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Development of next-generation lithium-ion battery (LIB) systems is crucial not only to 

keep pace with the advancements in portable electronics applications and electric/hybrid 

vehicles, but also to decrease the consumption of fossil fuel and reduce its adverse effects 

on the climate towards a more sustainable society. Traditional LIBs with graphite anode 

and lithium metal oxide cathodes have reached their limits to meet the demands of fast 

developments in applications that require high storage capacities and energy densities. 

Herein, this dissertation explored new methods of electrode synthesis by using abundant 

and environmentally friendly elements such as sulfur and silicon for the development of 

next-generation LIB electrodes. Modification of traditional electrode materials to increase 

the capacity and electrochemical performance was also studied. Presented methods 

include the synthesis of sulfur electrodes using different active material loadings and 
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various carbon types, and the application of thin film coatings and carbonized interlayers 

for lithium-sulfur cells. TiO2 coated sulfur electrodes prepared by magnetron sputtering 

technique showed promise by delivering a reversible use of long-chain polysulfides, 

representing a more efficient active material utilization compared to the reference sulfur 

electrodes. Consequently, 40% capacity improvement was achieved at 0.1 C rate for the 

TiO2 coated porous carbon-composite electrode. Detailed capacity fade analysis in 

lithium-sulfur cells revealed that the electrolyte-to-sulfur ratio has a big influence on the 

battery performance, and that an optimal amount of electrolyte is needed to achieve good 

electrochemical performance. Furthermore, the effect of the conditioning method on a 

sulfur-silicon full cell was studied in order to maximize the battery performance. In 

addition, surface modification of LiCoO2 cathode was introduced to increase the capacity 

of the electrode for high-voltage operations. Coating the electrode surface delivered an 

improved Coulombic efficiency, indicating suppressed parasitic reactions at the 

electrode-electrolyte interface. Analytical materials and electrochemical characterization 

of the battery electrodes were performed using a variety of techniques such as TGA, 

SEM, EDS, TEM, Raman, EIS, CV and GITT. Challenges and possible solutions related 

with various electrode chemistries were presented.  
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Chapter 1 
 

 

 

Introduction 
 

 

 

 There are various choices for clean and renewable sources of energy, such as 

wind and solar. The biggest challenge for these energy sources is their state of being 

intermittent. For example, wind energy is only harnessed when it is windy, and solar 

energy production is dependent on sunlight. Energy storage systems such as lithium-ion 

batteries (LIBs) have a high potential to overcome these problems owing to their easily 

convertible chemical energy with high energy densities. LIBs in electric vehicle 

applications are also crucial in decreasing our dependence on problematic sources of 

power such as fossil fuel. The trouble with these sources is that they will run out or will 

not be replenished in our lifetimes. They also release CO2 into the atmosphere and upset 

Earth’s carbon budget, which balances the carbon in the ocean, earth and air. Although 

today’s LIBs are widely used in a wide range of energy storage applications, they have 

reached their limits to meet the demands of fast developments in electric vehicles or 

portable electronics applications [1, 2].  

 High-performance LIBs can lead to a better usage of readily available energy 

sources. This includes the capabilities of storing the energy from wind, sun and other 

clean energy sources. As seen in Figure 1.1, due to the fossil fuel consumption by 

vehicles, the largest share of CO2 emissions in the US in 2018 was generated by the 
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transportation sector (28%). Electricity production has the second largest share (27%), 

which is also heavily dependent on burning fossil fuels. Therefore, the development of 

LIBs is needed not only to keep pace with the fast developments in electric vehicle and 

other portable electronics applications but also to decrease the consumption of fossil fuel 

and reduce the adverse effects on climate change for a sustainable society. 

 

 

Figure 1.1: Total U.S. CO2 emissions by economic sector in 2018 [3]. 

 

 Recently, LIBs have increased in popularity because of the fast development in 

electric vehicles and smart system applications [4]. It is predicted that 58% of new car 

sales will be electric by 2040 [5].  However, today’s commercial LIB systems may not be 

able to meet the growing demand in energy storage, and high cost of raw materials could 

restrict the utilization of LIBs for large-scale applications.  
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1.1  Conventional Lithium-Ion Battery 
 

 State-of-the-art technology of LIBs still depends on the same chemistry that 

enabled the commercialization of the LIBs for the first time in the 90s. This chemistry, 

which uses conventional intercalation electrode materials, enables batteries to have a low 

self-discharge rate and a relatively higher energy density compared to the older 

technologies. As shown in Figure 1.2, the cathode (positive electrode) is a type of lithium 

metal oxide (LiCoO2), and anode (negative electrode) is carbon, usually graphite. The 

space between the two electrodes is filled with electrolyte which provides a conducting 

medium for lithium ion transfer. During charging, lithium ions leave the layered metal 

oxide structure of the cathode and they flow into the anode. Lithium is stored in the 

layered graphitic structure during charge. The opposite reaction happens during 

discharging the battery: Lithium ions leave the graphite anode, and they turn back to the 

empty sites in the layered metal oxide structure of the cathode. Simultaneously, extracted 

electrons are forced to move from the anode current collector to the cathode current 

collector through the outer circuit. The related redox reactions for the anode and the 

cathode are given in Equations 1.1 and 1.2, respectively: 

 

                            LiC6 ↔ C6 + Li+ + e− (anode)                                       (1.1) 

                            CoO2 + Li+ + e− ↔ LiCoO2 (cathode)                           (1.2) 
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Figure 1.2: Schematic representation of the traditional lithium-ion battery system consisting of a 

LiCoO2 cathode, a graphite anode, and the electrolyte. During charge, lithium ions are forced to 

release the layered LiCoO2 structure and they move to the graphite anode, where they are stored. 

During discharge, lithium ions move back across the electrolyte to the cathode while producing a 

current on the outer circuit. In both charging and discharging processes, the liquid electrolyte 

enables the transportation of lithium ions between the two electrodes and forces the electrons to 

move through the outer circuit. The crystal structure images of LiCoO2 and graphite are generated 

by using VESTA [6]. 

 

 Although the electrodes of this traditional Li-ion chemistry can provide stable and 

highly efficient batteries, their specific capacities have reached a limit. The cathode 

materials of conventional LIBs commonly include cobalt, and they have specific 

capacities around 100-200 mAh/g and energy densities 150-250 Wh/kg, which are not 

sufficient to meet the growing demand in applications that require materials with high 

energy storage capacities, i.e., electric/hybrid vehicles, remote control aerial devices, etc 

[2]. In addition, cobalt based cathodes tend to be more expensive because of relatively 

high prices of cobalt (17.675$/lb). Furthermore, cobalt reserves on earth are very 

restricted, and most of the cobalt supply needed for batteries is heavily depended on only 

one country, which causes political instabilities, difficult mining practices and potential 
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exposures to child labor in the area [7]. Although the manufacturers are trying to decrease 

the cobalt content in the commercial batteries used in electric vehicles, the cobalt loading 

per vehicle increased 45% in the first half of 2019 compared to the levels in the first half 

of 2018.  Similarly, in the first half of 2019, a total of 7,200 tons of battery grade cobalt 

metal were used in electric vehicle batteries globally, which is 81% greater than the 

levels in 2018 [8].  

 As shown in Figure 1.3, 65% of the total production cost of a commercial battery 

is dominated by the cost of materials, in which cathode (nickel manganese cobalt oxide, 

NMC) and anode (graphite) materials are the most expensive components, accounting for 

28% and 24% of the total cost, respectively [9]. Most of the LIBs applied in electric 

vehicles use NMC or lithium nickel cobalt aluminum oxide (NCA) cathodes containing 

high proportions of cobalt element, because they have higher energy densities compared 

to cobalt-free lithium metal oxide batteries such as LiFePO4 and LiMn2O4 [9]. It is 

estimated by the US International Trade Commission that the cobalt fraction in the 

positive electrodes used in electric vehicles in 2017 was about 30% [7]. In addition, the 

lithium cobalt oxide (LCO) cathode, which is widely used in cell phones, tablets, laptops 

and cameras, can also have very high cobalt contents occupying 50% of the total weight 

of the cathode [10]. With such high amounts of cobalt fractions in LIBs, the price of 

battery grade cobalt metal (at least 99.8%) is $17.675/lb, which is more than three times 

the price of nickel and around 23 times the price of aluminum [7]. In addition, around 

54,354 metric tons of cobalt entered LIB industry in 2017, and this number is forecasted 

to reach 276,401 metric tons by 2028 due to the rapid growth of demand for cobalt [11]. 
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According to the report given by the US Geological Survey, approximately 140,000 

metric tons of cobalt were mined globally in 2018. Even with the contribution from 

recycled cobalt, the current mine output is still much lower than the cobalt amount 

required by the industry [11]. With the trend of electric vehicles replacing traditional 

vehicles, the demand for cobalt from the market will continue to rise. However, as the 

cobalt resources on earth are limited, this may inevitably lead to the dramatic increase in 

the price of cobalt metal. Although the LIB pack prices are predicted to drop in the short 

term [12], the manufacturers may be obliged to use alternative cathode materials to 

cobalt, due to a possible high demand for LIBs expected in the electric vehicle market in 

the long term. 

In addition to the cost of the cathode materials, anode materials also account for a 

considerable proportion of the overall material cost of LIBs. As shown in Figure 1.3, 

graphite anode comprises 24% of the total battery cost [9]. Moreover, the manufacturing 

process of graphite consumes a majority of fossil fuels and does not satisfy the 

requirement of developing an eco-friendly society. Therefore, in order to lower the cost 

of electrical energy storage systems and protect the ecosystem, it is vital to explore 

cheaper and more abundant materials for the next generation electrical energy storage 

systems. Because of all the issues mentioned in this section, researchers have been 

devoted to exploring new chemistries that could utilize abundant and environmentally 

benign materials and could lead to improvements in the specific capacities and energy 

densities of the batteries at the same time. 
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Figure 1.3: Cost breakdown of a graphite-NMC battery. Among the different components 

contributing to the overall cost, cathode (28%) and anode (24%) materials account for the highest 

proportions.  

 

1.2  Lithium-Sulfur Battery 
 

 The lithium-sulfur (Li-S) system attracted a lot of attention owing to the high 

theoretical specific capacity (1675 mAh/g), high theoretical energy density (2600 

Wh/kg), environmental benignity, and abundance of elemental sulfur [13]. However, the 

practical performance of the Li-S system is not satisfactory due to the safety issues of 

lithium anode, low electrical conductivity of sulfur, large volumetric changes in the 

cathode structure and free migration of dissolved discharge products in the liquid 

electrolyte. Although the Li-S system was well-known before the commercialization of 

Li-ion chemistry, there was no significant progress in its application due to the previously 

mentioned challenges. After important advancements in nanotechnology and the ability 

of its involvement in the manufacturing processes, researchers started to reconsider the 

Li-S system, with the hopes to overcome the problems that come with this alternative 

chemistry. The increase in the total number of publications and issued patents related to 

Li-S batteries are presented in Figures 1.4a and 1.4b, respectively. 
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Figure 1.4: Total number of a) publications and b) patents related to Li-S batteries after 2010. The 

numbers listed here are obtained from Web of Science for the publications, and Google Scholar 

for the issued patents. 

 

 Besides the high theoretical specific capacity and energy density of elemental 

sulfur, its price is another driving force towards its commercialization. The price for the 

state-of-the-art cylindrical batteries with conventional Li-ion chemistry is ~180 $/kWh, 

and the battery pack price of LIBs is predicted to drop to values lower than 100 $/kWh in 

the next few years [12]. On the other hand, the cost of potential Li-S batteries can be as 

low as ~70 $/kWh, if a high sulfur utilization can be achieved [14]. Therefore, the 

production cost of potential Li-S batteries can be 61% less compared to the highest 

quality cells that we have in the market at the present. Although handling lithium metal 

anode in the manufacturing process would bring difficulties such as the need of an inert 

atmosphere and the requirements for extra safety precautions during processing high 

amounts of lithium, the increased cost of the Li-S batteries due to these situations could 

still be much lower than the cost of current LIBs.  
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1.2.1 Operating Principles of Li-S 
 

 Both charging and discharging processes exhibit multistep reactions in a Li-S 

battery. A representative voltage profile of Li-S battery is shown in Figure 1.5. During 

discharge, lithium ions travel to the sulfur electrode and sulfur reduces to Li2S. During 

charge, a reversed reaction occurs as the lithium ions leave the sulfur electrode and travel 

back to the lithium metal anode. The overall reaction in a Li-S cell is described by 

Equation 1.3 [15]: 

   S8(s)  + 16 Li+ + 16e−  ⇄  8 Li2S(s)   (1.3) 

 

 

Figure 1.5: Typical charge-discharge profile of Li-S battery. 
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 The discharge profile consisting from three regions can be analyzed as the 

following:  

Region I: Solid sulfur dissolves in the electrolyte and becomes liquid, followed by 

further reduction of liquid sulfur into S4
2−, as shown in Equation 1.4: 

 

   S8(s) → S8(l) + 4e− → 2𝑆4
2−   (1.4) 

 

 Since only half electron is transferred per sulfur atom in this reaction, it 

contributes 25% of the theoretical capacity of sulfur [16]. The controlled Nernst equation 

[15] is given by the Equation 1.5: 

 

       EU = EU
θ +

RT

nF
ln

S8(l)
0

(S4
2−)2      (1.5) 

 

 As the battery keeps discharging, the concentration of soluble S4
2− species will 

increase. Because S8 has very low solubility in the electrolyte, its concentration will be 

constant at the saturation level. Therefore, with the increase of the concentration of S4
2−, 

the voltage in the first region always decreases. This increases the viscosity of the 

electrolyte until a point where diffusion of lithium ions becomes very difficult. This point 

is marked as point 1 in Figure 1.5. Therefore, the rapid voltage drop in this region is 

related with the concentration polarization. 
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Region II: In this region, soluble S4
2− species are further reduced to insoluble discharge 

products, such as Li2S2 and Li2S, by the reactions given in Equations 1.6 and 1.7 [17]: 

 

   S4
2− + 8 Li+ + 6e− → 4Li2S(s)   (1.6) 

   S4
2− + 4Li+ + 2e− → 2Li2S2(s)  (1.7) 

 

 The capacity of the battery is mainly generated owing to these two reactions at a 

constant voltage. The controlled Nernst equation [15] is given by Equation 1.8: 

 

       EL = EL
θ +

RT

nF
ln

S4
2−

(S2
2−/S2−)4                 (1.8) 

 

 Because the solubility of Li2S and Li2S2 is extremely low in the electrolyte, 

concentrations of S2
2− and S2− are constant [18, 19]. However, concentration of S4

2− 

species decreases because of the slow kinetics of the conversion of soluble S4
2− species 

into insoluble Li2S and/or Li2S2. This is the reason for the extended lower discharge 

plateau which appears at ~2.1 V. Insoluble Li2S and Li2S2 species keep depositing on the 

cathode as the discharge process continues. Since the deposited insoluble species are 

nonconductive, they increase the resistance of the cell and may block any open paths for 

charge transfer, thus the voltage drops rapidly and the reaction stops. 
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Region III: This last region in the discharge profile is attributed to the conversion of 

Li2S2(s) into Li2S(s), which is extremely difficult due to the slow nature of solid-state 

diffusion in the bulk [20]. The conversion is governed by Equation 1.9: 

 

  Li2S2(s) + 2Li+ + 2e− → 2Li2S(s)    (1.9) 

 

 During charging process, insoluble short-chain Li2S2 and Li2S species are 

oxidized to soluble long-chain lithium polysulfides accompanied with a long lower 

charge plateau. As this process begins, polarization reduces with the dissolution of solid 

Li2S2 and Li2S in the electrolyte, as shown by point 2 in Figure 1.5 [21]. Next, soluble 

long-chain lithium polysulfides are further oxidized to solid sulfur during the higher 

charge plateau. 

 

1.2.2 Polysulfide Shuttling 
 

 Lithium polysulfide species can dissolve in the electrolyte and migrate freely 

through the separator and to the anode during charging or discharging the battery. This 

may lead to parasitic reactions between the polysulfides and lithium ions resulting in 

insoluble Li2S species, as shown in Equation 1.10 [22, 23, 24]: 

 

    Li2Sn + 2Li+ + 2e− → Li2S(s) + Li2Sn−1      (1.10) 
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 This reaction leads to electrolyte consumption and capacity fade in the cell. There 

are also other ways that soluble lithium polysulfides can react with other species in the 

battery. For example, soluble long-chain lithium polysulfides may react with the lithium 

metal anode and form solid Li2S2 and Li2S species that can precipitate onto the anode 

surface, as shown in Equations 1.11 and 1.12: 

 

              2Li + Li2Sn → Li2S(s) + Li2Sn−1                   (1.11) 

                2Li + Li2Sn → Li2S2(s) + Li2Sn−2                         (1.12) 

 

 Solid Li2S2 and Li2S species can further react with soluble lithium polysulfides 

and generate more short-chain soluble species, as shown in Equations 1.13 and 1.14 [25]: 

 

                         Li2S(s) + Li2Sn → Li2Sm + Li2Sn−m+1      (1.13) 

              Li2S2(s) + Li2Sn → Li2Sm + Li2Sn−m+2                  (1.14) 

 

 Once the concentration of these short-chain lithium polysulfides increases on the 

lithium metal anode surface, they can diffuse back to the cathode and be re-oxidized into 

long-chain soluble lithium polysulfides. The explained phenomenon is called 

“polysulfide shuttle” effect and it generates a current which does not contribute to the 

charging process, which results in a loss in Coulombic efficiency. Polysulfide shuttling 

may also lead to self-discharge. 
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1.2.3 Limitations and Challenges 
 

 The most important challenges that need to be overcome for the 

commercialization of Li-S batteries are fast capacity decay and short cycle life. These 

issues originate from various sources. First of all, sulfur and the end product after 

discharge, Li2S, is electrically nonconductive. This is one of the problems that leads to 

low active material utilization and low capacities. Therefore, sulfur needs to be 

encapsulated in a conducting network, and it must be ensured that a good electrical 

contact between the sulfur active material and the conducting agent is achieved. This 

would facilitate the electron transport between the active material and conductive 

additive. Dissolution and free movement of lithium polysulfides in the liquid electrolyte 

is another problem in Li-S batteries. It is worth noting that formation of soluble lithium 

polysulfides is essential in order to reduce elemental sulfur and extract electrons during 

discharge. In other words, the dissolution of polysulfides assists the active material 

utilization. But the soluble nature of polysulfide species also brings problems as they can 

leave the cathode, move freely in the electrolyte and migrate to the anode leading to the 

shuttle effect. This can also lead to Li2S precipitation on the electrode surfaces. Another 

problem is the formation of cracks on the sulfur electrodes because of the volume 

changes in the battery. The volume change during cycling is inevitable as the density of 

Li2S (1.66 g/cm3) is smaller than the density of elemental sulfur (2.03 g/cm3). Another 

problem is the formation of dendrites on the surface of lithium metal anode after repeated 

cycles. Dendrites on the lithium metal surface can lead to not only Coulombic efficiency 

loss in the cell, but also safety issues due to possible electrical short circuits between the 
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anode and the cathode. In the literature, there are various solutions to these problems 

including the optimization of cathodes by creating novel mesoporous or nanostructured 

carbon materials [26, 27], application of conducting polymer coatings [28, 29, 30, 31, 32] 

and the optimization of the liquid electrolyte [33, 34]. Other proposed solutions include 

the development of nitrogen doped carbon materials such as nitrogen doped carbon 

nanotubes and nanofibers, graphene wrapped sulfur, and atomic layer deposition of Al2O3 

[35, 36, 37, 38, 39]. Most of these methods are not applicable for mass production 

because of the complexity of the manufacturing processes and/or the cost of production. 

For example, the high-scale production of doped carbon nanotubes, or doped-graphene 

materials is too expensive. Regarding the coating applications, in situ methods based 

within solution environments make controlling the thickness and uniformity of the 

coating difficult. Atomic layer deposition process is controllable but it is slow and 

expensive. The methods used in this dissertation mostly focused on low-cost, effective 

and scalable techniques such as thin film coating via magnetron sputtering technique, 

which is widely used in the industry. Different thin film materials are used including Al 

and TiO2 for the sulfur electrodes. Carbonized paper interlayers in between the separator 

and the cathode material were also utilized and their polysulfide trapping capabilities 

were tested. For the conducting agent in the cathode, two different carbon materials were 

tested, and carbon-sulfur composite electrodes were synthesized. 
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1.3  Silicon Anode 
 

The use of lithium metal as the anode makes Li-S chemistry more problematic. 

Because, in addition to the dendrite formation on the lithium anode surface, sulfur 

cathode could bring other challenges when paired with lithium metal anode due to 

possible interactions between the lithium polysulfides and lithium anode surface. 

Therefore, it is tempting to explore an alternative anode material that can replace the 

lithium metal anode. However, the stable anodes that contain lithium do not have high 

specific capacities. And the most common commercial anode, graphite does not include a 

lithium source to be used across a sulfur electrode. Although a silicon anode has the same 

disadvantage of not having a lithium source, its theoretical specific capacity is more than 

10 times larger than the commercial graphite anode [40]. Therefore, the idea of having a 

full cell with sulfur as the cathode, and silicon as the anode is very attractive. In addition, 

both sulfur and silicon are environmentally friendly and abundant materials. 

Consequently, the theoretical specific energy density of a sulfur-silicon full cell can be as 

high as 1982 Wh/kg [41], while the cost of the battery would also be reduced owing to 

the abundant materials used in both cathode and anode. Within this context, an example 

of sulfur-silicon full cell system is introduced in Chapter 6, and the effect of the early 

cycling regime on the performance of the full cells is investigated. This early cycling 

regime is called conditioning or formation cycles, when the initial activation of the 

electrode materials occurs. 
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1.4  Description of Electrochemistry Terms 
 

 The electrochemistry terms used throughout this dissertation are listed and 

explained in this section as they are essential in order to understand the explanations of 

electrochemical analysis techniques. The basic concepts such as capacity, Coulombic 

efficiency, C-rate, internal resistance, polarization and overpotential are explained. 

 

Capacity The magnitude of the applied current (during charge) or withdrawn current 

(during discharge) quantifies the rate of charge or discharge in a battery. The capacity of 

the battery can be defined for each cycle, where one cycle consists of a full charge and a 

full discharge. If a constant current is applied (withdrawn) to charge (discharge) a battery, 

a practical capacity, Qcharge (Qdischarge), can be calculated as the applied (withdrawn) 

current multiplied by the elapsed time to fully charge (discharge) the battery. Specific 

capacity is defined as the capacity per mass of active material. Therefore, the dimension 

of specific capacity is current multiplied by elapsed time per weight, and the commonly 

used unit is mAh/g. On the other hand, theoretical specific capacity (Qth) can be 

calculated if the number of electrons transferred in the electrochemical reactions and the 

molecular weight (Mw) of the active material is known, using the Faraday’s Law given in 

Equation 1.15 as [42], 

 

     Qth =
nzF

Mw
       (1.15) 
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where n is the number of electrons, z is the number of electrochemical species, and F is 

Faraday’s constant. For example, for sulfur, n is 2, z is 1, and Mw is 32 g/mol. Therefore, 

the theoretical capacity can be calculated as, 

 

Qth(sulfur) =
nzF

Mw
=

2 × 1 × (96485 C/mol)

32 g/mol
×

1000 mAh

3600 C
= 1675 mAh/g 

 

where the unit of Faraday’s constant is converted from C to mAh. All specific capacity 

calculations throughout this work are performed based on the active material weight in 

the electrode. 

 

Coulombic Efficiency (CE, also called Faradaic efficiency, current efficiency) CE 

describes the charge efficiency by which electrons are transferred in an electrochemical 

reaction. It is widely used to estimate the cycle life of batteries as it can reflect the loss of 

lithium ions at each cycle. It can be defined as the ratio of discharge capacity to the 

charge capacity given in Equation 1.16 as, 

 

  Coulombic efficiency (CE) =
Qdischarge

Qcharge
      (1.16) 

 

where CE is usually given in percentages. CE can also be interpreted as the ratio between 

the amount of lithium ions or electrons reaching the cathode and the amount of lithium 

ions or electrons leaving the cathode in a cycle. Ideally CE needs to be 100% in a 
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reversible electrochemical reaction. However, unwanted side reactions or parasitic 

reactions between the electrolyte and lithium ions or electrode materials may lead to 

losses in CE. This is very common in LIBs where the CE losses usually generate heat or 

chemical byproducts. 

 

C-rate The amount of current needed to fully discharge or charge the battery in 1 hour is 

defined as a current rate of 1 C. Theoretical capacity is used to calculate various C-rates 

with Equation 1.17 given as, 

 

    C − rate =
Qth

time
        (1.17) 

 

For example, 1 C, C/2 and C/10 for a sulfur cathode can be calculated as shown below: 

 

1 C =
1675 mAh/g

1h
= 1675 mA/g 

C/2 =
1675 mAh/g

2h
= 837.5 mA/g 

C/10 =
1675 mAh/g

10h
= 167.5 mA/g 

 

 Because a current rate of 1 C defines the magnitude of current needs to be applied 

(withdrawn) to charge (discharge) the battery in 1 hour; similarly, a current rate of C/2 

charges or discharges the battery in 2 hours, and a current rate of C/10 charges or 
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discharges the battery in 10 hours. C-rates are sometimes shown in decimals instead of 

fractions such as 0.5 C and 0.1 C instead of C/2 and C/10. 

 

Internal Resistance The total internal resistance of an electrochemical cell comprises 

different components such as ionic resistance of the electrolyte, charge-transfer resistance 

at the electrode-electrolyte interface, contact resistance of bulk materials and 

diffusion/mass transport resistance [43]. These resistances occur at different time scales 

due to their origin. Electrical resistances originating from imperfect contact through the 

bulk materials and ionic resistance of the electrolyte respond very fast to the applied or 

withdrawn current, therefore these resistances occur at very fast time-scales or at high 

frequencies. Charge-transfer resistance occurs at relatively longer time-scales or at 

middle frequencies. Mass transport or diffusion resistances are much slower; therefore, 

they occur at the longest time-scales or low frequencies. The total internal resistance of a 

cell can be determined from the voltage drop after the current is interrupted using 

Equation 1.18 given as, 

 

     R =
dE

dI
        (1.18) 

 

where dE is the voltage drop, dI is the difference in current after the interruption and R is 

the internal resistance of the cell. 
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Polarization and Overpotential Polarization can have different sources such as 

activation polarization and concentration polarization. Activation polarization is the 

energy loss or voltage loss that is needed for transferring an electron through the active 

material, and it depends on the intrinsic properties of ionic species. Concentration 

polarization is the energy or voltage loss that occurs when the mass transport of 

electrochemical species is rate limited, and it depends on the concentration of different 

species in an electrochemical reaction. The total effect of these sources is the 

overpotential, and it is defined as the deflection or variation of voltage from the open-

circuit voltage, given in Equations 1.19 and 1.20 as, 

 

    η = E − EOCV         (1.19) 

    η = ηA + ηIR + ηC        (1.20) 

 

where E is cell voltage, EOCV is the open-circuit voltage, η is overpotential, ηA is the 

activation overpotential, ηIR is the overpotential related with the IR drop and ηC is the 

concentration overpotential.  

 

1.5  Dissertation Organization 
 

 The aim of this work is to develop high-capacity sulfur electrodes with improved 

cycle-life using scalable, effective and low-cost methods of electrode synthesis. In 

addition to the surface modification techniques that were utilized to increase the 

electrochemical performance of the sulfur electrodes, a capacity fade analysis was also 
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conducted for the lithium-sulfur batteries prepared with varying electrolyte-to-sulfur 

ratios. Because cobalt-based traditional electrodes dominate the market and they will 

likely be used frequently in the near future, lithium cobalt oxide cathode material was 

also investigated and its high-voltage operation was examined. In addition, the effect of 

the conditioning or formation cycles on the electrochemical performance of a sulfur-

silicon full cell was studied. 

 In Chapter 2, different carbon materials namely, acetylene black and porous 

carbon were tested as the conducting agent in sulfur electrodes. First, acetylene black was 

used as the conducting network in sulfur electrodes, and Al thin film coating and 

carbonized paper interlayers were used as modifications. The polysulfide trapping 

capabilities of the modified electrodes were tested. Next, porous carbon was used as the 

conducting network and different heating temperatures were applied to optimize the 

performance of as-prepared porous carbon and sulfur composite electrodes. Furthermore, 

electrodes including different sulfur amounts were prepared in order to see the effect of 

active material loading. It was seen that electrochemical performance improved by the 

addition of carbonized paper interlayers between the sulfur cathode and separator as the 

lithium polysulfides were trapped in the cathode region. However, the added weight of 

the interlayer could decrease the overall energy density. Cycling performance of porous 

carbon and sulfur composite prepared at 150°C was better compared to the samples 

prepared at room temperature and 300°C, however, it still needed further improvement as 

the capacity decayed significantly during the first 50 cycles. The methods and results 
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presented in this chapter were used as a starting point, and performance improvements 

were made using additional modifications in the next chapter. 

 Chapter 3 describes the implementation of a titanium oxide coating layer on the 

carbon-sulfur composite electrodes to suppress the shuttle effect in Li-S batteries. Good 

polysulfide absorbing properties of TiO2 layer was demonstrated through both theoretical 

calculations and experimental methods. Overall, TiO2 coated carbon-sulfur composite 

electrode delivered a much better performance compared to the uncoated electrode. 

 In Chapter 4, the effect of electrolyte content on the electrochemical performance 

of Li-S batteries is presented. For the electrodes synthesized with acetylene black as the 

conducting network for sulfur, electrolyte-to-sulfur (E/S) ratios of 5:1 and 10:1 resulted 

in larger Coulombic efficiency losses compared to the E/S ratios of 20:1 and 30:1. The 

high E/S ratio of 30:1 led to faster capacity decay due to increased electrolyte with more 

dissolved lithium polysulfides, whereas the E/S ratio of 20:1 led to an optimal 

performance as the electrolyte content was not too low to cause capacity decays  from the 

electrolyte consumption, and it was also not too high to trigger a strong polysulfide 

shuttle effect. 

 Chapter 5 describes the utilization of Ag thin film coating on LiCoO2 electrodes at 

an increased upper voltage limit. Although the application of Ag coating did not solve 

electrode degradation and capacity fade completely, it slowed down the capacity decay 

rate, improved the conductivity at the electrode-electrolyte interface, decreased the 

impedance originating from charge-transfer and facilitated the lithium ion diffusion. 
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 In Chapter 6, a sulfur-silicon full cell design, previously reported by our group is 

introduced first. Then a new method of early cycling regime (conditioning) was proposed 

to improve the initial activation of the materials in the full cell. As the electrodes in the 

full cell structure did not have any lithium source, the effect of proposed conditioning 

method was significant on the integration of added lithium into the system. The proposed 

conditioning method led to a better utilization of active materials during the first 50 

cycles with improved electrochemical performance. 

 Chapter 7 provides a summary of the findings and suggests future directions for 

next-generation lithium-ion batteries. 
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Chapter 2 
 

 

 

Modified Sulfur Electrodes and Different 

Conducting Networks in Li-S System 
 

 

 

 This chapter presents various experiments on the carbon-sulfur composite 

electrodes involving different carbon types as the conducting networks, namely acetylene 

black and porous carbon for lithium-sulfur (Li-S) batteries. As a surface modification, Al 

thin film coating on the acetylene black and sulfur composite electrode was tested. In 

addition, carbonized paper interlayer between the as-prepared composite electrode and 

separator was implemented to decrease the capacity fade in Li-S cells. Furthermore, 

porous carbon was used as another type of conducting network to host sulfur atoms. The 

porous carbon-sulfur composite was prepared under different temperatures, and various 

amounts of active materials were loaded in porous carbon-sulfur composite electrodes. 

The experiments in this chapter forms the basis of carbon-sulfur composite electrode 

synthesis, which were utilized and further improved in the next chapter. 

 

 

2.1  Acetylene Black - Sulfur Composite: Al Thin Film Coating and 

 Carbonized Interlayers 
 

 Acetylene black is used as the conducting network in sulfur electrodes and two 

different modifications were applied to the as-prepared electrodes. First modification is 

the Al thin film coating on the electrode surface by magnetron sputtering technique, and 
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the second modification is the use of carbonized paper interlayers as the polysulfide 

absorber layer between the sulfur electrode and separator. 

 

2.1.1  Method 
 

 To synthesize the acetylene black (99.9%) and sulfur (ABS) composite electrodes, 

elemental sulfur (S, 99.998%) was dissolved in dimethyl sulfoxide (DMSO) at 90°C and 

acetylene black was added to the solution. The solution was stirred for 3 h at 90°C first, 

then it was allowed to cool down while stirring. Sulfur to acetylene black weight ratio 

was 1.5:1. The resulting ABS mix was then washed by ethanol to ensure the removal of 

DMSO and dried at 60°C overnight. For the slurry, ABS was mixed with poly(acrylic 

acid) (PAA, Mv ~450,000) with a weight ratio of 4:1, followed by the addition of N-

methyl-2-ptrrolidone solution. The obtained slurry was cast on Al foil (99.45%). The 

electrode was then dried in a convection oven at 60°C for 24 hours.  

 

Al Thin Film Coating Al thin films were coated on ABS electrodes by DC magnetron 

sputtering. The thickness of the thin film was ~10 nm, as calculated from the film 

deposition rate and the total deposition time. The electrode was labeled as ABS/Al.  

 

Carbonized Paper Interlayer To prepare the carbonized interlayers, lab filter papers 

were first coated by Al thin film with the same coating method above, and then they were 

carbonized at 800°C in argon atmosphere. Al coated carbonized filter papers were used as 

interlayers between the ABS cathode and separator. The batteries with the interlayers are 

labeled as ABS/Int.  
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Battery Assembly and Electrochemical Measurements Three different batteries were 

prepared using different electrodes, namely the as-prepared reference electrode (ABS), Al 

thin film coated electrode (ABS/Al) and the electrode paired with the carbonized 

interlayer (ABS/Int), The coin cell assembly schematic is shown in Figure 2.1 for three 

different batteries. To assemble 2032 type coin cell batteries, the electrodes were cut into 

16 mm diameter circular disks and lithium metal was used as the counter electrode. The 

active material in each electrode was measured to be ~2.5 mg/cm2. The electrolyte was 

prepared by dissolving 1 M bis(trifluoromethane)sulfonimide (LiTSFI) salt in 1,2-

dimethoxyethane (DME) and 1,3-dioxolane (DOL, 1:1 in volume) with 1 wt% LiNO3. 

All the batteries were assembled in an argon-filled glove box with an O2 and H2O content 

of less than 1 ppm. The galvanostatic charge/discharge tests were performed between 1.7 

V and 2.8 V vs. Li/Li+ at C/10 (1 C = 1675 mA/g) using an Arbin BT2000 battery tester. 

All the batteries were conditioned at C/50 for 3 cycles before cycling at C/10. The as-

prepared electrode was labeled as ABS. 

 

 

Figure 2.1: Coin cell assembly schematic for three different batteries. 
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2.1.2  Physical and Electrochemical Characterization 
 

 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) images for the electrodes and carbonized interlayers are shown in Figure 2.2. The 

surface of the as-prepared electrode is shown in Figure 2.2a. EDS image in Figure 2.2b 

shows that sulfur particles (in yellow) are dispersed inside the carbon. The carbonized 

paper has a fibrous structure as seen from Figures 2.2c and 2.2d. The fibers are around 5 

µm in diameter. Carbonized paper with Al thin film coating has the most intricate and 

tangled structure with less voids as seen from Figures 2.2e and 2.2f. 

 Cycling performance of the batteries at C/10 are shown in Figure 2.3. ABS/Int has 

the highest initial capacity over 600 mAh/g. Initial capacities of ABS/Al and ABS are 

lower than that of ABS/Int, and the initial capacity of ABS is the lowest. The capacity 

retention of the modified electrodes is not very good, but they are better than the as-

prepared electrode. The capacity decay is the least for the battery with the interlayer. 

Voltage profiles at the 1st, 100th, 200th and 300th cycles at C/10 show that discharge 

plateaus are highest and charge plateaus are lowest for the battery with the interlayer, 

indicating a smaller polarization compared to other two batteries. In addition, the battery 

with the interlayer exhibits extended lower voltage plateaus which could mean a better 

conversion from long-chain lithium polysulfides to short-chain lithium polysulfides 

resulting in larger capacity during the lower plateau. This may be an indication that the 

fibrous network of the interlayer can decrease the amount of migrated polysulfides into 

the electrolyte and to the anode, however, the capacity decay is still large. Therefore, the 

performance of electrode needs further improvement. 
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Figure 2.2: a) SEM image of ABS electrode surface, b) X-ray map of the ABS electrode surface 

obtained from EDS. SEM images of carbonized paper at c) low and d) high magnification, and Al 

coated carbonized paper at e) low and f) high magnification. 

 

 

  

(b) 
(d) 

(f) 
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Figure 2.3: Cycling performances of the cell with the ABS electrode, Al thin film coated ABS 

electrode and the carbonized interlayer (left) and voltage profiles for the 1st, 100th, 200th and 300th 

cycles (right). 

 

2.2  Porous Carbon - Sulfur Composite Electrodes: Relatively Low 

 Loading 
 

 Porous carbon was used as an alternative to acetylene black for the conducting 

network in sulfur electrodes. The process was similar in terms of preparing the composite 

electrode, which included melting the sulfur inside the carbon. But this time, different 

temperatures such as room temperature, 150°C and 300°C were used during the synthesis 

of carbon-sulfur composite.  

 

2.2.1  Method 
 

 Elemental sulfur (S, 99.998%) was ground into fine powder. Sulfur and porous 

carbon (2000 m2/g) were mixed with a weight ratio of 1:1 and further ground. After 

adding CS2 liquid, the mixture was left to dry overnight. After drying, the mixture was 

further ground to ensure a better mixing. Then the mixture was loaded into glass tubes. 
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The air in the tube was pumped out using a mechanical pump, then it was sealed while 

pumping using a torch blower. The glass tubes were placed in the furnace and they were 

heated to 150°C and 300°C. The heating process was 5 hours for each tube. One tube was 

kept in room temperature for comparison. For the slurry, heated mixture was mixed with 

acetylene black (99.9%) and poly(acrylic acid) (PAA) as the binder with a weight ratio of  

7:2:1 with the addition of N-methyl-2-pyrrolidone solution. Then the slurry was cast on 

Al foil and left in 60°C air oven overnight. To assemble 2032 type coin cell batteries, the 

electrodes were cut into 16 mm diameter circular disks and lithium metal was used as the 

counter electrode. The active material in each electrode was measured to be ~0.7 mg/cm2.  

The electrolyte was prepared by dissolving 1 M bis(trifluoromethane)sulfonimide 

(LiTSFI) salt in 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL, 1:1 in volume) 

with 1 wt% LiNO3. All batteries were assembled in an argon-filled glove box with an O2 

and H2O content of less than 1 ppm. The galvanostatic charge/discharge tests were 

performed between 1.7 V and 2.8 V vs. Li/Li+ at C/10 (1 C = 1675 mA/g) using a Bio-

Logic (BCS 810 Testing Module) battery tester. All batteries were conditioned at C/50 

for 3 cycles before cycling at C/10. 

 

2.2.2  Electrochemical Characterization 

 Cycling performance of the batteries at C/10 are shown in Figure 2.4a. Electrode 

prepared with the unheated (room temperature) composite has the biggest initial capacity 

around 600 mAh/g; however, it has the largest capacity decay. Capacity of the electrode 

prepared with the composite heated at 150°C stabilizes after the first 50 cycles, which is 
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earlier than the other two batteries. This sample also delivers the best capacity at the end 

of 400 cycles with the least decay. However, the capacity decay after 50th cycle is still 

large, which is 68% of the initial capacity. Capacity of the electrode prepared with the 

composite heated at 300°C high likely lost some sulfur material during heating, as sulfur 

melts at ~115°C. Therefore, this sample delivers a low capacity throughout the cycling. 

Voltage profiles for the 1st, 100th and 200th cycles at C/10 are shown in Figure 2.4b. For 

the electrode prepared with the composite heated at 150°C, the capacity in 100th and 200th 

cycles are almost identical, which indicates a better reversibility compared to the others. 

The electrode prepared with the composite heated at 300°C exhibits largest vertical 

separations between discharge and charge voltages indicating highest polarization among 

all batteries. 

 

 

Figure 2.4: a) Cycling performances of the electrodes prepared with a relatively low sulfur loaded 

PCS composite synthesized at room temperature (RT), heated at 150°C, and heated at 300°C. b) 

Corresponding voltage profiles at 1st, 100th, and 200th cycles at C/10. 
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2.3  Porous Carbon - Sulfur Composite Electrodes: Relatively High 

 Loading 
 

2.3.1  Method 
 

 In order to have electrodes with higher loadings, same materials and methods 

mentioned in the previous section were used, except doctor blade was adjusted with a 

bigger separation to have a thicker coating of slurry on Al foil. The active material in the 

electrodes was measured to be 2.3 mg/cm2.  

 

2.3.2  Electrochemical Characterization 
 

 Cycling performance of the batteries at C/10 are shown in Figure 2.5. Electrode 

prepared with the unheated (room temperature) composite has the highest initial capacity 

around 800 mAh/g. The capacity of this battery (RT) stabilizes faster compared to other 

two batteries. However, after 300 cycles it delivers the lowest specific capacity. It has the 

smallest Coulombic efficiency, which means a low reversibility of redox reactions. 

Electrodes prepared with the composites heated at 150°C and 300°C have significant 

capacity drops after the first 50 cycle. They both start to increase and recover after 100 

cycles and the recovery in the capacity is the largest for 150°C. After 300 cycles the 

electrode prepared with the composite heated at 150°C delivers a capacity of 591.3 

mAh/g, which is 86% of its initial capacity. It also has the highest Coulombic efficiency 

among three batteries, which means it has a better reversibility of redox reactions. The 

capacity recovery may be due to an insufficient electrolyte penetration in the beginning, 

since the kinetics of dissolution-precipitation mechanism of sulfur to Li2S redox 
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conversion does not occur within dry regions. After heating the porous carbon and sulfur 

composite, melting of sulfur in the carbon matrix may have resulted in a composite 

structure in which the electrolyte penetration is more difficult. This may also be the 

reason that the electrodes prepared with the composites heated at 150°C have a smaller 

initial capacity compared to the electrode prepared with the unheated composite, because 

less electrolyte penetration would result in less initial utilization of sulfur active material.  

 

 

Figure 2.5: Cycling performances of the electrodes prepared with a relatively high sulfur loaded 

PCS composite synthesized at room temperature (RT), heated at 150°C, and heated at 300°C. 

 

2.3.3  Porous Carbon - Sulfur Composite Heated in Argon Atmosphere 
 

 With the results of the experiments presented in the previous sections, 150°C was 

selected to be the heating temperature for porous carbon and sulfur composite electrodes 

as it delivered the highest Coulombic efficiency and capacities. In order to prepare bigger 

amounts of electrode materials and to have a better vacuum, a furnace with a quartz tube 
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in argon atmosphere was used to heat the porous carbon and sulfur mixture. The sulfur 

loading was ~3 mg/cm2 in these electrodes. High-angle annular dark field (HAADF) 

image in Figure 2.6a shows a sulfur particle encapsulated by the porous carbon network. 

The blue color is for sulfur and the green color is for carbon in the X-ray map shown in 

Figure 2.6b. In the next chapter, the method described in this section was used to prepare 

the carbon-sulfur composite, and a new thin film coating is introduced as the surface 

modification to increase the electrochemical performance of the sulfur electrodes. 

 

 

Figure 2.6. a) High-angle annular dark field (HAADF) image of the PCS composite. b) X-ray 

map for the corresponding chemical elements (carbon and sulfur). 
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Chapter 3  
 

 

 

Suppression of the Shuttle Effect in Li-S 

Batteries via Magnetron Sputtered TiO2 

Thin Film at the Electrode-Electrolyte 

Interface 
 

 

 

 Conventional lithium-ion batteries have reached their limits in energy storage 

applications of portable electronics and electric vehicles (EVs), due to their low 

theoretical capacity [44, 2, 45, 46]. The development of next-generation rechargeable 

batteries is needed not only to keep pace with the fast developments in EV and other 

portable electronics applications, but also to decrease the consumption of fossil fuel and 

reduce the environmental pollution towards a more sustainable society [47, 48, 49]. 

Lithium-sulfur (Li-S) battery system has gained a lot of interest owing to the abundance, 

environmental friendliness and high theoretical capacity (1675 mAh/g) and energy 

density (2600 Wh/kg) of elemental sulfur [50, 51, 52]. However, the practical application 

of Li-S system is still an issue due to the insulating nature of sulfur, expansion of the 

cathode during lithiation, and free migration of dissolved lithium polysulfides (LiPs) 

between the electrodes [53, 54]. Although the polysulfide dissolution assists the 

utilization of active materials, it also causes parasitic reactions happening on the surface 

of the anode leads to a so-called “shuttle effect”. Long-chain soluble LiPs (Li2Sn, 2<n<8) 
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diffuse through the separator to the anode, where they are reduced to insoluble LiPs 

(Li2S(2)); and the reaction between the long-chain LiPs and the insoluble products form 

the lower order LiPs. Then, they diffuse back to the cathode and are re-oxidized to the 

higher order LiPs. These reactions lead to low Coulombic efficiency, low utilization of 

active material, rapid capacity fading and anode corrosion [55, 56]. Therefore, an 

effective confinement of soluble LiPs within the cathode region is crucial for the 

mechanical and electrochemical stability of both cathode and the anode. Various 

researchers have been devoted to overcoming the challenges of Li-S batteries using 

different approaches, such as development of carbon materials as sulfur hosts, 

optimization of electrolytes, coupling with high energy anode materials [57, 58, 26, 59, 

60], etc. Encapsulating sulfur in conductive hosts helps to relieve the shuttle effect to 

some extent, but it cannot effectively suppress the migration of LiPs into the electrolyte 

because of the weak interaction between low polar carbon and high polar LiPs. Some 

metal oxides and chalcogenides (TiO2, TiS2, Al2O3, V2O5, MnO2, etc.) exhibit very good 

LiPs adsorptivity due to their hydrophilic properties because of the polar bonds between 

the metal and O and/or S [61, 62, 63, 64, 65]. Among these oxides and chalcogenides, a 

TiO2 coating at the electrode-electrolyte interface of Li-S batteries could be beneficial 

due to its strong LiPs adsorbing properties. An ideal coating material for sulfur electrodes 

should possess the following characteristics [66]: (1) A uniform thin layer that can 

protect the active material from dissolution and still keep the properties of the active 

material; (2) Chemical anchorage for LiPs entrapment, and selective sieving of lithium 

ions; (3) Good mechanical properties to promote the electrode integrity. In addition, 



 38 

according to the low melting temperature (~115°C) and boiling temperature (~445°C) of 

sulfur, the post synthesis of coating material should be performed under mild conditions 

with relatively low temperature. Among the various techniques adopted to fabricate thin 

film coatings for Li-S electrodes, atomic layer deposition (ALD) has been used as it 

provides highly conformal thin films with precise stoichiometric control [67, 68, 69].  

However, there are important limitations of ALD that hinder the application of this 

technique in large-scale: 1) Slowness of ALD results in a low deposition rates, long 

process times and high facility cost 2) Many technologically important materials such as 

multicomponent oxides and certain metals cannot be deposited by ALD cost-effectively 

3) Since ALD is a chemical technique, there will be always a risk of contamination due to 

the residues from the precursors or even from the carrier gas [70, 71]. Most of the 

research on interface design and coating the sulfur electrodes focuses on the 

aforementioned chemical approaches or complex multi-step processes for the 

modification of Li-S batteries, whereas the number of the studies on the physical methods 

are very limited. 

 Herein, we have used magnetron sputtering (MS), an effective physical vapor 

deposition method, to coat the surface of the sulfur-porous carbon composite electrodes. 

MS is a well-known technique in the industry and has been intensively used in the 

deposition of metal and metal-oxide materials owing to a number of advantages of the 

technique: 1) MS is a physical vapor deposition method, in which the environment is 

much cleaner because of the high vacuum levels in the chamber and the lack of precursor 

compounds with unwanted elements 2) MS does not require the melting or evaporation of 



 39 

the source material which enables the deposition of almost all kinds of materials 

regardless of their melting temperature 3) MS uses strong magnets to confine electrons in 

the plasma near the surface of the target, which results in higher density plasmas and 

increased deposition rates of the films. Furthermore, MS makes the low temperature 

processing of the as-prepared sulfur electrodes possible, and it can provide compact thin 

films with a very good adhesion on the substrate surface [72, 73, 74]. All of these 

advantages make MS a very strong candidate in the event a coating technique is ever 

needed for the commercialization of Li-S batteries. In this work, sulfur electrodes were 

coated with TiO2 thin films using MS and various deposition times (2, 4, and 8 min) were 

studied in order to achieve an electrochemically stable electrode. TiO2 coating on the 

electrodes with an optimum deposition time was proposed to improve the reaction 

kinetics at the electrode-electrolyte interface and mitigate the shuttle effect, which leaded 

to an improved electrochemical performance, consequently. Theoretical calculations were 

performed to analyze the interaction between TiO2 layer and LiPs and the binding 

energies of various types of LiPs (Li2Sn, n = 1, 2, 4, 6, 8) that are adsorbed on the TiO2 

(101) surface were calculated. Both experimental and computational methods support 

that a TiO2 layer at the electrode-electrolyte interface could be useful to mitigate the 

shuttle effect in Li-S batteries. 
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3.1  Physical and Electrochemical Characterization 
 

 Figure 3.1a shows the steps of electrode synthesis and TiO2 coating 

schematically. Porous carbon was used as the sulfur host and sulfur was melted inside the  

carbon. Using the obtained porous carbon-sulfur composite (PCS), a slurry was prepared 

and casted on Al foil. TiO2 thin films were then deposited on as-prepared PCS electrodes 

at varying deposition times. Schematic of the coin cells are shown in Figure 3.1b. The 

battery with the uncoated electrode was labeled as PCS, and the batteries with TiO2 

coated electrodes were labeled as PCS/TO2, PCS/TO4 and PCS/TO8, corresponding to a 

TiO2 deposition time of 2, 4 and 8 min, respectively.  

 

3.1.1  Raman, TGA, SEM/EDS, TEM 
 

 The Raman spectra of the uncoated PCS and TiO2 coated electrodes are shown in 

Figure 3.2a. Two typical peaks of carbon are observed for the uncoated and TiO2 coated 

electrodes at ~1350 and 1590 cm-1, which are attributed to the defects and disorder in 

carbon and the ordered graphitic carbon, respectively [75, 76, 77]. For the TiO2 coated 

electrodes, spectrum displays four additional peaks at ~150, 410, 515 and 635 cm-1, 

which are attributed to the Eg, B1g, A1g, and Eg symmetries of the anatase phase of TiO2, 

respectively [78, 79, 80]. TGA curve in Figure 3.2b shows that the sulfur content in the 

PCS composite was 53%. EDS results are given in Figure 3.2c-i for the TiO2 coated 

electrodes. Figure 3.2c displays the EDS mapping with contributions from C, O, S and Ti 

elements. Elemental mapping for each element is also shown in Figure 3.2d-g separately. 

From the EDS mapping of the surface for the Ti element (Figure 3.2g), it can be seen that  
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Figure 3.1: a) Electrode synthesis and TiO2 coating. b) Coin cell assembly schematic. 
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Figure 3.2: Raman spectra of the a) uncoated and b) TiO2 coated electrodes. c) EDS mapping of 

TiO2 coated electrodes with contribution from all (Ti, O, S, C) elements. EDS mapping for d) 

Carbon, e) Oxygen, f) Sulfur and g) Titanium elements only. h) EDS X-ray intensities as a 

function of energy. i) Elemental concentration and statistical error for C, S, O and Ti. 
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the TiO2 distribution on the surface is uniform. X-ray peak intensities as a function of 

energy and normalized elemental quantification of the TiO2 coated electrode surface are 

shown in Figure 3.2h and Figure 3.2i, respectively. The detected signal from the surface 

is attributed mostly to carbon, and the sulfur content obtained by EDS technique is much 

less than that attained by the TGA experiment, indicating most of the sulfur is embedded 

inside the porous carbon. However, there are also other reasons of the underestimation of 

sulfur content in EDS, which are related with the limitations of EDS technique in 

quantitative X-ray analysis as well as the nature of the macroscopic samples. These 

underestimations in quantitative analysis may be originating because of the following:  

1) The sample surface may not be very flat, causing the detector not to be able to collect 

all signals as the detector is above and at 30° to the sample. 2) Sample is not very 

homogeneous in the micro-scale that the EDS was performed. 3) Sample is porous with 

many voids. These could result in a failure of the matrix correction procedures that are 

used to provide accurate predictions in EDS. 4) The detector collects data from a certain 

interaction volume, a hemi-sphere with a diameter of 0.5–2.0 µm, depending on the 

sample and accelerating voltage. Hence, the data from this volume cannot represent the 

actual composition of the whole electrode with a ~50 µm thickness. Furthermore, 

focusing on different sections of the electrode would result in different elemental 

compositions, since the scanning area is also limited such as 100×100 µm in this work. 

TEM bright field images (Figures 3.3a, b) as well as selected area electron diffraction 

(SAED) pattern (Figure 3.3c) and high-angle annular dark field (HAADF) images with 

X-ray maps of Ti, O and S elements (Figures 3.3d-g) are shown to present the detailed  
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Figure 3.3: TEM bright field images of TiO2 coated electrode with a) low and b) high 

magnification. c) Selected area electron diffraction pattern of the TiO2 layer on electrode. d) 

High-angle annular dark field (HAADF) image of the TiO2 coated electrode. X-ray maps of e) Ti, 

f) O and g) S elements for the HAADF image. 
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morphology and structure of electrodes. Figure 3.3a shows the dispersed sulfur chunks in 

smaller porous carbon structures. In Figure 3.3b, TiO2 layer can be distinguished from the 

electrode, and its thickness is around 50 nm for an 8 min deposition time. From the 

SAED pattern (Figure 3.3c), it can be seen that the TiO2 layer is in amorphous structure. 

This is because the synthesis was done by magnetron sputtering at room temperature 

from a TiO2 target. The characteristic peaks in the Raman spectrum (Figure 3.2a) 

indicating an anatase phase of TiO2 could be because of a short-range order existing in 

the TiO2 layer. The X-ray maps obtained from the HAADF images (Figures 3.3e-g) 

clearly shows the existence of Ti, O and S elements near the surface of the electrode. 

 

3.1.2  Galvanostatic Cycling and Cyclic Voltammetry 
 

 Cycling performances of the cells containing the uncoated PCS and TiO2 coated 

electrodes with varying deposition times are shown in Figure 3.4a. All batteries are 

galvanostatically cycled at 167.5 mA/g following three conditioning cycles at 33.5 mA/g. 

The specific capacities of the cells show a slight gradual increase for the first few cycles 

for PCS/TO2, PCS/TO4 and PCS electrode, however, the initial capacity increase of PCS 

is subtle compared to those of coated electrodes. Therefore, these initial increases may be 

attributed to an electrochemical activation step occurred during the first few cycles, due 

to the electrolyte diffusion through the coating film and the porous carbon [81]. The 

capacity evolution of PCS/TO20 does not follow the same trend; instead, it shows a 

significant capacity fading in the first 10 cycles. This is likely because of the restricted 

electrolyte wetting due to the longer deposition time of TiO2 coating, which leads to the 
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active material loss due to the uneasiness of electron-ion exchange at the electrode-

electrolyte interface. After 120 cycles, PCS/TO2 still delivers a capacity of 570 mAh/g, 

which is 40% greater than that of the uncoated electrode (405 mAh/g). Similarly, 

Coulombic efficiency (CE) of PCS/TO2 is the highest among all of the cells with a value 

above 98% at the end of 120 cycles, whereas CE of the uncoated electrode drops to 95%. 

CE values decrease by increasing deposition times, suggesting more active material loss 

due to the increased passivation of the electrode surface. Figure 3.4b shows the capacity 

retention of the cells after 120 cycles. PCS/TO2 has the highest capacity retention of 

88.5%, whereas the uncoated PCS electrode has a capacity retention of 68.8%. The 

capacity retention of the cells decreases with longer TiO2 deposition times and as the 

deposition time reaches to 8 min, the retention value drops to 64.6%, which is lower than  

that of the cell prepared with the uncoated PCS electrode (68.8%). The insulating 

character of the TiO2 coating may be the reason for the decreased capacity retention of 

PCS/TO4 and PCS/TO8 electrodes, as their deposition times were 2 and 4 times longer 

than that of PCS/TO2, respectively. The low intrinsic Li-ion diffusivity (10-12 - 10-9 

cm2/s) and electronic conductivity (10-12 – 10-7 S/cm) of TiO2 could lessen the positive 

effects of the coating, when the TiO2 deposition time is long [82]. From these results, it 

can be seen that the battery prepared with PCS/TO2 has the best performance among 

other electrodes, with the highest capacity retention and Coulombic efficiency. This 

indicates that the deposition time of TiO2 coating used for PCS/TO2 electrode (2 min) 

provides the optimum conditions for an improved cycling stability. In order to study the 

electrochemical performance of this electrode in detail, PCS/TO2 was selected for further  
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Figure 3.4: a) Cycling performances and b) capacity retention of the cells prepared with uncoated 

PCS and TiO2 coated electrodes with the deposition times of 2, 4 and 8 min at 0.1 C. Cycling 

performances of the cells prepared with PCS and PCS/TO2 electrodes c) at varying C rates, d) 

followed by cycling at 0.5 C. e) CV curves at 1st. 5th and 15th cycles and f) voltage profiles at the 

1st, 50th and 100th cycles at 0.1 C for the PCS and PCS/TO2 electrodes. 

 

electrochemical characterization techniques and the uncoated PCS electrode was used as 

the reference for comparison. 

 Figure 3.4c shows the cycling performances of the PCS and PCS/TO2 cells at 

different current rates. PCS/TO2 has greater specific capacities and better CE at the rates 

of 0.1, 0.2, 0.5 and 1 C, compared to PCS. As the rate turns gradually from 1 C to 0.1 C, 

PCS/TO2 displays a better recovery at each different current rate compared to the 

reference cell. Furthermore, CE starts decreasing significantly for PCS after the current 

rate turns from 1 C to 0.5 C, and it continues to decrease even more drastically during the 

rates of 0.2 and 0.1 C. Following these 70 cycles at varying current rates, the same cells 

were charged/discharged at a rate of 0.5 C for another 100 cycles and their performance 

is shown in Figure 3.4d. CE of PCS keeps decreasing with increasing cycle number and it 
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drops to a value of %93 after 170 cycles, whereas CE of PCS/TO2 is still around 97%. 

Correspondingly, the cell prepared with the TiO2 coated electrode demonstrates a better 

cycling stability with a specific capacity of 427 mAh/g at the end of 170 cycles, which is 

67% greater than that of the cell prepared with the uncoated electrode (255 mAh/g). 

Figure 3.4e shows the CV curves for PCS and PCS/TO2 at the 1st, 5th and 15th cycles. 

During the cathodic scans, typical peaks for the two-step reduction of elemental sulfur are 

observed. The first peak at ~2.3 V is associated with the reduction of elemental sulfur to 

soluble long-chain LiPs (Li2Sn, 4 ≤ n ≤ 8), and the second peak at ~2.0 V is related to the 

further reduction of long-chain LiPs to insoluble short-chain LiPs (Li2S(2)) [83, 84, 85, 

86]. The anodic scans also indicate a two-stage reverse reaction, displaying a shoulder 

peak and a stronger broad peak at ~2.3 V and ~2.4 V, which are attributed to the 

oxidation of Li2S(2) to long-chain LiPs and further oxidation of long-chain LiPs to 

elemental sulfur, respectively [87, 88]. The cell prepared with the uncoated electrode 

displays a larger polarization in the first cycle, which means a delayed reaction that may 

be attributed to the limited kinetics for the reduction of sulfur to long-chain LiPs and to 

Li2S(2). After 5 cycles, the polarization further increases and the current peaks become 

smaller for the uncoated electrode, due to slower reaction kinetics and less active material 

utilization compared to the cell prepared with the TiO2 coated electrode. This may be 

originating from the TiO2 coating on the electrode, which could decrease the polarization 

by reducing the potential barrier for sulfur. After 15 cycles, the reduction and oxidation 

peaks for PCS/TO2 demonstrate very small changes, indicating a better electrochemical 

reversibility with less capacity fading compared to PCS. The CV results suggests that the 
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TiO2 coating at the electrode-electrolyte interface could provide a better utilization of 

active material with favorable reaction kinetics and a better electrochemical stability. 

Figure 3.4f shows the voltage profiles of the galvanostatic cycling at 167.5 mA/g for the 

cells with the uncoated and TiO2 coated electrodes at the 1st, 50th and 100th cycles. The 

voltage profiles of the cells display a two-stage redox reaction, in agreement with the CV 

measurements. The two-stages of reaction during discharge correspond to two plateaus in 

the voltage profile (or two cathodic peaks in CV). It can be seen from Figure 3.4f that the 

upper plateau is around 2.3 V, which is related with the formation of high-order (long-

chain) LiPs: 

 

    S8 + 2 Li →  Li2S8                       (3.1) 

    Li2S8 + 2 Li → 2 Li2S4                (3.2) 

 

 Long-chain LiPs (Li2Sn, 4 ≤ n ≤ 8), are soluble in the electrolyte, therefore the 

upper plateau is associated with a solid-liquid transition. The lower plateau around 2.1 V 

is related with the formation of low-order (short-chain) insoluble LiPs: 

 

    Li2S4 + 2 Li →  2 Li2S2             (3.3) 

    Li2S2 + 2 Li → 2 Li2S                 (3.4) 
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 This lower plateau is associated with the liquid-solid transition and the capacity 

contribution related to this plateau is dominant compared to that of the upper plateau, as it 

can be seen from the extended plateaus at the lower stages in Figure 3.4f. The upper 

discharge plateau near 2.3 V for PCS is much shorter compared to that of PCS/TO2, and 

it further diminishes with increasing cycle number. This may be originating from the 

dissolution and diffusion of a higher amount of LiPs into the electrolyte, resulting in the 

loss of active material with more severe shuttle effect [89]. PCS/TO2 displays a smaller 

polarization (∆E) of 125 mV, whereas ∆E of the uncoated electrode is 160 mV. 

Moreover, PCS/TO2 has extended voltage plateaus compared to PCS. These results show 

that cell polarization is relatively mitigated for the cell with the TiO2 coated electrode. 

The cell polarization indicates an inferior electrochemical kinetics resulting in a large 

resistance of the electrode. This polarization could be originating from two different side-

effects: 1) The dissolved LiPs could directly increase the viscosity of the electrolyte, that 

would in turn effect Li-ion transport adversely, resulting in concentration polarization. 

The slower transportation of LiPs and Li-ions to the electrode surface could cause uneven 

reactions in the cathode resulting in a higher polarization. 2) Migration of soluble long-

chain LiPs to the anode could result in side reactions occurring on Li metal surface, 

which could damage the solid-electrolyte interphase (SEI) layer on the Li metal surface 

and increase dendritic Li growth. Upon further cycling, this process is repeated and due 

to the increased contact area between the electrolyte and Li metal, this could result in 

electrolyte depletion. The electrolyte consumption increases the viscosity of the 

electrolyte, creating a higher ion diffusion impedance and a larger electrochemical 
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polarization. In addition, one can see from Figure 3.4f that the charging voltage increases 

with the increasing cycle number PCS, whereas the charging voltage for PCS/TO2 stays 

almost constant throughout cycling. The discharge profiles in the 1st cycle show that 

PCS/TO2 delivers a greater capacity during the second plateau at ~2.1 V. This is likely 

due to the decrease in the release of long-chain LiPs from the cathode, by confining 

sulfur in porous carbon owing to the thin TiO2 coating on the electrode. This could in 

turn lead to an increase in the utilization of active material during electrochemical 

reactions. Accordingly, in the 50th cycle, the capacity of PCS/TO2 decreases only to 

97.5% of its initial capacity, whereas the specific capacity of PCS decreases to 78.3% of 

its initial capacity. This indicates a much higher active material loss for the cell with the 

uncoated electrode during cycling. Similarly, at the 100th cycle, PCS/TO2 delivers 91.0% 

of its initial capacity, which is again greater than that of PCS (69.0%). In order to observe 

the positions of the peaks associated with the discharge and charge plateaus in detail, the 

differential capacity curves are plotted for the 1st, 50th and 100th cycles (Figure 3.5a-c). 

The wide cathodic peak between 2.2-2.4 V during charging gets narrower with the 

increasing cycle number for PCS, however, it stays almost constant for PCS/TO2, 

indicating a better electrochemical stability during cycling. This wide peak consists of 

two components related to the reverse discharge process that Li2S(2) is oxidized to long-

chain LiPs (2.3 V) and further oxidized to elemental sulfur (2.4 V). The disappearance of 

the peak around 2.4 V at the 100th cycle for PCS indicates that conversion of Li2S into 

elemental sulfur is degraded. Contrarily, the shape and the current intensity of the peaks 

at ~2.2 V and ~2.4 V for PCS/TO2 is still preserved after 100 cycles, indicating a much 
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better stability and reversibility for the oxidation of Li2S into the long-chain LiPs and to 

elemental sulfur. These outcomes apparently indicate that a TiO2 coating with an 

optimized deposition time is highly favorable for the confinement and reutilization of the 

LiPs in the cathode region. 

 

 

Figure 3.5: Differential capacity curves of the batteries prepared with PCS and PCS/TO2 

electrodes at the a) 1st, b) 50th and c) 100th cycles. 

 

 The capacity loss for the reaction related to the conversion from long-chain LiPs 

to Li2S(2) is attributed to the dissolution of LiPs in the electrolyte, which is associated 

with the shortening of the lower plateau near 2.1 V during discharge. The reaction in the 
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upper discharge plateau near 2.3 V is faster, because the LiPs are soluble in that region. 

The theoretical capacity related with this first discharge plateau is 418 mAh/g, which is 

25% of the theoretical capacity of sulfur. On the other hand, the second discharge plateau 

near 2.1 V has much slower reaction kinetics due to the formation of insoluble discharge 

products (Li2S(2)), and the rest 75% of the theoretical capacity is attained in this second 

plateau region. However, a realistic capacity of 1256 mAh/g is considered to be more 

useful for sulfur instead of 1675 mAh/g, since reaching the theoretical capacity of sulfur 

is not achievable [90]. Accordingly, the realistic contribution of the lower plateau region,  

i.e., the reactions of long-chain LiPs to Li2S(2), can be considered as 67%, instead of 75% 

of the overall capacity [90, 91]. Therefore, the realistic capacity contribution from the 

upper discharge plateau, related with the reduction of elemental sulfur to long-chain LiPs, 

comprises the rest 33% of the capacity of sulfur. To determine the loss of LiPs during 

conditioning and further cycling, the capacity contributions of the reactions from long-

chain LiPs to Li2S(2) are studied and the results are shown in Figure 3.6. The total 

capacity delivered in the initial conditioning cycles by both PCS and PCS/TO2 cells at 

33.5 mA/g are similar, slightly above 900 mAh/g with the same contribution amount 

(69%) of long-chain LiPs to Li2S(2) reactions. At the third conditioning cycle, PCS shows 

a 3% decrease in the capacity contribution from long-chain LiPs to Li2S(2) reactions, in 

parallel with a noticeable decrease in the total specific capacity of the cell. The charge-

discharge curves during the conditioning cycles are provided in Figure 3.7. It can be seen 

that the lower plateau region shrinks significantly for the PCS electrode and as a result, 

capacity decay for the cell with uncoated electrode is more significant in the conditioning 
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cycles. After conditioning, when the cells are cycled at a rate of 167.5 mA/g, contraction 

of the second plateau continues much faster for the PCS electrode, and the contribution 

from the long-chain LiPs to Li2S(2) reactions to the capacity declines from 66% to 62% as 

the cycle number increases from 1 to 100, as seen in Figure 3.6. On the other hand, 

PCS/TO2 has a stable capacity contribution (66%) from long-chain LiPs to Li2S(2) 

reactions throughout the 100 cycles after conditioning. This result for PCS/TO2 is 

attributed to the reversible use of the long-chain LiPs, which means a more efficient 

utilization of the active material. This result also complements our previous findings, 

since it indicates that the TiO2 coating on the electrode plays an essential role for the 

alleviation of the shuttle effect by creating a barrier on the electrode-electrolyte interface 

and confining the LiPs inside the cathode region. Although the TiO2 coated electrode 

demonstrates a better electrochemical performance compared with the uncoated electrode 

in this work, the initial capacities are still lower than those reported previously [92, 93]. 

Initially all batteries have capacities around 925 mAh/g in the first conditioning cycle as 

seen from Figure 3.7. This initial value is lower compared to the aforementioned value 

for the realistic capacity of sulfur (1256 mAh/g). And after conditioning, when the cells 

start cycling at 0.1 C, the capacities are around 700 mAh/g (Figure 3.4a). There are 

various parameters that may be causing this low initial capacity. One of them is the sulfur 

loading and electrolyte/sulfur (E/S) ratio of the cells. The sulfur loading of 3 mg/cm2 in 

this work is higher than or similar to most of the reported results. However, E/S ratio 

which is an important parameter for practical applications, is rarely reported in most of 

the previous studies. Higher electrolyte amount would result in higher active material  
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Figure 3.6: The capacity contributions from long-chain to short-chain LiPs reactions for PCS 

(black) and PCS/TO2 (red). White parts of the bars correspond to the capacity contributions from 

S8 to long-chain LiPs reactions. 

 

 

Figure 3.7: Voltage profiles of the batteries prepared with PCS and PCS/TO2 electrodes during 

conditioning cycles at 33.5 mA/g. 
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utilization, leading to higher initial capacities. We believe that the reason of the low 

initial capacity may be originating from inaccessible sulfur due to the limited electrolyte 

amount for the given sulfur loading in the cells. This might have caused a low active 

material utilization. The main reason of the low initial capacity cannot be polysulfide 

shuttling because the columbic efficiency (CE) of TiO2 coated electrode does not change 

significantly. However, CE of uncoated electrode decreases much faster (Figure 3.4a, c 

and Figure 3.7), indicating active material loss upon further cycling.  

 

3.1.3  Binding Energies of Lithium Polysulfides on the TiO2 Surface:

 Density Functional Theory 
 

 To investigate the interaction between lithium (Li), sulfur (S), LiPs, (Li2Sn n = 1, 

2, 4, 6 or 8), S8 and anatase-TiO2 (101) surface system, density functional theory (DFT) 

was systematically applied for the theoretical calculations. The results of the optimized 

geometric structures for the lowest-energy Li2Sn (n = 1, 2, 4, 6 or 8) and S8 were 

consistent with the literature [94, 95]. The optimized crystal surface model of TiO2, 

which has the least surface energy among the most stable structures [96] is used in the 

calculations. The optimized geometrical models for LiPs and S8 on the TiO2 surface are 

shown in Figure 3.8a-f. The binding energy is plotted for each corresponding case as 

shown in Figure 3.8g. It can be seen that the binding energy of Li on the TiO2 surface 

(3.51 eV) is larger than the binding energies of Li2Sn, and it is higher than twice of the 

binding energy of S atom (1.64 eV). This represents that TiO2 surface can be more 

effective in attracting Li and LiPs compared to S. While Li is located between two 

oxygen (O) atoms with an equal distance of 1.884 Å and an angle of 155.8º, S atom is  
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Figure 3.8: Optimized geometrical models for a) Li2S, b) Li2S2, c) Li2S4, d) Li2S6, e) Li2S8 and f) 

S8 on the TiO2 surface. g) The binding energies of the LiPs, Li, S and S8 on the TiO2 surface. 

Proposed polysulfide migration mechanism for the cells prepared with h) PCS and i) PCS/TO2 

electrodes. 

 

located over O atom with a distance of 1.669 Å and an angle of 74.8º. The adsorption 

energies for Li2Sn on TiO2 surface are much larger than that of S8 (~0.1 eV), which may 

be originating from the larger polarity of Li2Sn compared with S8. On the other hand, Li 

atoms in the LiPs can help to increase the adsorption of S atoms on the TiO2 surface. The 

binding energies for Li2Sn on TiO2 surface increase as the number of S atoms decrease. 

Thus, the strong attraction between Li atoms and TiO2 surface dominates the binding 

energy values. Furthermore, the results demonstrate that the binding energies of LiPs, Li 

and S on the TiO2 surface were between 3.52 - 1.37 eV, which are much larger than those 
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for graphene (<1 eV) reported previously [94, 97], indicating the efficacy of TiO2 in 

trapping LiPs. In addition, these values are better than those of most commonly used 

materials in layered structures. For instance, ZnO coated electrodes demonstrate that S 

containing species has relatively higher binding energy (up to 5.40 eV) than that of TiO2. 

In this regard, too strong chemical bonding may give rise to the decomposition of the 

Li2Sn species due to the weakening of the Li–S bond. Our theoretical calculations suggest 

that without the TiO2 coating, migration of the LiPs from PCS cathode into the 

electrolyte and to the anode should be more severe as shown schematically in Figure 

3.8h. On the other hand, the large surface area of TiO2 at the electrode-electrolyte 

interface could efficiently help adsorb Li2Sn and trap them in the cathode region as shown 

in Figure 3.8i, which in turn could help mitigate the shuttle effect. 

 

3.1.4  EIS and GITT 
 

 Electrochemical impedance spectroscopy (EIS) is used to further investigate the 

effects of the TiO2 coating on the electrochemical performance of the electrodes. The EIS 

measurements before conditioning, after conditioning and after 120 cycles are shown in 

Figure 3.9a, b, and c, respectively. For both TiO2 coated and uncoated electrodes, the 

impedance spectra before conditioning have a semicircle in the high frequencies and an 

inclined line at low frequencies, which are associated with charge-transfer resistance at 

the electrode-electrolyte interface and the ion diffusion impedance, respectively. The data 

are fitted using a circuit model including the electrolyte resistance (RE), and charge-

transfer resistance (RCT) as shown in Figure 3.10. RE and RCT values determined after the 
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fitting of the data are shown in Figure 3.9d. RE values of PCS (14 Ω) and PCS/TO2 (16 

Ω) are very similar before cycling. RCT values before cycling are determined as 173 Ω 

and 204 Ω for PCS and PCS/TO2, respectively. TiO2 coated electrode demonstrates a 

slightly bigger charge-transfer resistance before cycling which may be attributed to the 

insulating properties of the thin TiO2 layer on the surface of the electrode. After the 

conditioning cycles, RE is determined as 10 Ω and 4.5 Ω for PCS and PCS/TO2, 

respectively. The electrolyte resistance is directly related to the concentration of the 

dissolved LiPs in the electrolyte [98, 99]. Therefore, after the conditioning cycles, the cell 

with TiO2 coated electrode possibly formed a more favorable SEI layer on Li metal 

anode, with the help of blocked LiPs migration into the electrolyte and to the Li anode. 

The effect of LiPs on SEI formation will be further explained and supported by SEM 

images after the analysis of electrochemical characterizations.  RCT decreases after 

conditioning for both TiO2 coated and uncoated electrodes, as the movement of Li ions 

gets easier after cycling due to the rearrangement of active material from the as-prepared 

random distribution to an electrochemically favorable position. RCT values after 

conditioning cycles are 30 Ω and 15 Ω for PCS and PCS/TO2, respectively. This result 

indicates an improved charge and mass transfer during redox reactions at the 

electrode/electrolyte surface after TiO2 coating. This may be originating from the 

solidification of relatively less amount of LiPs on the electrode surface, since less amount 

of soluble LiPs are present in the electrolyte compared to the uncoated electrode. The 

aforementioned circuit model was not successful to provide a good fit for the EIS data 

after 120 cycles. Nevertheless, it can still be seen that the impedance increases after 120 
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cycles for both uncoated and TiO2 coated electrodes. However, PCS/TO2 has a smaller 

overall impedance compared to PCS. RE and RCT are also both smaller for PCS/TO2 

compared to those of the uncoated PCS electrode. Furthermore, the slope of the curve at 

low frequencies is larger for PCS/TO2, which indicates a better Li+ diffusion at the 

electrode surface after 120 cycles. From the EIS data, the good overall electrochemical 

performance of the TiO2 coated electrode may be attributed to: 1) An electrochemically 

stable SEI layer on lithium metal possibly formed during conditioning, 2) Electrode’s 

better conversion capability from soluble discharge products into solid products [100, 

101]. EIS results indicate a higher ionic conductivity as well as a better electrochemical 

reversibility of the TiO2 coated electrode due to the higher utilization of active material. 

These findings support the results of galvanostatic cycling measurements, and provide a 

better understanding of the factors leaded to the high Coulombic efficiency and greater 

specific capacity of the cells prepared with TiO2 coating. 

 Galvanostatic intermittent titration technique (GITT) measurements after 

conditioning cycles are shown in Figure 3.9e and Figure 3.9f during discharge and 

recharge, respectively. The GITT routine consists of a series of current pulses at 167.5 

mA/g for 10 min, each followed by a relaxation time, in which no current passed through 

the cell. One step of the GITT measurement during discharge is shown in Figure 3.11a. 

During discharge, the potential slowly decreases as the cell is discharged 

galvanostatically. Later, discharge current is interrupted and the potential suddenly 

increases by a value proportional to IR, where R is the total internal resistance of the cell. 

Later, relaxation begins as the potential slowly increases to a quasi-equilibrium state.  
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Figure 3.9: Nyquist plots of the cells with PCS and PCS/TO2 electrodes a) before conditioning, 

b) after conditioning and c) after 120 cycles. d) Electrolyte resistance (RE) and charge-transfer 

resistance (RCT) of the cells with PCS and PCS/TO2 electrodes before and after conditioning. 

GITT measurements of the cells with PCS and PCS/TO2 electrodes during e) discharge and f) 

charge. g) Quasi-equilibrium state voltages (Es) and internal resistances of the cells at varying 

depths of discharge/charge for the PCS and PCS/TO2 electrodes. 
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Figure 3.10: Equivalent circuit used for the fitting of the EIS data. RE is the electrolyte resistance 

and RCT is the charge-transfer resistance. Q1 is the constant phase corresponding to the 

capacitance. Q2 is another constant phase element that was used to model the diffusion process of 

Li ions at low frequencies. 

 

 

Figure 3.11: a) One step of the GITT measurement during discharge. b) The increase of the cell 

voltage related to IR, where R is the total internal resistance of the cell. 

 

Followed by the current interruption, a discharge current is applied again and the cell 

voltage drops by a value proportional to IR. This step of discharge pulse followed by a 

current interruption is repeated until the cell is fully discharged. A similar procedure is 

applied during charging, in which a step of charge pulse followed by a current 

interruption is repeated until the cell is fully charged. For Li-ion batteries, the cell voltage 

is linear with t1/2 at least for the first several seconds after the current interruption (Figure 
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3.11b). By extrapolating the linear behavior of the cell voltage to the beginning of the 

interruption, one can determine the internal resistance of the cells for each step. This 

method was used to determine the internal resistance of the cells at varying depths of 

discharge/charge states for the comparison of the resistances of TiO2 coated and uncoated 

PCS electrodes.  

 The respective quasi-equilibrium state voltage (Es) and internal resistance as a 

function of depth of discharge (DOD) and depth of charge (DOC) are shown in Figure 

3.9g. It should be noted that IR drops are subtracted from the raw data when calculating 

Es values. The Es vs DOD (DOC) plots are very similar to the galvanostatic discharge 

(charge) profiles in Figure 3.4f, confirming the comparability of the galvanostatic cycling 

and GITT measurements. After the beginning of the second discharge plateau, Es values 

for PCS/TO2 remain constant until the DOD is 80%, whereas Es values for PCS electrode 

remain constant only in the beginning of the lower plateau and it destabilizes as the cell 

continues discharging. Es profiles during the charge process show similar trends for both 

PCS and PCS/TO2, increasing from ~2.2 V to ~2.4 V with the increase of DOC, 

however, the PCS electrode has bigger Es values throughout the charging process, 

indicating a higher overpotential. The measured resistances associated with the voltage 

profiles created by Es values during discharging and charging are consistent with 

previously reported works [102, 103]. During the upper discharge plateau, resistances of 

both PCS and PCS/TO2 cells increase. However, the resistance of PCS increases to more 

than double of its initial value (from 38 Ω to 93 Ω), whereas the resistance increase of 

PCS/TO2 is much smaller during the first discharge plateau (from 27 Ω to 42 Ω). Since 
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the upper plateau is related to the formation of soluble long-chain LiPs, the increase in 

this region originates from the dissolution of LiPs into the electrolyte, which results in 

increasing the viscosity of the electrolyte and decreasing the ionic conductivity. After this 

resistance peak, the soluble LiPs are converted to solid Li2S(2) during the lower and 

longer plateau in the voltage profiles. The resistance first decreases in the beginning of 

the lower plateau, indicating a change in the electrolyte composition. Then it increases as 

the cells are further discharged. This increase may be due to the passivation of the surface 

of the electrodes by the discharge products [21]. During charge, the resistance keeps 

decreasing as the discharge products dissolve again in the electrolyte [21, 104]. The 

increase of the resistance at the end of the charge is related with the oxidation of LiPs to 

elemental sulfur. Comparing the resistance values associated with the voltage profiles 

from discharge and charge GITT experiments, it can be concluded that the potential 

determining processes for the lower and higher plateaus of both the discharge and charge 

processes are related to the precipitation and dissolution of the discharge products in the 

cathode. Relatively high resistance for the uncoated PCS electrode at the beginning of the 

lower plateau may be due to LiPs migrating back into the electrolyte. This may also be 

the reason of unstable Es values during the second discharge plateau for PCS electrode. 

TiO2 coated electrode may have resulted in a relatively better trapping of the LiPs and a 

lower electrolyte resistance in general. The stable Es values for the second discharge 

plateau also support these findings. 
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3.1.5  Post-Cycling SEM/EDS Characterization 
 

 The cells were disassembled after 120 cycles and the surface morphologies and 

cross sections of the electrodes were examined using SEM (Figure 3.12a-h). After 120 

cycles, cracks on the uncoated PCS electrode are observed due to the expansion of the 

cathode during lithiation and delithiation (Figure 3.12a), whereas the surface of the TiO2 

coated electrode has a uniform feature without any cracks (Figure 3.12d). Cross-section 

SEM images of the uncoated PCS electrode before and after 120 cycles are shown in 

Figures 3.12b and 3.12c, respectively. After 120 cycles, the uncoated PCS electrode 

expands 81% (from 53 µm to 96 µm) and this expansion caused partial delamination of 

the electrode from the current holder (Figure 3.12c). On the other hand, TiO2 coated 

electrode expands only 8% (from 50 to 54 µm), as shown in Figure 3.12e, f. To further 

reveal the shuttle effect toward lithium metal anode, surface morphology of the lithium 

metal anodes paired with TiO2 coated and uncoated electrodes are studied. The surface of 

the lithium anode paired with TiO2 coated electrode is uniform with little dendritic 

structures (Figure 3.12g), whereas the lithium anode paired with uncoated PCS electrode 

shows accumulated species and highly dendritic features (Figure 3.12h). This is high 

likely due to the higher amount of deposited sulfur on the surface of the anode, 

originating from the migration of the polysulfides from the cathode. To support this 

finding, EDS mapping and X-ray intensities as a function of energy are shown for the 

lithium metal anode paired with PCS/TO2 electrode (Figures 3.13 and 3.15), and they are 

shown similarly for the lithium metal anode paired with the uncoated PCS electrode 

(Figures 3.14 and 3.16). The sulfur content on the lithium metal anode paired with the  
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Figure 3.12: a) Surface morphology, b) pre-cycling cross section and c) post-cycling cross section 

of the uncoated PCS electrode. d) Surface morphology, e) pre-cycling cross section and f) post-

cycling cross section of the PCS/TO2 electrode. Surface of the lithium anodes paired with g) 

PCS/TO2 electrode and h) uncoated PCS electrode after cycling. i) Sulfur content on the lithium 

anodes paired with PCS and PCS/TO2 electrodes obtained from EDS measurements after cycling. 

 

uncoated PCS electrode is as high as 19.7%, whereas the surface of the lithium metal 

anode paired with TiO2 coated electrode has a lower sulfur content of 10.5% as shown in 

Figure 3.12i. The SEI layer on Li anode is formed by the reactions between Li metal, the 

solvent, Li salt, and soluble polysulfides that migrates from the cathode. Therefore, the 

properties of SEI in Li-S batteries are quite complicated. However, if the dissolution of 

LiPs in the electrolyte and their migration to the Li anode could be mitigated, that would 

help on the formation of a more stable SEI due to the decreased amount of parasitic 

reactions that could possibly be originating between LiPs and Li anode. The comparison 
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of the surfaces of the Li anodes (Figures 3.12g and 3.12h) that are paired with PCS and 

PCS/TO2 clearly shows that dendritic Li growth is dominant for the battery with the 

uncoated electrode. Therefore, this dendritic growth could be a sign of increased side 

reactions due to the higher amounts of insoluble LiPs on the Li metal surface, originating 

from an unstable SEI formation. For the cell that has TiO2 coated electrode, formation of 

a stable SEI may have decreased the condensation of insoluble LiPs on the Li metal 

surface with the information that there is less sulfur content found on the Li metal paired 

with PCS/TO2 as seen from Figures 3.12i, 3.15 and 3.16. This may have mitigated the 

dendritic Li growth, resulting in a better electrochemical stability. It is previously 

reported that the concentration of higher amounts of LiPs in the electrolyte can degrade 

the stability of the SEI layer, by exposing a larger surface area of Li metal to the 

electrolyte, which in turn results in dendritic Li growth [105]. Post-cycling SEM/EDS 

analysis shows that the improved electrochemical performance of the cell prepared with 

the TiO2 coated electrode stems from the mechanical robustness of the cathode, as well as 

a better stability of the anode owing to the decreased LiPs shuttle effect. 
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Figure 3.13: EDS mapping of Li anode paired with PCS/TO2 electrode a) with the contributions 

from all (C, O, F, S) elements. EDS mapping for b) C, c) O, d) F and e) S elements. 
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Figure 3.14. EDS mapping of Li anode paired with PCS electrode a) with the contributions from 

all (C, O, F, S) elements. EDS mapping for b) C, c) O, d) F and e) S elements. 
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Figure 3.15: EDS X-ray intensities of each element as a function of energy plotted for the lithium 

anode paired with PCS/TO2 electrode. Elemental concentration and statistical error for each 

element is shown at top right. 

 

 

 

Figure 3.16. EDS X-ray intensities of each element as a function of energy plotted for the lithium 

anode paired with the uncoated PCS electrode. Elemental concentration and statistical error for 

each element is shown at top right. 
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 In summary, an effective physical deposition method was successfully employed 

to coat the sulfur electrodes with TiO2 thin films in order to relieve the shuttle effect in 

Li-S batteries. The advantages of the uniform TiO2 thin film on the sulfur electrodes are: 

1) Formation of a favorable solid-electrolyte interphase layer during the initial cycles 

owing to the LiPs adsorption properties of TiO2 layer 2) Confining the LiPs inside the 

cathode region, thus decreasing the released LiPs amount into the electrolyte 3) 

Consequently, improving the electrochemical stability of the Li-S cells, which leads to an 

improved capacity retention. TiO2 coated electrode has a capacity retention of 88.5% 

after 120 cycles, whereas the capacity retention of the uncoated electrode was 68.8%. The 

TiO2 coated electrode delivers a capacity of 570 mAh/g after 120 cycles at 167.5 mA/g, 

which is 40% greater than that of the uncoated electrode (405 mAh/g). Quantification of 

the capacity contributions of LiPs reactions related to the lower discharge plateau of the 

cell with TiO2 coated electrode further indicates a better electrochemical reversibility due 

to the reutilization of the LiPs. Through analyzing the binding energies of LiPs adsorbed 

on TiO2 (101) surface by theoretical calculations, it is concluded that the strong Li-O 

bonds dominate the interactions between LiPs and the TiO2 surface, thus a TiO2 layer can 

be useful at the electrode-electrolyte interface to mitigate the shuttle effect. This work 

demonstrates the use of a very cost-effective and straightforward method to overcome a 

very important challenge of sulfur-based electrodes. Therefore, the findings of this work 

may help understand the effects of thin film coatings on the electrochemical 

performances of Li-S or other Li-ion battery systems. 
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3.2  Methods 
 

Electrode synthesis and TiO2 thin film coating Elemental sulfur (S, 99.998%, Sigma-

Aldrich) and porous carbon (2000 m2/g, ACS Material, LLC) were mixed with a weight 

ratio of 1.5:1 and they were ground into fine powder using mortar and pestle. The 

mixture was then heated to 155°C in argon atmosphere with a rate of 5 °C/min and it was 

kept for 6 hours to enable melting of sulfur inside the carbon. After cooling down to 

room temperature, the resulting porous carbon and sulfur (PCS) composite was obtained. 

To obtain a homogenous slurry for the electrodes, PCS composite, acetylene black 

(99.9%, Alfa Aesar) and Poly(acrylic acid) (PAA, Mv ~450000, Sigma-Aldrich) with a 

weight ratio of 7:2:1 was prepared, followed by the addition of N-methyl-2-pyrrolidone 

solution. The slurry was casted on Al foil (99.45%, Alfa Aesar) using a doctor blade 

(Automatic thick film coater, MTI) and then left in 60°C air oven overnight. PCS 

electrodes were cut into 16 mm diameter circular disks. The prepared sulfur electrodes 

had an active material of 3.0 mg/cm2. TiO2 thin films were deposited on as-prepared PCS 

electrodes by RF magnetron sputtering at room temperature. The base pressure was 8×10-

5 Pa, sputtering power 300 W, argon pressure 0.52 Pa. During the deposition, electrodes 

were rotated to obtain a homogeneous film on the surface. A series of experiments for 

TiO2 thin film coating were carried out at varying deposition times of 2, 4, and 8 min, 

while other parameters were kept constant. Finally, PCS electrodes with different 

deposition times of TiO2 coating (2, 4, and 8 min) were obtained to be used in Li-S 

batteries. 
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Battery assembly and material characterization Coin-type (CR2032) batteries were 

prepared using the uncoated and TiO2 coated electrodes. The electrolyte was prepared 

dissolving 1 M bis(trifluoromethane)-sulfonimide (LiTSFI, Sigma-Aldrich) lithium salt 

in 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOL, 1:1 in volume) solvents with 1 

wt% LiNO3. Electrolyte to sulfur mass ratio was kept at 15:1 to ensure wetting of the 

active material in the electrodes. Lithium metal was used as the counter electrode in the 

cells. All batteries were assembled in an argon-filled glove box with an O2 and H2O 

content of less than 1 ppm. The battery with the uncoated electrode was labeled as PCS, 

and the batteries with TiO2 coated electrodes were labeled as PCS/TO2, PCS/TO4 and 

PCS/TO8, corresponding to a TiO2 deposition time of 2, 4 and 8 min, respectively. The 

thermo-gravimetric analysis (TGA, Mettler Toledo) was used to determine the sulfur 

content in the PCS composite. The composition of the uncoated and TiO2 coated 

electrodes were studied by Raman spectroscopy (Horiba, LabRam HR800) using a laser 

wavelength of 532 nm. Energy Dispersive X-ray Spectroscopy (EDS, NovaNanoSEM 

450) was used to analyze the elemental distribution on the surface of the electrodes. Thin 

foils for TEM imaging were prepared from the layered sample following established 

procedures with a DualBeam scanning electron microscope and FIB instrument using Ga 

ion source (Quanta 200i 3D, ThermoFisher Scientific). First, a strap of 5 µm thick 

protective Carbon layer was deposited over a region of interest using the ion beam. 

Subsequently approximately 80 nm thin lamella was cut and polished at 30 kV and 

attached to a TEM grid using in-situ Omniprobe manipulator. To reduce surface 

amorphization and Gallium implantation final milling at 5 kV and 0.5 nA was used to 
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thin the sample further. TEM and STEM imaging was performed at 300 kV accelerating 

voltage in a ThermoFisher Scientific Titan Themis 300 instrument, fitted with X-FEG 

electron source, 3 lens condenser system and S-Twin objective lens. High-resolution 

TEM images were recorded at resolution of 2048×2048 pixels with an FEI CETA-16M 

CMOS digital camera with beam convergence semi-angle of about 0.08 mrad.  STEM 

images were recorded with Fischione Instruments Inc. Model 3000 High Angle Annular 

Dark Field (HAADF) Detector with probe current of 150 pA, frame size of 2048×2048, 

dwell time of 15 µsec/pixel, and camera length of 245 mm. Energy dispersive X-ray 

Spectroscopy (EDS) analyzes and elemental mapping were obtained in the STEM at 300 

kV, utilizing  ThermoFisher Scientific SuperX system equipped with 4×30mm2 window-

less SDD detectors symmetrically surrounding the specimen with a total collection angle 

of 0.68 srad, by scanning the thin foil specimens. Elemental mapping was performed with 

an electron beam probe current of 550 pA at 1024×1024 frame resolution. Scanning 

Electron Microscopy (SEM, NovaNanoSEM 450) was used to investigate the 

morphology of the surface and cross section of the electrodes.  

 

Electrochemical measurements The galvanostatic charge/discharge tests of the batteries 

were performed between 1.7 V and 2.8 V vs. Li/Li+ at 167.5 mA/g using a Bio-Logic 

(BCS 810 Testing Module) battery tester. Before cycling, all of the cells were 

conditioned at 33.5 mA/g for 3 cycles. The specific capacities of the batteries were 

calculated based on the active material mass. The optimum deposition time for the TiO2 

coating on the electrode was determined by analyzing the specific capacity and 
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Coulombic efficiency evolution of the cells by increasing cycle number. Then, the 

electrode prepared with the optimum TiO2 deposition time (2 min) for the cycling 

performance was selected for further electrochemical characterizations and was 

compared with the uncoated PCS electrode. Galvanostatic charge/discharge 

measurements at varying current rates of 0.1, 0.2, 0.5 and 1 C were performed (1 C = 

1675 mA/g) using the Bio-Logic tester. After cycling at varying current rates, the same 

cells were charged/discharged for 100 cycles at a rate of 0.5 C. To investigate the 

reaction kinetics of the cells, cyclic voltammetry (CV) measurements were performed 

between 1.7 - 2.8 V vs. Li/Li+, at a scan rate of 0.05 mV/s using the Bio-Logic tester. 

Electrochemical Impedance Spectroscopy (EIS) was used before and after conditioning 

cycles, as well as after 120 cycles with a perturbation amplitude of 10 mV, between 104 

Hz and 20 mHz. To study the internal resistance of the batteries at different states of 

discharge/charge, Galvanostatic Intermittent Titration Technique (GITT) was performed 

using the Bio-Logic tester. 

 

Computational methods The simulations were carried out using Quantum Espresso 

package [106, 107]. Generalized gradient approximation in the form of Perdew-Burke-

Ernzerhof (PBE) was used for the electron–electron exchange and correlation interactions 

[108]. The interactions between ions and electrons were described using the ultra-soft 

pseudopotentials [109]. An electronic smearing technique was employed in the DFT 

calculations [110]. The kinetic energy cutoff for plane wave functions was set to 816. 34 

eV (60 Ry), and augmented density cutoff of 8163.4 eV (600 Ry) was used. Geometry 
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optimizations were carried out by the Broyden–Fletcher–Goldfarb–Shanno (BFGS) 

algorithm [111] and the maximum force and energy on each atom was 0.01 eV Å-1 and 

10-6 eV/atom, respectively. The TiO2 (101) surface were adjoined with a vacuum spacing 

larger than 15 Å to minimize periodic interactions along the z direction. Various initial 

adsorption configurations were considered, and the most stable optimized configurations 

were used to discuss the binding between Li2Sn and TiO2 surface. The binding energies 

(𝐸𝑏) are then calculated by Equation 3.5, 

 

                                   Eb = (ELi2Sn
+ ETiO2 surface) − ELi2Sn−TiO2

                 (3.5) 

 

 where ELi2Sn
 is the total energy of Li2Sn, ETiO2−surface is the total energy of the TiO2-

surface and ELi2Sn−TiO2 
is the total energy of the Li2Sn-TiO2 system. 
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Chapter 4 
 

 

 

Capacity Fade Analysis in Lithium-Sulfur 

Batteries with Varying Electrolyte-to-Sulfur 

Ratios 
 

 

 

 In addition to a high sulfur loading and a good cycling performance, the amount 

of the electrolyte in lithium-sulfur (Li-S) batteries is an important parameter in order to 

obtain a high energy density. The literature mainly consists of works with excess amounts 

of electrolyte in Li-S cells, and the electrolyte content in most of the works is not 

provided. One reason for using excess amounts of electrolyte is that the batteries can 

exhibit longer cycle lives with high sulfur utilization owing to a better penetration of 

electrolyte into the cathode. However, the weight of the extra amount of electrolyte could 

decrease the gravimetric energy density of the cell. In this chapter, galvanostatic cycling, 

electrochemical impedance spectroscopy and galvanostatic intermittent titration 

technique is presented with a focus on the effect of electrolyte content on the 

electrochemical performance of the electrodes. For this, batteries with different 

electrolyte-to-sulfur ratios were prepared and their electrochemical performances were 

tested. In order to be able to make a comparison between the batteries with varying 

electrolyte contents, the capacities, impedances and total internal resistances were 

calculated. 
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4.1  Electrode Synthesis and Battery Assembly 
 

 Elemental sulfur (S, 99.998%, Sigma-Aldrich) and acetylene black (99.9%, Alfa-

Aesar) were mixed with a weight ratio of 1.5:1 and they were dissolved in dimethyl 

sulfoxide (DMSO, Fisher Chemical) at 90°C. The solution was stirred for 3 h and then 

cooled down to room temperature naturally. The resulting acetylene black and sulfur 

(ABS) composite was washed by ethanol to remove DMSO and dried at 60°C overnight. 

For the slurry, ABS composite and poly(acrylic acid) (PAA, Mv ~ 450 000, Sigma-

Aldrich) with a weight ratio of 4:1 were mixed, followed by the addition of N-methyl-

2pyrrolidinone solution. The slurry was cast on Al foil (99.45%, Alfa Aesar), using a 

doctor blade (automatic thick film coater, MTI), and then left in 60°C air oven overnight. 

The electrodes were cut into 16 mm diameter circular disks. Prepared sulfur electrodes 

had an active material of 2.0 mg/cm2.  Coin-type (CR2032) cells were assembled using 

the sulfur electrodes. The electrolyte was prepared by dissolving 1 M bis(trifluoro-

methane)-sulfonimide (LiTSFI, Sigma-Aldrich) in 1,3-dioxolane (DOL) and 1,2-

dimethoxyethane (DME, 1:1 in volume) solvents with 1 wt% LiNO3.  Two groups of 

batteries with electrolyte-to-sulfur (E/S) ratios of 5:1, 10:1, 20:1 and 30:1 (in µL/mg) 

were prepared. Group 1 batteries were rested for 12 h before cycling, and one separator 

was used in the cells; whereas Group 2 batteries were rested 6 h before cycling, and two 

separators were used in the cells. Lithium metal was used as the counter electrode in the 

batteries. The batteries were assembled in an argon filled glove-box with an O2 and H2O 

content of less than 1 ppm. Thermogravimetric analysis (TGA, Mettler Tolado) was used 

to determine the sulfur content in ABS composite. 
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4.2  Electrochemical Protocols 
 

 The galvanostatic charge/discharge tests were performed between 1.7 and 2.8 V 

vs. Li/Li+ at 167.5 mA/g (C/10) using an Arbin BT2000 battery tester. Before cycling, the 

batteries were conditioned at 33.5 mA/g (C/50) for 3 cycles. Specific capacities of the 

cells were calculated based on the active material mass. Electrochemical impedance 

spectroscopy (EIS) was used for both conditioning (C/50) and C/10 cycling, with a 

perturbation amplitude of 10 mV, between 104 Hz and 20 mHz using a Bio-Logic (BCS 

810 testing module) battery tester. Galvanostatic intermittent titration technique (GITT) 

was performed by the Bio-Logic tester in order to determine the internal resistances of 

the batteries. 

 

4.3  Electrochemical Characterization 
 

 Figures 4.1a and 4.1b show the specific capacities during the conditioning cycles 

(C/50) and 30 cycles at C/10 for Group 1 and Group 2 batteries, respectively. All Group 1 

batteries show a decay in capacity during conditioning cycles at C/50. The battery 

prepared with an E/S ratio of 30:1 has the highest initial capacity of 1108 mAh/g. In both 

groups, the batteries with the least amount of electrolyte (E/S 5:1), has the lowest initial 

capacity. Low electrolyte content may not be able to provide enough ionic charge 

carriers, and inadequate amount of electrolyte cannot wet the sulfur electrode uniformly, 

leading to less active material available for the lithium ions. This results in lower sulfur 

utilization in the electrode. Therefore, higher amount of electrolyte is more advantageous 

for higher active material utilization. However, the cell with the highest amount of  
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Figure 4.1: Specific capacity of Li-S cells for a) Group 1 and b) Group 2, shown for conditioning 

(C/50) and cycling at C/10. Capacity retentions after 30 cycles for c) Group 1 and d) Group 2.  

 

electrolyte with an E/S ratio of 30:1 can only retain 35% of its initial capacity after 30 

cycles at C/10 as the capacity decreases from 1108 mAh/g to 389 mAh/g as seen in 

Figure 4.1a.  This decay in capacity may be due to the high electrolyte content acting as a 

polysulfide reservoir in the cell and causing a larger capacity decay compared to other 

batteries with less E/S ratios. Capacity retention values of the batteries after 30 cycles are 

shown in Figures 4.1c and 4.1d for Group 1 and Group 2, respectively. The change in 

capacity of the batteries prepared with the E/S ratios of 5:1 and 10:1 is significantly 
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different for Group 1 and Group 2. As seen in Figure 4.1a, both batteries prepared with 

E/S ratios of 5:1 and 10:1 in Group 1 show a decreasing trend during conditioning; 

whereas the batteries with the same ratios in Group 2 show an increasing trend. This may 

be due to the shorter resting time and the use two separators in Group 2 batteries, which 

may have resulted in less amount of electrolyte penetrating through the cathode and 

leading to a lower active material utilization. As the electrolyte penetration increases 

gradually during the first few cycles, the active material utilization also increases. 

Therefore, the batteries prepared at lower E/S ratios of 5:1 and 10:1 in Group 2 exhibit an 

increase in the capacity from the first conditioning cycle to the third one as seen in Figure 

4.1b.  

 The voltage profiles during the conditioning cycles are given in Figures 4.2 and 

4.3 for Group 1 and Group 2 batteries, respectively. As the E/S ratio increases, lower 

discharge plateau at ~2.1 V becomes extended and exhibits a more stable profile for both 

groups. An extended lower discharge plateau indicates a better conversion from long-

chain lithium polysulfides to short-chain lithium polysulfides, because the lower 

discharge plateau is the region where short-chain insoluble polysulfides are formed. 

Therefore, lower E/S ratios of 5:1 and 10:1, may have resulted in a lesser amount of Li2S 

formation as they exhibit shorter low discharge plateaus. It is reported that when the 

sulfur utilization was low, no Li2S formation was observed on the electrode surface, and 

during the first plateau at ~2.3 V, elemental sulfur is reduced to Li2Sn (n>4), followed by 

the formation of Li2S [112]. Since the soluble polysulfide amount is less with no possible 

formation of insoluble polysulfides on the electrode surface, cycling performances of the  



 82 

 

Figure 4.2: Voltage profiles of the batteries in Group 1 for the conditioning cycles at C/50. 

 

cells with lower electrolyte content are more stable. In other words, high electrolyte 

content may act as a constant polysulfide provider in the cells, which could enhance the 

polysulfide migration from the cathode to the anode, resulting in capacity fade. In 

addition, from the voltage profiles of the cells in Group 1 (Figure 4.2), it is seen that for 

increased electrolyte contents, polysulfide shuttle effect is more significant. One can see 

that from very high charge capacities meaning long charging times. For example, the 

cycle 3 for E/S 10:1 in Figure 4.2b shows that the charge capacity is much higher than the  



 83 

 

Figure 4.3: Voltage profiles of the batteries in Group 2 for the conditioning cycles at C/50. 

 

discharge capacity, which resulted in a low Coulombic efficiency. This is high likely due 

to the polysulfide shuttling during charging, where the accumulated short-chain 

polysulfides on the lithium anode surface diffused back to the cathode and re-oxidized, 

leading to an extremely long charging time. Similar results are observed for E/S 20:1 in 

cycle 2 (Figure 4.2c) and E/S 30:1 in cycle 3 (Figure 4.2d). Similar voltage profiles are 

observed for the batteries in Group 2 as seen in Figure 4.3. However, the shuttle effect is 

not very strong in this group and the Coulombic efficiencies are better. For E/S 5:1 and 
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E/S 10:1, the capacity increases from cycle 1 to cycle 3, showing that the electrode 

wetting is slowed down because of less resting time and the use of two separators in the 

cells. Active material utilization increases gradually as the cycle number increases from 1 

to 3. On the other hand, for E/S 20:1 and E/S 30:1, the capacity decreases through the 

first three cycles probably due to the higher amount of electrolyte content compared to 

E/S 5:1 and E/S 10:1, leading to a stronger polysulfide shuttle effect as seen from the 

high charge capacities at the 2nd cycles of the batteries prepared with E/S 20:1 and E/S 

30:1, as shown in Figures 4.3c and 4.3d, respectively. 

 Figure 4.4 shows the specific capacities of the two groups of batteries for 300 

cycles at C/10 rate. Because the decay in the capacities of the batteries prepared with an 

E/S ratio of 30:1 is the highest for both groups during conditioning, these batteries exhibit 

much lower capacities (481 mAh/g for Group 1 and 541 mAh/g for Group 2) in the 

beginning of cycling at C/10 compared to the batteries prepared with lower E/S ratios. 

After 300 cycles, the capacity of the battery prepared with an E/S ratio of 30:1 drops to a 

value of 263 mAh/g for Group 1 and 272 mAh/g for Group 2; whereas the capacities of 

the batteries prepared with E/S ratios of 5:1, 10:1 and 20:1 have values between 400-500 

mAh/g after 300 cycles. For Group 1, the capacity of the battery prepared with an E/S 

ratio of 30:1 is 44% lower at the 300th cycle, compared to the capacity of the battery 

prepared with an E/S ratio of 10:1. For Group 2, the capacity of the battery prepared with 

an E/S ratio of 30:1 is 39% lower at the 300th cycle, compared to the capacity of the 

battery prepared with an E/S ratio of 10:1. For both groups, capacity decay is the highest 

for an E/S ratio of 30:1. Although the capacities after 300 cycles were similar for other  
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Figure 4.4: Cycling performance of the cells shown for 300 cycles at C/10. 

 

E/S ratios, the E/S ratio of 10:1 exhibits higher capacities especially for the first 100 

cycles in both groups. It was reported that the solubility of lithium polysulfides in the 

electrolyte affects the cycling performance of the cells. Because, the soluble discharge 

products lead to the formation of insoluble discharge products such as Li2S2 and Li2S, 

which can deposit on the electrode surface, resulting in active material loss [33, 113].  

Therefore, our results indicate that higher active material utilization in the beginning of 

the conditioning cycles could create more soluble and insoluble polysulfides, and this 

could result in a higher amount of active material loss.  

 Despite the lower specific capacity values of the batteries prepared with an E/S 

ratio of 30:1, they have the highest Coulombic efficiency (CE) values compared to the 

batteries prepared with lower E/S ratios in both groups. After 300 cycles, CEs of the 

batteries prepared with the E/S ratio of 30:1 are 94% and 91% for Group 1 and Group 2, 

respectively. CEs of the batteries prepared with the E/S ratio of 20:1 is 90% and 85% 

after 300 cycles for Group 1 and Group 2, respectively. This indicates that doubling the 



 86 

resting time of the batteries from 6 h to 12 h before cycling, and the use of one separator 

instead of two seems to have a positive effect on Coulombic efficiency of cells for deep 

cycling. Because the cells with the same E/S ratios have higher CEs in Group 1 compared 

to the ones in Group 2. Results also suggest that when there is an increased amount of 

electrolyte in the cells such as 20:1 and 30:1 E/S ratios, CE values are higher and more 

stable throughout cycling compared to the cells prepared with less amount of electrolyte 

such as 5:1 and 10:1 E/S ratios. As shown in Figure 4.4, CEs of the batteries prepared 

with the E/S ratios of 5:1 and 10:1 decrease significantly with the cycle number in both 

groups. Especially for the E/S ratio of 5:1, loss in CE during the first 50 cycles is the 

largest compared to other E/S ratios. In Group 1, CE for the 5:1 E/S ratio decreases from 

85% to 75% after 50 cycles. Similarly, in Group 2, CE for the 5:1 E/S ratio decreases 

from 86% to 62% after 50 cycles. Furthermore, CEs of these batteries have the lowest 

values between 56-71% after 300 cycles. Therefore, E/S 5:1 and E/S 10:1 fails after deep 

cycling as the loss in their CEs is very large. This is probably because of the electrolyte 

consumption throughout the cycling. As the electrolyte content is already low for E/S 5:1 

and E/S 10:1 compared to the other batteries, the effect of the electrolyte consumption on 

the capacity decay may have been more significant. For the batteries prepared with an 

E/S ratio of 30:1, CE decreases in the very beginning due to the high amount of dissolved 

polysulfides and a strong shuttle effect, and during the conditioning cycles the battery 

already loses most of its capacity. After that, capacity stabilizes and CE increases as seen 

in Figure 4.4. But because that initial drop was too high, batteries with E/S 30:1 ratio 

deliver the lowest capacity after 300 cycles. These results show that the batteries with an 
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E/S ratio of 20:1 have the optimal electrolyte amount as they deliver both higher 

capacities and better CEs after 300 cycles compared to the batteries with other E/S ratios.  

 Voltage profiles of the batteries prepared at different E/S ratios are shown for 

selected cycle numbers at C/10 rate for Group 1 and Group 2 in Figures 4.5 and 4.6, 

respectively. In both groups, it is seen that the voltage differences between the charge and 

discharge plateaus (∆V) are the highest for the E/S ratio of 5:1, indicating a higher 

polarization. Using the voltage profiles of the batteries, ∆V values are calculated and they 

are shown in Figure 4.7 for both conditioning (C/50) and cycling at C/10. During both 

conditioning and cycling at C/10, ∆V is the highest for an E/S ratio of 5:1. ∆V tends to 

decrease with increased E/S ratio and reaches to minimum values for an E/S ratio of 20:1. 

Further increase of E/S ratio to 30:1 increases the ∆V values again. It is seen from Figure 

4.7 that ∆V values during C/10 cycling are slightly higher in Group 2 compared to Group 

1 for the same E/S ratios, indicating higher polarizations for the cells that were rested a 

shorter time before cycling. These results suggest that sufficient amount of electrolyte 

can decrease the polarization significantly by providing faster reaction kinetics in the 

cells. The reason for the highest polarization for the batteries with the lowest E/S ratio of 

5:1 may be originating from the slower transportation of polysulfides and lithium ions to 

the conductive network, as well as uneven reactions due to the insufficient electrolyte at 

the cathode surface. 
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Figure 4.5: Voltage profiles of Group 1 batteries at C/10 for selected cycle numbers. 
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Figure 4.6: Voltage profiles of Group 2 batteries at C/10 for selected cycle numbers. 
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Figure 4.7: Voltage difference (∆V) between the charge and discharge curves for conditioning 

cycles (C/50) and cycling at C/10.  
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 EIS is used to further study the effects of different E/S ratios on the 

electrochemical performance of sulfur electrodes. EIS measurements during conditioning 

cycles are shown in Figure 4.8. For all of the measurements, EIS spectra exhibit one 

depressed semicircle in high frequencies, another depressed semicircle in mid-

frequencies and an inclined line at low frequencies. The depressed semicircle at high 

frequencies is associated with the resistance of solid-electrolyte interphase (SEI) layer 

(R2) covering the electrode surface, while the depressed semicircle at mid-frequencies is 

associated with charge-transfer resistance (R3), originating from the charge-transfer at 

the electrode-electrolyte interface, and the inclined line at low frequencies is related with 

the solid-state diffusion of lithium ions into the electrode. The point that the plot 

intersects with the real part of the impedance (Re(Z)) at high frequencies is associated 

with the equivalent series resistance (R1), which is the total resistance originating from 

the following sources: 1) Ionic resistance of the electrolyte, 2) Contact resistance between 

the active material and current collector, 3) Intrinsic resistance of the active material 

[114, 115, 116]. The EIS data were fitted using the equivalent circuit shown in Figure 

4.9. Figure 4.8a shows the Nyquist plots of the batteries prepared with different E/S ratios 

after the last conditioning cycle. The values of R1, R2 and R3 obtained from the fitting of 

the data for all 3 conditioning cycles are given in Figures 4.8b, 4.8c and 4.8d, 

respectively. The decrease of R2 may be related with the formation of less amount of 

solid Li2S with increasing cycle number. From the values of R3, it is seen that the 

increased electrolyte content helps with the charge-transfer at the electrode-electrolyte 

interface as the resistance decreases. 
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Figure 4.8: a) Nyquist plots of the cells obtained after 3 conditioning cycles at C/50. b) 

Equivalent series resistance (R1), c) SEI layer resistance (R2), and d) charge-transfer resistance 

(R3), obtained from fitting of the EIS data using the equivalent circuit. 

 

 

Figure 4.9: Equivalent circuit used for the fitting of the EIS data. 
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 The raw data obtained from GITT measurements are shown for discharge in 

Figure 4.10. During discharge, it can be seen that the amplitude of the fluctuations of the 

curves get smaller when the electrolyte content increases. This indicates decreased 

voltage loss and/or easier lithium ion diffusion due to the increased sites for lithium 

transport with the high amounts of electrolyte.   

 

 

Figure 4.10: Raw data obtained from GITT measurements for the batteries with different 

electrolyte ratios during discharge.  
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 In order to determine the total internal resistance of the cells, each step consisting 

of discharge and relaxation in the GITT data was used. Obtained internal resistance 

values are shown in Figure 4.11 as a function of state of charge (SOC) and state of 

discharge (SOD) for 3 cycles. As seen from the figure, all batteries exhibit a resistance 

peak near 20-30% SOD, which is the point when the higher discharge plateau ends and 

voltage starts to drop. This is because soluble long chain polysulfide concentration in the 

electrolyte reaches a maximum. After the peak, resistance starts to drop until it reaches a 

minimum, then it slowly starts to build up again because insoluble short chain polysulfide 

formation, a process with much slower kinetics begins. At the end of discharge, the 

electrodes must have been covered with insoluble discharge products; therefore, the 

charge transfer paths are blocked and resistance peaks again. In the beginning of charging 

process, resistance drops as the insoluble polysulfides (Li2S and Li2S2) oxidizes into 

long-chain soluble lithium polysulfides. With the increase of dissolved polysulfides in the 

electrolyte, resistance slightly increases. After further charging, resistance drops when the 

oxidation of dissolved long-chain polysulfides into elemental sulfur starts, and at the end 

of charging, resistance peaks again indicating solid sulfur formation. 
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Figure 4.11. Internal resistances of the batteries as a function of state of discharge (SOD) and 

state of charge (SOC).  
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 In conclusion, the E/S ratios have a strong effect on the electrochemical 

performance of the batteries. It was seen that electrolyte consumption may be responsible 

for the capacity decay in the batteries with low E/S ratios; whereas dissolution of 

polysulfides and their free migration in the electrolyte may be responsible for the 

capacity decay in the batteries with higher E/S ratios. It was seen that, for our Li-S cells, 

the E/S ratios of 5:1 and 10:1 fails as their Coulombic efficiencies drops rapidly. This is 

related to the insufficient electrolyte amount in the cells. E/S 20:1 delivered an optimal 

electrochemical performance with stable capacity and Coulombic efficiency values 

throughout cycling. This may be because of less electrolyte amount of E/S 20:1 compared 

to E/S 30:1, resulting in a weaker shuttle effect; and at the same time, higher electrolyte 

content compared to E/S 5:1 and 10:1, resulting in a better electrolyte wetting of the 

electrode. 
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Chapter 5  
 

 

 

Improved Electrochemical Performance of 

LiCoO2 Electrodes for High-Voltage 

Operations by Ag Thin Film Coating via 

Magnetron Sputtering 
 

 

 

 

 LiCoO2 (LCO) is the dominating cathode material used in commercial lithium-ion 

batteries (LIBs) in portable electronic devices due to its high energy density, cycling 

stability and ease of production [117]. To meet the growing demand of large-scale 

applications of LIBs with higher storage capacities, such as electric vehicles, the research 

on further improvement of LCO electrodes by exploring its high-voltage limit has been 

gradually increasing [118]. Although it is theoretically possible to increase the capacity 

of LCO by charging it e.g., to 4.5 V, which is above the normal value of 4.2 V vs. Li/Li+, 

its cycling performance suffers a fast degradation due to the irreversible structural 

changes of the active materials and formation of an unfavourable solid electrolyte 

interphase (SEI) layer [119, 120]. Many researchers have focused on surface coatings to 

alter the electrochemistry between the electrolyte and cathode [121, 122]. Majority of the 

efforts used cost-effective chemical ways [123, 124] or very controllable but expensive 

atomic layer deposition method [125]. Herein, we proposed the deposition of Ag thin 

film on LCO cathodes, using magnetron sputtering (MS), a technique that has been 
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intensively used in industry for thin film fabrication. MS is a cost-effective and more 

time-efficient technique compared to other methods, including ALD [126]. By coating 

the LCO surface, the high-voltage (3.0 - 4.5 V) electrochemical performance with a 

remarkable improvement was achieved. 

 

5.1  Ag Thin Film Coating 
 

 Ag thin film was deposited directly on commercially purchased LCO cathode (bc-

af-241co-55-ss, MTI corp.) by DC magnetron sputtering at room temperature, using a 

commercial Ag target (99.99%). The base pressure was 3.33 × 10-5 Pa, sputtering power 

22 W, argon pressure 0.61 Pa and the deposition time was 1.5 min. During the deposition, 

the cathode was rotated to obtain a homogeneous film on the surface. The uncoated and 

Ag coated electrodes were labelled as LCO-bare and LCO/Ag, respectively. 

 

5.2  Electrochemical Protocols 
 

 2032 coin-type half-cells were assembled in a glove box filled with Ar. The liquid 

electrolyte was 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and diethyl 

carbonate (DEC) (1:1, v/v) and Li was used as the counter electrode. The galvanostatic 

charge/discharge tests were performed between 3.0 V and 4.5 V vs. Li/Li+ at C/5 (1 C = 

140 mA/g), using an Arbin BT2000 cell test instrument. Electrochemical impedance 

spectroscopy (EIS) measurements were performed at different potentials, namely 4.5 V 

and 4.0 V, in the 100 kHz to 20 mHz frequency range, using a VMP3 Biologic 
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potentiostat. Cyclic voltammetry (CV) measurements were also carried out at varying 

sweeping rates in order to investigate Li+ diffusion at the electrode interface. 

 

5.3  Electrochemical Characterization 
 

 The charge-discharge profiles of the half-cells have a pair of plateaus for both Ag 

coated and uncoated LCO, as seen in Figure 5.1a. The 1st, 25th and 50th cycles show that 

Ag coated electrode has less polarization than the bare LCO. This may be due to the high 

electrical conductivity and the protective property of the Ag film, to mitigate irreversible 

redox reactions. Furthermore, according to the cycling performance test, as shown in 

Figure 5.1b, a better cycling stability is observed after the Ag coating. Initial discharge 

capacities of both bare LCO and LCO/Ag are around 184 mAh/g; however, with the 

increase of the cycle number, the discharge capacity of the bare LCO degrades very fast. 

After the electrode is coated by Ag, the capacity decay is substantially relieved. After 100 

cycles LCO/Ag has a discharge capacity of 106.3 mAh/g, which is 45% more than that 

(73.5 mAh/g) of the bare LCO.  Coulombic efficiency is also improved after Ag 

deposition on the electrode. This may be another indication of suppressed side reactions 

such as electrolyte decomposition and SEI formation on the Ag coated electrode. 
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Figure 5.1: Electrochemical performances of bare and Ag coated electrodes. a) Voltage profiles 

for the 1st, 25th and 50th cycles, and b) cycling performances at C/5 within 3.0 and 4.5 V vs. 

Li/Li+. 

 

 EIS measurements at two different potentials (4.5 V and 4 V), are shown in 

Figure 5.2a. As seen from the Nyquist plots, for both bare LCO and LCO/Ag, the 

impedance was small when they were first charged to 4.5 V. After discharging the cells 

with a 0.5 V step down to 4 V, the impedance increased significantly for both bare LCO 

and LCO/Al. However, Ag coated electrode had a lower impedance at both 4.5 V and 4 

V, since smaller semicircles in the Nyquist plots are observed, indicating easier Li+ and 

electron transfer at the interface of the coated electrode. Also, the greater slope of the 

Warburg impedance (𝑠 = 1.71 for LCO/Ag vs. 𝑠 = 1.46 for LCO-bare), displayed in 

Figure 5.2b, shows that Li+ transport in the bulk electrode is improved [127].  
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Figure 5.2: a) Nyquist plots of bare and Ag coated electrodes at 4 V and 4.5 V vs. Li/Li+, b) 

Nyquist plots of bare and Ag coated electrodes at 4.5 V vs. Li/Li+ with the slopes of Warburg 

impedances. 

 

5.4  Surface Topography of the Electrodes 
 

 It can be seen from the SEM images that an SEI layer is formed on both uncoated 

and Ag coated electrodes after cycling, especially between the particles on the surface 

(Figure 5.3). The grains of both bare LCO and LCO/Ag electrodes are separated into 

smaller particles after repeated electrochemical intercalation/deintercalation, which can 

accelerate dissolution of the active materials due to the increased exposure area to the 

electrolyte. The SEI layer looks slightly thicker with a more packed surface with less 

voids, which may explain the higher impedance for the uncoated LCO electrode. It can be 

seen from the Figure 5.3 that the SEI layer formed on LCO/Ag is relatively thinner with a 

surface with more voids, and the integrity of LCO grains is better conserved with 

relatively bigger particles, which may be originated from the Ag layer that serves as a 

protective layer between the electrolyte and active materials. 
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Figure 5.3: Post-cycling SEM images of bare LCO electrode (left) and LCO/Ag electrode (right). 

 

5.5  Cyclic Voltammetry  
 

 In order to determine the Li+ diffusion coefficient quantitatively, CV 

measurements were carried out at varying sweeping rates, as shown in Figure 5.4. The 

potential differences between the lithium ion extraction and insertion peaks are smaller 

for the Ag coated electrode (Figure 5.4a), compared to those of bare LCO (Figure 5.4b), 

accounted for a smaller chemical polarization for LCO/Ag. It was reported that some 

parasitic surface reactions at high oxidation states can be the reason for the increase in the 

polarization of bare-LCO [128]. The Ag coating may have mitigated these undesired side 

reactions successfully.   
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Figure 5.4: CV profiles of a) Ag coated LCO, and b) bare LCO at varying sweeping rates from 

0.1 mV/s to 0.4 mV/s. 

 

 For further analysis on Li+ diffusion, using the CV measurements, the current 

densities of the anodic peaks (Ip) are plotted as a function of the square root of the 

sweeping rates (υ1/2), as seen in Figure 5.5. The plot shows a good linearity of Ip with υ1/2, 

which suggests a typical diffusion controlled electrochemical behaviour of LIBS. By 

using the Randles-Sevcik equation [129], Li+ diffusion coefficients (DLi) are determined 

as 9.84 × 10-7 cm2/s and 6.48 × 10-7 cm2/s for LCO/Ag and LCO-bare, respectively, 

indicating a better Li+ diffusion for Ag coated cathode. This quantification also supports 

the EIS results on the improvement of Li+ diffusion, which is believed to be the reason 

for the superior cycling performance of LCO/Ag. 
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Figure 5.5: The anodic current density (Ip) as a function of the square root of the sweeping rate 

(υ1/2) for the Ag coated LCO and bare LCO. 

 

 To conclude, Ag thin film was deposited on commercial LiCoO2 cathode to 

improve the high-voltage electrochemical performance of the LIBs. The cycling stability 

of the half-cell was improved after coating the surface of cathode with Ag thin film. The 

Ag coated electrode delivers a discharge capacity of 106.3 mAh/g within 3.0 – 4.5 V at 

C/5, which is increased by 45% compared to that of the bare electrode. Owing to its ion-

diffusive protective layer, it is supposed that the Ag coating can suppress the electrolyte 

decomposition and undesired side reactions caused by the high-voltage operations. These 

points were supported with the calculation of quantitative results related to an improved 

Li+ diffusion for the Ag coated electrode. Magnetron sputtering of Ag thin film was 

demonstrated as a simple and promising approach to enhance the performance of LCO at 

high-voltages. This work may lead to newly developed strategies for LCO or other 

cathode materials toward achieving high-energy storage capacities for LIBs. 
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Chapter 6 
 

 

 

Effect of Conditioning Method on Sulfur-

Silicon Full Cells 
 

 

 

6.1 Sulfur-Silicon Full Cell 
 

 A common method to solve the problems of the electrodes without a lithium 

source is to use pre-lithiated electrodes such as lithium silicide or lithium sulfide. 

However, the batteries prepared with these materials do not have long cycle lives. Also, 

the methods and the materials that are used in these approaches result in limitations in the 

manufacturing processes [130, 131]. Earlier, our group proposed an advanced sulfur-

silicon full cell (SSFC) design with an integrated lithium source in the battery to 

overcome these problems [41]. As shown in Figure 6.1, the full cell structure consists of 

an integrated lithium chip on top of a patterned silicon anode. The patterned hole creates 

an access point for the electron transfer from the lithium metal to the current holder and 

forms a complete circuit. The lithium chip acts as the lithium source during discharge by 

the utilization of the outer circuit between the lithium chip and sulfur cathode. As the 

lithium ions transfer to the sulfur cathode through the electrolyte, electrons also transfer 

to the cathode through the outer circuit. During charging, lithium ions will preferentially 

react with silicon rather than the lithium chip, due to the reducing property of lithium. As 

the cycle number increases, more lithium will be available to be incorporated into the 
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system. By using integrated lithium chip in this structure, a relatively stable areal 

capacity can be achieved. Moreover, a battery utilizing a silicon anode and a sulfur 

cathode could be shown to achieve stable cycling without the pre-lithiation of the 

electrodes. The SSFC architecture could result in significant manufacturing benefits as an 

alternative LIB chemistry, since it simplifies the synthesis methods of electrodes without 

a lithium source. 

 

 

Figure 6.1: Sulfur-silicon full cell architecture showing the sulfur cathode and the integrated 

lithium chip on the patterned silicon anode. 

 

6.2  New Conditioning Method 
 

 In order to test the full cell structure, a new conditioning cycling regime is 

utilized. Figure 6.2 shows the cycling of three different cells during conditioning and at a 

rate of C/10. The cell types and conditioning cycles used are given as the following: 
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 Cell 1, which was conditioned with the new method, undergoes 15 conditioning 

cycles as shown in Figure 6.2. The rate of first 5 cycles is C/100, next 5 cycles C/50 and 

last 5 cycles is C/20. The loading of the cathode for this cell is 3 mg/cm2. Cell 2 

undergoes 10 conditioning cycles at a constant C/50 rate, which was the same 

conditioning method used previously by our group [41]. The cathode loading is 1.8 

mg/cm2 for Cell 2. Cell 3 also undergoes 10 conditioning cycles at a constant C/50 rate 

just like Cell 2, but with an increased cathode loading of 3 mg/cm2. The loading and C-

rates during the conditioning and further cycling of the full cells are given in Table 6.1. 

 

Table 6.1 Active material loading and C-rate during the first 15 cycles and further cycling of the 

full cells.  
Loading (mg/cm2) Cycle 1-5 Cycles 6-10 Cycles 11-15 +100 cycles 

Cell 1 3 C/100 C/50 C/20 C/10 

Cell 2 1.8 C/50 C/50 - C/10 

Cell 3 3 C/50 C/50 - C/10 

 

 

Figure 6.2. Conditioning cycles (left) and cycles at C/10 (right) for sulfur-silicon full cells. The 

cathode loadings of Cell 1 and Cell 3 are the same and higher than that of Cell 2. 
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 When the conditioning method is 10 cycles at C/50, it is seen that the cell with the 

higher loading (Cell 3) does not perform as well as Cell 2. Although Cell 3 starts with the 

same capacity in the beginning of the conditioning, the capacity increase is very low with 

the increase of cycle number, indicating less active material utilization. Cell 2 exhibits 

almost a linear increase during conditioning through 10 cycles at C/50. However, when 

the current switched from C/50 to C/10, capacity loss is very high. Later, as the battery is 

cycled further at C/10, the capacity increases. Cell 1 starts conditioning with a higher 

capacity with a lower C-rate of C/100. When the current switches to C/50, capacity 

decreases due to a possible polarization, but active material utilization keeps increasing. 

After the current switches to C/10, there is still an initial drop in capacity, but despite the 

higher loading of the cell, it starts cycling at C/10 with a greater capacity compared to 

other two batteries. As seen from the cycling performances at C/10, Cell 1 delivers the 

most stable capacities through 100 cycles, and also delivers a much higher capacity 

during the first 50 cycles. 15 cycles during conditioning may be a disadvantage in terms 

of its longer time; however, when Cell 1 switches to C/10, it starts with a much higher 

capacity. The reason is that the activation already happens during conditioning cycles. 

The better activation process can also be seen from the voltage profiles given in Figure 

6.3. Cell 1 and Cell 3 is compared as they have the same amount of loading. Curves of 5th 

and 10th conditioning cycles given in Figure 6.3a show that Cell 3 does not exhibit any of 

the two voltage plateaus of sulfur, and the voltage decreases almost linearly. On the other 

hand, Cell 1 already starts to form two voltage plateaus. During cycling at C/10 shown in 

Figure 6.3b, the voltage plateau of Cell 1 becomes even more distinct showing two 
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discharge plateaus clearly. On the other hand, Cell 3 starts to form very small plateaus 

only after 30 cycles. In summary, For the cells with no lithium source, conditioning 

cycles may be extremely important in order to enhance the material activation. For this 

reason, starting with a low C-rate and slowly increasing it may provide improvements as 

seen with the conditioning method introduced in this chapter. In the sulfur-silicon full cell 

system, this new conditioning method led to better utilization of active materials during 

the first 50 cycles. 

 

 

Figure 6.3 Voltage profiles of Cell 1 and Cell 3 during a) selected conditioning cycles and b) 

selected cycles at C/10. 
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Chapter 7 
 

 

 

Conclusions and Recommendations 
 

 

 

 Numerous strategies to overcome some of the problems with sulfur electrodes 

were presented. Because prepared lithium-sulfur (Li-S) batteries with porous carbon 

materials possessed better electrochemical performance, the experiments were conducted 

using porous carbon for the reference composite electrodes. There were some promising 

improvements in the performance of porous carbon and sulfur composite electrodes after 

TiO2 coating as supported by both theoretical and experimental methods. Similarly, after 

Al coating and interlayer insertion in the battery, capacity increase was significant. These 

results indicate that the shuttle mechanism in Li-S cells could be mitigated with 

implemented surface modifications and interlayers. Because the added interlayers could 

decrease the energy density of the cells, thin film coating on the electrode surface can be 

more advantageous.   

 Although the research in sulfur electrodes has progressed significantly in the last 

decade, there is still more to achieve in order to use them practically. Even when 

polysulfide shuttling is under control, the relatively high electrolyte content needed in the 

cells may be a problem for the Li-S system for high energy applications. Therefore, 

further improvement in the electrolyte-to-sulfur (E/S) ratio is needed for high energy 

density Li-S batteries. Even if the low E/S ratios are obtained with high capacity and 
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energies, the electrolyte depletion problem could arise and this may limit the cycle life of 

Li-S batteries. Despite all these limitations, Li-S batteries could still find applications in 

the market as their prices will be low. Introducing silicon as an alternative anode material 

to lithium metal may be beneficial as the safety risks of the lithium anode can be avoided. 

However, there are some limitations of silicon such as low voltage and lithium 

consumption during solid-electrolyte interphase formation, which could result in low 

energy densities and short cycle life.  

 In addition to Li-S batteries, this dissertation also demonstrated that the 

degradation levels in LiCoO2 cathode material at high-voltage operations could be 

mitigated by surface modification techniques. Similar approaches can be applied to 

further enhance the integrity of the cathode materials and maintain a better mechanical 

and electrochemical stability.  Despite these potential improvements in lithium metal 

oxide based cathode materials, their performance will be limited as they are paired with 

graphite anode in the full cells. 

 One way to make a disruptive innovation in lithium-ion battery technology could 

be through the use of lithium metal as the anode, as it provides the highest energy 

densities when combined with different cathode materials. However, most of the 

problems with the lithium metal anode originate from lithium’s high reactivity with the 

liquid electrolyte. Although it may still be valuable to try new architectures and structures 

to prevent the problems for the batteries with liquid electrolytes, application of new 

methods that could enable the utilization of solid electrolytes could bring solutions to 

these problems in the future. 
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 Due to the rapid expansion of the electric vehicle and portable electronics 

markets, the future development of lithium-ion batteries requires the materials to be 

sustainable, cost effective and eco-friendly without sacrificing the energy density and 

power density. In order to meet the predicted price drops for the lithium-ion batteries in 

the future, exploitation of sustainable materials and facilities for the automation of 

manufacturing processes will be necessary. This dissertation explored alternative 

electrode materials that are abundant and environmentally friendly, and they were shown 

to have a great potential as alternative electrode materials to the traditional lithium-ion 

electrodes. Lithium-ion batteries have the potential to electrify the world and provide a 

sustainable future if we use our sources wisely. I believe there will be better battery 

solutions in the near future that can have a great impact on the energy policies globally, 

in a way that it will decrease the adverse effects of our current energy production and 

storage methods on the environment, also making our lives more convenient. I wish luck 

upon everyone who is involved in doing research on this matter, and thank you for 

reading my work. 
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