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ZUSAMMENFASSUNG 

Diese Dissertation befasst sich mit den Fortschritten bei der Entwicklung und Herstellung von 

Lithium-Ionen-Batterien (LIB), wobei der Schwerpunkt auf Materialien auf Metalloxidbasis und 

Techniken zur Verbesserung ihrer Leistung liegt.  Es werden die Verfahren zur Steigerung der 

Effizienz und der Umweltfreundlichkeit erörtert. Das Hauptziel besteht darin, die 

Herausforderungen von Metalloxidelektroden in LIBs anzugehen, insbesondere die 

Kapazitätsverschlechterung bei hohen Lade-/Entladeraten und die Erweiterung ihres 

Betriebsspannungsbereichs. Wir sind zuversichtlich, dass wir die Eigenschaften dieser 

Elektroden durch Präparationsmethoden verbessern können. Unsere Forschung untersucht, 

wie verschiedene Mischtechniken und Variablen die Leistung und Haltbarkeit dieser 

Elektroden verbessern können. Darüber hinaus beschreibt diese Arbeit unsere Bemühungen, 

den Herstellungsprozess von Batterien zu digitalisieren, indem wir die DigiBatMat-Plattform 

einführen, eine Plattform für Batteriematerialien und Herstellungsprozesse. DigiBatMat treibt 

den Fortschritt in der Batterietechnologie voran, indem es die LIBs durch Datenerfassung und 

-analyse optimiert, was seine entscheidende Rolle in diesem Bereich hervorhebt.  Letztendlich 

bietet diese Arbeit Einblicke in die Batterieelektrodenentwicklung und unterstützt Initiativen 

zur Verbesserung von Energiespeichertechnologien und zur Förderung von 

Nachhaltigkeitsbestrebungen.   
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ABSTRACT 

This dissertation explores the advancements in the design and manufacturing of lithium-ion 

batteries (LIB), with a focus on metal oxide-based materials and techniques used to enhance 

their performance.  It discusses the processes to boost efficiency and environmental 

friendliness. The primary goal is to address the challenges of metal oxide electrodes in LIBs, 

particularly capacity degradation at high charge/discharge rates and expanding their operating 

voltage range. We are confident in our ability to enhance the characteristics of these 

electrodes through preparation methods. Our research investigates how different mixing 

techniques and variables can improve the performance and durability of these electrodes. 

Furthermore, this thesis describes our efforts to digitize the battery manufacturing process by 

introducing the DigiBatMat platform, a platform for battery materials and manufacturing 

processes. DigiBatMat drives advancements in battery technology by optimizing LIBs through 

data gathering and analysis, highlighting its crucial role in this field.  Ultimately, this thesis 

provides insights into battery electrode engineering and supports initiatives to improve energy 

storage technologies and advance sustainability efforts.
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1. INTRODUCTION AND MOTIVATION 

In recent years, there has been an increase in the focus on energy storage, driven by 

government goals and regulations. The growing electricity demand fueled by living standards 

and population growth makes necessary advancements in energy storage solutions. In 2023, 

approximately 272.4 TWh of electricity was produced from solar, wind, hydro, and biomass, 

making up 52% of electricity generation. The expanding electricity usage across sectors 

highlights the importance of power sources that can operate independently of factors such as 

darkness or low wind speeds.1 

The reliance on energy sources influenced by conditions emphasizes the significance of 

effective energy storage systems. These systems play a role in ensuring an energy supply under 

different weather conditions at any given moment. Energy storage technologies extend across 

mechanical, electrical, and electrochemical methods, which stand as the most prominent 

global energy storage technology after thermal storage. 

Electrochemical storage involves batteries where electrical charge carriers are stored and 

released through reduction and oxidation processes at electrodes connected to an electrolyte.  

Since its introduction in the 1970s and availability, in 1991 lithium-ion batteries (LIBs) 

technology has increasingly emerged as an energy storage solution. The current materials used 

in these types of batteries, such as lithium oxide (LMO) and lithium iron phosphate (LFP) for 

cathodes, along with lithium titanate (LTO) for anodes, work based on the concept of lithium 

ions entering the host structure.2 

LIBs are recognized for their energy density and power performance. Ongoing research efforts 

are continuously improving its functionalities. Over the years, the specific energy storage 

capacity (watt-hours per kilogram) of existing systems has nearly tripled. However, challenges 

remain due to the dependence on materials like cobalt, found in LIB electrodes sourced from 

sensitive areas, raising environmental concerns.3  

Additionally, the increasing costs of lithium reserves highlight the necessity to explore energy 

storage solutions beyond lithium. This study focuses on enhancing electrodes in metal oxide-

based LIBs to enhance their efficiency and sustainability. The research emphasizes refining 

manufacturing processes to enable the development of energy storage alternatives. The 

ultimate goal is to enhance capabilities and support the transition, towards energy sources.  
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2. THEORETICAL BACKGROUND  

Historically, the first energy sources converted into electricity and used by humankind were 

coal, oil, and natural gas.4-6 The world’s current economic and social development is impossible 

without fossil fuels.4, 5, 7 The destructive effects of using fossil fuels, such as the carbon dioxide 

produced during this process, have become a plague on our society today.4, 7 However, fossil 

fuels still dominate the world’s energy supply with more than 84.7%.4, 7-10 With the 

development and advancement of new technologies, the need for sustainable energy sources 

is increasing.  

However, global warming caused by using fossil fuels in 2023 broke a new record and became 

the warmest year in 174 years.11 Scientists, industries, politicians, and global efforts have 

shifted to environment-friendly energies to estimate the ever-increasing need.12 In this regard, 

renewable energy storage systems can suit this need.13 As shown in Figure 1, energy storage 

systems can be divided into five categories based on the leading applications.4, 14 The 

electrochemical and electric storage technologies are usually sustainable for quickly storing 

and consuming large-scale energy sources.4, 14 Mechanical, thermal, and chemical storage 

technologies are usually used for minor purposes and extended periods (hours to days, 

depending on the term).4, 14 

 

Figure 1. Classification of energy storage technologies (adapted from Ref.4). 

 

2.1. Electrochemical Energy Storage (EES) 

Electrochemical energy storage stands as one of the forms of energy storage technology that 

remains widely utilized today, with a history that spans over two centuries. We can categorize 

the EES technologies into supercapacitors, batteries, and hybrids, as depicted in Figure 2.15 

These systems have garnered interest owing to their qualities, such as abundant raw materials 

availability, robust safety measures, long-lasting durability, and efficient performance.8, 15, 16 

They serve as power sources. Support various grid applications.8, 15, 16 Figure 3 presents a 
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Ragone plot comparing the energy and power characteristics of energy storage devices with 

fuel cells.15, 17-19 The plot illustrates the energy and power densities of these devices and their 

conversion efficiencies via fuel cells.20-22 It is also widely used to evaluate the performance of 

energy storage materials like anodes and cathodes.15, 17-19 

 

Figure 2. Classification of electrochemical energy storage technologies (adapted from Ref.16, 23, 24). In 

this figure, three very specific chemistry systems have been randomly shown for secondary batteries.  

 

The Ragone plot typically normalizes energy and power by either mass or volume to facilitate 

direct comparisons across different types of energy storage systems.25 When normalized by 

mass, the resulting metrics are specific energy and specific power.25 Alternatively, when 

normalized by volume, the metrics become energy density and power density.25 In this graph, 

logarithmic values are used for both axes, which allows the performance of different devices 

to be compared. Equation 1 and Equation 2 were used to calculate specific energy and specific 

power, respectively, where (V) is the nominal battery voltage, (I) represents electric current, 

(t) is the unit of time in seconds, and (m) is the mass of the active material in kilograms.26, 27  

𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝑬𝒏𝒆𝒓𝒈𝒚 =  
𝑽𝑰𝒕

𝒎
  Equation 1 

𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝑷𝒐𝒘𝒆𝒓 =  
𝑽𝑰

𝒎
  Equation 2 

In the Ragone plot, the specific power (W kg-1) is plotted against the energy (kW kg-1).28 

Typically, logarithmic units are used for the horizontal axes, allowing for an evaluation of 
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various devices.28 This plotting method was first introduced by D. V. Ragone in 1968 to compare 

vehicle battery systems.29 As shown in Figure 3, the horizontal axis represents energy, while 

the vertical axis indicates the rate at which energy can be delivered.29 Capacitors exhibit power 

compared to other devices, enabling rapid charging and discharging within fractions of a 

second.30 On the contrary, batteries with energy storage capacity require time for charging and 

discharging processes.30 Combining these materials is possible and often suitable Considering 

the growing need for batteries with high energy and power simultaneously.17-19 In response to 

the increasing demand for batteries, with energy and power capabilities simultaneously, 

researchers have explored materials to develop innovative devices that can occupy the upper 

left quadrant of the Ragone plot.15, 17-19 

 

Figure 3. Ragone plot for various electrochemical energy storage devices’ energy and power 

performance metrics (adapted from Ref.20-22). 

 

Hence, scientists have explored approaches, including merging two energy storage systems, 

like gadgets that integrate battery and supercapacitor components.15, 17-19, 31, 32 To enhance 

comprehension of batteries, supercapacitors, and hybrid devices, a concise overview of these 

energy storage system categories will be provided. 
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2.2. Batteries 

Batteries are EES devices that store energy and are used in different applications, sizes, and 

shapes.16, 33, 34 In today’s sense, the term battery became popular by Benjamin Franklin in 

1748.16, 34 The Battery market is expected to reach over 400 billion dollars by 2030.35 The 

widespread use of research batteries in this field has encouraged research on various materials 

to produce more economical and environmentally friendly batteries with higher efficiency.35 A 

battery consists of one or more cells that generate an electric current through chemical 

reactions, effectively storing energy in a chemical form.16 This process typically occurs when 

two different electrodes (metal or metal compounds) are submerged in an electrolyte capable 

of transporting ions.16, 36 Within the system, electrons transfer from one electrode to another. 

Redox reactions are employed in the battery system for energy storage purposes.16, 36, 37  

In this process, one electrode takes electrons and becomes negatively charged, while the other 

releases electrons and becomes positively charged.36-38 This sets up a voltage difference 

between the two electrodes, and when they are connected, an electric current is established.36 

As the flows, the electrons return to their position (discharge).39 To prevent ions from 

recombining, a porous separator known as a separator is placed between the cathode and 

anode in batteries.36, 38 Figure 4 illustrates the battery materials during the charging and 

discharging process.  

 

Figure 4. The components in a typical battery, along with charging and discharging phenomena.40 

 

Batteries are generally divided into primary and secondary categories, as shown in Figure 2.16, 

36, 41 Primary batteries are batteries that have a fixed amount of reactants, determined during 

the manufacturing process, and cannot be recharged once their stored energy is depleted.42 
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Secondary batteries can be recharged after each use. This is because they have reversible 

chemical reactions at the electrodes, allowing them to be used multiple times.43 As shown in 

Figure 2, this category of batteries includes several types, with LIB specifically discussed in 

section 2.2.3. 

 

2.2.1. Metrics and definitions of the batteries 

Battery performance metrics should be standardized across research, industry, and 

laboratories.44 However, the methods used to measure these metrics vary significantly.44 For 

instance, some studies and publications calculate performance based on the total electrode 

mass, which includes active material, binder, and conductive agent.44 In contrast, other 

research bases calculations solely on the active material.37  

In the following, some definitions and metrics of batteries are discussed by providing 

meaningful suggestions for reporting.37 Charge and discharge curves contain key metrics for 

cells and batteries and valuable information can be obtained from them.45 To explain the 

following concepts, the charge/discharge of the LFP//LTO full cell plot with an applied current 

of 200 mA g-1 (as shown in Figure 5) is used.  

 

Figure 5. LFP//LTO full cell charge and discharge curves. Cd is the discharge capacity, and Cc is the charge 

capacity of the cell. 
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2.2.1.1. Capacity  

The capacity unit is ampere hour, normalized based on mole, mass, or volume.46 Normalizing 

the capacity based on mass is called specific capacity or gravimetric capacity, which is displayed 

in mAh g-1 unit.46 This value can be calculated based on the amount of charge stored per unit 

mass of the material through Faraday’s law shown in Equation 3. 46, 47 Where (n) is the number 

of electrons in the reaction, (F) is the Faraday constant, and (Mw) is the molecular weight of 

the active material.46, 47 

𝑸𝒕𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍 =  
𝒏∙𝑭

𝟑𝟔𝟎𝟎 × 𝑴𝒘
 Equation 3 

The mass electrode is needed to calculate active materials, and then the battery’s 

charge/discharge process takes place based on the applied current.48 The applied current is 

usually constant during charging/discharging to acquire the specific capacity of 

charge/discharge displayed in mAh g-1.48  

Therefore, it is possible to obtain the specific capacity of charge or discharge without 

ambiguity from the specific capacities at the end of the charge or discharge diagram, as shown 

in Figure 5. For example, for the LFP//LTO battery, at the applied current of 200 mA g-1, the 

specific charge capacity is 147 mAh g-1, and the specific discharge capacity is around 

130 mAh g-1. 

 

2.2.1.2. Coulombic efficiency 

Another concept used in batteries is the cell’s Coulombic efficiency (CE).49, 50 This battery 

parameter quantifies the reversibility and indicates side reactions. CE is calculated as follows 

in Equation 4, where (Cd) is the cell's discharge capacity at the single half cycle, and (Cc) is the 

cell's charge capacity in the next half cycle.49, 50  

ƞ(%) =  
𝑪𝒅

𝑪𝒄
× 𝟏𝟎𝟎 Equation 4 

Therefore, as explained earlier, CE can be calculated by extracting the discharge/charge 

capacity from the charge/discharge diagram, as shown in Figure 5.37 For the LFP//LTO battery, 

at the applied current of 200 mA g-1, the Coulombic efficiency is 88.4%. 

 

2.2.1.3. Voltage 

Another important parameter in batteries is voltage.51 The voltage can be determined from 

the relation between the discharge and charge curves.51 In typical batteries, the voltage during 

discharge enters a region that decreases linearly, known as the quasi-linear region.37 This 
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region can be seen after the initial non-linear reduction of the voltage, and after crossing the 

quasi-linear region, the voltage decreases rapidly.52 The average of the quasi-linear region for 

the discharge process, as shown in Figure 5, can be a reasonable estimate of the battery 

voltage.53 For the LFP//LTO battery at the applied specific current of 200 mA g-1, the cell voltage 

can be calculated as approximately 1.65 V. 

 

2.2.1.4. Cycling stability and cycle life 

When the charge and discharge of a battery are within a certain voltage range using a set 

current, it is called galvanostatic cycling. The discharge capacity has been tracked over multiple 

cycles.54, 55 Usually, this capacity decreases as the cycles progress, influenced by various factors 

such as the applied current used for charging and discharging, temperature, voltage range, 

electrode material, and the stability of the electrolyte.56 According to the definition, the 

number of times the battery can be charged and discharged during its lifetime is the cycle life.53 

According to the industry standard, when the battery loses 20% of its initial specific capacity, 

it has reached the end of its lifetime.57 Batteries need pre-cycles to gain equilibrium, which is 

called the formation of the electrodes.18 Therefore, it is clear that the initial capacity of 

batteries or cells should be calculated after completing the formation process (which is a 

process in which the battery or cell goes through some pre-cycles of charge and discharge).57  

 

2.2.1.5. Electrochemical signature 

Two common electrochemical signatures are galvanostatic cycling with potential limitation 

(Figure 6) and cyclic voltammetry (Figure 7).58, 59 These standard electrochemistry tests are 

used to identify and describe energy storage devices.58, 59 These tests help us understand 

various aspects, such as capacitance, capacity, voltage range, cell kinetics, and how well the 

device holds up over multiple charge and discharge cycles.60 Both galvanostatic cycling with 

potential limitation (GCPL) profiles and Cyclic Voltammetry (CV) showcase a cell's unique 

electrochemical fingerprint.61  

In a GCPL test, we apply a constant current to the device and then measure the resulting 

voltage within a specific range over time.62 Voltage plateaus indicate chemical reactions in the 

electrode material when plotting the voltage against the amount of charge inserted or 

extracted, giving insight into the device’s behavior during operation.62 To assess the device’s 
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longevity, the charging and discharging process is repeated multiple times to see how it holds 

up over cycles.63 

 

 

Figure 6. A galvanostatic charge and discharge profiles are recorded at constant currents. 

The CV measurements apply a gradually increasing voltage to the cell.64 Then, measure the 

current needed to follow this voltage change and plot it against the voltage.65  

 

 

Figure 7. A schematic of a cyclic voltammogram collected by applying a constant voltage ramp. 
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Once it hits a specific target voltage, it reverses the voltage ramp to return to the starting point 

or another predefined voltage level.66 Any peaks in the resulting cyclic voltammogram indicate 

the occurrence of certain chemical reactions at particular voltage levels.67 These peaks give an 

insight into the redox reactions happening within the cell.67 

 

2.2.1.6. HOMO and LUMO 

In any rechargeable battery, like LIBs, the cathode and anode serve as the oxidizing and 

reducing agents, respectively, concerning the energy separation in the electrolyte.68 This 

energy separation is the range of operating voltage for the electrolyte, defined by the energy 

difference between its lowest unoccupied molecular orbital (LUMO) and its highest occupied 

molecular orbital (HOMO).69 To ensure the electrolyte’s stability, the electrochemical 

potentials of the anode and cathode must stay within this energy range (Figure 8).70 To ensure 

thermodynamic stability, the electrochemical potentials of the anode and cathode must stay 

within the energy range of the electrolyte.69  

 

 

Figure 8. Depicts a diagrammatic representation of the energy levels of the electrodes and the 

electrolyte. (adapted from Ref.70, 71) 
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2.2.2. Mechanisms  

Ion batteries function by exchanging charges between the anode and cathode, allowing ions 

to move back and forth.39 As a result, parameters like cell potential influence the battery's 

storage capacity.72 This difference in potential arises from the response of ions present in both 

electrodes and the number of electrons involved.73 Different types of mechanisms exist for 

charge transfer, which are accidental based on how electrodes interact with ions and will be 

further explored below.73  

 

2.2.2.1. Insertion mechanism 

One of the ion transfer processes for ion batteries is dedicated to the intercalation of ions into 

the layered structure of materials such as graphite or transition metal oxides.37, 38, 74 In this 

process, the insertion/extraction of ions in the interlayer structure usually causes a change in 

the van der Waals gap.37, 75 The empty spaces within the structure of an electrode, known as 

insertion storage sites, are where lithium ions (Li-ion) can be stored.68 These sites provide 

higher capacity, quicker charging abilities, safer battery function, and longer life span.68 There 

are two distinct ways for intercalation/deintercalation: heterogeneous and homogeneous 

insertion, as shown in Figure 9.71, 76  

 

Figure 9. Insertion mechanism and its corresponding merits and demerits (adapted from Ref. 71) 

 

In heterogeneous insertion, the electrical potential remains stable throughout the process.71, 

76 In contrast, in inhomogeneous insertion, the potential shifts as the composition of the 
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electrode material changes.77 This dynamic shift in potential during homogeneous insertion 

offers faster reaction rates and enhances the stability of the electrode’s structure.77, 78  

Despite these benefits, both insertion methods have a limitation in capacity because the 

number of sites available for Li-ions is limited, generally allowing only one electron per ionic 

center.76, 79 This insertion/extraction does not change the host structure in some materials.37, 

75 The ions intercalated into the host structure or deintercalated and left the host structure.80 

Therefore, the redox reaction for layered materials depends on the number of π-electrons in 

the intercalation flow of the material or the transition metal center.81 

 

2.2.2.2. Conversion mechanism 

Another type of mechanism for batteries is the conversion, in which new chemical species are 

formed from electrochemical reactions, as shown in Equation 5.38, 71 Furthermore, the 

conversion mechanism and its corresponding merits and demerits have been depicted 

schematically in Figure 10.71 The structure of this new material is different from the structure 

of the original material, and this process can be displayed as a reversible process.82  

𝑴𝒂𝑿𝒃 + (𝒃. 𝒄)𝑳𝒊+ + (𝒃. 𝒄)𝒆− ↔ 𝒂𝑴𝟎 + 𝒃𝑳𝒊𝒄𝑿 Equation 5 

where (M) is a TM (transition metal), and (X) is an atomic species such as sulfide, oxide, or 

fluoride.82 

 

Figure 10. Conversion mechanism and its corresponding merits and demerits (adapted from Ref.71). 

 

In the redox conversation process, more electrons are involved because, unlike the 

intercalation process, the transition metal center is reduced to a zero oxidation state, which 

leads to a higher theoretical capacity.48, 83 If the conversion process is defined based on anionic 
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species oxidation/reduction, it can be shown more comprehensively as Equation 6 that there 

will be no need for a transition metal.38, 82, 84 

𝑿 + 𝒂𝑳𝒊+ + 𝒂𝒆− ↔ 𝒂𝑴𝟎 + 𝑳𝒊𝒂𝑿 Equation 6 

 

2.2.2.3. Alloying mechanism 

Another type of charge transfer that ends in forming a Li-M lithium alloy is the alloying 

mechanism, which can be considered a type of conversion shown in Figure 11.71, 85 This 

process is mainly studied in anodes such as Si, Sn, and Sb.85 For example, in Si anodes that have 

a specific capacity of about 4200 mAh g-1, the stoichiometry of Li4.4Si is formed by alloying Li 

with Si.86 Composites of graphene, porous carbons, carbon nanotubes, etc., are used in alloy 

materials to increase the conductivity of this category of electrodes.86 

  

Figure 11. Alloying mechanism and its corresponding merits and demerits (adapted from71). 

 

2.2.3. Lithium-ion batteries (LIBs) 

Lithium is the 33rd most abundant element in the earth’s crust. It has a high electrochemical 

potential (-3.02 V vs. standard hydrogen electrode (SHE)) and a high energy density by weight 

(200-300 Wh kg-1 for LIBs).87 Lithium is the lightest metal available in nature, with a molar mass 

of 6.9 g mol-1. It is silver-white and very soft.88 This metal also has a very low density of 

0.53 g cm-3 and an electrochemical equivalent of 259 mg Ah-1.89, 90 In addition to the 

mentioned characteristics, LIBs’ wide range of thermal tolerance, compared to any other 

types, has achieved high demand in the energy storage industry.90  

In 2023, 46% of all extracted lithium will be used in battery production.91 LIBs have attracted 

much attention due to their unique capabilities in developing energy storage technologies.91 

It is estimated that more than one million cells equivalent to 700 GWh are available in the 

market, more than half of which are used in light vehicles.92 As shown in Figure 12, the position 
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of LIBs in terms of gravitational and volumetric energy density is higher than that of other 

existing technologies.49, 87-91, 93  

In addition to high energy density and high energy power, features such as long lifetime, very 

low self-discharge, fast charging, low self-discharge, high open circle potential, a wide range of 

chemical potentials accessible with various electrode designs, and high Coulombic efficiency 

have added to the importance of LIBs.38, 94 

  

Figure 12. The energy performance of various secondary batteries (adapted from Ref.49, 93). 

 

These features make them suitable for multiple vehicle uses, including electric cars, hybrid 

electric cars, ships, aerospace applications, and energy storage sources.38, 94 Whittingham 

introduced the concept of LIBs as it is today in the early 1970s and was later acquired by 

Goodenough.38, 54, 95, 96 In 1991, Sony launched the first commercial LIB.97, 98 Research in the 

innovation of LIBs has increased significantly over the last years.97, 98 Efforts to produce LIBs 

with higher energy storage capacity, lower weight, higher safety, less toxicity, lower production 

cost, high Coulombic energy, etc.54, 94  

As shown in Figure 13, different electrodes with different capabilities have been presented 

over the years to produce more optimized LIBs.94 Also, according to the growing need for 

electric vehicles, hybrid electric vehicles, and aerospace industries, batteries with fast 

charging, high power, and high energy capabilities have been researched and produced.97, 98 

LIBs are among rechargeable batteries or secondary batteries.99 The conventional Li-battery 
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operation is based on the reversible process of inserting lithium cations in the anode and 

cathode materials and electrons flowing through the external circuit.99 In the charging process, 

lithium-ion (Li-ion) is de-intercalated from the cathode active material, diffused in the 

electrolyte, and then passed through nanopores of the separator and intercalated into the 

anode active material.100 

 

 

Figure 13. Historical evolution of LIBs technologies (adapted from Ref.97, 98). 

 

At the same time, electrons conversely move through the external circuit.100 While in the 

discharge process, Li-ion is released due to the oxidation of the anode active material and is 

inserted back into the cathode active material.101 

Therefore, Li-ion is forced to move to the anode by applying external energy in the charging 

process.46, 47 Following the charge and discharge process has been shown for LiCoO2 as an 

example of LIBs in Equation 7-9.46, 47 

𝑪𝒂𝒕𝒉𝒐𝒅𝒆: 𝑳𝒊𝑪𝒐𝑶𝟐 ↔ 𝑳𝒊 𝟏−𝑿𝑪𝒐𝑶𝟐 + 𝒙𝑳𝒊+ +  𝒙𝒆− Equation 7 

𝑨𝒕𝒉𝒐𝒅𝒆: 𝟔𝑪 +  𝒙𝑳𝒊+ + 𝒙𝒆−𝟏 + 𝒙𝒆− ↔ 𝑳𝒊 𝒙𝑪𝟔 Equation 8 

𝑶𝒗𝒆𝒓𝒂𝒍𝒍: 𝑳𝒊𝑪𝒐𝑶𝟐 +  𝟔𝑪 ↔ 𝑳𝒊 𝟏−𝑿𝑪𝒐𝑶𝟐 +  𝑳𝒊 𝒙𝑪𝟔 Equation 9 
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In LIBs, charging and discharging include the movement of both Li-ions and electrons between 

the electrodes.102 During charging, Li-ions are released from the cathode (terminal) and move 

through the electrolyte and separator to reach the anode side (negative terminal).103 As the 

Li-ions flow, electrons are also released at the cathode.104 The positive current collector 

collects these electrons and that move through the external circuit to the anode.104 Both Li-

ions and electrons are stored in the anode.104, 105 During discharge, this process is reversed.104, 

105 The Li-ions move back to the cathode, converting chemical energy into electrical energy. 

LIBs are made up of various parts, including the cathode, the anode, the electrolyte, the 

separator, and the current collectors.103  

A summary of the requirements for each of these elements is provided in Table 1.71, 103 The 

anode and cathode are usually coated on a thin layer of copper foil or aluminum foil, 

respectively.46, 47 This layer is called a current collector and affects connected electrodes' 

physical properties and conductivity.106 LIBs are usually classified based on capacity, which is 

charge storage capacity.106 The CE ratio of Li-ion extraction capacity to Li-ion insertion capacity 

in electrode active mass and electrolyte decomposition (in a single cycle is influenced by 

chemical and physical variations).107  

Another factor that plays a significant role in the capacity of LIBs is the applied current to the 

cell.107 It means that the higher the applied current is for charge or discharge, the more it 

affects the cathode and anode, and as a result, the irreversible damaging effect on the 

electrodes increases.108 Therefore, the applied current determines volumetric and specific 

capacity and power density.108 The electrode manufacturing process and production efficiency 

play an important role in optimizing the electrodes in producing LIBs.109 

Table 1. The key points that should be considered from the materials utilized in batteries (adapted from 

Ref.71). 

Battery Anode  Cathode  Electrolyte Separator 

Free of toxic materials, high 
reliability, and easy to recycle 

High energy 
density 

High energy 
density 

High ionic 
conductivity 

Chemically 
stable 

Smaller in size will serve better High 
structural 
stability 

High structure 
stability 

High internal 
resistance 

Mechanical 
stability 

Self-heating should be 
as low as possible 

High specific 
capacity 

High specific 
capacity 

High chemical 
stability 

High porosity 

Raw materials should be 
abundantly available and 

cheaper 

Environmental 
friendly 

High oxidation 
potential 

High boiling 
point 

High resistance to 
Electronic 

conductivity 

High energy content with 
respect to weight and volume 

Low cost High power 
density 

Low melting 
point 

Low resistance to 
Ionic transport 
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The following section of this review dives into developing various components used in LIBs, 

including the anode, cathode, electrolyte, and others. 

 

2.2.3.1. Anode materials for LIBs 

The anode is one of the main components in LIBs, whose morphology and structure can 

significantly impact the final product’s optimal performance.83, 107 Graphite is widely used as 

an anode in the rechargeable battery industry due to its electrochemical properties, 

environmental friendliness, and cost.110-112 Among these features, we can mention the 

hierarchical structure of graphite. In fact, during the charging process, Li-ion can easily insert 

carbon atoms in the reasonably large interstice between two adjoining layers.107 Figure 14 

shows anode materials with nanostructures and mixed valances used in LIBs in the potential 

range of 0.01-3.00 V vs. Li+/Li.97, 98, 113, 114  

 

Figure 14. Comparison chart for some anodes used in LIBs based on potential versus specific capacity 

(adapted from Ref.97, 98, 113, 114). 

 

In evaluating LIBs factors like charging and discharging rates, cycling capacity, and Coulombic 

efficiency are given priority.107 The performance of LIBs can be affected by processes that cause 

a decrease in battery characteristics during operation.107 Ideally, a cell could function 

indefinitely if the Coulombic efficiency remains at 100%.50, 115 A significant aspect influencing 

LIB performance is the development of an interphase (SEI) layer.47, 116 The SEI forms when 
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electrodes come into contact with the electrolyte, playing a role in determining LIB 

performance by acting as a barrier between the electrode and electrolyte that hinders electron 

flow while allowing ion movement.47, 116  

The formation of SEI facilitates the movement of Li-ions within the system, prevents solvent 

penetration into the electrode, and results in irreversible capacity loss in the battery.107 

Extensive research has been conducted to develop materials for components to enhance LIB 

technology. When selecting materials for anodes in LIBs, the following key considerations 

should be included:83, 107, 110, 111  

• Compatibility with the electrolyte: Ensure that anode energy levels are lower than 

those of the electrolyte to maintain battery stability and avoid reduction. 

• Electrochemical potential: The difference in potential between the anode and cathode 

plays a role in enhancing lithium intercalation and boosting energy storage capacity. It 

is optimal for the anode potential to stay around or below 0.5 V compared to Li+/Li. 

• Material selection criteria: When selecting materials, the choice depends on factors 

like crystal structure, capacity, electrical conductivity, stability, and chemical properties. 

• Atomic mass and density: A material should have low atomic weight and density while 

maintaining a high lithium-to-formula unit ratio. 

• Cyclability and reversible capacity: The anode must exhibit cyclability, offer capacity, 

and remain stable during prolonged use. 

• Operating voltage: The anode must align its voltage with lithium metal to support 

battery operation at voltages. 

• Ensuring the stability of chemicals: The anode material must remain chemically stable 

without reacting with the electrolyte or breaking down in solvents. 

• Considering safety aspects: the anode material should be environmentally friendly 

cost-effective, safe for use, and possess electrical and lithium ion conductivity 

characteristics. 

 

Different materials used as anodes LIBs can be classified into alloy materials, conversion type 

substances, silicon-based components, carbon-based compounds, and lithium titanium 

oxide.83, 107, 110-112 
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2.2.3.1.1. Alloying materials 

Huggin and Besenhard presented the concept of using binary metal alloys as electrode 

materials for energy storage devices for the first time.83, 117 Extensive research was then done 

on metal and metal oxide alloys and their performance in LIBs.118, 119 In this regard, the first 

Lithium-based alloys (LixM) in which (M) represented a secondary metal (electrochemically 

active or inactive) have been investigated.83, 120 These secondary metals include silicon, 

aluminum, tin, magnesium, silver, antimony, and their derived alloys.107, 119 A schematic of the 

LiSn2 structure as an example of silicon-based components is shown in Figure 15.121  

 

Figure 15. Polyhedral illustration of a LiSi2 unit cell. (adapted from Ref. 121) 

 

This category of anodes usually has high lithiation and delithiation capabilities and unique 

processing quality.107, 112 The working concept of these anodes is based on the insertion 

process of Li-ion and the chemical reaction of Li-ion with the active metal.83, 107, 110, 111 This 

category of anodes has problems such as massive volumetric expansions, poor electrical 

conductivity, substantial capacity loss during the first cycle, and rapid capacity loss in the 

subsequent cycles.107, 122 For example, these processes for lithiation and delithiation can be 

shown as crystalline-to-amorphous mechanism equations in the following steps (Equation 10-

11).83, 107, 110, 111, 123, 124 

During the delithiation:  

𝑺𝒊 (𝑪𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆) + 𝒙𝑳𝒊+ + 𝒙𝒆−  →  𝑳𝒊𝒙𝑺𝒊 (𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔) + (𝟑. 𝟕𝟓 − 𝒙)𝑳𝒊+ + (𝟑. 𝟕𝟓 − 𝒙)𝒆− →

𝑳𝒊𝟏𝟓𝑺𝒊𝟒(𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆) Equation 10 

During the lithiation:  

𝑳𝒊𝟏𝟓𝑺𝒊𝟒(𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆) → 𝑺𝒊 (𝒂𝒎𝒐𝒓𝒑𝒉𝒐𝒖𝒔) + 𝒚𝑳𝒊+ + 𝒙𝒆−  →  𝑳𝒊𝟏𝟓𝑺𝒊𝟒(𝒓𝒆𝒔𝒊𝒅𝒖𝒂𝒍) Equation 11 
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2.2.3.1.2. Silicon-based components 

Silicon (Si) is another material available for LIBs technology, which has particular characteristics 

for the anode.107, 125 Silicon is seen as a top choice for anode material because it offers high 

theoretical capacity, low toxicity, and relatively low cost.126 This anode has a working potential 

of about 370 mV vs. Li+/Li and a theoretical specific capacity of 4200 mAh g-1 (corresponding 

to a fully lithiated state).107, 125, 127 Among all elements, Si has the highest gravimetric and 

volumetric capacity despite its low cost.125 Also, despite its low working potential and its 

abundance in the earth’s crust, it has high safety as one of its advantages.128  

The use and industrial production of silicon anodes are still challenging due to massive volume 

expansion (>400%) during lithiation and delithiation, which occurs as a conversation 

reaction.107, 125 This volume expansion reduces reversibility and rapidly declining capacity.129 

In this type of anode, carbon additive or Si/C composite materials are usually used to increase 

the conductivity of the current collector.107, 125, 130 A schematic of the Li4.11Si structure as an 

example of silicon-based components is shown in Figure 16.107, 125, 127 

 

Figure 16. Polyhedral illustration of a Li4.11Si unit cell. (adapted from Ref. 131) 

 

2.2.3.1.3. Carbon-based compounds 

Currently, carbon is widely used as the primary anode for LIBs. This type of anode has many 

advantages, including high conductivity, hierarchical arrangements suitable for Li-ion insertion, 

low cost, and low working potential.132 In addition to the advantages mentioned, carbon 

anodes have some limitations, such as low rate capacity and safety risks.107, 125, 133 These 

anodes can be generally divided into graphitic carbon and non-graphitic carbons.134 This 

category of carbonaceous materials is called hard carbon; conversely, GCs are called soft 

carbon.107, 125, 135  



 
21 

The Li-ion insertion/extraction process is performed for carbon anodes, as shown in 

Equation 12. In this equation, (n) can vary between 6 and 12 depending on the morphology 

and structure of carbon.107, 125 

𝑳𝒊+ + 𝒆 + 𝒏𝑪 = 𝑳𝒊𝑪𝒏 Equation 12 

The microstructure, morphology, and crystallinity of carbon directly affect its electrochemical 

properties during the cycling process.107, 125 For example, graphene’s high capacity and high 

energy density can be compared to the stability of excellent cycles of hard carbon.136 A 

schematic of the carbon structure as an example of carbon-based components is shown in 

Figure 17.131 

 

Figure 17. Polyhedral illustration of a carbon unit cell. (adapted from Ref.131) 

 

2.2.3.1.4. Conversion-type materials 

Conversion-type anode materials are promising due to their attractive compositions and high 

theoretical specific capacity for Li-ion batteries.137 Low production cost compared to other 

anodes is one of the advantages of these anodes, which include alloy anode materials such as 

Fe2O3, FeS2, and FeP.138 This approach enhances the safety of lithium-ion batteries by 

preventing the formation of lithium dendrites, even when operating at a lower lithium-

intercalation potential.139 This category of anodes has limitations such as continuous 

electrolyte decomposition, significant volume expansion (<200%), and poor electric and ionic 

conductivity.139 A schematic of the Fe2O3 structure as an example of silicon-based components 

is shown in Figure 18.40 
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Figure 18. Polyhedral illustration of a Fe2O3 unit cell. (adapted from Ref.40) 

 

2.2.3.1.5. Transition metal oxalates 

Transition metal oxalate anodes have been gaining attention as an alternative to graphite 

anodes due to their electrochemical properties.107, 140, 141 This category of anodes includes 

combinations of cobalt oxalates (CoC2O4), zinc oxalates (ZnC2O4), iron oxalates (FeC2O4), nickel 

oxalates (NiC2O4), and manganese oxalates (MnC2O4).142, 143 These anodes exhibit a capacity 

and do not form metal lithium alloys during the lithiation process.144, 145 Anodes in this 

category face challenges such as cycling performance and expansion issues during the 

insertion and extraction of Li-ion, which can be enhanced by adjusting the shape, design, and 

size of the particles.107, 143 A schematic of the zinc oxalate structure as an example of transition 

metal oxalate components is shown in Figure 19 

 

Figure 19. Polyhedral illustration of a zinc oxalate unit cell (adapted from Ref.146). 

 

Transition metal oxides, like iron oxide (Fe2O3, Fe3O4), cobalt oxide (Co3O4), manganese oxide 

(MnO2, Mn3O4), and nickel oxide (NiO), offer higher theoretical capacities compared to 
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traditional graphite anodes.147 Iron oxides such as Fe2O3 and Fe3O4 have theoretical capacities 

of approximately 1000 mAh g-1 and 926 mAh g-1, respectively, due to their reaction with Li-

ions, yielding lithium oxide and metallic iron upon discharge.147 Cobalt oxide, Co3O4, has a 

theoretical capacity of about 890 mAh g-1, along with good cycling stability and high capacity 

retention.148 Manganese oxides, such as MnO2 and Mn3O4, have theoretical capacities of about 

1230 mAh g-1 and 1013 mAh g-1, respectively, distinct redox reactions contributing to their 

high capacities.149 Nickel oxide, NiO, has a theoretical capacity of around 718 mAh g-1 and is 

known for its high capacity and stability.150 

 

2.2.3.1.6. Transition metal chalcogenides 

This category of anodes stores Li-ion in an electrochemical conversation mechanism and 

includes tin sulfide (SnS), molybdenum disulfide (MoS2), cobalt sulfide (CoS2), and iron 

disulfide (FeS2).107, 151 These transition metal compounds have attracted attention due to their 

high theoretical capacity.107, 152 This category of anode has limitations, including significant 

alterations during lithiation and delithiation and low rate and cycling capacity. However, it can 

be modified using highly conductive materials such as graphene and surface coating.107, 152, 153 

Transition metal chalcogenides offer a compelling platform for developing advanced anodes 

for LIBs.154, 155 Ongoing research focuses on innovative solutions, such as nanostructuring, 

composites and coatings, and doping and alloying paving the way for next-generation LIBs with 

higher specific energy, longer cycle life, and enhanced safety.156, 157 A schematic of the MoS2 

structure as an example of silicon-based components is shown in Figure 20. 

 

Figure 20. Polyhedral illustration of a MoS2 unit cell (adapted from Ref.40). 

 

2.2.3.1.7. MXenes 

Recently there has been a lot of interest in MXenes, a type of anode that consists of 2D carbide, 

nitride, and carbonitrides.107, 112, 158, 159 These materials were first discovered in 2011 and have 

since found applications across the industry, including in LIBs.107, 159, 160 MXenes are typically 
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produced through an etching process on a MAX phase material, where (M) represents a 

transition metal element, (A) includes IIIA or IVA elements, and (X) stands for either carbon or 

nitrogen and is formulated as Mn+1AXn.158, 161 In this formula, (n) can be assigned 1, 2, or 3, (M) 

stands for a transition metal element, A includes a group of IIIA or IVA elements, and X stands 

for (C) or (N), which is shown in Figure 21.158, 161  

MXenes with a particular 2D structure with high electrical conductivity, low Li-ion diffusion 

impedance, and high chemical stability showed potential for LIBs.158, 159, 161, 162 MXenes (such 

as Ti3C2) can achieve a high specific capacity of as much as 320 mAh g-1 at a specific current of 

100 mA g-1 after 760 cycles.161, 162 Finally, these anodes suffer from restacking during the 

cycles, which limits Li-ion storage.163 According to the studies, synthesizing a few-layered 

MXene, altering MXenes’ functional groups, and increasing interlayer spacing can improve the 

capacity of MXene for storing Li-ion.164, 165  

Usually, two strategies can be used to improve the synergistic effect of MXenes and other 

composite compounds and to produce high-capacity anode materials, which include reducing 

the restacking of MXene, as well as preventing electrical contact and buffering the volumetric 

expansion.162, 166, 167 Based on the combination of transition metal dichalcogenides, silicon, and 

metal oxides with MXenes, it can be considered a practical and promising strategy to produce 

anodes used in LIBs.107, 162, 168 

 

Figure 21. A periodic table shows the elements in MAX phases and MXenes, surface terminations, 

and intercalant cations (adapted from Ref.169, 170) 

 

2.2.3.1.8. Transition metal oxides and their composites 

Transition metal oxide (TMOs) has a very high specific capacity, and, unlike graphite, Li-ion 

insertion/extraction process inside metal oxides without forming metal-lithium alloy.107, 125 
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TMOs are becoming increasingly popular for use in energy storage and conversion 

applications, largely due to their affordability, natural abundance, non-toxic, and high storage 

capacity.107, 125, 140 The capacity of these materials can reach anywhere between 700-

1200 mAh g‒1.171 That's almost triple the capacity of the standard graphite-based materials 

used in today’s commercial batteries.141 However, they also come with some significant 

drawbacks.172 TMOs typically have low electrical conductivity and ion diffusion kinetics, and 

they tend to undergo major structural changes, which can lead to a decline in performance 

over time.107, 141 They can also experience significant volume expansion, high-voltage 

hysteresis, and other issues that can negatively impact their long-term capacity.173, 174  

Researchers have made significant strides in addressing these challenges.107, 171 One prevalent 

method involves the creation of nanostructures, which mitigate the adverse effects of volume 

expansion by offering shorter diffusion paths and increased contact areas.175 Another 

technique is the incorporation of TMO nanoparticles with conductive materials like carbon, 

reduced graphene oxide, or carbon nanotubes (CNTs).176 These composites not only enhance 

electrical conductivity but also fortify structural stability, thereby preserving capacity over 

multiple charge cycles. The lithiation/delithiation process for this category of anodes is done 

according to Equation 13.107, 173  

𝑴𝑶 + 𝒙𝑳𝒊+ + 𝒙𝒆− ↔ 𝑳𝒊𝟐𝑶 + 𝑴 Equation 13 

In this equation, (M) includes a transition metal that can be considered iron, titanium, zinc, 

copper, nickel, and cobalt.107, 125, 173, 174 A schematic of the lithium titanium oxide structure as 

an example of transition metal oxalate components is shown in Figure 22. 

 

Figure 22. Polyhedral illustration of the crystal structure of pristine lithium titanium oxide (adapted 

from Ref.40, 177) 
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2.2.3.1.8.1. Lithium titanium oxide 

Spinal lithium titanium oxide (LTO), with the chemical formula Li4Ti5O12, is currently the second 

most used anode in the industry.178, 179 Due to the 3D network-like channel structure 

(Figure 22), this anode creates a very suitable space for the intercalation-deintercalation of Li-

ion.178, 179 Besides, due to the reversibility of this intercalation-deintercalation, this feature 

provides fast lithiation and delithiation for this material due to its stable structure.180 Recently, 

there has been a lot of focus on this anode for high-rate LIBs due to their cycling performance, 

high rate capacity, minimal degradation of active material, wide thermal range, and safety 

features.180 LTO is counted as a zero-strain material due to the slight shrinkage of the lattice 

parameter from 8.36 Å to 8.35 Å and a minimal change of about 0.2%.181  

The theoretical capacity of LTO was defined based on its crystalline structure in 1995 and was 

considered 175 mAh g-1. 177-183 This value was calculated from the potential range of 1.0 V to 

2.5 V vs. Li+/Li, where only three Li-ion intercalations are in the LTO structure.177-183 Most 

researchers used to believe Li-ion intercalates in LTO at a potential of less than 1 V vs. Li+/Li. 

However, some researchers showed that increasing the potential range of LTO can achieve a 

theoretical capacity higher than 175 mAh g-1 while broadening the potential range from 0.01-

3.0 V vs. Li+/Li.181, 182  

The structure of [Li3]8a[Li1Ti5]16d[□]16c[O12]32e or LTO spinel compounds belongs to the Fd3̅m 

group, so some Li-ion is placed in the 8a sites.179, 183-185 The remaining Li-ion and titanium-ions 

are placed in the 16d sites in a ratio of 1:5, respectively, and finally, oxygen-ions are in the (32e) 

sites.89, 186 According to the above definition, Li4Ti5O12 can be rewritten as [LiTi54+](16d)O12(32e).89, 

182 Based on the conventional view, it was thought that only (16c) available octahedral sites 

could accommodate Li-ion in their lattice.179, 187, 188 Li-ion moves from tetrahedral (8a) sites to 

octahedral (16c) sites simultaneously.  

Based on this classical view and according to Equation 14, LTO can hold three moles of Li-ion, 

which becomes Li7Ti5O12 or [□]8a[Li1Ti5]16d[Li6]16c[O12]32e. In that case, only 60% of titanium ions 

in the crystal can be reduced to Ti+3.179, 185 By considering the full utilization of the Ti3+/Ti4+ 

redox process, LTO can accept two more Li-ion per unit formulas.183, 185 Besides, it has been 

proven that in the 0.01-0.6 V vs. Li+/Li range, LTO accommodates extra ions, and this additional 

reversible capacity oversteps the classic view.179, 185 

𝑳𝒊𝟑(𝟖𝒂)[𝑳𝒊𝑻𝒊𝟓
𝟒+]

(𝟏𝟔𝒅)
𝑶𝟏𝟐(𝟑𝟐𝒆) +  𝟑𝒆− + 𝟑𝑳𝒊+  ↔  (𝒓𝒐𝒄𝒌 𝒔𝒂𝒍𝒕)𝑳𝒊𝟔(𝟏𝟔𝒄)[𝑳𝒊𝑻𝒊𝟑

𝟑+𝑻𝒊𝟐
𝟒+](𝟏𝟔𝒅)𝑶𝟏𝟐(𝟑𝟐𝒆) Equation 14 
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Considering the above, LTO can be Li9Ti5O12 or Li10Ti5O12 in the lithiation process, which means 

LTO can achieve 293 mAh g-1 and 350 mAh g-1 theoretical specific capacities.179, 183, 189, 190 In 

this regard, research has been done, some of which is as follows.182, 191, 192 Ge et al., for the 

first, work on increasing LTO capacity by broadening the potential range. 179, 183-185 By 

examining in situ X-ray and lithiation of LTO in the potential range of 0.01-3.00 V vs. Li+/Li, they 

concluded that the number of tetravalent titanium ions limits the theoretical capacity of 

LTO.179, 191, 193, 194 Therefore, LTO can achieve a specific capacity of 293 mAh g-1 by storing five 

Li-ion. Liu et al. also investigated this by using electrochemical and structural characterization 

methods.182, 183, 185 They concluded that LTO could receive four Li-ion when cycled to 0.01 V vs. 

Li+/Li. Han et al. have shown a theoretical specific capacity of 293 mAh g-1 in the potential range 

of 0.01-3.00 V vs. Li+/Li.179, 183-185  

Since factors such as specific surface area, morphology, purity, and compositions of the 

materials, as well as crystallinity, directly affect the electrochemical performance of the 

materials, the synthesis method is of particular importance.179, 183-185 Many methods exist by 

which LTO can be synthesized.195 These techniques include solid-state, microwave, spray 

pyrolysis, sol-gel hydrothermal, combustion, sonochemical, and molten salt. For the solid-state 

technique, many researchers have applied different conditions for sintering with varying time 

and temperature.196 Chauque et al. reported that titanium dioxide and lithium carbonate were 

used to synthesize the LTO.197 The overall equation of this process can be shown below in 

Equation 15.197 

𝟓 𝑻𝒊𝑶𝟐 + 𝟐 𝑳𝒊𝟐𝑪𝑶𝟑 → 𝑳𝒊𝟒𝑻𝒊𝟓𝑶𝟏𝟐 + 𝟐 𝑪𝑶𝟐 Equation 15 

Another method used to synthesize LTO is sol-gel. Sintering temperature plays a significant role 

in this method and is usually set in the 700-800 °C range.195 The product obtained by the sol-

gel method is remarkably homogeneous, the particle size is minimal in the nanometer range, 

and there is reasonable stoichiometric control.195 Sandhya et al. reported that lithium acetate 

dihydrate and CTAB initially dissolved in an ethanol solution containing 2% (by mass) acetic 

acid.198 Then, titanium isopropoxide was added drop by drop to the above solution with 

continuous stirring until white sol was obtained. 198 Then, the temperature was kept at 80°C in 

an oil bath until a gel was formed.198 The gel was dried in a vacuum oven for 24 h, and the 

resulting precursor was calcined for 12 h.198  
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2.2.3.2. Cathode materials for LIBs 

The cathode covers more than 30% of the cost of LIBs and is usually composed of lithium, 

nickel, cobalt, and manganese with different percentage combinations.199, 200 Cathodes are 

usually composed of complex lithium composite materials, and these different materials have 

different performances.201 The combination of these materials creates impedance compared 

to metallic lithium due to low ionic conductivity and diffusion coefficients.201. Currently, LIBs 

are named based on the cathode used on an industrial scale.202 This is because the 

performance of LIBs is ultimately limited on the cathode, and it is the limiting factor.202 

Figure 23 shows some cathode materials used in LIBs in the potential range of 2-5 V vs. Li+/Li.93  

Nowadays, improving the performance of cathodes plays a crucial role in enhancing LIB energy 

and power density.199, 200 Also, reducing the production cost of the cathode materials can play 

a decisive role in the further expansion of LIBs in various industries.199, 200 Another critical 

factor in improving the cathode material is reaching a higher potential to increase cell 

operational potential.96 The cell voltage is determined by the difference in redox energy 

between the cathode and the anode, so the amount of this energy must be lower for the 

cathode and very high for the anode.96, 203, 204 This way, the cathode is stabilized in the lower-

lying band with a higher oxidation state, and vice versa for the anode.96, 203, 204 To be an ideal 

candidate for a LIBs cathode, a material must meet several key requirements as follows:205 

 

Figure 23. Comparison chart for some cathodes used in LIBs based on potential versus specific capacity 

(adapted from Ref.93, 204, 206). 
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Redox capability: It should contain ions, such as those from transition metals, that are easily 

oxidized or reduced. Reversibility with lithium: The active material inside the anode must allow 

reversible reactions of Li-ions. High free energy reaction: A strong reaction with lithium, 

characterized by high capacity (one lithium per transition metal) and high voltage (4 V or 

more), is crucial for energy storage in LIBs. Fast reaction rate: The material should enable quick 

lithium insertion and dissipation for efficient charging and discharging. Conductivity: It should 

exhibit good ionic and electronic conductivity. Cost, availability, and safety: The material 

should be affordable, readily available, and environmentally friendly. 

So, the cathode stabilization should be done in the higher-lying band with lower oxidation 

states, providing the cell access to a higher voltage.96, 203, 204 This idea was the starting point 

for Goodenough and his colleagues, in the 1980s at Oxford University to develop three classes 

of oxide cathode materials as a higher-voltage for LIBs (Figure 24).96 

 

Figure 24. Three categories of cathodes for LIBs by Manthiram et al. (adapted from Ref.96). 

 

Common materials currently used as LIB cathodes include layered lithium transition metal 

oxides, polyanionic compounds, and Mn-based spinel (LiMn2O4) oxide.207 In the following, 

some of the classes of cathodes will be examined in detail with examples of each. 

 

2.2.3.2.1. Layered lithium transition metal oxides 

One of the challenges for LIB scientists is to develop and discover new cathode materials with 

superior performance. In the 1970s, the topotactic reaction was found.208 Since then, the 

layered lithium transition metal oxides, due to their appealing merits, have been developed 

through research and innovation in intercalation materials.207, 208 Layered lithium transition 

metal oxides can be represented by the general formula of LiNixCoyMnzO (where x+y+z≈1).207 

The formula can be simplified as LiMO2, where the (M) is usually an electrochemically active 



 
30 

transition ion ( M=Co, Ni, and Mn) and electrochemically inactive substituent cations ( Li, Al, 

and Mn).207, 209 

Layered lithium transition metal oxides are normally a trigonal crystal system. The M-cation’s 

average oxidation state is (+3) (such as Co, Ni, and Mn).209 In this structure, Li-ion and (M) are 

positioned in octahedral sites in the lithium layers, and a cubic close-packed oxygen array is 

situated in slabs of octahedra formed by (M) and oxygen atoms.207, 210 Layered lithium 

transition metal oxides can be divided into two types of naming: basic layered transition metal 

oxides and polyanionic compounds, which will briefly be discussed in the following.207, 210 In 

basic layered transition metal oxides, three materials can be referred to as lithium manganese 

oxide (LiMnO2), lithium nickel oxide (LiNiO2), and lithium cobalt oxide (LiCoO2).207 LiCoO2 is 

more attractive in this category due to its convenient manufacturing process and synthesis 

using chemical and solid-state techniques.211, 212 

LiCoO2 (LCO) is the first cathode used as a cathode material for LIBs on an industrial scale since 

1980.211, 212 This cathode delivers a practical capacity of around 140 mAh g-1 at a potential of 

2.4 V vs. Li+/Li.211, 212 The issues with LCO are the high price of cobalt and its high toxicity, which 

has reduced interest in its use.211, 212 The schematic structure of LCO has been shown in 

Figure 25 as one of the basic layered transition metal oxide cathode materials.213 LiNiO2 was 

first introduced in 1954 and was considered an alternative to LCO due to its low price and low 

toxicity.214, 215 This cathode has a structure similar to LCO in which Co3+ is substituted with Ni3+, 

and with an average operating potential of 4 V vs. Li+/Li, it shows a capacity equivalent to 

250 mAh g-1 along with a high-rate capacity.214, 215 

 

Figure 25. Polyhedral illustration of a LiCoO2 unit cell (adapted from Ref. 40). 

 

LiNiO2 with the basic formula of LixNi1+xO2 instead of LixNiO2 is limited due to the blocking of 

the path of Li-ion due to the tendency of Ni2+ ions with Li+ sites during the manufacturing and 

delithiation process.216-219 Moreover, the other limiting factors for these types of cathodes are 

not fully reversible rhombohedral phase transition, limiting cut-off potential, and poor thermal 
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tolerance. Also, the pure form is unfavorable for this cathode for safety reasons.216-219 

Consequently, other materials such as nickel, aluminum, and magnesium have been 

substituted partially in LiNiO2 cathode materials.216-219 

Due to the lower price of manganese and its lower toxicity in comparison with other layered 

oxide materials, such as LiMnO2, were widely researched.220 This class of materials includes 

much more complex structures because they can form multiple structures.220 LiMnO2 pure-

form synthesis is difficult and possesses unstable structures during the delithiation process 

compared to other layered oxide materials, such as LCO.220 The basic structure of these types 

of cathodes is electrochemically active, and they have a zigzag-type orthorhombic with Pmnm 

symmetry and a monoclinic with C/2m symmetry structure.38, 221, 222 The layered oxide 

materials in the potential range of 2.5-4.3 V vs. Li+/Li can deliver a theoretical capacity of 

285 mAh g-1 with a practical specific capacity of around 200 mAh g-1. The layered oxide 

materials are limited due to capacity fading. At the same time, the spinel structure is formed.38, 

221, 222  

Ternary layered lithium transition metal oxides have been extensively researched due to their 

high energy density, easy processing, viability for commercial production, and high operating 

potential.223 Ternary layered lithium transition metal oxides contain three sub-categories.106 

These sub-categories are nickel-layered oxide (LiNi1/3Mn1/3Co1/3O2), nickel-rich layered lithium 

transition metal oxides, and Al-substituted NCM.142 The working potential range between 2.5-

4.5 V vs. Li+/Li can deliver a capacity of around 200 mAh g-1.223-225 

In recent years, Li-rich layered cathode material has received much attention due to its high 

specific capacity at room temperature (250 mAh g-1).226 Currently, overcoming low power 

density, low cycling stability, and voltage decline for these cathode materials with existing 

technologies such as modification and surface coating is available.227, 228 These materials are 

shown by 𝑥𝐿𝑖2𝑀𝑛𝑂3 ∙ (1 ∙ 𝑥)𝐿𝑖𝑀𝑂2 formula where M includes manganese, nickel, cobalt, or 

a combination.226 The high cost, limited resources, and toxicity of cobalt have become the 

reason for the popularity of the Li-Ni-Mn-O system among Li-rich materials.229, 230 

 

2.2.3.2.2. Polyanionic compounds 

Polyanionic compounds include a component with strong covalent bonding between the 

tetrahedral polyanion structure and their derivatives with transition metal oxide 

(Figure 26).231, 232  
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Figure 26. Polyhedral illustration of a LiFePO4 unit cell (adapted from Ref.40). 

 

Compared with conventional layered transition metal oxides, polyanionic compounds have 

stability and higher thermal tolerance, which makes them more attractive to employ in LIBs.211, 

233-235 The interest in polyanion compounds started with the LiFePO4 electrochemical 

performance report.209, 235, 236 Polyanic compounds include the Olivine structure (including 

carbon nanoparticle-coated LiFePO4 and polymer-coated LiFePO4), tavorite structure 

(including fluorosulfates and fluorophosphate), orthosilicate, and borate.237-239  

The Olivine-type cathode working potential ranges at 2.0-5.0 V vs. Li+/Li and can deliver a 

reversible capacity of 110-175 mAh g-1.233-241 Tavorite-structure cathodes with the general 

M(PO4) or M(SO4) formula are gaining attention due to their high stability and long cycling 

performance.242-249 The tavorite structure cathode working potential ranges between 2.0-5.2 V 

vs. Li+/Li and can deliver capacities around 100-150 mAh g-1.242-249 Borate components, such as 

hexagonal-LiMnBO3, have working potentials ranging between 1.2-4.8 V vs. Li+/Li and can 

provide a capacity between 90-140 mAh g-1.242, 250, 251 The orthosilicate components, such as 

Li2MSiO4 (M=Fe, Mn, Co, Ni) as the cathode, operate in the working potential ranges between 

1.5-4.8 V vs. Li+/Li and can deliver a capacity up to around 250 mAh g-1.252-255 

 

2.2.3.2.3. Mn-based spinel oxide 

Face-centered cubic (FCC) spinel lithium manganese oxide (LMO) with the formula of 𝐿𝑖𝑀𝑛2𝑂4 

has been widely explored for cathode materials.256 LMO has a theoretical capacity of 

148 mAh g-1 with an electrical conductivity of 10-4 S cm-1, an ion conductivity of 10-6 S cm-1, and 

working potential of around 4.1 V vs. Li+/Li.257, 258 LMO has advantages over other cathode 

materials, such as high thermal stability and high energy density due to high working potential, 

high capacity, low toxicity, long cycle of life, and good safety.259, 260 One reason LMO has 
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received widespread attention is its three-dimensional 3D structure for Li+ insertion, which is 

depicted in Figure 27.261 The 3D host network functions well and can improve ion transport 

and capability, especially at high rates.260, 262  

 

Figure 27: Polyhedral illustration of the structure of the spinel LiMn2O4 (adapted from Ref.40). 

 

MOs have a cubic structure, and in terms of crystallography, they belong to the Fd3̅m 

symmetry group. The structural formula for LMO is ([Li+](8a)[Mn3+, Mn4+](16d)O4), and it can be 

represented by the crystal lattice of Li(8a)[Mn2](16d)O4 model.262 Thus, 16d, 8a, and 32e sites are 

occupied by manganese, lithium, and oxygen, respectively.262 LMO has limitations, such as 

capacity fading caused by structural transformation and transition metal dissolution.263 

The dissolution of manganese ions during the cycling process occurs in the organic electrolyte 

due to the disproportionate reaction, as shown in Equation 16.263 

𝟐𝑴𝒏𝟑+ → 𝑴𝒏𝟒+ + 𝑴𝒎𝟐+ Equation 16 

One of the challenges to fully understanding the electrochemical capabilities of the LMO 

cathode and its application in LIBs is metal dissolution based on the Jahn-Teller distortion 

phenomenon.95, 258, 264 The structural Jahn-Teller (J-T) distortion in the discharge state is related 

to different structures of manganese.57, 179 LMO involves many structures and tie-lines 

associated with the nature of manganese, which can have different oxidation states.95, 258, 264 

The most important oxidation states are II, IV, and VII, where II is the most stable.265 The reason 

is that the average oxidation state of manganese (nMn) is 3.5+ due to the equal ratio of Mn3+ 

and Mn4+ in octahedral site cubic spinel LMO.258 

𝐿𝑖1+𝑥𝑀𝑛2𝑂4 (Redox couple of Mn4+/Mn3+) is responsible for the charge compensation for the 

LMO lithiation.95 The octahedral Mn3+, which is (1+x; x>0), is the mentioned formula and is a 

J-T ion, unlike the Mn4+ (1-x; x>0).95 During cycling, degradation of LMO occurs while more 

than half of the total magnesium percent is Mn3+.89, 264 The Mn3+ insertion inside the cubic 
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lattice changes it to a tetragonal shape. In reverse, the delithiation cubic symmetry of LMO in 

the complete range of (0 < y < 1) for 𝐿𝑖1−𝑦𝑀𝑛2𝑂4 can be maintained.139, 264, 266, 267 In LMO, 

ideally, when (y = 0.5) Li-ion in both interpenetrating FCC Li patterns subsets occupies a 

diamond-like array at 8a sites.259 The lithiation of Li+ in an anode vs. LMO can be explained as 

a two-stage electrochemical process as shown in Figure 28. 258  

The main reason for the two plateaus in the LMO lithiation/delithiation is the behavior of Li-

ion ordering in the Mn+4/Mn+3 redox couple.258 In the first stage, it is faced with a decrease of 

about 0.15 V to the limit of 4.1 V vs. Li+/Li, and then, with a tetrahedral-to-octahedral Li 

sublattice shift, it shows a further decline.258 This phenomenon affects LMO cycling, limiting it 

to one lithium atom for every two manganese atoms in each cycle.264 

In the first stage, the single-phase reaction happens at a voltage plateau of around 4.1 V vs. 

Li/Li+, as shown in Equation 17.258, 264 The second process, around 2.8 V vs. Li/Li+, is related to 

the two-phase single reaction in the second stage, as shown in Equation 18. 258, 264  

𝑳𝒊𝑴𝒏𝟐𝑶𝟒  → 𝑳𝒊 𝟏−𝑿𝑴𝒏𝟐𝑶𝟒 + 𝒙𝟎. 𝟓𝑳𝒊+ +  𝒙𝟎. 𝟓𝒆− (𝒙 < 𝟎. 𝟓) Equation 17 

𝑳𝒊 𝟏−𝑿𝑴𝒏𝟐𝑶𝟒  → 𝟐𝑴𝒏𝑶𝟐 +  (𝟏 − 𝒙)𝑳𝒊+ + (𝟏 − 𝒙)𝒆− (𝒙 > 𝟎. 𝟓) Equation 18 

 

Figure 28. Galvanostatic charge curves for Li-ion lithiation and delithiation of LMO cathode material 

(adapted from Ref.95). 
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2.2.3.3. LIB Electrolytes 

Electrolytes act as storage and carriers of the ions and have been extensively researched for 

their use in LIBs.84, 268 Some crucial factors such as voltage range, conductivity, viscosity, 

thermal stability wetting properties, compatibility, and cost play a role in determining the 

suitable electrolyte to be used.84, 268 To qualify as an electrolyte, a substance must fulfill 

criteria:24 

• It should efficiently conduct ions without conducting electricity. 

• It should not react with electrodes. 

• It should withstand temperature changes without degradation. 

• It should be safe to handle and also cost-effective. 

Four categories of electrolytes utilized in LIBs can be mentioned organic electrolytes, aqueous 

electrolytes, ionic liquid electrolytes, and solid-state electrolytes.269 Below is an overview of 

the types of electrolytes employed in battery technology.  

 

2.2.3.3.1. Organic electrolytes 

Organic electrolytes are currently the most common type of electrolyte used in batteries in 

cellphones, laptops, and electric and hybrid vehicles.270 An organic electrolyte usually dissolves 

a metal salt with weak and large coordinating anions to a standard 1 mol dm-3 

concentration.271 These types of electrolytes, such as ethylene carbonate (EC), propylene 

carbonate (PC), and dimethyl carbonate (DMC), and their mixtures have ionic conductivity of 

around 10 mS cm-1 plus with a wide electrochemical window around 4 V.270, 271 The main 

consideration for applying this type of electrolyte on a commercial and industrial scale is safety 

due to the flammability of organic electrolytes.272 There is a great demand for safer solvents, 

such as γ-butyrolactone and sulfolane, with cost-effective pathways and a smaller 

environmental footprint.273 

 

2.2.3.3.2. Aqueous electrolytes 

Aqueous electrolytes are often a cost-effective option compared to organic electrolytes.274-276 

However, a challenge arises when the potentials surpass 2.5 V, leading to water splitting into 

hydrogen and oxygen gases, which poses an obstacle for using electrolytes.274, 275 To address 

this issue, utilizing materials that can prevent the oxidation and reduction of water can help 
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widen the window.277, 278 Another significant difficulty for these electrolytes is finding materials 

that are compatible with redox reactions within the restricted electrochemical window.276, 279  

For instance, graphite material is not suitable for use in LIBs due to the intercalation of Li+ into 

graphite occurring below the potential of hydrogen evolution at -2.9 V vs. SHE.276, 280 In studies, 

researchers select this electrolyte over nonaqueous ones when investigating cathode 

materials.274, 275, 280, 281 This decision was influenced by the belief that the simple nature of this 

electrolyte can provide a conducive environment for exploring the fundamental aspects of the 

Li-ion intercalation/deintercalation process compared to nonaqueous alternatives.274, 275, 280, 

281 

2.2.3.3.3. Solid electrolytes 

The flow of ions between the electrodes is the main role of an electrolyte, and liquid 

electrolytes can facilitate that aim.282 However, some cons, such as electrochemical and 

thermal instability, cost, and safety, justify considering a new class of electrolyte.282 Solid 

electrolytes can be classified into two categories, inorganic and organic, and can be used for 

metallic anodes and sulfur cathodes with high capacity.85 One example of an inorganic solid 

electrolyte is β-alumina, a polymorph of Al2O3 with an unusual, layered structure 

commercialized in the 1960s and can be used in high operation temperatures where both 

anode and cathode material are molten. In inorganic electrolytes, constant swelling and 

shrinking of the material where the electrodes undergo large volume changes.283  

This is the main issue with inorganic electrolytes and can result in a lack of contact with the 

electrode, and the cell will die if the contact is disrupted.284 Organic material development 

back in 1973 was shown, channeling the ions possible in these classes of electrolytes.285-288 

Poly(acrylonitrile),285 poly (vinylidene fluoride)287, and poly (methyl methacrylate) are the 

usual types of organic solid electrolytes, and poly (ethylene oxide) (PEO) is the most popular 

one used for LIBs.288 Organic solid electrolytes, compared with inorganic solid electrolytes, are 

less thermally stable, and as a result, they can operate in lower potential windows. 285-288 

 

2.2.3.3.4. Ionic liquid electrolytes 

Ionic liquids, such as aluminum trifluoromethane sulfonate and AlCl3 mixed with 1-ethyl-3-

methylimidazolium chloride, are also electrolytes that can be utilized in LIBs.289, 290 These 

liquids exhibit better conductivity compared to organic electrolytes because of their high ion 

content and can resist an electrochemical stability range of up to 3.25 V. 289, 290 Researchers are 
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exploring the potential use of ionic liquids as safer substitutes for organic electrolytes, in 

rechargeable LIB systems to improve device safety.291, 292 Ionic liquids are known for their ion 

transport and wide chemical, electrochemical, and thermal stability.293, 294 Although individual 

ionic liquids may not consistently meet all device requirements or operating conditions, their 

properties can be precisely adjusted by modifying their structure.295, 296  

 

2.2.3.4. Other components for LIBs 

When designing batteries, enhancing the specific energy of LIBs is all about increasing the 

proportion of materials or components that actively participate in electrochemical reactions, 

aiming for as close to unity as possible.37 Simultaneously, efforts are made to reduce the 

percentage of materials and components that do not contribute to these reactions.297 The path 

forward for LIBs involves advancing and refining the production methods and exploring new 

materials that don’t actively participate in the electrochemical processes.297 A full battery 

includes many necessary components, even though the anode, cathode, and electrolyte 

normally are the center of focus for LIBs research.297, 298 Some components, including 

separators, binders, current collectors, and conductive agents, will be briefly discussed.  

 

2.2.3.4.1. Conductive agent  

Other important agents in cell components whose type and morphologies greatly impact the 

LIBs storage performance are conductive agents, even though they occupy a tiny mass 

percentage.299, 300 Building a multidimensional conducting network is the goal for conductive 

agents, which is greatly affected by the mass ratio.299, 301, 302 The increased performance is due 

to different mechanisms caused by the conductive agents, such as polarization prevention 

during lithiation and delithiation at high rates and cell internal resistance reduction, which 

improves electrolyte absorption.301 There are various types of conductive agents used in LIBs, 

including vast groups of nanostructured carbon materials such as 1D-carbon nanotubes, 2D-

graphene, and the most popular one, 0D-carbon black, or a combination.300, 302  

 

2.2.3.4.2. Current collector 

The current collectors are usually metallic substrates in LIBs and act as agents that hold the 

electrode materials together and collect and deliver the electrons to the electrode mass 

loading.303 The main conditions for selecting the current collector materials include inactivity 
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during the cell operation (to avoid corrosion) and conductivity.304 In LIBs, due to their low cost 

and anti-corrosion behavior, aluminum foil (Al-foil) is the most frequently used current 

collector for cathode electrodes and some anodes.304 Also, copper foil (Cu-foil) is used due to 

the inactivity of low potential in LIBs system for anode material.305, 306 Other substrates, such 

as molybdenum or tungsten, can be used as a current collector, but they can increase the cost 

by up to 70%.305, 306 Despite being susceptible to corrosion, steel could be suitable due to cost 

efficiency, and also carbon-based materials can be a good option.303, 305, 306 However, what is 

evident is that development in the current collectors can be highly dependent on electrolyte 

advances.303 

 

2.2.3.4.3. Binders 

Binder materials keep the components of electrodes, such as active material, conductive 

agent, etc., together by boasting mechanical properties and adhesion abilities.307-309 The 

binder can have a crucial effect on battery performance if we consider the following points 

caused by binder degradation.310-313  

• There is a risk of losing contact due to the weakening of the mechanical stability of the 

electrode.310-312 

• Decrease of practical capacity in forming LiF species immobilizing lithium.310-312 

• Increase the total impedance of the cell ascribable to highly electronically and ionically 

resistive LiF.310-312 

These components include SBR, which are strands of styrene-butadiene rubber, PTFE 

(polytetrafluoroethylene), and PVdF (polyvinylidene fluoride, the structure of which is shown 

in Figure 29).307-310, 314-316 

 

Figure 29. The structural formula of the polyvinylidene fluoride (adapted from Ref.319). 
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PVdF, due to its combination of electrochemical and thermal stability, can be used for anode 

and cathode electrodes in LIBs.310-312, 314, 317, 318 

 

2.2.3.4.4. Separators 

Separators can be defined as glass microfiber (in the lab or on a small scale) or carbon-based 

polymers, particularly polyolefin barriers (on an industrial and commercial scale).320 The 

separator is moistened with electrolytes and acts as a catalyst to help ions move from the 

cathode to the anode during charging, and in the opposite direction during discharging.321 

Ions, which are atoms that have lost or gained electrons, become electrically charged.321 

Although ions move freely between the electrodes, the separator itself is an insulator and does 

not conduct electricity.322 Separators are usually placed between the anode and cathode to 

preserve conditions such as allowing the active species to flow and avoiding short circuits.320 

Advances in separator materials are in different directions.323 For example, on an industrial 

scale, polymer separators have been customized to melt and act as a complete barrier in case 

the temperature gets too high.324 In this, any further ion flow will be completely cut, resulting 

in the battery shut down in a fail-safe mechanism.320, 323, 325 From another perspective, 

technological developments in thinner materials, which ease the flow of the active species, 

and eco-friendly sources, such as cellulose, which reduce the environmental impact of 

functionalized polymers, are in demand.326  

 

2.3. Supercapacitors 

Supercapacitors also referred to as ultracapacitors and electric double-layer capacitors, have 

attracted attention for their charge/discharge speeds (1-10 s) and enhanced cyclic stability 

(>30,000 cycles) for their toughness and ability to function in a temperature range (-40 °C to 

+70 °C), and markable power from a power standpoint.327-335 A supercapacitor operates as a 

system for pulse currents utilizing levels to achieve exceptional specific power.327-335 From a 

power standpoint, a supercapacitor operates as a system for pulse currents utilizing levels to 

achieve very high specific power (10,000 W Kg−1) in under a minute.332, 336 The introduction of 

supercapacitors dates back to 1978 when NEC Corporation (Nippon Electric Company, Limited) 

implemented them as power sources for computer memory.330  

Since then, supercapacitors have developed into energy storage solutions with applications 

that leverage various energy storage mechanisms and deliver performance that complements 
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LIBs.327, 328 A supercapacitor consists of two electrodes, an electrolyte, and a separator, as 

illustrated in Figure 30.337  

On one side, the properties of the materials can impact the range of the electrodes and greatly 

influence how well the supercapacitor works.330, 331 Conversely, the electrolyte, typically a mix 

of salt and solvent, helps balance the charge on both electrodes by aiding conductivity within 

a cell.335, 336 The electrolyte is crucial for predicting supercapacitor performance and plays a 

role in storing electric charge.330, 332, 333 Various electrolytes with sizes/types and ion/solvent 

concentrations are utilized for supercapacitors, such as aqueous organic and ionic liquid 

electrolytes.330, 332, 333, 338 In terms supercapacitors are categorized into three groups based on 

how they store energy; Electrical double-layer capacitors (EDLCs), Pseudocapacitors (PCs), and 

hybrid supercapacitor batteries (HSC).  

 

Figure 30. Schematic view of a symmetric electrical double-layer capacitor using porous electrodes in 

the charged state (adapted from Ref.337). 

 

• Electrical double-layer capacitors store energy using ion electrosorption. The electrical 

energy stores the energy at the interface of the electrode and the electrolyte, where the 

electrical double-layer capacitance forms because of the electrostatic attraction between 

the polarized electrode and the electrolyte counter-ions.332-335 The accumulation of 

electrons at the electrode is a non-Faradaic process; hence, no redox reaction occurs.332-

335 In EDLCs, used electrode materials include carbon-based substances like activated 

carbon (AC) and graphene due to their affordability, high electrical conductivity, and easily 

created structures.332-335  
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• Pseudocapacitors operate through the process where electrons are directly transferred 

through oxidation at one electrode and then reduction at the redox reaction.332, 333 In 

pseudocapacitors, capacitance is achieved by exchanging charge between the electrolyte 

and the electrodes in a similar manner to how batteries work.327-335 Pseudocapacitors are 

used for high-power applications requiring rapid charge/discharge and long cycle life but 

offer lower energy density. Batteries are better suited for applications with high energy 

density and longer-term energy storage, but there are trade-offs in power density and cycle 

life.327-335 Pseudocapacitors provide more competitive capacitance compared to EDLCs due 

to their higher energy density. This makes them more promising for enhancing the specific 

energy and power density of supercapacitors.330, 332, 333 The most studied pseudocapacitive 

materials by far are transition metal oxides, conducting polymers, and composite 

materials.327-335 Materials with fast reaction kinetics, improved dynamic reaction, 

structural stability, and conductivity are highly crucial to achieving a long lifespan of 

supercapacitors.339, 340  

• Hybrid supercapacitor batteries have been developed and investigated to compensate for 

the limitations of EDLCs and LIBs.303, 339, 341, 342 Figure 31A-C schematic illustration of LIB, 

EDLC, and asymmetric hybrid battery capacitors to simply demonstrate the major 

differences between the three energy storage devices.303, 339, 341, 342 Mainly, Hybrid 

supercapacitor batteries use both battery-type and capacitor-type electrodes, making it a 

high energy and power output and fast charging device: it acquires the energy output from 

the battery-type electrode, while the power output and quick charge/discharge rate come 

from the capacitor-type electrode.339, 340, 343 They offer a compelling solution for 

applications requiring both high energy and power densities, alongside long-term 

durability and safety.303, 339, 341, 344 However, the drawback of HSCs is even though they 

exhibit high specific energy at low current density, this advantage diminishes significantly 

at higher current densities, limiting their practical applications.303, 339, 341, 344  

• The Li-ion capacitor composed of graphite anodes and active carbon cathodes in an organic 

electrolyte based on carbonates is the most recognized example of an asymmetric HSC; at 

present, this cell type is already on the market.345, 346 Theoretically, it is possible to reverse 

this electrochemical arrangement and establish a hybrid supercapacitor with a positive 

electrode from a LIB and a negative electrode from an electrical double-layer capacitor.347 

The first asymmetric HSC in this configuration can be assembled using LTO as an anode 
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material and activated carbon as a cathode material.348 An electrical double layer is created 

at the interface between the activated carbon cathode and the electrolyte. At the same 

time, Li-ion migrates from the Li-ion-containing electrolyte and integrates into the crystal 

structure of the LTO anode.347  

 

Figure 31. Schematic view of (A) LIB, (B) EDLC, (C) asymmetric hybrid, and (D) hybridization of the 

electrode. Blue/red spherical particles indicate active material particles, while activated carbon is 

shown as regular black hexagons.  

 

• Another way to achieve hybridization involves combining Faradaic charge storage materials 

with highly porous carbon materials in the same electrode.349, 350 Two distinct approaches 

to achieve this electrode hybridization are utilizing hybrid materials or forming composite 

electrodes.349, 350 In the former approach, Faradaic energy storage materials are directly 

incorporated during the synthesis of materials onto materials such as activated carbon, 

carbon nanotubes, carbon nanofibers, onion-like carbons, or graphene.351-357 Concurrently, 

the capacity and energy are boosted by the presence of the Faradaic charge storage 
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material.349 The hybrid material approach offers precise control over electrochemical 

performance by adjusting process parameters, allowing the tuning of charge storage 

mechanisms.349 The latter approach to hybridize electrodes involves mixing LIB materials 

with activated carbon, all in the same electrode, through mechanical mixing as shown in 

Figure 31D.358, 359  

This combination not only sidesteps the issue of blocking pores in the activated carbon but 

also lowers the cost with readily available materials.358, 359 It would be possible to hybridize 

both electrodes simultaneously or mix and match by pairing a composite electrode with a LIB 

or an EDLC electrode.360, 361 The materials already used for HSC are LiMn2O4, lithium 

phosphate, LiFePO4, and hard carbon; all possess stable structures and exhibit no side reactions 

with electrolytes.331, 339-341, 348, 362-365 The LTO characteristics such as zero-strain material 

because of minor volume changes (about 0.2%) during lithiation and delithiation, stability, and 

long cycling performance have been vastly used in hybrid supercapacitor batteries as anode 

material.341, 354 Meanwhile, spinel LMO has been considered a favorable cathode material 

candidate due to its 3D-ion diffusion channels, low cost, safety, high natural abundance of 

manganese, and relatively high capacity.339-341, 348, 364, 365  

 

2.4. Dry electrode process 

The dry electrode technology is quickly gaining recognition as an advancement for the 

generation of batteries, especially LIBs.366 Its introduction into the battery industry has brought 

about changes in production methods and electrode microstructure.366 At the core of this 

technology is the removal of solvents. Unlike LIB manufacturing, which involves creating a 

slurry with materials and solvents, the dry electrode process directly applies a dry powder of 

active materials onto the current collector, eliminating the need for solvents.366, 367 This 

streamlined approach reduces production steps compared to methods that require solvent 

mixing, coating, drying, and solvent recovery processes along with equipment and energy 

inputs.368, 369 The dry electrode method simplifies manufacturing by eliminating these stages, 

making the production line more efficient.369 Various techniques have been developed for the 

electrode process, with some common ones being the spraying deposition process, polymer 

fibrillation process, extrusion and melt process, and mechanical compression process. 

Descriptions of these techniques have been provided here.367 
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• Extrusion and melt process: The process involves using heat and mechanical pressure to 

mix active materials, conductive additives, and polymer binders as illustrated in 

Figure 32.367, 369, 370  

 

 

Figure 32. Schematic view of a typical procedure for applying extrusion and melt method for 

electrode preparation (adapted from Ref. Copyright Elsevier 2024369). 

In this process, all the components are introduced into an extruder device where they are 

heated until the polymer binders melt for the mixing process. The resulting molten mixture 

is then extruded through a die to shape it into a sheet or a specific form before being 

cooled.371 This method allows for control over composition, thickness, uniformity, and 

mechanical strength.371, 372 However, it is important to adjust temperature settings and 

extrusion parameters to ensure material consistency and optimized performance when it 

comes to large-scale production.372 

• Dry spray deposition process: As shown in Figure 33, this process involves converting 

materials into aerosols and applying them onto a substrate. In the next step, heat or 

pressure activates binders for particle adhesion and mechanical stability.369, 373-375  

  

Figure 33. Schematic view of a typical procedure for applying dry spray deposition method for 

electrode preparation (adapted from Ref. Copyright Elsevier 2024369). 
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This technique aids in reducing compound emissions and minimizing energy and material 

costs, potentially improving the homogeneity of materials and performance.375 However, 

challenges such as managing powder flowability and ensuring proper deposition control 

may be faced.376, 377 The difficulties mentioned in adapting the process remain a 

challenge.376, 377 

• Polymer fibrillation process: The process of polymer fibrillation can be explained as 

converting polymer binders into networks to improve the properties and structural 

integrity of battery electrodes, as illustrated in Figure 34.368 In the first step, active 

materials, conductive agents, and polymer binders are mixed.378, 379 These components go 

through stress from extrusion calendering or shearing processes, causing the polymer 

binders to form fibrils that twine with parts to create a structure.380 Key challenges include 

ensuring fibrillation and optimizing processes for quality and performance during large-

scale production should be met.380 

 

Figure 34. Schematic view of a typical procedure for applying polymer fibrillation method (PTFE 

fibrillation) for electrode preparation (adapted with permission from Ref. Copyright Elsevier 2023 

368). 

 

Mechanical compression process: As illustrated in Figure 35, involves pressing a mixture of 

active materials, conductive additives, and polymer binders to create a solid and united 

electrode.368, 381-383 To start, the dry powder blend is evenly spread on a collector. Then, it is 

compressed under high pressure using methods such as calendering.381 This compression step 

helps to compact the materials into a layer and ensures that there is contact between particles 

and even distribution of binders.384 By enhancing the strength and electrical conductivity of 

the electrode, mechanical compression plays an important role in its performance.384 

However, challenges appear in maintaining pressure distribution and optimizing compression 
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parameters for large-scale production to become confident that material unity and 

performance reliability.384, 385 

 

Figure 35. Schematic view of a typical procedure for applying mechanical compression method for 

electrode preparation, adapted with permission from Ref. (Copyright Elsevier 2023) 368 

 

The dry electrode process offers cost benefits due to the elimination of solvent-related steps 

that cut down energy use and reduce the need for costly equipment used in drying and solvent 

recovery.386 This results in production expenses and more cost-effective batteries.366, 386 

Additionally, the dry process is eco-friendly as it reduces emissions that can contribute to 

pollution.387 By excluding the usage of solvents, this method helps reduce pollution and 

minimizes the risks associated with handling these chemicals.387, 388 Apart from cost and 

environmental advantages, the dry electrode process plays a role in boosting battery 

performance in many ways.387, 389 Greater energy density translates to battery life.388, 389 

Improved power storage capacity, vital for applications across consumer electronics and 

electric vehicles.390, 391 

Furthermore, the dry electrode process can modify microstructures to enhance ion transport 

efficiency and mechanical strength.390, 392 This could result in batteries that do not perform 

better but have extended lifespans.393 However, implementing the process in LIB 

manufacturing comes with challenges that must be addressed for a transition from wet 

processes.393 Key concerns include binder selection since binders must offer cohesion without 

solvents while maintaining integrity and electrical connectivity.393 

Creating mixtures of materials with densities is a challenging task without the use of a liquid 

medium as it can lead to potential separation.394 Moreover, it is important for the process to 
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strike a balance between cohesion and adhesion since solvents, which are commonly used as 

adhesives, are not present.392, 394 Specialized equipment is essential for handling and blending 

particulate materials while compacting them into uniform films.391 Additionally, integrating the 

process with wet production lines may require significant adjustments that call for substantial 

investment.391 While the dry method holds promise in terms of advantages, it is crucial to 

address these obstacles before incorporation into LIB manufacturing.392 

 

2.5. Digitalization of battery manufacturing 

The increase in electric vehicles (EVs) is related to expansion, technological progress, 

growing consumer interest, and substantial investments from car manufacturers.395, 396 

Despite facing some challenges, the overall outlook for this industry looks promising, 

with an expected 70 percent of all travelers choosing EVs as their pick of transportation 

by 2040.397 Significant advancements have been achieved in LIBs technology with 

improvements in energy capacities extended lifespan and reduced battery costs.398, 399 

The manufacturing and assembly processes play a role in enhancing the performance 

of these batteries.400, 401 Enhancements in these areas impact the development of 

environmentally friendly energy storage systems. The nature of modern technology 

necessitates that manufacturing systems transition towards intelligent procedures, 

driven by advancements in tools, machinery, interface components, and the 

workforce.400, 401  

This shift focuses on aspects like enhanced intelligence and customized sustainable 

manufacturing methods to Integrate battery research and innovation to drive 

advancements toward Industry 4.0.398, 399, 402 Despite the successful giga-scale 

production of LIBs that led to significant cost reduction, it still faces challenges in 

maintaining operational and quality standards.403, 404 With the precise sequential steps 

in the battery manufacturing chain and the complex adaptability of these steps with 

many individual process parameters, there is a key need for optimization beyond the 

conventional trial-and-error approach.401, 405 This is exactly where digitization-based 

automation can play an important role. Creating virtual copies of the actual 

manufacturing process can accelerate time to market and increase profitability by 
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reducing cell prototyping and optimizing costs.400, 405 These virtual improvements can 

minimize the costs associated with redesign and tool changes if problems are identified 

before the pre-series launch. 399, 402  

Additionally, the operations of digitalized giga factories are expected to optimize 

production in real time, enhancing productivity, product reliability, and overall 

quality.406 The concept of digitalization has proven successful in various domains, such 

as converting analog product features into digital values.396, 402 These facilitate 

electronic and informational transfer, storage, and data processing.407 While some 

aspirations for digitizing the battery manufacturing process are ambitious, the vision is 

to progress toward automated decision-making, unmarked mechanical automation, 

and symbiotic integration with human input.406, 407 The ultimate goal is to have battery 

manufacturing facilities that are entirely interconnected and smart, spanning from raw 

materials to the production of finished battery cells.407  

The future of battery manufacturing relies on digitalizing the process using digital twins 

(DTs).407, 408 This transformation significantly benefits product quality, resource 

efficiency, production time, and cost.408, 409 However, the extensive use of data in DTs 

requires careful consideration of data accuracy, security, and evolving technology 

challenges to meet goals in battery manufacturing digitalization.408, 410 Battery 

manufacturing proposed a three-structure with main steps, including electrode 

preparation, cell assembly, and battery activation by formation.408, 411 Three levels can 

be defined to achieve these aims, including digital manufacturing framework, models, 

and standards (Figure 36).412  

The first level is the digital manufacturing framework, which is associated with data 

collection from the physical manufacturing and adjustment with the communication 

network, relying on real-time data sharing.410, 412, 413 The digital manufacturing 

framework is like a smart system that helps machines communicate and process 

information.396, 409 Ensuring machines can communicate with each other is important 

for creating DTs.409, 413 These DTs need to share real-time information with the 

machines. At the same time, special sensors are used to measure important things 

during the manufacturing process.413  
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Figure 36: Illustration of a protocol for manufacturing LIBs that integrates digitalized machine learning 

and artificial intelligence (adapted from Ref.395). 

 

All this information is stored in a central place so we can look at it later to improve the 

manufacturing process or resolve any problems.395 The digital manufacturing 

framework includes data acquisition, interoperability, communication protocols, 

ontologies for battery manufacturing, and digitalization frameworks and APIs.395 The 

model’s second level defines the manufacturing routes of structural parameters, 

machines, and equipment, while the third one is associated with standards that 

provide extensive mechanisms to determine the stages necessary for the full digital 

approach.412, 414 Overall, to address the challenges in manufacturing, experts from both 

academic and industrial backgrounds should explore various options to develop a user-

friendly tool that organizes and integrates with the newly revolutionized manufacturing 

process.415, 416 

An example of a manufacturing process is illustrated in Figure 37 to explain the 

mentioned processes in more detail.398 The manufacturing process includes numerous 

inter-connected variables such as physical, chemical, interfaces, electronic, and ionic 

transport properties.398  
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• Firstly, creating a digital tool with AI algorithms to validate physics-based and 

multiscale models is essential for the long-term plan. 406, 415 This process aims to 

integrate the diverse next generation of manufacturing technologies beyond just 

batteries and across various fields.406, 415  

• Secondly, supporting battery second-life applications involves recycling, swapping, 

fast charging, life cycle, and thermal management systems.415, 416 Next, application-

oriented manufacturing involves effective database management, data 

visualization, and virtual manufacturing techniques.415  

• Finally, tools for processing and recycling spent LIBs were created to enhance 

battery capacity’s quality, reliability, and lifespan.415 It is important to implement 

accurate multisensory monitoring across the interface, cell, and system levels.416, 417 

 

Figure 37: Illustration of a protocol for manufacturing LIBs that integrates digitalized machine learning 

and artificial intelligence (adapted from Ref.398). 

 

In real-world working conditions, these parameters are pushed to their limits to meet 

end-users requirements.417, 418 Consequently, the challenge lies in the absence of real-

time monitoring data that can comprehensively explain the complexity, hindering the 
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development of an efficient battery management system (BMS).418, 419 BMS typically 

oversees system-level metrics like temperature, current, and voltage to forecast battery 

quality, reliability, lifespan, thermal runaway, and safety.419, 420 

  



 
52 

3. MATERIAL, STRUCTURAL, AND ELECTROCHEMICAL 

CHARACTERIZATION METHODS 

3.1. Dynamic light scattering 

Dynamic light scattering (DLS) was employed to estimate the particle size distributions in 

suspension, specifically the hydrodynamic diameters. This was done using a Malvern 

Mastersizer 2000 device equipped with a Hydro 2000S module. The preparation process 

involved stirring the mixture powders in 30 g of ethanol for 2 h. Following this, the mixture 

was sonicated for 30 min to ensure thorough dispersion. The sonicated mixture was then 

gradually added to a reservoir containing approximately 150 mL of de-ionized water. This 

addition continued until a laser obscuration of 7% was achieved. During the DLS 

measurements, a refractive index of 1.33 for water and 2.42 for carbon was considered, while 

the refractive index of ethanol was neglected.  

To maintain consistency during the measurements, the diluted suspension was stirred at a 

speed of 2000 rpm and sonicated with an output power of 100%. The results were gathered 

using particle size distribution histograms and detectors positioned to capture front, back, and 

side light scattering. It was observed that carbon deposition on the device’s walls led to a 

decrease in laser obscuration over time, which could affect the accuracy of the measurements. 

This factor was taken into consideration when interpreting the results. The collected data 

provided detailed insights into the particle size distribution, aiding in the understanding of the 

suspension characteristics. 

 

3.2. Rheology measurements 

Rheological tests were conducted using an Anton-Paar MCR302e rheometer to determine the 

flow and deformation behavior of the samples. Stainless steel cone plates with an opening 

angle of 1° and a diameter of 25 mm were employed for the measurements, which were 

carried out at a controlled temperature of 25°C. Before each test, the samples were pre-

sheared at a shear rate of 10 s⁻¹ for 2 min to ensure uniformity and eliminate any previous 

shear history. Following the pre-shearing, the sample was allowed to rest for 15 min to 

stabilize. During the measurements, the time allocated for each data point was adjusted in a 

logarithmic manner. For lower shear rates, each point was measured for 100 s to capture 

detailed viscosity behavior. 



 
53 

Conversely, for higher shear rates, the measurement time per point was reduced to 2 s to 

gather data across a wide range of shear rates efficiently. This meticulous testing procedure 

ensured that accurate and reliable rheological data were obtained, providing valuable insights 

into the material’s properties under different flow conditions. The gathered data were critical 

for understanding the material’s performance and potential applications. 

 

3.3. Grindometer measurements 

A BEVS Fineness of Single-Channel Grind Gauge 1903/100 was utilized as a grindometer, 

following the ISO 1524 standard. For the test, 0.3 mL samples were placed in the deepest part 

of the trough. To avoid the formation of air bubbles, some of the samples overflowed the edge. 

The scraper was then drawn across the gauge at a steady speed of 1-2 cm s-1, held 

perpendicular to the gauge top, and aligned with the long side of the gutter, moving towards 

the shallow end. The gauge was examined immediately after spreading the coating while it 

was still wet. This examination was conducted at an angle of 30 (±2) degrees relative to the 

top of the indicator. The particle size was determined by observing the initial appearance of 

scratches in clusters on the specimen, specifically in linear locations forming about a 3 mm 

transverse strip.  

Additionally, optical photographs were captured using a Dino-Lite Premier video microscope. 

These photographs provided further visual documentation and analysis of the particle size and 

distribution within the sample. This accurate approach ensured precise measurement and 

thorough analysis of the particle sizes according to the standardized method. 

 

3.4. Scanning electron microscopy  

For the top-sectional view scanning electron microscopy (SEM) was performed using a Gemini 

500 system from Zeiss. The samples were first placed on copper adhesive tape and then 

mounted on aluminum stubs. The samples were examined without the application of an 

additional conductive sputter coating. The analysis was conducted at acceleration voltages 

ranging from 1-10 kV. Because of the high-resolution imaging capabilities of the Gemini 500 

system and thorough sample preparation, precise scanning electron micrograph analysis 

results were ensured. 

For the cross-sectional view, a ZEISS Sigma 300 VP FE-SEM SE detector was utilized at an 

acceleration voltage of 10 kV. The working distance was set between 3-6 mm. These samples 
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were embedded in epoxy resin to provide stability and support. The embedded samples were 

then metallographically prepared through a process of grinding and polishing to achieve a 

smooth surface for analysis. This preparation and analysis method allowed for detailed 

examination of the samples’ surface and cross-sectional structures, providing valuable insights 

into their morphology and microstructural features.  

 

3.5. X-Ray diffraction 

 X-ray diffraction (XRD) was performed using a D8 Discover diffractometer (Bruker AXS) 

equipped with a copper X-ray source operating at 40 kV and 40 mA and a two-dimensional 

VANTEC-500 detector. A Göbel mirror with a 1 mm point focus was utilized for the 

measurements. The samples were analyzed at angles ranging from 20°-80° 2θ, with a step 

width of 20° 2θ and a measurement time of 1000 s per step. The powder samples were affixed 

onto an optical glass sample holder with a depth of 0.5 mm. All scans were normalized to a 

range of 0 to 1. System calibration was carried out by adjusting positions and measuring a NIST 

1976b corundum standard. This accurate procedure ensured precise and reliable XRD 

measurements, providing detailed insights into the crystalline structure of the samples. 

 

3.6. Raman spectroscopy 

Raman spectroscopy was carried out using a Renishaw inVia Raman system that had an Nd: 

YAG laser with a wavelength of 532 nm and a power output of 0.05 mW focused on the sample 

with a numerical aperture of 0.75. Each sample was analyzed at five points, with each 

spectrum captured for 30 s and accumulated five times to enhance signal clarity. This method 

improved the quality and reliability of the data collected. Two Voigt peaks were assumed for 

the D-mode and G-mode to analyze the spectra. The powder samples were mounted on glass 

microscope slides during measurement procedures. The recorded spectra underwent cosmic 

rays. Normalization to a scale ranging from 0 to 1. Calibration using a silicon standard was 

performed before. After measurements are taken to ensure precision and consistency in the 

results obtained.  

 

3.7. Electrochemical characterization  

A BioLogic BCS-810 battery cycler was used to perform cyclic voltammetry (CV) and 

galvanostatic charge and discharge measurements. For the LTO anode half-cell, a potential 
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window of 0.01-3.00 V vs. Li+/Li was used, with scan rates of 0.1 mV s-1 and 5.0 mV s-1. For 

galvanostatic charge and discharge measurements of the LTO anode half-cell, a potential range 

of 0.01-3.00 V vs. Li+/Li was used, with specific currents varying from 0.1 A g-1 to 20.0 A g-1.  

Electrochemical impedance spectroscopy (EIS) was performed using a VMP3 multi-channel 

potentiostat and galvanostat from Bio-Logic, equipped with EC-Lab software. EIS analysis for 

the LTO anode half-cell was conducted after 100 full lithiation/delithiation cycles at a specific 

current of 2.5 A g-1. The frequency range was 10⁻² Hz to 10⁵ Hz, with an alternating-current 

oscillation of 5.00 mV. All electrochemical tests were conducted under constant temperature 

conditions of 25± °C in Binder climate chambers. 

For the post-mortem investigations, the LTO half cells were held at 3.00 V vs. Li+/L for 12 h to 

ensure delithiation consistently. Following this, the cells were taken apart in a glovebox. The 

LTO electrodes were rinsed with 5 mL of dimethyl carbonate (DMC) and air-dried at room 

temperature under vacuum conditions. This process guaranteed that the electrodes were 

adequately prepared for analysis. 

The LFP cathode half-cell was analyzed within a potential window of 2.2 V vs. Li+/Li and 4.2 V 

vs. Li+/Li, at scan rates ranging from 0.1 mV s-1 to 1.0 mV s-1. For LMO and LMO//AC, a potential 

window of 3.0 V vs. Li+/Li to 4.5 V vs. Li+/Li was employed, with scan rates also between 

0.1 mV s -1 and 1.0 mV s-1. 

The LTO//LFP full cells were tested within a cell voltage range of 1.00-2.50 V, using scan rates 

between 0.10 mV s-1 and 1.00 mV s-1. For galvanostatic charge and discharge tests, the 

LTO//LFP and LTO//LMO full cells were examined within a voltage range of 1.00-2.50 V, with a 

specific current of 0.2 A g-1 and 0.5A g-1, respectively. 

For full cells, the EIS measurements were taken on pristine samples, as well as after 100 and 

500 full lithiation/delithiation cycles at 0.2 A g-1. The frequency range for both cell types was 

10-2 to 10⁵ Hz, with an alternating-current oscillation of 5.00 mV. All electrochemical tests were 

conducted under constant temperature conditions of 25±1°C in Binder climate chambers. 
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4. OPTIMIZED LITHIUM TITANATE OXIDE ANODE MANUFACTURING   

4.1. Materials 

All chemicals were purchased commercially and used as received without any purification. 

Li₄Ti₅O₁₂ nanopowder (LTO, ~200 nm) was purchased from Sigma-Aldrich. Super C65 (C65) 

conductive carbon black was from IMERYS Graphite & Carbon. Dimethyl sulfoxide solvent 

(DMSO, ≥99.9%, anhydrous) and Polyvinylidene fluoride binder (PVdF) were procured from 

Sigma-Aldrich, respectively. Battery-grade copper foil current collector with 25 µm thickness 

was obtained from MTI Corporation.  

 

4.2. LTO anode preparation 

Figure 38 shows the preparation steps for LTO anodes. Initially, 70 mass% LTO nano-powder 

and 20 mass% C65 conductive carbon black were manually ground in a mortar for five minutes 

(min) before it was blended in a centrifugal mixer (SpeedMixer (SM), DAC 150 SP Hauschild) 

for 15 min at 2500 rpm.  

 

Figure 38. The manufacturing mixing routines of lithium titanate anode. 
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DMSO solvent was added dropwise to control the consistency of the slurry, and the mixture 

was put in SM for 10 min at 2500 rpm. Subsequently, 10 mass% PVdF binder solution was 

added to the above mixture, followed by another round of mixing using the SM for 10 min at 

800 rpm. The mixing speed and duration of the dry and wet mixtures were varied to investigate 

the effect of these parameters in controlling the particle sizes, distribution, and uniformity, as 

elaborated in the subsequent sections. The final slurries were coated onto a battery-grade 

copper foil current collector using a micrometer doctor-blade (MSK-AFA-HC 100, MTI 

Corporation) at a speed of 7.5 mm s-1, achieving a wet thickness of 150 µm. The coated 

samples were first air-dried in a fume hood for 12 h, followed by a drying step in a vacuum 

oven at 80 °C and 60 mbar for another 12 h. Ultimately, the dried coatings were calendered 

using a rolling press (MSK-HRP-01, MTI Corporation), with the press gap set to 42% of the initial 

coating thickness (ranging from 55-90 µm). 

 

4.3. Half-cell assembly using LTO anode 

Figure 39 illustrates a CR2032-type Li-ion battery coin cell assembly using an LTO anode. All of 

our cells are assembled with high precision and quality, making them suitable for use in LIB 

testing and applications. Our thorough preparation and controlled environment are critical for 

obtaining consistent, reliable, and reproducible results in subsequent experimental 

evaluations and practical energy storage solutions. The LTO half-cell assembly was carried out 

in an MBRAUN Argon-filled glove box, where oxygen and water levels were maintained below 

0.1 ppm to ensure a controlled environment. The cells were fabricated in coin cell format using 

commercial CR2032 cases from PI-KEM. Lithium chips (Ø = 15 mm, MTI Corporation) were 

used as both the counter and reference electrodes. 

The working electrodes were the LTO discs (Ø = 12 mm, approximately 2.7 mg cm², and around 

31 µm dried thickness). Whatman GF/F glass fiber discs (Ø = 18 mm) were punched and used 

as separators between the electrodes. 

 

Figure 39. Illustration of a CR2032-type Li-ion battery coin cell assembly using LTO anode. 



 
58 

For each coin cell, 150 µL of an electrolyte solution consisting of 1 M LiPF6 salt in a mixture of 

ethylene carbonate and dimethyl carbonate (EC, 1:1 by volume, Sigma-Aldrich), was injected. 

This electrolyte solution is essential for facilitating Li-ion movement within the cell. Two 

stainless steel 304 spacers (thickness = 0.5 mm, PI-KEM) were used for each coin cell, and the 

cells were sealed under a pressure of 1000 psi using a hydraulic crimping machine (MSK-110, 

MTI Corporation). 
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4.4. Results and discussion 

The content in this section is adapted from the article “Enhanced development and potential 

scope for spinel lithium titanate anode for high-speed lithium-ion batteries.“ The article offers 

an investigation into the methods and elements used to improve the preparation and 

efficiency of spinel lithium titanate anodes. All contributions are thoroughly listed and 

acknowledged in Section 12. 

 

4.4.1. Characterization analysis of raw LTO powder  

The structure and morphology of raw LTO active material were first investigated via scanning 

electron micrograph analysis. Figure 40A-F displays the low and high-magnification scanning 

electron micrographs of the raw LTO powder. As shown, LTO powder is composed of 

agglomerated porous particles ranging from 500 nm to 2 μm in diameter. 

 

Figure 40. Low and high-magnification scanning electron micrographs of raw LTO powder from Sigma-

Aldrich. 
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It was observed that the nanosized LTO particles tend to aggregate, possibly due to their high 

surface energy. These densely agglomerated particles can negatively affect the overall 

performance of LTO-based anodes by hindering uniform Li-ion insertion and extraction within 

individual grains. Additionally, the LTO nanoparticles within these grains may lose their 

effectiveness during cycles of high current as the diffusion lengths of Li-ions tend to increase. 

Figure 41A displays the X-ray diffractograms of raw LTO powder. All the diffraction peaks in the 

XRD pattern of the LTO powder sample exhibited high crystallinity and were indexed as spinel 

LTO with the Fd3̅m space group, parallel with JCPDS card 49-0207.421-423  

Diffraction peaks with 2θ values around 18.3°, 30.2°, 35.5°, 37.2°, 43.2°, 47.3°, 57.2°, 62.8°, 

and 66.0° are assigned to (111), (220), (311), (222), (400), (331), (333), (440), and (531) planes 

of spinel LTO, respectively. Figure 41B shows the Raman pattern of raw LTO powder. This 

examination presented, in-depth insights, into the behaviors of the particles further 

confirming the details derived from X-ray diffraction. The Raman pattern of pristine LTO 

powder resembles a typical pattern with a spinel structure defect.423, 424 The main 

interpretation contains six major and minor bands.425  

In particular, four major bands centered at 232 cm−1, 355 cm−1, 435 cm−1, and 675 cm−1 are 

attributed to F2g, F2g, Eg, and A1g vibrations in TiO6 octahedra, LiO6 octahedra, LiO4 tetrahedra, 

and TiO6 octahedra, respectively. The minor band located at 751 cm−1 is known as the A1g 

shoulder. The combined results from these analyses confirmed the consistency of the LTO 

powder’s properties with known standards. The scanning electron micrographs show structure 

formation, and both X-ray diffraction patterns and Raman pattern indicated that the untreated 

LTO powder exhibited crystallographic and molecular features.  

 

Figure 41. (A) X-ray diffractogram and (B) Raman pattern of raw LTO powder.  
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The detailed study of the shape and structure is important in figuring out how LTO particles 

behave when used practically. The characteristics we have discovered show the importance of 

managing the particle size and morphology of LTO powder. We believe that these particular 

characteristics play a role in improving the battery performance and overall effectiveness of 

LTO-based anodes in LIBs.  

 

4.4.2. Characterization analysis of Super C65 conductive carbon black 

The scanning electron micrograph analyses were employed to gain a better understanding of 

the morphological aspects and primary particle dimensions of the C65 conductive agent. The 

scanning electron micrographs in Figures 42A-F show the C65 carbon black, with particles 

ranging from 30-50 nm.  

 

Figure 42. Low and high-magnification scanning electron micrographs of C65 conductive carbon black. 
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Figure 43A displays the X-ray diffractograms of C65. The XRD pattern exhibits distinct peaks at 

25.2° 2θ and 44.2° 2θ, corresponding to the (002) and (011) crystallographic planes, 

confirming the graphite structure and providing insights into its orientation and lattice spacing. 

The broad peak at 25.2° 2θ is linked to the disordered nature of graphite revealing disorder, 

indicating a lack of long-range order in graphite layer stacking. This type of disorder indicates 

a lack of long-range order in the stacking of the graphite layers.426 This disorder influences 

material crystallinity, impacting its conductivity and performance in applications like LIBs. 

Figure 43B displays the Raman pattern of C65. In the Raman pattern, the D-band and G-band 

are particularly important. The G-band peak around 1600 cm-1 is associated with the sp2-

bonded carbon atoms in a graphitic lattice. The D-band peak appeared around 1350 cm-1, 

indicating the presence of sp3-bonded carbon atoms, reflecting structural defects and disorder 

within the material.423, 427  

 

Figure 43. (A) X-ray diffractograms and (B) Raman pattern of C65 conductive carbon black.  

 

This sp2/sp3 ratio which was calculated to be around 1.18 is directly linked to the level of 

graphitization and the presence of content in C65 and provides a clear view of the properties 

of carbon. A higher sp2 content typically signifies conductivity and structural organization 

qualities that are desirable for use in LIBs and other electronic devices.428, 429  

By combining scanning electron micrographs, XRD, and Raman analyses, it can gain an 

understanding of both the shape and crystallographic structure of this carbon material. 

Thorough examinations of morphology and structure are essential for evaluating how well C65 

performs in applications in improving the conductivity and overall effectiveness of LIBs. We 

believe that the spherical shape and tiny size of the particles play roles in creating high surface 

area and conductive properties within the material. 
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4.4.3. Extensive optimization of LTO electrode preparation details 

During the preliminary testing, we aimed to achieve a more homogeneous composition for 

preparing the LTO electrode to address several issues we observed as follows:  

1. The surface of the production electrode was highly uneven. 

2. The adhesion of the particles to the current collector was rather weak. 

3. The dispersion of active substances per unit surface area was exceptionally low.  

To address these issues, different mixtures were prepared in the dry state using LTO powder 

and C65. The dry mixing speed and time with a speedmixer were then varied, preparing 16 

types of dry mixtures, as summarized in Table 2. 

Table 2. The dry mixing steps for the LTO mixtures (including C65 and LTO powders) in the SpeedMixer. 

Sample Dry mixing in a mortar 

(Time, min) 

Dry mixing with SpeedMixer 

(Speed, rpm) 

Dry mixing with SpeedMixer 

(Time, min) 

Mixture A 10 500 5 

Mixture B 10 1500 5 
Mixture C 10 2500 5 
Mixture D 10 3500 5 
Mixture E 10 500 10 
Mixture F 10 1500 10 
Mixture G 10 2500 10 
Mixture H 10 3500 10 
Mixture I 10 500 15 
Mixture J 10 1500 15 
Mixture K 10 2500 15 
Mixture L 10 3500 15 
Mixture M 10 500 20 
Mixture N 10 1500 20 
Mixture O 10 2500 20 
Mixture P 10 3500 20 

 

4.4.3.1. LTO/C65 dry mixture: Identification of mixing time in mortar 

As illustrated in Figure 39, the materials were first mixed in a mortar on a fixed weight ratio of 

70 mass% LTO powder (which is considered for each electrode preparation 0.7 g) and 

20 mass% C65 (which is considered for each electrode preparation 0.2 g). This mass ratio was 

maintained consistently across all produced electrodes. The mixing time of the LTO and C65 

powders in the mortar was varied for 5 min, 10 min, 15 min, 20 min, and 30 min, respectively. 

We observed that mixing time above 10 min has no significant effect on the particle size and 

only resulted in the mixtures adhering to the mortar. In this regard mixing for more than 10 min 

made it impossible to collect the mixture from the mortar completely, leading to unavoidable 

material loss.  
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Given this, 10 min of mixing in the mortar was defined as the optimum mixing time for the 

powder mixture in the dry state. The raw materials, however, appeared as fragile plates in the 

mortar after mixing, with some amount lost during the process. To compensate for this loss, 

the initial amount of materials was increased by 5 mass%, resulting in 73.5 mass% for LTO and 

21 mass% for C65. This adjusted preparation method aimed to produce a more homogeneous 

mixture and improve the electrode’s surface uniformity, particle adhesion to the current 

collector, and the amount of active material per unit surface area.  

 

4.4.3.2. LTO/C65 dry mixture: Identification of mixing time and speed in SpeedMixer 

Approximately 90 mass% of the dry mixtures were transferred into the special SpeedMixer 

containers. In the next step, the containers were sealed to secure the mixture and avoid any 

contamination. They were placed in the chamber of the SpeedMixer ( DAC 150 SP Hauschild), 

as depicted in Figure 44 and mixed at various mixing speeds (500 rpm, 1500 rpm, 2500 rpm, 

and 3500 rpm) and times (5 min, 10 min, 15 min, and 20 min).  

 

Figure 44. The mixture of C65 and LTO was added to the mortar and, after manual mixing, the dry 

mixture was transferred to a special container for mixing in the SpeedMixer. 

 

The SpeedMixer offers control over mixing parameters, ensuring consistency and reliability, in 

preparing materials. This mixing method is subject to forces that enhance component 

distribution and integration, which is a step in achieving the desired quality and performance 

of LTO electrodes. Following the mixing process, each sample underwent inspection and 

morphological analysis using scanning electron microscopy (Figures 45A-D). 

Notably, speeds below 2500 rpm (500 rpm and 1500 rpm) showed a minor impact on the 

particle size distribution of materials. Similar results were observed for the mixtures that were 

prepared at speeds (3500 rpm). Mixtures stirred at 2500 rpm for durations (5 min and 10 min) 
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exhibited effects on particle size and distribution, while those mixed for 15 min at this speed 

experienced a significant reduction in particle sizes.  

 

Figure 45. High-magnification scanning electron micrographs of mixtures C, G, K, and O, as defined in 

Table 2. 

 

To further understand the impact of mixing speed in a defined duration, we inspected the dry 

mixtures visually. Figure 46 displays the actual photographs of samples mixed in SpeedMixer 

at 500 rpm, 1500 rpm, 2500 rpm, and 3500 rpm for 15 min, respectively. Large LTO particles 

were evident in the dry mixture that was mixed at 500 rpm for 15 min. The LTO particles were 

either completely uncovered or only partially covered by the conductive agent. When the 

stirring rate was raised to 1500 rpm, a more even distribution (based on visual observation) of 

the substance with the conducting agents was noticed within the mixing duration. After 15 min 

of mixing at 2500 rpm, the mixture appeared smoother and more uniform suggesting a mixed 

and uniform combination of the substances. The dry mixture mixed at a high speed of 

3500 rpm for 15 min prompted the agglomeration of the LTO powder, forming a hard 

conglomeration of solid flake structure that mostly stuck to the SpeedMixer container.  

After reviewing the findings, it was determined that setting the mixer to 2500 rpm and mixing 

for 15 min is the combination for blending the LTO and C65 powders in their form. The analysis 
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underscored how crucial it is to choose the mixing speed for achieving a mixture of LTO and 

C65. The ideal speed and duration did not decrease the particle size but ensured that the 

conductive agent fully coated the LTO particles, improving the electrode material's overall 

mixing quality and performance. 

 

Figure 46. Actual photographs of the samples mixed in SpeedMixer at 500 rpm, 1500 rpm, 2500 rpm, 

and 3500 rpm for 15 min.  

 

Scanning electron microscopy and Dynamic Light Scattering were employed to provide insights 

into the particle size distributions and helped confirm the pre-defined mixing duration and 

time to achieve the most homogeneous mixture. We prepared five samples to use for 

thorough analysis, as listed in Table 3. 

The manual mixing of LTO and carbon black powder in the mortar was fixed for 10 min. The 

mixing speed in SpeedMixer was fixed for 2500 rpm while the mixing duration varies from 

0 min, 5 min, 10 min, 15 min, and 20 min. The samples were labeled according to the mixing 

speed and duration to analyze the particle sizes. 

1. DM 0, where „DM“ stands for Dry Mixing, refers to the samples without mixing in the 

SpeedMixer. 

2. DM 2500-5 indicates a sample blended in the SpeedMixer for 5 min at 2500 rpm. 

3. DM 2500-10 refers to a sample mixed for 10 min at 2500 rpm. 

4. DM 2500-15 associated with a sample mixed for 15 min at 2500 rpm. 

5. DM 2500-20 corresponds to a sample mixed for 20 min at 2500 rpm. 

It was focused on the effect of varying the duration of mixing at a constant speed of 2500 rpm 

to the particle sizes and overall homogeneity of the mixtures. 
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Table 3. Parameters were set to find the optimum dry mixing duration. DM stands for dry mixing, and 

SM stands for speed mixer. The labeling was as follows: 

Sample name DM in a mortar 

(Time, min) 

DM with SM  

(rpm, min) 

DM 0 10 0 

DM 2500-5 10 2500, 5 

DM 2500-10 10 2500, 10 

DM 2500-15 10 2500, 15 

DM 2500-20 10 2500, 20 

 

Figures 47A-F show scanning electron micrographs of the LTO and C65 powders combined at 

a speed of 2500 rpm for different durations (0 min, 5 min, 10 min, 15 min, and 20 min). These 

visuals show insights into the surface features and structural interactions between the two 

materials. The images reveal the shapes and sizes of the LTO and C65 particles, showcasing 

their morphologies.  

 

Figure 47. Scanning electron micrographs of different powder samples (A) DM 0, (B) DM 2500-5, (C) 

DM 2500-10, (D) and (E) DM 2500-15, and (F) DM 2500-20. 

 

Further investigation on particle sizes shown in Figure 48 presents dynamic light scattering 

data for mixtures of LTO and C65 powders. The DLS analysis validates the findings from 

scanning electron micrographs and quantifies shifts in particle size distribution, enhancing our 

understanding of how blending impacts the characteristics of LTO and C65 powders. Most 

particles in DM 0 samples measured within the range of 50 nm to 2 mm (which indicates the 

primary particle size). Upon mixing these samples at 2500 rpm in the SpeedMixer, a noticeable 

reduction in particle sizes was observed. Extending the mixing time to 15 min resulted in 
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decreases in particle sizes, with more than 80% of particles falling within the range of 30 nm 

to 1 µm and an average length around approximately 250 nm. When the stirring time 

surpassed 15 min, there was a rise in the size of the particles.  

Therefore, starting with a prolonged mixing time at such high speed can enter large forces on 

particles and, by reducing the surface energy, cause larger average particle sizes. Through 

control of the duration and speed of mixing, it has been determined that it is achievable to 

decrease particle size without the clumping that arises from mixing. Our findings from 

analyzing scanning electron micrograph data and conducting DLS measurements allowed us to 

determine the mixing parameters, such as using 2500 rpm for mixing speed and 15 min for 

mixing time in the mixture’s dry state. 

 

Figure 48. Dynamic light scattering measurements to identify the particle sizes for different applied 

speeds and durations in the mixture of powder samples, DM 0, DM 2500-5, DM 2500-10, DM 2500-15, 

and DM 2500-20.  

 

4.4.3.3. Wet mixture: Identification of the amount of solvent added to the dry 

mixture 

The starting steps for creating the LTO slurry can be seen in Figure 49. Initially, DMSO solvent 

was added to the dry mixtures and mixed at 2500 rpm for 10 min using the SpeedMixer. 

Following this, a binder solution with 10% PVdF by mass was added to the slurry and mixed for 

10 min in the SpeedMixer at a reduced speed of 800 rpm to ensure proper dispersion of the 
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binder. Each resulting slurry was then transferred to the stirrer mixer and stirred for different 

durations to achieve complete homogenization and optimize mixture consistency. This process 

involves speed mixing followed by binder addition and slower mixing, aimed at producing a 

uniform and stable slurry.  

.

 

Figure 49. The wet mixing procedure for the C65 mixture in the SpeedMixer was used to obtain the 

initial and final slurries. 

 

The use of stirring further ensured the distribution of all components, resulting in a well-

blended slurry suitable for electrode preparation.430 Typically, the drying phase consumes 

about 47% of the total process energy. By reducing the solvent quantity, manufacturing 

becomes cost-effective and energy-efficient, leading to a drying period. This increase in 

efficiency results in reduced costs and a smaller environmental impact. To explore how the 

mixing method impacts the flow characteristics of the slurry, the quantity of solvent added to 

each of the five samples was adjusted, as outlined in Table 4. Each sample went through a 

mixing process to ensure a distribution of the solvent, enabling a precise evaluation of the 

slurry’s flow properties after dry mixing. 

Table 4. Parameters and the amount of solvent were set during the rheology tests. DM: Dry Mixing, 

WM: Wet Mixing. SM: SpeedMixer. 

Sample name DM in a 

mortar (min) 

DM with SM 

(rpm, min) 

The ratio of the 

solvent mass% 

to the mixtures 

WM with SM 

(rpm, min) 

S-DM 0 5 - 16:5 - 

S-DM 2500-5 5 2500, 5 11:5 2500, 5 

S-DM 2500-10 5 2500, 10 19:10 2500, 5 

S-DM 2500-15 5 2500, 15 8:5 2500, 5 

S-DM 2500-20 5 2500, 20 8:5 2500, 5 
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By analyzing how the solvent was distributed and its impact, on flow properties it became 

more clear how to enhance the efficiency of the dry mixing process. This necessary step played 

a role in optimizing material production for improved performance in the final product.  

We noted that varying amounts of solvent were necessary to achieve slurries with viscosity 

levels. For example, S-DM 2500-15 requires 50% more solvent than S-DM 0 to reach the 

desired viscosity. This variation in the amount of solvent can be related to varying sizes 

between LTO and C65, in the mixtures, directly influencing the amount of solvent needed for 

viscosity levels. 

These discoveries highlight the significance of adjusting quantities based on the characteristics 

of each blend to ensure consistent slurry viscosity. As shown in Figure 50, varying solvent levels 

maintained the samples' viscosity, between 2.4-3.4 Pa s for a shear rate of 50 s⁻¹.  

 

Figure 50. Viscosity vs shear rate for different applied durations in initial slurry samples, S-DM 0, S-

DM 2500-5, S-DM 2500-10, S-DM 2500-15, and S-DM 2500-20. 

 

This specific shear rate comparison was selected by calculating the shear rate employed during 

deposition through doctor blading using Equation 19. The coatings were applied with a doctor 

blade comma gap of 150 µm and a casting coater speed of 7.5 mm s-1. where (𝛾)̇ is the shear 

rate in s-1, (𝑣) velocity in mm s-1, and (ℎ) the gap height in mm. 

�̇� = 𝒗 ∙ 𝒉−𝟏 (Equation 19) 
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The consistent viscosity achieved with solvent levels suggests that the mixing process 

effectively produced a slurry. Keeping viscosity stable within the range of 2.4-3.4 Pa s indicates 

that solvent distribution filled gaps between LTO and C65 particles resulting in a mixture. 

By understanding how various mixing conditions impact sizes and solvent needs, precise and 

effective formulations can be developed, ultimately enhancing product performance and 

consistency. It is important to mention that maintaining a viscosity range is vital, for the steps 

of making electrodes ensuring that the slurry can be applied smoothly and processed without 

any flow or application problems. Ultimately we establish a ratio of 8:5 solvent mass to the dry 

mixture, for use in the following stages. 

 

4.4.3.4. Wet mixture: Identification of the mixing time and speed in SpeedMixer 

To study how the initial wet mixing process impacts slurry particle size using the Grindometer 

we utilized the samples detailed in Table 5. A generous amount of slurry (10.0 mL) was 

prepared for consistency with 0.3 mL of slurry separated for each stage. The first wet sample 

was taken after speed mixing at 2500 rpm for 5 min and was labeled Slurry 2500-5.  

Additional slurry samples were prepared and labeled as Slurry 2500-10, Slurry 2500-15, and 

Slurry 2500-20 after 10 min, 15 min, and 20 min at 2500 rpm, respectively. 

Table 5. Parameters were set for the optimum initial wet mixing duration. DM: Dry Mixing, WM: Wet 

Mixing. SM: SpeedMixer. 

Sample name DM in a 

Mortar (min) 

DM with SM 

(rpm, min) 

The ratio of the 

solvent mass% 

to the mixtures 

WM with SM 

(rpm, min) 

Slurry 2500-5 10 2500, 15 8:5 2500, 5 

Slurry 2500-10 10 2500, 15 8:5 2500, 10 

Slurry 2500-15 10 2500, 15 8:5 2500, 15 

Slurry 2500-20 10 2500, 15 8:5 2500, 20 

 

In the initial wet mixing process that was conducted for more than 10 min at 2500 rpm before 

adding the binder, the particle size in the slurry remained consistent, staying under 5 µm, as 

shown in Figure 51. Consequently, a mixing duration of ten minutes at a speed of 2500 rpm 

seemed optimal. The slurry mixed under these conditions (referred to as Slurry 2500-10) was 

chosen for the steps. Following this optimized process, a blend of PVdF in DMSO (constituting 

10% by mass) was introduced into the slurry. This mixture then underwent mixing in 

SpeedMixer for 10 min at 800 rpm. 
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Figure 51. Photographs of grindometer results for (A) Slurry 2500-5, (B) Slurry 2500- 10, (C) 

Slurry 2500-15, and (D) Slurry 2500-20. 

 

4.4.3.5. Wet mixture: Identification of the mixing time and speed in mechanical 

stirrer 

The main goal was to make sure that the final mix reached the desired consistency and 

uniformity. We recorded each change in stirring time to see how it affected the quality of the 

mixture. This particular stage was set up to find out the conditions for making the product. By 

trying out stirring times of 0 h, 24 h, 48 h, 72 h, 96 h, and 144 h, we thoroughly checked how 

extended stirring impacted the mix. We kept an eye on each time to note any alterations in 

particle distribution and overall uniformity of the mixture. By understanding these impacts, 

we could spot the stirring duration, which would ensure that our mix met all necessary 

standards for fine electrochemical performance. These discoveries offer insights into how to 

stir and what properties our mixture should have for future production processes.  

Every sample, as shown in Table 6, underwent an examination to monitor any changes in the 

viscosity, uniformity, and stability of the mixture. This helped us figure out how long we needed 

to stir to keep our desired slurry qualities intact, which is important for boosting efficiency and 

quality in our production process. We delved into how different stirring times affected the 

characteristics of our slurry, shedding light on the stirring duration needed to achieve superior 

outcomes. 
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Table 6. Parameters were set to find the optimum stirring time. DM stands for dry Mixing, WM for wet 

Mixing, SM for speed Mixer, and MS for magnetic stirrer. 

Sample 

name 

DM in a 

mortar (min) 

DM with SM 

(rpm, min) 

WM with SM 

(rpm, min) 

WM with SM 

(rpm, min) 

Stirring on MS 

(rpm, h) 

LTO 0 5 2500, 15 2500, 10 800, 10 0 

LTO 24 5 2500, 15 2500, 10 800, 10 500, 24 

LTO 48 5 2500, 15 2500, 10 800, 10 500, 48 

LTO 72 5 2500, 15 2500, 10 800, 10 500, 72 

LTO 96 5 2500, 15 2500, 10 800, 10 500, 96 

LTO 144 5 2500, 15 2500, 10 800, 10 500, 144 

 

In Figure 52, all the above-mentioned samples are displayed at stages and are explained as 

follows: 

• Sample A (LTO Ref): Reference sample depicting the particle size distribution. 

• Sample B (LTO 0): sample showing larger particle sizes. 

• Sample C (LTO 24): Stirred for 24 h exhibiting some decrease, in particle size. 

• Sample D (LTO 48): Stirred for 48 h indicating a notable reduction in particle size to less 

than 5 µm. 

• Sample E (LTO 72): Stirred for 72 h maintaining small particle sizes (<5 µm). 

• Sample F (LTO 96): Stirred for 96 h displaying a reduction, in particle size. 

• Sample G (LTO 144); Stirred for 144 h sustaining particle sizes. 

 

Figure 52. Actual photographs of grindometer results for (A) LTO Ref, (B) LTO 0, (C) LTO 24, (D) LTO 48, 

(E) LTO 72, (F) LTO 96, and (G) LTO 144. 

 

After analyzing the impact of durations, it was found that a minimum of 48 h of stirring could 

yield similar particle sizes to the original slurry. Specifically, after stirring for 48 h with the 

binder added, the final slurry achieved particles under 5 µm. Through monitoring and analysis, 
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we were able to manage the mixing process to achieve the desired particle size and slurry 

consistency. This valuable data plays a role in enhancing the manufacturing process and 

improving product quality. 

 

4.4.4. LTO electrode characterization 

4.4.4.1. Characterization analysis 

Figure 53 illustrates the coatings post-drying and calendering procedures. Each sample 

underwent a process of drying the slurry to eliminate any solvent, ensuring a solid and stable 

coating. The samples were categorized based on their stirring durations: LTO 0 for no stirring, 

LTO 24 for 24 h, LTO 48 for 48 h, LTO 72 for 72 h, LTO 96 for 96 h, and LTO 144 for 144 h of 

stirring. The impact of durations on the outcome was evaluated by examining the electrode 

surfaces. The LTO 0 coating displayed an uneven texture with the presence of large particles 

and irregular distribution. In contrast, the LTO 24 coating exhibited enhancements in particle 

distribution and uniformity compared to LTO 0; however, large particles were still visible. 

 

Figure 53. Photographs of electrode surfaces after calendering (A) LTO 0, (B) LTO 24, (C) LTO 48, (D) 

LTO 72, (E) LTO 96, and (F) LTO 144. 

 

Significantly, the LTO 48 coating demonstrated improvements such as reduced particle sizes 

and enhanced coating quality. A better quality coating was observed in the case of the LTO 72 

sample, with a more uniform surface texture indicating the beneficial impact of extending the 

stirring time beyond 48 h. Both the LTO 96 and LTO 144 coatings showed quality comparable 

to that of the LTO 72 sample. The coatings appear to stay consistent and even show no signs 

of decline in quality, which means extending the time does not have an impact on the coating 

quality appearance. The observations show that stirring for 48 h creates a good-quality coating 

with a uniform surface. To confirm the influence of stirring time further, we examined the 

electrode structure using scanning electron microscopy. 



 
75 

In Figure 54, it can be seen images of dried electrodes after calendaring to rate the level of LTO 

agglomerations on the surface at stirring times. These images revealed that as the stirring time 

increased from 0 h to 72 h, there was a decrease in particle agglomeration. However, when 

the stirring duration went beyond 96 h, surface grooves started appearing. These discoveries 

are important for refining the production process. It emphasizes the need for a balance 

between mixing and avoiding excessive mechanical strain. Our research showed that an 

optimal stirring duration falls within the range of 48 h to 72 h, ensuring uniformity and quality 

in the coating without causing surface harm. 

 

Figure 54. Photographs (Magnification: 30X) of the dried electrodes after calendaring (A) LTO 0, (B) 

LTO 24, (C) LTO 48, (D) LTO 72, (E) LTO 96, (F) LTO 144. 

 

Figure 55 shows the scanning electron micrographs of calendered LTO samples to offer a more 

detailed look at particle morphology. The analysis of scanning electron micrographs is 

summarized as follows: 
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• Figure 55A: LTO 0 sample displays unevenness and clumping of LTO particles, showing 

mixing and distribution. The presence of particle clusters up to around 20 µm is 

evident. 

• Figure 55B: Following 24 h of stirring, the surface of the LTO 24 sample shows 

improvement with roughness and fewer LTO clumps compared to the initial LTO 0 

sample. The particles are distributed evenly, although some larger clusters are still 

present. 

• Figure 55C: In the case of LTO 48, a uniform surface was observed, with noticeably 

fewer agglomerates. The large particles that were visible in samples were now barely 

discernible, indicating mixing and improved particle distribution. 

• Figure 55D: Similarly, the surface quality of the LTO 72 sample remains high, similar to 

that of the LTO 48 sample. The particles are evenly spread out with signs of clusters, 

demonstrating that optimal stirring duration has been maintained. 

• Figure 55E: It shows that the LTO 96 sample has surface grooves, which is the result of 

the stirring. Although the particle distribution is consistent, the presence of grooves 

suggests that excessive mechanical stress could impact the binder and its overall 

structure. 

• In Figure 55F, it is observed that after 144 h of stirring, the surface grooves on LTO 144 

are more prominent. Despite the particles being distributed, the increased stirring 

duration has led to mechanical stress. 

 

Based on the analysis, it is suggested that extending the mixing duration reduces the formation 

of particle clusters, leading to a more evenly spread distribution of particles on the final 

electrode. After 48 h of stirring, a few large clusters were visible, resulting in a more uniform 

surface. Yet surpassing 96 h of mixing introduced surface indentations due to pressure on the 

binder. These results highlight the significance of a mixing period ranging from 48 h to 72 h for 

achieving an even quality for the coating without surface harm. The surface morphology of 

LTO 96, and even more LTO 144, reveals a much stronger entanglement of the LTO and carbon 

additive particles within the binder matrix. This “smearing“ characteristic correlates with the 

grooves post-calendaring. It could have negative effects on the electrode‘s electrical 

properties. 
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Figure 55. Scanning electron micrographs of LTO 0, LTO 24, LTO 48, LTO 72, LTO 96, and LTO 144 dried 

electrodes after calendering (A-F) top view. 

 

In Figure 56, there are scanning electron micrographs that show the shape of samples at 

50 µm in a sectional view. The cross-sectional images of samples stirred for a duration further 

confirm how this process impacts them. In these samples, prolonged stirring resulted in 

increased agglomeration of LTO and carbon particles within the binder. It was observed that 

excessive stirring could result in flaws in the final product. The smearing effect is particularly 

evident in sample LTO 144, where longer stirring also resulted in grooves on the surface. 

The bonding between the conductive agent and the binder influences the surface structure 

and, in turn, affects performance. For instance, grooves and uneven distribution of particles 
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may disrupt ion paths within the electrode, diminishing conductivity and overall effectiveness. 

These discoveries show the importance of optimizing stirring duration on the performance of 

the final product. By understanding these effects, the manufacturing of LTO anodes can be 

adjusted to ensure that electrodes possess properties that are suitable for their intended use. 

 

Figure 56. Scanning electron micrographs of LTO 0, LTO 24, LTO 48, LTO 72, LTO 96, and LTO 144 dried 

electrodes after calendering cross-sectional view. 

 

Figure 57A shows the X-ray diffractogram of the electrode samples exhibiting the crystallized 

structure of spinel LTO (based on PDF 49-0207; space group Fd3̅m). Reflections at 18.3° 2θ, 

30.2° 2θ, 35.5° 2θ, 37.2° 2θ, 43.2° 2θ, 47.3° 2θ, 57.2° 2θ, 62.8° 2θ, and 66.0° 2θ indicate the 

planes of cubic LTO at 111), (220), (311), (222), (400), (331), (333), (440), and (531) 

respectively. Additional reflections seen at 43.4° 2θ, 50.5° 2θ, and 74.3° 2θ relate to cubic 

copper as the measurements were conducted with the electrode material cast onto Cu-foil. 

PDF 49-0207 was used as the starting structure during the Rietveld refinement (TOPAS) 

analysis. We obtained no significant trend of the unit cell values for the samples as a function 

of treatment duration. All values were within 8.360-8.366 Å, and the average domain size of 

all samples was about 82±16 nm (where the values were calculated by TOPAS by Prof. Dr. 
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Volker Presser). The X-ray diffractogram analysis also reveals that the crystallinity of the spinel 

LTO structure is maintained across all samples, regardless of the stirring duration. 

Figure 57B shows the Raman pattern of the samples revealing five modes present, in all 

electrodes at specific frequencies: 217 cm-1, 350 cm-1, 428 cm-1, 659 cm-1, 1322 cm-1, and 

1590 cm-1. These peaks confirm the spinel structure of LTO electrodes based on A1g + Eg + 3F2g 

modes. In the following, each specific vibrational mode observed will be explained: 

• The minor peak at 217 cm⁻¹ indicates vibrations related to O-Ti-O bonds in the LTO 

structure. 

• The peak at 350 cm⁻¹ is also linked to O-Ti-O bond vibrations. 

• Attributed to Li-O bond vibrations for LTO materials structure and stability is the peak 

at 428 cm⁻¹. 

• Confirming the integrity of the spinel structure is the peak at 659 cm⁻¹ associated with 

Ti-O bond vibrations. 

• Additionally peaks around 1349 cm⁻¹. Approximately 1600 cm⁻¹ correspond to the D-

band and the G-band respectively. These bands confirm carbon presence within the 

electrodes.  

The Raman pattern displays similar peaks in all samples ranging from LTO 0 to LTO 144, 

indicating that the spinel structure of LTO electrodes remains unchanged regardless of how 

they were stirred. 

 

Figure 57. (A) X-ray diffractograms using Cu-Kα radiation (Cu reflections relate to the Cu current 

collector) and (B) Raman patterns of LTO 0, LTO 24, LTO 48, LTO 72, LTO 96, and LTO 144. 
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4.4.4.2. Electrochemical characterization  

A series of tests like cyclic voltammetry, galvanostatic charge and discharge, and EIS 

measurements have been employed on LTO samples. By comparing samples with stirring 

times, we were able to see the stirring conditions that enhanced electrochemical performance. 

This study was crucial in understanding how varying stirring durations impacted the efficiency 

and stability of the electrodes during operation. To start we looked into the behavior of LTO 

samples prepared with different stirring durations using a magnetic stirrer (Table 6).  

In the cyclic voltammogram graphs (shown in Figures 58A-B), distinct and reversible redox 

peaks were observed for all LTO samples. These peaks signify the processes of Li-ion 

intercalation and deintercalation within the electrodes. Specifically, Li-ion intercalation occurs 

around 1.50 V vs. Li+/Li and 1.40 V vs. Li+/Li whereas deintercalation takes place at 1.70 V vs. 

Li+/Li and 1.90 V vs. Li+/Li. Below 0.60 V vs. Li+/Li, there is a peak observed for all samples 

related to the Li-ion intercalation process as described by Equation 20. 

Li4Ti5O12  + 5Li+  + 5e−  →  Li9Ti5O12  (Equation 20) 

The LTO 72 sample shows the current values among the anodes at scan rates of 0.10 mV s⁻¹ 

and 5.00 mV s-1, as depicted in the figures. However, these specific current values decrease 

gradually with time. This observation implies that prolonged stirring durations could lead to 

influences that may negatively impact the performance, emphasizing the significance of 

optimizing the stirring duration. 

 

Figure 58. The half-cells data of LTO anode samples. Cyclic voltammetry profile of LTO 0, LTO 24, LTO 48, 

LTO 72, LTO 96, and LTO 144 (A) at a scan rate of 0.1 mV s-1, (B) at a scan rate of 5.0 mV s-1. 

 

Moreover, when the stirring time is prolonged, the difference between the points of anodic 

and cathodic potential peaks decreases, as depicted in Figure 59. In the LTO 72 sample, there 
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is a minimum difference gap between the cathodic peaks, which increases with longer stirring 

periods. This smaller difference in potential indicates that the LTO 72 sample is efficient in 

transferring charges, thus facilitating Li-ion intercalation and deintercalation effectively. The 

obtained specific current values were conducted in Figure 59 regarding the LTO 72 sample, 

which supports the other finding as well. The rise in values signals a reduction in electrode 

resistance and an enhancement of electrochemical performance. Overall, it appears that Li-

ion intercalation and deintercalation processes are smoother within the LTO 72 material, 

resulting in enhanced performance based on cyclic voltammetry outcomes. This progress is 

linked to the optimized stirring duration that promotes particle distribution across electrodes, 

decreasing resistance and enhancing reaction speed. 

 

Figure 59. Normalized the difference between the points of anodic and cathodic potential peaks values 

were obtained from anodic and cathodic peaks for LTO 0, LTO 24, LTO 48, LTO 72, LTO 96, and LTO 144 

at scan rates of 0.10 mV s-1 and 5.00 mV s-1. 

 

Figure 60A illustrates the performance of different LTO samples, with varying stirring times 

from 0 h to 144 h alongside an LTO Ref sample. The tests were carried out at currents ranging 

from 0.1-5.0 A g-1 (equivalent to 0.34C to 17C) within a potential range of 0.01-3.00 V vs. Li+/Li. 

The findings show that at rates, all samples exhibited specific capacities around 250 mAh g-1 

except for the LTO 72 and LTO 96 samples, which showed higher values averaging at about 

293 mAh g-1 and 272 mAh g-1, respectively. However, as the cycle number and current rates 
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increased, the specific capacity of the LTO Ref sample decreased significantly and experienced 

a decline. 

Furthermore, the performance difference between the samples became more noticeable, with 

LTO 72 being higher than all others in performance. As shown in Figure 60B, at a rate of 5.0 A g-

1 (around 17C) during the 5th cycle, LTO 72 achieved a capacity of 210 mAh g-1. 

This capacity is higher than the capacities of LTO 96, LTO 48, LTO 144, LTO 24, LTO 0, and 

LTO Ref by 19%, 48%, 78%, 89%, 347%, and 2525%, respectively. The excellent results seen 

with LTO 72 are due to the amount of stirring time, which leads to optimal outcomes and 

enhances the uniformity and distribution of active materials within the electrode. 

 

Figure 60. The half-cells data of LTO anode samples. (A) Rate performance of LTO Ref, LTO 0, LTO 24, 

LTO 48, LTO 72, LTO 96, and LTO 144 at 0.1-5.0 A g-1. (B) LTO 0, LTO 24, LTO 48, LTO 72, LTO 96, LTO 144, 

and LTO Ref anode samples show the charge/discharge curve at 5.0 A g-1 at the 5th cycle. 

 

The enhanced distribution of particles results (based on scanning electron micrographs) in 

improved electrochemical performance, which includes increased capacities and enhanced 

stability at higher current rates (0.1-5 A g-1). Additionally, findings show that stirring longer 

than 72 h can still damage electrodes, and it does not provide significant performance 

advantages. It may even lead to issues like smearing and increased surface roughness. 

Therefore a stirring duration of 72 h is considered optimal for achieving the balance between 

capacity and stability. Samples exhibiting better rate performance were subjected to cycling at 

a current rate of 2.5 A g-1 (approximately 8.5C). As depicted in Figure 61A the initial capacities 

for LTO 24, LTO 48, LTO 72, LTO 96, and LTO 144 were recorded as 184 mAh g-1, 195 mAh g-1, 

218 mAh g-1, 215 mAh g-1, and 181 mAh g-1 respectively. After completing 100 cycles, these 

samples retained around 90%, 90%, 95%, 92%, and 90% of their capacity, respectively. These 
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findings suggest that the electrodes demonstrate capacity in the cycles, possibly attributed to 

Li-ion storage on the electrode surfaces. As cycling progresses over time, the capacity 

stabilizes, indicating the performance of the electrodes under cycling conditions. 

The performance of LTO 72 was studied further to test its long-term cycling performance when 

subjected to high applied current levels. In Figure 61B, the results of the LTO 72 electrodes 

performance after 100 cycles at rates of 2.9 A g-1(approximately 10C), 5.0 A g⁻¹ (approximately 

17C), 10.0 A g-1 (approximately 34C), and 20.0 A g-1 (approximately 68C) are depicted. Initially, 

the capacities at these rates were recorded as follows: 232 mAh g-1, 190 mAh g-1, 162 mAh g-

1, and 78 mAh g-1. The LTO 72 electrode managed to maintain around 99%, 98%, 94%, and 90% 

of its capacity at these rates after completing a cycle of 100 times. This consistency, in capacity 

retention, highlights the stability and robustness of the LTO 72 electrode when operating 

under demanding high-applied current conditions. 

 

Figure 61. The half-cells data of LTO anode samples. and (A) show the cycling performance of LTO 24, 

LTO 48, LTO 72, LTO 96, and LTO 144 at 2.5 A g-1 for 100 cycles. (B) Cycling performance of LTO 72 at 

2.9 A g-1 (≈10C), 5.0 A g-1 (≈17C), 10.0 A g-1(≈34C), and 20.0(≈68C) A g-1 for 100 cycles. 

 

Additionally, the LTO 72 samples underwent cycling tests at current rates of 5.0 A g⁻¹ and 

10.0 A g-1 to assess the durability and stability of the electrodes over numerous cycles (up to 

2000 cycles). The outcomes can be seen in Figure 62A. When subjected to a rate of 5.0 A g-1, 

the LTO 72 samples retained capacities of 84%, 73%, and 60% after completing 300 cycles, 

1000 cycles, and 2000 cycles. This suggests that under conditions, the electrodes preserved a 

substantial portion of their initial capacity over an extended period. When operating at a rate 

of 10.0 A g-1, the LTO 72 samples exhibited significant capacity retentions of approximately 
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80% after completing 300 cycles, around 68% after completing 1000 cycles, and roughly 57% 

after finishing 2000 cycles. Despite a doubling, in applied intensity by up to 100% there was a 

minor decrease of 3% in electrode capacity retention after 2000 cycles. This showcases the 

durability of LTO 72 electrodes under strenuous circumstances. 

Furthermore, the Coulombic efficiency for the LTO 72 samples remained close to 100% during 

all cycling performance assessments. This high Coulombic efficiency indicates that the charge 

and discharge processes were reversible with capacity loss through side reactions or 

degradation. The results show the durability and consistent performance of the LTO 72 

electrode. Its capacity to maintain a level of charge over cycles, with almost 100% Coulombic 

efficiency, demonstrates the success of the refined mixing technique employed in creating 

these electrodes. 

 

Figure 62. The half-cells data of LTO anode samples. (A) at 5.0 A g-1, and 10.0 A g-1 for 2000 cycles. (B) 

Electrochemical impedance spectroscopy results after 100 cycles at 2.5 A g-1 for LTO 0, LTO 24, LTO 48, 

LTO 72, LTO 96, and LTO 144, and the equivalent circuit model was used for fitting. CR = capacity 

retention vs. the first cycle. 

 

The EIS measurements were performed to elaborate on the reasons behind the decreased 

electrochemical performances of samples stirred longer than 72 h. We explored the kinetic 

processes and assessed the influence of the internal resistance of LTO samples by model-fitting 

the Nyquist plots, as shown in Figure 62B. The samples were subjected to EIS tests after 

100 cycles at 2.5 A g-1, and based on the EIS responses, the equivalent circuit model (ECM) was 

obtained. In the high-frequency region, an Ohmic resistance associated with the resistances of 

cables, electrolytes, contact between the active material and current collector, and pore 
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resistance inside the separators appeared and indicated as 𝑅𝑏. Three semicircles and one 45 ° 

inclined line were observed.  

The high-frequency semicircle in the spectra is directly linked to the movement of Li-ion 

through the SEI film, which is shown by 𝑅𝑆𝐸𝐼. The second semicircle occurring in the middle-

to-high frequency range is attributed to the transfer of charge at the interface between the 

electrode/electrolyte (𝑅𝑐𝑡1). The third semicircle may be associated with the charge-transfer 

process defined here as (𝑅𝑐𝑡2). Finally, a 45 ° inclined line in the lower-frequency region due 

to a semi-infinite Li-ion diffusion into the electrode is represented here by Warburg 

impedances (𝑍𝑊). The system’s electrochemical performance primarily depends on the cell’s 

total resistance. The total internal resistance (𝑅𝑇𝑜𝑡𝑎𝑙) is determined in Table 7 for all LTO 

samples. As summarized in Table 7, the total resistance (𝑅𝑇𝑜𝑡𝑎𝑙) is highest for LTO 0 (69.00 Ω 

across all components, indicating poor conductivity, which is a result of proper mixing). Such 

resistance significantly decreases as stirring time increases, wherein a minimum resistance of 

9.00 Ω was observed for LTO 72. After this point, the resistance values gradually increase again 

for LTO 96 (12.90 Ω) and LTO 144 (25.50 Ω). 

Table 7. Electrochemical impedance spectroscopy results of LTO samples after 100 lithiation and 

delithiation at 2.5 A g-1 (≈8.5C). 

Item label 𝑹𝒃 (Ω) 𝑹𝑺𝑬𝑰 (Ω)  𝑹𝒄𝒕 (Ω)  𝑹𝒄𝒕𝟏(Ω) 𝑹𝑻𝒐𝒕𝒂𝒍 (Ω)  
LTO 0 48.00 10.90 9.60 0.50 69.00 

LTO 24 11.30 5.90 13.80 2.30 33.30 

LTO 48 4.70 1.60 3.80 13.80 23.90 

LTO 72 3.60 1.10 3.00 1.30 9.00 

LTO 96 5.30 6.10 0.50 1.00 12.90 

LTO 144 7.70 5.40 6.80 5.60 25.50 

 

LTO 72 shows the conductivity among the samples, indicating that the stirring time was well-

optimized for improved performance. Besides LTO 24 and LTO 48 exhibit decreased resistance 

compared to LTO 0 initially. Longer stirring times for samples, such as LTO 96 and LTO 144, 

show higher resistance values than LTO 72. This suggests that excessive stirring beyond a point 

may have negative effects on electrode structure and performance. Overall, the results 

highlight that LTO 72 has the lowest impedance and internal resistance. The improved ion and 

electron transport within the material is evident and causes the reduced impedance and 

resistance values of LTO 72 compared to samples. This enhanced transport is essential for 

achieving high-rate performance and overall battery efficiency.  
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The lower resistance in LTO 72 could be due to some level of tension within the matrix, which 

helps integrate LTO and carbon particles better and leads to improved conductivity and 

operational efficiency. Optimizing stirring enhances the dispersion and interaction between 

LTO and carbon particles in the binding matrix, contributing to conductivity and overall 

electrochemical performance. These findings are consistent with studies in optical microscopy 

(Figure 53 and Figure 54) and scanning electron microscopy (Figure 55 and Figure 56) that also 

highlighted particle distribution and reduced clustering in the case of the LTO 72 sample. 

 

4.4.4.3. Post-mortem Characterization  

The sample LTO 72 electrodes were analyzed, and 5000 cycles were applied at a rate of 

10.0 A g-1 to complement our data. The X-ray diffraction examination, depicted in Figure 63, 

indicated that the electrochemical performance aligned with the crystalline structure of the 

LTO 72 electrodes, which remained unchanged throughout the mentioned rough cycling 

process. The X-ray diffractogram revealed consistent unit cell dimensions, with the value 

persisting at 8.364 Å without alterations. 

 

Figure 63. X-ray diffractograms using Cu-Kα radiation of pristine and cycled LTO 72 (5000 cycles at 

10.0 A g-1 (≈34C)) electrodes. Cu reflections relate to the Cu current collector. 

 

Furthermore, there was no broadening related to domain size (as the domain size of the 

sample stayed in the range of 82±16 nm) confirming the durability of the electrodes post-
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mortem cycling. Scanning electron microscopy was utilized to examine the structure of the 

LTO 72 electrodes. Before cycling, Figure 64A depicts the particle structure in the LTO 72 

electrode. Following 5000 cycles, examination of the LTO 72 electrode (Figure 64B) showed no 

morphological changes. The particle structure remained without signs of degradation or 

clumping. The sustained crystalline structure and consistent particle morphology after 

prolonged cycling at the high applied current rate, emphasize the robustness of the LTO 72 

electrode material. 

 

Figure 64. Scanning electron micrographs of (A) pristine LTO 72 and (B) LTO 72 after 5000 cycles at 

10.0 A g-1 (≈34C). 

 

4.4.4.4. Comparative study of optimized LTO with other studies 

To present a reasonable comparative study, we first convert the C-rate to specific currents to 

simplify the comparison, as shown in Table 8. The obtained values in this work show promising 

performance, particularly at high rates, compared to state-of-the-art literature, as depicted in 

Figure 65. For example, Temeche et al. improved the electrochemical performance of LTO 

nanopowder by adding LiAlO2 and Li6SiON and reported capacities of 130 mAh g-1 and 

70 mAh g-1 at 1.3 A g -1 and 2.6 A g-1, respectively. The optimized LTO anode of this work at the 

higher specific currents of 2.0 A g-1 and 2.9 A g-1 delivered way higher capacities of 255 mAh g -

1 and 232 mAh g-1, respectively.  

Lim et al. prepared a binder-free hybrid LTO anode and obtained a capacity of 143 mAh g-1 at 

1.3 A g-1. Our optimized LTO 72 at a 54% higher specific current of 2 A g-1 delivered 255 mAh g-

1. Ding et al. synthesized an LTO composite with TiO2 and tested it at an extended potential 

range, delivering a capacity of 40 mAh g-1 at 2.9 A g-1. For the same specific current, our LTO 72 

delivered 232 mAh g-1. Gu et al. synthesized Li4Ti4.95Zr0.05O12/C and reported 100 mAh g-1 at 
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1.5 A g-1. Such a result is lower compared to our optimized LTO, which delivered nearly 155% 

higher capacity at 2 A g-1 specific current. 

Table 8. Converting the C-rate to specific currents for comparison. Gu et al., Han et al., Lim et al., 

Temeche et al. Ding et al. 

Author The C-rate has been 
calculated based on the 
theoretical capacity of 

C-rate Specific current 
(mA g-1) 

Specific capacity 
(mAh g-1) 

Gu et al. 293 mAh g-1 0.2 

0.5 

1.0 

2.0 

5.0 

58.6 
146.5 
293.0 
586.0 

1465.0 

275.0 

242.0 

200.0 

159.0 

100.0 

Han et al. 293 mAh g-1 0.1 

0.5 

1.0 

2.0 

5.0 

10.0 

20.0 

29.3 
146.5 
293.0 
586.0 

1465.0 
2930.0 
5860.0 

260.0 

223.0 

205.0 

198.0 

183.0 

160.0 

95.0 

Lim et al. 
 

260 mAh g-1 0.1 

0.2 

0.5 

1.0 

5.0 

26.0 
52.0 

130.0 
260.0 

1300.0 

220.4 

210.4 

199.5 

178.1 

143.0 

Temeche et 
al. 

260 mAh g-1 0.5 

1.0 

2.0 

5.0 

10.0 

130.0 
260.0 
520.0 

1300.0 
2600.0 

240.0 

198.0 

170.0 

130.0 

70.0 

Ding et al. 293 mAh g-1 0.2 

0.5 

1.0 

2.0 

5.0 

10.0 

58.6 
146.5 
293.0 
586.0 

1465.0 
2930.0 

410.0 

198.0 

160.0 

126.0 

90.0 

40.0 

 

Zeng et al. synthesized nano-M embedded Li4Ti5O12/C composites and reported 110 mAh g-1 

at 1.0 A g-1. Our LTO 72 delivered 143% more capacity for the same specific current. Han et al., 

by extending the potential range to 0 V, showed that at 5.9 A g-1, there was a sharp drop in 

capacity after 10 cycles from 112 mAh g-1 to around 58 mAh g-1. While they showed 56.2% 

capacity retention at 1.5 A g-1 after 300 cycles, our best-performing electrode demonstrated 

capacity retention of 80% after 300 cycles at a specific current of 10.0 A g-1. Overall, our 

optimized LTO 72 electrode delivered notable and prominent electrochemical performances. 
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Figure 65. Comparison of optimized LTO electrode (LTO 72) performance in this work with state-of-the-

art literature.  
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5. LITHIUM IRON PHOSPHATE (LFP), LITHIUM MANGANESE OXIDE 

(LMO), AND LITHIUM MANGANESE OXIDE//ACTIVATED CARBON 

(LMO//AC) ELECTRODE PREPARATION  

The manufacturing of electrode materials plays a vital role in advancing high-performing LIBs. 

This section of the report focuses on three electrode materials. Lithium Iron Phosphate (LFP) 

Lithium Manganese Oxide (LMO) and a hybrid electrode of LMO with Activated Carbon 

(LMO//AC). These materials were selected for their electrochemical properties and cost-

effectiveness while being environmentally friendly options for energy storage purposes such 

as powering electric vehicles and storing energy, in grid systems.  This chapter will describe the 

materials and techniques we used to create the materials for our experiments without 

purifying the chemicals since they were obtained from trustworthy sources for consistency in 

our tests. The section also explains the procedures it has been followed to produce the LFP, 

LMO, and LMO //AC electrodes that serve as the foundation, for our electrochemical 

assessments. 

 

5.1. Materials 

All chemicals were purchased commercially and used as received without any purification. 

LiFePO4 nanopowder (LFP) was synthesized as discussed below. LMO powder (98%, ~0.5 μm) 

was purchased from Sigma-Aldrich. Super C65 (C65) conductive carbon black was from IMERYS 

Graphite & Carbon. Dimethyl sulfoxide solvent (DMSO, ≥99.9%, anhydrous) and polyvinylidene 

fluoride binder (PVdF) were procured from Sigma-Aldrich, respectively. Battery-grade carbon-

coated aluminum foil current collectors with 18 µm thickness were obtained from MTI 

Corporation.  

 

5.2. LFP cathode  

5.2.1. Synthesis of lithium iron phosphate 

Lithium iron phosphate (LFP) was synthesized by Dr. Hitoshi Nakamura using a hydrothermal 

method. In a process, phosphoric acid, iron sulfate (heptahydrate), and lithium hydroxide were 

mixed in molar ratios of 1:1:3 and dissolved in distilled water at room temperature to make a 

solution, with a concentration of 1.0 mol L-1. The mixture was then placed in a 

polytetrafluoroethylene reactor heated to 150°C for 20 h and left to cool to room temperature. 
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After filtering and washing the solution using a Buchner funnel, the final product was dried in 

an oven under a vacuum. 

 

5.2.2. LFP cathode preparation 

Figure 66 shows the preparation steps for LFP cathodes. First, 80 mass% as-synthesized LFP 

nanopowder was mixed with 10 mass% conductive carbon black (C65) by manually grinding in 

a mortar for 10 min, followed by speed mixing using an SM at 1000 rpm for 5 min. DMSO 

solvent was added dropwise to the dry mixture and subsequently placed in the SM at 

1500 rpm and 2500 rpm for 5 min each, respectively. A 10 mass% PVdF solution was added to 

the slurry, and the mixture was further mixed at 800 rpm for 10 min. The mixtures were 

mechanically stirred continuously at 500 rpm for 24 h.  

 

Figure 66. The manufacturing mixing routines of lithium iron phosphate cathode  

 

The mixtures obtained were applied onto the aluminum foil coated with carbon using a 

Micrometer blade. Subsequently, the coated samples were left to dry in a ventilated cabinet 

for 12 h, followed by a drying step in a vacuum oven at 80°C and 60 mbar for another 12 h to 
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guarantee drying. After that, these cathodes were set for utilization in LIBs, and their efficiency 

relied on how evenly and consistently they were prepared. 

 

5.2.3. Half-cell assembly using LFP cathode 

Figure 67 displays the illustration of a CR2032-type Li-ion battery coin helf cell assembly using 

LFP cathodes. All of our cells are assembled with high precision and quality, making them 

suitable for use in LIB testing and applications. Our thorough preparation and controlled 

environment are critical for obtaining consistent, reliable, and reproducible results in 

subsequent experimental evaluations and practical energy storage solutions. The LFP half-cell 

assembly was carried out in an MBRAUN Argon-filled glove box, where oxygen and water levels 

were maintained below 0.1 ppm to ensure a controlled environment.  

The cells were fabricated in coin cell format using commercial CR2032 enclosures from PI-KEM. 

Lithium chips (Ø = 15 mm, MTI Corporation) were used as both the counter and reference 

electrodes, while LFP discs (Ø = 10 mm, approximately 16 mg cm-2, with a dried thickness of 

around 210 µm) were used as the working electrodes. Whatman GF/F glass fiber discs (Ø = 

18 mm) were punched and used as separators between the electrodes. For each coin cell, 

150 µL of an electrolyte solution consisting of 1 M LiPF6 salt in a mixture of ethylene carbonate 

and dimethyl carbonate (EC:DMC 1:1 by volume, Sigma-Aldrich), was injected. Two stainless 

steel 304 spacers (thickness = 0.5 mm, PI-KEM) were used for each coin cell, and the cells were 

sealed under a pressure of 1000 psi using a hydraulic crimping machine (MSK-110, MTI 

Corporation). 

 

Figure 67. Illustration of a CR2032-type Li-ion battery coin cell assembly using LFP cathode. 
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5.3.  LMO cathode  

5.3.1. LMO cathode preparation 

Figure 68 shows the preparation steps for LMO cathodes. In parallel to the above procedures, 

80 mass% LMO powder was first mixed with 10 mass% C65 conductive carbon black by manual 

grinding in a mortar for 10 min, followed by speed mixing at 1500 rpm for 5 min. DMSO solvent 

and a 10 mass% PVdF binder solution were then added sequentially to the mixture and placed 

in a speed mixer at 2500 rpm and 800 rpm for 10 min each, respectively. Finally, the mixtures 

were stirred continuously at 500 rpm for 24 h. The final slurries were then carefully coated 

onto a battery-grade carbon-coated aluminum foil current collector using a micrometer doctor 

blade at a speed of 7.5 mm s-1 to maintain 200 µm wet thickness. The wet thickness of the 

coating was maintained to ensure uniformity. The coated foils were subjected to a 2-step 

drying process steps to finalize the cathodes for use in LIBs. 

 

Figure 68. The manufacturing of lithium manganese oxide cathode mixing routines. 
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5.3.2. Half-cell assembly using LMO cathode 

A similar configuration like Figure 69 and replacing LFP with an LMO cathode was used to build 

a CR2032-type LIB coin half-cell assembly with LMO cathodes. The cells are put together with 

care and quality, making them suitable for testing and use in LIB applications. Our planning 

and controlled setting is crucial for achieving dependable and repeatable outcomes in 

experiments. The LMO half-cell assembly took place in an MBRAUN Argon-filled glove box 

where oxygen and water levels were kept below 0.1 ppm. The cells were created in coin cell 

format using CR2032 provided by PI-KEM. Lithium chips (diameter = 15 mm from MTI 

Corporation) were used as both the counter and reference electrodes. In comparison, LMO 

discs (diameter = 10 mm weighing 4.4 mg cm2 with a thickness of about 35 µm) served as the 

working electrodes. Whatman GF/F glass fiber discs (diameter = 18 mm) were cut out. Used 

as separators between the electrodes. Each coin cell received a solution amount of 150 µL 

containing 1 M LiPF6 salt in a mix of ethylene carbonate and dimethyl carbonate (EC:DMC 1:1 

by volume, from Sigma Aldrich). This electrolyte is necessary to help Li-ion move inside the 

battery. We placed two steel 304 spacers (each with a thickness of 0.5 mm, from PI-KEM) in 

every coin cell. After that, we sealed the cells using a crimping machine (MSK-110 from MTI 

Corporation at a pressure of 1000 psi. 

 

5.4. Hybrid lithium manganese oxide//activated carbon cathode 

5.4.1. Hybrid LMO//AC cathode preparation 

The hybrid LMO//AC cathode was prepared to enhance the battery’s performance by 

leveraging the strengths of both materials. LMO because of high energy density and stable 

electrochemical properties and AC provides a large surface area and great conductivity 

facilitating quicker charge/discharge cycles and improved power output. The hybrid cathode 

is designed to boost energy and power density to enhance the device’s overall performance 

for applications that demand both high capacity and high-rate capabilities. Figure 70 shows 

the preparation steps for the LMO//AC cathodes. 30% LMO powder was finely mixed and 

blended with 50% activated carbon (YP-80F, Kuraray) and 10% conductive carbon black (C65) 

by manual grinding for 10 min and speed mixing at 1000 rpm for 5 min, respectively.  

DMSO solvent was added dropwise to control the consistency of the slurry before placing it in 

a speed mixer at 2500 rpm for 10 min. A 10% PVdF binder solution was then added, and the 

mixture was subjected to one more round of speed mixing at 800 rpm for 10 min. The wet 
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mixture was continuously stirred for 24 h at 500 rpm to ensure the uniform blending of LMO 

powder, active carbon, and conductive carbon black. 

 

Figure 69. The manufacturing of hybrid cathode including lithium manganese oxide and activated 

carbon mixing routines. 

 

The final slurries were coated onto a battery-grade carbon-coated aluminum foil (18 µm, MTI 

Corporation) current collector using a micrometer doctor-blade at a speed of 7.5 mm s-1. The 

wet thickness of the coating was maintained at 200 µm to ensure uniformity and consistency. 

A defined drying process was applied to the coated foils (air-drying and vacuum drying at 80 °C 

and 60 mbar) to finalize the cathodes for use in LIBs. 

 

5.4.2. Half-cell assembly using hybrid LMO//AC cathode 

A similar configuration, like Figure 67, was used to replace LFP with an LMO//AC cathode to 

build a CR2032-type Li-ion battery coin half-cell assembly using hybrid LMO//AC cathodes. The 

LMO//AC hybrid half-cell assembly was carried out in an MBRAUN Argon-filled glove box, 

where oxygen and water levels were maintained below 0.1 ppm to ensure a controlled 

environment. The cells were fabricated in coin cell format using commercial CR2032 
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enclosures from PI-KEM. Lithium chips (Ø = 15 mm, MTI Corporation) were used as both the 

counter and reference electrodes, while LMO//AC discs (Ø = 10 mm, approximately 

5.1 mg cm², with a dried thickness of around 56 µm) were used as the working electrodes. 

Whatman GF/F glass fiber discs (Ø = 18 mm) were punched and used as separators between 

the electrodes. For each coin cell, 150 µL of an electrolyte solution consisting of 1 M LiPF6 salt 

in a mixture of ethylene carbonate and dimethyl carbonate (EC:DMC 1:1 by volume, Sigma-

Aldrich) was injected (by using a pipette). This electrolyte solution is essential for facilitating 

Li-ion movement within the cell. Two stainless steel 304 spacers (thickness = 0.5 mm, PI-KEM) 

were used for each coin cell. The cells were then sealed with a hydraulic crimping machine 

(MSK-110, MTI Corporation).  
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5.5. Results and Discussion 

In the following section, we will investigate the characterization analysis of each mentioned 

cathode type, including LFP, LMO, and LMO//AC. 

 

5.5.1. Lithium iron phosphate  

This section explores the features and electrochemical performance of LFP cathode materials. 

Scanning electron micrographs showcase the size and structural organization of the LFP 

particles. Insights into the material’s chemical composition and crystalline structure are 

obtained through Raman spectroscopy and X-ray diffraction. Moreover, cyclic voltammetry 

and cycling performance assessments assess the LFP cathode’s capacity to undergo reactions 

maintain capacity, over time, and achieve high Coulombic efficiency. This discovery 

underscores the material’s promise, for being utilized in energy storage purposes. 

 

5.5.1.1. Characterization analysis of LFP cathode 

In Figure 70 we can observe scanning electron micrographs of the LFP sample, providing a view 

of its particle morphology. Figure 70A displays the particles of the LFP sample which 

demonstrate a rod-like shape with particle diameters ranging from 0.1 µm to 2.0 µm and 

lengths between 0.5 µm to 3.0 µm. The consistent rod-like structure indicates a degree of 

crystallinity, which can be advantageous for the material’s electrochemical performance. 

 

Figure 70. The lithium iron phosphate powder (A-B) scanning electron micrographs of the top view 

 

In Figure 70B there is a close-up scanning electron micrographs of the LFP particles showing 

their rod shape. The image reveals surface details and consistent particle sizes and shapes, 

offering insights into the structure and dimensions of the particles. The uniform distribution 

of carbon in rod-shaped particles can boost the performance of the material in applications by 
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ensuring pathways for the free movement of ions and electrons. The close-up view in 

Figure 70B displays the rod-shaped structure of the LFP particles in detail. These particles have 

a distinct rod shape, with dimensions typically falling between 200 nm and 500 nm as 

indicated by the scale bars provided. The precise surface features and uniform particle sizes 

indicate a spread that might impact how well the material performs in electrochemical 

processes. The consistent size and shape of particles and the carbon coating on these rod-

shaped LFP particles may boost the ability of the material to conduct electricity and its 

performance in reactions involving electricity transfer. This arrangement could assist in 

creating paths for ions and electrons to move through more efficiently leading to better long-

term durability and increased speed, in storing energy for various uses. 

The Raman pattern of the LFP samples is illustrated in Figure 71A, which provides information 

about the chemical properties. Various peaks were identified within ranges, such as 200 cm-1 

-300 cm-1, 450 cm-1 -600 cm-1, and around 950 cm-1, each related to vibrations. For instance, 

peaks in the 200 cm-1 and 300 cm-1 range correspond to FeOx group vibrations, those in the 

450 cm⁻¹ and 600 cm⁻¹ range relate to P-O bond vibrations, and the peak around 950 cm-1 is 

linked to (PO4)-3 anion vibration. Further peaks, at 1350 cm-1 and 1600 cm-1, were observed, 

corresponding to A1g and E2g vibration modes associated with D-band and G-band 

characteristics. The X-ray pattern of the LFP samples showed two structures: LiFePO₄ according 

to PDF 40-1499 and Li3Fe2(PO4)3 according to PDF 43-0526 (which is shown in Figure 71B). 

These discoveries offer details about the makeup and features of the lithium iron phosphate 

samples, helping to acquire knowledge of their properties and possible uses. 

 

Figure 71. The dried lithium iron phosphate cathode (A) Raman pattern (B) X-ray diffractogram using 

Cu-Kα radiation.  
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5.5.1.2. Electrochemical measurements of LFP cathode 

Figure 72A shows the results of the cyclic voltammetry tests applied at the rates of 0.10 mV s⁻¹, 

0.25 mV s-1, 0.50 mV s-1, 0.75 mV s-1, and 1.00 mV s-1. The redox reactions observed follow a 

pattern. At a rate of 0.10 mV s-1, there was evidence of Li-ion intercalation, around 3.3 V vs. 

Li⁺/Li, indicating Li-ions entered the LFP structure. Conversely, Li-ion deintercalation occurred 

at 3.6 V vs. Li⁺/Li, representing where Li-ions exited the LFP structure. As the scan rates 

increase, peak shifts occur. Both intercalation and deintercalation peaks move slightly, showing 

changes in electrochemical kinetics with higher scan rates. The cyclic voltammograms suggest 

that the LFP material shows electrochemical behavior with clear redox peaks that correspond 

with the insertion and removal of Li-ions.  

The peak position variations at rates show that the kinetics of Li-ion transport within the LFP 

structure are affected by the scan rate. Higher scan rates could accelerate reactions. It may 

also exhibit increased resistance and polarization effects as the initial capacity. Higher scan 

rates may lead to faster electrochemical reactions and show greater resistance and 

polarization effects. By referencing Figure 72B, specific capacity and Coulombic efficiency tests 

were conducted on LFP cells at a rate of 25 mA g-1, throughout 50 cycles. The specific capacity 

started at a high value and gradually declined over the cycles, stabilizing around 70 mAh g-1 by 

the 50th cycle. The Coulombic efficiency remained consistently high, close to 87%, throughout 

the cycling, indicating efficient and reversible charge-discharge processes with minimal losses.  

 

Figure 72. The lithium iron phosphate cathode (A) cyclic voltammetry profile at a scan rate of 0.1-

1.00 mV s-1 normalized to scan rate, and (B) 50 cycles at 25 mA g-1.  

 

The Coulombic efficiency of around 87%, which is shown consistently across cycles, proves the 

material's stable electrochemical properties and the success of the LFP half-cell setup. 
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Although there is a decrease in capacity (around 8%) after 50 cycles, a significant portion of 

the initial capacity is maintained, which suggests cycling stability. The thorough examination 

of voltammograms and cycling performance validates the redox reactions, high Coulombic 

efficiency, and reliable cycling performance at a low rate. When analyzing the cycling 

performance for 50 cycles at 25 mA g-1, we observed an initial capacity of 76 mAh g-1. 

Furthermore, 87% of the capacity was retained with a Coulombic efficiency of around 87%. 

These findings provide a clear picture of the behavior and functionality of LFP half-cells, 

indicating their potential suitability for diverse applications that require dependable and 

efficient energy storage. 

 

5.5.2. Lithium manganese oxide (LMO) 

This part explores the features and effectiveness of LMO electrodes in LIBs. Optical and 

structural examination using scanning electron microscopy, X-ray diffraction patterns, and 

Raman patterns provides insights into particle shape and size and confirms the crystalline 

structure and chemical characteristics of LMO. Additionally, the impact of mixing conditions 

on particle size distribution inside the electrode is discussed. Lastly, electrochemical analysis 

shows the capacity retention and structural durability of LMO electrodes. 

 

5.5.2.1. Characterization analysis of raw LMO powder 

This part delves into studying the properties of LMO powder and how they impact the 

performance of LMO in Li-ion systems. The examination depicted in Figure 73A-F utilizes 

scanning electron micrographs. It looks into factors like particle size, shape, and distribution in 

the LMO powder since these aspects play a role, in determining its electrochemical 

performance. In Figure 73A-F it can be observed LMO crystals of varying sizes with diameters 

below 10 µm in size. Upon inspection of the images revealed that the particles tend to cluster 

within a range of approximately 5 µm.  

Moreover, the images depict an evenly distributed arrangement of particles that plays a 

significant role, in ensuring consistent electrochemical performance. Upon examination of the 

scanning electron micrographs in Figures 73D, to 73F, more intricate features of the particle 

arrangement become apparent. When viewed at a scale of 500 nm the particles display 

geometric forms notably showcasing the octahedral configuration of the LMO particles. The 



 
101 

consistent size and shape exhibited by these particles across scales ranging from 300 nm to 

200 nm underscore the crystalline quality of the LMO powder.  

These findings indicate that having defined and evenly spread particles can improve the 

materials’ effectiveness in various uses by aiding smoother ion movement and reducing any 

hindrances from uneven particle sizes. The uniformity and absence of flaws in the particles 

further confirm that this LMO powder possesses a well-coordinated and ideal microstructure 

suitable, for energy storage purposes.431-433 

 

Figure 73. The scanning electron micrographs of lithium manganese oxide powder (Sigma-Aldrich). 

 

As shown in Figure 74A, the X-ray diffractograms of several peaks related to LMO powder are 

consistent with the reference JCPDS card 35-0782. The XRD pattern of the sample indicates 
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that the face-centered cubic spinel structure of LMO, belonging to the space group Fd3̅m, is 

preserved.431-433 Reflections at 18.62° 2θ, 36.08° 2θ, 37.72° 2θ, 43.88° 2θ, 48.12° 2θ, 

58.30° 2θ, 63.86° 2θ, 67.10° 2θ, 75.64° 2θ, 76.80° 2θ, 80.62° 2θ and 83.72° 2θ can indicate the 

planes of cubic LMO at (111), (311), (222), (400), (331), (511), (440), (531), (533), (622), (444) 

and (551) respectively. The identified peaks confirm the presence of the characteristic planes 

of the cubic spinel LMO structure, with primary orientations such as (111) at 18.62° 2θ, and 

others like (311), (222), and (400) at 36.08° 2θ, 37.72° 2θ, and 43.88° 2θ. Higher-order 

reflections, including (511) and (440) at 58.30° 2θ and 63.86° 2θ, further validate the face-

centered cubic arrangement of the LMO crystal structure.  

Figure 74B shows the Raman pattern of LMO in the spectral region of 100-800 cm-1 with a 

strong band around 625 cm-1, which is related to Mn-O, the vibration of MnO6 groups 

associated with A1g spectroscopic symmetry.434-438The charge disproportionation (including 

LiMn3+Mn4+O4) of manganese ions due to the Jahn-Teller effect in LiMn2O4 causes isotropic.434-

438 These isotropies include Mn4+O6 octahedra and locally distorted Mn3+O6 octahedra, which 

causes the broadness of the A1g mode vibration related to 𝑀𝑛𝑂6
9− and 𝑀𝑛𝑂6

8− occur.434-438  

 

Figure 74. (A) X-ray diffractogram using Cu-Kα radiation and (B) Raman pattern of the LMO powder. 

 

The Raman pattern shows minor bands around 303 cm-1, 382 cm-1, 430 cm-1, 492 cm-1, and 

580 cm-1.434-438 The shoulder peak at 580 cm-1 is associated with F2g mode and is related to the 

manganese average oxidation state in the spinel phase, which is not widening due to low 

intensity.434-438 The peak at 483 cm-1 shows medium intensity and is associated with F2g 

symmetry, along with peaks at 426 cm-1 and 382 cm-1 are related to the Eg and F2g symmetry, 

respectively.434-438 The F2g symmetry is related to the movement of 𝐿𝑖 − 𝑂 in a manner.434-438. 

By analyzing both XRD and Raman spectroscopy results together we gain insights, into the 
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characteristics of LMO powder.  The XRD findings confirm that the LMO powder maintains its 

face-centered cubic spinel structure, with reflections corresponding to the Fd3m̅ space group. 

The key peaks observed include (111) at 18.62° 2θ, (311) at 36.08° 2θ, (222) at 37.72° 2θ, and 

(400) at 43.88° 2θ. The crystallite size, calculated using the Scherrer equation, is approximately 

[insert size] nm, indicating a well-defined crystalline structure. Additionally, Raman 

spectroscopy reveals the Jahn-Teller distortion, with broadened A1g mode around 625 cm-1 due 

to the coexistence of Mn4+O6 octahedra and locally distorted Mn4+O6 octahedra. 

 

5.5.2.2. Effect of mixing time and speed to LMO/C65 dry mixture 

First, the effect of dry mixing on LMO particle sizes was investigated. In this regard, four types 

of procedures were applied to LMO powder based on Table 9. 

 

Table 9. The dry mixing steps for the LMO mixtures (including C65 and LMO powders) in the 

SpeedMixer. 

Sample Dry mixing in a mortar 

(Time, min) 

Dry mixing with SpeedMixer 

(Speed, rpm) 

Dry mixing with SpeedMixer 

(Time, min) 

LMO-Mixture A 10 - - 

LMO-Mixture B 10 3500 5 

LMO-Mixture C 10 3500 10 

LMO-Mixture D 10 3500 20 

 

Various blends were prepared by combining LMO powder (the ingredient). C65 (the 

conductive agent), in a ratio of 8:1 by mass. The ingredients were added to the mortar in 

quantities corresponding to the ratio of 80% LMO powder and 10% C65 as illustrated in 

Figure 75. This consistent mass ratio was upheld for all electrodes manufactured. In the mixing 

phase, the LMO and C65 blends were stirred together in the mortar for 10 min. 

In the next step, 0.9 g of the mixture was transferred into the SpeedMixer container. Sealed it 

with PARAFILM (a wax and polyolefin product) before placing it in the SpeedMixer to ensure 

the accuracy of our mixing process. Apart from LMO Mixture A, we mixed the remaining 

samples in the SpeedMixer for durations of 5 min, 10 min, and 20 min. For LMO-Mixture B, 

LMO-Mixture C, and LMO-Mixture D, we set the mixing speed at 3500 rpm as per the 

SpeedMixers capability. Each mixture followed the procedures; 

• LMO-Mixture A: Mixed in a mortar for 10 min without using the SpeedMixer in the 

next step. 
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• LMO-Mixture B: Mixed in a mortar for 10 min followed by additional mixing in the 

SpeedMixer at 3500 rpm for 5 min. 

• LMO-Mixture C: Mixed in a mortar for 10 min followed by further mixing in the 

SpeedMixer at 3500 rpm for 10 min. 

• LMO-Mixture D: Mixed in a Mortar for 10 min and then mixed at 3500 rpm for 20 min. 

These procedures were designed to investigate how mixing time and speed using a centrifuge 

mixer will impact particle sizes of LMO powder. By ensuring the balance of materials and 

careful mixing conditions, the main aim was to ensure that the results could be consistently 

reproduced. The SpeedMixer was used to enhance the consistency and uniformity of the 

blends, which could potentially improve how well the resulting electrodes work. 

Understanding how different mixing times and speeds affect the process allows us to adjust 

and tune production. Figures 75A-D and Figure 76 give an overview of the structure and size 

distribution of the LMO and C65 mixtures.  

 

Figure 75. Scanning electron micrographs for different applied speeds and durations in the mixture of 

powder samples, (A) LMO-Mixture A, (B) LMO-Mixture B, (C) LMO-Mixture C, and (D) LMO-Mixture D. 

 

The images show a view of both mixed structures and compositions. All these images are 

magnified to a scale indicated by a 5 µm bar. Each sample contains particles with shapes and 

surfaces forming a mix of sized particles. The scanning electron micrographs in Figure 75 show 
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that all blends consist of particles with sizes ranging from 500 nm to 20 µm, regardless of the 

mixing speed and duration used during the process. The scanning electron micrographs in 

Figure 75 stayed consistent within a range of 500 nm to 20 µm of the mixing speed and 

duration used during the process. There was no variation, in particle size across the various 

mixing conditions tested on the LMO powder. In LMO-Mixture A which was hand mixed in a 

mortar for 10 min, without mixing in the SpeedMixer the particle sizes varied between 500 nm 

and 20 µm and showed a relatively wide range of distribution.  

In the way as before with LMO-Mixture B after an extra 5 min of blending at 3500 rpm in the 

SpeedMixer device it showed a similar distribution of particle sizes. There was no decrease in 

the average particle size or any obvious alterations, in the general shape of the particles. As 

the stirring duration rose in LMO-Mixture C and LMO-Mixture D (10 min and 20 min each at 

3500 rpm) the particle sizes stayed consistent between 500 nm to 20 µm throughout the 

process with no breakage or decrease, in size despite the prolonged mixing times. Therefore 

the ingredients combined did not have an impact on the distribution of particle sizes. The 

uniform spread of particle sizes ranging from 500 nm to 20 µm is indicative that the shape of 

the LMO powder remained mostly unchanged by the mixing methods tested in this 

experiment. 

Figure 76 summarizes the light scattering measurements on LMO and C65 powder Mixtures. 

The graph illustrates how particle volume percentages vary across sizes in each LMO blend. 

Each blend shows a peak around a specific particle size, indicating primary particle sizes among 

them. The primary particle dimensions pertain to the LMO particles that consistently fall 

within the range of 500 nm, to 20 µm as validated by both DLS and scanning electron 

micrographs examinations. The DLS data presented here suggests that the sizes of the particles 

did not undergo notable alterations regardless of shifts in mixing speeds and durations 

employed in the process. When operated at the maximum speed setting on the SpeedMixer 

device used in this study shows that there was a considerable overlap in distribution patterns 

across all mixtures tested; this overlap indicates that neither the original particle sizes nor the 

collective sizes were impacted by variations, in mixing conditions.  

According to the data from DLS analysis; adjusting the mixing speed and duration did not 

notably affect the size distribution of LMO particles and their clusters. The mixing speed of 

1500 rpm was selected to ensure the mixing of LMO and C65 powders without changing the 

particle size. The scanning electron micrographs back up these results by displaying a 



 
106 

consistent shape of particles and clusters under all circumstances. The curves representing the 

distribution patterns of all mixes overlap, suggesting that when operating at the highest speed 

of the SpeedMixer, the particle size distribution within LMO mixtures did not significantly alter. 

The data from DLS supports this by indicating that the SpeedMixer did not affect the particle 

sizes in the material, showing size distributions regardless of mixing speeds and durations. 

Therefore a mixing speed of 1500 rpm was chosen to ensure a blend of LMO and C65 powders 

in their form. Detailed insights into the morphology and distribution of particle sizes for LMO 

and C65 mixtures are provided by scanning electron micrographs and DLS measurements. The 

analysis demonstrates that while mixing influences how evenly particles are distributed, it 

does not change their sizes, which remain constant under conditions. 

 

Figure 76. Dynamic light scattering measurements to identify the particle sizes for different applied 

speeds and durations in the mixture of powder samples, LMO-Mixture A, LMO-Mixture B, LMO-

Mixture C, LMO-Mixture D. 

 

5.5.2.3. Characterization analysis of LMO electrode 

Following the calendering procedure, scanning electron micrographs were conducted to gain 

an understanding of the features and physical appearance of the LMO electrodes at levels of 

magnification, as shown in Figure 77. In Figure 77A, there is a scanning electron micrograph 

demonstrating a consistent surface, suggesting a well-compressed structure and successful 

compaction. Figure 77B shows that the surface is covered with the varied distribution of pores 
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that influence how the electrode functions in processes. In Figures 77C and D, the 

microspheres are made up of nanoparticles, which indicate that these nanoparticles are 

densely packed, with boundaries between them aiding in electron flow.  

Figures 77E-F show the structure of the LMO microspheres. These pores play a role by 

accommodating volume changes during charge and discharge cycles and shortening the paths 

for Li-ions to diffuse. These pores serve a role by providing room for volume changes during 

charge-discharge cycles and shortening the diffusion paths for Li-ions. 

 

Figure 77. Scanning electron micrographs of the LMO 0 and LMO dried electrodes after calendering (A-

F), top view. 
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Looking at Figure 78A displays X-ray diffractograms of the LMO electrode to analyze its coating 

structure. The patterns seen in XRD align with the cubic spinel phase of the Fd3̅m space group 

(JCPDS 35-0782) showing planes such as (111), (311), (222), (400), (331), (511), (440), and 

(531). Within this spinel structure, lithium atoms are located in the 8a positions, manganese 

atoms fill the 16d octahedral sites, and finally, oxygen atoms are situated in the 32e Wyckoff 

sites. The XRD patterns do not show peaks from the conductive carbon due to its quantity and 

amorphous nature, resulting in diffraction peaks. 

Figure 78B displays the Raman pattern of the LMO samples. In general, LMO, with the Fd3̅m 

space group shows five Raman modes denoted by A1g, Eg, and 3F2g. The prominent peak at 

630 cm−1 in the LMO samples is linked to the Mn-O mode in the MnO6 structure. Moreover, 

there are two bands around 492 cm−1 and 585 cm−1 representing frequency scattering bands 

of F2g(2) and F2g(3) stemming from vibrations of large and small Mn atoms, respectively. The 

Eg band at 382 cm−1 corresponds to oxygen vibrations. Notably, no significant peak shifts were 

observed post-manufacturing process, indicating that the fundamental characteristics of the 

LMO structure remained unchanged. 

 

Figure 78. (A) X-ray diffractogram using Cu-Kα radiation (Cu reflections relate to the Cu current 

collector) and (B) Raman pattern of LMO coating. 

 

Two noticeable peaks at 1360 cm−1 and 1592 cm−1 were detected in the LMO electrode 

spectrum.  These peaks correspond to A1g and E2g vibrational modes D-band (disorder band) 

at 1360 cm-1 and the G-band (graphitic band) at 1592 cm-1, which are characteristic of carbon-

based materials. The D-band is associated with defects and disorder in the carbon structure, 

often originating from sp3 hybridized carbon atoms, while the G-band is related to the in-plane 

vibrations of sp2 carbon atoms in graphitic materials. These bands confirm the presence of 
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carbon in the LMO electrode coating. Furthermore, a broad peak was observed at 2700 cm−1 

points towards the presence of a carbon 2D band originating from the agent used in the 

electrode. The identification of the ID, IG, and 2D bands, in the Raman pattern of the LMO 

electrode indicates that carbon from the agent is present in the structure of the LMO 

electrode. With the addition of carbon, XRD analysis reveals that the crystal structure of LMO 

remains unchanged, retaining its cubic spinel phase (space group Fd3̅m). The main diffraction 

peaks were observed at 18.62° 2θ, 36.08° 2θ, 43.88° 2θ, 58.30° 2θ, and 63.86° 2θ, 

corresponding to the (111), (311), (400), (511), and (440) planes, respectively. The intensity 

and position of these peaks confirm that the incorporation of carbon did not induce any 

significant structural changes in the LMO. This examination confirms that although the 

structure of the LMO coating remains intact, the presence of carbon added during production 

is evident in the Raman pattern. 

 

5.5.2.4. Electrochemical measurements of LMO electrode 

The test for cycling performance involved running at a current of 200 mA g-1 for 500 cycles, as 

depicted in Figure 79. Following these cycles, the LMO sample showed a capacity retention of 

69%. Several factors can be involved in this capacity retention.  

 

Figure 79. The cycling performance of the lithium manganese oxide for 500 cycles at 200 mA g-1. 
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Initially, the dissolution of manganese and its subsequent redeposition at the location played 

a role in reducing capacity.439, 440 This dissolution and redeposition process causes a 

deterioration of the material, ultimately lowering its total capacity.439, 440 

Furthermore, the changes in the structure of LMO after each cycle can affect its ability to store 

a charge. The cycling performance of LMO shows that after 500 cycles at 200 mA g-1, the 

specific capacity decreases from an initial value of approximately 120 mAh g-1 to around 

65 mAh g-1, representing a capacity retention of approximately 54%. The Coulombic efficiency 

remains above 95%, demonstrating efficient charge and discharge processes, though the 

capacity fade is evident. This modification in structure as it cycles can impact how stable the 

material is, which in turn influences its ability to retain capacity over the term. Also, the limited 

electrical conductivity of LMO plays a role in the decrease in capacity during each cycle. When 

considering all these factors together, it results in a 69% preservation of capacity after 500 

cycles, highlighting the drawbacks of the LMO sample during performance assessments, under 

cycling conditions.  
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5.5.3. Hybrid electrode Lithium manganese oxide (LMO)//Activated carbon 

This section studies hybrid electrodes containing activated carbon and LMO. By using scanning 

electron microscopy, X-ray diffraction, and Raman spectroscopy, the research provides in-

depth insights into the morphology, structure, and surface properties of the particles.  

 

5.5.3.1. Characterization analysis of raw activated carbon 

The YP-80F activated carbon manufactured by Kuraray was analyzed using scanning electron 

microscopy to understand its characteristics and particle sizes. The scanning electron 

micrographs displayed in Figures 80A-F show the material's morphology. 

 

Figure 80. The scanning electron micrographs of activated carbon (YP-80F, Kuraray). 

 



 
112 

In Figures 80A-B, the YP-80F activated carbon particles display an uneven distribution of 

shapes and sizes. The particle sizes range from approximately 2 µm to 10 µm, with some larger 

aggregates visible. As the magnification increases, Figures 80C-D highlight more detailed 

structural features, showing the rough, porous surface texture of the YP-80F particles. The 

pores range from approximately 500 nm to 2 µm, contributing to a larger surface area, which 

enhances ion and molecule adsorption. Furthermore, Figures 80E-F reveal significant voids and 

channels on the scale of 200 nm to 500 nm, which further improve the porosity and accessible 

surface area, crucial for adsorption processes. 

Figure 81A shows X-ray diffractograms of YP-80F activated carbon powder with peaks at 

25.6° 2θ (002 plane). 44.2° 2θ (101 plane) indicating a graphite structure that has some 

crystallinity in the carbon matrix based on PDF 41-1487. The peak at 25.6° 2θ linked to the 

(002) plane is a feature of carbon materials nature showing the spacing between layers.428, 429 

Another prominent peak, at 44.2° 2θ associated with the (101) plane further indicates the 

presence of disordered carbon. 

Figure 81B presents the Raman pattern of YP-80F powder. The spectrum displays two peaks 

around 1350 cm⁻¹ and 1580 cm⁻¹, representing the D-band and G-band respectively. 428, 429 The 

D-band at 1350 cm⁻¹ indicates defects and disorder in carbon structures often found in regions 

or edges of graphene layers.428, 429 The G-band at 1580 cm⁻¹ means vibrations of sp² bonded 

carbon atoms within a lattice.428, 429 

 

Figure 81. Activated carbon YP-80F (Kuraray) (A) X-ray diffractogram using Cu-Kα radiation, (B) Raman 

pattern. 

 

The XRD analysis of YP-80F activated carbon powder, shown in Figure 81A, reveals diffraction 

peaks at 25.6° 2θ (002 plane) and 44.2° 2θ (101 plane), indicating a graphitic structure with a 
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degree of crystallinity. In the Raman spectrum (Figure 81B), two prominent peaks are observed 

at 1350 cm-1 (D-band) and 1590 cm-1 (G-band). The intensity ratio ID/IG was used to evaluate 

the defective nature arising from the presence of sp2 defective sites in activated carbon.441 

 

5.5.3.2. Characterization analysis of LMO//AC 

In the characterization analysis of LMO//AC shown in Figure 82, the scanning electron 

micrographs provide a look at the morphology and structure of the LMO//AC hybrid electrode 

post-calendering.  

 

Figure 82. Scanning electron micrographs of LMO//AC hybrid electrode after calendering (A-F) top 

view. 
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In Figure 82A we observe a compact surface on the LMO//AC electrode with some cracks or 

gaps indicating proper compaction (20%) for ensuring stable electrochemical performance. 

Figure 82B there is a combination of activated carbon and LMO particles dispersed across the 

matrix contributing to the surface. Figure 82C LMO particles and activated carbon particles 

based on their appearance can be distinguished. Figure 82D we can see how LMO particles 

blend into the activated carbon matrix suggesting a connection, between electron movement 

and electrode function. Figure 82E gives us insights into the features of LMO particles and any 

surface imperfections.  Figure 82F pores and surface irregularities have been observed.  

Figure 83A displays an X-ray diffraction pattern of a cathode containing LMO revealing peaks 

corresponding to crystal planes in its structure. The peaks at angles like 18.6° 2θ, 36.1° 2θ, 

38.0° 2θ, 44.3° 2θ, 48.4° 2θ, 58.5° 2θ, and 64.1° 2θ indicate the presence of the LMO phase 

based on the reference pattern (JCPDS card no. 35-0782).  

Moreover, it can be seen how the LMO particles are incorporated into the activated carbon 

matrix, suggesting a connection and interaction that aid in electron transport and the overall 

function of the electrode. It also shows insight into the properties of LMO particles and any 

surface imperfections. Lastly, there are pores and surface irregularities that might affect 

performance by acting as locations for Li-ion insertion and extraction. 

 

Figure 83(A) X-ray diffractogram using Cu-Kα radiation (Cu reflections relate to the Cu current collector) 

and (B) Raman pattern of LMO//AC hybrid electrode coating. 

 

In Figure 83B the Raman pattern of the LMO//AC cathode shows insights into its composition. 

The spectrum displays peaks at 630 cm⁻¹ along with a band at 1350 cm⁻¹ and a G-band at 

1590 cm⁻¹. The peak at 630 cm⁻¹ is linked to oxide stretching vibrations in MnO6 octahedra 

suggesting the presence of a spinel LMO structure. The D-band at 1350 cm⁻¹ suggests 
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imperfections in the carbon material, while the G-band at 1590 cm⁻¹ indicates the presence of 

ordered graphitic domains within the activated carbon. Together, these bands confirm the 

hybrid nature of the LMO//AC electrode, where the carbon components contribute both 

defect sites for ion adsorption and graphitic regions that enhance conductivity.  

 

5.5.3.3. Electrochemical measurements of LMO//AC 

Figure 84 shows how the LMO//AC behaves when exposed to an applied current of 200 mA g-

1 for 300 cycles. At the start, the specific capacity is 165 mAh g-1 during charging and 

145 mAh g-1 during discharging. However, after around 50 cycles, there is a decline in capacity 

for both charging and discharging processes, which continues to decrease throughout the 

remaining cycles. At the conclusion of the 300 cycles, the specific capacity drops to 60 mAh g⁻¹ 

for both charging and discharging. 

 

 

Figure 84. The LMO//AC hybrid electrode cycling performance at 200 mA g-1 for 300 cycles. 

 

The Coulombic efficiency begins below 90%. Shows improvement after around 100 cycles, and 

reaching higher than the 90% mark. Nevertheless, it doesn't stay consistent. Instead fluctuates 

during the rest of the cycling period. This graph indicates that although the electrode maintains 

charge and discharge processes, there are shifts in efficiency over time. In summary, the results 

suggest that throughout 300 cycles, at this rate, there is capacity degradation observed in the 
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LMO//AC hybrid electrode. While Coulombic efficiency shows improvement over time, it 

remains inconsistent.  
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6. FULL-CELL ASSEMBLY AND TESTING 

In this part, we discuss the process of preparing and testing full cells using LTO as anode LMO 

and LFP as the cathode materials. The goal of this study is to create and enhance high-

performance configurations, for LIBs. These cells go through tests to evaluate their 

performance. Tests such as cyclic voltammetry, galvanostatic charge/discharge cycles, and 

electrochemical impedance spectroscopy. 

 

6.1. Full-cell assembly 

A similar configuration like Figure 67 was used to build CR2032 type coin cell assembly (LIB) 

with LMO or LFP as cathode materials and LTO as the material. The construction of the full cell 

assemblies including LTO//LFP and LTO//LMO was done inside an MBRAUN Argon filled glove 

box to maintain oxygen and water levels below 0.1 ppm for a controlled environment. The 

battery cells were assembled in coin cell format using CR2032 casings from PI-KEM. An LTO 

disk, with a diameter of 12 mm, is utilized as the anode while LFP or LMO disks with a diameter 

of 10 mm each are used as the cathodes. The LTO, LMO, and LFP disks were cut using EL-Cut 

devices from EL-CELL. Separators made of Whatman GF/F glass fiber disks with an 18 mm 

diameter were interposed between the electrodes.  

Each coin cell was filled with 150 µL of a solution containing 1 M LiPF6 salt in a combination of 

ethylene carbonate and dimethyl carbonate (EC:DMC, 1:1 ratio by volume sourced from Sigma 

Aldrich). This electrolyte solution plays a role in enabling the movement of Li-ions within the 

cell. Additionally, two stainless steel 304 spacers measuring 0.5 mm in thickness from PI-KEM 

were utilized for each coin cell assembly. The cells were subsequently sealed using a crimping 

machine (MSK 110, from MTI Corporation). 

 

6.2. Results and Discussion 

6.2.1. LTO//LMO full cell 

Figure 85 shows how well the LTO//LMO full cells perform when cycling at a current of 0.5 A g-

1 for 300 cycles. The initial specific capacity is around 250 mAh g⁻¹. It drops after the 50 cycles 

to about 100 mAh g-1. From there, it gradually decreases over the remaining cycles. The 

Coulombic efficiency remains steady at over 90% throughout all 300 cycles. This indicates a 

charge/discharge efficiency despite the decline in capacity of about 68%. This can be translated 
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in that while the cell maintains its efficiency in charging and discharging, its ability to store 

charge diminishes with time. 

 

 

Figure 85. The LMO//LTO full cell data cycling performance at 0.5 A g-1 for 300 cycles. 

 

6.2.2. LTO//LFP full cell 

The optimized LTO anode performance, in cell testing, was examined versus LFP cathodes using 

a solution of 1 M LiPF6 in EC/DMC as electrolyte. Figures 86A and B show cyclic 

voltammograms at rates from 0.10 mV s-1 to 1.00 mV s-1 showing symmetric redox reactions 

that indicate a reversible process. At a rate of 0.10 mV s-1 Li-ion intercalation occurs around 

1.6 V and deintercalation at 2.0 V. With increasing scan rates the voltage gap between the 

anodic and cathodic peaks widens and the specific current peak shifts that show greater 

electrode polarization and reduced electrochemical kinetic reaction efficiency.  

Figure 86C illustrates the cycling performance of LFP//LTO cells at a current of 0.2 A g⁻¹. The 

cell exhibited an initial capacity of 138 mAh g⁻¹ at the mentioned specified current rate. After 

going through 200 cycles, it retained 81% of the initial capacity, highlighting its long-term 

durability. Moreover, the Coulombic efficiency consistently exceeded 97%, indicating charge 

and discharge processes throughout the testing phases. Figure 86D shows electrochemical 

impedance spectra for the cell in a pristine state after 100 cycles and finally after completing 
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500 cycles. These measurements were conducted using an input current of 0.2 A g⁻¹ and 

analyzed via a circuit model (ECM) to interpret the spectra accurately. In the high-frequency 

range, a resistance known as ohmic resistance (cap R sub b ) is observed, which is related to 

the resistances of cables, electrolytes, contact points between the material and the current 

collector, and resistance within the separators. Furthermore, two semicircles and a 45° inclined 

line in the impedance patterns can be observed. The initial semicircle is related to the transport 

of Li-ions through the interphase (SEI) film, symbolized by 𝑅𝑆𝐸𝐼. 

 

Figure 86. The LFP/LTO full cell data. Cyclic voltammetry profile (A) at a scan rate of 0.1-1.00 mV s-1 

normalized to scan rate (B) at a scan rate of 0.1-1.0 mV s-1 (C) cycling performance at 0.2 A g-1 for 

200 cycles (D) electrochemical impedance spectroscopy results at pristine state, after 100, and 

500 cycles at 0.2 A g-1 and the equivalent circuit model was utilized for fitting. 

 

The second semicircle is related to the charge transfer resistance at the interface between the 

anode, cathode, and electrolyte (𝑅𝑐𝑡), and the Warburg impedances (𝑍𝑊) in the lower-

frequency region due to solid-state Li-ion diffusion into the electrodes. Table 10 summarizes 

the total internal resistance (𝑅𝑇𝑜𝑡𝑎𝑙) of the LFP//LTO full cell. The data indicates that as the 

number of cycles increases, the overall resistance of the cell also increases, which is consistent 
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with electrochemical findings. This rise in resistance during cycling suggests a deterioration of 

cell components and an increase in resistance. These results offer insights into how the LTO 

anode behaves and interacts with the LFP cathode within a complete cell configuration. It was 

noted that the internal resistance of the cell rose as cycle numbers increased, signaling a 

degradation of the cell over time. 

 

Table 10. Electrochemical impedance spectroscopy results of LFP//LTO full cell, in the pristine state, 

after 100 and 500 lithiation and delithiation cycles at 0.2 A g-1. 

Samples Rb (Ω) RSEI (Ω) Rct (Ω) Rtotal (Ω) 

Pristine 3.39 54.45 0.13 57.95 

After 100 cycles 4.16 50.60 353.50 408.26 

After 500 cycles 4.06 49.34 399.90 453.30 
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7. DRY-PROCESS ELECTRODE PREPARATION  

In this part, a method for preparing electrodes that do not use solvents (solvent-free 

electrode), known as the dry process electrode, has been discussed. It includes blending the 

material, conductive agents, and binders in a dry form and then pressing them mechanically 

to create the electrode film. The study looks into how factors like mixing duration, pressure, 

and temperature impact the performance of the electrode. 

 

7.1. Hybrid lithium manganese oxide//activated carbon (LMO//AC)  

Figure 87 summarizes the dry process for LMO//AC cathodes. In a typical experiment, 

30 mass% LMO powder was mixed with 40 mass% active carbon (YP-80F, Kuraray) and 

20 mass% C65 conductive carbon black by manual grinding in the mortar for 30 min. It was 

further blended via a speed mixer at different rates (800 rpm, 1000 rpm, 1500 rpm, and 

2500 rpm) for 5 min each.  

 

Figure 87. The manufacturing of hybrid cathode including lithium manganese oxide and activated 

carbon mixing routines. 
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The powder mix was moved to a mortar heated to 180°C (the temperature of the mixture 

material in the mortar reached 100°C) and mixed with a binder comprising 10% 

Polytetrafluoroethylene. After that, by heating the mixture, the PTFE effectively bonded all the 

components together, creating a blended and unified cathode material. This careful process of 

mixing and production steps ensured that the resulting LMO//AC cathodes were performing 

well, which makes them suitable for application in LIBs. 

 

7.2. Half-cell assembly using dry hybrid LMO//AC cathode 

A similar configuration like Figure 67 was used to build CR2032 type coin cells assembly (LIB) 

with LMO//AC as cathode materials and LTO as the anode material used to assemble dry-

process cathode half-cells. The dry LMO//AC hybrid half-cell assembly was carried out in an 

MBRAUN Argon-filled glove box, where oxygen and water levels were maintained below 

0.1 ppm to ensure a controlled environment. The cells were fabricated in coin cell format using 

commercial CR2032 enclosures from PI-KEM. Lithium chips (Ø = 15 mm, MTI Corporation) 

were used as both the counter and reference electrodes, while LMO//AC discs (Ø = 10 mm, in 

the range of 10 mg cm² to 139 mg cm², with a dried thickness from 190 µm to 987 µm) were 

used as the working electrodes.  

Whatman GF/F glass fiber discs (Ø = 18 mm) were punched and used as separators between 

the electrodes. For each coin cell, 150 µL of an electrolyte solution consisting of 1 M LiPF6 salt 

in a mixture of ethylene carbonate and dimethyl carbonate (EC:DMC 1:1 by volume, Sigma-

Aldrich), was injected. This electrolyte solution is essential for facilitating Li-ion movement 

within the cell. Two stainless steel 304 spacers (thickness = 0.5 mm, PI-KEM) were used for 

each coin cell. The cells were then sealed with a hydraulic crimping machine (MSK-110, MTI 

Corporation). 

 

7.3. Results and Discussion 

7.3.1. Characterization analysis of dry hybrid LMO//AC cathode  

In Figure 88, scanning electron micrographs of the hybrid LMO//AC cathode after the 

manufacturing process are shown. These images give us a look, at the shape and structure of 

the material. In following will explain all the observations in Scanning electron micrographs. 

Figure 88A: It shows the surface appearance of the electrode showing that the particles are 
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evenly spread out. Figure 88B zoom in for a view focusing on the texture of the electrode 

surface that shows AC and LMO particles grouped together evenly all over the electrode. 

 

Figure 88. Scanning electron micrographs of LMO//AC hybrid electrode after calendering (A-F) top 

view. 

 

Figure 88C-D: Displaying scales of 2 µm and 1 µm respectively provide a look, at the electrode 

features showcasing how the LMO particles are grouped  with activated carbon. The particles 

seem evenly spread out and tightly packed. Figure 88E-F: Captured at magnifications of 

500 nm and 300 nm respectively Showing the structures and surface qualities of individual 

particles. These images highlight the uniformity and even distribution of both LMO and AC in 

the electrode indicating a well preparation process.  
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In Figure 89, analytical data including X-ray diffractogram and Raman pattern for the LMO//AC 

hybrid coating is presented. Figure 89A displays X-ray diffractograms using Cu radiation. The 

diffraction peaks correspond to the phases of the LMO material with peaks identified at 

different positions on the 2 Theta (°) scale. These peaks align well with the diffraction pattern 

of reference in PDF 35-0782 confirming the presence of the expected crystalline structure in 

the coating. 

 

Figure 89. Dry LMO//AC hybrid electrode coating (A) X-ray diffractogram using Cu-Kα radiation (Cu 
reflections relate to the Cu current collector) and (B) Raman pattern. 

 

Figure 89B shows the Raman pattern of the LMO//AC coating. The spectrum displays D-band 

and G-band peaks that are typical of carbon materials. The D-band, at 1350 cm-1 indicates the 

presence of disordered carbon, while the G-band, around 1580 cm⁻¹ represents activated 

carbon materials. These findings confirm that activated carbon is present in the electrode and 

offer insights into the characteristics of the carbon component.  

 

7.3.2. Electrochemical measurements of dry hybrid LMO//AC cathode 

By testing the performance of our custom-made electrodes (30:50:10:10 LMO:AC:C65:PVdF), 

with varying thicknesses, we observed how the manufacturing process affects their 

performance. In Figure 90A the results of cycling tests for thicknesses ranging from 190 µm to 

720 µm have been shown that carried out over 20 cycles at a rate of 1C. All electrodes show a 

capacity of about 50 mAh g⁻¹ with only slight differences during short-term cycling tests. This 

suggests that the thickness of the electrode does not have an impact on cycling performance 

within this range. Additionally, we evaluated the performance of two electrodes with 
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thicknesses of 230 µm and 500 µm (these two were considered as the thickness became nearly 

doubled) over 100 cycles at a rate of 1C, as depicted in Figure 90B.  

 

Figure 90. Dry LMO//AC hybrid electrode (30:50:10:10 LMO:AC: SC65:PVdF) (A) Cycling test for 
different thicknesses from 190 µm to 720 µm (B) Long cycling test for samples with 230 µm and 
500 µm. 

 

Both electrodes initially could provide a capacity of 54 mAh g⁻¹. This value gradually decreased 

over time during extended cycling tests and remained stable overall. Over the cycling tests, 

this value showed a gradual decline. For the thinner electrode (230 µm), the capacity 

decreased to 52 mAh g-1 after 20 cycles, whereas the thicker electrode (500 µm) maintained a 

relatively stable capacity of around 50 mAh g-1 over the same period. The thicker electrode 

demonstrated nearly the same capacity retention during longer cycles, with the capacity 

stabilizing at around 48 mAh g-1 after 100 cycles compared to the thinner electrode, which 

showed a similar capacity of 47 mAh g-1. These results indicate that the manufacturing process 

can play an important role in the electrode where in the long-term cycling stability, the thicker 

electrodes exhibit the same performance over extended cycles. The thicker electrode 

(500 µm) maintained a specific capacity compared to the thinner one (230 µm) throughout 

the test period. This indicates that while both thicknesses offer performance, the thicker 

electrode may have an advantage in retaining capacity over time. 

To investigate more on our initial findings, a dry hybrid LMO//AC cathode with 40:40:10:10 

LMO:AC:C65:PVdF composition, 23.12 mg active mass, and 612.0 µm thickness has been 

fabricated. Figure 91 shows the cycling performance of such hybrid cathode 200 cycles at a 

rate of 1C. The initial specific capacity is around 65 mAh g-1 (after formation) for both lithiation 

and delithiation processes. Over the 200 cycles, the specific capacity declined to 58 mAh g-1 

and retained 89% of its initial capacity by the end of the test period. Moreover, the Coulombic 
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efficiency remains consistently close to 100% throughout the cycling, which indicates efficient 

charge/discharge processes. The combined results of our electrochemical tests show the 

successful fabrication of stable and high-performing dry electrodes based on hybrid LMO//AC. 

The results prove that the presented preparation process is effective and could reproduce 

electrodes with varying content combinations, thicknesses, and mass loading.  

 

Figure 91. Cycling performance of the dry hybrid LMO//AC electrode (40:40:10:10 LMO:AC:C65:PVdF) 

at 1C for 200 cycles   
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8. DIGIBATMAT 

Some of the details in Section 8 are extracted from the scientific publication „ Developing an 

ontology on battery production and characterization with the help of key use cases from 

battery research.“ All specific contributions are thoroughly listed and acknowledged in 

Section 12. 

 

8.1. DigiBatMat Project Overview 

The DigiBatMat initiative has successfully built a platform that merges information, on battery 

components and production procedures by bringing together battery tech experts with 

digitalization and AI professionals to work hand in hand on this endeavor. Utilizing data to 

establish a connection, between materials used and manufacturing techniques through 

thorough analysis and exploration of their correlations is what the project has accomplished. 

In Key Use Case 3 my work contributions stood out when I devised and executed a plan to 

streamline the process of generating data throughout production phases. By pinpointing 

zones, with potential, for valuable data collection, I made sure that the information gathered 

would directly enhance production effectiveness and analysis of material performance. 

 

8.2. Summary of achievements on the DigiBatMat platform 

The DigiBatMat platform has made enhancements to the efficiency and evaluation of materials 

and procedures, in LIBs manufacturing operations. By working with specialists in battery 

technology along, with digitalization and AI expertise we have developed a system that 

harmonizes different facets of LIB production thus simplifying the handling and examination 

of data.  

 

8.2.1. Platform Development: 

In the platform’s growth process, I made an impact by working on crafting a user interface 

dedicated to data management excellence. Essential, to this endeavor was the design of a 

template system allowing users to seamlessly import Excel data files and cutting down data 

entry efforts by a quarter. My dedication to ensuring ease of use meant that researchers could 

easily handle and organize volumes of data efficiently – enhancing the usability of the platform 

for day-to-day activities. 
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8.2.2. Data Analysis and Reference Data Production 

A machine learning algorithm to examine the gathered data and uncover findings and trends 

that steered the research paths and decision-making processes effectively has been utilized. 

Moreover, developed reference data enhanced the accuracy of comparisons and validations 

thus ensuring evaluations of materials and processes. 

 

8.2.3. Key use cases: 

In my role, at the company I worked on Key Use Case 3 which focused on consolidating data 

generation throughout phases of the battery manufacturing process. This targeted approach 

was instrumental in streamlining data gathering in areas with potential for positive change 

leading to enhanced efficiency and outcomes. By pinpointing these zones aimed to ensure that 

our data-centric strategy had an impact, on guiding research initiatives and refining production 

processes. 

 

8.3. Implementation of key use cases 

The uses of the DigibatMat platform have greatly contributed to its ability to assist in research 

and development activities across fields by combining data knowledge with studies 

successfully. I have played a role, in advancing the effectiveness of the platform in managing 

data and planning experiments with a focus, on Key Use Case 3. The DigiBatMat Ontologies 

offer a foundation, for shaping and enhancing research ideas. With its method for formulating 

hypotheses, the system aids in laying the groundwork for research endeavors, in R&D making 

it easier to conduct systematic and evidence-based studies. 

The process of planning experiments has been made efficient with the help of DigiBatMat 

ontologies to ensure that experiment designs follow established standards and practices, in 

the industry consistently and effectively improved R&D workflows as a result contributing to 

integration of reference data that offers crucial benchmarks for comparison and validation, on 

the platform. After conducting experiments are finished and completed all steps involving 

combining information and examining them are carefully saved in the system to manage data 

smoothly. In a key use case 3, I played a part, in bringing together the process of generating 

data throughout various stages of production with a focus placed specifically on key spots, for 

collecting data and securing its accuracy. This work has guaranteed that the information 

collected is accurately verified and confirmed, making it easier to use for examination and 
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understanding. The platform is always being improved with suggestions, for growth 

opportunities in mind. By building upon the infrastructure and expanding its functionalities 

the platform boosts researchers’ capacity to assess workflows and discover insights. My input 

has secured the platform flexibility allowing researchers to widen their research horizons while 

upholding standards, for data accuracy and analysis.  

 

8.4. Key use case 3 

Key use case 3 (KUC 3) primarily focused on enhancing the performance of lithium titanate 

oxide, lithium manganese oxide, and lithium manganese oxide//activated carbon hybrid 

electrodes by refining their manufacturing processes. Dry and wet mixing methods along with 

variations in mixing speeds and durations (in centrifuge mixer) were investigated to determine 

their influence on particle size distribution and electrode structure, subsequently impacting 

the electrochemical performance of each electrode. 

 

8.4.1. Hypotheses for LTO, LMO, and LMO//AC electrodes 

Two hypotheses were. Studied for LTO, LMO, and LMO//AC electrodes. Hypothesis 1: 

Extensive optimization of the mixing method will reduce capacity degradation in LTO, LMO, 

and LMO//AC electrodes when subjected to applied current in the appointed potential range. 

Hypothesis 2: Modifying mixing parameters, such as speed and duration of centrifuge mixer, 

in both wet processes will result in electrode structures with varying particle sizes and 

distributions. To find the conditions for improving the performance of LTO, LMO, and LMO//AC 

electrodes we experimented with different mixing parameters like speed and duration using 

both dry and wet methods. Here are the steps we followed.  

Gathering and organizing Data: information on materials mixing techniques and 

characterization methods has been collected. In the next step, we uploaded the results to the 

DigiBatMat platform. The DigiBatMat ontology was used to organize the relationships between 

materials and processes for clarity and easy access. Characterization methods: We analyzed 

properties such as structure, particle size, and uniformity using techniques listed in Table 11 

and Table 12. Methods, like Scanning Electron Microscopy, X-ray Diffraction, and Raman 

spectroscopy were used to study the structure, morphology, and surface composition of the 

electrodes. Electrochemical testing: The prepared electrodes underwent testing to assess how 

the optimized manufacturing process affected their performance. Tests included Cyclic 
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Voltammetry, Galvanostatic Charge/Discharge cycles, and Electrochemical Impedance 

Spectroscopy for evaluation. 

 

Table 11. List of characterization techniques 

Properties Characterization techniques Instrument 

Particle size  
distribution 

Dynamic light scattering (DLS) 
Grindometer 

Malvern Mastersizer 2000  
BEVS Fineness 

Shear rate Rheometer Anton-Paar MCR302e 

Morphology Scanning electron microscopy  Geminin 500, Zeiss 

Crystal phase  
and structure 

X-ray Diffraction (XRD) 
Raman spectroscopy 

D8 Discover (Bruker AXS) 
Renishaw inVia Raman 

 

8.4.2. Detailed flow and implementation 

The detailed flow of the DigiBatMat platform’s implementation, as shown in Figure 92, 

Table 11, and Table 12, shows the process of characterizing and optimizing battery materials. 

This approach showed that the data collection process was reliable and practical for enhancing 

the manufacturing process of high-performance LIBs. By focusing on KUC 3 the system 

facilitated an examination of how various mixing techniques and factors impact the structure 

and efficiency of the electrodes and, particularly the LTO anode. 

 

Figure 92. Summary of the electrode preparation with relevant parameters. Legend: Blue box – mixing 

parameters; Green box –characterization techniques; Insets – actual photos. 
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In the following section, we have discussed the findings and results. Mixing Methods: We 

thoroughly investigated how mixing techniques such as the duration of mixing and the speed 

of mixing ( in a centrifuge mixer) influence particle size distribution and electrode structure. It 

was noted that optimized mixing factors play a role, in the consistency and electrochemical 

performance of the electrodes. Electrode Properties: With characterization analyses, we 

uncovered how varying mixing speeds and durations can influence structures and particle size 

distributions. These structural changes were linked to the performance of the electrodes that 

confirmed the defined hypotheses. Electrochemical Performance: The improved performance 

of the optimized electrodes was apparent showing capacity degradation and enhanced 

stability under high-rate conditions. The data presented on the DigiBatMat platform provided 

a summary of these findings that enables an evaluation and validation process. 

 

Table 12. List of electrochemical measurements and conditions  

Battery testing The BioLogic battery cycler BCS-810 is equipped with BT-
Lab software. 
VMP3 multi-channel potentiostat and galvanostat 
(Biologic) were analyzed using the EC-Lab software. 

Testing conditions @25±1°C in Binder Climate chamber 

Battery Chemistry (CR2032) 
Separator 
Electrolyte 
Working Electrode 
Counter Electrode 

 
Whatman GF/F glass fiber discs (Ø = 18 mm) 
1 M LiPF6 in 1:1 EC:DMC, Sigma Aldrich(150 µL) 
LTO (Ø = 12 mm, ≈ 3.0 mg cm-2) 
Li chips, MTI (Ø = 15 mm) 

Half-cell tests  

Cyclic Voltammetry (CV) Potential window: 0.01 – 3.00 V vs. Li+/Li 
Scan rate: 0.1 and 5.0 mV s-1 

Galvanostatic Charge and Discharge 
(GCD)  

Potential window: 0.01 – 3.00 V vs. Li+/Li 
Specific current: 0.1 and 20.0 A g-1 

Electrochemical impedance 
spectroscopy (EIS) 

Frequency: 10-2 -105 Hz 
Open Voltage: 5 mV 
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9. SUMMARY, CONCLUSION, AND OUTLOOK  

9.1. Summary 

The detailed work on electrodes for LIBs discussed in this thesis has given insights into 

improving the electrode manufacturing processes and boosting the performance of metal 

oxide electrodes for LIBs. The research mainly focused on optimizing the preparation of five 

types of electrodes; LTO, LFP, LMO, a hybrid electrode made of a combination of lithium 

manganese oxide and activated carbon, and a dry process electrode that was a mix of lithium 

manganese oxide and activated carbon. Our results confirmed the significance of adjusting 

mixing techniques and parameters during preparation to enhance the efficiency and longevity 

of these electrodes. 

 

9.1.1. LTO anode 

The first part of the investigation of this thesis (Section 4) discusses the experiments 

conducted to find the parameters for improving the performance of the LTO anode. Different 

conditions were tested to prepare dry mixture and wet mixture (slurry) of LTO and C65 

combination. By using Dynamic light scattering (DLS) measurements, Scanning electron 

microscopy, X-ray Diffraction (XRD), Raman analysis, Electrochemical impedance spectroscopy 

(EIS), etc., we evaluated how mixing time and speed affect the compositional and 

electrochemical properties of the LTO electrode. Our systematic research identified 

parameters that result in enhanced performance across a wide potential range for LTO 

electrodes:  

The optimal mixing time for the LTO/C65 powder mixture in a mortar is 10 min. It was observed 

that mixing beyond 10 min caused powder adhesion making it challenging to collect the 

mixture from the mortar. For mixing LTO/C65 powders using a centrifuge mixer (SpeedMixer), 

the speed and time are 2500 rpm and 15 min. These settings effectively reduced particle size. 

Ensured coverage of LTO particles by the conductive agent (C65). The best ratio for solvent and 

powder mixture is 8:5 by mass percent. This amount of solvent proved sufficient for uniform 

coating of mixtures, resulting in a slurry with viscosity and consistency. The optimal speed and 

duration for wet mixing of LTO and C65 powder mixture and DMSO solvent in the SpeedMixer 

(SM) are 2500 rpm and 10 min. With these settings, the average particle size in the final slurry 

remains below 5 µm. 
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Through a combination of characterization and electrochemical analyses, it was observed that 

extending the final mixing of the optimized mixture by 72 h under a mechanical stirrer 

(magnetic stirrer) enhances the structural properties of the LTO electrode. This process leads 

to improvements in particle size distribution and homogeneity of the LTO active materials. 

Overall, the optimized LTO anode (LTO 72) demonstrated superior electrochemical 

performance, including initial capacities of 232 mAh g-1 at 2.9 A g-1 (10C), 190 mAh g-1 at 

5.0 A g-1 (≈17C), 162 mAh g-1 at 10.0 A g-1 (≈34C), and 78 mAh g-1 at 20.0 A g-1 (≈68C). This 

electrode maintained 60% and 57% of its initial capacity after 2000 cycles at specific currents 

of 5.0 A g-1 (≈17C) and 10.0 g-1 (≈34C), respectively. The homogeneous distribution of 

electrode materials, as confirmed by scanning electron microscopy (with post-mortem 

analysis), played a crucial role in these results. 

 

9.1.2. LFP, LMO, and hybrid LMO//AC cathodes 

In the second part of this thesis (Section 5), we studied enhancing the capabilities of LFP, LMO, 

and hybrid LMO//AC cathodes by refining the electrode preparation methods that have shown 

promising results for enhancing LTO anodes. The findings shared are preliminary and ongoing. 

Despite that, we have gained insights that lay the groundwork for further advancements in 

battery research. 

 

9.1.2.1. LFP cathode 

The preparation of LFP cathodes employed in this work involves a manual mixing of 80% as-

synthesized LFP nanopowder with 10% conductive carbon black for 10 min, followed by speed 

mixing at 1000 rpm for 5 min. DMSO solvent is gradually added and mixed at 1500 rpm and 

2500 rpm for 5 min each, and then PVdF binder is added. The variations in the mixing speed 

and time of wet LFP/C65 mixtures have not yet been included in this thesis. The final slurry 

was mechanically stirred for 24 h at 500 rpm. The variations in the mixing speed and time of 

dry and wet LFP/C65 mixtures were not yet included in this thesis. The cycling performance of 

the as-prepared LFP cathode at 25 mA g-1 for 50 cycles delivered an initial capacity of 

76 mAh g-1. The specific capacity gradually decreased to 66 mAh g-1 and stabilized throughout 

the cycles retaining 87% of the initial capacity. The Coulombic efficiency remained close to 

100% across the whole cycling process, indicating efficient and reversible charge-discharge 

processes with minimal losses. 
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9.1.2.2. LMO cathode 

During our initial investigation using the DLS measurement and scanning electron micrographs, 

we learned that the SM parameters did not affect the particle sizes of the dry LMO/C65 

mixture, as the particle size distributions remain consistent across different mixing speeds and 

durations. With this, the preparation process of LMO cathodes in this work proceeds by mixing 

80% LMO powder and 10%  C65 by manual grinding for 10 min and speed mixing at 1500 rpm 

for 5 min. DMSO solvent and 10 mass% PVdF binder solution are then added, mixed at 

2500 rpm and 800 rpm for 10 min each, and stirred at 500 rpm for 24 h.  

In the case of the LMO cathodes, a capacity retention of 69% after 500 cycles at 200 A g-1 was 

obtained. Such stability was influenced by manganese dissolution and redeposition at the 

anode, phase transitions within the LMO structure, and the material’s electrical conductivity. 

Even though the LMO electrode showed limitations, the electrochemical performance 

remained stable under prolonged cycling conditions, indicating its potential for long-term 

energy storage applications. 

 

9.1.2.3. Hybrid LMO//AC cathode 

The LMO//AC hybrid electrode with 30:50:10:10 LMO:AC:C65:PVdF ratio was prepared parallel 

to the preparation mentioned above process. The combined results of scanning electron 

micrographs, XRD, and Raman analyses revealed a well-structured and uniform composite 

material with good dispersion and adhesion between LMO and activated carbon particles. 

Although we successfully prepared the hybrid LMO//AC electrode with a uniform presence of 

the LMO phase and graphitic nature of the activated carbon component, the result of its 

cycling performance at 0.2 A g⁻¹ for 300 cycles showed limited electrochemical performance. 

The hybrid LMO//AC electrode delivered an initial specific capacity of ~165 mAh g-1 for 

lithiation and 145 mAh g-1 for delithiation.  

Then a noticeable capacity fading starts after 50 cycles, which drops to ~60 mAh g-1 after 

300 cycles. While the Coulombic efficiency improves to above 90% after 100 cycles, it remains 

unstable and shifts throughout the rest of the cycling period. We believe that the structural, 

compositional, and electrochemical properties of the hybrid LMO//AC electrode could be 

improved through further optimization of the electrode preparation process. This investigation 

is not yet included in this work.  
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9.1.2.4. Full-cell test (LTO//LMO and LTO//LFP)  

In the third part of the study (Section 6), by using the improved LTO, LMO, and LFP electrodes, 

we assembled LIBs in full-cell configuration using LTO as anode and LMO (LTO//LMO) and LFP 

(LTO//LFP) as cathode, respectively. The LTO//LMO full cell starts with a specific capacity of 

about 250 mAh g-1 at the applied current of 0.5 A g-1, which drops significantly to around 

100 mAh g-1 after 50 cycles and continues to decrease. Despite this capacity fading, the 

Coulombic efficiency remains stable above 90%, indicating consistent charge/discharge 

efficiency. Likewise, the full-cell performance of the optimized LTO anode against an LFP 

cathode showed an initial capacity of 138 mAh g-1 at 0.2 A g-1 and retained 81% of its capacity 

after 200 cycles. The Coulombic efficiency remained above 97%, demonstrating efficient 

charge and discharge processes.  

 

9.1.3. Dry process electrode 

In Section 7 we recognize the progress made in improving the method of preparing dry process 

electrodes. Exploring this procedure is essential as it can lead to cost eco eco-friendly and high-

performance batteries. Understanding this technique will enable us to develop energy storage 

solutions supporting initiatives, in combating climate change and achieving energy self-sufficiency. Our 

initial investigations using a hybrid LMO//AC cathode with a 30:50:10:10 ratio of LMO:AC:C65:PVdF 

showed outcomes. We observed that the thickness of the electrode does not significantly affect its 

performance as all electrodes maintained a consistent specific capacity of around 50 mAh g⁻¹ during 

short-term cycling. Thicker electrodes (500 µm) displayed an advantage in retaining capacity over 

100 cycles at a rate of 1C compared to ones (230 µm). Furthermore, we fabricated a hybrid LMO//AC 

cathode with a ratio of 40:40:10:10 for LMO, AC, C65, and PVdF and a thickness of 612 µm to confirm 

the versatility of our preparation method. Interestingly, our cells exhibited a capacity of around 

80 mAh g⁻¹ and maintained good stability with an 85% capacity retention after 200 cycles, along with 

consistently high Coulombic efficiency. In conclusion, we have successfully demonstrated a dry process 

preparation technique of producing electrodes, with varying thicknesses and mass loadings. 

 

9.1.4. DigiBatMat 

Finally, in Section 8, we introduce the DigiBatMat platform. This platform plays a role in moving 

forward battery research and development (R&D) by focusing on applications. It makes it easy 

to gather historical data and analyze them, resulting in innovative insights for optimizing LIB 

systems. Through its data management capabilities, it has significantly smoothed the research 
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process, showing its potential to fuel innovation and scientific advancement in battery 

technology. This systematic approach shows the significance of DigiBatMat in supporting R&D 

initiatives and its impact, on the development of high-performance LIBs that shape the future 

of energy storage solutions. 

 

9.2. Conclusions 

In Section 7, we recognize the progress made in improving the method of preparing dry 

process electrodes. Exploring this procedure is important as it can lead to cost-effective and 

eco-friendly and also high-performance batteries. Understanding this technique will enable us 

to develop energy storage solutions that support the capability of combating climate change 

and achieving energy self-sufficiency. Our initial investigations using a hybrid LMO//AC cathode 

with a 30:50:10:10 ratio of LMO:AC:C65:PVdF showed outcomes. We observed by optimizing 

the manufacturing process, the thickness of the electrode does not significantly affect its 

performance as all electrodes maintained a consistent specific capacity of around 50 mAh g⁻¹ 

during short-term cycling. In another study, a thicker electrode (500 µm) displayed an 

advantage in retaining capacity over 100 cycles at a rate of 1C compared to a thinner one, 

which had a thickness of 230 µm. 

Furthermore, we fabricated a hybrid LMO//AC cathode with a ratio of 40:40:10:10 for 

LMO:AC:C65:PVdF and a thickness of 612 µm to confirm the reliability of our preparation 

method. The cells exhibited a capacity of around 65 mAh g⁻¹ and maintained good stability 

with an 89% capacity retention after 200 cycles, and also with consistent and high Coulombic 

efficiency. In conclusion, we have shown a dry process preparation technique for producing 

electrodes with varying thicknesses and mass loadings. 

 

9.2.1. Impact of mixing methods and parameters 

It was distinguished that when dry mixing is done carefully, it can effectively disperse the active 

material and the other components. Otherwise, there are challenges with agglomeration if not 

managed well. Optimized dry mixing can create electrodes with a particle size distribution and 

improved electrochemical performance. Achieving these results in our study required finding 

a balance between mixing speed and duration in a centrifuge mixer. Wet mixing techniques 

allow for control, over the size and distribution of particles by adjusting the speed and 

duration to achieve a mixture, ultimately enhancing the properties of the electrode. This 
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method is crucial for ensuring a distribution of the material within the electrode. Both mixing 

speed and duration play roles in determining the properties of the electrodes. High-speed 

mixing results in particles and uniform distribution, which are advantageous for performance. 

However prolonged mixing may cause material properties to degrade due to stress. The 

optimal conditions strike a balance between achieving particle sizes without compromising the 

integrity of the materials. 

 

9.2.2. Effect of the optimized manufacturing process 

Ongoing efforts are necessary to develop novel energy storage systems and enhance current 

ones to meet the growing demands. The presented study showed how modifying the 

manufacturing process impacts the electrochemical performance of LTO anode half-cells. 

Variations in wet and dry mixing steps (in centrifuge mixer) resulted in various particle 

dispersions and sizes being obtained. The improvement in the manufacturing procedure 

reduced the amount of solvent required for electrode production by up to 50%, potentially 

lowering the electrode production costs on an industrial scale. 

 

9.2.3. Effect of hybridization 

Adding AC as a supercapacitor material in the LMO//AC hybrid electrodes was beneficial. The 

conductive network provided by AC facilitated rapid electron transport, reducing the internal 

resistance and enhancing the overall performance. This hybrid approach demonstrated the 

potential of combining different materials to leverage their strengths, resulting in electrodes 

with superior electrochemical properties. 

 

9.2.4. Machine learning insights 

Analyzing data with machine learning algorithms helped determine the mixing parameters. By 

using this method, researchers could find the conditions for electrode preparation, lowering 

the need for numerous trial and error tests. Combining machine learning with historical data 

improved the efficiency and success of the research attempt. 

 

9.3. Outlook 

The results of this thesis offer directions for research and advancement. First of all, advanced 

mixing techniques with the following studies could investigate innovative mixing methods like 
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ultrasonication or high-energy ball milling to achieve more refined particle distributions and 

improved material integration. These methods could boost performance by establishing better 

electrode structures. Secondly, the exploration of alternative materials by exploring alternative 

metal oxides and hybrid materials may provide a better view of potentially superior electrode 

materials. For example, examining the utilization of nickel cathodes or silicon-based anodes 

could result in batteries with increased energy densities and enhanced performance qualities. 

Thirdly, scaling up and commercialization means the methodologies and discoveries from this 

study need to be evaluated on a scale to determine their suitability for commercial battery 

manufacturing. Expanding the optimized blending techniques and assessments will play a role 

in evaluating the potential for applications. Fourthly, the integration of Advanced Analytical 

Techniques by Integrating advanced characterization techniques like in situ XRD or scanning 

electron microscopy during cycling can offer a deeper understanding of the structural changes 

within electrodes and degradation mechanisms. This knowledge is important for formulating 

strategies to enhance the durability and performance of LIBs further. 

Fifthly, sustainability and cost-effectiveness, which is important for future studies to consider 

the sustainability and cost-effectiveness of the materials and methods used in making 

electrodes. Creating cost-efficient electrode materials is key to making advanced LIB 

technologies more widely accessible. Finally, the further development of the DigiBatMat 

Platform by ongoing enhancement of the DigiBatMat platform has proven to be useful for 

organizing and analyzing data. By continuing to improve this platform, for example, by 

integrating data analysis tools and machine learning algorithms, we can achieve new 

discoveries.
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11. ABBREVIATIONS 

11.1. Abbreviations 

CE  Coulombic efficiency 

CMC  carboxymethyl cellulose 

CV  cyclic voltammetry 

DEC  diethyl carbonate 

DMC  dimethyl carbonate 

DMSO  dimethyl sulfoxide 

EC  ethylene carbonate 

EES  electrochemical energy storage 

EMC  ethyl methyl carbonate 

ESR  equivalent series resistance 

GCPL  galvanostatic cycling with potential limitation 

LFP  lithium iron phosphate 

LIB  lithium-ion battery 

LMO  lithium manganese oxide 

LTO   lithium titan oxide  

NMC  lithium nickel manganese cobalt oxide 

OLC  onion-like carbon 

PC  propylene carbonate 

PE  polyethylene  

PP  polypropylene 

PVdF   polyvinylidene fluoride 

SEI  solid electrolyte Interphase 

SEM  scanning electron microscopy 

SHE  standard hydrogen electrode 

VC  vinylene carbonate 

XRD   X-ray diffraction 
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11.2. Symbols and constants  

%  percent 

°C  degree Celsius 

A  Ampere 

A g-1  Ampere per gram 

C  C-rate 

cm2  square centimeter 

Eo  redox potential 

F  Farad 

F  Faraday constant 

g  gram 

h  hours 

I  electric current 

kt  kiloton 

M  molar 

M  molar mass 

m  mass 

m2 g-1  square meter per gram 

mAh g-1 milli-ampere-hour per gram 

min  minutes 

mm  millimeter 

n  amount of substance (mol) 

NA  Avogadro constant 

nm  nanometer 

Q  charge 

t  time 

TWh  terawatt hour 

U  Voltage in volt 

V  Volt 

Wh g-1  Watt-hour per gram 

μm  micrometers 
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