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Abstract 

Expanding energy crises and environmental issues are attracting attention. Efficient 

and effective energy storage systems and decarbonization strategies are urgently demanded. 

For energy storage, Li-ion batteries are dominating the market, however, they are reaching 

their theoretical limits and are usually not considered green energy storage systems. On the 

other hand, traditional decarbonization strategies are struggling to address the current 

challenge of more severe carbon emissions. Studying and developing green, sustainable 

next-generation energy storage and decarbonization technologies are necessary. Upcycling 

waste from human activity into advanced materials for energy storage and decarbonization 

is able to not only ease the energy issues but also help with carbon neutrality, which is 

considered a promising route to overcoming the challenges. Among all recyclable materials, 

carbon materials have attracted intensive attention as they are abundant and readily 

upcycled into high value-added carbon materials. Although the high-end materials, 

especially biomass carbon polymer and carbon nanomaterials, are not yet commercially 

viable in the market, it is predicted that they may hold the key to a new era of high-capacity 

energy storage and high-efficiency decarbonization. This dissertation aims to convert 

carbon-based waste into high value-added carbon materials via green, sustainable methods, 

find applications in energy storage and decarbonization, and study the conversion and 

function mechanisms. In this dissertation, paper waste and end-of-life Li-ion battery anodes 

were chosen to be the waste feedstocks to prepare advanced carbon materials for energy 

storage and decarbonization. 

Specifically, in Chapter 2, cellulose fibers were extracted from paper waste through a 

simple process and coated onto commercial separators in Li-S batteries to improve their 

performance. The performance of the batteries with or without cellulose fibers was tested 

and the working mechanisms of the cellulose fibers were experimentally explored. The Li-

S batteries with cellulose fibers exhibited a longer lifespan and better stability than the 

batteries without cellulose fibers. In Chapter 3, a more thorough mechanism study of the 

cellulose fibers was conducted using computational tools. Battery working conditions were 

set up in molecular dynamics simulations, which showed that the cellulose fiber was 

capable of blocking more polysulfides and randomizing more Li-ions. Functional groups 
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on the cellulose fibers were built in density functional theory models, which revealed that 

the groups could repel polysulfides and attract and redirect Li-ions. In Chapter 4, the 

possibility of employing the cellulose fibers as an adsorber of CO2 was explored using 

computational methods. Compared with one of the most commonly seen CO2 adsorbers, 

activated carbon, cellulose fibers were predicted to possess much better CO2/N2 selectivity 

while remaining comparable capacity. In Chapter 5, Li-ion battery anodes were recycled 

by an innovative approach to maximizing the capability of being exfoliated into graphene 

afterward. In sequence, carbon nanotubes (CNTs) were greenly and seamlessly grown on 

the upcycled graphene, and the obtained hybrid carbon material was exploited as a sulfur 

substrate to assemble Li-S batteries. Thanks to the large space for sulfur loading and 

volume expansion as well as excellent electrical conductivity, the battery with the 

graphene/CNT hybrid achieved much better longevity and stability compared with the 

battery using commercial graphite. 

The findings bring new insights into deriving valuable and sustainable carbon 

materials from low-cost and environmentally friendly sources to enrich energy storage and 

decarbonization, paving the way towards a waste-to-wealth, circular society.  
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Chapter 1. Introduction 

1.1 Background and Motivation 

 Energy crises and environmental issues have been considered two of the most crucial 

topics nowadays. As of now, fossil fuels are still the most common power supplies 

worldwide, which, as non-renewable resources, not only intensify the ongoing shortage of 

energy resources but also severely pollute the environment, releasing a large amount of 

greenhouse gas (GHG). Figure 1.1a shows the energy consumption in the U.S. from 

different resources until 2021 [1]. Using renewable resources, such as wind and biofuels, 

to replace fossil fuels is necessary for a sustainable future. However, one of the limits of 

using renewable resources to generate power is their unstable power output, which requires 

efficient and effective energy storage systems to be viable. 

Meanwhile, the rapid development of electric vehicles (EVs) and portable electronics 

is also pushing the energy storage market to the next generation. Among all energy storage 

devices, Li-ion battery is dominating the market, as shown in Figure 1.1b [2]. With the 

expanding market and maturing research, the Li-ion battery is reaching its limit of energy 

density. In addition, the non-eco-friendly nature of Li-ion batteries also cannot meet the 

sustainable goal of current society. Discovering and studying more advanced, 

environmentally friendly, high-energy batteries have become an unstoppable trend in 

energy storage development. 
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Figure 1.1. (a) Energy consumption in the U.S. from different resources [1]. (b) Battery distribution 

in current battery market [2]. 

Another challenge that comes with the flourishing energy storage market is the limited 

supply of raw materials. Carbon materials, such as graphite and biomass carbon, as one of 

the most commonly used raw materials in batteries are usually derived from nonrenewable 

and high-cost resources under relatively harsh conditions [3,4]. Besides, high value-added 

carbon materials with large potential to improve current batteries, such as graphene and 

carbon nanotubes (CNTs), have yet been commercially viable completely [4]. Despite 

being used in energy storage, carbon materials also have a large potential to be used in 

decarbonization. Therefore, different carbon material sources, which are cost-effective, 

eco-friendly, and sustainable, are urgently demanded in batteries or decarbonization. On 

the other hand, the increasing need for batteries leads to the challenging disposal of end-

of-life batteries. Without proper management, the pollutant and toxic materials within the 

batteries can severely influence the environment, such as the underground water and soil. 

Moreover, valuable, recyclable materials and rare metals, including Co, Ni, and graphite, 



3 

 

will be wasted. Searching for low-cost and green recycling or even upcycling routes for 

batteries plays a more and more important role in achieving a waste-to-wealth, sustainable 

society. 

To address the as-mentioned challenges, in my Ph.D. research, I focused on 

investigating recycling processes of used or end-of-life sources and upcycling them into 

high value-added carbon materials to build different components to be used in batteries or 

decarbonization applications. The following scientific questions were studied: (1) What 

carbon materials can be efficiently and cost-effectively recycled and upcycled from used 

sources? (2) What are the potential applications of these carbon materials in energy storage 

and/or decarbonization? (3) What are the fundamental mechanisms behind the carbon 

materials working in energy storage and/or decarbonization? 

1.2 Sustainable Carbon Materials 

Carbon, as one of the most abundant elements on earth, has been widely investigated 

in material development especially over the last several decades [5,6]. Is it well-known for 

its stability, versatility, and functionality and has been recognized for its importance and 

potential by some highest scientific awards including the 1996 Nobel Prize in Chemistry 

(fullerenes), the 2008 Kavli Prize in Nanoscience (CNTs), and the 2010 Nobel Prize in 

Physics (graphene). The interest in studying them has never dropped since then because of 

the discovery of carbon nanomaterials. 

The most important carbon nanomaterial, graphene, has exhibited incredible 

performance in energy fields [7]. Graphene has found applications in energy generation 

and storage owing to its outstanding properties, such as high specific surface area, electrical 

conductivity, thermal conductivity, and mechanical strength [8-11]. For instance, graphene 

has been found to improve water splitting and hydrogen storage [12]. Although 

considerable efforts have been made to produce graphene, its production rate remains low 

[13,14]. Chemical vapor deposition (CVD) is often used to synthesize graphene [15]. 

However, this method is costly and not sustainable since it uses non-renewable fossil fuels 

as carbon sources. Another route for graphene fabrication is to exfoliate graphene from 

mined graphite [16,17]. However, mined graphite is also non-renewable, and its 

exploitation often causes severe environmental issues [18]. Synthetic graphite from coal 

tar has also been used for graphene fabrication [19]. Nevertheless, producing graphene 
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from synthetic graphite consumes fossil fuels with high carbon emissions. Therefore, 

seeking new carbon source materials is imperative in achieving sustainable manufacturing 

of graphene. To meet this goal, recycling and upcycling waste carbon sources into graphene 

are more than welcome to complete the puzzle of sustainable graphene production. 

On the other hand, carbon-based polymers, especially natural polymers, always have 

a role to play in the carbon material family [20]. Cellulose fiber is one of the most 

commonly seen natural polymers, and as a gift of nature, the research of cellulose fibers 

(CFs) can be traced back to over 160 years ago [21]. It exists in almost all kinds of biomass 

such as plants and bacteria and has been successfully extracted for various applications 

such as energy storage and additives for composites [22,23]. However, the functions of the 

CFs highly depend on their microstructures, which differ in different biomass and via 

distinct production methods, inducing difficulties in finding uniform and stable CF sources 

[24]. As of now, extracting CFs from non-repeating biomass sources and identifying their 

functions have often been exploited. Due to unnatural processing, biomass-based artificial 

products, such as paper, with high-quality CFs have also been widely studied as another 

type of CF source. These products are usually abandoned with intact CFs still available, 

therefore, they are worth recycling and even upcycling. 

1.3 Current Recycling and Upcycling Methods of Carbon Materials 

1.3.1 Upcycling Carbon Materials from Biomass Waste 

Current studies have reported many successful conversions from biomass materials 

into carbon nanomaterials including graphene and CNTs [25,26]. For deriving graphene, 

biomass materials are first dehydrated and then crystallized at a high temperature. Various 

methods, such as chemical activation, thermal pre-treatment, and atom doping, are 

employed to modify the starting biomass materials. When biomass is employed as the 

starting material to derive graphene, exfoliation is often required following carbonization 

and graphitization to produce single or few-layer graphene (Figure 1.2). Several methods, 

such as the Hummers method and shear mixing, have been explored to exfoliate graphitized 

biomass into graphene [27,28]. 
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Figure 1.2. Strategies for using biomass to produce graphene. 

For CNT manufacturing, methods are more systematic as listed in Figure 1.3. Energy 

consumption must be considered in deriving CNTs from biomass. Pyrolyzing biomass to 

CNTs recently dramatically reduced CNT processing time from more than 16 hours down 

to less than 3 hours, consuming much less energy [29-44]. The newly developed 

microwave-aided pyrolysis employs much lower temperature and shorter time, further 

reducing energy consumption [45]. Although pyrolysis and conventional CVD have similar 

synthesis temperatures and time, CVD often requires two chambers of different 

temperatures, which consumes much more energy. One chamber spray pyrolysis-assisted 

CVD can further shorten the processing time down to less than 30 minutes [46-

50].70,71,97-99 Mechanochemical treatment often requires 36-hour ball-milling to 

achieve high CNT yields, which consumes energy. However, compared with conventional 

CNT growth methods (arc discharge, laser ablation, etc.), the above-mentioned biomass 

CNT deriving methods consume less energy since they do not demand extremely high 

temperatures [51]. 
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Figure 1.3. Strategies of CNT synthesis from biomass-based carbon sources. 

CF extraction from biomass is much simpler as many biomasses originally possess a 

large number of CFs. They can be attained in nano or micro forms by chemical or 

mechanical methods. The three major steps in CF extraction are pre-hydrolysis, pulping, 

and bleaching [52]. Pre-hydrolysis treatment uses mineral acids or alkali to open up the 

matrix. Pulping process cooks the fiber with the help of alkali. The last step bleaching is 

used to extract the pure form of CFs usually with H2O2, sodium chlorite, or ozone.  

1.3.2 Upcycling Carbon Materials from Spent Batteries 

The content of carbon materials in spent batteries usually only counts graphite, 

therefore, how to effectively and efficiently recycle graphite and upcycle it into other high 

value-added materials requires thorough investigation. Based on the final products, the 

recycling process for graphite anode varies to a degree. Generally, for all processes, the 

first step is to separate the graphite anode from other components in the spent batteries [53]. 

This can be achieved either by a series of physical separations such as sieving, grinding, 

peeling, and floating, or by a chemical separation using acids and alkali. After separation, 

acid leaching or washing can be used to remove most impurities, however, it is often a 

challenge to completely eliminate impurities, such as stubborn aluminum and binders. 

Therefore, a thermal treatment is usually introduced following the previous step to further 

get rid of impurities and restore graphite structure to be reused in various applications. 

1.4 Applications of Upcycled Carbon Materials 

1.4.1 Energy Storage 
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Rapidly increased demand for electric vehicles and portable electronic devices 

stimulates the development of electrochemical energy storage devices [54,55]. Recently, 

graphene and CNTs with large specific surface area and high electrical conductivity have 

found applications in supercapacitors and batteries [55-57]. Electrochemistry, including 

energy storage and electrocatalysis, is seeing ever-increasing demand for low-cost and 

sustainable biomass-derived graphene and CNTs. For energy storage, specific capacity, 

energy density, lifespan, and mass loading of active materials are often jointly considered 

to evaluate the products. 

Specific surface area is critical to promote ion adsorption space in supercapacitor 

electrodes. Biomass-derived graphene has shown its path in the energy storage field. For 

example, spruce bark-derived graphene possessed a specific surface area of 2385 m2 g-1 

[58]. The coin-type two-electrode systems constructed with such graphene nanosheet 

arrays exhibited an outstanding capacity of 275 F g−1 at 1 A g−1 with a 98.3% retention rate 

after running 10,000 times at 5 A g-1, indicating exceptional electrochemical stability and 

reversibility of the biomass-derived graphene. The high specific surface area of the 

biomass-derived graphene achieved a mass loading of the active materials of ~3.64 mg cm-

2 and a high energy density of 10.6 Wh kg−1 at a power density of 50 W kg−1. Obviously, 

the mass loading of active materials in supercapacitors and Li-S batteries was far below 

the commercial level of 10 mg cm-2 and 5 mg cm-2, impeding the commercialization of 

biomass-derived graphene and CNTs in energy storage [59,60]. As reported, biomass-

derived graphene/CNT-based electrodes contained many non-conductive activated carbon 

byproducts from biomass decomposition. Therefore, in order to avoid exacerbating the 

poor conductivity of electrodes, most supercapacitors and Li-S batteries with biomass-

derived graphene/CNT were constructed with low mass loading. Biomass-derived 

graphene/CNT electrodes have demonstrated promise in cost reduction, ascribed to the use 

of cost-effective biomass. 

Besides biomass-derived graphene and CNT being used in energy storage, graphite 

from end-of-life batteries being restored to battery grade and reused in energy storage has 

recently attracted tremendous attention. The graphite from spent batteries usually has only 

a small number of defects. Heat treatment in which the temperature is sufficiently high can 

repair the defects by reconnecting carbon atoms, shortening the gap between layers, and 
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removing impurities [61]. With proper temperature, the graphite can even return to a battery 

grade, which can close the loop of battery recycling for its second life. The recycled 

graphite can also be upcycled into high-quality graphene for next-generation energy 

storage. Natarajan et al. [62] reported a graphene sheet-enabled supercapacitor that 

achieved a high energy density of 31.9 Wh kg-1 with a long cycle life. 

In addition to the upcycled carbon nanomaterials, recycled CFs can also be used in 

energy storage. Yang et al. [63] synthesized a free-standing film from amorphous red 

phosphorous and pyrolyzed bacterial cellulose via thermal carbonization, in sequence with 

the vaporization-condensation process. The film exhibited a high reversible capacity of 

1039.7 mA h g-1 after 100 cycles at 0.1C and excellent cycling stability. Zhang et al. [64] 

reported a recycled paper/graphene oxide hybrid to be activated to build Li-S batteries, 

rendering a superior lifespan of 620 cycles with an excellent capacity retention rate of 

60.5%. 

1.4.2 Decarbonization 

 Reducing carbon emissions and greenhouse gases has been becoming one of the most 

discussed topics. Carbon materials may hold the key to accomplishing this goal. Carbon 

materials recycling and upcycling from biomass and battery waste already meet this goal 

to some degree and the products can also be used in this field to further reach carbon 

neutrality. 

 Using graphite from spent batteries as CO2 adsorbent is overlooked. As the graphite 

from batteries is usually enriched with impurities that can be treated as active sites for gas 

capturing, recycled graphite, especially raw graphite, has a large potential to be used for 

CO2 absorption. Lee et al. [65] employed carbon residues from spent Li-ion batteries to 

impregnate with K2CO3 as a CO2 adsorbent and achieved a 5.1-7.3 wt% CO2 adsorption 

capacity, where both chemical absorption and physical adsorption behaviors were observed. 

Compared with graphite from spent batteries, graphene or graphene-like materials from 

biomass have more been investigated in the CO2 adsorption field as graphene is easier to 

modify and functionalize and has a much larger specific surface area to attract CO2. 

Parshetti et al. [66] produced porous graphene-like nanosheets from lignocellulosic fiber 

of oil palm empty fruit bunches by a thermal graphitization, which attained a 2.43 mmol g-

1 maximum CO2 uptake at 25 °C and 1 bar with an excellent CO2/N2 selectivity. 
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 In addition, CFs from biomass have a long history of being used as CO2 adsorbents 

due to their naturally porous structure, large surface area, and enriched surface functional 

groups. Recently, a cellulose nanofibril film derived from corn husks and oat hulls was 

reported to show good CO2 adsorption potential [67]. The amine group on the surface tends 

to chemically react with CO2 to provide better CO2 uptake, which was measured to be up 

to 2.11 mmol g-1. 

1.5. Specific Research Objectives 

In this dissertation, carbon-based wastes, paper hardboard and end-of-life Li-ion 

battery anodes, were recycled and upcycled to prepare different advanced carbon materials 

and used in energy storage systems or decarbonization applications. Based on the different 

recycled sources and applications, the research thrusts are centered at the following four 

aspects: (1) recycled cellulose fibers (CFs) from paper waste for energy storage; (2) 

mechanism study of recycled CFs in Li-S batteries; (3) use of recycled CFs for carbon 

dioxide adsorption; (4) upcycled CNT/graphene hybrid from end-of-life batteries for 

energy storage. 

Objective 1: Recycled cellulose fibers from paper waste for energy storage 

CF as a type of natural polymer has received extensive attention due to its abundance 

and wide applications in daily supplies, such as newspapers and paper containers. However, 

it has rarely been recycled for advanced applications. The abundant functional groups on 

the CF render it the potential to overcome the current challenges of Li-S batteries. In this 

thrust, purified CFs were upcycled from paper waste to be coated on commercial separators 

within Li-S batteries. Specifically, paper waste was first soaked in diluted NaOH solution 

and stirred at a temperature of 80 °C to remove binders and other impurities. The purified 

CFs were isolated and washed by centrifugation using DI water and isopropyl alcohol. The 

CF suspension was eventually kept in the isopropyl alcohol before being coated on 

commercial separators using simple vacuum filtration. After drying, the CF-coated 

separators were used to assemble Li-S batteries. The batteries used typical Li metal anodes 

and sulfur-loaded APC cathodes with either CF-coated separators or ordinary commercial 

separators in order to observe the functions of CFs. 

Objective 2: Mechanism study of recycled cellulose fibers in Li-S batteries 

The commercial viability of the current Li-S battery is hindered by two major 
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challenges, polysulfide shuttle effect and dendritic/mossy Li growth. After experimentally 

proving the effectiveness of CFs in diminishing both challenges of the Li-S battery, it is 

critical to learn the mechanism behind the phenomenon. Since the entire operation happens 

within assembled batteries, simulations play a more efficient role in thoroughly 

investigating the functions of CFs. In this thrust, multiple simulation techniques were 

applied including the density functional theory (DFT) calculation and the molecular 

dynamic (MD) simulation. The model of CFs was designed using the DFT calculation and 

afterwards, the model was applied to MD simulation boxes. In addition, DFT calculations 

were used to unveil the behaviors and energy differences of various polysulfide species and 

Li-ions when encountering CF-coated separators. Meanwhile, MD simulations were used 

to mimic realistic battery conditions during operation and separately study the functions of 

CFs towards polysulfides and Li-ions. 

Objective 3: Use of recycled cellulose fibers for carbon dioxide adsorption 

With the development of technologies and the explosive consumption of fossil fuels, 

GHGs have inevitably become one of the central topics of environmental science. Thanks 

to the functional groups on CFs, they may hold the key to suppressing the expansion of 

GHG concerns, especially CO2. Purified CFs can be derived from the previous proposed 

research. It is worth studying the potential of CFs towards CO2 adsorptions. In this thrust, 

MD simulation tools were applied to explore the possibility of CO2 adsorption using CF 

models compared with activated carbon (AC) models. Multiple factors that influence the 

effectiveness were investigated, such as temperature and pressure. The cause and the 

mechanism of CF and AC adsorbing CO2 were also studied with the goal to provide 

guidelines for future experimental research. 

Objective 4: Upcycled CNT/graphene hybrid from end-of-life batteries for energy 

storage 

The disposal of end-of-life Li-ion batteries not only causes severe pollution to the 

environment but also throws away critical materials. Therefore, it is vital to recycle end-

of-life batteries to meet decarbonization goals and to ensure good stewardship of critical 

materials. Graphite is commonly used as the anode material in Li-ion batteries and can be 

upcycled into graphene. However, graphene alone in Li-S batteries cannot encapsulate 

sulfur to increase sulfur loading and buffer volume expansion. In this thrust, a novel, cost-
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effective, and efficient route to recycling graphite from end-of-life battery and upcycling it 

into graphene was designed. Thereafter, an all-green strategy for growing CNTs on 

graphene was established and the product was loaded with sulfur for constructing Li-S 

batteries. The anode graphite was collected from disassembled end-of-life batteries and 

purified using acid and alkaline solutions with different diluted levels before shear-mixed 

into graphene. The graphene was fully mixed with yeast followed by a simple heat 

treatment to grow CNTs seamlessly. The CNT/graphene hybrid material was loaded with 

sulfur and assembled as the cathode for the use in the Li-S battery. 
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Chapter 2. Recycled Cellulose Fibers from Paper Waste 

for Energy Storage 

2.1 Introduction 

Over the past several decades, energy crises and environmental issues have grown into 

worldwide problems. To overcome the problems, an ever-growing number of sustainable 

and eco-friendly materials have been explored for efficient and renewable energy storage. 

Among them, cellulose fiber (CF), a type of natural polymers, has received extensive 

attention due to their abundance and wide applications in daily supplies, such as 

newspapers and paper containers [1, 2]. Although CFs are used in many everyday products, 

they are not recycled at a very high rate [3]. Purified crystalline CFs have the potential to 

be employed in high value-added applications, such as natural fiber-reinforced thermosets, 

thermoplastic composites. Moreover, CF-reinforced separators can be used in lithium-ion 

(Li-ion) batteries, which are currently the most common energy-storage devices [4-9]. 

Replacing combustion engines with high-energy batteries is considered to be an 

effective route to reduce the consumption of fossil fuel and pollutant emissions [9]. 

However, after years of optimization, the Li-ion battery is approaching its theoretical 

energy density limit. Electric vehicles that utilize Li-ion batteries will always be restricted 

in their range by this theoretical limit. In order to increase the effective range of electric 

vehicles, the energy density of batteries needs to be increased past the theoretical maximum 

of Li-ion based systems. The lithium-sulfur (Li-S) battery is a promising alternative for 

replacing current Li-ion battery due to its high theoretical specific capacity (1,675 mAh g-

1) and energy density (2,600 Wh kg-1) [10-14]. Li-S batteries are also constructed with 

inexpensive raw materials. Nevertheless, the practical application of Li-S batteries is 

hindered by two major challenges: the soluble polysulfides’ shuttle effect, which leads to 

self-discharging, and the growth of mossy Li, arising from nonhomogeneous distribution 

of Li-ions [15-18]. To overcome the current challenges that prevent Li-S batteries from 

commercialization, all components in the battery must be systematically optimized. 

Although the anode, cathode, and electrolyte of Li-S batteries have been researched 

extensively, the separator has been largely overlooked until recently [19-21]. For example, 

Yao et al. [22] reported on directly coating a thin, porous carbon layer onto the separator, 
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rendering the Li-S battery with an initial specific capacity of 1,350 mAh g-1, a lifespan of 

over 500 cycles at 0.5 C, and a capacity decay rate as low as 0.09 % per cycle. In addition 

to coating, another strategy to enhance separator’s efficacy is introducing interlayers 

between separators and electrodes [23, 24]. These studies indicate that battery performance 

can be largely enhanced by modifying the separator. However, introducing interlayers 

increases the overall thickness of the battery, leading to reduced volume energy density 

and increased ion transport distance. Most recently, studies on carbon- and polymer-based 

separator coatings and interlayers have been mainly focusing on polysulfide trapping 

mechanisms via various methods such as nitrogen doping and carbon functionalization [25-

30]. This helps mitigate the migration of polysulfides to reach the anode by trapping 

polysulfides in coating layers or interlayers; however, it inevitably increases the 

irreversible waste of active materials because some of them are anchored in those layers. 

Besides, in order to reduce the cost of the synthesis process, new cost-effective raw 

materials with simple manufacturing strategies are much needed.  

The CFs from recycled paper are capable of being manufactured and functionalized as 

effective additives to enhance separators. Unlike current separators in Li-S batteries, 

recycled paper is low-cost and readily available. In past research, we used activated paper 

carbon (APC) with graphene and sulfur as the cathode and a piece of APC as an interlayer 

between the separator and anode in the Li-S battery to prevent the growth of mossy Li, 

which led to a stretch of lifespan up to 1,000 cycles with a capacity retention rate of 52.3 % 

[31]. This created a new possibility to obtain high-performance full Li-S batteries from 

biomass materials containing CFs. Our previous study indicates that high-temperature 

treated CF-based biomass materials as interlayers in Li-S batteries can redistribute Li-ions 

[31]. This effectively prevents the growth of mossy Li. Furthermore, negatively charged 

functional groups on CFs are expected to mitigate the shuttle effect by repelling soluble 

polysulfides [32-34]. Unlike the trapping mechanism, this concept reduces the polysulfide 

shuttle effect without sacrificing active materials. Hence, high-purity CFs are a promising 

material that may simultaneously mitigate the shuttle effect and mossy Li growth in Li-S 

batteries. 

Here, the CFs extracted from paper waste were uniformly coated onto commercial 

polypropylene separators on the cathode side when being assembled into Li-S batteries 
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with an APC/S cathode. It was found that the functional groups on the CFs, such as 

carboxylic groups and phenolic groups, tended to lose their H+ ions and form a negatively 

charged surface, which simultaneously repelled the anionic polysulfides (Sx
2-) and 

redistributed the cationic Li-ions (Li+) during battery operation (Figure 2.1). This led to a 

joint improvement of rate ability, lifespan, and capacity retention rate. This waste-to-

wealth approach employed low-cost CFs to simultaneously prevent the polysulfide shuttle 

effect and nonhomogeneous Li degradation, paving the way towards commercially viable 

Li-S batteries. 

 

Figure 2.1. Schematic of the CF-coated separator repelling polysulfide-ions and redistributing Li-

ions. 

2.2 Methods 

2.2.1 CF extracting process 

A piece of 65 x 50 mm rectangular hardboard was cut into pieces. The 5 wt.% sodium 

hydroxide (NaOH) solution was stirred with the paper pieces at room temperature, and then 

the suspension was held at 80 °C for 3 hours. Sonicating was performed to further disperse 

the CFs after the alkaline treatment. The centrifugation was used three times in DI water 

and twice in isopropyl alcohol at a rate of 3500 rpm for 10 minutes. Eventually, the 

isopropyl alcohol was added to preserve the suspension in an organic solution condition. 

2.2.2 CF coating process 
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The Celgard 2400 separators were cut into rectangular pieces. Vacuum filtration was 

applied to coat the CFs onto the surfaces of the separators. The coated separators were then 

dried at 60 °C for 12 hours. 

2.2.3 Battery assembling 

The dried CF-coated separators were punched into circular pieces for coin cells. The 

electrolyte was produced by dissolving 1 mol L-1 lithium 

bis(trifluoromethanesulfony)imide (LiTFSI) and 0.4 mol L-1 LiNO3 in an organic solvent 

of dimethoxyethane (DME) + 1,3-dioxolane (DOL) at a 1:1 volume ratio. The electrolyte 

for each battery was 16 μL. An activated paper carbon with sulfur (APC/S) was employed 

as the electrode. To prepare the APC/S, thin pieces of hardboards were first punched into 

round pieces and heat-treated in a tube furnace at 1,000 °C for one hour with argon. The 

APC pieces were then loaded with sulfur powders, followed by a heat treatment at 155 °C 

for 12 hours and at 200 °C for 2 hours to impregnate sulfur and form the APC/S pieces to 

be directly used as cathodes. The areal mass loadings of APC/S cathodes in the CF-enabled 

battery and non-CF battery were 5.15 mg cm-2 and 5.38 mg cm-2, respectively. The APC/S 

cathodes, separators, electrolytes, and Li anodes were assembled into coin cells manually. 

2.2.4 Battery disassembling 

In order to observe polysulfide distribution, the batteries were in charged condition, 

disassembled manually in the glove box with argon. Failed batteries were also 

disassembled manually to conduct a post-failure study. The cycled cathodes, anodes and 

separators were collected separately for inspection without further treatment. 

2.2.5 Materials and Structural Characterization 

The SEM (FEI Quanta 650 with EDS detector), XRD (Empyrean Multipurpose X-ray 

Diffractometer equipped with Cu Kα radiation (λ = 0.15406 nm)), and XPS (PHI 

Versaprobe III Scanning XPS with Processing Chamber and Reaction Cell) were employed 

to characterize the as-prepared APC/S cathodes, CF layers, separators, and Li anodes. 

2.2.6 Electrochemical Characterization 

A LAND CT2003A battery test instrument was used to conduct galvanostatic 

charge/discharge measurements, including cyclic performance, polarization voltage, and 

rate performance. The polarization voltage was calculated using the following equation in 

the test station 
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𝑉𝑝 = 𝑉𝑡 − 𝐼𝑅0 − 𝑉𝑜𝑐 (2.1) 

where 𝑉𝑝 is the polarization voltage, 𝑉𝑡 is the terminal voltage, 𝐼 is the current, 𝑅0 is 

the ohmic resistance, and 𝑉𝑜𝑐 is the open-circuit voltage, which were measured by the test 

station. A CHI 660E electrochemical workstation was used to conduct the EIS test in the 

frequency range from 100 kHz through 0.01 Hz with an AC perturbation of 5 mV, as well 

as the CV test from 1.5 V to 2.8 V with a scan rate of 0.0001 V s-1. The Zview software 

was applied to perform the curve-fitting on the EIS test data. 

2.3 Results and Discussion 

2.3.1 Characterization of CF-coated separator 

The process regarding the fabrication of CF-coated separators is illustrated in Figure 

2.2. The CF suspension (Figure 2.3b) was extracted from a used hardboard (the inset of 

Figure 2.3a) through an alkaline treatment and coated onto a Celgard 2400 polypropylene 

separator (the inset of Figure 2.3c) via vacuum filtration. The CF coating weighed 1.3 mg 

(0.56 mg cm-2), which was the most optimal CF loading. With lower or higher loading of 

CFs, consequences that the repelling phenomenon was weak or the CFs partially blocked 

the route for ion exchanging would occur, respectively. The CFs (Figure 2.3c) exhibit a 

cross laid fiber surface with an average length of more than 1 mm and width of nearly 18 

μm, enabling Li-ion transport through the separator. The thickness of the CF coating was 

measured to be 47.18 μm on average (Figure 2.3d). 
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Figure 2.2. Experimental details of preparing CF-coated separators. 

Energy-dispersive X-ray Spectroscopy (EDS) mapping showed carbon (Figure 2.3e) 

and oxygen (Figure 2.3f) on the CF coating. X-ray Diffraction (XRD) was performed on 

the recycled paper and CF coating (Figure 2.3g). The broad peaks in the 2θ range of 14.0 ° 

to 16.0 ° and at 22.5 ° match the characteristic peaks of the typical cellulose I (native 

cellulose) [35]. The peaks at 12.5 °, 25 °, and 27.5 ° correspond to kaolin (Al2Si2O5(OH)4) 

and the peak at 29.5 ° is characteristic of calcium carbonate (CaCO3) [36, 37]. Both of 

these compounds are often used as additives in the production of paper products [38]. The 

alkaline treatment and coating process eliminated most of the impurities, except for a small 

amount of CaCO3 (1.2 wt%), which should have little impact on the electrochemical 

reaction [39, 40]. X-ray photoelectron spectrometer (XPS) inspection unveiled a small 

Ca2p peak (Supporting information, Figure 2.3j), which is in good agreement with the 

XRD results. The three peaks with binding energies of 288.14 eV, 286.56 eV and 284.77 

eV (Figure 2.3h) are from the carboxylic (-COOH) group, phenolic (-C-OH) group, and 

aromatic (C=C) group, respectively [41, 42]. This is consistent with the O1s spectrum 
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(Figure 2.3i), where a large peak is located at a binding energy of 533.10 eV (representing 

co-existence of the -COOH and -C-OH groups), while a small peak at 531.22 eV 

corresponds to the C=O group [41, 43]. The -COOH and -C-OH groups easily lose their 

H+ ions, which enables the separator surface facing the cathode to become negatively 

charged [32, 44, 45]. The negatively charged surface is expected to repel the anionic Sx
2- 

and attract the cationic Li+. Consequently, this reduces the shuttle effect of polysulfides, 

increases the efficiency of the Li-ion exchange, and promotes uniform ion distribution [32, 

34]. On the other hand, although nitrogen (N) -containing functional groups were detected 

in the raw recycled paper, no N-related functional groups were observed on the surface of 

the CF-coated separator (Figure 2.3k) due to the alkaline treatment using NaOH [32]. This 

rules out the possibility that the CF layer traps polysulfide-ions [46]. Therefore, the 

negatively charged surface was able to repel soluble polysulfides during battery operation, 

rendering the active materials fully usable. 
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Figure 2.3. (a) SEM image of a paper hardboard. The inset shows the optical image of the 

hardboard. (b) CF suspension in ethanol. (c) SEM image of the CF-coated separator. The inset 

shows the optical image of the CF-coated separator. (d) SEM image of the CF coating cross section. 

(e) EDS map of carbon. (f) EDS map of oxygen. (g) XRD spectra of the hardboard and CF coating. 

(h) C1s spectrum on the CF coating. (i) O1s spectrum on the CF coating. (j) Surface overall XPS 

spectrum of the CF coating. (k) N1s spectrum on the CF coating. 

2.3.2 Electrochemical performance of CF-enabled batteries 

The CF-coated separator was used to construct the Li-S battery with APC/S as the 

cathode and Li as the anode. Figure 2.4a shows the typical charge/discharge cycle (0.16 

C) of the CF-coated separator enabled battery. During discharging, four stages (I to IV) 

appeared and can be ascribed to the formation of S8
2- (stage I), change from S8

2- to S6
2- and 

S4
2- (stage II), transformation from S4

2- to Li2S2 (stage III), and formation of Li2S solid 

(stage IV), respectively. The charge curve, similarly, can be grouped into three stages (V 

to VII), which are ascribed as the change from the solid Li2S to low-order polysulfides 

(stage V), conversion from low-order to high-order polysulfides (stage VI), and 

solidification from high-order polysulfides back to the solid sulfur (stage VII). Compared 

with the non-CF battery (Figure 2.4b), the CF-enabled battery had a flatter plateau at stage 

I and a much broader and flatter plateau at the stage III in the discharge segment, as well 

as a flatter plateau at stage VII in the charge segment. These indicate that a large number 

of polysulfides were repelled, remaining at the cathode side for electrochemical reaction. 

The faster decrease of the potential at stage IV of the CF-enabled battery also supported 

the conclusion. Moreover, the CF-enabled battery had a larger potential gap between the 

charge curve and discharge curve. This is further analyzed in the electrochemical 

impedance spectroscopy (EIS) section. 

Cyclic voltammetry (CV) curves collected after the 0th cycle, 5th cycle, 50th cycle, and 

200th cycle are plotted in Figure 2.4c. The CV curves with cycle numbers of the CF-

enabled battery were consistent with the typical values and similar to the non-CF battery 

(Figure 2.4d) after the initial cycle, indicating that the CF layer was stable without 

significant changes under electrochemical reaction condition [47]. For the cathodic scan, 

two sharp troughs, troughs (1) and (2), appeared to represent the two plateaus (stages I and 

III) in the typical charge/discharge cycle. Similarly, for the anodic scan, the broad peak (3) 

at 2.5 V indicated that the Li2S fully transformed into S8
2-, corresponding to the broad 
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plateau (stage VII) in the charge/discharge cycle. During cycling, the trough (1) moved to 

a higher potential, and after the 50th cycle, the CF-enabled battery became stabilized. When 

the battery reached the 200th cycle, the intensity of trough (1) became higher in the 

discharge scan, which represents the transformation from S4
2- to S2

2- and S2-, indicating 

developing mitigation of the shuttle effect. For comparison, CV curves after the 0th cycle, 

5th cycle, 50th cycle, and 200th cycle were also obtained from the non-CF battery (Figure 

2.4d), where no substantial difference was observed until the 50th cycle, and hereafter, 

similarly, a developing intensity of trough (1) was detected. The potential difference 

between trough (2) and peak (3) in the CF-enabled battery was larger than that in the non-

CF battery. 

To further study the electrochemical performance of the CF-enabled battery, EIS 

measurements were carried out on both CF-enabled and non-CF batteries. Except for the 

impedance curve from the 0th cycle, two semicircles and a straight line emerged in the high-

frequency regime, intermediate-frequency regime, and low-frequency regime, respectively 

(Figure 2.4e). The semicircles and the straight line can be further described as an 

equivalent circuit (the inset of Figure 2.4e). The intercept between the semicircle in the 

high-frequency regime and Z’ axis is equal to the RI in the circuit, denoting the equivalent 

series resistance RΩ. The semicircle in the high-frequency regime is the impedance of ions 

traveling through the solid-electrolyte interface (SEI) of the anode and electrolyte. This 

semicircle can be represented by a resistor and a capacitor in the equivalent circuit where 

the resistor is noted as RII (or Rint) and can be calculated by the diameter of the semicircle. 

The second semicircle at the intermediate-frequency regime is known as the impedance of 

the charge exchanging between the electrodes and electrolyte, which also can be described 

as a resistor RIII (also known as RCT) and a capacitor in the equivalent circuit. The straight 

line in the low-frequency regime is the Warburg impedance and can be derived from an 

ion-diffusion limited condition in the electrolyte, written as Z in the circuit. During cycling, 

the overall impedance of the CF-enabled battery decreased gradually. In contrast, the total 

impedance of the non-CF battery (Figure 2.4f) decreased rapidly after the first cycle and 

then increased with further cycling. 

Another intriguing property of the CF-enabled battery is its rate ability. The rate 

performance tests were carried out on the batteries after stabilization (Figure 2.4g). It was 
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shown that with the CF coating layer, the rate ability of the battery could still be maintained 

at a high level, which was even slightly better than the non-CF battery. More specifically, 

the CF-enabled battery exhibited a good capacity retention rate of 72.43 % from 744.29 

mAh g-1 to 539.12 mAh g-1 when the operation rate was octupled from 0.16 C to 1.28 C, 

while the non-CF battery showed a retention rate of 70.14 % from 754 mAh g-1 to 528.84 

mAh g-1 with the same operation rate increase. The higher capacity retention rate of the 

CF-enabled battery was attributed to the repelling mechanism induced by the functional 

groups on the CFs, which kept more polysulfides at the cathode side. This allowed the 

relatively more polysulfides to react at a high operation rate. When the operation rate 

returned to 0.64 C, the specific capacities of both the CF-enabled battery and non-CF 

battery were fully recovered. 

Table 2.1. Comparison among recent work with polymer-based coatings on pp separators. 

Coating 

Material 

Coating 

thickness (μm) 

S Loading 

(mg cm-2) 

Initial capacity 

(mAh g-1) 

Cycle 

Number 

Decay rate 

(per cycle) 

Ref. 

rGO-PVDF 130 1.1 1322 200 0.255 % 48 

Nafion 1 0.53 781 500 0.080 % 49 

Nafion 1-5 1.6 1100 110 0.410 % 50 

g-PLiSS 25-32 2 1070 40 0.750 % 51 

GO/Nafion 0.13 1.2 1128 200 0.210 % 52 

SP/Nafion 3 1.5 859 250 0.190 % 53 

PEG/MWCNT 25 3.9 1206 300 0.160 % 54 

PAH/PAA 0.03 N/A 1418 50 1.400 % 45 

Polydopamine N/A 1.3 885 200 0.120 % 55 

Polypyrrole 10 1.5 586 300 0.040 % 56 

PAA-SWNT 7 2.7 770 200 0.120 % 57 

PAN/GO 65 0.7-1 987 100 0.395 % 58 

Our work 47.18 3.1 1016 800 0.035 %   

The CF-enabled battery with a sulfur load of 3.1 mg cm-2 (60.2 wt%) cycled over 800 

times at the rate of 0.5 C. An initial discharge capacity of 1,016.0 mAh g-1 (3.15 mAh cm-

2) (Figure 2.5a) was attained. For comparison, the cyclic performance of the non-CF 

battery using an APC/S cathode with a sulfur load of 3.3 mg cm-2 (61.3 wt%) was also 

measured. Figure 4e reveals that the capacity decay of the first cycle in the CF-enabled 

battery was 33.2 %; the retention rate at the 800th cycle was 71.69 % (nearly 0.035 % 

capacity decay per cycle); and more importantly, there was almost no capacity fading after 

the initial two cycles. For comparison, the non-CF battery exhibited a capacity decay of 

39.6 % after the first cycle, which is 19.3 % larger than that of the CF-enabled battery. The 
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first cycle decay of a Li-S battery is often induced by the SEI layer formation, causing the 

irreversible capacity decrease and unusable sulfur formation [59, 60]. Therefore, the CF-

reinforced separator can prevent more polysulfide-ions from passing through due to the 

repelling mechanism of the functional groups than the uncoated separator. In addition, the 

much smaller overall capacity decay and more stable cyclic performance were also attained 

in the CF-enabled battery with the assistance of the CF-coated separator. It is worth 

mentioning that the non-CF battery failed after cycling 466 times, which is much shorter 

than the lifespan of the CF-enabled battery (over 800 times). The stable cycling 

performance with the long lifespan of the CF-enabled battery is also better than that of the 

recent Li-S batteries with similar coatings or interlayers (Table 2.1) [25, 26, 28]. The higher 

capacity of the non-CF battery in the initial cycles was mainly due to the lower impedance 

in the non-CF battery at the beginning [59, 61]. With the impedance increase of the non-

CF battery and the impedance decrease of the CF-enabled battery during cycling, the 

specific capacity of the CF-enabled battery exceeded that of the non-CF battery. The 

Coulombic efficiency was close to 100 % in the CF-enabled battery. Due to the excess Li 

metal anode, the capacity retention rate maintained at 71.69 % after 800 cycles even with 

the Coulombic efficiency lower than 100 %. After the 350th cycle, the Coulombic 

efficiency started decreasing, yet it was above 93 % until failure. 
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Figure 2.4. (a) Typical charge/discharge cycle of the CF-enabled battery. (b) Typical 

charge/discharge cycle of the non-CF battery. (c) CV curve of the CF-enabled battery. (d) CV curve 

of the non-CF battery. (e) EIS curve of the CF-enabled battery. The insets show the EIS curve of 

the battery before cycling and equivalent circuit of the EIS data. (f) EIS curve of the non-CF battery. 

The insets show the EIS curve of the battery before cycling and equivalent circuit of the EIS data. 

(g) Rate performance of the CF-enabled battery and non-CF battery. (h) EIS regression lines of the 

batteries with only electrolyte and a CF-coated separator or an uncoated separator. 

Polarization voltages of the CF-enabled battery and non-CF battery were calculated to 

describe the polarization characteristics in the batteries during cycling (Figure 2.5b). Curve 

fitting was performed to numerically analyze the variation trend. A large polarization 

voltage of 672.1 mV was found in the first cycle of the non-CF battery. It then drastically 

decreased to 496.5 mV in the second cycle, and gradually increased to 667.3 mV up to the 

466th cycle. Surprisingly, the CF-enabled battery only experienced an initial polarization 

voltage of 293.9 mV. It then rapidly decreased to 206.2 mV in the second cycle, and 

gradually increased to 363.4 mV until the 800th cycle. The much smaller polarization 

voltage and increasing trend of the CF-enabled battery jointly indicate that the polarization 

was much lower in the CF-enabled battery than that of the non-CF battery. 
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Figure 2.5. (a) Overall cyclic performance of the CF-enabled battery with the areal cathode mass 

of 5.15 mg cm-2 and non-CF battery with the areal cathode mass of 5.38 mg cm-2. (b) Polarization 

voltage of the CF-enabled battery and non-CF battery. 

2.3.3 Analyses of impedance and polarization  

To quantitatively analyze the impedance variation with the cycle number, curve fitting 

(Figure 2.6) was employed using Zview with the fitting model same as the circuit inset in 

Figure 2.4e. Comparing the two data sets (Table 2.2), the series resistance RΩ of the CF-

enabled battery is slightly larger than that of the non-CF battery due to the introduction of 

the negatively charged CF layer. This explains the slightly larger gap of potential between 

the charge and discharge curves in the typical charge/discharge cycle analysis section, and 

the larger potential difference between the trough (2) and peak (3) in the CV analysis 

section of the CF-enabled battery than those of the non-CF battery. In accordance with the 

fitting data, high resistance was obtained, which corresponds to the semicircles at the high-

frequency regime in both the CF-enabled battery (565.8 Ω) and non-CF battery (203.3 Ω) 

before cycling, which suggests the existence of oxidized layers on the Li anodes. This 

impeded the Li-ion transport in the battery. These values decreased drastically and 

remained low after the first cycle as the oxidized layers were removed. Upon cycling (the 

end of the 5th cycle), the larger Rint in the CF-enabled battery (19.37 Ω) than that in the 

non-CF battery (3.74 Ω) represented a faster formation of the SEI layer. As the cycling 

proceeded, the CF-enabled battery exhibited a decreasing trend of the Rint, while the Rint of 

the non-CF battery increased and then stabilized. The reduction of Rint in the CF-enabled 

battery may be ascribed to the extra kinetic energy from the negatively charged CF layer 

on particles, such as Li-ions during charging and electrons during discharging. This energy 

accelerated particle transport, which gradually weakened the formation of SEI layers. In 

addition, the higher RCT in the CF-enabled battery (101.8 Ω) than that in the non-CF battery 

(13.19 Ω) at the end of the 5th cycle could arise from the inactive CF layer introducing an 

impedance layer at the beginning, which decreased the electrically conductive area [59]. 

However, as the CF layer being activated during cycling (losing H+ ions), the RCT 

decreased rapidly because the negatively charged layer repelled the anions and accelerated 

the transport of cations. Therefore, the side reactions between the cations and anions were 

decreased, leading to an increasingly thinner impedance layer formed on the electrode. This 
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decreasing trend can also explain the increasing specific capacity after the initial cycles 

and the trough (1) in the CV curve moving to a higher potential [47, 59, 62]. In contrast, 

the absence of the CF layer in the non-CF battery induced a cumulative impedance layer, 

leading to an increase in RCT and a consecutive decay in capacity [59]. 

 

Figure 2.6. EIS curve fitting data for the non-CF battery at the (a) 0th cycle, (b) 5th cycle, (c) 50th 

cycle, (d) 200th cycle, and the CF-enabled battery at the (e) 0th cycle, (f) 5th cycle, (g) 50th cycle, (h) 

200th cycle. 

Table 2.2. Curve fitting data of the EIS test. 

  Non-CF Battery CF-enabled Battery 

  0th Cycle 5th Cycle 50th Cycle 200th Cycle 0th Cycle 5th Cycle 50th Cycle 200th Cycle 

RΩ (Ohm) 2.987 9.083 7.782 8.71 2.419 11.09 10.1 13.55 

RSEI (Ohm) 203.3 3.74 18.02 20.33 565.6 19.37 16.2 9.986 

RCT (Ohm) 288.1 13.19 54.17 183 - 101.8 50.2 12.51 

Due to the introduction of the negatively charged functional group layer on the 

separator, the potential balance in the battery was maintained to a certain degree, leading 

to a smaller polarization. To better understand the polarization mechanism, the expression 

for polarization provided by the separator [63] can be formulated as 

𝐸∆𝑠 = 𝐸1
∆𝑠 + 𝐸2

∆𝑠 =
1

𝑗𝑎𝑝𝑝𝑙
[∫ (
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2

𝜅𝑒𝑓𝑓
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𝜕𝑥

𝐿𝑠

0
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where 𝐸∆𝑠  is the polarization of the separator, 𝐸1
∆𝑠  is the polarization caused by the 

ohmic potential drop, 𝐸2
∆𝑠  is the diffusion polarization , 𝑗𝑎𝑝𝑝𝑙  is the applied current 

density, 𝐿𝑠 is the thickness of the separator, 𝑗𝐿 is the current density in electrolyte, 𝜅𝑒𝑓𝑓 

is the effective ionic conductivity accounting for the porosity and tortuosity, 𝑅 is the ideal 

gas constant, 𝑇 is the temperature, 𝑐𝐿 is the concentration in the electrolyte, 𝐹 is the 
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Faraday’s constant, and 𝜅𝑐 is the concentration conductivity. Because the two batteries 

were cycled in the same conditions, and the only difference between them was the CF layer, 

we can consider that 𝑗𝑎𝑝𝑝𝑙, 𝐿𝑠, 𝑗𝐿 and 𝑇 are invariant. The ionic conductivity 𝜅𝑒𝑓𝑓 can 

be calculated from the following equation [64, 65] 

𝜅𝑒𝑓𝑓 =  
𝑑

𝐴 ∙ 𝑅𝑒

(2.3) 

where d is the thickness of electrolyte, A is the contact area, and 𝑅𝑒 is the resistance of 

the electrolyte. d can be obtained by measuring the thicknesses of the separator and coating 

layer, A is the area of the separator, and 𝑅𝑒 can be obtained from the intercept of Z′ axis 

and the regression of the straight line (denoting the Warburg impedance) derived from an 

ion-diffusion limited condition in the EIS data. To obtain 𝑅𝑒 , two batteries with only 

electrolyte and a CF-coated separator or an uncoated separator were separately built. From 

the regression of the EIS results (Figure 2.4h), the 𝑅𝑒 of the CF-coated separator battery 

was calculated to be 2.028 Ω, while the 𝑅𝑒 of the non-CF separator battery was calculated 

to be 4.658 Ω. With d of 67.18 μm for the CF-coated separator and 20 μm for the uncoated 

separator, and A value of 3.1416 cm2 for both batteries, 𝜅𝑒𝑓𝑓  values of the CF-coated 

separator and uncoated separator were calculated to be 1.054·10-3 S cm-1 and 1.367·10-4 S 

cm-1, respectively. During battery cycling, the d of the CF-coated separator would become 

smaller, yet it would be still larger than that of the uncoated separator. Therefore, the 𝜅𝑒𝑓𝑓 

was higher in the CF-enabled battery, indicating that the polarization from the ohmic 

potential drop (𝐸1
∆𝑠) was lower. On the other hand, practically, the 𝜅𝑐 is proportional to 

the square root of 𝑐𝐿 (i.e., 𝜅𝑐 = 𝛼√𝑐𝐿, where 𝛼 is a constant) [66], so the second term 

in equation (2.2) can be rewritten as  

𝐸2
∆𝑠 =

1

𝑗𝑎𝑝𝑝𝑙
[− ∫ 𝑗𝐿 ∙

2𝛼𝑅𝑇

√𝑐𝐿𝐹
∙

𝜕𝑐𝐿

𝜕𝑥

𝐿𝑠

0

𝑑𝑥] =
1

𝑗𝑎𝑝𝑝𝑙
[− ∫ 𝑗𝐿 ∙

4𝛼𝑅𝑇

𝐹
∙

𝜕√𝑐𝐿

𝜕𝑥

𝐿𝑠

0

𝑑𝑥] (2.4) 

where 
𝜕√𝑐𝐿

𝜕𝑥
∝

𝜕𝑐𝐿

𝜕𝑥
. Considering that the CF layer provided the extra kinetic energy, the 

ionic mobility was higher in the CF-enabled battery than that in the non-CF battery. 

Because of the higher mobility in the CF-enabled battery, the concentration gradient |
𝜕𝑐𝐿

𝜕𝑥
| 

was lower, and so was the |
𝜕√𝑐𝐿

𝜕𝑥
|, leading to lower diffusion polarization. Due to the 

decrease in polarizations from both the ohmic potential drop and diffusion, consequently, 
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the overall polarization induced by the CF-coated separator was much lower. Theoretically, 

the total polarization of a battery is calculated by adding all polarizations from different 

parts within the battery, which explains the relatively lower polarization voltage of the CF-

enabled battery than that of the non-CF battery. 

2.3.4 Sulfur distribution in batteries 

The cycled batteries were disassembled to determine how the CFs affected the 

distribution of polysulfides. SEM/EDS inspections were carried out on the APC/S cathode, 

Li anode, separator surface towards the cathode (separator@cathode), and separator 

surface towards the anode (separator@anode) (Figure 2.7a). The corresponding sulfur 

contents on the surfaces of individual components after cycling 10 times for the CF-enabled 

battery and non-CF battery are graphically summarized in Figure 2.7b. Compared with the 

non-CF battery, the CF-enabled battery possessed a higher amount of sulfur on the cathode 

surface and separator@cathode, while less sulfur content was observed on the anode 

surface and separator@anode. This suggests that polysulfides were repelled by the CF-

coated separator and remained at the cathode side in the CF-enabled battery. Moreover, the 

SEM image of the APC/S cathode surface in the CF-enabled battery after cycling 10 times 

(Figure 2.7c) shows pitting all over, which provided adequate spaces to load sulfur. This 

resulted in the sulfur content of 60.4 wt%. These pits were created by the CF layer due to 

the repelling behavior within the battery and could also be observed on the cellulose fibers. 

In the non-CF battery, no pitting was found on the APC/S cathode surface after cycling 10 

times (Figure 2.7d). This led to a lower sulfur content of 47.7 wt%. On the other hand, the 

Li anode surface of the CF-enabled battery (Figure 2.7e) after 10 cycles showed fewer 

sulfur-containing regimes (24.2 wt%) than that (37.7 wt%) of the non-CF battery (Figure 

2.7f). The impurities on the separator@cathode were found to be Ca-containing salts, 

which came originally from the CF coating and should have little impact on the 

electrochemical reaction [39, 40]. 



35 

 

 

Figure 2.7. (a) Graphical constitute of a Li-S battery. (b) Sulfur contents on different surfaces after 

cycling 10 times. (c) SEM image of the APC/S cathode surface in the CF-enabled battery after 

cycling 10 times. (d) SEM image of the APC/S cathode surface in the non-CF battery after cycling 

10 times. (e) SEM image of the Li anode surface in the CF-enabled battery after cycling 10 times. 

(f) SEM image of the Li anode surface in the non-CF battery after cycling 10 times. 

2.3.5 Post-failure analysis of cycled batteries 

The CF-enabled battery and non-CF battery failed after the 800th cycle and 466th cycle, 

respectively. Both batteries failed due to short circuiting, which was probably caused by 

the penetration of Li dendrites. Therefore, the longer lifespan of the CF-enabled battery is 

ascribed to the negatively charged CF-coated separator which inhibited Li dendrite growth 
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by redistributing the Li-ions during cycling. SEM inspection unveiled that local 

degradation of the Li anode in the non-CF battery (Figure 2.8b) was much more severe 

than that of the CF-enabled battery (Figure 2.8a). A similar conclusion can be made by 

comparing Figure 2.8c and d, where the red circles highlight the holes caused by the 

nonhomogeneous Li degradation on the Li anode in the non-CF battery. In contrast, no 

hole appeared on the Li piece in the CF-enabled battery. The optical inspection also 

revealed a more corroded Li anode in the non-CF battery (the inset of Figure 2.8d), and a 

relatively flat and intact Li anode in the CF-enabled battery (the inset of Figure 2.8c). The 

improved homogeneity of Li-ion distribution and degradation of the anode in the CF-

enabled battery was enabled by the negatively charged CF layer redistributing Li-ions and 

repelling polysulfides. In addition, more pores and scratches caused by mossy Li were 

found on the non-CF separator than those on the CF-coated separator (Figure 2.9), which 

also illustrates the more uniform Li distribution in the CF-enabled battery. The cathode in 

the CF-enabled battery kept its fiber structure, yet the fiber structure was barely seen on 

the cathode surface in the non-CF battery. In addition to more homogeneous distribution 

of Li-ions, the CF-enabled battery (Figure 2.10) demonstrated a suppressed polysulfide 

shuttle effect; lower sulfur content of 10.9 wt% was found on the cross section of the anode 

in the CF-enabled battery whereas higher sulfur content of 16.5 wt% was observed on the 

cross section of the anode in the non-CF battery. 
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Figure 2.8. (a) SEM image of the Li anode cross section in the end-of-life CF-enabled battery. (b) 

SEM image of the Li anode cross section in the end-of-life non-CF battery. (c) SEM image of the 

Li anode surface in the end-of-life CF-enabled battery. The inset shows the optical image of the Li 

anode surface in the end-of-life CF-enabled battery. (d) SEM image of the Li anode surface in the 

end-of-life non-CF battery. The inset shows the optical image of the Li anode surface in the end-

of-life non-CF battery. 
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Figure 2.9. (a) SEM image of the separator surface facing the anode in the end-of-life CF-enabled 

battery. (b) SEM image of the separator facing the anode in the end-of-life non-CF battery. (c) SEM 

image of the separator surface facing the cathode in the CF-enabled battery. (d) SEM image of the 

separator surface facing the cathode in the non-CF battery. 
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Figure 2.10. EDS maps of Li metal anode in (a) CF-enabled battery and (b) non-CF battery. 

2.4 Conclusions 

Recycled paper hardboards were upcycled into CF-coated separators for Li-S batteries 

via a cost-effective method. The functional groups on CFs, including -COO- and -C-O-, 

rendered a negatively charged surface which redistributed Li+ and repelled Sx
2-, 

simultaneously mitigating the shuttle effect and mossy Li growth without sacrificing the 

active materials. The CF-enabled battery exhibited good rate ability with a 72.43 % 

retention rate when the operation rate was octupled from 0.16 C to 1.28 C. The battery was 

cycled over 800 times with a capacity retention rate of 71.69 % at 0.5 C. The CF-enabled 

battery exhibited a smaller polarization than that of the non-CF battery due to the lower 

ohmic potential drop and diffusion polarization. The CF-coated separators are promising 

innovations to simultaneously overcome the two major challenges of Li-S batteries - the 

shuttle effect of polysulfides and nonhomogeneous degradation of Li. The readily 

accessible, renewable materials used in this study provide the large potential for the 

commercialization of low-cost, eco-friendly Li-S batteries. 
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Chapter 3. Mechanism Study of Recycled Cellulose 

Fibers in Li-S Batteries 

3.1 Introduction 

Decarbonization needs more batteries and sustainable materials [1-3]. Li-ion battery 

as one of the most successful energy storage devices is reaching its theoretical limit [4-6]. 

Li-S battery is considered one of the next-generation candidates to substitute Li-ion 

batteries due to the high theoretical capacity (1675 mAh g–1 of sulfur) and energy density 

(2600 Wh kg–1), as well as the low-cost, high-accessible sulfur [7,8]. However, two major 

challenges are hindering the practical viability of Li-S batteries: polysulfide shuttle effect 

and mossy/dendritic Li growth [9,10]. The shuttle effect of polysulfides arises because the 

small-size polysulfide molecules can freely travel from the cathode side through separators 

to reach the anode and corrode it, leading to a waste of active materials and poor battery 

capacity and stability [11,12]. The mossy/dendritic Li growth occurs due to the active Li 

metal anode and unevenly distributed Li-ions within batteries tending to aggregate at edges 

and uneven surfaces to form Li whiskers, resulting in a localized short circuit and poor 

lifespan [13,14]. 

Scientists have devoted much effort to experimentally resolve these challenges, yet the 

efficiency remains debatable mostly due to restricted techniques [15,16]. Since both 

challenges happen within assembled batteries, simulations play a more efficient role in 

addressing them [17,18]. Wang et al. [19] applied a massive number of simulations, 

including the molecular dynamics (MD) simulation, density functional theory (DFT) 

calculation, and finite element (FE) simulation, to study the functions of a hydrogen 

bonding cross-linked multi-functional binder of Lithiated polyacrylic acid-co-

vinylphosphonic acid (AA-VPA) and phosphorylated soy protein (P-SPI). They used the 

DFT simulation to verify that the abundant polar groups within the polymeric network 

provided strong polysulfide anchoring capacity to inhibit the shuttle effect. Bai et al. [20] 

employed the DFT calculation on metal-organic framework modified electrolyte to 

evidence its function towards homogeneous Li-ion flux and stable Li plate. These 

outstanding results show that simulations are excellent at identifying, validating, and 

expecting the effectiveness of certain materials towards the two challenges. Despite all the 
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simulation studies on cathodes, anodes, and electrolytes, reports on separators are much 

overlooked [21,22]. 

Recently, cellulose fibers (CFs) were used to coat commercial separators and diminished 

both the polysulfides shuttling and mossy Li growth, leading to a Li-S battery with a 

lifespan of over 800 cycles and a retention rate of over 70% [23]. CFs are well-known as a 

green, low-cost, and highly accessible material in nature. Although some DFT simulation 

has been reported in the paper, more thorough simulations are needed to better understand 

how CFs work and how much effect the CFs can provide regarding the suppression of the 

shuttle effect and mossy Li. 

Herein, we report a more comprehensive analysis of the CF coating towards 

polysulfide shuttle effect and dendritic/mossy Li growth using theoretical simulations. The 

functional groups on CFs are readily to lose H+ and form a negatively charged surface to 

mitigate polysulfide shuttling and evenly distribute Li-ions (Figure 2.1). MD simulations 

are used to mimic realistic battery conditions during operation, separately study the 

functions of CFs towards polysulfides and Li-ions, and compare the results with 

polypropylene (PP) separators. DFT calculations further unveil the behaviors and energy 

differences of various species of polysulfides and Li-ions when encountering CFs or PP 

separators. The findings provide insights on not only the CFs’ potential regarding solutions 

to current challenges that Li-S batteries are facing, but also other similar materials 

probabilities regarding the challenges, paving the way towards a more practical, stable, and 

sustainable Li-S battery. 

3.2 Methods 

3.2.1 CF extraction and coating 

A piece of hardboard was cut off from a paper container to be alkaline treated using 5 

wt% NaOH solution. The suspension was constantly stirred and then held at 80 °C for 3 

hours. Sonication and centrifugation using DI water and isopropyl alcohol were applied 

afterward to wash the CFs and eventually held the CFs in isopropyl alcohol to keep an 

organic solution condition. Vacuum filtration was applied to coat the CFs onto a piece of 

a Celgard 2400 separator. The coated separator was then dried at 60 °C for 12 hours. More 

details could be found in our previous study [23]. 

3.2.2 Battery assembling, disassembling, and characterization 
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The dried CF-coated separators were punched into circular pieces for coin cells. The 

electrolyte was produced by dissolving 1 mol L-1 lithium 

bis(trifluoromethanesulfony)imide (LiTFSI) and 0.4 mol L-1 LiNO3 in an organic solvent 

of dimethoxyethane (DME) + 1,3-dioxolane (DOL) at a 1:1 volume ratio. An activated 

paper carbon with sulfur (APC/S) was prepared using the same way as our previous study 

and employed as the electrode [23,24]. The APC/S cathodes, separators, electrolytes, and 

Li anodes were assembled into coin cells manually. After running for 100 cycles, the 

batteries were manually disassembled. The Li metal plates were retrieved to be 

characterized by the scanning electron microscope (SEM) and energy-dispersive X-ray 

spectroscopy (EDS) (FEI Quanta 650 with EDS detector). 

3.2.3 Permeation experiment 

Shredded Li metal pieces and sulfur powders with an atomic ratio of 1:3 were added 

to a beaker filled with electrolytes. The mixture was stirred at a temperature of 60 °C for 

48 hours to obtain the Li2S6 solution. The solution was separately added into two small 

glass tubes attached to the lids with 1 mL for each. The glass tubes were then covered 

separately by an uncoated separator or a CF-coated separator and sealed in two vials filled 

with electrolyte. The whole experiment was conducted in a glove box filled with Ar. 

3.2.4 MD simulation 

MD calculations were conducted using the Largescale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) [25]. A CF chain model and its net model were built up 

using (C6H10O5) as the unit cell. Similarly, a PP chain model and its net model were also 

built up as references using (C3H6) as the unit cell. Polysulfide (Li2S, Li2S2, S4
2-, S6

2-, and 

S8
2-) models were created and relaxed before use. The calculations were performed using 

the canonical ensemble (N, V, T), where the temperature was raised to 300 K in 4 ps. For 

Li-ion related models, the interatomic interactions were described by the reactive force 

field (ReaxFF) [26]. For polysulfide related models, a different reactive force field 

(ReaxFF) was used [27]. After the temperature was raised to the target temperature and 

held for 10 ps, an initial velocity of 0.004 Ang/fs was applied to the Li-ion model or 

polysulfide model to allow them to travel through the CF or PP chains or nets. For the Li-

ion related simulation, a wall was set up at the end of the simulation box to collect the final 
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positions of all Li ions. For the electric field MD simulation, an electric field of 2 V to 

resemble the realistic condition was applied. 

3.2.5 DFT simulation 

The QUANTUMESPRESSO software package was used to perform the density 

functional theory (DFT) calculations with a norm-conserving pseudopotential and with the 

SCAN meta-GGA exchange-correlation functional [28,29]. A gamma k-point mesh was 

used, and the kinetic energy cutoffs for the wave function and charge density were 30 and 

300 Ry, respectively. The models were relaxed using the Broyden-Fletcher-Goldfarb-

Shanno quasi-Newton algorithm [30]. 

3.3 Results and Discussion 

3.3.1 Li-ion redistribution simulation 

A significant observation from experiments (Figure 3.1a and b) has shown that the 

CF-coated separator was able to suppress the corrosion of Li plates and the growth of 

dendritic/mossy Li. Specifically, with assistance from the CF coating, the Li anode in the 

CF-enabled battery (Figure 3.1a) revealed a flatter surface with a higher thickness after 

100 cycles compared with the Li anode in the non-CF battery (Figure 3.1b). To explain 

the experimental observation, an MD model (Figure 3.1c) was designed with four cellulose 

chains to mimic CF-coated separators and three lines of Li-ions between each two 

successive chains. For comparison, another similar MD model was set up using PP chains 

(Figure 3.2a). After reaching room temperature in the MD simulation, an initial velocity 

was applied to the Li-ions and allowed them to travel through the cellulose or PP fence 

until reaching the end of the simulation box. The processes were recorded and the final 

patterns on the back of the box were collected. The Li-ions were redirected when they 

traveled through the cellulose fence, whereas they remained on almost the same tracks 

when they traveled through the PP fence. The final patterns can reflect the results, where 

the pattern after the CF fence (Figure 3.1d) was more random than the pattern after the PP 

fence (Figure 3.1e). More specifically, the Li ions’ positions after the CF fence were 

usually far from their original positions whereas the Li ion’s positions after the PP fence 

were just a few angstroms from their original positions. The neighbor maps (Figure 3.2b 

and c) of the center ions can also result in the same conclusion. To simulate a more realistic 

scenario of Li-ion passing through a CF-coated separator, a double-fence model with both 
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the CF fence and PP fence was designed (Figure 3.2d). A higher initial velocity was given 

to the Li-ions such that they could have sufficient kinetic energy to pass through both 

fences. The Li-ion patterns before the simulation, after the CF fence, and after both the CF 

and PP fences were recorded (Figure 3.2e). After the CF fence, most of the Li-ions were 

redirected. Whereas, after the PP fence, only four Li-ions (Li-ion 2, 6, 9, 12) that were very 

close to the PP chains were further redirected. This reveals that coating CFs on PP can 

further enhance the randomness of Li-ions after they travel through the separator. All these 

results demonstrated that CFs have much stronger interactions towards Li-ions, which 

redistributed the Li-ions and, as observed in experiments, resulted in a more even surface 

and slower Li consumption, eventually leading to a smaller chance of mossy/dendritic Li 

growth. This result can be reflected in section 3.3, where the interaction energy between 

Li ions and CFs is much higher than that between Li ions and PP. To study the interaction 

between the CFs and Li-ions, a DFT simulation was carried out. The result (Figure 3.1f) 

showed that an attraction force was endowed to the cellulose chain towards Li-ions and 

that provided the redirection phenomenon when Li-ions passed through the cellulose fence, 

which is in agreement with the description in the paper [23]. The significant attraction 

behavior could explain the largely random redistribution in the MD simulation. In 

comparison, the DFT simulation using Li-ions and PP chains was also set up (Figure 3.2f). 

A tiny repulsion was observed during the simulation, opposite to the result of cellulose and 

Li-ions. This tiny repulsion could evidence the small changes in Li-ion traveling tracks in 

the MD simulation. 
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Figure 3.1. (a) SEM image of the Li anode edge in CF-enabled battery after 100 cycles. (b) SEM 

image of the Li anode edge in non-CF battery after 100 cycles. (c) MD model for Li-ion traveling 

simulation using cellulose chains. (d) MD result of Li-ion traveling simulation using cellulose 

chains. (e) MD result of Li-ion traveling simulation using PP chains. (f) DFT result of interactions 

between a cellulose chain and a Li ion. 
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Figure 3.2. (a) MD model for Li-ion traveling simulation using PP chains. (b) Neighbor map for 

the MD result of the PP model. (c) Neighbor map for the MD result of the CF model. (d) MD model 

for Li-ion traveling simulation using both CF and PP chains. (e) MD result of Li-ion traveling 

simulation using both CF and PP chains. (f) DFT result of interactions between a PP chain and a Li 

ion. 

3.3.2 Polysulfide MD simulation 

To evaluate a product using in a Li-S battery, the suppression towards polysulfide 

shuttling is another critical feature. From the experimental observation using EDS, more 

fluorine (from the electrolyte) and less sulfur (from polysulfides) were found in the Li 

anode in the CF-enabled battery (Figure 3.3a) than that in the non-CF battery (Figure 3.3c) 

after 100 cycles, indicating that a large number of polysulfides were blocked by the CF 
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coating layer. Because of that, less lithium was corroded in the CF-enabled battery, 

providing the battery with a safer working condition and a much longer lifespan. To closely 

study what happened when polysulfides travel through the separators, similar MD models 

were constructed for both cellulose (Figure 3.3b) and PP (Figure 3.3d), where polysulfide 

models were used to replace the Li-ions in the Li-ion traveling simulation models. Multiple 

polysulfide species were investigated including S4
2-, S6

2-, and S8
2-. Similarly, an initial 

velocity (0.004 Ang fs-1) was given to the polysulfides and allowed them to travel through 

the cellulose or PP fence. The average velocities of different species were recorded before 

arriving at the fences (Figure 3.3e). Due to interactions between the cellulose chains and 

the polysulfides, the velocities of the polysulfides reduced when approaching the cellulose 

fence while they remain almost unchanged when approaching the PP fence. This 

conclusion was evidenced by a published work, where a permeation experiment showed 

that the polysulfides permeated faster through the uncoated separator than the CF-coated 

separator [23]. 

To study the effectiveness of the CF coating, a new CF model, named CF net model, 

was built with a pore in the middle, together with a similar model using PP (Figure 3.3f). 

These models in a periodic simulation box were first relaxed to be stable before use. Unlike 

the fence models that focused mainly on chemical interactions between the fence materials 

and the polysulfides, the more realistic net models imitated the real porous separator 

structure and considered both physical and chemical interactions. Before the simulation, 

nine S8
2- as examples were placed at the left side of the cellulose model (Figure 3.3g) or 

the PP model (Figure 3.3i) ready to be activated with an initial velocity. As a result, all 

nine S8
2- were blocked by the cellulose fence (Figure 3.3h), and three of the nine S8

2- 

passed through the PP fence (Figure 3.3j). Another example with twelve S8
2- also exhibited 

the similar result, where all twelve S8
2- were blocked by the cellulose fence (Figure 3.4a 

and b), and four of the twelve S8
2- passed through the PP fence (Figure 3.4c and d, 

supporting information). To quantify the effectiveness, a typical energy density equation 

for Li-S battery is used as follows [31], 

𝐸𝑑 =
𝑉 ∙ 𝑚𝐴 ∙ 𝐶

∑ 𝑊𝑖

(3.1) 
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where 𝐸𝑑 is the specific energy density (Wh kg-1), 𝑉 is the average working voltage (V), 

𝑚𝐴 is the active material loading (mg cm-2), 𝐶 is the specific capacity (mAh g-1), and 𝑊𝑖 

is the weight of each component within the battery (mg cm-2). The effectiveness can be 

quantified as the percentage contribution to the specific energy density of a battery. Usually, 

the average working voltage can be treated the same for all Li-S batteries. The changeable 

terms for different batteries are 𝑚𝐴, 𝐶, and 𝑊𝑖. Here, we combine both experimental and 

simulation results to be plugged into the equation. The 𝑚𝐴  in the equation can be 

considered the effective sulfur, and only the sulfur that remained at the left side of the fence 

in the simulation can be effectively reacted, meaning that 100.00% sulfur was active for 

the CF simulation case, and only 66.67% sulfur was active for the PP simulation case. The 

𝐶 and the 𝑊𝑖 terms were obtained from the previously reported experimental observation, 

where 𝐶 for the CF-enabled battery was 718.23 mAh g-1 and for the non-CF battery was 

726.34 mAh g-1, and the CF-enabled battery had a 0.56 mg cm-2 extra 𝑊𝑖 comparing with 

the non-CF battery [23]. The calculation result is normalized and shown in Figure 3.3k, 

where the effectiveness of the CF is around 32% higher than that of the PP. This result 

indicated that coating the CF layer on the separator is significantly effective to address the 

polysulfide shuttling even with extra weight and slightly lower capacity. 
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Figure 3.3. (a) EDS image of the Li anode in the CF-enabled battery. (b) MD model for CF chains 

with polysulfides. (c) EDS image of the Li anode in the non-CF battery. (d) MD model for PP 

chains with polysulfides. (e) Velocity changes of different polysulfide species before arriving the 

CF or PP chains. (f) MD net models of the CF and PP with pores in the middle. (g) Initial status of 

the MD simulation for polysulfides traveling through the CF net fence. (h) Final status of the MD 

simulation for polysulfides traveling through the CF net fence. (i) Initial status of the MD 

simulation for polysulfides traveling through the PP net fence. (j) Final status of the MD simulation 
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for polysulfides traveling through the PP net fence. (k) Normalized calculation result for the 

effectiveness of CF and PP. 

 

Figure 3.4. (a) Initial status of the MD simulation for twelve polysulfides traveling through the CF 

net fence. (b) Final status of the MD simulation for twelve polysulfides traveling through the CF 

net fence. (c) Initial status of the MD simulation for twelve polysulfides traveling through the PP 

net fence. (d) Final status of the MD simulation for twelve polysulfides traveling through the PP 

net fence. 

3.3.3 Mechanism discussion 

Density functional theory (DFT) calculations were used to validate the repelling 

mechanism of the CF functional groups. The S8
2- and S6

2- chain model was built and placed 

in the front of the -COO- (Figure 3.5a and c) group and -C-O- (Figure 3.5b and d) group 

models which were connected to fixed benzene models. All models were relaxed separately 

before calculation to ensure accuracy. The DFT simulations demonstrate that both 

carboxylic and phenolic groups without H+ repel the S8
2- and S6

2- chains to achieve lower 

total energy. Figure 3a shows that the distances between atom 1 (the oxygen) and atom 2 
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(the nearest sulfur), and atom 1 and atom 3 (the second nearest sulfur) increased from 2.011 

Å to 2.976 Å, and 2.191 Å to 2.207 Å, respectively. While the distances, in Figure 3b, 

between atom 1 (the oxygen) and atom 2 (the nearest sulfur), and atom 1 and atom 3 (the 

second nearest sulfur) increased from 2.070 Å to 2.861 Å, and 2.343 Å to 2.736 Å, 

respectively. Similar results regarding the functional groups repelling S6
2- can be also 

observed. Figure 3.5c reveals that the distances between atom 1 (the oxygen) and atom 3 

(the nearest sulfur), and atom 1 and atom 2 (the second nearest sulfur) increased from 2.363 

Å to 2.591 Å, and 2.706 Å to 2.802 Å, respectively. Moreover, the distances, in Figure 

3.5d, between atom 1 (the oxygen) and atom 2 (the nearest sulfur), and atom 1 and atom 3 

(the second nearest sulfur) increased from 2.223 Å to 2.751 Å, and 2.939 Å to 2.962 Å, 

respectively. To visualize the repelling mechanism, a comparison between polysulfides 

(mostly Li2S6) permeated through an uncoated separator or a CF-coated separator was 

exhibited with time (Figure 3.5e). The result showed that the polysulfides permeated faster 

through the uncoated separator than the CF-coated separator, indicating that the CF-coated 

separator partially repelled the polysulfides. Both the DFT calculations and permeation 

experiment demonstrate that the functional groups enable the polysulfide-ion repelling 

mechanism, which mitigates the shuttle effect without consuming active materials. 



59 

 

 

Figure 3.5. (a) DFT simulation of the carboxylic group on S8
2- polysulfides. (b) DFT simulation of 

the phenolic group on S8
2- polysulfides. (c) DFT simulation of the carboxylic group on S6

2- 

polysulfides. (d) DFT simulation of the phenolic group on S6
2- polysulfides. (e) Permeation 

experiment between the uncoated separator and CF-coated separator after 5 minutes, 10 minutes, 

15 minutes, 20 minutes, 30 minutes, 40 minutes, 50 minutes, and 60 minutes. 
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To understand the mechanisms behind all phenomena observed in the experiments and 

MD simulations, a series of DFT simulations were carried out. Prior to that, an MD 

simulation to reveal the status of the CF within batteries during operation is set up for 

ensuring the accuracy of the DFT. An electric field was applied to the CF net model using 

MD and the result (Figure 3.7a) showed that some H+ would be easily released from the 

CF. Meanwhile, many H+ would move to one side, leaving the other side more negatively 

charged. A charge map (Figure 3.6) of the CF after the introduction of electric field was 

plotted to better visualize the charge difference, which revealed that most positively 

charged atoms (blue dots) gathered at the right side of the CF and most negatively charged 

atoms (red dots) remained at the left side of the CF, rendering the left surface negatively 

charged. Compared with that, the electric field was not able to remove H+ from the PP net, 

nor move H+ to one side of the PP net (Figure 3.8a). Therefore, the DFT study regarding 

the interactions between the cellulose and sulfides was proceeded with some H+ being 

removed. Each model has been separately relaxed before the DFT simulation. The DFT 

simulation of Li2S2 and Li2S with H-removed cellulose (HCF) (Figure 3.7b) showed that 

the HCF was able to repel the sulfur atoms yet attract Li atoms to some degree. The 

attraction of the Li sites was mainly caused by the loss of H+ generating a negatively 

charged surface on the HCF, where the local uneven charges slightly polarized the Li2Sx 

(x= 1 or 2) species and eventually generated a small attraction force to the Li2Sx (x= 1 or 

2) species at the Li sites. As known in the previous paper, there are also functional groups 

on the CFs, especially the C-OH group and -COOH group, which also lose their H+ during 

battery operation [23, 32]. Hence, when performing DFT simulation in this study, O- was 

also added to represent the functional groups (C-OH) after losing the H+. With functional 

groups on the CF (OCF) (Figure 3.7c), the repulsion to the sulfur could no longer 

counteract the attraction to the Li caused by the same reason as HCF, leading to connections 

between the OCF and the Li2S2 or Li2S. These phenomena could largely decrease the 

possibility of losing active materials (Li2S2 and Li2S) by repelling or even anchoring them 

at the cathode side and preventing them from traveling through the separators to touch the 

anodes and be inactivated, especially if the active materials have already detached from the 

cathodes due to battery operation. The attraction between the HCF and the Li ions was also 

observed in the previous section (Figure 3.1f). For comparison, the DFT simulation 
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regarding PP chains and the sulfides was also performed (Figure 3.8b). Compared with 

the DFT of the CFs and sulfides, a small repulsion was detected for both Li2S2 and Li2S 

with PP, which can also keep a small number of active materials at the cathode side. 

However, if the active materials have already traveled through the separator as polysulfides, 

they could hardly come back to the cathode side since PP had evenly distributed H+ at the 

surface and the tiny repulsion was the same when facing the anode side. 

 
Figure 3.6. Charge map of the CF after the electric field. 

Apart from the low-order polysulfides, S4
2-, S6

2-, and S8
2- were also studied with HCF 

(Figure 3.7d) and OCF (Figure 3.7e) using DFT, as well as the PP as reference (Figure 

3.8c). For polysulfides with HCF simulation, it is worth noting that the smaller the 

polysulfides were, the stronger the repulsion was. More specifically, after simulation, the 

S4
2- was repelled by 0.861 Ang, the S6

2- was repelled by 0.694 Ang, and the S8
2- was 

repelled by 0.170 Ang. This trend was not applied to the OCF cases as the repulsion was 

larger when functional groups were added and the repulsion was location dependent based 

on the location of the functional groups. For instance, S8
2- was repelled by 0.588 Ang by 

the OCF, which is much farther than that of the HCF. S6
2- was also repelled by 1.732 Ang, 

larger than that of the HCF. For S4
2-, the repelling distance was smaller than that of the 

HCF, most likely because the location of the added functional group is already a bit far 
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from the S4
2-. In addition, compared with the DFT simulation using PP towards 

polysulfides, it can be clearly revealed that the interactions between PP and polysulfides 

were much smaller. This conclusion can also be proved by the energy difference of the 

DFT simulations (Figure 3.7f). It was calculated by 

𝐸𝑑 = 𝐸𝐶𝑜𝑚𝑏𝑖𝑛𝑒 − 𝐸𝐶𝐹 − 𝐸𝑆 (3.2) 

where 𝐸𝑑 is the energy difference, 𝐸𝐶𝑜𝑚𝑏𝑖𝑛𝑒 is the energy after DFT simulation, 𝐸𝐶𝐹 is 

the energy of the separator material (HCF, OCF, and PP), and 𝐸𝑆 is the energy of the 

polysulfides or Li. As shown, prior to the calculation, the energy of each component was 

separately measured to be 𝐸𝐶𝐹  and 𝐸𝑆 . After the simulation, the resultant combining 

energy of the system was measured to be 𝐸𝐶𝑜𝑚𝑏𝑖𝑛𝑒 to calculate the 𝐸𝑑. This can be used 

to represent the effectiveness of the interactions between the CF or PP and polysulfides or 

Li. It could be concluded that the interactions between CFs and polysulfides were larger 

than the interactions between PP and polysulfides. The more obvious difference could be 

obtained from the interactions between CFs or PP and Li discussed in the previous section 

3.3.1, which was the reason that CFs could effectively redistribute the Li-ions whereas PP 

could only slightly redirect the Li-ions. 

 

Figure 3.7. (a) MD simulation result for CF losing H+ under electric field. (b) DFT simulation 

results of the interactions between HCFs and Li2Sn (n ≤ 2). (c) DFT simulation results of the 
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interactions between OCFs and Li2Sn (n ≤ 2). (d) DFT simulation results of the interactions between 

HCFs and Sn
2- (n ≥ 4). (e) DFT simulation results of the interactions between OCFs and Sn

2- (n ≥ 

4). (f) Energy difference from DFT simulations of CFs (or PP) and polysulfides (or Li). 

 

Figure 3.8. (a) MD simulation result for PP under electric field. (b) DFT simulation results of the 

interactions between PP and Li2Sn (n ≤ 2). (c) DFT simulation results of the interactions between 

PP and Sn
2- (n ≥ 4). 

3.4 Conclusions 

Li-S battery has been considered a promising candidate to substitute Li-ion battery. 

Yet the practical application has been hindered by multiple challenges including the 

polysulfide shuttle effect and dendritic Li growth. Cellulose fiber has been proven to be an 

effective material to suppress both challenges. However, the theoretical reasons behind the 

phenomenon have not been thoroughly studied. Here, MD and DFT simulations were 

carried out in this study to more efficiently investigate the working mechanisms of CFs in 

Li-S batteries. It was proven that the CFs were readily to lose their H+ when the battery is 
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in operation, leading to a negatively charged surface towards polysulfides. This surface has 

been evidenced to have the ability to effectively repel polysulfides and redirect Li ions, 

enabling suppression of both the shuttle effect and dendritic Li growth. In addition, the 

functional groups on the cellulose fiber are able to anchor solid Li2Sn (n≤2) species to 

prevent additional loss of active materials. The findings not only proved the effectiveness 

of using cellulose fibers, but also provided the potential of materials that create repelling 

mechanisms to control the current challenges in Li-S batteries, paving the way towards 

low-cost, high-performance, and environmentally friendly Li-S batteries. 
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Chapter 4. Use of Recycled Cellulose Fibers for Carbon 

Dioxide Adsorption 

4.1 Introduction 

The intensifying greenhouse effect around the world is inducing severe climate change 

and other environmental issues, which are attracting increasing attention [1-3]. Carbon 

dioxide (CO2) gas, a type of greenhouse gas (GHG), as one of the necessary components 

in nature is also the major cause of the challenge [4]. Replacing fossil fuels with clean 

energy can largely ease the challenge, which, however, can hardly be achieved in the short 

term [5]. Therefore, a short-term/medium-term solution to trap CO2 and accomplish carbon 

neutrality is of high interest and demand. 

Many CO2 adsorption/absorption methods and technologies have been explored, such 

as physical adsorption, chemical absorption, and physical separation [6-8]. Among all 

methods, physical adsorption is considered the most viable method because of its green 

nature, high CO2 adsorption capacity, high accessibility, simple operation process, and low 

cost [5]. A large number of materials have been widely studied to fulfill this function. As 

the representatives, zeolite, activated carbon (AC), and their derivatives are the most 

commonly seen CO2 adsorbers. Georgieva et al. [9] exhibited the Merlinoite zeolite (MER) 

with Na, K, and Cs forms for CO2 uptake, among which K-MER revealed good capacity 

of CO2 (3.5 mmol/g at 1 bar and 298 K), rapid adsorption and desorption kinetics, and 

promising CO2/CH4 separation. Rehman et al. [10] reported a series of alkali-activated 

microporous carbon materials with a high specific surface area and large micropore volume 

in the sub-nanometer range, which achieved 6.85 mmol/g of CO2 adsorption capacity at 1 

bar and 273 K attributed to well-defined micropores. These studies show a promising future 

of physical adsorption towards GHG control. 

Despite the fact that zeolite and AC are both cost-effective and highly accessible, 

cellulose fiber (CF) as a natural polymer material with a large surface area, multiple 

functional groups, even higher availability, and lower cost is also a competitive candidate 
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for high-efficiency CO2 adsorption [11,12]. CF is expected to have better selectivity and 

higher efficiency towards CO2 adsorption in waste gas such as vehicle exhaust. The 

selectivity depends largely on the types of functional groups on the CFs, especially for the 

selectivity between CO2 and N2, which are the two main components of waste gas. 

Therefore, the CO2/N2 selectivity has always been one of the major features in determining 

the CO2 effectiveness of a material [13,14].  

Functional groups on different CFs can vary drastically, which strongly affects the CO2 

adsorption capability. Hosakun et al. [15] introduced the possible interactions between CO2 

and functional groups on bacteria cellulose that act as Lewis bases or electron donors, 

where the CO2 enables positive charges on the hydroxyl group and the CO2 becomes 

negative due to electron transfer, inducing intra- or inter-hydrogen bonding between the 

CO2 and the cellulose. Similar behavior also happened to the interactions between the 

amide site and the CO2. Recently, a specific type of CF from paper waste has been 

thoroughly studied and possesses the potential to achieve high-performance CO2 

adsorption with a decent CO2/N2 selectivity [16,17]. However, directly studying the CF 

experimentally is tedious and time-consuming. Computational prediction in advance is of 

great assistance in searching for and sieving the most appropriate conditions under which 

the CF is able to work in its most effective manner. 

In this study, CO2 adsorption behaviors of CF from paper waste were modeled and 

investigated using molecular dynamics (MD) simulation. The behaviors under multiple 

conditions, including different temperatures, gas velocities, gas concentration, and gas 

components, were simulated to reflect the performance of the CFs (Figure 4.1). The CO2 

adsorption behaviors of AC were also modeled to compare with the CFs. The findings bring 

new insights and predictions on GHG control using green materials from biomass, paving 

the way towards a more carbon-neutral community. 
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Figure 4.1. Schematic of cellulose fibers from paper waste achieving CO2 adsorption with high 

CO2/N2 selectivity. 

4.2 Methods 

4.2.1 Model Design 

A CF tube model was built using a unit cell of which a C6H10O5 chain was twisted 

with another C6H10O5 chain. Similarly, an AC tube model was also built by twisting two 

AC chains. Gas molecules, including N2, O2, and CO2, were created separately. All models 

were relaxed before being used in MD simulations. 

4.2.2 MD simulation 

MD simulations were conducted using the Largescale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) [18]. The calculations were performed using the canonical 

ensemble (N, V, T), where the temperature was raised to 300 K in 4 ps. The interatomic 

interactions were described by the reactive force field (ReaxFF) [19]. For CO2 adsorption 

studies with different velocities, three CF (or AC) tubes were set in the middle with their 

edges fixed and a number of CO2 molecules were placed at the left side of the simulation 

box with a distance between each other to avoid atomic interactions at the beginning. After 

reaching the target temperature (300 K), an initial velocity (0.009 Ang/fs – 0.023 Ang/fs) 

was given to the CO2 molecules for them to travel towards the CF (or AC) tubes, where a 

portion of the gas molecules would interact with the CF (or AC) tubes when they 

encountered. The adsorption ratios were recorded and presented. For CO2 adsorption 

studies under different temperatures, a similar setup with three tubes in the middle with 

their edges fixed and a series of CO2 molecules at the left side of the simulation box was 

used. The initial velocity of 0.015 Ang/fs and a temperature range from 240 K to 340 K 
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with a temperature step of 10 K were chosen for this simulation. The adsorption ratios were 

also recorded and presented. For the selectivity study, a single CF (or AC) tube was placed 

in the middle, together with 120 mixed gas molecules of N2, O2, and CO2 at a concentration 

of 52.5%, 32.5%, and 15.0%, respectively, at both sides of the simulation box. Initially, 

two transparent walls were built to separate the gas molecules and the tube model from 

interactions before the target temperature. When reaching room temperature (300 K), the 

walls were removed to allow the gas molecules to naturally disperse in the simulation box 

for random interactions with the tube. After simulation, the numbers of N2, O2, and CO2, 

adsorbed by the tube model were recorded for analysis. 

4.2.3 Adsorption selectivity calculation 

The CO2/N2 selectivity (αi/j) was calculated the equation defined as follows [5]: 

𝛼𝑖 𝑗⁄ =
𝑥𝑖 𝑦𝑖⁄

𝑥𝑗 𝑦𝑗⁄
 (4.1) 

where 𝑥𝑖, 𝑥𝑗, 𝑦𝑖, and 𝑦𝑗 are the molar fraction of the components i and j in the adsorptive 

and bulk adsorbate phases, respectively. 

4.3 Results and Discussion 

4.3.1 CO2 adsorption performance under different conditions 

Two CF chains were twisted to form a cellulose fiber tube as the unit cell for the 

computational studies (Figure 4.2a). As known to all, AC is one of the most commonly 

seen physical CO2 adsorbents, hence, an AC tube model was also built by twisting two AC 

chains (Figure 4.2a) for comparison. Three tube models were placed in the middle and 24 

CO2 molecules were placed on the left side of the simulation box (Figure 4.2b and c). The 

tube models’ edges were fixed to avoid being pushed by the CO2 flow during the simulation. 

Meanwhile, the CO2 molecules kept a distance between each other to prevent atomic 

interactions before the target temperature. After reaching the target temperature, an initial 

velocity was given to the CO2 molecules, enabling them to move towards the tubes. When 

the CO2 flow and the tubes were sufficiently close, atomic interactions happened and the 

adsorption ratios were recorded. As two examples that are shown in Figure 4.2b and c, an 

initial velocity of 0.015 Ang/fs was provided to the CO2 molecules when the temperature 

reached 300 K, allowing them to travel from the left to the right. CFs were able to adsorb 
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75.00% CO2 molecules, whereas AC could only adsorb 66.67% of the molecules under 

that velocity and temperature. 

After adjusting the initial velocities of the CO2 molecules at room temperature (300 K) 

(Figure 4.2e and f), a series of adsorption ratios was collected (Figure 4.2d). Both CFs 

and AC possessed a similar adsorption trend with the velocities of CO2 flow. When the 

initial velocities were lower than 0.017 Ang/fs, CFs showed a relatively stable adsorption 

performance of over 70.00% while AC’s adsorption ratios gradually decreased to 66.67% 

when the velocity was reaching 0.016 Ang/fs, revealing a higher stability of CFs than that 

of AC. When the initial velocities climbed to a degree higher than 0.017 Ang/fs, the 

adsorption abilities of both CFs and AC drastically worsened until 0.023 Ang/fs, of which 

the CO2 flow was too strong to be caught by the materials. This result indicated that the 

CFs could adapt to a larger range of gas flow and had a stronger adsorption ability towards 

CO2 than the AC. 
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Figure 4.2. (a) CF and AC tube models for all the computational studies. (b) MD simulation box 

setup for CFs’ velocity and temperature simulations, and the result with the CO2 velocity of 0.015 

Ang/fs and at 300 K. (c) MD simulation box setup for AC’s velocity and temperature simulations, 

and the result with the CO2 velocity of 0.015 Ang/fs and at 300 K. (d) CO2 adsorption ratios of CFs 

and AC with the CO2 velocities ranging from 0.009 Ang/fs to 0.023 Ang/fs at 300 K. (e) CO2 

adsorption behavior of CFs with a velocity of CO2 flow from 0.009 Ang/fs to 0.023 Ang/fs. (f) CO2 

adsorption behavior of AC with a velocity of CO2 flow from 0.009 Ang/fs to 0.023 Ang/fs.  
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To identify the most effective working temperature range for CFs, a list of 

temperatures ranging from 240 K to 340 K was applied to the simulation box with a fixed 

CO2 flow velocity of 0.014 Ang/fs (Figure 4.3a). For comparison, similar simulations 

using AC were also conducted (Figure 4.3b) and the results were collected (Figure 4.3c). 

Despite the fact that AC has a weaker adsorption ability than CFs towards CO2 under that 

velocity showing in the previous paragraph, the most effective working temperature ranges 

for CFs and AC were also different. For CFs, the adsorption ratio was above 60% over the 

entire temperature range, and the most promising working temperature was from 290 K to 

310 K (~17 - 37 ℃), which is around room temperature. For AC, the optimal working 

temperature was from 270 K to 290 K (~-3 - 17 ℃), which is lower than the room 

temperature. Moreover, the high adsorption ratio of the AC could not last when the 

temperature rose above 310 K. These findings evidenced that CFs’ CO2 adsorption 

capability can stay reliable for a large range of temperatures, and it is especially effective 

at around room temperature, exhibiting a much better adaptability than traditional AC. 

In addition, the sensitivity of CFs (Figure 4.3d) was validated by calculating the 

closest distances between the CF or AC tubes and each of the CO2 molecules when the 

molecules first approached the tubes. It was found that the distances between CFs and CO2 

were mostly in a range of 6.2763 Å – 8.3612 Å with an average of 7.4057 Å, where the 

majority of the distances was longer than the distances between AC and CO2 (4.9004 Å – 

7.1138 Å with an average of 5.9545 Å). This result indicated that the CO2 started 

interacting with the CFs earlier than the AC, meaning that the sensitivity of CFs towards 

CO2 is stronger than AC, which also explained the better adaptation with the flow speed in 

the previous description. 
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Figure 4.3. (a) CO2 adsorption behavior of CFs with system temperatures from 240 K to 340 K. (b) 

CO2 adsorption behavior of AC with system temperatures from 240 K to 340 K. (c) CO2 adsorption 
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ratios of CFs and AC with the CO2 velocity of 0.015 Ang/fs at temperatures ranging from 240 K to 

340 K. (d) Interaction distances for each CO2 approaching CF and AC. 

4.3.2 Gas selectivity performance 

As the highest component in air and waste gas, N2 is an inevitable factor to consider 

when designing a CO2 adsorbent. The CO2/N2 selectivity can be used to characterize a CO2 

adsorbent’s effectiveness in such a situation, even though the calculation method for the 

selectivity has not been unified. To estimate the CFs’ effectiveness of CO2 adsorption in 

N2-rich conditions, a mixed gas model was designed (Figure 4.4a). The mixed gas has 120 

gas molecules in total with N2, O2, and CO2 ratios of 52.5%, 32.5%, and 15.0%, 

respectively, where the O2 was used to adjust component ratios in the mixed gas. The gas 

molecules were placed on both sides of the simulation box with two transparent walls to 

prevent them from interacting with the CF tube in the middle before the system reached 

the target temperature. The walls were removed after raising the temperature to room 

temperature, which then allowed the mixed gas molecules to randomly distribute in the 

simulation box and freely interact with the CF tube. The final pattern is shown in Figure 

4.4b. During the process, many N2 molecules were able to interact with or even be captured 

by the CF tube, however, they detached from the CF tube soon, leaving the CF tube mostly 

free of N2 (Figure 4.4e). This was probably because of the weak Van der Waals 

connections between the N2 and the CFs, as well as constant forces from surrounding 

molecules. The same simulation was also performed using AC to further confirm the 

conclusion (Figure 4.4c). As shown in Figure 4.4d, AC evenly captured all three types of 

gas molecules, which is the reason for the empty space around it. Figure 4.4e and f revealed 

the adsorption ratios of the three types of gas molecules within their own types by CFs and 

AC, respectively. Almost no N2 was captured by the CF tube yet nearly 40% of the N2 

molecules were captured by the AC tube. Meanwhile, the same number of CO2 molecules 

were captured by the CF tube and the AC tube, indicating a similar CO2 capacity. Both the 

CF and the AC barely identified O2 from CO2, indicating that the oxygen in both the O2 

and CO2 could serve as the most active site when interacting with the CF and the AC. 

Based on the data we collected and the equation (1), the CO2/N2 selectivity was calculated, 

which was 12.26 for the CF and 0.98 for the AC. These numbers are supposed to be much 

smaller than reality because only a single string of the CF or AC tube was used in the 
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simulations, yet the trend that the CF has a much better CO2/N2 selectivity than the AC can 

be obtained [20]. Overall, using the CF as an CO2 adsorbent reduced the CO2 content in 

the mixed gas by 3.78%, whereas AC only reduced the CO2 content by 0.53% (Figure 

4.4g). Although the CF from paper waste failed in distinguishing O2 and CO2, thanks to 

the excellent CO2/N2 selectivity, it is still considered a promising candidate for CO2 

adsorbents, especially when dealing with waste gas from engines. 

 

Figure 4.3. (a) MD simulation box setup for CFs’ CO2 selectivity in a gas mixture of N2 (two-atom 

molecules in yellow), O2 (two-atom molecules in red), and CO2 (three-atom molecules). (b) Result 

of CF gas adsorption in the gas mixture. (c) MD simulation box setup for AC’s CO2 selectivity in 

the gas mixture. (d) Result of AC gas adsorption in the gas mixture. (e) Adsorption ratios of N2, O2, 

and CO2 in CFs. (f) Adsorption ratios of N2, O2, and CO2 in AC. (g) Concentration changes of N2, 

O2, and CO2 before and after the adsorption simulation using CFs and AC. 

4.4 Conclusions 

As more and more attention is devoted to environmental issues, greenhouse gas control 

has become one of the most important topics in the twenty-first century. Cellulose fiber is 

abundant, green, and low-cost, and possesses a unique structure and a large number of 

useful functional groups towards CO2 adsorption, which may be able to serve as a candidate 
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for efficient decarbonization. Experimentally studying the performance of cellulose fibers 

is time-consuming. Here, a computational study of the cellulose fiber regarding its CO2 

adsorption behavior and potential was conducted. The tolerable CO2 flow speed and the 

most effective working temperature of the cellulose fiber were predicted, and its sensitivity 

towards CO2 and CO2/N2 selectivity were calculated. Compared with traditional activated 

carbon, the cellulose fiber exhibited better adaptability regarding flow speed and 

temperature, a stronger sensitivity towards CO2, and a much larger CO2/N2 selectivity. The 

findings proved the potential of the cellulose fiber being used as CO2 adsorbent and 

provided instructions and predictions on the use of cellulose fiber in this field, paving the 

way towards a carbon-neutral society. 
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Chapter 5. Upcycled CNT/graphene Hybrid from End-

of-life Batteries for Energy Storage 

5.1 Introduction 

Batteries are critical energy storage devices to decarbonize our societies [1-3]. High-

capacity batteries, especially lithium-ion batteries, are in strong demand for electric 

vehicles (EVs) and stationary storage systems [4-6]. However, the disposal of end-of-life 

Li-ion batteries not only causes severe pollution to the environment, but also throws away 

critical materials. Therefore, it is vital to recycle and reintegrate end-of-life batteries into 

the battery supply chain to meet climate change and circular economy goals and to ensure 

good stewardship of critical materials [7,8]. On the other hand, Li-ion batteries are reaching 

their theoretical limits. Lithium-sulfur (Li-S) battery is one of the most promising "post-

Li-ion" energy storage systems due to its high theoretical capacity (1,672 mAh/g) and 

energy density (2,600 Wh/kg) [9-13]. Nevertheless, the sulfur in Li-S battery cathodes 

suffers from an extremely low electrical conductivity and a large volume expansion (78%) 

upon lithiation [14]. Hence, an effective framework that synergistically provides high 

electrical conductivity and excellent volume buffering capability is required to solve these 

challenges in Li-S batteries. 

Today’s Li-ion batteries consist of lithium metal oxide cathodes, carbon (graphite) 

anodes, liquid electrolytes, polymer separators, and metal current collectors [15]. Many 

efforts have been focused on recovery of lithium, cobalt, and nickel from end-of-life Li-

ion battery cathodes [16-18]. Compared to the cathode recycling, anode recycling has been 

largely overlooked. Graphite is commonly used as the anode material in Li-ion batteries 

and the anode graphite is considered a non-renewable resource [19]. Recently we upcycled 

anode graphite into graphene [20]. Graphene, a two-dimensional material made up of 

sheets of carbon atoms with exceptional electrical, mechanical, and thermal properties, has 

the potential to revolutionize industries ranging from healthcare to energy storage devices 

such as batteries [21,22]. However, graphene alone in Li-S batteries cannot encapsulate 

sulfur to increase sulfur loading and buffer volume expansion [23]. Carbon nanotubes 

(CNTs) can load more sulfur because of their tubular structure [24-26]. CNT/graphene 

hybrid nanostructures are anticipated to render the CNT/graphene/sulfur cathode with high 
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conductivity and provide extra storage to load more sulfur and accommodate volume 

expansion. However, most recent studies regarding CNT/graphene composites simply 

mixed the two materials with relatively weak connections, which limited the electrical 

conductivity and mechanical properties. Seamlessly growing CNTs on graphene can 

generate much stronger connections and natural interfaces, allowing electrons to be more 

freely conducted and accommodating more severe deformations such as large volume 

expansions. Both advantages can improve the performance of Li-S batteries. Yet, growing 

CNTs on graphene has been challenging and costly [27]. Chemical vapor deposition (CVD) 

is one of the most commonly adopted methods to grow CNTs on graphene, however, the 

cost-effectiveness of using CVD is debatable and the carbon sources are usually non-green 

[28]. Utilizing low-cost “green” feedstocks is favorable for lowering carbon emission and 

sustaining supply chain. 

Herein, we report an all-green strategy for growing carbon nanotubes (CNTs) on 

graphene. The graphene was upcycled from end-of-life lithium-ion batteries using an 

upgraded, low-cost method and the CNTs were then grown directly on the graphene by 

pyrolyzing cotton as the carbon source and yeast as the catalyst (Figure 5.1). Molecular 

dynamics (MD) simulations unveiled the seamless structure of multi-wall CNT on 

graphene and validated the true catalytic component in yeast for the first time. When being 

used in a Li-S battery cathode, the graphene provided a highly conductive network while 

the CNTs enabled high sulfur loading and volume buffering, rendering the battery with 

high capacity, high stability, and long lifespan. Such all-green CNT/graphene strategy 

presents new pathways to upcycling batteries to second life. 
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Figure 5.1. Schematic for upcycling end-of-life Li-ion battery anode graphite into graphene and 

growing CNTs on graphene to construct Li-S batteries. 

5.2 Methods 

5.2.1 End-of-Life Battery Pre-treatment 

End-of-life batteries were manually disassembled. The cathodes (LiCoO2, etc.) and 

anodes (graphite), together with separators, were collected and smashed into smaller parts. 

The mixture was briefly washed twice with diluted H2SO4 and H2O2 acids and sieved. The 

liquid was collected for Co and Ni recycling and the solid remnant (mixture of graphite 

with impurities and separators) was collected for further processing. 

5.2.2 Upcycling Graphite to Graphene  

End-of-life Li-ion battery anode graphite contains a large number of impurities 

including Cu and Al current collector scraps, remnant Co and Ni salts from cathodes, F-
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containing binders, and leftover S. Such graphite powders were first alkaline washed for 2 

hours at 80 °C using 4N NaOH solutions to partially remove Al and binders and break 

remaining graphite chunks. After filtration and washing with DI water, the powders were 

acid leached for 2 hours at 80 °C using 4N H2SO4 solution mixed with 35% H2O2 solution 

at a volume ratio of 5:1 to remove other impurities such as Co and Ni salts, Cu collectors, 

and most Al collectors. Thereafter, a newly introduced alkaline hydrothermal process was 

conducted using 8N NaOH solutions at 160 °C for 6 hours to further remove stubborn 

binders and Al residuals. This step has not been reported elsewhere and can be added to 

existed battery recycling routines. After filtrated and dried at 80 °C for 12 hours, the 

powders in DI water were shear mixed at 3,600 rpm for 5 hours to produce graphene. The 

graphene concentration was measured to be 1 mg/mL. 

5.2.3 Growing CNTs on Graphene  

The graphene solution was mixed with yeast with a mass ratio of 1:15 by 

ultrasonication at room temperature for 20 minutes. The obtained graphene/yeast solution 

was then frozen for 12 hours and freeze-dried for 12 hours. The freeze-dried powders were 

transported to a homemade steel box and placed at one end of the box, together with a roll 

of 0.35 g cotton cloth at the other end (Figure 5.1). The steel box was transferred into a 

quartz tube furnace, thermally heated to and maintained at 850 °C for 3 hours with Ar flow, 

and then cooled down to room temperature. 

5.2.4 Battery Assembling  

The obtained CNT/graphene powders were mixed with sulfur powders at a mass ratio 

of 1:2 and transferred to an autoclave which was then thermally treated at 155 °C for 12 

hours and at 200 °C for 2 hours to impregnate sulfur into the CNT/graphene powders to 

form CNT/graphene/S composite powders. The as-obtained powders, carbon black, and 

polyvinyl difluoride (PVDF) were mixed with a mass ratio of 90:5:5 in N-methyl-2-

pyrrolidone (NMP) solution to produce a homogeneous slurry. The slurry was coated onto 

a piece of Al foil and dried at 60 °C for 12 hours. Afterward, the CNT/graphene/S coated 

Al foil was punched into circular disks to be used as cathodes. The reference materials 

including commercial graphite (Sigma-Aldrich), recycled end-of-life anode graphite, and 

graphene from the end-of-life anode graphite (upcycled graphene) were treated using the 

same procedures with the same mass ratio of sulfur to make the reference cathodes for 
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comparison. The Li-S coin cells were assembled using the aforementioned cathodes, 

lithium metal anodes, and polypropylene separators (Cellgard 2400). The electrolyte was 

produced by dissolving 1 mol/L lithium bis(trifluoromethanesulfony)imide and 0.4 mol/L 

LiNO3 in an organic solvent of dimethoxyethane + 1,3-dioxolane at a 1:1 vol ratio. The 

amount of electrolyte for each cell was 16 μL. 

5.2.5 Density Functional Theory and Molecular Dynamics Calculations  

The QUANTUMESPRESSO software package was used to perform the density 

functional theory (DFT) calculations with a norm-conserving pseudopotential and with the 

SCAN meta-GGA exchange-correlation functional [29,30]. A gamma k-point mesh was 

used, and the kinetic energy cutoffs for the wave function and charge density were 30 and 

300 Ry, respectively. The models were relaxed using the Broyden-Fletcher-Goldfarb-

Shanno quasi-Newton algorithm [31]. MD calculations were conducted using the 

Largescale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [32]. Models of 

double-layer graphene with twelve doped atoms (potassium, phosphorous, or carbon) in 

the center were constructed to simulate the CNT growth on graphene. The calculations 

were performed using the canonical ensemble (N, V, T), where the absolute temperature 

was raised to 1,123 K (850 °C) in 1.05 ps before successively adding carbon atoms every 

5 ps. The interatomic interactions were described by the reactive force field (ReaxFF) [33]. 

5.2.6 Materials and Structural Characterization  

Scanning electron microscopy (SEM) (FEI Quanta 650 with energy-dispersive X-ray 

spectroscopy (EDS) detector), X-ray diffraction (XRD) (Empyrean Multipurpose X-ray 

diffractometer equipped with Cu Kα radiation (λ = 0.15406 nm)), and transmission electron 

microscopy (TEM) (FEI Titan Transmission Electron Microscope) were used to 

characterize the as-prepared CNT/graphene hybrid nanostructures, reference materials, and 

cathodes. 

5.2.7 Electrochemical Characterization  

A LAND CT2003A battery test instrument was used to conduct galvanostatic 

charge/discharge measurements, including cyclic performance, rate performance, and 

polarization potential. The polarization voltage was calculated using the following 

equation in the test station 

𝑉𝑝 = 𝑉𝑡 − 𝐼𝑅0 − 𝑉𝑜𝑐 (5.1) 
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where 𝑉𝑝 is the polarization voltage, 𝑉𝑡 is the terminal voltage, 𝐼 is the current, 𝑅0 is 

the ohmic resistance, and 𝑉𝑜𝑐 is the open-circuit voltage, which were measured by the test 

station. A CHI 660E electrochemical workstation was employed to conduct the 

electrochemical impedance spectroscopy (EIS) tests in the frequency range from 100 kHz 

through 0.01 Hz with an alternating current (AC) perturbation of 5 mV, as well as the cyclic 

voltammetry (CV) test from 1.5 V to 2.8 V with a scan rate of 0.0001 V/s. Zview software 

was applied to perform the curve-fitting on the EIS test data. 

5.3 Results and Discussion 

5.3.1 Upcycling anode graphite into graphene 

Table 5.1. Element contents after each purification step. 

Element C O Co S Mn Ni F Al Si Na 

Raw graphite (wt%) 60.4 18.3 7.2 4.9 3.3 3.3 1.6 0.8 0.1 0.0 

Leached graphite (wt%) 87.0 4.4 0.0 0.0 0.0 0.0 7.7 0.7 0.0 0.3 

Hydrothermal graphite (wt%) 94.9 3.9 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.5 

  Anode graphite often has impurities consisting of Co, S, Mn, Ni, F, Al, and Si (Table 

5.1). The alkaline and acid leaching treatments removed most impurities of Co, S, Mn, Ni, 

and Si. Follow-up, novel alkaline hydrothermal treatment with concentrated NaOH further 

eliminated stubborn aluminum and binders without using expensive organic solutions, 

which highly increases the cost, or high-temperature treatment [34], which makes 

exfoliation harder by compressing graphite structure, enabling the graphite with a purity of 

more than 94% and swollen structure (Figure 5.3). This novel step has not been reported 

elsewhere and can be added to existed recycling process to achieve high-purity graphite 

and certain applications (eg. high-quality graphene production). With the assistance of both 

hydrogen ions and hydroxide ions, the carbon layer spacing in the treated graphite 

expanded from 0.336 nm to 0.402 nm (19.64% expansion) (Figure 5.2), which facilitated 

the shear mixing exfoliation of the graphite into graphene (Figure 5.3c). The same carbon 

layer spacing has also been found by Zhang et al. [20], where an expansion of 14.7% was 

experimentally observed. The as-obtained graphene consists of both single-layer and 

multilayer graphene with an average edge length of 1 micron. XRD inspection (Figure 

5.3d) revealed graphite (002) peaks from both recycled graphite and the graphene derived 

from it (upcycled graphene), indicating the high purity of the obtained graphene. High-



87 

 

resolution TEM imaging (Figure 5.2c and Figure 5.3f) reveals the high-quality upcycled 

graphene with (002) orientation [35]. 

 
Figure 5.2. TEM image of upcycled graphene. (a) Low-resolution TEM image of a graphene sheet. 

(b) High-resolution TEM image of the circled area in (a). (c) Low-resolution TEM image of another 

graphene sheet. 

The Li-ion intercalation and deintercalation in battery cycling expanded the carbon 

layers of the anode graphite, and the acid/alkaline leaching of recycled graphite further 

expanded the layers [20]. The expanded layers enable more efficient exfoliations to harvest 

graphene. To study the phenomenon, a set models consisting of H+, OH-, and graphene 

layers were established for the density functional theory (DFT) study. The H+ and OH- ions 

are able to insert into the space between two carbon layers, leading to 14.78% spacing 

expansion (from 4.343 Å to 4.985 Å) due to the H+ insertion (Figure 5.3g) and 25.67% 

expansion (from 4.343 Å to 5.458 Å) from the OH- insertion (Figure 5.3h). This explains 

the experimentally observed 19.64% expansion resulting from the acid/alkaline leaching 

and alkaline hydrothermal treatments. 
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Figure 5.3. Characterization and modeling of upcycling graphite into graphene. (a) SEM image of 

recycled graphite (inset: optical image of recycled graphite) before purification. (b) SEM image of 

recycled graphite (inset: optical image of recycled graphite) after purification. (c) Low-resolution 

TEM image of an upcycled graphene sheet (inset: corresponding graphene dispersed in DI water). 

(d) XRD spectra of recycled graphite and upcycled graphene. (e) Carbon EDS map of recycled 

graphite after purification. (f) High-resolution TEM image of an upcycled graphene sheet (inset: 

corresponding FFT image). (g) DFT calculated H+-induced spacing expansion. (h) DFT calculated 

OH--induced spacing expansion. 

5.3.2 Greenly growing CNTs on graphene 

Table 5.2. Direct carbon emission estimation of synthesizing CNT/graphene with different 
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techniques. 

No. Graphene source  CNT source  Carbon emission (gCO2e) Ref. 

1 960 mL C2H2 1305 mL C2H2 2292.18  36 

2 150 mL CH4 6 mL C2H2 8.83  37 

3 200 mL CH4 N/A 3.68  38 

4 1500 mL CH4 250 mL C2H2 280.59  39 

5 60 mL C2H2 500 mL C2H2 566.72  40 

6 150 mL CH4 30 mL C2H2 33.12  41 

7 3.33 mL C2H2 225 mL C2H2 231.07  42 

8 600 mL CH4 15 mL C2H4 11.10  43 

9 150 mL CH4 2 mL C2H2 4.78  44 

10 

11 

12 

N/A 

8000 mL CH4 

4000 mL CH4 

400 mL C2H4 

2000 mL C2H4 

N/A 

1.55  

154.95 

73.6 

45 

28 

46 

Ours N/A 0.3 g Cotton cloth 0.29    

Pyrolysis was employed to grow CNTs on the upcycled graphene (Figure 5.1). 

Graphene/yeast powders were obtained by adding yeast into graphene solution and freeze-

drying the solution. The powders were placed into a homemade steel box together with a 

roll of cotton cloth (or other biomass materials) to provide gaseous carbon during pyrolysis. 

Such eco-friendly approach to growing CNTs on graphene produced less carbon emission 

than other CNT growth methods (Table 5.2). SEM inspection (Figure 5.6a and b) revealed 

that graphene sheets were fully covered with CNTs. It is worth noting that without yeast 

or without the cotton cloth, no CNTs were observed on the graphene after pyrolysis under 

the same conditions, suggesting that yeast is essential for CNT growth as catalyst instead 

of carbon sources. In addition, if pyrolysis temperature was below 850 °C and/or pyrolysis 

time was less than 3 hours, CNTs were not fully developed. Tubular CNTs (Figure 5.6c) 

provide storage room for sulfur loading. HRTEM inspection unveiled that the CNTs have 

diameters of 20 – 60 nm and lengths of several microns with 20 – 30 wall layers. XRD 

inspection (Figure 5.4) revealed that the CNT/graphene hybrid nanostructures are of high 

purity without preferred orientation. TEM imaging (Figure 5.6d and e) revealed that the 

CNTs grew seamlessly on the graphene with the base of concentric carbon rings which 

were validated by MD simulations (Figure 5.6h). This CNT/graphene hybrid 

nanostructures provide unobstructed paths for electron and ion transportation, enabling 

superlative electrical conductivity. 
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Figure 5.4. XRD pattern of the CNT/graphene material. 

The CNT growth started with carbon buds where K and P were detected (Figure 5.5). 

K was thought as the main catalytic element in yeast, whereas P was suspected to be 

irrelevant in the catalytic process since it was homogeneously distributed [47]. To explore 

the function of P, point elemental detections were conducted along individual CNTs 

(Figure 5.6f). Clearly, both K and P are proportional to the distance from the tips of the 

CNTs, indicating that not only K but also P could have provided catalytic functions to the 

CNT growth. Moreover, the concentrations of K and P have a constant atomic ratio of 

around 1.5:1, and no other element was detected except for C and O. Therefore, it is rational 

to believe that the true catalyst in yeast is a mixture of K2HPO4 and KH2PO4 with K to P 

atomic ratio of 1.5:1, which are commonly used in yeast production [48]. Since K2HPO4 

and KH2PO4 both have low melting points, during the catalytic process, they melted on the 

graphene sheet surface to provide beds for carbon atoms to deposit and precipitate out into 

tubular CNTs. A study [49] suggests that tubular CNTs are usually synthesized when 

catalysts are in the liquid form whereas bamboo-like CNTs are formed when catalysts are 

in the solid form. The obtained CNTs (Figure 5.6c) exhibited tubular structure, suggesting 

that the catalysts were in liquid form when the reaction happened, which explained why 

solid catalyst particles were not found in the obtained CNTs. 
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Figure 5.5. EDS maps of CNT buds on yeast/graphene. (a) SEM image of the CNT buds. (b) 

Carbon map of the CNT buds. (c) Potassium map of the CNT buds. (d) Oxygen map of the CNT 

buds. (e) Phosphorus map of the CNT buds. 

MD simulations (Figure 5.7) unveiled that only P was able to stimulate CNT growth, 

suggesting that P probably provided the catalytic function whereas K could serve other 

functions. This conclusion is reported for the first time and different from the previous 

study, where K was considered the catalyst [47]. It is worth noticing that the catalytic 

function of P only happens when P is doped in the graphene matrix. The P doping can be 

evidenced by the X-ray photoelectron spectroscopy (XPS) data published elsewhere, where 

a peak between the C-O peak (286.2 eV) and the C-C peak (284.7 eV) was neglected by 

the author, which related to the C-P bond [50]. Therefore, the CNT growth can be grouped 

into four stages: 1) P-containing salts from yeast were deposited on graphene, 2) P-

containing salts melted when temperature rose up, 3) P doped into the graphene matrix 

after melting, and 4) doped P atoms captured carbon atoms from the carrier gas to form 

CNTs. When only carbon atoms were used in the model (a control model), no CNT formed, 

suggesting that only P-doped graphene can stimulate CNT growth. As an example, the 

twelve P atoms in graphene matrix yielded a multilayer CNT (Figure 5.6g). Most P atoms 

remained at the bottom of the CNT as experimentally observed (Figure 5.6f). Sectional 
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views (Figure 5.6g) showed a series of similar concentric rings, which were also 

experimentally seen under TEM (Figure 5.6e). The CNT walls consist mostly of C-

hexagons (126) with a small number of C-pentagons (47) and C-heptagons (26) (Figure 

5.6h). An inverse FFT (IFFT) image of the as-grown CNT (Figure 5.8) exhibited a similar 

structure that contained 239 C-hexagons and 33 C-pentagons and 27 C-heptagons (Figure 

5.6h), which are in consistent with the simulation results. 

 

Figure 5.6. Characterization and modeling of growing CNTs on graphene. (a) SEM image of the 

CNT/graphene hybrid nanostructures (inset: CNT/graphene hybrid powders). (b) High-resolution 

SEM image of the CNT/graphene hybrid nanostructures. (c) TEM image of the as-obtained CNTs. 

(d) TEM image of the CNTs on graphene sheets. (e) High-resolution TEM image of the CNTs on 
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graphene sheets (inset: high-resolution TEM image of the joint between the CNT and graphene). 

(f) Point elemental detections of a CNT. (g) MD simulations showing CNT growth on graphene 

with P as the catalyst. (h) Number of different carbon rings of the simulated outer CNT wall layer 

from the MD simulations and experimentally measured carbon rings from a randomly chosen area 

of a CNT wall. 

 

Figure 5.7. MD simulations of CNT growth with double-layer graphene as substrate and 

phosphorus as catalyst (Green: phosphorus, red: original carbon, blue: inserted carbon). (a) Initial 

model. (b) Model with 200 carbon atoms inserted. (c) Model with 400 carbon atoms inserted. (d) 

Model with 600 carbon atoms inserted. (e) Model with 800 carbon atoms inserted. (f) Model with 

1000 carbon atoms inserted. (g) Model with 1200 carbon atoms inserted. (h) Model with 1400 

carbon atoms inserted. 

 

Figure 5.8. Different types of carbon rings on a randomly chosen area of a CNT wall. (a) Inverse 
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FFT image of a defective CNT wall (inset: FFT image). (b) Highlighted inverse FFT image of 

different carbon rings (Blue: C-pentagon, red: C-hexagon, green: C-heptagon). 

5.3.3 Electrochemical characterization and discussion 

The CNT/graphene hybrid nanostructures loaded with sulfur was used to construct the 

Li-S battery cathode with a piece of polypropylene separator and a piece of Li metal anode. 

For comparison, commercial graphite, recycled graphite, and upcycled graphene were also 

loaded with sulfur to construct reference Li-S battery cathodes. The CNT/graphene battery 

showed a typical charge/discharge cycle with obvious double stages during discharge at a 

current rate of 0.5 C (Figure 5.12a). During discharging, four stages were observed 

denoting I through IV to describe the transformation of solid sulfur to S8
2- (stage I), S8

2- to 

S6
2- and S4

2- (stage II), S4
2- to Li2S2 (stage III), and Li2S2 to Li2S (stage IV). For charging, 

three stages appear to occur denoting V, VI, and VII to exposit the conversion of Li2S to 

low-order polysulfides (stage V), low-order to high-order polysulfides (stage VI), and high-

order polysulfides to solid sulfur (stage VII). These stages can be corresponded to the peaks 

in the CV curves of the CNT/graphene battery (Figure 5.12b). 

The CV tests were carried out on the CNT/graphene battery (Figure 5.12b) and the 

reference batteries (Figure 5.9 a, b, and c) before cycling, at the 5th cycle, 50th cycle, and 

200th cycle. All CV curves possess two peaks in the cathodic curve and one peak in the 

anodic curve without any abnormal peaks, indicating common Li-S battery cycling 

behaviors without side reactions. The peaks (1) and (2) in the cathodic curve correspond 

respectively to the second plateau (stage III) and the first plateau (stage I) in the typical 

charge/discharge cycle. The peaks (3) in the anodic curve correspond to stages V and VI 

in the typical charge/discharge cycle. The peak intensities of the CNT/graphene battery 

first drastically decrease and then increase, which matches the battery cycling performance 

(Figure 5.12e). Comparing the peak positions and intensities of all the batteries, the 

CNT/graphene battery is comparable with the commercial graphite battery, and better than 

the recycled graphite battery and the upcycled graphene battery. This is probably because 

the structure of the CNT/graphene hybrid was restored during the high-temperature 

treatment, which enabled better stability than the recycled graphite and upcycled graphene.  

EIS testing was conducted on the CNT/graphene battery (Figure 5.12c) and the reference 

batteries (Fig. 5.9 d, e, and f) to further study the functionality of CNT/graphene hybrid in 
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its Li-S battery. All EIS tests were performed when the batteries were fully charged. For 

each battery, the impedance data before cycling, at the 5th cycle, 50th cycle, and 200th cycle 

were studied. Most EIS patterns, including the test on batteries before cycling, exhibited 

two semicircles at the high-frequency regime and intermediate-frequency regime and a 

straight line at the low-frequency regime. All newly assembled batteries were stood for 6 

hours before testing, during which solid electrolyte interface (SEI) started to form. This 

was the reason for several fresh batteries showing the two-semicircle pattern. The intercept 

between the first semicircle and the x-axis can be denoted as Rint, which is the internal 

resistance contributed by the electrodes, the electrolyte, and the interfaces between them. 

The first semicircle at the high-frequency regime can be noted as a resistor and a capacitor, 

where the resistor can be written as RSEI, which is the resistance of Li ions passing through 

the SEI. The second semicircle at the intermediate-frequency regime can also be identified 

as a resistor and a capacitor, of which the resistor is known as Rct, which is the charge-

transfer resistance. Both resistances can be obtained by calculating the diameters of the 

semicircles. The straight line at the low-frequency regime is the Warburg impedance, 

which corresponds to the ion diffusion-limited condition. All batteries exhibited big 

semicircles before cycling, indicating the existence of passivation layers on some of the Li 

metal anodes blocking Li-ions and electrons. After cycling, the semicircles largely 

diminished, illustrating the removal of these passivation layers. Overall, the CNT/graphene 

battery exhibited the surprisingly low and stable RSEI comparing with the rest of the 

batteries, meaning that the formation of SEI on CNT/graphene cathode was efficient and 

of high quality. The comparable Rint and RCT of the CNT/graphene battery with the 

commercial graphite battery also illustrated the good electrochemical quality of the 

CNT/graphene material. 
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Figure 5.9. CV and EIS curves of reference batteries. (a) CV curves of the commercial graphite 

battery at the 0th, 5th, 50th, and 200th cycles. (b) CV curves of the recycled graphite battery at the 0th, 

5th, 50th, and 200th cycles. (c) CV curves of the upcycled graphene battery at the 0th, 5th, 50th, and 

200th cycles. (d) EIS plot of the commercial graphite battery at the 0th, 5th, 50th, and 200th cycles. (e) 

EIS plot of the recycled graphite battery at the 0th, 5th, 50th, and 200th cycles. (f) EIS plot of the 

upcycled graphene battery at the 0th, 5th, 50th, and 200th cycles.  

Table 5.3. Curve fit data of EIS tests. 

  Commercial graphite Recycled graphite Upcycled graphene CNT/graphene 

 5th  50th  200th  5th  50th 200th  5th  50th  200th  5th  50th  200th  

Rint (Ohm) 14.33 10.92 13.37 14.69 12.94 14.25 13.05 9.481 18.13 12.4 11.08 13.75 

RSEI (Ohm) 25.68 26.74 24.95 25.06 10.85 28.34 15.96 6.378 13.4 9.576 8.01 8.764 

RCT (Ohm) 5.628 5.043 8.654 13 5.196 7.425 5.343 8.054 7.307 6.71 13.99 3.625 

To quantify impedance changes, curve fitting was performed to the EIS data at the 5th 

cycle, 50th cycle, and 200th cycle (Figure 5.10), and the results are summarized in Table 

5.3. All Rint values are stable and similar, indicating that the CNT/graphene would not 

increase the internal resistance. The RSEI values were calculated following [51], 

𝑅𝑆𝐸𝐼 =
𝜌𝑙

𝑆
(5.2) 

where 𝜌 is the conductivity of the SEI layer, 𝑙 is the thickness, and 𝑆 is the surface area. 

All batteries had similar SEI conductivities and thicknesses since they all used the same 

electrolyte and active materials, indicating that the RSEI is inversely proportional to the 

surface area. Compared with graphene-based batteries, the commercial graphite battery and 

recycled graphite battery exhibited higher RSEI because graphite has smaller surface area 
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than graphene. Between the graphene-based batteries, the upcycled graphene battery has 

higher RSEI than the CNT/graphene battery because the CNTs contributed extra surface 

areas. The recycled graphite battery and upcycled graphene battery exhibited significant 

RSEI instability (25.06 Ω to 10.85 Ω to 28.34 Ω) and (15.96 Ω to 6.378 Ω to 13.4 Ω), 

respectively, which could be ascribed to that both recycled graphite and upcycled graphene 

were structurally damaged due to previous battery operations and recycling/upcycling 

process. Therefore, the SEI layers formed on the recycled graphite and upcycled graphene 

were unstable, leading to the observed variations. The high-temperature treatments were 

able to heal the damaged structure as seen in the CNT/graphene battery which did not show 

such variation. These conclusions can also be used to explain the Coulombic efficiency of 

the batteries, which will be discussed in the cycling performance section. The Rct values 

were calculated following [52], 

𝑅𝑐𝑡 =
𝑅𝑇

𝐹2𝐴𝑘𝑠𝑥0.5(1 − 𝑥)0.5
(5.3) 

where 𝑅  is the molar gas constant, 𝑇  is the absolute temperature, 𝐹  is the Faraday 

constant, 𝐴  is the total electroactive surface area, 𝑘𝑠  is the standard exchange rate 

constant, and 𝑥 is the intercalation level. As all the batteries were in fully charged status, 

they had similar 𝑥 (approaching 0) and 𝑇values. Therefore, the only changeable term is 

the total electroactive surface area 𝐴, which is related to the passivation layer thickness 

and potential difference. In most observed cases, the Rct values slightly decreased and then 

slightly increased because the passivation layers on the electrodes were thinner (higher 𝐴) 

in the initial stabilization stage and then became thicker (lower 𝐴) in the accumulation 

stage. However, the upcycled graphene battery and the CNT/graphene battery showed an 

initial increase and then decrease in Rct, which was probably ascribed to the uneven 

distribution of the passivation layers, resulting in an abnormally low value. The uneven 

distribution of the passivation layers in turn led to large polarizations in these two batteries, 

which were seen in their CV patterns. 
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Figure 5.10. Curve fitting patterns of the EIS data of the batteries at the 5th, 50th, and 200th cycles. 

Red: the commercial graphite battery; Green: the recycled graphite battery; Yellow: the upcycled 

graphene battery; Blue: the CNT/graphene battery. 

Rate abilities of all the batteries were tested after running 100 cycles for stabilization. 

Current rates of 0.2 C, 0.4 C, 0.8 C, and 1.6 C were used in this study (Figure 5.12d). 

Among all batteries, the recycled graphite battery exhibited the highest retention rate 

(64.54% from 649.836 mAh g-1 to 419.418 mAh g-1) when the current rate was octupled 

from 0.2 C to 1.6 C because the layers that were previously expanded before recycling 

were able to tolerate large sulfur volume expansion even at a high current rate [53]. The 

upcycled graphene battery showed the lowest retention rate (36.12% from 701.185 mAh g-

1 to 253.271 mAh g-1) when the same current rate increment was applied. This was because 

graphene could not buffer sulfur volume change [23,54]. The CNT/graphene battery 

revealed a retention rate of 57.33% from 737.88 mAh g-1 to 423 mAh g-1, which is higher 

than the commercial graphite battery (53.14% from 539.64 mAh g-1 to 286.752 mAh g-1). 

This indicates that CNTs on graphene were able to accommodate sulfur volume expansion 

more effectively than pure graphite [55,56]. Additionally, the CNT/graphene battery 

exhibited higher specific capacities than other batteries since the CNTs were capable of 

loading more sulfur. The specific capacities of all the batteries were fully recovered when 

the operation rate returned to 0.8 C. 
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Table 5.4. Battery performance of CNT/graphene batteries using different methods and graphene 

types. 

No. Initial Capacity 

Fading 

Rate Lifespan Sulfur Loading 

Columbic 

Efficiency Method 

Graphene 

Type Ref. 

1 1121 mAh g-1 0.120% 150 77 wt% 91.0% CVD Graphene 28 

2 1048 mAh g-1 0.041% 1000 50 wt% 99.0% Mix Graphene 57 

3 1152 mAh g-1 0.300% 80 1.0 mg cm-2 N/A CVD Graphene 58 

4 1299 mAh g-1 0.484% 100 75 wt% 98.0% Mix rGO 59 

5 1040 mAh g-1 0.310% 100 4.5-5.5 mg cm-2 96.0% Mix rGO 60 

6 1084 mAh g-1 0.055% 800 3.3 mg cm-2 97.0% Mix Graphene 61 

7 1067 mAh g-1 0.240% 100 2.0 mg cm-2 95.0% Mix Graphene 62 

8 948 mAh g-1 0.185% 200 4.0 mg cm-2/50 wt% 94.4% Mix Graphene 63 

9 1179.6 mAh g-1 0.085% 200 80.1 wt% 91.0% Mix rGO 64 

Ours 1151.2 mAh g-1 0.042% 1500 2.18 mg cm-2/64.9 wt% 97.0% Pyrolysis Graphene   

The CNT/graphene battery with a sulfur loading of 2.18 mg cm-2 (64.9 wt%) exhibited 

an initial discharge capacity of 1,151.2 mAh g-1 with a lifespan over 1,500 times at a current 

rate of 0.5 C (Figure 5.12e). For comparison, the commercial graphite battery, recycled 

graphite battery, and upcycled graphene battery with respective sulfur loading of 1.84 mg 

cm-2 (44.6 wt%), 1.87 mg cm-2 (43.2 wt%), and 2.13 mg cm-2 (47.7 wt%) were also tested 

(Figure 5.11). The initial capacities were found to be proportional to the sulfur contents in 

the electrodes (Figure 5.13a). It is worth noting that all the carbon-based cathode materials 

were mixed with the same amount of sulfur with a carbon/sulfur mass ratio of 1:2, yet only 

the CNT/graphene hybrid could achieve 64.9 wt% sulfur loading whereas others could only 

hold no more than 48 wt% sulfur. This indicates that the CNTs on graphene provided extra 

room to load more sulfur. As the result, the commercial graphite battery failed at the 926th 

cycle, which is much longer than the recycled graphite battery’s 405 cycles and the 

upcycled graphene battery’s 519 cycles, yet shorter than the CNT/graphene’s 1,500 cycles. 

Upon growing CNTs on graphene, the graphene’s defects were healed and the CNTs were 

able to accommodate sulfur volume change, jointly rendering the battery with a much 

longer lifespan. Compared with other CNT/graphene Li-S batteries, our 1,500-cycle 

lifespan is still the longest (Table 5.4). The commercial graphite battery and 

CNT/graphene battery were found to be more stable than the recycled graphite battery and 

the upcycled graphene battery. The CNT/graphene battery exhibited a capacity fading rate 

of only 0.042% per cycle, which is lower than the commercial graphite battery (0.047% 
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per cycle), the recycled graphite battery (0.188% per cycle), and the upcycled graphene 

battery (0.090% per cycle). This result is also better than most of the CNT/graphene Li-S 

batteries (Table 5.4). The Coulombic efficiency revealed intriguing findings. The 

Coulombic efficiency is largely related to the distribution of Li ions during operation, 

which are one of the necessary ions to form SEI layers [65]. Owing to the damaged 

structures of the cathodes in the recycled graphite battery and the upcycled graphene 

battery, the SEI layers on the cathodes were also unstable, leading to lower and more 

fluctuated Coulombic efficiencies than the commercial graphite battery and CNT/graphene 

battery, in consistent with the RSEI results from the EIS section, where the RSEI values of 

the recycled graphite battery and upcycled graphene battery were varied with cycle number. 

Additionally, because the CNT/graphene battery has the lowest RSEI, its Coulombic 

efficiency was the highest and maintained above 97% during its entire lifespan. 
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Figure 5.11. EDS maps of all cathodes. (a) EDS map of the sulfur-infiltrated commercial graphite 

cathode. (b) EDS map of the sulfur-infiltrated recycled graphite cathode. (c) EDS map of the sulfur-

infiltrated upcycled graphene cathode. (d) EDS map of the sulfur-infiltrated CNT/graphene cathode. 

Polarization potentials of the CNT/graphene battery and the commercial graphite 

battery were collected to evaluate the level of polarization within these batteries (Figure 

5.13b). A large polarization of 0.64 V was detected at the first cycle of the commercial 

graphite battery, which is much larger than that of the CNT/graphene battery’s 0.34 V. 

During the entire lifetime of the commercial graphite battery, the polarization was also 

stronger than the CNT/graphene battery, which indicated that the reaction rate and the ion 

diffusion rate in the electrolyte of the CNT/graphene battery were much higher than the 
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commercial graphite battery. This evidenced that the CNT/graphene composite possessed 

better interfaces to facilitate sulfur reactions and connect the sulfur and the electrolyte, 

agreeing well with the expected functionality of the CNT/graphene hybrid. 

 

Figure 5.12. Characterization of battery performance. (a) Charge/discharge cycle of the 

CNT/graphene battery. (b) CV curves of the CNT/graphene battery. (c) EIS patterns of the 

CNT/graphene battery (inset: equivalent circuit of the patterns). (d) Rate performances of the 
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CNT/graphene battery and the reference batteries. (e) Cycling performance of the CNT/graphene 

battery. 

 
Figure 5.13. (a) Discharge cycling performances and Coulombic efficiencies of the batteries 

studied. (b) Polarization potential of the CNT/graphene battery and the commercial graphite battery. 

5.4 Conclusions 

End-of-life Li-ion battery anode graphite found its second life in Li-S battery cathodes 

by upcycling the anode graphite into graphene which was then used as the substrate to grow 

CNTs by pyrolyzing cotton as the carbon source and yeast as the catalyst to form 

CNT/graphene nanostructures. In the sulfur infiltrated CNT/graphene cathodes, the 

graphene provided a highly conductive network while the CNTs enabled high sulfur 

loading and volume buffering, rendering the battery with high capacity, high stability, and 

long lifespan. Additionally, the CNT/graphene nanostructures should find applications in 

an extensive range of fields such as reinforcements in composites. The all-green 

CNT/graphene hybrids present new pathways to circular economy. 
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Chapter 6. Summary and Future Work 

In this dissertation, two types of waste carbon-based materials, paper waste and spent 

Li-ion battery anodes, were recycled and/or upcycled into high value-added carbon 

materials for energy storage and decarbonization. Based on the chosen waste materials and 

the depth of the study, the research thrusts of this dissertation were placed on the following 

aspects: (1) recycled cellulose fibers (CFs) from paper waste for energy storage; (2) 

mechanism study of recycled CFs in Li-S batteries; (3) use of recycled CFs for carbon 

dioxide adsorption; (4) upcycled CNT/graphene hybrid from end-of-life batteries for 

energy storage. The completion of these research activities brought insights into deriving 

valuable carbon materials from waste and explored possible applications for energy storage 

and carbon neutrality, paving the way towards a waste-to-wealth society. 

6.1 Summary of Contribution and Significance 

Paper waste as one of the most commonly seen carbon waste is usually recycled for a 

second life, yet the CFs within the paper waste may hold the key to addressing both energy 

and environmental issues. In Chapters 2, 3, and 4, CFs from paper waste played a major 

role in energy storage and potentially in decarbonization. The working mechanism of the 

CFs in Li-S batteries was investigated to further provide guidance on using CFs in energy 

storage. Another impending challenge is the expanding Li-ion battery market-induced end-

of-life battery disposal problem. In Chapter 5, spent Li-ion battery anodes were chosen as 

another carbon waste to be recycled and upcycled into graphene for energy storage use. 

Specifically, in Chapter 2, CFs were successfully extracted from paper waste 

experimentally via a simple alkaline treatment. The CFs were carefully washed and then 

coated on commercial polypropylene (PP) separators. The separators were inserted to 

replace the commercial separators in Li-S batteries as the functional groups on CFs were 

expected to lose their H-ion during battery operation to prevent the polysulfide shuttle 

effect and improve Li-ion’s even distribution when traveling. By comparing with the 

battery without CFs, as expected, the CF-enabled battery performance and the post-failure 

analysis jointly evidenced the positive functions of CFs in Li-S batteries. As a result, the 

Li-S battery with the recycled paper CF-coated separator exhibited a lifespan of over 800 

cycles with a capacity retention rate of 71.69 % and nearly no capacity decay after the 



112 

 

initial formation cycles, which is much better than the battery without the CF-coated 

separator. The finding demonstrates that renewably-produced, cellulose fiber-coated 

polypropylene separators can simultaneously reduce the shuttle effect and degradation of 

lithium, paving the way towards commercially viable and environmentally-friendly 

lithium-sulfur batteries. 

To further study the working mechanism of CFs in Li-S batteries, in Chapter 3, a series 

of computational studies was conducted. The CF function towards Li ions distribution and 

polysulfides’ repulsion was separately discussed. Molecular dynamic (MD) simulation 

unveiled that CF could slow the polysulfides down by generating a repulsive force to them, 

whereas PP did not show such behavior. The simulation also revealed that CF could 

efficiently redirect Li ions such that the distribution of the Li ions was more even, which 

prevented the fast growth of dendritic Li. The CF losing H-ion during battery operation 

was also proven by the MD study. More specifically, it was found in the MD simulations 

that CF lost a couple of H+ when an electric field was applied to the simulation box. Lastly, 

a series of density functional theory calculations were performed to estimate the interacting 

energy between the ions and the CF, which was much larger than that between the ions and 

the PP. The findings in this chapter exhibited the working mechanism of the CF in the Li-

S battery, shedding light to the following research that uses CF in energy storage. 

The previous two chapters have evidenced that the CF from paper waste possesses a 

large potential in the energy field, which brought curiosity if this material had other 

potential. In Chapter 4, the potential of the CF in decarbonization was explored using 

computational approaches. It was revealed by a series of MD simulations that the CF was 

able to adsorb CO2 in a mixed gas condition. The CO2/N2 selectivity of the CF was 

predicted to be much higher than activated carbon (AC), one of the most commonly used 

CO2 adsorbents. Meanwhile, the most effective working temperature and a tolerable 

velocity of gas flow were also estimated by the simulation. The findings added more 

possibilities of using the CF from paper waste and the guidance of the most promising 

working conditions. 

Apart from paper waste recycling, many other carbon-based waste materials also are 

worth studying. Due to the expanding Li-ion battery market, end-of-life Li-ion batteries 

make a perfect target to recycle and the carbon material in it is graphite in their anodes. In 
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Chapter 5, a novel recycling process was designed and performed for graphite anodes. To 

further upgrade the material, the recycled graphite was used to produce graphene via shear 

mixing. Graphene is usually not able to be directly used in Li-S batteries, therefore, a green 

approach to grow CNTs on graphene was successfully conducted to prepare a 

CNT/graphene hybrid for Li-S batteries. When being used in a Li-S battery cathode, the 

graphene provided a highly conductive network while the CNTs enabled high sulfur 

loading and volume buffering, rendering the battery with high capacity, high stability, and 

long lifespan. The CNT/graphene constructed battery exhibited longevity of over 1,500 

cycles with a capacity fading rate of 0.042% per cycle and a steady Coulombic efficiency 

of over 97%. The all-green CNT/graphene hybrids present new pathways to upcycling 

batteries to second life. 

6.2 Recommendations for Future Research 

While this dissertation has investigated the two carbon-based waste material recycling 

and their applications in energy storage and potentially decarbonization, it also brings 

questions and opportunities for future research. Here, I will summarize several potential 

research opportunities following the research after this dissertation. 

For material-based research, paper waste and spent battery anodes are worth further 

exploration. Like other biomass materials, paper waste should also be able to be converted 

into more valuable carbon materials. Nowadays, the graphene market is growing yet most 

graphene production lines use non-renewable sources. Biomass, including paper waste, can 

be a promising feedstock for graphene manufacturing, which can be a future research goal 

to accomplish. The spent battery anodes originally use battery-grade graphite, which has 

the highest quality. Studying the failure reason of this material in Li-ion batteries for better 

recycling in the future can serve as a viable topic and is already slowly ongoing. Most 

studies on recycling anode graphite focus on purification, yet some applications can take 

advantage of the impurities within the battery anodes, which are also worth investigating. 

Moreover, searching for more recyclable carbon waste is tedious but meaningful for a 

sustainable and high-tech society in the future. Following the discovery of recyclable 

carbon waste categories, a universal recycling method should also be proposed in the future. 

For application-based research, although an improved Li-S energy storage 

performance was achieved by inserting CFs or applying CNT/graphene hybrid to the 
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batteries, it remains challenging to accelerate Li-S batteries to the market mostly due to the 

challenges this dissertation was trying to address. Inserting CFs in Li-S batteries can 

prevent both polysulfide shuttling and dendritic Li growth to some degree, yet it adds 

weight and thickness to the system, which is not favorable for commercialization. A lighter 

and thinner form of the CFs from paper waste can be explored in the future, such as 

cellulose nanofibrils. On the other hand, the CNT/graphene hybrid was able to 

accommodate sulfur expansion while providing high electric conductivity, however, it did 

not provide much help with the polysulfide shuttling and dendritic Li growth. The 

functionalization of the CNT/graphene hybrid is a promising route in the future to further 

improving the Li-S battery performance by providing extra functions onto polysulfides and 

Li-ions while keeping current advantages. Refining the preparation method of the 

CNT/graphene can be another research goal in the future to push up the production rate of 

this material, such as a roll-to-roll method. As for the decarbonization application of the 

CFs, preliminary guidance is given in this dissertation, therefore, finding a way to realize 

it can be a viable study in the future. 


