On a departmental basis
between Research and development
between departments / _ _ _ o
_ _ industries independent production line
industries
Competition by types of freight- Make the product apply to more
goods: generic fields
By the nature of competitive ) ]
_ _ non-price Improve product quality
advantages - price / non-price
By intensity - vintage / non- )
non-vintage -
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The final stage of the market analysis of project implementation opportunities is

the compilation of SWOT-analysis (matrix of analysis of Strength and Weak, Threats
and Opportunities) (Table 6.9).

The list of market threats and market opportunities is based on the analysis of
threat factors and opportunities factors of the marketing environment. Market threats
and market opportunities are the consequences (projected results) of the influence of
factors, and, in contrast, are not yet realized in the market and have a certain probability

of implementation.

Table 6.9 — SWOT analysis of a startup project

Technical skill advantage: Lack of competitive tangible
S Tangible assets advantage; w assets, intangible assets, and
Human resources advantage. organizational assets

_ Strong new competitors
Expanding trend of customer base )
_ appearing to enter the market;
or product segmentation; _
Substitutes grab the company's
Strong market demand growth and |
sales;
@) rapid expansion; T o
_ _ Decline in the growth rate of the
There is an opportunity to expand _
) _ main product market;
to other geographic regions and _
Adverse changes in exchange
expand market share.

rates and foreign trade policies

6.4 Development of market strategy of the project

The development of a market strategy as a first step involves determining the
strategy of market coverage: a description of target groups of potential consumers
(Table 6.10).

Based on the results of the analysis of potential consumer groups (segments), the
authors of the idea choose the target groups for which they will offer their product and
determine the market coverage strategy: it chooses a strategy of concentrated

marketing.
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To work in selected market segments, it is necessary to form a basic development

strategy.

6.5 Company development strategy

1. Corporate mission: the leader in the lithium battery industry. The company
focuses on the field of lithium batteries, serving lithium battery companies all over the
world, improving production efficiency, improving product quality, and reducing
production costs.

Table 6.10 — Selection of target groups of potential consumers

Description of _ _ _
_ Readiness of Estimated Intensity of | Easy to
the profile of the o .
consumers to | demand within | competition | enter
Ne | target group of )
_ accept the the target in the the
potential
product group(segment) segment | segment
customers
The current
_ market
There is a Have N
_ _ competition
demand for confidence in ) _ _ )
1. _ High demand | is not fierce, | Medium
large-capacity | the product and out
u
lithium batteries | can accept it ) )
increasingly
fierce

Which target groups are selected: Automobiles, new energy, aerospace, electronics,

military and other industries where large-capacity lithium batteries are widely used

2. Corporate vision: to become a world-class lithium battery related enterprise.
Adhering to the spirit of "innovation is the primary productive force", the
company has increased investment in scientific research, continuously carried out
scientific and technological innovation, and strives to be in the forefront in the field of
lithium batteries. Only continuous innovation will not be eliminated by rapid

development and fierce competition. Excellent products, high technical content,
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involving a wide range of technologies, for a wide range of customer groups. They are

necessities and consumables in the field of modern new energy batteries. The market
space is vast and the prospect is bright. We should continue to focus on this direction.
3. Development strategy for the past (5 — 10) years.
Becoming the world's top lithium battery company is our goal and dream for 20
to 30 years. In the past (5 — 10) years, after careful research and analysis, we have
determined that our development strategy is "internationalization, intelligence,

leanness, scale, and building a world-class lithium battery company".

6.6 Startups' competitive advantage

1. Research and technical advantages.

The company has outstanding independent research and development
capabilities, attaches great importance to technical investment, and has a core team of
professionals and operators with first-class theory and technology.

The company has high-end production equipment with independent intellectual
property rights, which meets the special process requirements of nano-oxide lithium
battery anode material products, greatly improves the quality of the company's
products, firmly builds a higher technical barrier, and effectively improves production
efficiency. Product cost provides performance and price advantages for companies to
compete domestically and internationally.

2. Product performance advantages.

It can prepare and produce high-tech products, involve a wide range of
technologies, and face a wide range of customer groups. It is a necessity and
consumable for the modern new energy lithium battery industry.

3. Advantages of prioritizing industrial development.

At present, my country's lithium battery industry is in a climbing period. With
the strong support of national policies, a huge market will be formed in the future. At
the same time, it also belongs to the era of opportunities and challenges. Whoever can
seize the opportunity of technological innovation and walk at the forefront of the

industry can stand firm, otherwise he will be eliminated.
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6.7 Defining positioning strategy

1. Target market positioning.

Lithium batteries using nano-oxide anodes have the characteristics of large
capacity and stability. It is mainly used in new energy vehicles, electronic information,
portable equipment and other industries, and the scope of application continues to
expand. At present, all countries are vigorously developing the new energy industry,
and there will be a broader application space in the future.

2. Enterprise positioning (establishing enterprise brand).

The products a company sells are often closely related to its brand. The
customer's recognition of your product actually starts with the recognition of the
product brand. Brand positioning must be based on product positioning. It is achieved
through product positioning, but once the brand positioning is successful, the brand as
an intangible asset will be separated from the product and show its value independently.
Through the implementation of brand strategy, the company has established a good
brand system and established a good market reputation.

3. Product positioning.

Product positioning is the positioning of a particular product in the minds of
consumers. If consumers have similar needs, they will think of this brand's products.
Because of their core technical capabilities and good product quality control, they are
necessities and consumables in the new energy lithium battery industry, and have broad

market space and prospects.

6.8 Development of a marketing program for a startup project

The first step is to form a marketing concept of the product that the consumer
will receive.

The quality advantages of coated tools produced by start-ups are mainly reflected
in the following aspects:

1) large battery capacity: A battery of the same size has a larger battery capacity;

2) good quality stability: Nano-scale metal oxides are used, the size of nano-
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materials is small, and the volume of the material changes during charging and

discharging.

The pulverization of the material is also small, which can effectively alleviate
the pulverization of the material and improve the performance of the battery:

The next step is to identify the best sales system for making the decision.

1. First of all, we must know what the customer base is. Companies that apply
to lithium battery related industries are potential customers. These customers can be
contacted by company name, website and other means. This is very helpful for us to
proceed to the next step. The collected information will be recorded, collated, analyzed,
and prepared for the next step.

2. Establish contact or relationship with customers

If salespeople want to sell products to customers, they must let customers know
who you are, what company you are, what products you sell, and what products you
have are advantageous. Therefore, whether it is a phone call or a visit from a stranger,
these basic information must be clearly understood by customers. Our purpose is to
help customers solve problems, help customers improve production efficiency,
improve quality, provide technical support, thereby improving customer
competitiveness, so as to sell our products, we must find people who are responsible
for using or buying our products.

3. Mining customer needs (arousing their desire to buy)

Analyze and digest the collected data. Analyze the customer's company
organizational structure, from the customer's hierarchical functions and roles in
procurement, find out customers related to procurement, straighten out the relationship,
and find sales leads.

Compare the prices of similar products, the quality of the same price, the better
the service, the higher the price and effect, and cost-effective. Find out what excites
them about buying our products, so as to stimulate their desire to buy.

When customers have problems and challenges and need help, they ask if they
want to buy a product or provide a service, and ask for it. Their underlying needs are
their top priority. If we can solve problems on time, with quality, and according to their

requirements, then doing business will not be a problem. The core of our sales is to
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solve the urgent needs of customers.

4. Competitive strategy

Take advantage of price advantages, cost-effective advantages, technical
advantages, after-sales service advantages, and relationship advantages. Adhere to the
advantages and eliminate the disadvantages.

5. Follow-up services

Monitor the arrival and subsequent use process, fulfill the after-sales service
commitment, and ensure customer satisfaction. Establish a collection mechanism to
ensure timely and volume collection of accounts. Continuously strengthen
communication and understanding, continuously enhance mutual trust, and be a
permanent customer. While letting customers introduce new customers to themselves,

the customer base continued to expand.
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CONCLUSIONS

1. From the conducted SEM analysis, found that increasing the duration of
treatment duration of the 0.2TiO,+0.8SiO, nanocomposite leads to fragmentation of
the agglomerates of the precursors, uniform distribution of the components among each
other, and the formation of denser agglomerates based on SiO, and TiO, nanoparticles.

2. USXES show that treatment for 5 min caused an increase in the integral
intensity of the OKa-spectrum, suggesting the formation of n-bonds between surface
atoms of nanocomposite particles. Increasing processing duration causes these weak
bonds to break.

3. From the results of galvanostatic analysis found that the highest discharge
capacity of the first cycle is possessed by LPS with the initial nanocomposite, which is
due to the presence of adsorbed water. However, water interact with lithium and forms
oxides on the surface of the cathode material and prevents the cycling of LPS.
Therefore, the best electrochemical potential is possessed by a nanocomposite treated

for 5 min, which has a fairly high initial and cycled capacitance and power.
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