
ABSTRACT 

JIANG, HAN. Centrifugally-spun Nanofibers and Their Energy Storage Applications. 

(Under the direction of Dr. Xiangwu Zhang). 

Electrospinning is currently the dominating method to produce carbon nanofibers. However, 

it is bottlenecked by various drawbacks: (1) low production rate, (2) complexity of device 

scale-up, and (3) relatively high production cost. Centrifugal spinning, on the other hand, is 

featured by its several magnitudes higher production rate, without the application of high 

voltage and ease of scaling-up. 

Carbon nanofiber (CNF), a typical one-dimensional nanomaterial, is featured by its high 

specific area, high aspect ratio, good conductivity and mechanical properties. Typical 

applications of CNFs can be found in areas such as energy storage, sensor, catalyst and 

biological scaffold. The combination of electrospun CNFs with active materials yields a 

promising category of composite material and such composite can be used as energy storage 

material in lithium-ion batteries or supercapacitors. Lithium-ion batteries have high energy 

density while supercapacitors are featured by high power density. These two systems often 

cooperate with each other, offering high power and energy densities required by the ever 

increasing demand of portable electronics, electric vehicles and hybrid electric vehicles. 

CNF-based materials prepared from electrospinning have been widely studied as electrodes 

for lithium-ion batteries and supercapacitors. However, the low production rate of 

electrospinning greatly hinders the large-scale production of CNF-based materials.   In our 

work, CNF-based materials were prepared by centrifugal spinning combined with subsequent 

heat treatment and were used as electrode materials for both lithium-ion batteries and 



supercapacitors.  The electrochemical performance of CNF-based materials demonstrates that 

centrifugal spinning is a promising alternative to fabricate nanofibers for energy storage 

applications. 
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CHAPTER 1 INTRODUCTION 

1.1 Nanofibers  

Nanofibers, a crucial one-dimensional nanostructure, have attracted much attention due to 

their unique properties and intriguing applications in many areas. Nanofibers acquire 

cylindrical or conical contours with diameters usually less than 1000 nm while the internal 

structure of carbon nanofibers varies and is comprised of different arrangements of modified 

graphene sheets. It is electronically conductive,[1] which can leads to electrochemical 

applications. Tailored carbon nanofibers can serve as matrix material for energy storage 

composite materials, with their excellent mechanical and chemical stability, carbon 

nanofibers can not only contribute to the power output, but also help to enhance cycling 

performance and energy density.[2] 

 

Currently, methods to fabricate nanofibers include but are not limited to bi-component fiber 

spinning [3], phase separation [4], and template synthesis [5]. The resultant nanofibers can be 

applied in filtration [6], tissue engineering [7], drug delivery [8], sensor [9], catalysis [10], 

energy storage [11-16], etc. Figure 1.1 shows various applications of nanofibers with 

different multilevel micro-/nano structures.  
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Figure 1.1. Illustration of nanofibers with multilevel micro-/nanostructures and their 

applications.[17] 

 

 

 

As mentioned above, nanofibers possess unique properties such as high surface-to-volume 

ratio, which helps increase interactions with targeted substrates and offers more anchor sites 

for active materials compared to other micro- to macro-size counterparts. Therefore, it is 

believed that nanofibers are a promising candidate as cutting-edge functional materials. 

 

1.2 Formation of nanofibers 

Among various nanofiber fabrication techniques, electrospinning  is currently the most 

investigated nanofiber preparation method (Figure1.2).[18] In the year of 2012 alone, there 

were over 1400 peer-reviewed journal publications on electrospinning, and more than half of 

the publications focused on the investigation of the electrospinning process and the 
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characterization analysis while the other half concentrated on the innovative applications of 

the resultant electrospun nanofibers.  

 

 

 

 

Figure 1.2. Publication numbers on the subject of electrospinning provided by the search 

engine Scopus (keyword: electrospinning).[18] 

 

 

 

1.2.1 Electrospinning 

The electrospinning method can be considered as a variant of electrospraying.[19] Early in 

1934, Formalas disclosed an apparatus, by utilizing accumulated surface charges on the 

spinning solution surface to fabricate polymer filaments.[20] In early 1990s, D.H. Reneker et 

al. explored the possibility of using electrospinning to fabricate various polymer thin 

fibers.[21] Since then, the word electrospinning was coined and widely used in the academia 

and industry, triggered abundant research interests.  
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Figure 1.3. Schematic representation of a typical laboratory type electrospinning setup.[18] 

 

 

 

A typical laboratory type electrospinning setup is shown in Figure 1.3. It mainly composes of 

three components: a high voltage power supply, a spinneret and a collector. Although the 

electrospinning setup looks quite simple, the actual mechanisms behind are complicated. 

Before 1999, the formation of fibers by electrospinning was often ascribed to the splitting or 

splaying of the electrified jet due to repulsion between surface charges.[21] Recently, 

researchers unveiled that the thinning of a jet during electrospinning is mainly caused by the 

bending instability associated with the electrified jet. D.H. Reneker et al. treated the charged 

liquid jet as “a system of connected, viscoelastic dumbbells”.[22]  

 

Parameters such as solution concentration, viscosity, surface tension and net charge density 

of the polymer jet affect the morphology of the resultant fibers. For example, solution 
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concentration is considered as a major factor that affects the fiber diameter. In general, fiber 

diameter increases with increasing solution concentration. The morphology of fibers also has 

a strong dependence on solution viscosity and surface tension.[23, 24]  

 

1.2.1.1 Related work 

Modifications of the electrospinning setup have been proposed to enhance the applicability of 

electrospinning. For instance, relatively large areal nanofiber webs have been collected by 

introducing a rotating drum into the setup (Figure 1.4).[25, 26] Many other electrospinning 

systems have also been designed such as rotary cone combining with needleless spinneret. 

However, the complex system setup still remains as a headache for industrial scale-up.[27, 28] 

 

 

 

 

Figure 1.4. Schematic of a rotating drum type electrospinning setup.[29] 

 

 

 

Various polymers such as polyacrylonitrile (PAN) [30], poly(methyl methacrylate) [31] and 

polystyrene [32] have been successfully electrospun into fine fibers. At the same time, 
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structural variations of nanofibers, including core-shell nanofibers [26], multilayered fibers 

[29], hollow fibers [33] (Figure 1.6) have been designed and fabricated by modified 

electrospinning and applied to different areas. 

 

 

 

 

Figure 1.5. (A) Schematic of a spinneret containing two coaxial capillaries in a modified 

electrospinning setup. (B) TEM image of the as-spun hollow nanofibers with amorphous 

TiO2/ polyvinylpyrrolidone composite as the wall.[26] 

 

 

 

Recently, Xia et al. prepared hollow nanofibers by the electrospinning of two immiscible 

liquids through a coaxial, two-capillary spinneret, followed by selective removal of the 

cores.[33] Figure 1.5 (A) shows the setup for the modified electrospinning setup while Figure 

1.5 (B) shows the TEM image of the resultant core-shell nanofibers. Dark walls and bright 

core were observed, indicating successful attempt to fabricate the core-shell structural 

nanofibers by electrospinning. Figure 1.6 shows the morphology of the anatase hollow fibers. 

By changing experiments parameters, the nanofiber size and wall thickness could be altered.  
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Figure 1.6. SEM image of a uniaxially aligned array of TiO2 hollow fibers.[33] 

 

 

 

Figure 1.7 shows the multichannel tube morphology prepared by Jiang and co-workers by 

utilizing multifluidic compound jet electrospinning technique.[34] An ethanol solution of 

Ti(OiPr)4 and poly(vinyl pyrrolidone) was used as outer liquid, while a commercially 

available innocuous paraffin oil was selected for inner liquid. Subsequent thermal treatment 

removed the paraffin oil, leading to the formation of multichannel hollow nanofibers.  

 

A novel TiO2 nanowire-in-microtube structure was recently reported by Jiang’s group.[35] 

By adding a proper middle fluid as a protective fluid, which acts as spacer between the core 

fluid and shell fluid, even mutually miscible fluids can be made into cole-shell nanofibers. 

Figure 1.8 shows the cross-sectional SEM and TEM images of the resultant nanowire-in-

nanotube nanofibers. 
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Figure 1.7. SEM images of multichannel tubes with various numbers of channels: (a) two, (b) 

three, (c) four and (d) five. The inset in each figure shows the cross section illustration of the 

spinneret used to fabricate the tube. Scale bars are 100 nm.[34] 

 

 

 

 

Figure 1.8. (Left) Cross-sectional SEM image of the TiO2 fibers, showing the nanowire-in-

nanotube structure. (Right) TEM image of a single fiber showing a continuous nanowire in 

the microtube.[34, 35] 
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Taking advantage of  nanofibers’ unique properties, applications such as filtration [36], 

adhesives [37] were extensively reported for electrospun nanofibers. By providing 3-D 

environment for cells and tissues to grow, electrospun fibers have also been applied to tissue 

engineering field.[38, 39] For instance, antibiotics, anticancer agents, proteins, DNA, and 

RNA can be incorporated into electrospun scaffolds.[40, 41] Protective textiles with better 

thermal insulation, chemical resistance can also be fabricated based upon electrospun 

nanofibers.[42, 43] By doping different kinds of additives into electrospun fibers, 

applications can also be found in ultrasensitive sensors for acoustic, resistive, photoelectric, 

optic resources.[9, 44, 45] 

 

1.2.2 Multi-component fiber spinning  

Spinning immiscible polymer blends offers a facile approach to generate fibers with 

diameters as small as tens of nanometers. F.S. Bates et al. reported the fabrication of island-

in-the-sea polymer fibers by using melt-blowing method, followed by selectively removal of 

the majority phase (sea) with a solvent to form nanofibers.[3] Figure 1.9 shows the schematic 

of nanofiber formation by melt-blowing.  
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Figure 1.9. Schematic of islands-in-the-sea fiber fabrication by melt blowing.[3] 

 

 

 

Kumar and co-workers reported CNT reinforced PAN nanofibers prepared by the removal of 

the sea component from the island-in-the-sea precursor nanofibers, where CNT–reinforced 

PAN is the island and poly methyl methacrylate (PMMA) is the sea.[46] Figures 1.10 and 

1.11 show the schematic, formation and SEM images of the CNT-reinforced PAN nanofibers. 
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Figure 1.10. Schematic of an islands-in-the-sea bi-component fiber, where PAN/CNT is the 

island and PMMA is the sea.[46] 

 

 

 

 

Figure 1.11. SEM of bi-component fibers. (a) Low magnification image showing the 

separation of island fibers (PAN/CNT) from the islands-in-a-sea structure while removing 

the sea component (PMMA), and (b) high magnification image of circled region from left 

image showing the separation of individual islands fiber.[46] 

 

 

 

1.2.3 Centrifugal spinning  

Centrifugal spinning, or Forcespinning
TM

, is a recently developed nanofiber forming 

technique and it draws extensive attention mainly due to its high production rate, which is 

500 times faster than traditional electrospinning.[47] Instead of using electrostatic force, 

centrifugal spinning utilizes centrifugal force to realize the high-rate production of 
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nanofibers.[48] Centrifugal spinning can be used to produce nanofibers by using polymer 

solutions or polymer melts, without the dielectric constant limitations and the involvement of 

high voltage electric field. Besides, carbon, ceramic and metal fibers can also be fabricated 

by centrifugal spinning.[28]  

 

1.2.3.1 Working principle 

Figure 1.12 shows a schematic diagram of a laboratory centrifugal spinning device, which is 

mainly composed of a nozzle-contained spinneret, a high-speed motor, which is used to 

rotate the spinneret, a speed controller, which can adjust the rotational speed of the spinneret, 

flexible air foils, which are attached to the bottom of the spinneret to generate air turbulence 

and accelerate the solvent evaporation, and fiber collectors.  

 

The fiber formation process of centrifugal spinning relies upon the competition between 

centrifugal force and Laplace force (arise from surface curvature).[49] During centrifugal 

spinning, the nanofiber formation process can be separated into three stages: (i) jet-initiation 

to induce flow of the polymer solution through the orifice, (ii) jet-extension to increase 

surface area of the propelled polymer stream, and (iii) solvent evaporation to solidify and 

shrink the polymer jet (Figure 1.13).[50] In general, as long as the centrifugal force is able to 

overcome the surface tension of the solution, liquid jet can be ejected from the spinneret 

orifice. The solution jet then undergoes a stretching process, accompanied by rapid solvent 

evaporation, and eventually nanofibers can be collected on the collectors.[51] 

 



13 

 

Figure 1.12. Schematic diagram showing a laboratory setup for centrifugal spinning.[51] 

 

 

 

 

Figure 1.13. Schematic of nanofiber formation during centrifugal spinning: (i) jet-initiation, 

(ii) jet-extension, (iii) solvent-evaporation.[50] 
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1.2.3.2 Impacting parameters 

Parameters that impact the spinning process and the structure of the resultant nanofibers 

include spinneret angular velocity, orifice radius, polymer viscoelasticity (which includes 

viscosity and relaxation time of the material), solution surface tension, solvent evaporation 

rate, temperature and the nozzle-collector distance.[52] 

 

1.2.3.2.1 Solvent evaporation 

Volatility is defined as the capability of a liquid to be vaporized at room temperature and 

pressure. During  centrifugal spinning,  the  solvent  is  evaporated  as  the  jet  is  expelled. If 

the evaporation rate of the solvent is too low, the fibers may be converted into a thin film as 

they deposit on the collector. On the other hand, if the time of solvent evaporation is too 

short, the elongation  process  may  be limited,  without  allowing  the  full  extension  of  the  

polymer  jet,  leading to fibers with large diameters.  

 

1.2.3.2.2 Rotating force 

Two major forces involved in the centrifugal spinning are centrifugal force (Fcentri) and 

friction force (Ffri). These two forces can be calculated by the following two equations:  

Fcentri=mω
2
D/2        (1.1) 

Ffri=-1/2πCρAω
2
D’

2  
(1.2) 

where m is the mass of the fluid, ω the angular velocity of the spinneret, D the diameter of 

the spinneret, C the numerical drag coefficient, ρ the density of air, and D’ the diameter of 

the trajectory path. Equation 1.1 describes the force experienced by polymer fluid within the 
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nozzle tip while Equation 1.2 describes the force experienced by polymer jet in the trajectory 

state. Centrifugal force needs to be controlled carefully because sufficient centrifugal force 

can prevent bead formation and jet break-up.[28, 52] 

 

1.2.3.2.3 Viscosity 

Viscosity of a fluid is the resistance to flow and directly influences the fiber morphology. 

Since higher viscosity is usually obtained at higher solution concentration, it is more 

convenient to tune solution concentration instead of viscosity. During centrifugal spinning, a 

critical solution concentration, entanglement concentration, must be exceeded to form 

nanofibers. When the polymer solution is too dilute (i.e., viscosity is too low), the 

insufficient polymer chain entanglements makes it difficult to produce fibers and leads to 

bead formation. On the other hand, if the solution concentration is too high (i.e., viscosity is 

too high), the centrifugal force may not be strong enough to stretch the jet into thin fiber. [51, 

53] 

 

1.2.3.2.4 Surface tension 

The cohesive forces among liquid molecules are responsible for the phenomenon of surface 

tension. In the bulk of the liquid, each molecule is pulled equally in every direction by 

neighboring liquid molecules, resulting in a net force of zero. The molecules at the surface do 

not have other molecules and therefore are pulled inwards. This creates some internal 

pressure and forces on the gas side, causing the liquid surface to contract and form curvature 
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at the surface.  As the jet is stretched, the surface tension of the polymer solution is tending to 

break the jet and produce beads. Thus, in order to expel and stretch a polymer liquid jet, the 

surface tension must be overcome by enough centrifugal force. In addition, increasing 

viscosity can also relieve the effects of surface tension.  

 

1.2.3.2.5 Nozzle geometry 

Decreasing the nozzle diameter is an effective approach in reducing the fiber diameter. Mo et 

al.[54] found that smaller nozzle diameters help alleviate clogging and bead formation during 

spinning. Extrudate swelling, which increases the jet diameter, can be explained by stress 

relaxation originated from the elastic component of the polymer.[6] 

 

1.2.3.2.6 Nozzle-collector distance 

The distance between nozzle tip and collector affects the liquid jet flight time and the 

evaporation of the solvent. In addition, it also affects the morphology of the resultant fibers. 

As the jet travels, it is important that it has enough time before reaching  the  collector  so  

that  most  of  the  solvent  is  evaporated. If  the evaporation of solvent is not sufficient, the  

collected  fibers  may  form films  instead  of  a fibrous structure.[55] 

 

1.2.3.2.7 Other parameters 

Other environmental parameters can also affect the fiber formation process of centrifugal 

spinning. With increase in temperature, the viscosity of the fluid decreases, this favors the 
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reduction of the fiber diameter and at the same time the formation of beads. Air flow in 

centrifugal spinning also helps assist the spinning process as well as the diameter control of 

the resultant fibers.[28] Salt-polymer-solvent relationships can also affect the properties of 

the centrifugally-spun fibers.[56] 

 

1.2.4 Applications of centrifugally-spun nanofibers 

In recent years, various kinds of polymer fibers have been prepared by centrifugal spinning 

and have been utilized in different areas. Smooth and defect-free poly(butylene terephthalate) 

nanofibers [57], polyvinylpyrrolidone (PVP)/poly(L-lactic acid) (PLLA) polymer blend 

fibers, poly-lactic-co-glycolic acid (PLGA) nanofibers, etc., have been fabricated by 

centrifugal spinning and their tissue regeneration efficacies have been investigated.[58, 59] 

Other polymer materials such as poly(ethylene oxide) (PEO), polystyrene (PS) and 

poly(methyl methacrylate) (PMMA) have been prepared by centrifugal spinning and applied 

as structural composite materials. Polypropylene (PP) nanofibers are difficult to make by 

conventional electrospinning process because it does not have a room temperature solvent. 

However, PP nanofibers have been successfully produced by centrifugal spinning.[48, 49]  

 

Not only polymer nanofibers, ceramic nanofibers can also be produced by centrifugal 

spinning technique. Ren et al. prepared silica nanofibers by centrifugal spinning of tetraethyl 

orthosilicate (TEOS)/PVP in ethanol solution. External and internal morphological 

differences between partially and completely hydrolyzed centrifugally-spun silica nanofibers 
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were discussed.[47] Hollow silica nanofibers prepared by centrifugal spinning was also 

reported.[60] 

 

Carbon nanotube (CNT)-reinforced nanofibers have also been prepared by centrifugal 

spinning.[61-63] By doping functionalized CNTs into PAN and PMMA polymer blend 

solutions, Lozano et al. obtained CNT-reinforced nanofibers with  increased tensile strength, 

electrical properties and thermal shrinking properties. Figures 1.14 and 1.15 show SEM 

results of the CNT-reinforced PMMA nanofibers and the corresponding tensile stress-strain 

test results.   

 

 

 

 

Figure 1.14. SEM images of 12wt% CNT/PMMA composite nanofibers.[62] 
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Figure 1.15. Tensile strength-strain curves of CNT/PMMA nanofibers with different CNT 

contents: (1) 0wt%, (2) 3wt%, (3) 8wt%, and (4) 12wt%.[62]  

 

 

 

Energy-storage applications of centrifugally-spun nanofibers have been reported by Lozano 

et al. By combining vanadium oxide and polyvinylpyrrolidone precursor, they produced low 

cost, bendable vanadium oxide-filled carbon nanofibers for energy storage in lithium ion 

batteries. [64] Figure 1.16 shows the cyclic voltammetry (CV) curves of the flat electrode 

and roundup electrode, and the shape of the CV curves were not changed, indicating the good 

reversibility of the nanofiber electrode. The nanofibers also exhibited a reversible charge 

capacity of lower than 100 mAh g
-1

 under the current density of 100 mAg
-1

, which indicates 

a large potential for performance improvement.  
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Figure 1.16. (A) Cyclic voltammetry curves, and (B) cycling performance of the vanadium 

oxide-filled carbon nanofibers. Inset in B shows the charge/discharge curves for the 2
nd

, 5
th

 

and 30
th

 cycles. [64] 

 

 

 

1.3 Carbon nanofiber based materials for lithium-ion-batteries 

Renewable energy sources are playing a pivotal role in today’s increasingly energy 

demanding society. Global warming, over consumption of fossil fuels, pressing demands for 

alternative energy source for electric vehicles/ hybrid electric vehicles all urge researchers to 

develop replacements for traditional energy resources.[65, 66]  

 

In the past decades, rechargeable battery technologies have experienced spectacular advances. 

From traditional nickel-metal hydride (Ni-MH), lead acid to next generation rechargeable 

batteries such as lithium-ion batteries [14-16, 66-73], sodium-ion batteries [74-77], lithium-

sulfur batteries [78-80], lithium-air batteries, and sodium-sulfur batteries [81, 82], new 

technologies provide better safety solutions, longer cycling life and higher volumetric and 
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gravimetric energy densities, etc. A comparison of different rechargeable battery systems is 

shown in the Figure 1.17.  

 

 

 

 

Figure 1.17. Comparison of the different battery technologies in terms of volumetric and 

gravimetric energy densities.[83] 

 

 

 

1.3.1 Working principle 

Lithium-ion batteries are mainly composed of four components: a positive electrode 

(cathode), a negative electrode (anode), a separator and an electrolyte. In general, lithium 

ions intercalate between cathode and anode during charge and discharge. On charging, Li
+
 

ions are deintercalated from the layered cathode host, transferred across the electrolyte, and 

intercalated into the anode. The discharge reverses this process in which the electrons pass 
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around the external circuit to power various systems (Figure 1.18).[84, 85] Therefore, the 

electrochemical charging-discharging process involves solid-state redox reactions, with the 

discharge process described as: 

Anode: LixC→ C+xLi
+
+xe

-
                                                        (1.3) 

Cathode: Li1-yMOz +xLi
+
+xe

-→ Lix+yMOz , (x + y = 1)            (1.4) 

The charging process is the reverse of these equations. 

 

 

 

 

Figure 1.18. A lithium ion cell based on lithium-metal oxide cathode and graphite anode.[84] 
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1.3.2 Recent advances in anode materials 

As aforementioned, lithium-ion batteries are promising candidate to replace traditional 

batteries. However, the ever-increasing electronic vehicle industry requires batteries bearing 

with longer cycling life, higher energy density and power density, and better environmental 

compatibility. Therefore, lithium-ion batteries with superior performance must be developed 

before they can be scaled up industrially. The key components of lithium-ion batteries are 

cathodes and anodes. On the commercial basis, cathodes are mainly made from lithium-ion 

host materials possessing high positive redox potentials. Examples are lithium metal oxides 

such as LiCoO2 [86], spinels such as LiMn2O4 [87], and the lithium metal phosphates such as 

LiFePO4 [88]. These cathode materials have relatively stable cycling performance but low 

capacities. On the other hand, anode materials show higher specific capacities compared to 

cathode materials, however, they suffer from relatively poor cycling stability. Thus, the 

major task for anode materials is to enhance their cycling performance. 

 

1.3.2.1 Graphenes 

Graphene is basically a two-dimensional sheet of sp
2
-hybridized carbon with a thickness of 

one atom. Its extended honeycomb network is the basic building block of other carbon 

allotropes; for example,  it can be stacked to form 3D graphite, rolled to form 1D nanotubes, 

or wrapped to form 0D fullerenes.[89] Graphene has a considerable Li-storage ability since 

Li can be adsorbed not only on both sides of graphene sheets, but also on the edges, defects, 

disorders, and covalent sites of graphene nanoplatelets.[65] The major disadvantages of 
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graphene anodes are their high irreversible capacity, poor cycling performance and lack of 

voltage plateau. 

 

Graphenes anchored with active metal and/or metal oxide nanoparticles can be used to reduce 

the irreversible capacity and enhance the cycle life.[90, 91] Several factors contribute to the 

enhanced performance of the metal/metal oxide anchored graphene: large Li storage of the 

active materials, good electrical properties of the graphene, volume suppressing effect of the 

graphene, and good structural stability. 

 

1.3.2.2 Graphites 

Graphite is by far the most commercially successful anode material because of its low and 

flat working potential, long cycle life, low cost and low volume expansion. Graphite is 

featured as a stack of hexagonally bonded sheets of carbon held together by van der Waals 

forces. The forces between any two given carbons in the same sheet (which share sp
2
 

hybridized bonds) are much stronger than the forces between any two concurrent sheets. As a 

result, Li
+
 ions are able to be inserted in between the planes of graphite. Though a 

stoichiometry of LiC6 (372 mAh g
-1

)  can almost be reached (Figure 1.19) [92], only a limited 

energy density can be produced for graphite anodes. Furthermore, the Li ion transport rates 

of graphite are less than 10
-6 

cm
2 
s

-1
. Since the chemical diffusion coefficient of Li

+
 is related 

to the power density of the battery, graphite suffers from a low power density.[65, 93] 
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Figure 1.19. Schematic  of  lithium  intercalation  in  graphite:  (A)  lithium  is  inserted  in 

every second carbon hexagon and (B) between the graphite layers.[92] 

 

 

 

1.3.2.3 Carbon nanotubes  

As an allotrope of graphite, carbon nanotubes (CNTs) have been proved to be a promising 

candidate for anode materials due to their unique properties: high conductivity, high aspect 

ratio, high activated surface, low density and ideal mechanical properties.[94, 95] It has been 

demonstrated that the reversible capacities of single-walled CNTs and multi-walled CNTs 

can be as high as 400-600 mAh g
-1

 or even up to 1000 mAh g
-1

, [96-98] due to reversible 

intercalation with graphitic layers, and adsorption or accumulation of Li ions in defect area. 

 

Choi et al. recently reported multi-walled CNT-based anode material for lithium-ion batteries. 

Figure 1.20 shows the electrochemical performance of the multi-walled CNTs grown on 

copper foils. Figure 1.20.a shows the first two charge-discharge curves. At first cycle, a 

specific discharge capacity of 2500 mAh g
-1

 and charge capacity of 1455 mAh g
-1 

were 

achieved at a current rate of 0.1 C, assuming theoretical capacity same as graphite. A voltage 



26 

plateau between 0.5-0.9 V was observed due to SEI formation on CNTs surface.[99] Rate 

performance was shown in Figures 1.20.b. and 1.20.c. The reversible capacity of the 

electrode was found to be very high and quite stable, and even at high charging/discharging 

rate of 3.0 C, the electrode showed a reversible capacity of 767 mAh g
-1

. Over 99% of the 

Coulombic efficiency was observed after the first two cycles at 1.0 C rate.[96] 

 

 

 

 

Figure 1.20.  Charge-discharge curves (a), rate performance (b), cycling performance (c), and 

coulombic efficiency (d) of CNT anodes.[96] 

 

 

 

The advantages of CNTs compared to graphite are obvious. CNT anodes have excellent 

mechanical properties, which can help accommodate dramatic volume expansion caused by 
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metal active materials. This is important because it enables the use of high-capacity metal 

active materials in anodes.[92] 

 

However, challenges still remain. The mass production of CNTs is rather difficult, because 

parameters such as diameters, surface functionality, number of graphene monolayers, length, 

degree of defects, textures and electronic properties are still hard to control. In addition, 

CNTs lack a voltage plateau while the battery is discharging, and this makes them difficult to 

be used in most electronics which require a stable voltage source. Currently, the only 

commercial use of CNTs is additives or fillers for electrode materials. 

 

1.3.2.4 Carbon nanofibers 

Carbon nanofibers (CNFs) are one-dimensional nanomaterial with diameters ranging from 10 

nm to 1000 nm, and length ranging from 0.5 μm to 100 μm. CNFs are considered as an 

intermediate between carbon nanotubes and normal carbon fibers, and their structures are 

composed of the stacks of small graphene basic units. CNFs are featured by high tensile 

strength (12,000 MPa) and high Young’s modulus (600 GPa).[100] At the same time, CNFs 

also possess good electric conductivity, which makes them ideal for energy storage 

applications.  

 

Several methods have been utilized to fabricate carbon nanofibers. For example, chemical 

vapor deposition uses hydrocarbon compounds as starting materials, followed by thermal 

treatments (500 °C-1000 °C) to grow nanofibers under catalyst particles.[101-103] However, 



28 

the dominating approach currently is electrospinning. With thermal treatments, electrospun 

polymer precursor nanofibers can be used to form carbon nanofibers. PAN is often chosen as 

the precursor to make CNFs due to its high carbon yield. Two heat treatment steps are 

involved in the process of converting PAN to carbon. The first heat treatment step, 

stabilization, is done at 250-300 °C in air, during which PAN becomes a cross-linked 

structure through dehydrogenation and cyclization reactions. The  second  thermal  treatment  

step, carbonization,  is  performed  in  an  inert  atmosphere (e.g.  nitrogen  or  argon)  at  

600-1300  °C, during which most non-carbon elements are removed in the forms of methane, 

hydrogen, hydrogen cyanide, water, carbon dioxide, and ammonia, etc.[104] Typical 

stabilization and carbonization processes of PAN fibers are shown in Figure 1.21. 
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Figure 1.21. Mechanisms of the stabilization and subsequent carbonization of PAN.[104] 
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The resultant CNFs can undergo additional heat treatments up to 3000 °C for further 

graphitization. Due to excellent electric, mechanical and thermal properties, CNFs have 

found applications in areas such as energy storage, biomedicine, protective clothing, 

filtrations, etc.[105, 106] 

 

1.3.3 Carbon group alloying elements and composites 

Elementary substances from carbon group (tetrels) such as silicon (4200 mAh g
−1

), 

germanium (1600 mAh g
−1

) and tin (990 mAh g
−1

) provide promising alternatives to 

conventional carbonaceous anode active materials due to their high theoretical capacities. 

However, these anode materials suffer from dramatic volume expansion, which causes 

cracking, crumbling or even pulverization during cycling, leading to poor cycling 

stability.[70, 107]  

 

To address the cycling stability issue, various solutions have been proposed to alleviate the 

side effects of these potential anode materials. For example, Yushin et al. [108] used cheap 

carbon black as substrate material to anchor chemical vapor grown silicon nanoparticles 

(Figure 1.22). In addition to carbon black, graphenes [90, 109], CNFs [14, 15, 73, 110, 111] 

and CNTs [16] were also introduced as carbonaceous matrix. Lake and coworkers used CVD 

to deposit silicon into CNFs.[112] Figure 1.23 shows the SEM characterization of the 

resultant silicon/CNF composite. A uniform coverage as sub-20 nm silicon nodules was 

observed decorating both the interior and exterior of the CNF surfaces. 
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Figure 1.22. Schematic of Si–C composite assembly. a–c, Annealed carbon-black dendritic 

particles (a) are coated by Si nanoparticles (b) and then assembled into rigid spheres with 

open interconnected internal channels during C deposition (c).[108] 

 

 

 

 

Figure 1.23. SEM images of the silicon/CNF composite: uniformly distributed nanosized Si 

nodules on the exterior and interior surface of CNFs.[112] 

 

 

 

Recently, Li et al. used vertically-aligned CNFs as substrates and grew silicon layers upon 

them by CVD. They claimed this structure could effectively accommodate the volume 

expansion/contraction of Si in the radial direction during charge-discharge cycles. The short 

path of Li
+
 transport across the thin Si shell allows a much higher charge/discharge rate and 
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significantly improved power density. Figures 1.24 and 1.25 demonstrate the structure design 

of this work and the achieved cycling performance.[113] 

 

 

 

 

Figure 1.24. Schematic illustration of the reversible structural changes of the coaxially coated 

Si on vertically aligned CNFs in (a) extracted (discharged) and (b) inserted (charged) 

states.[113] 

 

 

 

 

Figure 1.25. Cycling performance of a 10 mm long vertically aligned CNF array coated with  

0.5 µm Si.[113] 

 

 

 

Zhi et al. explored different contact modes between carbon and active materials.[114] It was 

found that the 1-D/1-D hybrid  structure held  the  robust  line-to-line  contact  between  Si  

and  C,  which  created efficient channels for the fast transport of both electrons and lithium  

ions  during  cycling. 
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In addition to the extensively studied silicon, metallic tin has also been demonstrated to be a 

promising candidate for use in anodes. Firstly, its theoretical specific capacity (Li4.4Sn, 992 

mAh g
-1

) is much higher than that of graphite (LiC6, 372 mAh g
-1

). Secondly, tin has higher 

operating voltage than graphite, and hence it is less reactive and the safety of batteries during 

rapid charge/discharge could be improved.[115] Yu et al. improved the electrochemical 

performance of electrospun Sn-C electrodes by forming metallic tin particles encapsulated in 

porous multichannel carbon microtubes. The motivation to fabricate porous structure was to 

reach an appropriate balance between the high packing density of Sn particles and sufficient 

space to buffer the volume expansion.[116, 117] Schematic of the fabrication process and 

electrochemical performance are shown in Figures 1.26 and 1.27 These Sn-C electrodes 

maintained a stable capacity greater than 600 mAh g
-1

 during cycling. 

 

 

 

 

Figure 1.26. Schematic for preparing porous multichannel carbon microtubes containing Sn 

nanoparticles.[116] 
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Figure 1.27. Cycling performance of Sn encapsulated in porous multichannel carbon 

microtubes (SPMCT) and commercial Sn. The inset displays the discharge capacities of 

SPMCT electrodes at 2 and 10 C.[116] 

 

 

 

In 2010, Huang et al. reported Sn/C non-woven film prepared by electrospinning and 

carbonization treatment.[118] Figure 1.29 (Left) shows the charge-discharge curves of the 

Sn/C non-woven film. The reversible charge capacity of the Sn/C non-woven film in the 1st, 

10th and 20th cycle was 395, 392 and 382 mAh g
−1

, respectively. Figure 1.29 (Right) shows 

the cycling performance of Sn/C non-woven film.  The reversible capacity remained 96.7% 

after 20 cycles.  
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Figure 1.28. (Left) Charge-discharge performance (Right) cycling performance of Sn/C non-

woven films. [118] 

 

 

 

Kang et al. fabricated a film of porous carbon nanofibers containing Sn/SnOx nanoparticles in 

the pores by introducing freezing and carbonization process after electrospinning. The as-

prepared film has tin/tin oxides encapsulated in porous carbon nanofibers. The frozen water 

was used to create two phases which are PVA and the ice of SnCl2 containing water mixture. 

After that, frozen fibers were carbonized, during which water was evaporated and pores were 

formed in the substrate. Meanwhile, SnCl2 was decomposed and reduced to Sn/SnOX and 

then grew up to form particles, which were encapsulated in the pores.[119] Figures 1.29 and 

1.30 show TEM characterization results and the electrochemical performance of the Sn/SnOx 

based carbon nanofiber composite. 
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Figure 1.29. TEM images (a,b), microstructures (c), and HRTEM image (d) of the tin/tin 

oxides encapsulating porous carbon nanofibers.[119] 

 

 

 

 

Figure 1.30. Charge/discharge profiles (left) and cycling performance (right) of the tin/tin 

oxides encapsulating porous carbon nanofibers.[119] 
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Challenges related to Sn/C nanofibers still persist although modifications such as chemical 

vapor deposition carbon coating have been used to increase the coulombic efficiency, acting 

as a physical buffer to prevent direct contact from electrolyte to active materials.[120] 

Limited stability due to Sn nanoparticle agglomeration or Sn-catalyzed electrolyte 

decomposition remains a problem.[121] In particular, this problem becomes more 

challenging at high current densities, where a significant amount of thermal energy is present 

to accelerate the diffusion of Sn.[122] 

 

1.4 Supercapacitors 

Supercapacitor, a genetic term for a family of electrochemical capacitors, includes electric 

double-layer capacitor (EDLC), pseudocapacitor and hybrid capacitor.[123] An EDLC is a 

device that stores charge electrostatically via reversible adsorption of ions of the electrolyte 

onto the surface of electrode materials.[124] Different from lithium-ion batteries, 

supercapacitors are featured by their high power density and long cycle life. The Ragone plot 

shown in Figure 1.31 illustrates the differences between different energy storage systems. It 

is seen from Figure 1.31, EDLC possesses higher specific power up to 10
4
 W/Kg compared 

to other systems such as lithium-ion batteries, sodium-sulfur batteries and Pb-acid batteries.  

 

Supercapacitors, due to high power density and long cycle life, are widely applied in high 

power demanding devices such as regenerative braking, load leveling systems and 

accelerating systems in vehicles.[125, 126] 
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Figure 1. 31. Comparing  power  sources:  energy  versus  power  densities  (Ragone  

plot).[126] 

 

 

 

1.4.1 Working principle 

A supercapacitor is composed of a pair of polarizable electrodes that are physically separated 

by a porous membrane through which ions can diffuse. Figure 1.32 shows a schematic of a 

symmetric supercapacitor. A typical electric double layer capacitor is composed of a pair of 

electrode, electrolyte, an ion permeable separator and a pair of current collector. The 

capacitance of a supercapacitor is assumed to follow that of a parallel-plate capacitor: 

C=(εrεo/d)A              (1.5) 

where εr is the electrolyte dielectric constant, εo the permittivity of a vacuum, A the specific 

surface area of the electrode accessible to the electrolyte ions, and d the effective thickness of 

the EDL (the Debye length).[124] The very small d and very big A value of EDLC contribute 
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to the storage of hundreds or thousands of times more charges than solid-state and 

electrolytic capacitors. The energy (E) of a supercapacitor can be calculated by using: 

E=1/2CU
2
                (1.6) 

where C is the capacitance in Farads, and U the operating voltage. The power (P) of a 

supercapacitor can be calculated by using: 

P=U
2
/4Rs                          (1.7) 

where Rs is the equivalent series resistance of the supercapacitors. Other than electrostatic 

approach of charge-storage mechanism, pseudocapacitance may also contribute to capacitive 

energy storage. Different from electrostatic approach, pseudocapacitance arises from 

reversible redox reactions occur at or near the surface of an appropriate electrode material, 

which leads to much greater charge storage.[127] 

 

Figure 1.32. Schematic illustration of an electric double layer capacitor.[128] 
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1.4.2 Impacting factors and electrode materials 

The microstructure of electrode materials dominates the capacitive performance of 

supercapacitors. Important microstructural characteristics include active layer thickness, 

specific area and pore characteristics.  

 

Carbon-based supercapacitors are EDLCs, where the storage of energy is accomplished by 

electrostatic charge accumulation at electrode/electrolyte interfaces. Thus, EDLCs are 

featured by stable cycling performance and high power density.  

 

Pore size and surface area play dominant role in determining the electrochemical 

performance of EDLCs. Porous electrodes can be categorized into three types: 1) micro- 

(<2nm), 2) meso- (2-50nm), 3) macropores (>50nm).[129]   

 

The BET surface area plays a crucial role in the electrical double layer charge storage. High 

surface area guarantees more available sites for ions to be accumulated by electrostatic 

interactions. It should be noted that that high BET surface area does not guarantee high 

specific capacitance. Figure 1.33 illustrates the ion size and pore size effect on nanoporous 

carbon electrode, and it is observed that small pores block the ions from penetrating the pore, 

preventing fully utilization of the surface area, while a suitable pore size facilitates the ion 

migration to form EDLCs.[126] In aqueous electrolyte medium, the effective ionic 

dimension of cations, such as Cs
+
, K

+
, Na

+
, and Li

+
, is less than 0.42 nm and that of anions, 

such as NO3
-
,Cl

-
,F

-
,Br

-
, is less than 0.51 nm.[130] 
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Figure 1.33. Schematic of the ion size and pore size effect on nanoporous carbon 

electrode.[126] 

 

 

 

Y.H.Lee et al. proposed the relations between BET surface area, pore diameter and specific 

capacitance (Figure 1.34) and relations between mesopore, micropore and specific 

capacitance (Figure 1.35).[131] From Figure 1.34, it is observed that when pore diameter is a 

fixed parameter, larger BET surface areas result in higher specific capacitance values. On the 

other hand, for a fixed BET surface area, higher capacitances were observed for smaller 

micropores. From Figure 1.35, it can be concluded that with a fixed mesopore volume, the 

capacitance performance deteriorates with the decreasing micropore volume, while high 

mesopore volume results in poor capacitance performance. Thus, it can be concluded that an 

optimal combination of BET surface area and pore structures is pivotal in electrode design 

for supercapacitors. 
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Figure 1.34. The dependence of specific capacitance on pore diameter and BET surface 

area.[131] 

 

 

 

 

Figure 1.35. The dependence of specific capacitance on micro- and mesopore volumes.[131] 
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To date, various forms of carbon materials such as activated carbons [132], carbon nanotubes 

[133], carbon aerogels [134], graphene sheet [135, 136], CNFs [106, 137, 138] and various 

carbon-based composites, mostly combine carbon with pseudocapacitive materials (metal 

oxide and conducting polymers) together, have been widely investigated.[139-141] 

 

F.Beguin and coworkers prepared activated PAN-based CNF papers  at temperatures from 

700 to 1000 
o
C and used them as supercapacitor electrode.[142] Figure 1.36 shows the cyclic 

voltammetry results for CNFs activated at 900 and 1000
 o
C. It can be observed that although 

the BET specific surface area of the CNFs activated at 900 
o
C  (376 m

2
 g

-1
) is half of that for 

the CNFs activated at 1000
 o

C (705 m
2
 g

-1
), the capacitances of the two materials are 

comparable and independent of the electrolyte.  

 

 

 

 

Figure 1.36. CV curves of the 900 
o
C and 1000 

o
C carbonized/activated samples at a scan 

rate of 2 mV/s in (a) 1 mol L
-1 

H2SO4and (b) 6 mol L
-1 

KOH.[142] 
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CHAPTER 2 OBJECTIVES 

The main objectives of the work are to explore centrifugal spinning as a high-production rate, 

facile-to-handle nanofiber fabrication method and study centrifugally-spun nanofibers’ 

potential energy storage applications ranging from anode materials for lithium-ion batteries 

to high-surface area electrodes for supercapacitors. The work includes: 

 

1. Centrifugally-Spun Tin-Containing Carbon Nanofibers for Use as Anode Material for 

Lithium-ion Batteries 

 

Integrating active materials such as tin and silicon into carbonaceous matrix materials such as 

CNFs provides superior electrochemical performance compared to traditional anode 

materials. On one hand, active materials can provide high specific capacities; on the other 

hand, CNFs can act as confinement material to accommodate the volume expansion and 

prevent subsequent pulverization.  

 

However, CNFs, as a crucial category of electrode materials, have been prepared mainly by 

electrospinning. The low-production rate of electrospinning limits its up-scaling production, 

and the complexity of large-scale electrospinning devices largely confines the application of 

nanofibers. Herein, we fabricated precursor fibers via centrifugal spinning and produced tin-

containing CNFs by subsequent thermal treatments.  The composite was then used as anode 

materials in lithium-ion batteries. 
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2. Fabrication of Centrifugally-Spun Carbon Nanofibers and Their Application as Electrode 

Material for Supercapacitors 

 

High-surface area carbon materials attract enormous interest due to their versatile 

applications ranging from catalysis, energy storage, sensors, and filtration. Conventional 

processes for producing high-surface area carbon materials require a pore-creation step, 

which involves complex and costly chemical and physical reactions. Template method has 

been investigated as an alternative for producing pores with sizes from nano to micro-scale. 

However, difficulties such as template design and carbon growth still remain as problems. 

An alternative approach to produce high-surface area nanofiber is to spin immiscible polymer 

blends, followed by thermal treatments.  

 

Herein, we used centrifugal spinning to produce nanofibers from a blend of polyacrylonitrile 

and polymethyl methacrylate. After thermal treatments, high-surface areal CNFs were 

fabricated and used as supercapacitor electrodes. 
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CHAPTER 3 CENTRIFUGALLY-SPUN TIN-CONTAINING CARBON NANOFIBERS 

AND THEIR APPLICATION AS ANODE MATERIAL FOR LITHIUM-ION BATTERIES 

 

Abstract: By far, CNFs have been mainly produced by electrospinning of precursor fibers 

with subsequent heat treatment. The low-production rate of electrospinning confines the up-

scaling production and practical application of CNFs prepared by electrospinning. Recently, 

centrifugal spinning has drawn extensive attention due to its high production rate (500 times 

faster than traditional electrospinning), easy operation and simple set-up. CNFs can be 

prepared by centrifugal spinning of precursor polymer nanofibers, followed by thermal 

treatment. The electrochemical performance of these CNFs can be enhanced by integrating 

active materials. Herein, tin-containing CNFs were prepared by centrifugal spinning of the 

tin salt-PAN precursor fibers and subsequent thermal treatment. Polymer-salt-solvent 

relationships and their effects upon viscosity were discussed, and the use of tin-containing 

CNFs as anode material in lithium-ion batteries was explored.  

 

Keywords: Centrifugal spinning, composite nanofiber, CNFs, tin, lithium-ion batteries. 
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3.1 Introduction 

Among various energy storage solutions, lithium-ion batteries are currently the most 

promising candidate for applications ranging from portable electronics to electric vehicles, 

due to their high energy density, long cycle life, good rate performance and low environment 

impact.[66, 117] As one of the key components of lithium-ion batteries, anode plays a major 

role in the development of this cutting-edge technology. The most commercialized anode 

material, graphite, exhibits low specific capacity and can hardly meet the increasing demands 

of newly-developed technologies such as hybrid-vehicles and sustainable energy storage. On 

the other hand, active materials, such as silicon, tin, and germanium, suffer from large 

volume expansion during charge-discharge cycles, which leads to unsatisfactory cycling 

performance. Impressive advancements have been achieved by integrating high-capacity 

active materials into CNFs.[14, 15, 120, 143] Dispersing nano-size active materials into CNF 

matrix can not only accommodate the dramatic volumetric expansion of active materials 

during lithiation/delithiation [144], but also maximize the capacity potential of active 

materials by preventing the nanoparticle pulverization or the loss of contact between active 

substances and the current collector.[145] 

 

Currently, the precursor fibers for CNFs are mainly prepared by electrospinning, a time-

consuming method with a low production rate of 0.1-1 g/h per nozzle.[146] Although 

modified needle-less electrospinning such as patented Nanospider
TM

 technique has been 

developed, [147] drawbacks such as labor-intensity, poorly-controlled nanofiber qualities 

[148] and complexity of the facility [149] still persist. Centrifugal spinning recently attracts 
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attention due to advantages such as simple set-up and high-production rate (>0.1 g/min per 

nozzle) compared to electrospinning.[48, 49] Figure 3.1 shows the schematic of a basic 

centrifugal spinning machine and the nanofiber fabrication process. Centrifugal force, 

exerted from high-speed rotary spinneret, is applied during the centrifugal spinning. Spinning 

solutions will be ejected from nozzles and travel in a trajectory curve as long as centrifugal 

force can overcome the surface tension of the solutions.    

 

Herein, we prepared tin-containing CNFs by the centrifugal spinning of tin salt/PAN 

precursor fibers and subsequent thermal treatment. Salt-polymer-solvent interactions were 

first investigated and then utilized to optimize parameters to fabricate suitable centrifugally-

spun tin-containing CNFs for lithium-ion battery anode. Electrochemical results suggest tin-

containing CNFs prepared by centrifugal spinning are promising anode material candidate 

for lithium-ion batteries.  

 

 

 

 

Figure 3.1. a) Schematic of centrifugal spinning machine setup, and b) the real-time photo of 

centrifugal spinning process.  
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3.2 Experimental  

3.2.1 Materials 

Polyacrylonitrile (PAN, Pfaltz & Bauer Inc., 150,000 g mol
-1

), tin (II) chloride (SnCl2, 

Aldrich), and N, N-dimethylformamide (DMF, Aldrich) were used as purchased. 

 

3.2.2 Centrifugal spinning and thermal treatment 

SnCl2 salt (2, 5 and 8 wt% with respect to solution) were added into 15 wt% PAN solution in 

DMF and mechanically stirred at 90 
o
C for 24 h. Tin salt/PAN precursor fibers were 

produced by centrifugal spinning at a rotation speed of 3500 rpm. The spinneret had a 

cylindrical shape with 2 cm in height, 1.5 cm in radius and a nozzle diameter of 0.4 mm. 

Centrifugally-spun PAN/SnCl2 nanofibers were stabilized in air environment at 280 
o
C for 

5.5 h with a heating rate of 5 
o
C min

-1
 and then carbonized at 700 

o
C for 2 h in argon 

atmosphere with a heating rate of 2 
o
C min

-1
, during which PAN was pyrolyzed to carbon 

and SnCl2 was reduced to Sn particles. The resultant Sn/carbon nanofibers were then used as 

the anode material for lithium-ion batteries. 

 

3.2.3 Structure characterization and electrochemical evaluation 

Viscosity and surface tension of the precursor solutions were measured to evaluate the 

spinnerability. During the viscosity measurements, pure DMF and SnCl2/PAN solutions were 

loaded into the viscometer (ATS Rheosystem) fitted with a plate spindle (40 mm in diameter 
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and 0.4 mm in gap distance) and the viscosities were recorded under steady-state shear stress 

from 0.003 Pa to 20 Pa at 23 
o
C.  Raw data were analyzed and extrapolated to obtain the 

zero-shear viscosity (η0) under the Newtonian region. Specific viscosity (ηsp) was defined as 

(η0-ηsolv)/ ηsolv, where ηsolv is the solvent viscosity. The surface tension of solutions was 

measured on a tensiometer (Fisher Scientific Tensiometer 20). Fourier transform infrared 

spectroscopy (FTIR, Nicolet Nexus 470) was employed to analyze the polymer-solvent-salt 

interactions within the solutions.  

 

Element analysis (Perkin Elmer 2400 Series II CHNS/O Elemental Analyzer) and energy 

dispersive spectra (EDS, Oxford Instruments) was employed to confirm the composition of 

the carbonized Sn/C nanofibers. Scanning electron microscopy (FEI Verios 460L) and field-

emission transmission electron microscopy (TEM, Hitachi HF2000) were used to 

characterize the morphology of the Sn/C nanofibers.  

 

Electrochemical performance was evaluated in lithium-ion half cells. The carbonized 

nanofibers were ground to powder to form the working electrode by the traditional slurry 

coating process using a composition of 80 wt% active materials, 10 wt% sodium alginate 

binder and 10 wt% carbon black. Lithium ribbon (99.9%, Aldrich) was used as the counter 

electrode, and Celgard 2400 membrane was used as the separator. The electrolyte consisted 

of a 1 M solution of LiPF6 dissolved in 1/1 (V/V) ethylene carbonate (EC)/ethyl methyl 

carbonate (EMC). Coin-type 2032 cells (20 mm diameter, 3.2 mm thickness) were assembled 

in a high-purity argon-filled glove box. The electrochemical performance was investigated by 
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galvanostatic charge-discharge experiments at constant current density of 100 mA g
-1 

with 

cut-off potentials from 0.01 to 1.50 V (vs. Li/Li
+
) using LAND-CT 2001A battery test system. 

 

3.3 Results and discussion 

3.3.1 Solution properties 

FTIR was employed to investigate the interactions between PAN, DMF and SnCl2, and the 

results are shown in Figure 3.2.  The major characteristic peaks of DMF were -C=O 

stretching (1656.9 cm
-1

) and OC-N stretching (1389.1 cm
-1

).[150] Figure 3.3 (a) shows the 

interaction between PAN and DMF and formed complex, which can be attributed to the 

interaction between the electronegative nitrogen of PAN and the electropositive nitrogen of 

OC-N of DMF. Due to interactions between DMF and PAN, -C=O band shifted from 1656.9 

cm
-1

 to 1666.3 cm
-1 

while OC-N from 1389.1 cm
-1 

to 1387.2 cm
-1

, which was also reported 

by Phadke and Padhye.[151, 152] The addition of SnCl2 into the PAN-DMF solution caused 

the redshift of –C=O  from 1666.3 to 1660.5 cm
-1

 and blueshift of  OC-N from 1387.2 cm
-1

 

to 1389.1 cm
-1

, which were caused by the formation of the complexes between the 

electropositive Sn
2+

 and electropositive oxygen in DMF and nitrogen in PAN. Both shifts 

became smaller with the increasing Sn salt concentration. The formation of PAN-salt 

complex was due to the interactions between Sn
2+

 and nitrogen in PAN, (Figure 3.3 (b)). 

DMF-salt interaction was formed because the electropositive nitrogen in DMF tends to 

interact with negative chloride ion (Figure 3.3 (c)). The results were consistent with that 

reported by Phadke et al., who added LiCl, ZnCl2, and AlCl3 to the PAN-DMF solution.[151] 
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The shifted bands are recorded in Table I.  The results elucidated the interactions between 

DMF, PAN and SnCl2, which had an important impact on the viscosity of precursor solutions 

and the resultant nanofiber structure.  

 

 

 

 

Figure 3.2. FTIR spectra of PAN/DMF with different SnCl2 concentrations: (a) DMF, (b) 0, 

(c) 2 wt%, (d) 5 wt%, (e) 8 wt%. 
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                     (a)                                                 (b)                                       (c)      

Figure 3.3. Depiction of the molecular structures and interactions among PAN, DMF and 

SnCl2. 

 

 

 

Table 3.1 Effects of PAN and SnCl2 on the -C=O and OC-N stretching peaks of DMF 

 

 

 

Solution viscosity plays a major role in determining the spinnerability of the solution and the 

morphology of the resultant centrifugally-spun nanofibers. Our previous work [51] has 

demonstrated the existence of a critical viscosity (530 mPa S), which is required for PAN 

solution to form sufficient polymer entanglements and produce uniform, bead-free nanofibers. 

Solution type -C=O stretching (cm
-1

) OC-N stretching (cm
-1

) 

DMF 1656.9 1389.1 

DMF + PAN 1666.3 1387.2 

DMF + PAN + 2wt% SnCl2 1660.5 1389.1 

DMF + PAN + 5wt% SnCl2 1660.8 1388.2 

DMF + PAN + 8wt% SnCl2 1662.4 1387.6 
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Figure 3.4 shows the effect of salt concentration on the specific viscosity of SnCl2/PAN 

solutions. With the addition of Sn salt, the specific viscosity increased significantly due to the 

interactions between the cation (Sn
2+

) and electronegative oxygen in DMF or nitrogen in 

PAN, as shown in Figure 3.3. The increase in solution viscosity improves the stability of the 

newly-formed jets during centrifugal spinning, but may lead to larger fiber diameters. 

 

 

 

 

Figure 3.4. Specific viscosity versus Sn salt concentration profile for PAN/DMF solutions. 

 

 

 

In addition to viscosity, surface tension also plays a crucial role in fiber formation process. 

The surface tension is caused by the attractive force between the molecules in the bulk and 

on the surface of solution.[56] In general, surface tension results in jet instability in the 
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spinning process.[153] The surface tension measurements unveiled the surface tension 

change trend with the addition of Sn salt. Figure 3.5 shows the effect of Sn salt on the surface 

tension of SnCl2/PAN solutions. The surface tension increased from 41.2 to 54.0, 65.0 and 

65.8 when the Sn salt concentration increased from 0 to 2, 5 to 8 wt%.  

 

 

 

 

Figure 3.5. Surface tension versus Sn salt concentration profile for PAN/DMF solutions. 
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3.3.2 Composition and morphology  

The element analysis results are shown in Table 3.2. Higher tin amount is observed in 8wt% 

sample than in 5 and 2wt% Sn/C nanofibers, which is the main reason 8wt% Sn/C nanofibers 

delivered higher specific capacity in the first cycle.    

 

 

 

Table 3.2 Compositions of Sn/C nanofibers prepared by centrifugal spinning 

 

 

 

Figure 3.6 shows SEM images of Sn salt/PAN precursor nanofibers with different weight 

ratios. Smooth surface morphology was observed for the precursor fibers. The average fiber 

diameters were 420 nm, 429 nm, 1260 nm and 1627 nm, respectively, for samples with Sn 

salt concentration of 0, 2, 5 and 8wt%. The increasing fiber diameters correspond well with 

the increasing viscosity shown previously. It is seen in Figure 3.7 that the tin/CNFs exhibit 

wrinkles and grooves on the nanofiber surface.  By randomly analyzing the surface areas 

with in-situ EDS, element tin was proved to be present in the nanofibers. Fiber diameters 

ranging from 450 nm to over 1µm were observed.  

Nanofiber composition Carbon content (wt%) Tin content (wt%) 

2 wt% Sn@CNFs 57.87 25.4 

5 wt% Sn@CNFs 55.40 29.0 

8 wt% Sn@CNFs 51.49 33.0 
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Figure 3.6. SEM images of tin salt/PAN precursor fibers with different weight ratios of 

PAN/SnCl2: a)15/0, b) 15/2, c) 15/5, d) 15/8. 
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Figure 3.7. SEM images of Sn/C composite nanofibers derived from different weight ratios 

of PAN/SnCl2 precursors: a,b) 15/2, c,d) 15/5, e,f) 15/8. 

 

 

 

Figure 3.8 exhibits a TEM image of a Sn/C nanofiber prepared from 5 wt% SnCl2/PAN 

precursors. Results indicate that Sn nanoparticles are formed and dispersed in the carbon 
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matrix uniformly, either enwrapped within the fiber or dispersed on the fiber surface. The 

formation of metallic Sn is caused by the reducing environment created by the carbonization 

reactions.  

 

 

 

 

Figure 3.8. TEM image of a Sn/C composite nanofiber derived from 5 wt% SnCl2/PAN 

precursor. 

 

 

 

3.3.3 Electrochemical performance 

Galvanostatic charge-discharge experiments were carried out under a current density of 100 

mAg
-1

 within a voltage window of 0.01-1.5 V to evaluate the electrochemical performance of 
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Sn/C nanofiber anodes prepared by centrifugal spinning of 0, 2, 5 and 8wt% SnCl2/15wt% 

PAN precursors. Figure 3.8 shows the galvanostatic charge-discharge profiles for the second 

tenth and fifth cycles of the Sn/C nanofibers and corresponding cycling performance. During 

the initial discharge, solid electrolyte interface (SEI) was formed due to the decomposition of 

lithium ion-containing electrolyte. SEI  is a porous, electronically insulating structure that 

hinders further electrolyte reduction while acting as a membrane for charge transfer.[124] 

The voltage plateau below 0.8V is correspond to the alloy-dealloy  process between Li and 

Sn.[143] At the first cycle, the charge capacities were 469, 500, 607 and 535 mAh g
-1

 for 

pure CNFs, 2, 5 and 8 wt% of Sn/C nanofibers, respectively. The significant initial  capacity  

loss  is  partially due to the  formation of a SEI layer on the electrode surface during the first 

discharge.[117] At 50
th

 cycle, the charge capacities were 264, 317, 442 and 327 mAh g
-1 

for 

pure CNFs, 2, 5 and 8 wt% of Sn/C nanofibers, respectively.  
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(a)                                                            (b) 

 

                                      (c)                                                                   (d) 

Figure 3.9. Galvanostatic Charge-discharge curves of Sn/C nanofiber anodes derived from: (a) 

0 wt%, (b) 2 wt%, (c) 5 wt% and (d) 8wt% SnCl2/PAN precursors.  

 

 

 

Figure 3.10 demonstrates the cycling performance of Sn/C nanofiber anodes derived from 0, 

2, 5 and 8 wt% SnCl2/PAN precursors under a constant current density of 100 mA g
-1

. After 

the initial several cycles, the coulombic efficiency of all the four samples approached 100%. 

At the 50th cycle, the charge capacity were 264 mAh g
-1

, 317 mAh g
-1

, 442 mAh g
-1

 and 327 
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mAh g
-1 

for nanofibers anodes derived from 0, 2, 5 and 8 wt% SnCl2/PAN precursors. 

Corresponding capacity retentions were 62.11%, 70.44%, 77.54% and 68.27%, respectively. 

The  irreversible  capacities  of Sn/C nanofiber anodes can be attributed to the first cycle SEI 

formation and Sn particles  aggregations and pulverization during the repeatedly alloying and 

dealloying processes,[143] while the reversible part are mostly contributed by the Sn 

nanoparticles enwrapped within the fiber structure and the carbon nanofiber matrix, which 

can accommodates Sn particle volume expansions during lithiation and delithiation 

processes.[117, 154] 

 

 

 

 

Figure 3.10.  Cycling performance of Sn/C nanofiber anodes derived from 0, 2, 5 and 8 wt% 

SnCl2/15wt% PAN precursors.  
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3.4 Conclusion 

Sn/C nanofibers were fabricated by centrifugal spinning and subsequent thermal treatment of 

SnCl2/PAN precursor solutions. Polymer, solvent and salt interactions were discussed and 

analyzed, and consequent impacts upon centrifugal spinning were characterized. It was found 

that the addition of Sn salt increased the specific viscosity of the spinning solution and the 

diameter of the centrifugally-spun nanofibers. Resultant Sn/C nanofibers were then used as 

the anode material for lithium-ion batteries. The charge capacity of Sn/C nanofibers prepared 

from 5 wt% Sn/PAN precursors reached 442 mAh g
-1

 at 50 the cycle, which is much higher 

than that of the pre CNFs. In addition, a coulombic efficiency of nearly 100% was achieved 

for Sn/C nanofibers after the initial cycles, indicating good reversibility. The outstanding 

electrochemical performance is due to the synergic effects of both CNFs and active Sn 

particles. Centrifugal spinning is, therefore, verified as an alternative nanofiber fabrication 

technique to produce nanofiber electrode materials for next-generation lithium-ion batteries.   
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CHAPTER 4 POROUS CARBON NANOFIBERS PREPARED BY CENTRIFUGAL 

SPINNING AND THEIR APPLICATION AS ELECTRODE MATERIAL FOR 

SUPERCAPACITORS 

Abstract: So far, CNFs have been mainly produced by electrospinning of precursor fibers and 

subsequent heat treatment. The low production rate of the electrospinning process hinders the 

mass production of CNFs and their applications. Recently, much attention has been paid to 

centrifugal spinning, featured by its high production rate (500 times faster than traditional 

electrospinning) and simple operation. Herein, centrifugal spinning was utilized to fabricate 

high-surface area carbon nanofibers from PAN/PMMA polymer blend solutions.  In the 

binary system, PAN served as the carbon precursor while PMMA was decomposed to create 

the large surface area inside in the fiber. Unique morphologies arose from centrifugal 

stretching were characterized. These high-surface area CNFs were used as electrode 

materials in supercapacitors and demonstrated specific capacitance of around 100 F/g.  

 

Keywords: Centrifugal spinning, polymer blend, CNF, supercapacitor. 
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4.1 Introduction 

Supercapacitors are featured by high power density and long cycle life, have attracted 

enormous interests in recent years and have been used together with high energy density 

rechargeable batteries in various applications including portables electronics, hybrid electric 

vehicles and stand-by power systems.[123, 127, 155] Different from typical rechargeable 

batteries such as lithium-ion batteries, where electrochemical reactions occur by intercalation 

of Li ions between electrode bulk materials, supercapacitors work by reversibly adsorbing 

electrolyte ions onto the surfaces of electrode materials.[156] The energy crisis, the 

development of sustainable energy such as solar, wind energy and the need for electrical 

propulsion require new developments on novel energy storage technologies.[123] Higher 

capacitance and longer cycle life are desired for next-generation energy storage systems like 

supercapacitors. The electrochemical capacitance of supercapacitors is closely associated 

with the surface area, pore size distribution, and ionic accessibility of the electrode 

materials.[137] In particular, the high surface is highly desired for supercapacitor electrode 

materials because it determines the contact area between the electrolyte and electrodes, and 

consequently the ion transfer pathway and the charge transfer amount contributing to the 

capacitance.[106, 138, 142, 157-162] 

 

Different from pseudocapacitors, only electrostatic charge adsorption/desorption reactions 

involve during charge and discharge process in EDLC, which contributes to its large power 

density. CNFs have been turned out to be a promising material for EDLC electrode material 

due to their good chemical stability, high conductivity, low resistivity, and high specific 
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area.[106] Attempts have been made to use electrospinning to produce carbon nanofibers for 

supercapacitors.[106, 137, 142, 157, 160, 163, 164] However, the low production rate of 

electrospinning greatly constrains the large-scale production of carbon nanofibers for 

practical supercapacitor applications.  

 

Recently, centrifugal spinning, an alternative nanofiber fabrication method to electrospinning, 

has aroused enormous interests among researchers due to its high production rate and ease of 

operation.[47-51, 62] CNFs can be made through subsequent thermal treatment of 

centrifugally-spun polymer precursors. In this work, we utilized centrifugal spinning to 

prepare PAN/PMMA inlands-in-the-sea nanofibers, where PAN is the island phase and 

PMMA is the sea. These centrifugally-spun precursors were thermally treated to form high-

surface are CNFs, during which PAN was converted to carbon while PMMA was 

decomposed to create the large surface area. Figure 4.1 illustrates the fabrication process of 

high-surface area carbon nanofibers by centrifugal spinning of PAN/PMMA polymer blend 

solutions. The effect of PAN/PMMA weight ratios on the nanofiber morphology was 

analyzed. Resultant nanofibers were used as electrode materials for EDLCs and demonstrated 

a specific capacitance of around 100 F/g.  
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Figure 4.1. Schematic of the preparation of porous carbon nanofibers by centrifugal spinning 

of PAN/PMMA blend. 

 

 

 

4.2 Experimental 

4.2.1 Materials and preparation of carbon nanofibers 

Polyacrylonitrile (PAN, Pfaltz & Bauer Inc., 150,000 g mol
-1

), polymethylmethacrylate 

(PMMA, Aldrich, 350,000 g mol
-1

) and N,N-dimethylformamide (DMF, Aldrich) were used 

as purchased.  

 

PAN and PMMA were dissolved in DMF, and mechanically stirred for 24 hours at 90 °C, to 

obtain blend solutions for centrifugal spinning. In these solutions, the PAN/PMMA weight 

ratios were 10/90, 20/80, 30/70, 50/50 and 100/0 while keeping the polymer concentration 

constant (16 wt%). 

 

PAN/PMMA islands-in-the-sea nanofibers were produced by centrifugal spinning with a 

rotating speed of 3500 rpm. The spinneret had a cylindrical shape with 2 cm in height, 1.5 cm 
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in radius and a nozzle diameter of 0.4 mm. Resultant nanofibers were stabilized in air 

environment at 280 °C for 5.5 h with a heating rate of 5 °C min
-1

 and then carbonized at 

700 °C and 800 °C, respectively, for 2 h in argon with a heating rate of 2 °C min
-1

, during 

which PAN was pyrolyzed to carbon and PMMA was decomposed to create large surface 

area.  

 

4.2.2 Solution property and fiber structure characterizations  

Viscosities of the centrifugal spinning solutions were measured to evaluate the spinnerability. 

During the viscosity measurements, pure DMF and PAN/PMMA blend solutions were loaded 

into a viscometer (ATS Rheosystem) fitted with a plate spindle (40mm in diameter and 0.4 

mm in gap distance) and the viscosities were recorded under steady-state shear stress from 

0.003 Pa to 40 Pa at 23 °C.  Raw data were analyzed to obtain the zero-shear viscosity (η0) 

under the Newtonian region. Solution specific viscosity (ηsp) was defined as (η0-ηsolv)/ηsolv, 

where ηsolv is the solvent viscosity.[51]  

 

The Brunauer-Emmett-Teller (BET) measurements (Gemeni VII 2390a Micromeritics 

Analyzer and Smartprep 065 Degassing Unit) were utilized to calculate the specific surface 

areas of the porous CNFs. It should be noted that the BET surface area does not directly 

correspond to the reaction interface between electrolyte and electrode, but it is still a good 

estimation of the potential reaction sites. Samples were first loaded into a 300 °C degassing 

unit with flowing nitrogen gas in order to remove contaminants on the surfaces and were then 
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loaded into the BET testing system. Scanning electron microscopy (FEI Verios 460L) was 

employed to analyze the surface morphology of nanofibers before and after thermal treatment. 

 

4.2.3 Electrochemical measurements 

Nanofiber electrodes were prepared by mixing 70 wt% active materials, 20 wt% carbon black, 

and 10 wt% polyvinylidene difluoride (PVDF) binder dispersed in N-methyl-2-pyrrolidone 

(NMP). The mixed slurry was then applied onto a stainless steel mesh, which served as a 

current collector. Two-electrode supercapacitors were assembled with two identical 

electrodes mounted in a Swagelok-type cell. The two electrodes were separated by a glass 

microfiber paper (Whatman
TM

) and the electrolyte was 6 M KOH aqueous solution. Cyclic 

voltammetry was carried out under a scan rate of 10 mV/s and a voltage window from 0.01v 

to 1v. Nyquist plots were obtained for the cells in the frequency range from 100 kHz to 100 

mHz at an open circuit voltage of 5 mV. 

 

4.3 Results and discussion 

4.3.1 Structure Characterization   

Viscosity plays a major role in determining the spinnerability and final morphology of 

centrifugally-spun nanofibers. Our previous work [48] has demonstrated the existence of a 

critical concentration, which indicates the threshold concentration beyond which sufficient 

polymer entanglements can be formed to produce uniform, bead-free nanofibers. Figure 4.2 

shows the effect of PAN/PMMA weight ratios on the specific viscosity of PAN/PMMA 

solutions. It was found that with the decrease in the PMMA content, the specific viscosity 
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deceases, and it is understandable because the majority phase PMMA has a higher molecular 

weight, indicating more polymer chain entanglements, the greater drag force induced from 

viscous PMMA increased the solution viscosity. 

 

 

 

 

Figure 4.2. Specific viscosity versus PAN/PMMA weight ratios. 

 

 

 

Figure 4.3 shows SEM images of centrifugally-spun PAN/PMMA nanofibers before thermal 

treatment. The average fiber diameters were 4.55, 3.08, 4.03 and 3.63µm respectively, with 

PAN/PMMA weight rations of 1:9, 2:8. 3:7 and 5:5. Grooves were observed on the 
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centrifugally-spun nanofiber surfaces, probably due to the phase separation within polymer 

blends and the large stretching force exert upon them during the centrifugal spinning.  

 

 

 

 

Figure 4.3. Centrifugally-spun PAN/PMMA nanofibers with different PAN/PMMA weight 

ratios: a) 1:9, b) 2:8, c) 3:7, d) 5:5. 

 

 

 

Figure 4.4 shows SEM images of CNFs prepared by thermally treating centrifugally-spun 

PAN/PMMA precursors at 800 °C. The nanofibers showed longitudinally aligned fibril 

structures after the decomposition of PMMA, which was induced by phase separation 

between PAN/PMMA and large stretching due to centrifugal force. The diameters of the 

fibrils ranged from 30 nm to 170 nm for 1:9, 2:8 and 3:7 PAN/PMMA precursor samples. 
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Both PAN/PMMA (2:8) and PAN/PMMA (3:7) nanofibers showed similar fibril structures 

with fibril diameters ranging from 25 nm to 50 nm.  However, PAN/PMMA (5:5) nanofibers 

did not show clear fibril structure, Instead, they presented deep grooves and wrinkles on the 

fiber surface with a width of around 220 nm.  
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Figure 4.4. SEM images of carbon nanofibers thermally-treated from centrifugally-spun 

PAN/PMMA precursors with different weight ratios: (a,b) 1:9, (c,d) 2:8, (e,f) 3:7, (g,h) 5:5. 

 

 

 

Surface area and pore structural properties were characterized by BET and summarized in 

Table 4.1. CNFs prepared from PAN/PMMA precursor fibers with a weight ratio of 2:8 

treated at 800 °C reached 420.05 m
2
 g

-1
, which is similar to that of PAN-based porous carbon 

nanofiber webs activated by ZnCl2.[165] The results were consistent with the SEM 

observations, for CNFs prepared from PAN/PMMA weight ratios of 2:8 and 3:7 at 800 °C 

possessed finer fibrous structures and presented higher surface areas. Pore sizes for all 
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samples were consistent, which were all around 4.1 nm. To make a comparison, CNFs 

prepared from PAN/PMMA precursor fibers with a weight ratio of 3:7 at 700 °C only 

reached a surface area of 147.32 m
2
 g

-1
 and a total pore volume of 0.101 cm

3
 g

-1
, while their 

800 °C counterparts reached a surface area of 316.38 m
2
 g

-1
 and a total pore volume of 0.134 

cm
3
 g

-1
. The results demonstrated the importance of carbonization temperature upon the final 

morphology and physical properties of CNFs prepared by centrifugal spinning.  

 

 

 

Table 4.1 Physicochemical characterizations of CNFs thermally-treated from PAN/PMMA 

precursors with different weight ratios at 800 °C 

 

 
1:9 2:8 3:7 5:5 10:0 

 

BET surface 

area (m
2
 g

-1
) 

 

224.20 

 

420.05 

 

316.38 

 

240.02 

 

133.59 

 

Average pore 

size (nm) 

 

4.130 

 

4.131 

 

4.129 

 

4.129 

 

4.129 

Pore volume 

(cm
3
 g

- 1
) 

 

0.155 

 

0.146 

 

0.134 

 

0.088 

 

0.092 
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4.3.2 Electrochemical characterization  

The electrochemical properties of CNFs thermally-treated from PAN/PMMA precursor 

fibers with a weight ratio of 3:7 at 700 °C and 800 °C were tested to verify the importance of 

surface area and at the same time, demonstrate the feasibility of using CNFs prepared by 

centrifugal spinning as electrode materials for supercapacitors. The cyclic voltammetry (CV) 

profiles at different scan rates are shown in Figure 4.5. The CV patterns are distorted 

rectangular without the presence of faradaic peaks, indicating typical EDLC behavior.[137, 

160] According to the CV curves, the specific capacitance of the electrodes was calculated 

via equation 4.1. 

Cs=2(∫IdV)/(υmΔV)    (4.1) 

where I is the current in a given potential (A), V the potential (V), υ is the potential scan rate 

(V/s), m the mass of the electrode (g), and ΔV the potential difference (V).[160, 166] For 

CNFs treated at 700 °C, with the scan rate increasing from 5 to 100 mV/s, the specific 

capacitance fell from 91 to 50 F/g while for the CNFs treated at 800 °C, the specific 

capacitance decreased from 102 to 77 F/g, showing improved rate performance. Since CNFs 

treated at 700 °C only possesses a BET surface area of 147.32 m
2
 g

-1
 and a total pore volume 

of 0.101 cm
3
 g

-1
, while their 800 °C counterparts exhibit a surface area of 316.38 m

2
 g

-1
 and a 

total volume of 0.134 cm
3
 g

-1
. The results can be attributed to factors such as decreased 

transport pathway length for ions such as K
+
 and OH

−
 in aqueous electrolyte, higher specific 

reaction areas, and lower contact resistance between the electrode-electrolyte interfaces, 

which was later verified in EIS.[124, 137] 
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Figure 4.5. CV curves of carbon nanofibers with 3:7 PAN/PMMA weight ratio, and 

thermally-treated at: (a) 700 °C and (b) 800 °C. Arrows indicate the increasing scan rate from 

10 to 100 mV s
−1

. 
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The electrochemical impedance spectra (EIS) were measured to study the impedance of 

CNFs prepared by centrifugal spinning (Figure 4.6). The frequency range used was from 100 

KHz to 100 MHz. Both Nyquist plots showed a single semicircle in the high frequency 

region and a sloped line in the low frequency region. The ideal capacitance gives rise to a 

straight line along the imaginary axis, while in a real capacitor this line has a finite slope that 

represents the diffusive resistivity of the electrolyte within the micro-/mesopores of the 

electrode.[159] It is seen from Figure 4.6 that CNFs treated at 800 °C exhibited a smaller 

semicircle arc (4.12 Ω) in the high frequency region than the 700 °C treated counterpart (10.0 

Ω), and a more vertical line in lower frequency region than those treated at 700 °C, indicating 

smaller charge transfer resistance [141, 160, 167] and lower impedance on the 

electrode/electrolyte interface, which corresponded well with BET surface area and pore 

volume characterization results.[168] 
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Figure 4.6. Nyquist plots for carbon nanofibers prepared from PAN/PMMA precursor fibers 

with a weight ratio of 3:7 at 700 °C, 800 °C. The impedance was tested at an open circuit 

voltage of 5 mV. 

 

 

 

4.4 Conclusion 

Centrifugally-spun PAN/PMMA islands-in-the-sea nanofibers were fabricated and were 

thermally-treated to form high-surface area CNFs for use as electrode materials in 

supercapacitors. The supercapacitor performance of the resultant CNFs was comparable to 

that of electrospun counterparts. Results demonstrated that CNF treated at 800 °C had 

superior performance than those treated at 700 °C, probably due to better synergic effects of 

BET surface area, pore size distribution and pore volume, all of which affect the ion-charge 
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transfer and effective adsorption upon electrode-electrolyte interface. Centrifugal spinning is, 

therefore, verified as an alternative nanofiber fabrication technique to produce nanofiber 

electrode materials for next-generation supercapacitors.   
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CHAPTER 5 CONCLUSIONS 

The world energy crisis and the development of new sustainable energy are pushing the 

limits in the area of energy storage and conversion systems. Over decades of research and 

development, carbonaceous materials, from graphite, carbon nanotubes to carbon nanofibers, 

have become the most studied energy storage materials. Carbon nanofibers, featured by large 

specific area, ideal electrical and mechanical properties, have been used in both lithium-ion 

batteries and supercapacitors. Currently, most carbon nanofibers are produced by 

electrospinning of precursor fibers with subsequent heat treatment. However, the low 

production rate and high cost of electrospinning hinder the practical application of carbon 

nanofibers as a useful energy storage material.  

 

Recently, centrifugal spinning, a high-rate and low-cost nanofiber production technique, has 

experienced great progress and attracted much attention. Various polymeric and ceramic 

micro-/nanofibers have been fabricated by using this technique. Nonetheless, no work has 

been done to explore the feasibility of using CNFs prepared by centrifugal spinning for 

energy storage applications.  

 

In Chapter 3, Sn/C composite nanofibers were prepared by centrifugal spinning and 

subsequent carbonization process with 0, 2, 5, and 8 wt% SnCl2(II) chloride/PAN precursors. 

Interactions between salt, polymer chain and solvent molecules were investigated to guide 

the production of carbon nanofibers, and the composite nanofibers were then used as anodes 
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in lithium-ion batteries. Results showed that Sn/C nanofiber anodes prepared from 5 wt% 

SnCl2/PAN precursor delivered the highest specific capacity (442 mAh g
-1

) after 50 cycles 

and a coulombic efficiency over 99%.  

 

In Chapter 4, PAN and PMMA were employed to produce phase separation polymer blend 

solutions. Centrifugally-spun nanofibers with different PAN/PMMA weight ratios were 

prepared and characterized. It was found that CNFs prepared from PAN/PMMA precursor 

fibers with weight ratios of 3:7 and 2:8 exhibited larger surface area compare to other CNFs. 

PAN/PMMA precursor fibers with a weight ratio of 3:7 were also treated at 700 °C and 

800 °C, respectively, to investigate the effects of carbonization upon morphology and 

electrochemical performance. It has been demonstrated that the CNFs prepared from 

precursor fibers with a PAN/PMMA weight ratio of 3:7 at 800 °C delivered the highest 

specific capacitance of 102 F/g, and a 75.5% of capacitance retention rate under a scan rate 

as high as 100 mV/s.  
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CHAPTER 6 RECOMMENDATION WORK 

Results described in Chapter 3 and Chapter 4 demonstrate the feasibility of using centrifugal 

spinning as an alternative approach to produce functional energy-storage nanofibers, which 

can be utilized for lithium-ion batteries and supercapacitors. The focus of future work should 

be on the fundamental understanding of the centrifugal spinning process, and the utilization 

of such first-principle knowledge to manipulate structures and properties of the resultant 

centrifugally-spun nanofibers. The recommended future work includes but not limited to: 

 

6.1 High speed camera observation upon fiber formation process during centrifugal spinning 

A closer observation and investigation of the nanofiber formation process during centrifugal 

spinning is crucial in the early development stage for this technique. Just like electrospinning, 

solution jet in different spinning stages may experience different force changes and 

geometrical distortions, characteristic shape like Taylor cone observed in electrospinning 

may also be formed. The observation research shall guide future centrifugal spinning 

equipment design and optimize fiber production procedures for various applications 

including energy storage.     

 

6.2 Centrifugally-spun core-shell silicon-enwrapped nanofibers for use as anode in lithium-

ion batteries 

Silicon is a promising anode material for lithium-ion batteries due to its high specific 

capacity. However, its application is hindered by severe volume expansion and pulverization 
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during reversible intercalation of lithium within silicon. Silica is usually used as sacrificial 

content in the structure design for silicon anode materials. In our design, core-shell silicon-

enwrapped nanofibers will be produced by co-axial centrifugal spinning by using tetraethyl 

orthosilicate and silicon as core solution and PAN as shell solution. Specific designed co-

axial spinneret will be used in the experiment. Silica will be etched away during post 

treatment, leaving empty spaces in the core, which can accommodate the volume expansion 

originated from silicon. Easy to scale-up, high specific capacity anode materials thus can be 

expected to be fabricated based on using centrifugal spinning. 

 

6.3 Centrifugally-spun nanofibers for use as electrode for pseudocapacitors 

EDLC symmetric capacitors have limited energy density due to the nature of electrostatic 

charge adsorption. Different from EDLC, pseudocapacitor materials are based on metal 

oxides or conducting polymers, involving faradic redox reactions, and thus contribute much 

higher specific capacitance compare to EDLC. Experimental approaches include but not 

limited to: fabricating centrifugally-spun electric conductive polymers such as polyaniline 

and polypyrrole, combining centrifugally-spun porous carbon with metal oxide like RuO2, 

IrO2 and MnO2, and creating CNT-contained centrifugally-spun carbon nanofibers, all of 

which can serve as potential candidates for supercapacitor electrode materials.  
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