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 I 

Abstract 

Considerable attention has been paid to rechargeable lithium ion batteries (LIBs) 

because of their high energy density and long cycle lifetime. However, exploring and 

developing novel electrode materials with sufficiently high energy and power density to 

meet the requirements imposed on application of LIBs in high-power devices such as 

electric vehicles (EV) and hybrid electric vehicles (HEV) remains a challenge. The 

current commercially available anode materials employed in LIBs are graphites due to 

their long lifespan, low cost and low electrochemical potential with respect to lithium 

metal. However, the practical use of carbon in the application of LIBs in EV and HEV 

has been restricted by its low storage capacity (372 mAh/g), the limited rate 

performance, the internal short-circuiting associated with the formation of dendritic 

lithium because of its working potential of around 0 V versus Li
+
/Li. To address these 

problems, novel carbonaceous-based anode alternatives need to be developed. This 

thesis focuses mainly on developing novel electrospun carbonaceous nanomaterials in 

an effort to formulate carbon-based anode materials with high capacity, excellent rate 

capability, and long cycle life. The objective also involves establishing the relationship 

between electrospinning conditions, post-treatments, porous and/or hollow structure, 

surface area, morphology of the resulting materials and their electrochemical 

performance. Additionally, nanostructured sulfur cathode in porous hollow hybrid 

carbon is also investigated. 



 

 II 

By in situ formation and electrospinning together with thermal and acid treatments, 

the hollow graphitic carbon nanospheres (HGCNs) in amorphous carbon nanofibers 

(ACNFs) are fabricated, and the prepared nanomateirals show enhanced conductivity, 

more extra sites for Li
+
 storage, and a better ability for withstanding large volume 

expansion and shrinkage during the Li insertion and extraction procedure. As a result, 

the ACNFs/HGCNs display a high reversible specific gravimetric capacity of ~750 mAh 

g
-1

 and volumetric capacity of ~1.1 Ah cm
-3

 with outstanding rate capability and good 

cycling stability.  

In order to increase the density of HGCNs in the resulting materials, a novel 

triple-coaxial electrospinning method is employed to prepare amorphous carbon 

nanotubes decorated with HGCNs (ACNHGCNs). As anodes, these ACNHGCNs 

display a very high reversible specific capacity of ~969 mAh/g at a current density of 50 

mA/g, which is nearly 2.6 times the theoretical capacity of graphite (372 mAh/g), high 

volumetric capacity of ~1.42 Ah/cm
3
 and good cycling stability.  

Carbon nanotubes (CNTs) and CNFs represent ingenious high-capacity carbon 

anode materials for LIBs. By a novel in situ chemical vapor deposition method, 

activated N-doped hollow CNT/CNF composites are prepared having a superhigh 

specific Brunauer-Emmett-Teller (BET) surface area of 1840 m
2
 g

-1 
and a total pore 

volume of 1.21 m
3
 g

-1
. As an anode, this material has a reversible capacity of ~ 1150 

mAh g
-1

 at 0.1 A g
-1

 after 70 cycles. At 8 A g
-1

, a capacity of ~320 mAh g
-1

 fades less 

than 20 % after 3500 cycles, which makes it a superior anode material for a LIB. 
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A novel method to control Ni-induced graphitization is exploited by diffusing Ni 

nanoparticles from the graphitic carbon spheres into N-doped amorphous carbon 

nanofibers, which turns amorphous carbon into graphitic carbon and produces a 

hollow-tunnel structure in electrospun carbon/Ni nanofibers. After a combination of 

KOH activation and acid treatment, activated N-doped hollow-tunneled graphitic 

carbon nanofibers (ANHTGCNs) are obtained. It can be demonstrated that 

ANHTGCNs can be excellent anode materials for LIBs, displaying a superhigh 

reversible specific capacity of ~1560 mAh g
-1

 and a remarkable volumetric capacity of 

~1.8 Ah cm
-3

 at 0.1 A g
-1

 with outstanding rate capability and good cycling stability. 

 Significant challenges for the commercialization of lithium-sulfur battery include 

its rapid capacity fading and low power capability. Encapsulating the sulfur in pores of 

small volume of a porous carbon material alleviates this problem. A carbon-sulfur 

nanoarchitecture is prepared by encapsulating sulfur in porous hollow CNTs@CNFs. As 

a cathode, this material with 55 wt.% sulfur shows a high capacity of ~ 1313 mAh g
-1

 at 

0.2 C, and maintains ~ 700 mAh g
-1

 at 1 C after 100 cycles and 430 mAh g
-1

 at 5 C after 

200 cycles, which makes it a superior cathode material for a rechargeable Li-S battery. 
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of ~ -750 Torr; (E, F) by calcining NCNNs at 700°C with subsequent rapid pumping to a 

final of ~ -375 Torr, which was then maintained for 0.5 h; by directly calcining (G) 

PAN/Ni(Ac)2 composite nanofibers or (H) PAN/Ni(Ac)2/PMMA composite nanofibers 

at 700°C with sudden pumping to a final vacuum of ~ -750 Torr, maintained for 6 h and 

controlled by rapidly switching pumping valve on and off.  

Figure 5.6 TEM and HRTEM images of NHTGCNN by calcining NCNN at 700 °C with 

subsequent sudden pumping to a final vacuum of ~ -750 Torr and maintained for 0.5 

(A,B), 4 (C), and 6 h (D), respectively. 

Figure 5.7 TEM and HRTEM images of NHTGCNs from NHTGCNNs treated with 

HNO3. NHTGCNNs were from PAN/Ni(Ac)2 composite nanofibers (A) or 

PAN/Ni(Ac)2/PMMA composite nanofibers (B), respectively. 
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Figure 5.8. Morphology and structure of the materials. TEM and HRTEM images of 

ANHTGCNs (A), hollow-tunnel structure (B), the wall of hollow structure (C) and 

d-spacing distribution of graphene sheets and line profiles (inset) extracted from the 

image (D).  

Figure 5.9. Characterization of the materials. (A) Raman of ACNFs and ANHTGCNs. 

(B) N1 XPS spectra of ANHTGCNs. The N1 peak can be split into three lorentzian 

peaks at ~ 398.6, 400.1, and 401.4 eV, representing pyridinic (N1), pyrrolic (N2), and 

graphitic (N3) type of N atoms. (C) EELS spectra of ANHTGCNs. (D) Pore-size 

distribution of ANHTGCNs calculated by applying a slit/cylindrical NLDFT model. 

Figure 5.10 (A) N1 XPS spectra of ACNFs. (B) C1s XPS spectra of ANHTGCNs.  

Figure 5.11 (A,B) Pore size distribution of sample A by calcining PAN/Ni(Ac)2 

composite nanofibers, sample B by calcining PAN/PMMA/Ni(Ac)2 composite 

nanofibers, and sample C from sample B after the diffusion of Ni. 

Figure 5.12 (A) Nitrogen adsorption-desorption isotherms and (B) cumulative pore 

volume of ANHTGCNs. 

Figure 5.13 (A) Charge-discharge voltage profiles of ANHTGCN electrode cycled at a 

current density of 0.1 A g
-1

. (B) Cycling performance of ANHTGCNs electrodes at a 

current of (A) 0.1 A g
-1

. 
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Figure 5.14 Galvanostatic charge-discharge profiles (A) and capacity (B) of 

ANHTGCNs cycled at various rates from 0.5 A g
-1

 to 10 A g
-1

.  

Figure 5.15 (A) Cycling performance of ANHTGCNs electrode at a current of 10 A g
-1

. 

(B) Cyclic voltammograms at a scan rate of 0.1 mV s
-1

. 

Figure 5.16. (A-C) Schematic structure of N-doped graphene with defects (A) and 

illustration (B, C) showing that lithium ions diffuse from outer space of ANHTGCNs 

into inner space of ANHTGCNs through defected configurations. 

Figure 5.17. Characterization of ANHTGCNs after full lithiation. (A) TEM image of 

ANHTGCNs. (B) HRTEM image of the hollow structure, showing a little disorder. (C) 

HRTEM image of the wall of the hollow structure, indicating more disordered graphene 

sheets and defects. (D) HRTEM image of enlarged d-spacing distribution of the (002) 

plane of carbon and line profiles (inset) extracted from the image.  

Figure 5.18 Raman of the ANHTGCNs after lithiation. 

Figure 5.19. (A) Charge-discharge voltage profiles of the ANHTGCN electrode at 0.1 A 

g
-1

 and (B) capacity of the ANHTGCN electrode at various rates from 0.5 A g
-1

 to 10 A 

g
-1

, tested between 2 and 0 V versus Li
+
/Li.   

Figure 6.1 Schematic illustration of a novel C-S nanoarchitecture by encapsulating 

sulfur in porous hollow CNTs@CNFs. 
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from the thermal decomposition of the polymer and N for high-capacity alloy such as Si 
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Chapter 1 

Introduction 

1.1Background of electrospining and lithium-ion batteries 

1.1.1 Principle of electrospinning  

Electrospinning is a simple, versatile and promising method for preparing 

one-dimensional (1D) nanostructured fibers from a broad range of materials including 

polymers, ceramics and composites.
1
 Synthetized nanofibers with fiber diameters 

ranging from several nanometers to several micrometers have exceptionally long length, 

uniform diameter and diversified composition and structure.
2
 Targeted multifunctional 

electrospun nanofibers with various advantages such as high surface-to-volume ratio 

and outstanding porosity have been widely used in many applications such as 

filtration,
3
 sensors,

4
 biomaterial scaffold,

5
 water treatment,

6
 and energy storage.

7
 

Electrospinning was first proposed by Formhals in 1934,
8
 who discussed on a patent of 

the operation of electrospining, and later by several research groups, especially 

Reneker’s
 
group.

9
 Many experimental and theoretical studies regarding the preparation 

of various types of nanofibers were investigated and the mechanism for formation of 

electrospun fibers was also studied.
10

 Figure 1.1 shows a typical electrospinning setup 

consisting of three major components: a high voltage power supply, a spinneret (a 

nozzle), and a grounded collector (a metal screen, plate or rotating mandrel).
11

 The basic 

theory of electrospinning is as follows. (1) A liquid electrified and the induced charges 
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Figure 1.1 Schematic illustration of the electrospinning setup. 

are distributed over the surface of the drop when a high voltage is applied. Within the 

action of electrostatic forces that include the electrostatic repulsion and Coulombic 

forces, the drop of polymer solution will form a conical object known as the Taylor 

cone. (2) When the stress due to the electric voltage applied between the nozzle and 

collector exceeds the surface tension of the polymer solution, an electrified jet will be 

formed and which then undergoes a complex stretching and whipping process, yielding 

a long thread. (3) As a result of further elongation of the liquid jet and evaporation of 

the solvent in the jet stream, a solidified non-woven fibrous mat can be obtained.
12

  

Infuecen of various parameters on morphology and structure of nanofibers   

The morphology and structure of the nanofibers by electrospinning technique 

hinge on the various parameters, which are categorized as operational conditions, 
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solution properties, and surrounding ambient parameters. Electrospun nanofibers with 

designed structure and mophology can be achevied by controlling these 

electrsopinning condistions.
13

 

Operational conditions. There are many operational condistions, such as the strength 

of applied electric field, the feeding rate of solution, the diameter of syringe needle, the 

distance between spinneret and collector, the type of collector, and the temperature of 

the eletrospinning solution, which have a significant influence on the nanofiber 

formation. For example, increasing applied electric potential and decreasing flow rate 

lead to smaller diamter of the resluting nanofibers.
14

 The higher temperature of 

electrospinning solution results in more uniform fiber diameter. The fiber diameter can 

also be reduced by using smaller needle diamter.
15

 Improper distance between tip and 

collector may introduce some beads into fibers. Aligned fibers can be achieved when a 

cylinder with high rotating speed or a void-gap conductive strip is used as the 

collector.
16

 

Solution properties. Solution parameters also can largely influence fiber morphology. 

These properties of solution invovle surface tension, the polarity of solvent, electrical 

conductivity, and viscosity or concentration.
1
 For example, the formation of beads in 

electrospun fibers is a common issure, which can be due to the action of several forces: 

(1) surface tension tends toward the conversion of the liquid jet into spherical droplets 

because of the driving force of the minimization of surface area; (2) electrosstatic 

repulsion between charges tends toward the increase of the surafce area of the jet, 
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enabling a thin jet; and (3) viscoelastic force hits back change of shape and tends to 

obtain a smooth fibers. Appart from these variables, the type of polymer, the molecular 

weight, molecular distribution, architecture ( branched or linear) of polymer may also 

play an important role in the formation of the resluting nanofibers. The formula about 

the diameter of fiber (ht) based on these parameters can be described by:
17

 

 

Where E, Q, I, φ, and γ denote electric potential, flow rate, electric current, 

dimensionless parameter of instability, and surface tension, respectively.  

Surrounding ambient parameters. The morphology and diameter of electrospun fibers 

aslo depend on surrounding conditions, such as temperature, humidity, and pressure in 

the chamber.
14

 For instance, the diameter of fiber will decrease when the temperature 

increases. Porous structure can be created on the surface of the resluting nanofibers by 

using high humidity, which causes huge variations during the electrospinning process. 

Electrospinning cannot work when the pressure in the closed set-up is belower than 

that of atmosphere.
18

    

In addition to these parameters mentioned-above, there are still other facts, including 

nozzle configuration (single, side-by-side, coaxial, and triple-coaxial nozzles) and 

collector substrate (aluminium foil, conductive paper and cloth, and wire mesh), which 
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also effects the fiber formation.
10a

 Therefore, the systhesis of nanofibers by 

electrospinning is very complex and hinges on many parameters. The resulting 

nanofibers with targeted morphology can be achieved by controlling these factors.   

 

Figure 1.2 Schematic representation of the Li-ion battery.
19

 

1.1.2 Principal of lithium-ion batteries  

Lithium-ion batteries (LIBs) offer the highest energy density (~200 Wh/kg) of any 

current rechargeable battery technologies, and they have gained tremendous success as 

power sources in most of today’s consumer electronics, such as notebooks, digital 

cameras, and cellular phones.
19

 Most importantly, LIBs have been extensively studied 

as power alternatives for pure electric vehicles (EV) and hybrid electric vehicles (HEV) 

because of their high power and energy density and long cycle lifetime. Figure 1.2 
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shows the schematic illustration of a typical LIB that is composed of a cathode (e.g., 

LiCoO2) and an anode (e.g., graphite) divided by an electrolyte-filled separator.
19

 

These components are put into an electrolyte solution containing dissociated salts, 

enabling the transfer of Li ion between the anode and cathode electrodes. In a LIB cell, 

the overall reaction during charging/discharging process can be described by: (a) anode: 

LixC6↔6C+xLi
+
+xe

-
(0<x≤1) and (b) cathode: Li1-xMO2+ xe

-
+xLi

+
↔ LiMO2, where C 

denotes graphite and M represents metal ions (e.g., Co, Ni, Mn). During charging, Li 

intercalates into the anode through the electrolyte. When the battery discharges, Li 

de-intercalates from the anode and intercalates into the cathode. Upon 

charging/discharging, the flowing of Li ions between the anode and the cathode 

enables the conversion and storage of electric energy into chemical energy.
20

 The 

performance of rechargeable LIBs depends mainly on the active materials used in the 

electrode materials for Li storage.  

1.2 Development of electrospun anode nanomaterials  

1.2.1 Carbon 

Carbon, a most abundant element in nature, has several allotropes including 

graphite, diamond, carbon nanotube (CNT), carbon nanofiber (CNF), graphene, and 

fullerene. The bonds of carbon mainly include sp
2
 and sp

3
. Carbonaceous materials are 

the most popular commercial anode materials for LIBs due to their good cyclability 

and environmental friendliness,  especially graphite discovered in 1989 by SONY 
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Figure 1.3 Schematic mode of lithium storage as Li2 covalent molecules.
21

 

Corporation. However, graphite has a low storage capacity of 372 mAh/g, 

corresponding to a stoichiometric LiC6 composition.
19

 Furthermore, another 

disadvantage is the limited rate performance of the rate-limiting step in the chemical 

diffusion of lithium ions within the bulk electrode material.
 
To increase the power and 

energy of LIBs, 1D nanostructured carbon materials, including CNTs, CNFs, and 

hybrid carbon, have been designed to tackle these problems.  

1.2.1.1 Lithium storage mechanism in carbon 

Intercalation in graphite 

Graphite with its special structure allows ionic, atomic and molecular species to 

diffuse between the layers and form Li-intercalation compounds.
22

 Many investigations 

have identified the Li-intercalation mechanism into graphite.
23

 In general, the lithium  
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Figure 1.4 Schematic mode of lithium storage in cavities and nano pores.
24

 

can be stored within the spaces between two adjacent graphene planes. Each lithium 

links with a hexagonal C ring to form the composition LiC6, yielding a theoretical 

capacity of 372 mAh/g.
24

 The lithium occupies the neighboring gap between the 

graphene layers to form a Li-C6-Li-C6 sequence perpendicular to the graphene layer.
25

 

When the lithium is fully intercalated into the graphite, the interplanar d-distance will 

be increased to 0.370 nm compared to that of graphite (0.335 nm).
26

 The lithium 

intercalation process into graphite follows a stepwise mechanism in which the lithium 

first occupies distant graphene layers, and then intercalates into the neighboring 

graphene layers.
22

 This mechanism indicates the exceptional repulsion of adjacent Li 
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layers, competing with the local reaction, lateral interaction, and configurational 

entropy contributions.
22

 

 

Figure 1.5  Schematic mode of lithium storage on two sides of isolated graphene 

sheets.
20

 

Covalent interaction  

To improve the capacity, a variety of carbons have been prepared and studied. The 

carbon materials obtained from pyrolysis of poly(p-phenylene) with maximum excess 

storage capacity, corresponding to the composition Li2C6, was shown by Sato et al.
21

 A 

large d-spacing of 0.4 nm between the graphene layers was achieved in these carbons 

after lithium insertion. NMR (nuclear magnetic resonance) results showed the presence 

of Li2 molecules in Li-inserted carbon, which was different from the conventional 
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intercalated Li. Figure 1.3 shows a schematic of the concept of covalent interaction 

between laterally neighboring Li atoms. The covalent interaction plays an important 

role in the electronic structure due to the sharing of electrons between Li’s. However, 

details on the bond distances must be further studied.  

Storage in 3D defects (nanopores and cavities)  

 Another mechanism for excess lithium storage based on cavities and pores in 

carbon materials treated at low temperatures (<1000 ºC) was presented by Mabuchi et 

al.
27

 Heating the polymer below 1000 ºC can introduce a number of cavities in the 

resulting carbon.
22

 However, when the heat treatment temperature was increased, the 

number of cavities was decreased. A schematic of 3D defects, showing lithium stored 

in carbon as lithium clusters in cavities, is given in Figure 1.4.
24

  

Interfacial storage 

Zheng et al.
19

 showed a model of interfacial storage for excess storage capacity, 

which was based on the house of cards where lithium is adsorbed on both sides of 

single graphene sheets in the disordered carbon. Hence, the second nearest neighbor 

sites can also be used for the storage of lithium, yielding a high capacity of up to 740 

mAh/g (LiC3, Figure 1.5). By considering the filling up of the defects in the carbon 

materials, Dahn et al.
20

 also proposed the falling cards to explain the excess of lithium 

storage. Additionally, other lithium storages like domain boundary and grain boundary 

sites were also studied.
28
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Heteroatom doping  

Heteroatom doping by N, P and B can enhance Li storage capability of 

carbon-based materials. Way et al.
29

 reported enhanced capacity of carbon by B-doping, 

yielding the composition Li1.16(B0.17C0.83) with higher voltage of lithium intercalation 

owing to the electron acceptor effect of B in carbon lattice. First principle calculations 

show higher Li adsorption energies after N-doping. Furthermore, the electro-negativity 

of N is stronger than that of carbon.
30

 Thus, N-doping enhances the electrochemical 

activity and electric performance and hence the Li
+
 ion storage capacity. For example, 

Reddy et al.
31

 reported that N-doped graphene electrodes by chemical vapor deposition 

method (CVD) possessed super-high capacity.
 
Wang et al.

32
 prepared N-doped 

graphene nanosheets by heat treatment of graphite oxide in an ammonia atmosphere 

and obtained a high capacity of ~900 mAh g 
-1

 at 42 mAg
-1

 with improved cycling 

stability. Wu et al.
33

 have prepared the N-doped graphene by heat treatment of 

graphene in a gas mixture of NH3 and Ar. As shown in Figure 1.6, there are two 

N-doped types (pyridinic N (N1) and pyrrolic N (N2)) in the structure. The prepared 

N-doped graphene shows high-power and high-energy performance of LIBs. They can 

achieve a reversible capacity of ~1024 mAh g
-1 

at a rate of 50 mA g
-1

. Moreover, a high 

capacity of ~199 mAh g
-1

 at 25 A g
-1

 can also be obtained. In addition, Ma et al.
34

 have 

investigated the effect of N-doped graphenes on the performance of LIBs by 

first-principles calculations. As shown in Figure 1.7, three different defect types 

(pyridinic, graphitic, and pyrrolic graphenes) possess the enhanced capacity as 
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compared with pure graphene. Within these models, the pysidinic structure is the most 

suitable for storing Li 
+ 

ions. The high capacity of 1262 mAh g
-1

 in the pryidinic 

graphene can be obtained, which is higher than reported experimental value of 1043 

mAh g
-1

.  

1.2.1.2 One-dimentional (1D) carbon nanomaterials  

CNFs 

CNFs can be prepared by different methods (e.g., CVD, laser ablation, 

arc-discharge and electrospinning) and have been widely used as anodes for LIBs.
35,36

 

Electrospun CNFs are continuous over long distances, which provide mechanical and 

electrical interconnects throughout the entire network. Another advantage of CNFs is a 

large amount of defects including lattice and surface defects that can promote fast Li 

intercalation/de-intercalation.
37

 As an anode, electrospun CNF has a reversible capacity 

of ~450 mAh g
-1

 at a rate of 30 mA g
-1

.
38

 Also, enhanced electrochemical performance 

can be achieved by introducing pores into CNFs via the electrospinning/carbonization 

process. The synthesized porous CNFs have higher BET specific surface area and 

larger pore volume when compared to those of CNFs. The porous structure increases 

the diffusion of Li ions and introduces more freedom and extra sites, enabling a better 

electrode. For example, the introduction of sacrificial polymers such as poly-L-lactic 
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Figure 1.6 (a) TEM image of the N-doped graphene sheets and (b) N1s XPS spectrum 

of the N-doped graphene. Inset: schematic structure of the binding conditions of N in a 

graphene lattice shoing the pyridinic N (N1) and pyrrolic N (N2).
33

 

a 

b 
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Figure 1.7 The optimization geometries of 10 Li atoms adsorbed on three types of 

graphene sheets with defects. (a) Graphene without N-doping ; (b) N-doped pyridinic 

graphene, and (c) N-doped pyrrodlic graphene. Left panel: normal direction view; 

Right panel: side view, where blue, gray and pink identify N, C and Li atoms, 

respectively. Particularly, in order to distinguish different layers, yellow is used to 

depict the Li atoms of the second layer in the left panel.
34
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acid (PLLA) into electrospun polyacrylonitrile (PAN) nanofibers which serve as a 

carbon source can create mesopores and macropores in CNFs.
39,40

 These porous CNFs 

show a high reversible capacity of ~556 mAh g
-1

 at 50 mA g
-1

 with long cycling life. 

Another approach to produce some micropores in the electrospun CNFs is to use an 

activating agent zinc chloride (ZnCl2) to activate CNFs.
41

 The activated CNFs with 

large surface areas and small pores possess higher lithium-ion storage capability of 

~533 mAh g
-1

 at 50 mA g
-1

 and better cycle stability compared to that of their 

non-activated counterpart (i.e., 410 mAh g
-1

).  

CNTs 

CNTs are the important variety of carbonaceous materials. After their discovery, 

they have received considerable attention due to their unique electrical properties, large 

surface-to-volume ratios, and high surface activities.
20

 Many researchers studied the 

mechanisms of Li de-intercalation/intercalation in CNTs and the electrochemical 

performance of CNTs.
42

 It is shown that the Li ions can be stored in sites between 

pseudo-graphitic layers and/or inside the center of the tubes. For the small diameter of 

CNTs, the strain on the planar bonds of the hexagon can cause delocalization of the 

electrons and promote the electro- negative property of the structure, hence increasing 

the degree of Li-ions intercalation. As a result, the reversible capacity of CNTs can 

reach between 460 mAh g
-1 

and 1116 mAh g
-1

 which are much higher than that of 

graphite. Polymer-based CNTs can be prepared by simple and low-cost electrospining. 

But, as anodes, they have some disadvantages such as low degree of graphitization and 
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few sites for storage of Li ions. To develop LIBs with large capacity and long life, 

novel electrospun CNT anode materials are needed. Methods such as introducing 

porous structure and increasing the degree of graphitization to improve the capacity of 

electrospun CNFs can be adopted. Unfortunately, little research has been done into 

electrospun CNTs for anode materials.   

1.2.2 Alloys   

Several metals can be electrochemically alloyed with Li, such as Si, Sn, Ge, Al and Zn. 

It is well known that these alloyed anodes have moderate operation potentials versus 

Li/Li
+
 which can avoid the deposition of metallic Li on the electrode surface and 

achieve good safety. Further, these alloys show outstanding specific capacities, which 

is much higher than that of graphite. The operating mechanisms are given by: M + xLi
+ 

+ xe
-
 ↔ LixM (x≤ 4.4, M = Si, Sn, etc). Although these alloys have considerable merits 

considering their high power and energy density, there are still many disadvantages 

associated with their practical applications. For example, the main challenge in these 

alloys is related to the large volume change during the Li alloying/de-alloying process. 

Hence, this volume change causes cracking and pulverization of the active materials, 

leading to loss of their electrical contacts and severe capacity fading. These alloys also 

have low electric conductivity yielding low rate capability.
20

    

To address these challenges, optimal electrode structures must be designed and 

prepared. An ideal alloy electrode structure should have the following preferred 
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Figure 1.8 (a) Schematic illustration of the preparation process for DWSiNTs, and (b) 

capacity retention of different nanostructured Si materials tested between 1 V and 0.01 

V. 
43

  

characteristics: (a) sufficient free space to accommodate the volume change of alloy 

during the charging/discharging process; (b) short transport pathways for both 

electrons and Li ions to obtain high power capability; and (c) stable solid electrolyte 

interface (SEI) film to achieve long cycle life.  

 

a 

b 
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Silicon (Si) 

Silicon (Si) is one of the most studied anode materials because of its low cost, low 

electrochemical potential of 0.06 V versus Li/Li
+
, outstanding theoretical capacity of 

4200 mAh/g, which is more than ten times than that of graphite.
44

 However, Si 

electrode suffers from high capacity loss of ~2650 mAh/g during the first cycle and 

poor capacity retention due to large volume change up to 400 %. Further, the Si anode 

surface will be covered by a SEI film due to its low electrochemical potential.
45

 Large 

volume change causes rupture of the SEI film, thus exposing the electrode surface to 

further reaction with the electrolyte. This results in continual formation of the SEI film 

further consuming the electrolyte. Most importantly, increasing SEI films can lead to 

low Coulombic efficiency and high resistance of ionic transport of the electrode, 

decreasing the performance of the electrode.
46

 It is well known that reducing the size of 

bulk Si to nanometer can help avoid fracture and enhance the cycle life.
44,47

 However, 

the electrolyte can still react directly with Si and unstable SEI formation during the 

charging/discharging process remains. To overcome these problems, combination of 

coatings on the surface of Si anode and porous structure has been examined. Recently, 

a novel double-wall Si-SiOx nanotube (DWSiNT) anode formed by combining 

electrospinning, CVD and calcination, where the outer wall is SiOx and the inner wall 

is active Si, has shown exceptional electrochemical performance (Figure 1.8a).
43

 The 

outer SiOx shell prevents the expansion of the outer surface of Si nanotube and the 

inner Si nanotube surface expands into the core of the nanotube. Furthermore, in the 
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DWSiNT, the inner Si is not exposed to the electrolyte and therefore a stable SEI on 

the surface of the DWSiNT is obtained. Such a novel nanotube anode displays a high 

capacity of 1780 mAh/g at C/5, long cycle life to 900 cycles with residual 76% initial 

capacity, and good Coulombic efficiency (Figure 1.8b). This structure also possesses 

excellent rate performance (600 mAh/g at 12C). However, the conductivity of the 

electrode is low, which limits the rate capability. Si nanoparticles encapsulated in 

porous carbon have been synthesized to address this problem. For example, Si 

nanoparticles confined in porous CNFs was synthesized by a single-nozzle 

electrospinning technique.
48

 Hydrofluoric acid (HF) was used to etch the 

Si@SiOx/carbon nanofibers to remove SiOx to achieve a porous structure. In turn, the 

obtained porous Si/carbon composite nanofibers exhibited a charge and discharge 

capacity of 1598 and 2464 mAh/g with a Coulombic efficiency of 60.5% in the first 

cycle, and maintained a capacity of 1104 mAh/g after 100 cycles at 0.5A/g, and higher 

rate capabilities. Further, fibers with core/shell structures of Si nanoparticles as core 

and carbon as shell were fabricated by a coaxial-nozzle electrospinning technique.
49

 A 

mixture of Si nanoparticles and PMMA acted as the inner solution and PAN served as 

the outer solution. The decomposition of PMMA created a porous structure in between 

the Si nanoparticles. Hence, this unique structure showed excellent electrochemical 

results: a high capacity of 1384 mAh/g at C/10, exceptional rate capability (721 mAh/g 

at 12C), and long cycle life of 300 cycles with 99% capacity retention.  
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Figure 1.9 (a,c) Schematic illustration of the process of porous carbon/Sn composite 

nanofibers and (b,d) SEM images of porous carbon/Sn composite nanofibers.
50 

Tin (Sn) 

Tin (Sn) has been considered as one of most important anode materials for 

lithium-ion batteries due to its high theoretical capacity of ~992 mAh/g with Li4.4Sn 

and a mild insertion/extraction potential. Despite these advantages, its 

commercialization has been greatly held back by its poor cycle life caused by large 

volume change and Sn particle aggregation. 1D nanostructured Sn is of great interest 

as anode material for LIBs due to its high BET specific surface area, orientated 
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electron conduction mechanism, and mechanical integrity. The performance of Sn 

anode can be enhanced by decorating with carbon materials to improve the 

conductivity of the whole electrode. Recently, a novel nanostructure of Sn 

nanoparticles encapsulated in porous multichannel carbon micro-tubes was reported by 

combination of a single-nozzle electrospinning technique and subsequent calcination as 

shown in Figure 1.9.
50

An electrospinning solution of PMMA/PAN/Sn octoate mixture 

was first used to prepare the composite nanofibers which were then calcinated in Ar/H2 

to obtain the resulting materials. The porous structure formed by the decomposition of 

PMMA not only provides the space to accommodate the volume expansion during the 

lithiation/ delithiation process, it also enables better transportation of lithium ions. The 

carbonaceous conductive network that can offer a transfer path for both the electron 

and lithium ion is able to obtain a better rate capability. Consequently, the prepared 

Sn/C material shows a high reversible capacity of 774.4 mAh/g. Furthermore, this 

material still has a high capacity of 648 mAh/g after 140 cycles, which is much better 

than that of the Sn nanoparticle electrode. Additionally, the specific capacity of the 

composite electrode was 570 mAh/g at 2C and 295 mAh/g at 10C after 50 cycles, 

showing an excellent rate capability and stable cycling performance. Similar work of 

Sn@C nanoparticles encapsulated in bamboo-like hollow carbon nanofibers was 

developed by coaxial electrospinning and calcination.
51

 The coaxial nanofiber 

precursors were first prepared by coaxial electrospinning using an inner solution of 

tributyltin (TBT) and mineral oil, and an outer PAN solution. Second, the as-collected 

precursors were treated with n-octane to extract the mineral oil to produce the hollow 
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structure. Last, the hollow nanofibers were further pyrolyzed at 1000 ºC in Ar/H2 to 

obtain the hollow hybrid materials. This composite showed a high reversible capacity 

of 737 mAh/g after 200 cycles at 0.5C. In addition, it also displayed a good rate 

capability: 650 mAh/g at 1C, 550 mAh/g at 3C, and 480 mAh/g at 5C. These 

demonstrate that Sn-based anode with high capacity, outstanding rate capability, and 

long cycle life can be achieved by designing the nanostructure with advantages such as 

pores and conductive supporter.  

Germanium (Ge)  

In addition to Si and Sn, germanium (Ge) is also an important element that has 

attracted attention as a promising anode material. Ge electrode has high capacity of 

1600 mAh/g and also suffers from the poor cycling performance resulting from the 

high volume change during the Li alloying/de-alloying process.
52

 The approaches that 

are employed to enhance the performance of Si and Sn can also be used to increase the 

electrochemical performance of Ge anode. For example, Ge/C composite nanofibers 

with Ge nanoparticles in carbon nanofibers have been prepared by the electrospinning 

technique using a mixture of PAN and Ge nanoparticles in DMF as the electrospinning 

solution.
53

 The obtained Ge/C composite nanofibers has an average diameter of ~250 

nm and Ge nanoparticles encapsulated in CNFs are 20 to 50 nm in size. The 

synthesized composite shows a high specific discharge capacity of 1385 mAh/g and 

charge capacity of 810 mAh/g with a relatively low Coulombic efficiency of 53%. Also, 

these materials exhibit a stable capacity of ~750 mAh/g after 50 cycles at a rate of 50 
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mA/g. Further improvement of the electrochemical performance of Ge electrode can be 

achieved by reducing the Ge particle size, introducing a porous structure, and coating 

some conductive templates such as carbon and polymer.  

1.2.3 Metal oxides  

A variety of metal oxides have been anticipated as potential anode materials for 

LIBs owing to their chemical and physical properties and high reversible capacities 

(>500 mAh/g). There are three types of metal oxide anodes according to their reaction 

mechanisms.
54

 The first is Li-alloy reaction mechanism (MxOy+2yLi
+
+2ye

-
→ 

xM+yLi2O and M+zLi
+
+ze

-
↔LizM); the second is the insertion/extraction reaction 

mechanism whereby Li inserts into and extracts from the metal oxide lattice 

(MOx+yLi
+
+ye

-
↔LiyMOx); and third is the conversion reaction mechanism that 

includes the formation and decomposition of Li2O accompanied by the reduction and 

oxidation of the metal particle (MOx+2yLi
+
+2ye

-
↔ xM+yLi2O).  

1.2.3.1 Li-alloy reaction mechanism 

SnO2 is a typical metal oxide in this group and can react with Li to form Li2O and 

Sn during the first charging by bonding with oxygen.
55

 The produced Sn continues to 

alloy with Li in the form of an upper limit of Li4.4Sn, which corresponds to the 

theoretical capacity of 783 mAh/g.
56

 However, the Sn phase formed by delithiation of 

Li-Sn alloy is easy to aggregate and cluster, which leads to high capacity loss caused 

by Sn volumetric change and the destruction of the Li2O matrix.
57

 Many advances have 



 

24 

been made to improve the cycling performance of SnO2 and the Coulombic efficiency. 

One of the effective methods that solve these problems is to design 1D nanostructured 

SnO2 with high specific surface area. Electrospun SnO2 nanofibers have been exploited 

to improve the electrochemical property of SnO2 electrode. Thus, SnO2 nanofibers 

were prepared by electrospinning a Sn-2-ethylhexanoate-PAN solution followed by 

thermal calcination.
58

 SnO2 nanofibers showed an initial high discharge and charge 

reversible capacity of 1650 mAh/g and 824 mAh/g at 0.1 mA/g, and maintained 477.7 

mAh/g at 0.1 mA/g after 50 cycles. To enhance the rate performance of the electrode, 

porous electrospun SnO2 nanotubes with diameter of ~200 nm was synthesized by 

electrospinning followed by calcination.
59

 The resulting anodes delivered a high 

discharge capacity of ~807 mAh/g after 50 cycles at a current density of 0.18 A/g. 

However, the implementation of SnO2 nanotubes is hindered by high capacity fading 

due to some decomposition reactions in the electrolyte. To solve this issue, various 

SnO2-carbon composite nanofibers were fabricated by electrospinning and calcination. 

SnO2 nanoparticles/nanocrystals with particle size ranging from 5 to 30 nm were 

uniformly distributed in the carbon nanofiber matrix.
60

 The carbonaceous matrix 

served as a buffer zone not only to regulate the agglomeration of SnO2 particles but 

also to withstand high volume changes. Thus, the prepared composites exhibited 

capacities between 400 and 900 mAh/g at 0.1 A/g with a long cycling life higher than 

that of SnO2 nanofibers. In addition, Ni-doping could also enhance the SnO2-carbon 

nanofiber anode,
61

 displaying a high capacity retention after 100 cycles due to the more 

effective electron transfer through carbon nanofibers.  Although the stability was  
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Figure 1.10 (a) Schematic representation of SnOx-CNF, (b) charge-discharge, and (c) 

cycle performance of SnOx-CNF at different current densities.  

(

b) 

(
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enhanced by introducing Ni, huge agglomerates could still be observed, which 

promoted the pulverization of the anode.  

Recently, freestanding electrodes in the form of thin films for LIBs have attracted 

much attention as they do not need to add binders and/or active carbon, enabling lighter 

weight and smaller volume.
62

 In addition, the absence of binders can guarantee intimate 

electric contact between the active materials and current collector. SnOx particles can be 

loaded on film substrates such as graphene oxide (GO), CNFs, and CNTs to prepare 

freestanding SnOx-carbon film. The use of GO paper can achieve an outstanding 

capacity retention of GO-SnOx electrode, but results in a low rate capability caused by 

the poor electric conductivity between graphene sheets.
63

 However, CNTs or CNFs 

films enable better kinetic properties compared with graphene because of the fiber inner 

channels for the transfer of Li ions.
64

 A quantum leap in this approach, Figure 1.10a, 

was the utilization of electrospun CNFs to support SnOx particles.
65

 The freestanding 

electrospun ultrafine SnOx-carbon nanofiber composite anode heated at 750 ºC showed 

an exceptional capacity of 674 mA h g
−1

 after 100 cycles at 0.5 A g
−1 

(Figure 1.10b). At 

0.5, 1, 1.5, and 2 A g
−1

, the prepared materials also had high specific capacities of 722, 

654, 567 and 468 mA h g
-1

, respectively, showing a good rate capability (Figure 1.10c). 

Further, the heating temperature affects the performance of the resulting composite 

anode. Their high performance can be attributed to the freestanding advantages such as 

the absence of binders and an intimate electrical contact.  

1.2.3.2 Insertion reaction mechanism 

javascript:popupOBO('CHEBI:36973','c2ee23145j')
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Several metal oxides that store Li by the insertion reaction mechanism are 

attractive anode materials because of their low cost, long cycling life, high working 

potential and nontoxicity. These metal oxides have relatively low specific capacity 

since Li can only be stored in their vacant sites. Electrospun TiO2 nanofibers was 

obtained using a mixture of polyvinylpyrrolidone (PVP) and titanium isopropoxide 

(TIP) in ethanol and acetic acid,
66

 showing a specific charge and discharge capacity of 

~120 and 175 mAh/g at 0.15 mA/g in the first cycle, respectively, which are lower than 

those of TiO2 nanoparticles (~270 mAh/g). This is because there are more surface 

defects in TiO2 nanofibers hindering the electron conduction and Li ion diffusion. But 

TiO2 nanofibers showed better cycling stability with 23% capacity fading after 50 

cycles compared to 63% of TiO2 nanoparticles. Lu et al.
67

 developed a 3D nano- 

architecture of TiO2 nanofiber anode that delivered a capacity of ~192 mAh/g at 0.5C 

with a 1% loss per cycle, and ~170 mAh/g at 1.5C with 1.6% loss per cycle, indicating 

an enhancement in Li-ion diffusion and rate capability.  

a 
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Figure 1.11 (a) TEM-SEI image of ODPTCNs, (b) cycling performance of ODPTCNs 

at 0.1 and 5 A/g, and (c) schematic illustration of the Li
+
 insertion and de-insertion 

processes inside ODPTCNs. 

 

Many groups have demonstrated that incorporating carbonaceous materials, such 

as graphene and CNTs into TiO2 nanofibers, can greatly improve the battery 

performance. The enhanced performance is ascribed to: (a) the carbon matrix can 

b 

c 
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improve the electronic conductivity of the TiO2 electrode; (b) the porous structure 

enables a large lithium flux and shortens the lithium diffusion length, thus improving 

the kinetics associated with lithium; and (c) the porous carbonaceous materials have a 

high capacity. For example, electrospun TiO2-CNT composite anode fabricated from a 

solution of TIP and CNTs showed an outstanding stability with a capacity loss of 8% 

from 10 to 800 cycles.
68

 Electrospun TiO2-graphene composite nanofiber electrode 

exhibited an initial discharge and charge capacity of 260 and 185 mAh/g, respectively, 

at a current rate of 33 mA/g.
69

 Moreover, this anode showed excellent cycle stability 

with a specific capacity of 153 mAh/g after 100 cycles and high Coulombic efficiency 

of 99% after a few initial cycles. Another study is electrospun TiO2-carbon composite 

nanofibers which also displayed exceptional cycling stability and high reversible 

specific capacity of 206 mAh/g up to 100 cycles at 30 mA/g with a high Coulombic 

efficiency of nearly 100%.
70

 But it is difficult to uniformly incorporate carbon and 

porous structure into TiO2 matrix. To address the problem, a novel 1D porous 

TiO2-carbon nanofiber was prepared by a simple coaxial electrospinning technique, 

where PMMA served as a sacrificial component to produce pores and polystyrene (PS) 

as the carbon source.
71

 The synthesized materials contained many pores through which 

lithium ions could transport from the outer space into the inner space, activating the 

whole electrode (Figures 1.11a,c). Further, carbonaceous materials not only provided 

conductive networks to assist the electron transfer but also facilitated lithium ion 

diffusion, yielding a better rate capability. As anodes, the prepared materials delivered 

high reversible capacities of ~806 mAh g
-1

 and a high volumetric capacity of ~1.2 Ah 
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cm
-3 

at the first cycle, and maintain the capacity of ~680 mAhg
-1

 after 250 cycles at 0.1 

Ag
-1

 (Figure 1.11b). Also, N-doping can improve the electrochemical property of TiO2 

nanomaterials by electrospinning owing to the improved electrical conductivity. 

N-doped hollow TiO2 nanofibers delivered a high reversible capacity of 85 mAh/g at a 

current rate of 2C, which was nearly two times higher than that of TiO2 nanofibers (45 

mAh/g).
72

  

1.2.3.3 Conversion reaction mechanism 

Many transitional metal oxides (MOx, where M=Fe, Cu, Co, Ni, Gr, Ru, etc.) 

follow the conversion reaction mechanism during the electrode reactions.
54

 At the first 

lithiation, these oxides are transformed to metals along with Li2O and then returned to 

their initial components after delithiation. As anodes, these metal oxides deliver high 

specific reversible capacities and high energy densities due to more than one electron 

that can be used in the conversion reaction. However, they also have many 

disadvantages which include unstable SEI films, large potential hysteresis, large 

volume change, and low Coulombic efficiency at the first cycle. To address these 

problems, 1D nanostructured metal oxides and metal oxide-carbon composites have 

been studied, including several typical metal oxides, such as nickel oxides, iron oxides, 

cobalt oxides, manganese oxides, and ZnB2O4 (B=Fe, Mn, or Co).    

Nickel oxide  
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Nickel oxide (NiO) is an attractive conversion reaction-based anode material for 

LIBs because of its low cost, nontoxicity, and high theoretical capacity of 718 

mAh/g.
73

 However, bulk NiO suffers from poor cycling life due to its 

semiconducting/insulating characteristics with a band gap of 4.3 eV and volume 

change during the charging/discharging process. Turning its morphology into 1D 

nanostructure can solve these problems. High-performance 1D NiO nanofibers could 

be prepared by electrospinning combined with heat treatment.
74

 A precursor solution of 

nickel acetate and poly(vinyl acetate) in DMF and acetate acid mixed solvent was used. 

The resulting NiO fibers as anodes yielded a large initial discharge and charge capacity 

of 1280 and 784 mAh/g at a current rate of 0.08 A/g. The cell delivered the charge 

capacity of 583 mAh/g after 100 cycles at 0.1 A/g, which was 75% of its initial charge 

capacity, showing good cycling stability. Further, the cell also showed good rate 

performance with the capacity of 675 mAh/g at 0.2 A/g, 543 mAh/g at 1 A/g, 409 

mAh/g at 2 A/g, 292 mAh/g at 4 A/g, and 204 mAh/g at 8 A/g.  

The 1D nanostructure significantly improves the capacity of NiO compared to bulk 

NiO. However, the cycle life of NiO electrode is still unsatisfactory. To enhance the 

cycle life, hybrid materials which have a better capability to volume variation was 

synthesized since an inactive or less active composition as supporting matrix 

can buffer the volume change. Hence, novel porous NiO-ZnO hybrid nanofibers were 

electrospun from a mixture of nickel nitrate, zinc nitrate and PVP.
75

 These composite 

nanofibers consisted of many interconnected nanopores between NiO and ZnO 

http://www.chemspider.com/Chemical-Structure.82876.html
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nanocrystals. Such novel electrode showed a very high capacity of 949 mAh/g after 

120 cycles at a rate of 0.2 A/g, suggesting a good cycling life. The hybrid electrode 

also delivered excellent rate capability. At 0.2, 0.4, 0.8, 1.6 and 3.2 A/g, the electrode 

had high discharge capacities of 1034, 993, 917, 828 and 707 mAh/g, respectively. 

These results confirm the important effect of the porous structure, nanostructure, and 

heterostructure on the performance of the resulting materials.  

Cobalt oxides 

Cobalt oxides, such as Co3O4 and CoO, can also be used as anodes for LIBs. The 

theoretical capacities of cobalt oxides vary from 715 to 890 mAh/g based on their 

chemical/physical structures.
76

 Cobalt oxides-based anodes are yet to be used in LIBs 

because of the poor capacity retention caused by the large volumetric change and 

unstable SEI film. 1D cobalt oxides nanofiber is a promising anode to alleviate these 

problems. For example, Ding et al.
77

 synthesized Co3O4 nanofibers prepared from the 

solution of cobalt nitrate and PVP in ethanol. As anode materials, These Co3O4 

nanofibers with fiber diameter of ~200 nm showed an initial capacity of 1336 mAh/g 

and then reached 604 mAh/g up to 40 cycles. Similarly, Gu et al.
78

 obtained Co3O4 

nanofibers using citric acid as a chelating agent to obtain a suitable viscosity for 

electrospining. The electrospun Co3O4 nanofibers as anodes gave a high initial 

discharge capacity of 816 mAh/g at a current density of 0.05 A/g, which was close to 

its theoretical capacity of 890 mAh/g. After 20 cycles, the discharge capacity still  
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Figure 1.12 (a) Schematic fabrication of GNS/Co3O4 composite paper, and (b) cyclic 

performance of GNS/Co3O4 composite, GNS paper, and Co3O4 electrodes at 0.1 A/g. 

 

a 
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remained at 741 mAh/g with a capacity loss of 9.2%, demonstrating good cycling 

stability.  

It is noteworthy that the introduction of graphene sheets into Co3O4 matrix improves 

the performance of Co3O4 anode. As shown in Figure 1.12a, a novel composite paper 

of graphene nanosheets-Co3O4 nanofibers was synthesized by electrospinning and 

infiltration.
79

 The electrospun Co3O4 nanofibers were coated by graphene sheets to 

form a 3D structured paper. Such novel paper not only promoted electron transport and 

solid contact between Co3O4 and graphene sheets, but also offered the space to 

accommodate the volume change of Co3O4 during the Li
+
 insertion/extraction process. 

As a result, this composite paper anode showed a very large initial capacity of ~1005 

mAh/g and maintained a capacity of ~840 after 40 cycles at current rate of 100 mA/g 

with a high Coulombic efficiency of more than 95% after the first few cycles. This 

performance was much higher than that of Co3O4 and graphene paper electrode (Figure 

1.12b). Further, the composite electrode also exhibited a better rate capacity compared 

with Co3O4 electrode. At 0.2, 0.3, 0.5 and 1 A/g, the specific capacities of the 

composite paper were ~ 900, 754, 500 and 295 mAh/g, respectively.  

Iron oxides 

Iron oxides, such as hematite (Fe2O3) and magnetite (Fe3O4), can store six or eight 

Li per formula unit (i.e., Fe2O3 + 6Li ↔ 3Li2O + 2Fe and Fe3O4 + 8Li ↔ 4Li2O + 3Fe) 

through the conversion reaction and are promising anodes that can deliver high 
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theoretical specific capacities of 1007 and 926 mAh/g, respectively.
73

 Iron oxides are 

abundant, low-cost and environment-friendly. However, practical application of iron 

oxide-based anodes is limited by the poor cycling life and large polarization due to the 

poor lithiation/delithiation kinetics. Several groups have shown that electrospun Fe2O3 

nanofibers
80

 or nanorods
81

 by electrospinning of PVP/ferric acetyl acetonate composite 

precursors and subsequent calcination as anodes showed high reversible capacities of 

1095 mAh/g at 0.05C for nanorods and 1293 mAh/g at 0.06C for nanofibers with 

excellent cycle stability and rate capability. The high performance was ascribed to the 

interconnected porous structure with high surface area. Incorporating nano-scale iron 

oxides in carbon matrix can further increase the electrochemical property of the 

electrodes. The carbonaceous matrix improves the electrical conductivity of the 

electrodes and accommodates the huge stress during cycling. Iron oxide nanoparticles 

offer high capacity and assist electronic/ionic diffusion. Indeed, these iron 

oxide/carbon composites also enhance the initial reversible capacity and Coulombic 

efficiency. Hence, these nanostructured iron oxides-carbon composites showed high 

reversible capacity, long cycle life and good rate capability when used as anodes for 

LIBs. Thus, Fe2O3 nanoparticles encapsulated in CNFs electronspun from FeCl3 and 

PAN in DMF showed an initial discharge capacity of ~ 604 mAh g
-1

 at a current density 

of 50 mA/g with a Coulombic efficiency of ~60%.
82

 After 75 cycles, the reversible 

capacity still remained at ~488 mAh g
-1

, corresponding to a capacity retention of 81%, 

suggesting a slow capacity loss.  
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Manganese oxides 

 Manganese oxides including Mn2O3, Mn3O4 and MnO can be attractive anode 

materials for LIBs due to their high theoretical capacities between 700 and 1000 

mAh/g.
83

 Manganese oxide-based anodes also suffer from large volumetric change 

during charging/discharging. To accommodate the volumetric change and enhance the 

cycle stability of these anodes, nanostructured manganese oxides, such as MnO 

nanocrystals,
84

 MnO film
85

 and MnOx nanowire
86

 were synthesized. Substituting Mn 

by Co
87

 or Zn
88

 in Mn3O4 also enhances their performance. Porous manganese 

oxide/carbon composite nanofibers were recently fabricated by electrospinning of 

PAN/manganese acetate mixture followed by calcination.
89,90

 These MnOx/C 

nanofibers were found to have an undulated surface morphology with large variations  
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Figure 1.13. (a) Schematic illustration of the frabication process of porous ZnCo2O4 

nanotubes, (b) TEM image of porous ZnCo2O4 nanotubes, and (c) cycle performance 

of porous ZnCo2O4 nanotube electrodes. 

in fiber diameter. As anodes, they had an initial charge and discharge capacity of 1155 

mAh/g and 785 mAh/g, respectively, at a current density of 50 mA/g. After 50 cycles, a 

high capacity of these electrodes was 600 mAh/g, corresponding to 76% of the initial 

reversible capacity. In addition, these composite anodes showed a good rate capability 

(

b) 

(b) 
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when cycled at higher current densities. Further, MnOx/carbon composite nanofibers 

by electrodepositing MnOx nanopartilces onto electrospun CNFs from calcination of 

PAN were also obtained.
79,80

 These nanostructured composite anodes gave a stable 

capacity of ~500 mAh/g after 50 cycles at a current density of 50 mA/g. At 500 mA/g a 

stable capacity of 400 mAh/g was also achieved. 

ZnB2O4 (B=Fe, Mn, or Co) 

Although conversion-reaction-based cobalt oxides showed high capacity and good 

cycle capability, they are toxic and expensive. Thus, intensive attempts have been 

made to substitute Co in cobalt oxides partially by eco-friendly and cheaper elements, 

such as Zn, Fe, Mg and Ni. Of particular interest is that Zn
+
 ions can partially replace 

the metal ions of binary metal oxides to form their ternary iso-structures (e.g., 

ZnCo2O4, ZnMn2O4 and ZnFe2O4). Substituting Co
+
 by Zn

+
 at the tetrahedral site in 

spinel Co3O4, ZnCo2O4 is a very attractive anode because both zinc and cobalt are 

electrochemically active with respect to lithium. Recent work on porous ZnCo2O4 

nanotubes produced by electrospinning followed by heat treatment was reported by 

Luo et al.
81

 (Figure 1.13a). These polycrystalline ZnCo2O4 nanotubes had diameters 

between 200 and 300 nm. The walls (~50 nm thick) comprised interconnected 

ZnCo2O4 nanocrystals and many nanopores (Figure 1.13b). When used as anodes for 

LIBs, they delivered a very high capacity of 1454 mAh/g after 30 cycles at a current 

density of 100 mA/g, which was much higher than the theoretical capacity of 903 

mAh/g. At higher current density of 2000 mA/g, a capacity of 794 mAh/g was 
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achieved after 30 cycles (Figure 1.13c). The excellent performance of the prepared 

nanotubes was a result of their novel structure with many active sites. The unique porous 

tube structure could relieve the strain induced by volume change during cycling and also 

promoted liquid electrolyte diffusion. High surface area shortened the transport pathway 

for Li-ion diffusion. ZnMn2O4 and ZnFe2O4 have also captured many interests because 

of their low cost and high capacity. Electrospinning is also an effective method to form 

1D nanostructured ZnMn2O4 and ZnFe2O4 nanomaterials. Electrospun ZnMn2O4 

nanostructures (nanorodes, nanofibers and nanowebs) synthesized through a 

combination of electrospinning and heat treatment was shown by Teh et al.
91

 ZnMn2O4 

nanostructures showed high capacities of ~1469 mAh/g (nanofibers) and 1526 mAh/g 

(nanowires), and maintained 705 mAh/g and 530 mAh/g after 50 cycles at 60 mA/g, 

respectively. ZnFe2O4 nanofiber anodes prepared by electrospinning also displayed a 

high reversible capacity of 733 mAh/g up to 30 cycles at a current rate of 60 mA/g.
92

 

1.3 Objectives and outline  

The current commercially available anode materials employed in LIBs are graphites 

due to their long lifespan, low cost, and low electrochemical potential with respect to 

lithium metal.
 
 However, the practical use of graphite in the application of LIBs in EV 

and HEV has been restricted by its low storage capacity and safety issues due to the 

internal short-circuiting associated with the formation of dendritic lithium. To address 

these problems, novel carbon-based electrode materials with sufficiently high energy 

and power density need to be developed to meet the requirements imposed on 
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application of LIBs in high-power device. In this thesis, novel high-capacity 

electrospun carbonaceous nanofibers/nanotubes anodes for high-performance LIBs will 

be studied. The objective also involves establishing the relationship between 

electrospinning conditions, post-treatments, porous and/or hollow structure, surface 

area, morphology of the resulting materials and their electrochemical performance. In 

addition, nanostructured carbon-sulfur composite cathode will also be investigated.  

Followed a comprehensive review given in Chapter 1, Chapter 2 presents that the 

hollow graphitic carbon nanospheres (HGCNs) are introduced to amporphous carbon 

nanofibers (ACNFs) via a combination of electrospinning, calcination and acid 

treatment to enhance the conductivity, provide more extra sites for Li
+
 storage, and 

enable a better ability for withstanding large volume expansion and shrinkage during Li 

charging/discharging process. Chapter 3 shows a novel triple-coaxial electrospinning 

method employed to introduce tube structure and more HGCNs in the resulting 

materials. In Chapter 4, a novel in-situ CVD is adopted to combine CNTs and CNFs 

into a hybrid, which has a reversible capacity of ~ 1150 mAh g
-1

 at 0.1 A g
-1

 after 70 

cycles with long cycle life and high rate performance. In Chapter 5, a novel method to 

control Ni-induced graphitization is exploited by diffusing Ni nanoparticles from the 

graphitic carbon spheres into N-doped amorphous carbon nanofibers, which turns 

amorphous carbon into graphitic carbon and produces a hollow-tunnel structure in 

resulting materials. It can be demonstrated that the resulting materials can be excellent 

anode materials for LIBs, displaying a superhigh reversible specific capacity, 
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outstanding rate capability, and good cycling stability. In Chapter 6, a carbon-sulfur 

composite is prepared by encapsulating sulfur in porous hollow hybrid carbon. As a 

cathode, this material shows a high capacity at both low and high current densities.   
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Chapter 2 

In situ formation of hollow graphitic carbon nanospheres in 

electrospun amorphous carbon nanofibers for 

high-performance Li-based batteries 

 

2.1 Introduction 

High demand for rechargeable batteries in high-power devices such as implantable 

medical devices, EV and HEV have sparked research efforts in the development of 

LIBs with higher capacity and better stability.
50,76,93

 The material chosen for anode in 

current commercial batteries is graphite (a theoretical capacity of ~ 372 mAh g
-1

).
94

 

However, the practical use of graphite in the application of LIBs in high-power devices 

has been frustrated by its low storage capacity, the decrease of cycling efficiency, the 

damage of SEI on the surface of graphite, and decisive safety issues resulting from the 

internal short circuiting caused by the formation of dendritic lithium due to its working 

potential of around 0 V versus Li
+
/Li.

95
 In the pursuit of solution in these problems, 

other carbonaceous materials have been investigated including porous amorphous 

carbon nanofibers (ACNFs),
41,96 

graphene nanosheets (GNSs),
97 

GNSs/carbon 

nanofibers (CNFs),
98

 GNSs/carbon nanotubes (CNTs),
99

 and hollow carbon 

nanospheres.
94
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Due to their unique structure in terms of extremely long fiber length and high 

specific surface area,
100

 1D carbon nanomaterials show improved electrochemical 

performance of LIBs.
38 

In particular, the development of continuous CNFs by a 

combination of polymer electrospinning and subsequent thermal treatment has various 

advantages such as ease of processing, low cost, and environmental benignity.
101

 
 

Moreover, they show sloping charge/discharge characteristics which makes it easy to 

predict the state of charge and discharge of the batteries, playing a very important role 

in the application in EV and HEV. However, the storage capacity and cycling stability 

of these carbon materials still remain challenges resulting from less additional sites for 

Li
+
 storage and volume expansion during the repeated lithium lithiation and 

delithiation process. Recently, porous electrospun ACNFs may prove to be especially 

useful for application in EV and HEV, since the porous structure can supply additional 

sites for Li
+
 storage and serve as a buffer for withstanding volume expansion.

41,96 

Furthermore, as a result of their high surface areas, porous carbons offer relatively 

large electrode/electrolyte interfaces that promote rapid charge transfer reactions in 

LIBs. Currently, the trend to fabricate porous electrospun ACNFs focuses on adding 

versatile additives. For example, the introduction of other polymers such as PMMA 

and PLLA into PAN solution will create pores in the ACNFs by thermal treatment for 

eliminating other polymers during the carbonization of PAN.
50,40,41

 On the other hand, 

porous ACNFs also can be prepared by activating-agent ZnCl2.
41

 Unfortunately, in 

most of cases, taking advantages of porous structure is hindered by controlling the 

number of pores and their diameter. Most importantly, the graphitization degree of 
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porous ACNFs is poor, leading to low electrical conductivities of the material. In this 

paper, we report on the in-situ formation of hollow graphitic carbon nanospheres 

(HGCNs) in ACNFs by a combination of electrospinning, calcination and acid 

treatment. The ACNFs/HGCNs contain many uniform-size hollow nanospheres, which 

increase the conductivity of electrode and introduce buffers for withstanding large 

volume of expansion and shrinkage. More interestingly, many defects between 

discontinuous graphene sheets with large d-spacing exist in their wall, providing more 

extra sites for Li
+
 storage; some exposed HGCNs on the surface of the composite are 

favorable for lithium ion diffusion from different orientations and sufficient contact 

between active material and electrolyte. In addition, the high-conductivity architectures 

facilitate the collection and transport of electrons during the cycling process. The 

studies of the ACNFs/HGCNs as anode materials for LIBs show high reversible 

capacity (~750 mAh g
-1

 and 1.1 Ah cm
-3

), excellent high-rate performance (~300 mAh 

g
-1

 at a rate of 8.2 C), and good cycling stability. We anticipate that our research will 

provide avenues for the rational engineering of low-cost high-performance 

carbon-based anode materials. 

2.2 Fabrication and characterizations of hollow graphitic carbon nanospheres 

(HGCNs)/amorphous carbon nanofibers (ACNFs) 

Materials 
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Polyacrylonitrile (PAN, Mw = 150 000, Aldrich) and dimethylformamide (DMF) were 

purchased from Aldrich. Nickel acetate tetrahydrate (Ni(Ac)2·4H2O) was obtained 

from Advtechind.  

In-situ Formation of HGCNs in ACNFs 

A typical electrospinning method was used in this study. 1 g PAN was dissolved in 

17 mL DMF at 70 °C with vigorous stirring. Then 1.5 g Ni(Ac)2·4H2O was added to 

the PAN solution with vigorous stirring for 2 h. The mixture was loaded into a 20-mL 

syringe with a 16-gauge blunt tip needle. The typical feeding rate for the solution was 

set at 0.05 mm min
-1

 and attained by a syringe pump. The distance between the cathode 

and the anode was fixed at 20 cm, and a high voltage of 15 kV was provided to the 

syringe needle tip and the metal collector using the power supply (Kato Tech Co.). All 

experiments were conducted at room temperature in air. The as-collected electrospun 

PAN/Ni(Ac)2 composite nanofibers were first stabilized at 250 °C for 2 h, and then 

carbonized at 650 °C in H2(5 %)/N2(95 %) for 3 h to obtain amorphous carbon 

nanofibers with Ni nanoparticles encapsulated in graphitic carbon nanospheres, 

denoted as ACNFs/NGCNs. The heating rate was kept at 5 °C min
-1

. The prepared 

samples were treated with HCl to obtain amorphous carbon nanofibers decorated with 

hollow graphitic carbon nanospheres (ACNFs/HGCNs). 

 

Characterizations 
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The composition and crystal structure of the obtained materials were characterized 

by X-ray diffraction (XRD, Philips, X'Pert Pro MPD). The morphology of the 

nanofibers was investigated using a JEOL 6300F field-emission scanning electron 

microscope (JEOL, Japan) operated at 5 kV. High-resolution transmission electron 

microscopy (HRTEM) was performed using a JEOL 2010 transmission electron 

microscope (JEOL, Janpan) operated at 220 kV with energy-dispersive X-ray 

spectroscopy (EDS). Raman spectroscopy of samples was obtained by a Jobin-Yavon 

T6400 micro-Raman system with an Ar
+
 laser. N2 adsorption and desorption isotherms 

at 77 K were collected using Micromeritics ASAP202, after degassing the samples at 

250 °C for 2 h. Surface area and pore volume were determined using the 

Brunauer-Emmett-Teller (BET) and Barrentt-Joyner-Halenda (BJH) methods, 

respectively. 

Electrochemical characterization 

The working electrodes were prepared by mixing the samples (ACNFs/HGCNs or 

ACNFs) (80 wt.%), carbon black (10 wt.%) and poly(vinyl difluoride) (10 wt.%, 

PVDF) in N-methlpyrrolidone (NMP) and pasting onto pure copper foil, followed by 

dehydration in a vacuum oven at 110 °C for 10 h. The mass loading was ~1.8 mg cm
-2

. 

Electrochemical test cells were assembled in an argon-filled glovebox with a coated 

copper disk as the working electrode, lithium metal foil as the counter/reference 

electrode, and 1 M solution of LiPF6 in a 1:1 vol/vol mixture of ethylene carbonate 

(EC) and diethyl carbonate (DEC) as the electrolyte. Celgard 2400 film was used as a 
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separator film. Charge (lithium insertion) and discharge (lithium extraction) were 

conducted by using an Arbin automatic battery cycler at several different current 

densities between the cut-off potentials of 0 and 3 V. The cyclic voltammetry 

measurement was carried out on a CHI 660C electrochemical workstation at a scan rate 

of 0.1 mV s
-1

. The ac impendence spectra were obtained by applying a sine wave with 

an amplitude of 5.0 mV over the frequency range from 100 kHz to 0.01 Hz. 

2.3 The role of catalytic Ni nanoparticles   

Catalytic effect for promoting the graphitization of carbon 

 

Figure 2.1 Schematic diagram illustrating the fabrication procedure and Li
+
 insertion 

and extraction processes inside the ACNF/HGCN electrode. 
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As shown in Figure 2.1, the PAN/Ni(Ac)2 composite nanofibers prepared by 

electrospinning were calcined at 650 °C for 3 h in H2(5%)/N2(95%) atmosphere, 

where PAN served as the carbon source, and transition-metal nickel formed by 

decomposition of Ni(Ac)2 as a catalyst for promoting the graphitization of 

carbon.
95a,101

 After calcination, Ni nanoparticles were produced and PAN 

nanofibers were decomposed into ACNFs because the required calcination 

temperature for graphitizing was not met.
38

 However, the amorphous carbon coating 

on Ni nanoparticles could have turned into a graphitic carbon due to the catalytic 

effect of transition-metal Ni.
102

 As a result ACNFs/NGCNs were fabricated. The 

FESEM in Figure 2.2 A shows the smooth surface of ACNFs with fiber diameters 

of ~250 nm, which were prepared by calcining pure PAN nanofibers. Figure 2.2B 

shows some nanospheres (diameters of ~ 40 nm) decorating on the ACNFs/NGCNs 

with the fiber diameter of ~ 200 nm as compared with ACNFs.      

TEM analyses were carried out to characterize the prepared nanomaterials. 

Figure 2.3A shows a TEM image of carbon nanofibers which show the smooth 

surface, similar to the result of FESEM image. The HRTEM image of the sample 

(inset in Figure 2.3A) reveals that the carbon is amorphous. As shown in Figure 

2.3B, the ACNFs/NGCNs contain many Ni nanoparticles decorating on the ACNFs. 

The spot- and ring-like patterns of the composite nanofibers in the selected area 

electron diffraction (SAED) pattern correspond to the (111), (200) and (220) planes 

of Ni, and the (002) plane of carbon, respectively (inset in Figure 2.3B). An 
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HRTEM micrograph in Figure 2.3C shows the metallic Ni nanoparticles with 

diameter of ~30 nm encapsulated in thin graphitic carbon nanospheres with 

thicknesses of ~ 5 nm, and interplanar spacing of ~ 0.23 nm in the image 

corresponding to the (010) plane of Ni. More importantly, the d-spacing of 

graphene sheets in nanospheres corresponding to the (002) plane of carbon is in the 

range of 0.34 - 0.45 nm (average value of ~0.41 nm), as shown in the inset plots in 

Figure 2.3C. The large d-spacing greatly enhances the capacity of the composite. 

98,99 
EDS (Figure 2.4C and Table 2.1) further confirms the presence of Ni metal and 

carbon. 

Sacrificial component for the formation of hollow structure 

After acid treatment, the metallic Ni nanoparticles were dissolved, thus producing 

HGCNs with hollow diameter of ~ 30 nm in which decorate the ACNFs (Figure 2.3D 

and Figure 2.3E). Furthermore, the obtained nanomaterials retained their morphology 
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Figure 2.2 (A) FESEM images of ACNFs, (B) ACNFs/NGCNs and (C) 

ACNFs/HGCNs. 
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Figure 2.3 (A) TEM and HRTEM (inset) images of ACNFs. (B) TEM (inset is SAED) 

and (C) HRTEM images of ACNFs/NGCNs and the inset shows the d-spacing 

distribution of graphene sheets. (D) TEM image of ACNF/NGCN. (E) HRTEM image 

of single HGCN and (F) HRTEM image of the wall structure. 

 

after the acid treatment as shown in Figure 2.2C. The formation of hollow structure can 

serve as a buffer for withstanding large volume of expansion and shrinkage during the 
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Li insertion and extraction procedure.
103 

Additionally, it can be seen some exposed 

HGCNs on the surface of ACNFs (Figure 2.3D and Figure 2.2C), which are favorable 

for lithium ion diffusion from different orientations and sufficient contact between 

active materials and electrolyte.
94

 More interestingly, the wall of HGCNs consists of 

more defects between discontinuous graphene sheets (as indicated by arrows in Figure 

2.3F), providing lots of extra sites for Li storage.
24,104

 Such an interesting structure 

renders the sample a high surface area of 67.5 m
2
 g

-1
 and BJH pore volume of 0.1 cm

3
 

g
-1

 as compared with that of ACNFs (22.5 m
2
 g

-1
). The residual Ni content of ~3 wt% 

obtained by EDS in ACNFs/HGCNs have very small contribution to the capacity of 

electrode.  

The prepared materials were further characterized by XRD. Figure 2.4A shows that 

the diffraction peaks at around 44.2, 51.5 and 76° can be assigned to the (111), (200) 

and (220) diffractions of cubic Ni (JCPES; No. 45-1027). Moreover, the C (101) 

diffraction peak of the ACNFs/NGCNs is sharp, meaning a well-graphitized structure 

as compared with ACNFs. In order to better understand the structure of prepared 

carbonaceous materials, we further employed Raman scattering to investigate the 

structural change of ACNFs after introducing Ni as the catalyst for promoting the 

graphitization of carbon. As shown in Figure 2.4B, both samples show two bands at 

about 1340 cm
–1

 and 1580 cm
–1

, which are called the D- and the G-band. The D-band 

is attributed to structural disorders and defects, and the G-band to order (the vibration 

of sp
2
-bonded carbon in a 2D hexagonal lattice, i.e., C=C bond stretching).

105
 The ratio 
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(R) of the intensity of the G-band to the intensity of the D-band (R = IG/ID) indicates 

the degree of order of carbon. In the case of ACNFs, we obtained a low-intensity 

G-band as compared with the D-band (R=0.7), thus implying that the prepared carbon 

materials consisted mainly of amorphous carbon. However, a strong-intensity G-band 

and the high R value of 1 reveal that the order of ACNFs/NGCNs is higher than that of 

ACNFs, showing a great increase in the degree of graphitic crystalline structure due to 

the Ni as a catalyst for promoting the graphitization of carbon.
105a

 

 

2.4 Mechanism of Li-ion storage in HGCNs/ACNFs  

The electrochemical performance of the prepared ACNFs/HGCNs was first 

evaluated by galvanostatic charge/discharge cycling at a current density of 50 mA g
-1

. 

For comparison, we also present the result of ACNFs under the same electrochemical 

conditions. As shown in Figure 2.5A, the ACNFs/HGCNs deliver a first high reversible 

capacity of up to 860 mAh g
-1

 in the voltage range of 0-3 V versus Li
+
/Li, which is ~ 

230 % higher than that of graphite (theoretical specific capacity of 372 mAh g
-1

) and is 

also higher than that of ACNFs (560 mAh g
-1

). The capacity of ACNFs/HGCNs is 

comparable with other nanostructure carbon electrode materials, such as pure graphene 

(453 mAh g
-1

),
98

 hollow carbon spheres (600 mAh g
-1

),
94

 GNSs (540 mAh g
-1

),
97

  

GNSs/CNFs (667mAh g
-1

),
98

 GNSs/CNTs (730 mAh g
-1

),
97

  CNFs/CNTs (546 mAh 

g
-1

),
64

 and porous ACNFs (566 or 533 mAh g
-1

).
41,96

 Furthermore, the reversible 
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Figure 2.4 (A) X-ray diffraction patterns and (B) Raman spectra of ACNFs and 

ACNFs/NGCNs. The diffraction peaks from Ni (JCPES; No. 45-1027) are indexed in 

the X-ray patterns. (C) An EDS spectrum of ACNFs/NGCNs. The sample was 

dispersed on Cu film to quantify the Ni and C concentration. 

 

Table 2.1 EDS composite profile of ACNFs/NGCNs. 

Elements Weight % Atomic % 

C 

Ni 

87.77  

 

12.23 

97.22 

 

2.78 

 

C 
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capacity of ACNFs/HGCNs is stable at ~ 750 mAhg
-1

 after 30 cycles at a rate of 50 mA 

g
-1

. And the coulombic efficiency of ACNFs/HGCNs is ~98 % after the initial few 

cycles (Figure 2.5D). The characteristic of sloping charge/discharge curves is similar to 

those obseved preciously from CNTs, CNFs, hybrid functional carbon, and amorphous 

carbon nanomaterials.
23,41,22,106

 The Li storage in the ACNFs/HGCNs electrode would 

be divided into two stages; the capacity of working potential in the range of 0-0.5 V (vs 

Li/Li
+
, Figure 2.5A) should be attributed to lithium extraction from the graphene layers, 

and the capacity above 0.5 V may be associated with Li extraction from the graphene 

surface, the nanopores and the defects.
23,41,22,106

 Figure 2.5B shows the cyclic 

voltammograms of the ACNFs/HGCNs electrode at 0.1 mV s
-1

. There are obvious two 

reduction peaks in the potential range of 0.9-1.7 V and 0.3-0.6 V in the first cycle, 

which correspond to the irreversible reactions between the ACNFs/HGCNs electrode 

and electrolyte, and the cointercalation of the solvated lithium ion into graphene 

sheets.
107

 The change from the first cycle to the second cycle is due to the incomplete 

conversion reaction and irreversible lithium loss due to the formation of the SEI film. 

107
 During the second to the fifth cycle, there is no clear change implying that the 

electrode is stable during the following charge/discharge cycles after the first cycle. 

Furthermore, the typical CV characteristics of ACNFs/HGCNs are completely different 

from these of reduction/oxidation reactions of Ni/NiO,
108

 showing that the residual Ni 

particles with content of ~3 wt% in ACNFs/HGCNs do not have any significant effect 

on the specific capacity of electrode. 
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A 
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Figure 2.5 (A) Charge-discharge voltage profiles of the ACNFs and ACNFs/HGCNs 

electrodes. (B) Cyclic voltammograms of ACNFs/HGCNs in LiPF6 with Li as counter 

and reference electrode at a scan rate of 0.1 mV s
-1

. (C) Comparison of the rate 

capabilities of ACNFs/HGCNs, GNSs, CNTs, CNFs, CNFs/GNSs, porous ACNFs, 

C 

D 
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graphite, and hollow carbon nanospheres. (D) Cycling performance of the 

ACNFs/HGCNs and ACNFs electrodes at different current rates between 0 and 3 V vs 

Li
+
/Li. 

The rate capability is one of decisive factors for the LIBs application in 

high-power devices.
109

 The rate performance of the ACNFs/HGCNs electrode is 

shown in Figure 2.5C. At current densities of 0.13, 2.2, 5.4 and 8.2 C, the reversible 

capacities of ACNFs/HGCNs are about 750, 410, 360 and 300 mAh g
-1

, 

respectively, which are higher than those of GNSs,
97

 CNTs,
110

 CNFs,
111

 

CNFs/GNSs,
98

 porous ACNFs,
41,96

 graphite,
98

 and hollow carbon nanospheres.
94

 

Moreover, the ACNFs/HGCNs exhibit a much better cycling performance than 

ACNFs. Figure 2.5D shows that the retention of the reversible capacity of 

ACNFs/HGCNs is ~ 100 % at 2.2 C after 300 cycles (410 mAh g
-1

). However, the 

reversible capacity of ACNFs decreases by 50 % (from 236 to 119 mAh g
-1

). These 

results indicate that the ACNFs/HGCNs have a good cycling stability and 

outstanding rate capability. Furthermore, the volumetric capacity of the 

ACNFs/HGCNs is ~1.1 Ah cm
-3

 which is approximately 1.3 times higher than that 

of graphite (0.837 Ah cm
-3

).
112

 

Figure 2.6 shows the effect of weight ratio of Ni(Ac)2 and PAN on the capacity 

of the resulting materials. It is clear that the capacity of the resulting carbonaceous 

materials increases when the Ni(Ac)2 increases. When the weight of Ni(Ac)2 is 1.5g, 

ACNFs/HGCNs have the highest specific capacity of 760 mAh g
-1 

at 0.05 A/g after 
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30 cycles, which is much higher than that of pure ACNF (400 mAh/g). However, 

the capacity of ACNFs/HGCNs greatly decrease (549 mAh g
-1

 for 1.75g and 539 

mAh g
-1

 for 2g) when the weight of Ni(Ac)2 further increases, which is due to many 

residual Ni nanoparticles in the prepared materials after acid treatment. These Ni 

nanoparticles are non-active materials for the improvement of capacity.    

To understand the reasons for the excellent rate capability of ACNFs/HGCNs, 

electrochemical impedance spectroscopy (EIS) measurements were carried out after 

10 cycles at a current density of 50 mA g
-1

. Both Nyquist plots obtained from 

ACNFs/HGCNs and ACNFs electrodes are constituted by one depressed semicircle 

at high-frequency and an inclined line at low frequency (Figure 2.7). The 

high-frequency semicircle is due to the summation of the contact, the SEI resistance 

Rf, and the charge-transfer resistance Rct. The inclined line at an approximate 45° 

angle to the real axis is attributed to the lithium-diffusion process within carbon 

electrodes.
113

 Apparently, the semicircle diameter of ACNFs/HGCNs electrode is 

rather small as compared with that of ACNFs, indicating that the ACNFs/HGCNs 

possess a high electrical conductivity and a rapid charge-transfer reaction for 

lithium ion insertion and extraction. This can be further supported by simulating 

their kinetic parameters via the typical Randles equivalent circuit.
113b,114

 As 

expected, the values of Rf and Rct for the ACNFs/HGCNs electrode are ~4.1 and 

60.2 Ω respectively, which are lower than those of the ACNFs electrode (~4.8 and 

85.1 Ω). Correspondingly, the exchange-current density i◦ of ACNFs/HGCNs  
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Figure 2.6 The effect of weight ratio of Ni(Ac)2 and PAN on the capacity of the 

resulting materials after 30 cycles at a current density of 50 mA/g.  

(~0.54 mA cm
-2

) is about twice that of ACNFs (~0.38 mA cm
-2

), indicating higher 

electroactivity of ACNFs/HGCNs.  

The possible reasons for observed high performance of ACNFs/HGCNs would be 

attributed to their unique structure as shown in Figure 2.1. First, the defects in the wall 

of HGCNs, the large d-spacing of graphene sheets and the HGCN core provide extra 

sites to store Li
+
, which greatly improve the lithium-storage capacity of electrode.

41,96
  

Second, the hollow structure acts as a buffer to substantially withstand the large 

volume of expansion and shrinkage during the Li insertion and extraction procedure, 

thereby maintaining cycling stability during the cycling process.
103

 Third, hollow 

structure, the exposed HGCNs on the surface of the composite nanofibers, and 

Weight ratio (Ni(Ac)2/PAN)  
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enhanced conductivity of the overall electrode are beneficial for the fast ion transfer 

and reduced diffusion paths for Li
+
 storage, resulting in better rate capability.

41 
Finally, 

the 1D carbon nanostructure maintains mechanical integrity during the repeated Li
+
 

intercalation procedure.  

 

Figure 2.7 Nyquist plots of the ACNFs/HGCNs and ACNFs electrodes after the 10 

cycles with an amplitude of 5 mV in the frequency range from 100 kHz to 10 mHz. 

Symbols and solid lines represent experimental data and curves fitted by Zview 2.0 

software, respectively. 

2.5 Summary 

 We have developed a novel 1D hybrid material of amorphous carbon nanofibers 

incorporated with highly graphitized hollow carbon spheres (ACNFs/HGCNs) by 

electrospinning in combination with subsequent calcination and acid treatment. Such a 
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unique structure of ACNFs/HGCNs provides more extra sites for Li
+
 storage, a buffer 

for alleviating volume expansion/shrinkage, and favorable transport kinetics for both 

lithium ions and electrons. As a result, the hybrid material shows a high reversible 

gravimetric capacity of ~750 mAh g
-1

 and volumetric capacity of ~1.1 Ah cm
-3

, 

excellent high-rate capability and good cycle stability. The simple electrospinning 

approach offers a new pathway for large-scale production of the novel hybrid carbon 

materials for energy storage. 
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Chapter 3 

Triple-coaxial electrospun amorphous carbon nanotubes with 

hollow graphitic carbon nanospheres for high-performance 

Li ion batteries 

 

3.1 Introduction  

In chapter 2, it has been demonstrated that the performance of electrospun 

amorphous CNFs can be greatly improved by introducing hollow graphitic carbon 

nanospheres formed by a combination of Ni-induced graphitization and acid treatment. 

It is expected that the capacity and rate performance of the prepared nanomaterials can 

be further enhanced when the density of hollow graphitic carbon nanospheres in the 

resulting materials further increases. As mentioned-above, CNT possesses high aspect 

ratio, excellent mechanical integrity, and more extra sizes to store Li ions, thus has 

been considered to be one of a promising anode materials for LIBs.
20

 However, to the 

best of our knowledge, there are no reports on electrospun carbon nanotubes for LIBs.         

The introduction of hollow graphtic carbon nanospheres into electrospun carbon 

nanotubes would be a promising degin for novel carbonaceous anode materials with a 

large capacity and long lifetime. In this chapter, we have fabricated a novel architecture 

made of amorphous carbon nanotubes decorated with hollow graphitic carbon 
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nanospheres (ACNHGCNs) by a novel triple-coaxial electrospinning method in 

combination with subsequent calcination and acid treatment, and have extensively 

characterized their electrochemical performance as high-performance anode materials 

for next-generation high energy and high power LIBs. Compared with the amorphous 

carbons, the ACNHGCNs provide additional nanosites for storage of lithium ions, thus 

improving the lithium-storage capacity. The special structure of ACNHGCNs provides 

a buffer to alleviate the volume expansion caused by repeated Li
+
 intercalation, which 

enhances the cycle lifetime.
115

 Due to the highly graphinized hollow carbon 

nanospheres that have been well-dispersed throughout the amorphous carbon 

nanotubes, ACNHGCNs possess high electronic conductivity and facilitate fast Li
+
 

diffusion inside the electrode so that very good rate capability can be achieved.
116

 We 

have also demonstrated that electrospinning is a simple elegant method to produce 

novel carbon nanostructures with superior electro-chemical properties. 

3.2 Triple-coaxial electrospinning technique 

Preparation of precursor solution for triple-coaxial electrospinning  

PAN (Mw = 150 000, Aldrich) solution with a concentration of 6 wt.% was used as 

the middle fluid. The solution was then prepared by dissolving 1 g PAN in 16.67 g 

DMF solvent at 80 °C with vigorous stirring. The outer fluid was a mixture of PVP 

(0.5 g, Mw ~1 300 000, Aldrich) and Ni(Ac)2·4H2O (2 g, Advtechind) in 13 mL DMF. 

Mineral oil (Aldrich) was employed as the inner fluid. 
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Fabrication of coaxial PVP/Ni(Ac)2/PAN@Oil composite nanofibers  

The set-up for triple-coaxial electrospinning is shown in Figure 3.1a. In brief, the 

spinneret consists of novel triple stainless-steel tubes with diameters of 1.5 mm (outer), 

0.91 mm (middle) and 0.61 mm (inner). The area of all the spinnerets was fixed at 

0.0029 cm
2
. The distance between cathode and anode was kept at 20 cm and a high 

voltage of 17 kV was applied to the syringe needle tip and the metal collector by using 

the power supply. Typical feeding rates for the triple solutions were set at 0.02 mm/min 

(KATO Tech Co., Ltd). All experiments were conducted at room temperature in air. 

Preparation of amorphous carbon nanotubes decorated with hollow graphitic carbon 

nanospheres (ACNHGCNs) 

The as-collected electrospun fibers were stabilized in H2(5%)/N2(95%) at 250 °C for 

2 h, and then carbonized in a tube furnace at 600 °C in H2/N2 for 3 h to obtain 

amorphous carbon nanotubes decorated with Ni nanoparticles encapsulated in graphitic 

carbon nanospheres (ACNNNGCNs). The heating rate was fixed at 5 °C/min. 

Resultant samples were further treated by HCl at room temperature to obtain 

amorphous carbon nanotubes decorated with hollow graphitic carbon nanospheres 

(ACNHGCNs).  

The materials charaterization, coin cells asembly, and electrhochemical 

measurement were same to that of Section 2.2. 
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3.3. Mechanism of the formation of ACNHGCNs 

A typical triple-coaxial electrospinning method schematically is illustrated in 

Figure 3.1a. Three viscous liquids were simultaneously fed through the inner (mineral 

oil), middle (PAN solution), and outer (a mixed solution of PVP and Ni(Ac)2) metallic 

capillaries, where PAN served as the carbon source, nickel formed by the 

decomposition of Ni(Ac)2 as a normal catalyst for graphitization of carbon,
102, 117

 and 

PVP as a template. When a suitable high voltage of 17 kV was applied between the 

spinneret and the collector, the jet was stretched by electrostatic forces. PVP and PAN 

were mixed together during the electrospinning process due to the use of the same 

DMF solvent. Hence, Ni(Ac)2 could be uniformly transported onto the surface and the 

PAN matrix.
118

 Finally, coaxial composite nanofibers were fabricated. Subsequently, as 

described in Figure 3.1b, the collected nanofibers were stabilized at 250 °C for 2 h 

under H2(5%)/N2(95%) to evaporate the oil to form a nanotube structure. After 

calcining at 600 °C for 3 h under a H2/N2 atmosphere, PVP was burnt out and a highly 

porous structure was formed and Ni nanoparticles were produced by the decomposition 

of Ni(Ac)2. The PAN coated on the Ni nanoparticals was decomposed into amorphous 

carbon, which was then transformed to graphitic carbon under the catalytic effect of Ni 

metal nanoparticles. As a result, amorphous carbon nanotubes decorated with Ni 

nanoparticles encapsulated in graphitic carbon nano-spheres (ACNNNGCNs) were 

fabricated. After immersion in HCl solution, the Ni nanoparticles were dissolved to 
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produce ACNHGCNs. Triple-coaxial electrospinning was used to prepare the 

ACNHGCNs rather than coaxial electrospinning for two main reasons. First, in the 

 

 

Figure 3.1 (a) Schematic illustration of the novel triple-coaxial electrospinning 

technique used to prepare the PVP/Ni(Ac)2/PAN@Oil coaxial composite nanofibers. (b) 

Proposed synthesis scheme for ACNHGCNs.  
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precursor, the addition of more Ni(Ac)2 into the PAN solution not only greatly 

increased the electrospinning solution conductivity, which lead to deep atomization of 

the liquids and their breakage into polydispersed electrosprays,
119

 it also allowed the 

mixed PAN/Ni(Ac)2 solution to act as an outer fluid precipitate when the concentration 

of Ni(Ac)2 was raised to ~11 wt.%. The higher the concentration of Ni(Ac)2, the better 

the performance, because the reduced metallic Ni nanoparticles are crucial catalysts for 

the formation of hollow graphitic carbon nanospheres. Second, introducing PVP into 

the PAN/Ni(Ac)2 solution increased the number of functional groups for Ni 

coordination to avoid the precipitation of Ni(Ac)2. During the calcination of 

PVP/PAN/Ni(Ac)2@Oil composite fibers, PVP was burnt out and PAN turned into 

carbon. The concentration of Ni formed by decomposing Ni(Ac)2 was increased in the 

carbon matrix. Further, this method prevents the formed Ni from aggregating and 

controlling the diameter of the hollow graphitic carbon nanospheres obtained by 

post-treating Ni with acid, which plays a very important role in the electrochemical 

performance of the prepared materials. However, phase separation between PAN and 

PVP did occur in the PAN/PVP/Ni(Ac)2 electrospun solution due to the limited 

solubility of these compounds. The FESEM in Figure 3.2a reveals the presence of 

some nanospheres (diameter ~25 nm) on the surface of the nanotubes having an 

average outside diameter of 200 nm. At the same time, nanospheres were observed on 

the surface of the inside wall of the broken nanotubes (see arrow in Figure 3.2b). These 

exposed nanospheres on the inside and/or outside surfaces of the nanotubes are 

favorable for lithium ion diffusion. from different orientations and provide sufficient 
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Figure 3.2 FESEM images of (a) ACNNNGCNs and (b) broken ACNNNGCNs 

fabricated by the novel triple-coaxial electrospinning technique.  

contact between active materials and electrolytes.
120

 The obtained nanomaterials 

retained their morphology after acid treatment (Figure 3.3). 
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Figure 3.3 FESEM image of ACNHGCNs.  

TEM analyses were employed to characterize the prepared nano-materials. Figure 

3.4a shows that the product has a nanotube structure and Ni nanoparticles with ~15 nm 

diameter are decorated homogeneously on the amorphous carbon nanotube. The 

HRTEM micrograph in Figure 3.4b reveals the structure of metallic Ni nanoparticles 

encapsulated in graphitic carbon nano-spheres with a thickness of ~5 nm. The resolved 

inter-planar distances are ~ 0.23 and 0.34 nm, which correspond to the (010) plane of 

Ni and the (002) plane of carbon, respectively. The spot- and ring-like patterns in the 

SAED pattern (inset in Figure 3.3a), EDS (Figure 3.5), and XRD (Figure 3.6) further 

confirm the presence of crystalline Ni and carbon. As shown in Fig.6, the diffraction 

peaks at circa 44.2
o
, 51.5

o
 and 76

o 
can be assigned to the (111), (200) and (220) 

diffractions of cubic Ni (JCPES; NO. 45-1027), respectively. After acid treatment, the 
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diffraction peaks of Ni disappear, while the peaks at 24.95
o
 and 44.75

o 
corresponding 

to the (002) and (101) diffractions of carbon, still exist. The inside diameters of the  
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Figure 3.4 TEM and HRTEM images of the composite nanotubes (a)-(b) before and 

(c)-(d) after the dissolution of nickel. The inset image shows the SAED pattern of the 

corresponding nanotubes.  
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Figure 3.5  An EDS spectrum of ACNNNGCNs. The sample was dispersed on Cu 

film to quantify the Ni and C concentration. Detailed composition results are shown in 

Table 3.1. 

Table 3.1 EDS composite profile of ACNNNGCNs. 

Elements                Weight % Atomic % 

C 

Ni 

                  82.9 

                   17.1 

     95.95  

     4.05 

   

nanotubes were measured to be ~80 nm. After acid treatment, the metallic Ni 

nanoparticles were dissolved, leading to the formation of hollow graphitic carbon 

nano-spheres with a diameter of ~15 nm (Figure 3.4c and Figure 3.4d).  
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Figure 3.6 X-ray diffraction patterns of (a) ACNNNGCNs, (b) ACNHGCNs and (c) 

amorphous carbon. The diffraction peaks from Ni (JCPES; NO. 45-1027) are indexed 

in the X-ray patterns.  

 

 

Figure 3.7 HRTEM image of the wall of ACNHGCNs. 
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Figure 3.8 Raman spectra of (a) amorphous carbon, (b) ACNNNGCNs and (c) 

ACNHGCNs.  

 

Figure 3.9 An EDS spectrum of ACNHGCNs. The sample was dispersed on Cu film to 

quantify the Ni and C concentration. Detailed composition results are shown in Table 

3.2. 
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Table 3.2 EDS composite profile of ACNHGCNs. 

Elements                  Weight % Atomic % 

C 

Ni 

                 98.4 

                  1.6 

      99.66  

       0.34 

   

According to the FESEM and HRTEM images (Figure 3.2, Figure 3.4 and Figure 

3.7), the walls of the amorphous carbon nanotubes partly consist of hollow graphitic 

carbon nanospheres, some are decorated on the inside and outside surfaces. Figure 3.8 

shows the Raman spectra of all the samples. Here, two bands are seen at ~1340 cm
–1

 

and 1580 cm
–1

, which are assigned to the D and G bands of carbon, respectively. The 

D-band is assigned to structural defects and disorders, and the G-band to the vibration 

of sp
2
-bonded carbon in a 2D hexagonal lattice, i.e., C=C bond stretching.

121
 The 

intensity ratio (R) of D to G (R = ID/IG) indicates the degree of disorder of the carbon 

surface. In amorphous carbon, we obtained a large intensity of the D-band when 

compared to the G-band, thus indicating that the obtained carbon materials consist 

mainly of amorphous carbon. However, a high intensity of the G-band and a low R 

value (~1) reveal that ACNNNGCNs have a higher order than the amorphous carbon, 

showing a large increase of the degree of graphitic crystalline structure.
106b

 This 

phenomenon is similar for ACNHGCNs. Although the small dark Ni particles still can 
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be seen in  the ACNHGCNs, its concentration of ~1.6 wt.% obtained by EDS in 

Figure 3.9 is too small to have any significant effects on the specific capacity of 

ACNHGCNs. 
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Figure 3.10 Electrochemical properties of ACNHGCNs as anode electrodes for Li ion 

batteries. (a) Charge-discharge voltage profiles of ACNHGCNs electrodes cycled at a 

current density of 50 mA/g between 3 and 0 V versus Li
+
/Li. (b) Cycling performance 

of ACNHGCNs electrodes at different current densities. (c) Comparison of the rate 
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capabilities of ACNHGCNs, CNF, CNT, GNS, GNS/CNF, natural graphite and hollow 

carbon nanospheres. (d) Nyquist plots of ACNHGCNs and amorphous carbon 

nanofibers electrodes after 10 cycles at a rate of 0.05Ag
-1

. 

3.4 Electrochemical properties of ACNHGCNs anodes 

Figure 3.10a shows the galvano-static voltage profiles of ACNHGCNs at a current 

density of 50 mA/g in the voltage range 0-3 V versus Li
+
/Li. The voltage plateau at 

~0.7 V in the first discharge cycle is closely related to the electrolyte decomposition 

and formation of a SEI.
106c

 The first charge and discharge specific capacity are 1597 

and 892 mAh/g, respectively. The large irreversible capacity in the initial cycle can be 

ascribed to the SEI formation.
104c

 The specific capacity approaches an optimized value 

of 969 mAhg
-1

 after the 15
th

 cycle, which is higher than that of earlier cycles. This 

result is because of the fact that it is harder for the binder to soak and absorb the 

electrolyte. The hollow nanospheres were not fully activated during the initial cycles, 

but the lithium-ion transport channel was extended as the charge/discharge cycling 

progressed, which activated the remainder of the carbon.
24

 Figure 3.10b shows that the 

ACNHGCNs exhibited good cyclic performance and maintained a reversible capacity 

of ~965 mAh/g after 100 cycles, whereas ACNNNGCNs and amorphous carbon 

retained only 531 and 400 mAh/g, respectively (Figure 3.11, and Figure 3.12a shows 

the smooth surface of carbon nanofibers with fiber diameter ~180 nm. Figure 3.12b 

shows the HRTEM image of the carbon nanofibers. Clearly, the carbon is amorphous, 

which is similar to the results of XRD and Raman scattering.). To our best knowledge, 
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this performance is superior to that of other carbon materials including CNF (200 

mAh/g),
111

 CNT (210 mAh/g),
105b

 CNF/CNT (546 mAh/g),
122

 electrospun porous 

amorphous CNF (~530 mAh/g)
39

 and graphene (453 mAh/g);
98

 as well as metal oxides 

and their composites such as Mn3O4/graphene (890 mAh/g),
123

 MnO2/CNT (~700 

mAh/g)
124

 and SnO2 (559 mAh/g).
125

 Furthermore, the capacity of ~330 mAh/g at 3.7 

A/g are retained afte 650 cycles, and both the coulombic efficiency at both low and 

high current density remain more than 99 % after the initial few cycles. Figure 3.13 

shows the cyclic voltammograms of the ACNHGCNs electrode at 0.1 mV/s. It is 

clearly shown that there are obvious two reduction peaks of ~1.5 V and 0.7 V in the 

first cycle, which correspond to the irreversible reactions between the ACNHGCNs 

electrode and electrolyte, and the cointercalation of the solvated lithium ion into 

graphene sheets.
107

 

 

Figure 3.11 Cycling performance of ACNNNGCNs and amorphous carbon electrodes 

at a current density of 50 mA/g between 3 and 0 V versus Li
+
/Li. 
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Figure 3.12 (a) TEM and (b) HRTEM images of amorphous carbon. 
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Figure 3.13 Cyclic voltammograms of ACNHGCNs in LiPF6 with Li as counter and 

reference electrode at a scan rate of 0.1 mV/s.  

 

 

Figure 3.14 The volumetric capacity of ACNHGCNs electrodes cycled at a current 

density of 50 mA/g between 3 and 0 V versus Li
+
/Li. 
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The change from the first cycle to the second cycle is due to the incomplete 

conversion reaction and irreversible lithium loss due to the formation of the SEI film. 

107
 During the second cycle to the fourth cycle, there is no clear change implying that 

the electrode is stable during the following charge/discharge cycles after the first cycle. 

Furthermore, there are not any peaks in CV about reduction/oxidation reactions of 

NiO/Ni.
108

 This clearly demonstrates that the Ni content of ~1.6 wt% in ACNHGCNs 

has very few contribution to the capacity of electrode. Therefore, the high capacity 

should be mainly due to the ACNHGCNs. Figure 3.10c shows the rate capability of the  

ACNHGCNs electrode. At current densities of 0.05, 0.1, 0.25, 0.5, 1.85 and 3.7 A/g, 

the reversible capacities of ACNHGCNs are about 960, 748, 573, 456, 400 and 330 

mAhg
-1

, respectively, which are higher than those of CNF,
111

 CNT,
105b

 graphene sheets 

(GNS),
99

 GNS/CNF,
98

 natural graphite
126

 and hollow carbon nanospheres.
120 

Electrochemical impedance spectroscopy (EIS) measurements also showed that the 

value of high-frequency semicircle in ACNHGCNs is much smaller than amorphous 

carbon nanofibers, implying that the ACNHGCNs electrodes possess a higher electrical 

conductivity and a more rapid charge-transfer reaction for lithium ion insertion and 

extraction (Figure 3.10d).
120

 These show that ACNHGCNs have a good cycling 

stability at both low and high current density and outstanding rate performance. Figure 

3.14 shows that the ACNHGCNs exhibit a high volumetric capacity of ~ 1.42 Ah/cm
3
 

which is approximately 1.7 times than that of graphite(0.837 Ah/cm
3
)
112

 and maintain 

excellent reversible volumetric capacity over 100 cycles. To obtain even higher 

volumetric capacities and provide new rational-engineering high-energy carbon-based 
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anode materials for a real battery we will future study the tap density of ACNHGCNs 

by adjusting the diameter of ACNHGCNs via electrospinning process and decorating 

the ACNHGCNs with other materials, etc. 
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Figure. 3.15 HRTEM images of hollow graphitic carbon nanosphere electrodes (a) 

before and after (b) 5, and (c) 100 charge/discharge cycles. (d) Pore size distribution of 

ACNHGCNs and amorphous carbon calculated. 
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Figure 3.16 Raman spectra of ACNHGCNs (a) before and after (b) 5, and (c) 100 

charge/ discharge cycles.  

 

 

Figure 3.17 Pore size distribution of ACNNNGCNs calculated. 
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To better understand the reasons that ACNHGCNs electrodes exhibited very high 

specific capacity, we further used HRTEM to examine the structural change of the 

hollow graphitic carbon nanospheres (HGCN) upon the electrochemical 

charge/discharge process (Figure 3.15). Figure 3.15a shows that the wall of hollow 

graphitic carbon nanosphere contains many defects between discontinuous graphene 

sheets, as indicated by the arrows. Also, the hollow structure would provide additional 

sites for Li
+
 storage after dissolving Ni nanoparticles. The defects and hollow structure 

give extra sites for storage of lithium ions, thereby greatly enhancing the electrode 

capacity.
104b,127

 The morphology of the HGCN becomes a little vague and the 

crystallinity decreases after the initial 5 charge/discharge cycles (Figure 3.15b). This 

effect is clearer for the HGCN after stabilization following 100 charge/discharge cycles 

(Figure 3.15c), and is confirmed by Raman scattering (Figure 3.16 shows that the R 

value (R = ID/IG) increases from ~1 to 1.28, indicating the decrease of crystallinity of 

ACNHGCNs after charge/discharge cycles.). Figure 3.15d further demonstrates that 

the hollow size of HGCN on ACNHGCNs is ~15 nm. The two peaks between 1 and 5 

nm indicate the existence of nano-pores in the wall of the amorphous carbon nanotubes 

due to the calcination of electrospun composite precursors since ACNNNGCNs also 

show two similar types of pore sizes between 1 and 5 nm when compared to 

amorphous carbon nanofibers (Figure 3.17 reveals that ACNNNGCNs also exhibit two 

types of pore sizes between 1 and 5 nm, similar to those of ACNHGCNs, showing that 

the peaks between 1 and 5 nm are attributed to the calcination of the polymer 

precursors.). These results show that the HGCN as well as nanoporses in the wall of 
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nanotubes have more sites for the storage of lithium ions, yielding much increased 

specific capacity.
104b,127

 

Given its superior electrochemical performance and good combination of a high 

reversible capacity, excellent cycle stability and remarkable rate capability, the 

ACNHGCNs electrode is a very promising candidate anode material for the next 

generation LIBs. The electrochemical enhancement would be attributed to the unique 

structure of ACNHGCNs, which yields several favorable properties. First, the defects 

in the hollow walls, the hollow structure, and nanopores in the wall of tubes provide 

extra sites for the storage of Li
+
, which improve the lithium-storage capacity.

104b,127
 

Second, the hollow nanospheres, nanopores and nanotube core act as buffers to 

substantially withstand the large volume expansion and shrinkage that occur during the 

Li insertion and extraction process, increasing the cycle lifetime of the electrode.
115

 

Third, the structures of the hollow nanospheres and nanochannel nanotubes and 

nanopores allow better Li
+
 access and fast transportation of lithium ions, thus reducing 

substantially the diffusion paths for Li
+
.
116a

 Finally, the architecture maintains 

mechanical integrity and high electrical conductivity of the overall electrode. These 

characteristics all enhance the rate performance of ACNHGCNs. 

3.5 Summary  

We have successfully employed a triple-coaxial electrospinning technique to prepare 

a novel architecture consisting of amorphous carbon nanotubes decorated with hollow 
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graphitic carbon nanospheres. Compared with amorphous carbon, the ACNHGCNs 

provided additional sites for Li ions storage. In addition, the ACNHGCNs showed high 

electronic conductivity and facilitated fast Li ion diffusion inside the electrode. As 

anodes, the obtained nanomaterials exhibited excellent electrochemical performance, 

with a good combination of high specific discharge capacity and volumetric capacity, 

good cycling stability and rate capability, which makes them excellent cantidates for 

use as anode material for the next-generation high power and high energy LIBs.  
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Chapter 4 

Hollow carbon-nanotube/carbon-nanofiber hybrid anodes for 

Li-ion batteries 

4.1 Introduction  

Over the years, various nanostructured carbonaceous materials with high energy 

density or power capability have been successfully prepared. However, insufficient 

emphasis has been placed on solving the durability of electrodes with high energy 

density and power capability. Recently, significant progress has been made in 

combining these advantages (for example: 1D porous CNTs or CNFs in Chapters 2,3,
7, 

13b
 1D N-doped nanostructures,

128
 N-doped graphene,

129
 and nanoscaled hybrid 

materials
98

) to develop new high-performance and long-lasting carbon anodes. But it 

can be difficult to control and produce a good combination of pore size, pore number, 

N-doping and a high degree of graphitization. Therefore, exploring and developing a 

novel approach to the synthesis of controlled 1D N-doped porous graphitic carbon 

nanomaterials for high-performance and long-term LIBs is urgently required. In 

addition, both hollow CNTs and CNFs in Chapters 2 and 3 represent ingenious 

high-capacity carbon anode materials for LIBs. Combinding them into a hybrid may 

also further enhance the capacity of the resluting materials. 

In this Chapter, we will design a novel in situ chemical vapor deposition method 

to grow CNTs on the surface of N-doped CNFs by calcining a polymer to produce 
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C2H2 that serves as a carbon source under the effect of Ni nanoparticles, yielding the 

activated N-doped hollow CNT-CNF hybrid materials with a superhigh specific 

Brunauer-Emmett-Teller (BET) surface area of 1840 m
2
 g

-1
and a total pore volume of 

1.21 m
3
 g

-1
. In the resulting structure, the CNTs occupy the space between the CNFs 

while retainning access on all sides to the electrolyte. Compared to that of CNFs in 

Chapter 2, this architecture enhances the density of actived material and improves 

remarkablely the anode volumetric capacity at high rates of charge/discharge. The 

inside and outside diameters of the CNTs grown on the surface of porous CNFs with 

attached hollow spheres are ~ 20 and 30 nm, respectively. The walls of the hollow 

carbon nanospheres and CNTs contain many defects. The prepared novel material has 

a doping level of ~1.4 wt.% nitrogen and, as an anode, shows an exceptional reversible 

capacity of ~ 1530 mAh g
-1

 at 0.1 A g
-1

, outstanding rate capability, and long cycling 

stability of over 3500 times while retaining more than 80 % capacity
 
at 8 A g

-1
. 

4.2 Designing a novel in situ chemical vapor deposition (CVD) 

Preparation of the activated N-doped hollow carbon nanotube-carbon nanofiber 

(CNT-CNF) hybrid materials.  

For coaxial electrospinning, the inner fluid of PMMA (Tokyo Chemical Industry 

Co., Ltd) solution was prepared by dissolving 1.5 g of PMMA in 30 mL of DMF solvent; 

a mixture of Ni(Ac)2·4H2O (1.5 g, Advtechind) and PAN (1.5 g, Mw=150 000, Aldrich) 

in 29.5 mL of DMF was used as the outer fluid. The spinneret for the electrospinning 
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consisted of coaxial stainless-steel tubes. The distance between the anode and the 

cathode was fixed at 20 cm. A high voltage of 21 kV was supplied at the syringe needle 

tip with a direct-current power supply. A typical feeding rate for the coaxial solutions 

was a constant 0.04 mm min
-1

 (KATO Tech Co., Ltd). During the electrospinning 

process, PAN and PMMA were mixed together because they had the same DMF 

solvent.
1
 Hence PMMA could be distributed in the PAN matrix to prepare 

PAN/Ni(Ac)2/PMMA composite nanofibers. The as-collected electrospun fibers were 

stabilized at 250 ºC for 2 h, and then pyrolyzed at 700 ºC in H2(5 vol %)/N2(95 vol %) for 

6 h to obtain N-doped CNT-CNF-Ni composite nanofibers. For the preparation of the 

activated N-doped hollow CNT-CNF hybrid materials, a mixture of KOH and 

CNT-CNF-Ni composite nanofibers (KOH:CNT-CNF-Ni=5 weight ratio) was first 

heated at 250 °C for 30 minutes and then treated at 750°C for 1 hour in a tube furnace 

under a nitrogen atmosphere. The activated mixture was further treated with HNO3 to 

remove the Ni and obtain the activated N-doped hollow CNT-CNF hybrid materials.  

Characterization  

The XRD, FESEM, TEM, HRTEM and Raman tests were the same as described in 

Section 2.2. Elemental analyzer (Thermo Scientific, Flash 2000 series) and X-ray 

photoelectron spectroscopy (XPS, PHI5600) were performed to evaluate the elemental 

compositions of the synthesized materials. N2 adsorption and desorption isotherms at 77 

K were determined (Quantachrome, Autosorb-iQ), and the CO2 isotherms were 

measured at 273 K (Micromeritics TriStar 3000). The pore-size distribution was 

http://www.ca800.com/product/B_20048.shtml
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calculated by non-local density functional theory (NLDFT). The coin cell asembly and 

electrochemical mesurement are the same as described in Section 2.2. 

4.3. Mechanism of in situ CVD for the preparation of the hybrid materials 

PAN/Ni(Ac)2/PMMA composite nanofibers were first prepared by coaxial 

electrospinning. The as-collected nanofibers were stabilized at 250 ºC for 2 h and then 

pyrolyzed at 700 ºC in H2/N2 (5%/95%) for 6 h. The PMMA was completely 

decomposed to produce pores and C2H2 that served as a carbon source for the growth of  

 

Figure 4.1 Schematic of the activated N-doped hollow CNT-CNF hybrid material 

design. The PMMA was decomposed to produce pores and C2H2 that served as a carbon 

source for the growth of CNTs on the surface of CNFs under the effect of Ni 

nanoparticles. 
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Figure 4.2 (a) SAED pattern and TEM, and (b) HRTEM images of the N-doped 

CNT-CNF-Ni hybrid material.  

 

 

a 

b 
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Figure 4.3 (a,b) TEM and HRTEM images of amorphous carbon nanofibers from PAN 

nanofibers and (c) TEM image of Ni/carbon nanofibers from the PAN/Ni(Ac)2 

composite nanofibers.  

 

a b 

c 
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Figure 4.4. X-ray diffraction patterns of (a) the N-doped CNT-CNF-Ni hybrid materials 

and (b) the activated N-doped hollow CNT-CNF hybrid materials.   

 

a 

b 
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Figure 4.5 (a) SAED pattern and TEM image of the activated N-doped hollow 

CNT-CNF hybrid material, and line profiles of the d-spacing of graphene sheets of the 

wall of CNT. (b) TEM and HRTEM images of CNT, revealing the presence of defects in 

the wall of hollow structure. 

a 

b 
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CNTs under the effect of Ni nanoparticles formed by the decomposition of Ni(Ac)2.
130

 

The PAN with a high N content (~26.4 wt%) on the surface of the Ni nanoparticles was 

carbonized into N-doped graphitic carbon under the catalytic effect of Ni.
13b

 As shown 

in Figure 1a, N-doped CNT-CNF-Ni hybrid materials were fabricated. Finally, 

activated N-doped hollow CNT-CNF hybrid materials were prepared by a combination 

of KOH activation and HNO3 treatment to remove the Ni and achieve high BET 

surface area with high total pore volume. 

a 

b 
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Figure 4.6 (a-c) TEM and HRTEM images of the activated N-doped hollow CNT-CNF 

hybrid materials. (d) Line profiles extracted from (c).   

TEM (Figure 4.2a) and HRTEM (Figure 4.2b) images show that the multiwalled 

CNTs formed from Ni/carbon composite nanofibers and the Ni nanoparticles were 

encapsulated in graphitic carbon with a thickness of ~5 nm as compared with CNFs and 

Ni/carbon nanofibers (Figure 4.3). The interplanar spacing of ~ 0.23 nm corresponds to 

c 

d 
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the (010) plane of Ni. The spot- and ring-like patterns in SAED (inset of Figure 4.2b) and 

XRD (Figure 4.4a) further confirm the presence of crystalline Ni and carbon. The low- 

and high-magnification TEM images in Figure 4.5 show that the inside and outside 

diameters of CNTs are ~ 20 and 30 nm, respectively.  

 

a 

b 
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Figure 4.7. (a) Raman spectra of amorphous carbon and the activated N-doped 

hollow CNT-CNF hybrid materials. (b) EELS spectra of the activated N-doped hollow 

c 

d 
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CNT-CNF hybrid material. (c) N1 XPS spectra of the activated N-doped hollow 

CNT-CNF hybrid material. Three components represent pyridinic (N1, ~ 398.6 eV), 

pyrrolic (N2, 400.1 eV), and graphitic (N3, ~401.4 eV) N atoms, respectively. (d) C1s 

XPS spectra of the activated N-doped hollow CNT-CNF hybrid materials.  

Figure 4.6 shows that the CNFs possess many pores and hollow carbon 

nanoparticles. Line profiles exhibit that the d-spacing of the graphene sheets in the 

CNFs and CNTs, which is due to the (002) plane of carbon, is in the range of 0.34 - 

0.42 nm (Figure 4.5a inset, and Figure 4.6d).  The SAED pattern displays (Figure 

4.5a, inset) ring-like patterns, suggesting that the synthesized hybrid material is 

graphitic. Additionally, HRTEM images (Figure 4.5b inset and Figure 4.6c) show that 

the wall of the hollow structure consists of many defects between discontinuous 

graphene sheets as indicated by the arrows. 

Raman-spectrum analyses in Figure 4.7a indicate that the G-band of the activated 

hybrid materials has a greatly enhanced intensity. The ratio (R= IG/ID) of the intensity 

of the G-band to the intensity of the D-band is ~1.46, which is higher than that of 

amorphous CNFs (~0.95), indicating a great increase in the degree of graphitic 

crystalline structure because of the use of Ni nanoparticles as a catalyst for promoting 

the graphitization of carbon. The EELS of the prepared materials in Figure 4.7b shows 

a pre-peak of carbon located at ~258 eV corresponding to the transitions to π* states in 

the sp
2
 carbon, which confirms the existence of graphene sheets in the activated 

N-doped hollow CNT-CNF hybrid materials.
131

 A doping level of ~1.4 wt.% nitrogen  
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Figure 4.8. (a) Nitrogen and CO2 adsorption-desorption isotherms and pore-size 

distributions (inset) of the activated N-doped hollow CNT-CNF hybrid material. (b) 

pore-size distribution of the activated N-doped hollow CNT-CNF hybrid material from 

3 to 151 nm. 

a 

b 
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in the activated hollow hybrid carbon was determined by element analysis. In the XPS 

N1s spectrum of the obtained carbon shown in Figure 4.7c, three components represent 

pyridinic (N1, ~ 398.6 eV), pyrrolic (N2, 400.1 eV), and graphitic (N3, ~401.4 eV) N 

atoms, respectively.
129

 The N binding configuration includes 26.6 % pyridinic N, 38.0 % 

pyrrolic N and 35.4 % graphitic N. XPS C1s spectra were also obtained and similar 

conclusions were reached (Figure 4.7d). The specific BET surface area of the activated 

hybrid carbon is 1840 m
2
 g

-1 
with a total pore volume of 1.21 m

3
 g

-1
, which is much 

higher than that of hybrid carbon (371 m
2
 g

-1
). Figure 4.8a shows the nitrogen 

adsorption-desorption isotherms of the activated hollow hybrid materials. The strong 

nitrogen adsorption below the relative to atmospheric pressure of 0.1 is characteristic 

of micropore filling. The continuous rise of adsorption-desorption isotherms in the 

relative pressure range from 0.1 to 1 indicates the presence of mesopore (0.1-0.6) and  

 

a 
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Figure 4.9. (a-c) The charge-discharge voltage profiles, capacities at various rates and 

cycling performances of the activated N-doped hollow CNT-CNF hybrid electrodes 

tested between 3 and 0 V versus Li
+
/Li. 

macropores (0.6-1) in the resultant materials.
132

 Figure 4.8a (inset) displays the results 

of a pore size analysis by applying a hybrid nonlocal density functional theory 

(NLDFT). It is evident that the activated hybrid materials possess many micropores 

peaked at ~ 0.35, 0.48, 0.64, 0.9, 1.1, 1.3 and 1.9 nm, respectively. A broad peak from 

3 to 151 nm can also be observed (Figure 4.8b). These findings are due to the defect, 

b 

c 
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porous structure and hollow structure in the obtained carbon. These results are 

consistent with by the TEM and HRTEM observations.  

4.4 Merits of the hybrid material anodes 

Figure 4.9a shows the galvanostatic charge-discharge profiles of the activated 

N-doped hollow CNT-CNF hybrid materials at 0.1 A g
-1

 in the voltage range 0-3 V 

versus Li
+
/Li. During the first cycle, the voltage plateau at ~0.7 V is ascribed to the 

formation of a SEI layer and electrolyte decomposition.
133

 The first charge and 

discharge specific capacities are ~ 2458 and 1530 mAh g
-1

. The large irreversible 

capacity can be attributed to SEI formation.
114b,128 

 In addition, the prepared materials  

 

Figure 4.10. Cyclic voltammograms of the activated N-doped hollow CNT-CNF hybrid 

materials in LiPF6 with Li as counter and reference electrode at a scan rate of 0.1 mV/s. 
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Figure 4.11. (a,b) The charge-discharge voltage profiles, capacities at various rates and 

cycling performances of the activated N-doped hollow CNT-CNF hybrid electrodes 

tested between 2 and 0 V versus Li
+
/Li.  

also show remarkable high-power rate capability. At current densities of 0.5, 1, 3, 5, and 

8 A g
-1

, the reversible capacities of the activated hollow hybrid materials are ~ 940, 700, 

a 

b 
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500, 380, and 320 mAh g
-1

, respectively (Figure 4.9c). Figure 4.10 shows a typical cyclic 

voltammogram of the activated N-doped hollow CNT-CNF hybrid electrode. There are 

two reduction peaks of ~1.3 V and 0.7 V in the first cycle that are ascribed to the 

irreversible reactions between the activated hollow hybrid carbon electrode and 

electrolyte and the co-intercalation of solvated lithium ions into graphene sheets.
7,13b

 

During the third cycle to the fifth cycle, there is no clear change, suggesting that the 

activated hollow hybrid carbon electrode is stable with reversible reactions during the 

following charge-discharge cycles. The cycling performance of the activated N-doped 

hollow CNT-CNF hybrid electrodes is present in Figure 4.9b,c. The capacity of 

synthesized materials becomes stable and reversible after the initial few cycles. The 

coulombic efficiencies of the activated hollow hybrid materials at both low and high 

current density remain more than ~ 95 % after the initial few cycles. The capacity 

remains ~1150 mAh g
-1

 at 0.1 A g
-1

 (0.27 C) after 70 cycles and has a fading of less than 

20 % at 8 A g
-1

 (21.5 C) after 3500 cycles. Moreover, the volumetric capacity of the 

synthesized hybrid electrode can be up to ~1.7 Ah cm
-3 

at 0.1 A g
-1

, which is ~ 2.0 times 

higher than that of graphite (~0.84 Ah cm
-3

). This performance is superior to that of other 

carbon materials, metal oxide, metal, and hybrid materials.
50,124,125,134

 Additionally, this 

material still has high capacities of ~ 913, 606, 381, 268, 214, and 181 mAh g
-1

 at 

current densities of 0.1, 0.5, 1, 3, 5, and 8 A g
-1

, respectively, tested between 2 and 0 V 

versus Li
+
/Li (Figure 4.11). The low coulombic efficiency observed for the hybrid in 

the first cylce (Figure 4.9a and Figure 4.11a) can be improved by introducing closed 
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pores that only allow the access of Li
+
 without the electrolyte, and forming a passivation 

layer on the surface of the anode.
22 

The remarkable electrochemical performance of the activated N-doped hollow 

CNT-CNF hybrid materials is the result of their novel structure, N-doping, 1D 

nanostructure, and high electrical conductivity of 20.2 S cm
-1

.
123

 Many defects in the 

obtained materials, large numbers of pores and hollow spheres, and the large d-spacing 

of graphene sheets would serve as reservoirs for the storage of Li
+
.
128

 CNTs on the 

surface of CNFs are favorable for lithium-ion diffusion from different directions and 

provide sufficient contact between active material and electrolyte for absorbing Li ions 

and increasing the rapid charge-transfer reaction.
106b

 The porous structure and high 

specific surface area can reduce the diffusion length of Li ions. On the other hand, many 

defects in the hybrid materials can allow the diffusion of Li
+
 from outside carbon into the 

inner carbon, which activates all the carbon material. Additionally, N-doping in the 

hybrid materials can enhance the electrochemical reactivity and electronic conductivity, 

which further promotes the excellent electrochemical performance.
128 

4.5 Summary  

In summary, we have developed a new in situ chemical vapor deposition method for 

preparing activated N-doped hollow CNT-CNF hybrid materials with a superhigh 

specific surface area of 1840 m
2
 g

-1
. PMMA was employed to produce pores in 

electrospun CNFs and C2H2 for the growth of CNTs on the surface of CNFs. The 
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formed CNTs occupied the space between the CNFs while retainning access on all 

sides to the electrolyte, which can greately enhance the rapid charge-transfer reaction. 

As a result, the prepared hybrid materials as anode electrodes showed excellent 

electrochemical performance with a good combination of a high reversible specific 

capacity of 1530 mAh/g at 0.1 A/g and long cycling stability of over 350 times while 

retaining more than 80 % capacity at 8 A/g.  
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Chapter 5 

Hollow-tunneled graphitic carbon nanofibers through 

Ni-diffusion-induced graphitization as high-performance 

anode materials 

5.1 Introduction  

Hollow structure plays a very important role in the electrochemical performance of 

the resulting materials due to the advantages when compared to other carbonacous 

materials with non-hollow structure as shown in Chapter 2. For exmaple, hollow 

structure provides reservoirs for the permeation of electrolyte and additional active sites 

for Li ion storage, which can greatly enhance the capacity performance. The further 

improvement of electrochemical performance can be achieved by introducing tube 

structure into the prepared materials as shown in Chapter 3. However, the prepared 

carbon nanotubes are amorphous and their degree of graphitization is still low. Further 

improving the graphitization of these carbonaceous materials remains an issure. Recent 

work has shown that graphitic porous CNFs can be fabricated by a CVD approach by 

using a graphene/cobalt substrate.
98

 Based on these mentioned-above, in Chapter 4, we 

growed CNTs on the surface of hollow CNFs by a novel in situ CVD. These graphitic 

CNTs not only increase the conductivity of the resluting materials but also occupy the 

space between nanofibers, yeilding a higher density energy.    

 



 

113 

 

Figure 5.1 Schematic illustration of the coaxial electrospinning technique used to 

prepare the PAN/Ni(Ac)2/PMMA composite nanofibers. 

This Chapter used PAN with a high N content (~26.4 wt. %) as a typical N-doped 

carbon precursor, Ni formed by the decomposition of nickel acetate (Ni(Ac)2) as a 

normal catalyst for the graphitization of PAN, and PMMA as a sacrificial component to 

produce the pores. We controlled the Ni-induced graphitization by diffusing Ni 

nanoparticles from graphitic carbon spheres into N-doped amorphous carbon nanofibers, 

thereby turning amorphous carbon into graphitic carbon and producing a hollow-tunnel 

structure in electrospun carbon/Ni nanofibers. The resultant materials were further 

treated by chemical activation and acid treatment to create a novel architecture of 

activated N-doped hollow-tunneled graphitic carbon nanofibers (ANHTGCNs). Among 

the many potential applications for nanostructured carbon materials with N-doping, 

plentiful pores, and a high surface area, LIBs are demonstrated here as a typical example. 
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The ANHTGCNs show a superhigh reversible capacity of ~ 1560 mAh g-1 with a 

remarkable volumetric capacity of ~1.8 Ah cm
-3 

at a current density of 0.1 A g
-1

, 

outstanding rate capability, and good cycling stability. 

 

Table 5.1 shows various materials from different calcining treatments 

Material Precursor Vacuum Pumping Speed at T  Heating time at T 

Sample 1 PAN/Ni(Ac)2 ―  (Ar)         ― 6 h,700°C  

Sample 2 NCNNs ~ -750 Torr Quick or slow, room T  0.5 h,700°C 

Sample 3 NCNNs ~ -750 Torr Slow (0.5 h), 700°C  ― 

Sample 4 NCNNs ~ -375 Torr Quick, 700°C  0.5 h,700°C 

Sample 5 PAN/Ni(Ac)2 ~ -750 Torr Quick, 700°C  6 h,700°C 

Sample 6 PAN/Ni(Ac)2/P

MMA 

~ -750 Torr Quick, 700°C  6 h,700°C 
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Figure 5.2 Schematic of the material processing. (A) PAN/Ni(Ac)2/PMMA composite 

nanofiber; (B) N-doped hollow-sphere carbon/Ni nanofiber (NHSCNN); (C) N-doped 

hollow-sphere carbon/Ni nanofiber, where the graphitic layers are cracked; (D) N-doped 

hollow-tunneled graphitic carbon/Ni nanofiber (NHTGCNN); (E) Activated N-doped 

hollow-tunneled graphitic carbon nanofiber (ANHTGCN). (F-H) The magnification 

images of (B-D). 
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5.2 Controlled Ni diffusion in Ni/carbon composite nanofibers 

The outer fluid was a mixture of PAN (1.5 g, Mw=150 000, Aldrich) and 

Ni(Ac)2·4H2O (1.5 g, Advtechind) in 29.5 mL of DMF (Aldrich). PMMA (Tokyo 

Chemical Industry Co., Ltd) solution was used as the inner fluid. The solution was 

prepared by dissolving 1.5 g of PMMA in 30 mL of DMF solvent. The set-up for the 

coaxial electrospinning is shown in Figure 5.1. In brief, the spinneret consisted of 

coaxial stainless-steel tubes. The distance between the cathode and anode was 

maintained at 20 cm and a high voltage of 21 kV was applied to the syringe needle tip 

and the metal collector using a power supply. The typical feeding rate for the coaxial 

solutions was set at 0.04 mm/min (KATO Tech Co., Ltd). The as-collected electrospun 

fibers were stabilized at 250°C for 2 h and then carbonized at 700°C in a tube furnace 

connected with pumping valves for the sudden pumping to a vacuum of ~-750 Torr, 

which was maintained for 6 h (the vacuum was controlled by quickly switching the valve 

on and off) to obtain N-doped hollow-tunneled graphitic carbon/Ni nanofibers 

(NHTGCNNs). The heating rate was fixed at 5 °C/min.  

5.3 Chemical activation and acid treatment of the resulting materials 

For the preparation of the ANHTGCNs, 480 mg of NHTGCNNs was dispersed in 20 

mL of 7 M KOH solution and stirred for 12 hours followed by another 24 hours of static 

soaking in ambient conditions. The mixture was filtered through a polycarbonate 

membrane to remove the extra KOH solution and the NHTGCNNs/KOH mixture was 

then dried in a vacuum at 60°C for 24 hours. The dry precursor NHTGCNNs/KOH was 
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first heated at 250°C for 30 minutes, and then treated at 700°C for 1 hour in a tube 

furnace under a nitrogen atmosphere. The activated mixture was washed by deionized 

water and further treated with HNO3 at room temperature to obtain the ANHTGCNs. 

The materials characterization and electrochemical tests are the same as described 

in Section 4.2.  

A 
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Figure 5.3 Mechanism. TEM and HRTEM images of N-doped carbon/Ni nanofiber 

(NCNN) (A, B) by calcining PAN/Ni(Ac)2 composite nanofibers in Ar for 6 hours, and 

NHTGCNN by calcining NCNN at 700 °C with subsequent sudden pumping to the 

vacuum of ~ -750 Torr which was maintained for 1 min (C), 5 min (D), 2 h (E), and 6 h 

(F), respectively. 
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 5.4 Mechanism of Ni diffusion 

We used a typical coaxial electrospinning method to obtain the ANHTGCNs. As 

shown in Figure 5.1, two viscous liquids were simultaneously fed through the inner 

PMMA and outer mixture of PAN and Ni(Ac)2 metallic capillaries. When a suitably high 

voltage of 21 kV was applied between the spinneret and the collector, the jet was 

stretched by electrostatic forces. The PAN and PMMA were mixed together during the 

electrospinning process as the same DMF solvent was used.
1
 Hence PMMA could be 

distributed in the PAN matrix and PAN/Ni(Ac)2/PMMA composite nanofibers were 

prepared (Figure 5.2A). The collected nanofibers were then stabilized at 250ºC for 2 h 

and pyrolyzed at 700ºC by sudden pumping from ordinary pressure to a vacuum of ~ 

-750 Torr for 6 h by quickly switching the pumping valve on and off. The PMMA 

decomposed completely to create pores, and Ni nanoparticles were formed by the 

decomposition of the Ni(Ac)2, and N-doped amorphous carbon carbonized from PAN on 

the surface of the Ni nanoparticles was graphitized into N-doped graphitic carbon under 

the catalytic effect of Ni (Figure 5.2B).
13b

 When the vacuum of ~ -750 Torr was 

suddenly applied, the carbon/Ni composite nanofibers expanded. Due to the difference 

in expansibility of the three phases (amorphous carbon, graphitic carbon, and Ni 

particle),
135

 a large stress was generated at the interfaces of the phases, cracking the 

graphitic layer (Figure 5.2C, G).
136

 The Ni then diffused out of the nanoparticles via the 

crack (Figure 5.2H) and coalesced, creating a hollow-tunnel structure and further 

graphitizing the amorphous carbon into graphitic carbon during the Ni diffusion process. 
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Figure 5.4. (A, B) TEM and HRTEM images of amorphous carbon naofibers (ACNFs) 

by calcining PAN nanofibers in Ar at 700°C for 6 hours. (C, D) TEM images of porous 

amorphous carbon nanofibers (PACNs) by calcining PAN/PMMA composite nanofibers 

in Ar at 700°C for 6 hours at low- and high- magnification, respectively. (E) HRTEM 

image of PACNs.  
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Figure 5.5 TEM and HRTEM images of the various typical nanofibers: (A, B) by 

adjusting the vacuum of tube furnace to ~ -750 Torr by pumping at room temperature 

and then calcining the N-doped carbon/Ni nanofibers (NCNNs) at 700°C for 0.5 h; (C, D) 

by calcining NCNNs at 700°C with subsequent slow (0.5 h) pumping to a final vacuum 

of ~ -750 Torr; (E, F) by calcining NCNNs at 700°C with subsequent rapid pumping to a 

final of ~ -375 Torr, which was then maintained for 0.5 h; by directly calcining (G) 

PAN/Ni(Ac)2 composite nanofibers or (H) PAN/Ni(Ac)2/PMMA composite nanofibers 

at 700°C with sudden pumping to a final vacuum of ~ -750 Torr, maintained for 6 h and 

controlled by rapidly switching pumping valve on and off.  

G 

H 



 

125 

Figure 5.2D shows the resulting N-doped hollow-tunneled graphitic carbon/Ni 

nanofibers (NHTGCNNs) fabricated through the above process. Finally, ANHTGCNs 

with a tap density of ~0.3 g/cm
3 

were prepared by a combination of KOH activation and 

HNO3 treatment (Figure 5.2E). To clearly explain the proposed mechanism of Ni 

diffusion, we prepared several typical samples under different conditions for comparison 

(Table 5.1). Sample 1 (N-doped carbon/Ni nanofibers, NCNNs) was prepared by 

calcining PAN/Ni(Ac)2 composite nanofibers in Ar at 700ºC for 6 h (Figure 5.3A, B). 

Sample 2 was fabricated by adjusting the vacuum of the tube furnace to ~ -750 Torr by 

pumping at room temperature and then calcining the NCNNs at 700°C for 0.5 h (Figure 

5.5A, B). Sample 3 was obtained by calcining the NCNNs at 700°C with subsequent 

slow (0.5 h) pumping to a final vacuum of ~ -750 Torr (Figure 5.5C, D). Sample 4 was 

prepared by calcining the NCNNs at 700°C with subsequent rapid pumping to a final 

vacuum of ~ -375 Torr, which was then maintained for 0.5 h (Figure 5.5E, F). Samples 5 

and 6 were obtained by directly calcining (sample 5, Figure 5.5G) PAN/Ni(Ac)2 

composite nanofibers or (sample 6, Figure 5.5H) PAN/Ni(Ac)2/PMMA composite 

nanofibers at 700 °C with sudden pumping to a final vacuum of ~ -750 Torr, maintained 

for 6 h and controlled by rapidly switching the pumping valve on and off.  

To investigate the structures produced, TEM and HRTEM images of the synthesized 

materials were taken. Figure 5.3A.B shows TEM and HRTEM images of sample 1. 

Metallic Ni nanoparticles catalyzed the amorphous carbon into graphitic carbon to give 

ACNFs containing Ni nanoparticles encapsulated in graphitic carbon nanospheres 
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Figure 5.6 TEM and HRTEM images of NHTGCNN by calcining NCNN at 700 °C with 

subsequent sudden pumping to a final vacuum of ~ -750 Torr and maintained for 0.5 

(A,B), 4 (C), and 6 h (D), respectively. 
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with a thickness of ~5 nm as compared with ACNFs (Figure 5.4A, B).
7 

Figures 5.5 and 

5.6 show TEM and HRTEM images of various typical carbon/Ni nanofibers obtained 

under different experimental conditions. It is clear that the Ni nanoparticles could not 

diffuse from the graphitic carbon spheres into the amorphous carbon nanofibers 

(samples 2 and 3; Figure 5.5A-D). Furthermore, the small pressure difference from 

ordinary pressure to ~ -375 Torr by sudden pumping was not suitable for the diffusion of 

Ni nanoparticles (sample 4, Figure 5.5E, F). However, the Ni nanoparticles easily 

diffused into the amorphous carbon nanofibers by sudden pumping to vacuum of ~ -750 

Torr at 700ºC (Figure 5.6). This diffusion occurred owning to the expansion of the 

composite nanofibers when a large difference pressure (~-750 Torr) was suddenly 

applied at 700ºC.
 
Because of the difference in expansibility of the three phases, a large 

stress was generated among the interfaces that was sufficient to deform the graphene 

sheets, thereby causing the cracking of the graphitic layer.
136

 This led to the diffusion of 

Ni particles from the crack (Figure 5.3C, D). It was clear that very little Ni first diffused 

from the crack caused by the high pressure difference to form a tip (Figure 5.3C). As the 

diffusion of Ni further proceeded, the size of crack increased and the morphology of Ni 

changed from a sphere into an elongated shape. The carbon on the surface of tip of Ni 

particle was still amorphous carbon, which can be further proved by the SEAD pattern 

(inset) showing no clear ring-like pattern corresponding to graphitic carbon (Figure 

5.3D). Other carbon on the surface of the Ni particle were graphitic carbon, shown by 

blue arrow, indicating that it needs some time for graphitization. Second, the elongated 

Ni turned into the contracted Ni, resulting in the formation of a tunnel structure and 
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Figure 5.7 TEM and HRTEM images of NHTGCNs from NHTGCNNs treated with 

HNO3. NHTGCNNs were from PAN/Ni(Ac)2 composite nanofibers (A) or 

PAN/Ni(Ac)2/PMMA composite nanofibers (B), respectively. 

B 
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graphitic carbon-coated Ni spheres (Figure 5.3E). The contraction shows that the 

increase of Ni surface energy cannot be compensated for by the energy obtained by 

binding the carbon to the Ni surface.
130b

 The driving force for the diffusion of Ni was the 

catalytic conversion of amorphous carbon into a more stable form of graphitic carbon at 

the reaction front.
137 

The carbon atoms from the amorphous carbon (which is the carbon 

source) then diffused to the Ni part in contact with the graphitic carbon and the Ni atoms 

diffused to the amorphous carbon side,
130b

 which turned the amorphous carbon on the 

surface of Ni into graphitic carbon and created a hollow-tunnel structure (Figure 5.3F).
 

When small Ni particles met, they coalesced. The diffusion of Ni particles ended when 

they met the stiff graphitic layers, producing larger Ni particles with a particle diameter 

ranging from 50 nm to 150 nm. The N-doped hollow-tunneled graphitic carbon/Ni 

nanofibers (NHTGCNNs) were thus prepared (Figure 5.6D). In the case of samples 2 

and 3, there was sufficient time to gradually release the stress at the interfaces of the 

different phases by slowly sliding the flexible graphene sheets, leading to elastic 

deformation and keeping the graphitic layer intact.
136

 No diffusion of Ni particles was 

observed. TEM and HRTEM images shown in Figure 5.4C, D and Figure 5.7 indicate 

that the introduction of PMMA not only produced pores in the nanofibers, but also 

helped to dissolve the Ni nanoparticles. Pure N-doped hollow-tunneled graphitic carbon 

nanofibers (NHTGCNs) were thereby obtained. The low- and high- magnification TEM 

images in Figure 5.8A, B show that the activated materials possess a hollow structure. A 

selected area electron diffraction (SAED) pattern shows (Figure 5.8A, inset) ring-like 

patterns, suggesting that the synthesized carbon is graphitic. The HRTEM image in 
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Figure 5.8C shows that the wall of the hollow structure consists of many defects between 

the discontinuous graphene sheets, as indicated by the arrows. The d-spacing of the 

graphene sheets in the nanofibers, corresponding to the (002) plane of the carbon, is in 

the range of 0.34-0.43 nm (Figure 5.8D). 

B A A 
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Figure 5.8. Morphology and structure of the materials. TEM and HRTEM images of 

ANHTGCNs (A), hollow-tunnel structure (B), the wall of hollow structure (C) and 

d-spacing distribution of graphene sheets and line profiles (inset) extracted from the 

image (D).  
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The characterization of a sample of the ANHTGCNs by means of Raman scattering 

and XPS is shown in Figure 5.9A, B. Comparison with ACNFs indicates that the G-band 

of the ANHTGCNs has a markedly enhanced intensity, with a ratio (R) of the intensity of 

the G-band to the intensity of the D-band (R = IG/ID) of 1.84, which is much higher than 

that of ACNFs (0.97). This finding indicates a great increase in the degree of graphitic 

crystalline structure owning to the use of Ni as a catalyst to promote the graphitization of 

carbon.
105a

 These results are consistent with the observations from the HRTEM. In the 

XPS N1s spectrum of the ANHTGCNs shown in Figure 5.9B, three components 

centered at ~ 398.6, 400.1, and 401.4 eV represent pyridinic (N1), pyrrolic (N2), and 

graphitic (N3) type N atoms, respectively.
31

 A doping level of ~5 wt. % nitrogen in the 

graphitic porous carbon structure was determined. The N binding configuration includes 

23.7 % pyridinic N, 52.2 % pyrrolic N, and 24.1 % graphitic N. The content of graphitic 

N in the ANHTGCNs is higher than that in ACNFs (7.7 %) (Figure 5.10A). The EELS 

spectrum of the ANHTGCNs in Figure 5.9C shows a pre-peak of carbon at ~258 eV, 

which is attributed to the transitions to π* states in the sp
2
 bonding carbon, suggesting 

the existence of graphene sheets in the prepared sample.
131

 Complementary 

measurements were also arranged by XPS (further details can be found in Figure 5.10B), 

and similar conclusions were reached. The surface and pore-size characterization of the 

ANHTGCNs was performed by nitrogen adsorption-desorption experiments. The 

specific BET surface area of the ANHTGCNs is 538 m
2
 g

-1
 with a total pore volume of 

0.77 m
3
 g

-1
, which is much higher than that of NHTGCNs (405 m

2
 g

-1
). Figure 5.12A 

shows type IV isotherms with distinct hysteresis loops, which are characteristic of 
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Figure 5.9 Characterization of the materials. (A) Raman of ACNFs and ANHTGCNs. 

(B) N1 XPS spectra of ANHTGCNs. The N1 peak can be split into three lorentzian 

peaks at ~ 398.6, 400.1, and 401.4 eV, representing pyridinic (N1), pyrrolic (N2), and 

graphitic (N3) type of N atoms. (C) EELS spectra of ANHTGCNs. (D) Pore-size 

distribution of ANHTGCNs calculated by applying a slit/cylindrical NLDFT model. 
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Figure 5.10 (A) N1 XPS spectra of ACNFs. (B) C1s XPS spectra of ANHTGCNs.  
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porous adsorption-desorption processes.
138

 Figure 5.9D displays the results of a pore 

size analysis by applying a NLDFT. It is evident that the ANHTGCNs possess 

micropores that peak at ~0.5, 0.6, 0.8, 1.3, and 1.5 nm, mesopores that peak at ~2.7, 3.2, 

8.6, 25, and 40 nm, and macropores that peak at ~63 and 120 nm. In order to differentiate 

between the pores of different sizes formed by different mechanisms, more information 

about pore size distribution of controlled samples is studied. As shown in Figure 5.11, it 

is very clear that introduction of PMMA produces four kinds of pores peaked at ~ 3.2, 9, 

25, and 40 nm. The intensity of the peak of ~9 nm in sample C is higher than that of 

sample B, showing that the diameter of tunnel structure is ~9 nm. The peaks below 2 nm 

are mainly due to the defects caused by the carbonization of PAN.
37 

Sample C shows 

higher surface area of 252 cm
2
/g and pore volume of 0.28 cm

3
/g when compared to 

samples A and B. And the large peaks at ~63 and 120 nm in the ANHTGCNs are caused 

by dissolving Ni nanoparticles. The cumulative pore volume of the ANHTGCNs from 

pores smaller than 2 nm reaches ~42.4 % of the total pore volume (Figure 5.12B). These 

results are consistent with the TEM and HRTEM observations. 

5.5 Electrochemical performance of ANHTGCNs 

The N-doped ANHTGCNs with a high surface area and porous structure should 

display excellent electrochemical performance. Figure 5.13A shows the galvanostatic 

charge-discharge profiles of the ANHTGCNs at a current density of 0.1 A g
-1

 in a voltage 

range of 0-3 V versus Li
+
/Li. During the first cycle, the voltage plateau at ~0.7 V is 

ascribed to the formation of a SEI and other side reactions.
133 

The first reversible 
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capacity is as high as 1546 mAh g
-1

, which is ~ 4.2 times higher than the theoretical 

capacity of graphite (372 mAh g
-1

). The volumetric capacity of the synthesized carbon 

electrode reaches ~1.8 Ah cm
-3

. The large irreversible capacity of 1142 mAh g
-1 

in the 

initial cycle can be attributed to SEI formation.
7,13a

 The cycling performance of the 

ANHTGCN electrodes is presented in Figures 5.13B and 5.15A. The capacity of the 

ANHTGCNs becomes stable and reversible after the first few cycles. The capacity 

remains ~1346 mAh g
-1

 at a current density of 0.1 A g
-1

 after 40 cycles and has only a 

little fading at a current density of 10 A g
-1

after 2000 cycles. The coulombic efficiencies 

at both low and high current densities remain more than ~ 95 % after the first few cycles. 

This performance is much superior to that of other carbon materials.
13

  Figure 5.15B 

Table 5.2 Surface area, pore volume, R, and capacity in different samples. 

 Surface area  

(m
2
/g) 

Pore volume 

(cm
3
/g) 

R = IG/ID Capacity (mAh/g) 

at 0.1 A/g 

Sample 1 110 ~0.18 ~1.1 348 

Sample 2 113 ~0.18 ~1.1 353 

Sample 3 115 ~0.18 ~1.1 357 

Sample 4 129 ~0.21 ~1.2 392 

Sample 5 157 ~0.26 ~1.4 475 
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Figure 5.11 (A,B) Pore size distribution of sample A by calcining PAN/Ni(Ac)2 

composite nanofibers, sample B by calcining PAN/PMMA/Ni(Ac)2 composite 

nanofibers, and sample C from sample B after Ni diffusion. 
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Figure 5.12 (A) Nitrogen adsorption-desorption isotherms and (B) cumulative pore 

volume of ANHTGCNs. 
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Figure 5.13 (A) Charge-discharge voltage profiles of ANHTGCN electrodes cycled at a 

current density of 0.1 A g
-1

. (B) Cycling performance of ANHTGCNs electrodes at a 

current of (A) 0.1 A g
-1

. 
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Figure 5.14 Galvanostatic charge-discharge profiles (A) and capacity (B) of 

ANHTGCNs cycled at various rates from 0.5 A g
-1

 to 10 A g
-1

.  
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Figure 5.15 (A) Cycling performance of ANHTGCNs electrodes at a current of 10 A g
-1

. 

(B) Cyclic voltammograms at a scan rate of 0.1 mV s
-1

. 
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Figure 5.16. (A-C) Schematic structure of N-doped graphene with defects (A) and 

illustration (B, C) showing that lithium ions diffuse from outer space of ANHTGCNs 

into inner space of ANHTGCNs through defected configurations. 

 

shows typical cyclic voltammograms of the ANHTGCN electrode. There are two 

reduction peaks of ~1.3 V and 0.7 V in the first cycle, corresponding to irreversible 

reactions between the ANHTGCN electrode and the electrolyte and co-intercalation of 

the solvated lithium ion into graphene sheets.
7,13b

 During the third to fifth cycles, there is 

no clear change, demonstrating that the electrode is stable during the subsequent 

charge-discharge cycles. The ANHTGCNs also show an outstanding high-power rate 

C 
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capability. At current densities of 0.5, 1, 3, 5, 7, and 10 A g
-1

, the reversible capacities of 

the ANHTGCNs are ~ 1000, 842, 605, 495, 435, and 380 mAh g
-1

, respectively (Figure 

5.14B). The morphology of the porous graphitic carbon becomes a little disorder and the 

crystallinity decreases after full lithiation (Figure 5.17A, B, and Figure 5.18). The wall 

of the porous structure shows more disordered graphene sheets and defects (Figure 

5.17C). Figure 5.17D shows the increased d-spacing distance of the (002) plane of the 

interwall carbon. The schematic illustrations in Figure 5.16A-C show that the lithium 

ions can diffuse from the outer space of the ANHTGCNs into the inner space of the 

ANHTGCNs through the defects. These results clearly demonstrate that lithium ions can 

rapidly reach the N-doped porous carbonaceous material, even at very high current rates. 

Additionally, the ANHTGCNs still has high capacities of ~876, 562, 421, 302, 248, 217, 

and 190 mAh g
–1

 at current densities of 0.1, 0.5, 1, 3, 5, 7, and 10 A g
–1

, respectively, 

tested between 2 and 0 V versus Li
+
/Li (Figure 5.19). The low Coulombic efficiency for 

the ANHTGCNs electrodes in the first cycle (Figure 5.13A and Figure 5.19A) can be 

enhanced by providing closed pores that only allow the access of Li
 
ions without the 

electrolyte, and creating a passivation layer on the surface of the mateial. Table 2 shows 

surface areas, pore volumes, Rs, and capacities at 0.1 A/g in samples 1-5. It is clear that 

sample 5 shows higher surface area, pore volume, and degree of graphitic crystalline 

structure when compared to samples 1-3, further showing the existence of the diffusion 

of Ni nanoparticles. Comparison of sample 4 to sample 5 shows that the large pressure 

difference enables better diffusion of Ni nanoparticles. Higher pore volume possesses 

improved capacity performance. 
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A 
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Figure 5.17. Characterization of ANHTGCNs after full lithiation. (A) TEM image 

of ANHTGCNs. (B) HRTEM image of the hollow structure, showing a little disorder. (C) 

HRTEM image of the wall of the hollow structure, indicating more disordered graphene 

D 

C 
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sheets and defects. (D) HRTEM image of enlarged d-spacing distribution of the (002) 

plane of carbon and line profiles (inset) extracted from the image.  

 

Figure 5.18 Raman of the ANHTGCNs after lithiation. 

The exceptional electrochemical performance of the ANHTGCNs can be explained 

by their novel nanostructure and N-doping. The 1D nanostructure and high electrical 

conductivity of ANHTGCNs enable fast electron transport.
128

 Many defects caused by 

the formation of pyridinic and pyrrolic N in the ANHTGCNs can serve as Li storage 

sites and the Li ions can be adsorbed on the vacant sites induced by pyridinic and 

pyrrolic N.
139

 The large d-spacing of the graphene layers not only stores Li ions in the 

regular sites of C6Li, but also would accommodate Li ions in the next neighboring sites,  
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Figure 5.19. (A) Charge-discharge voltage profiles of the ANHTGCN electrode at 0.1 A 

B 

A 
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g
-1

 and (B) capacity of the ANHTGCN electrode at various rates from 0.5 A g
-1

 to 10 A 

g
-1

, tested between 2 and 0 V versus Li
+
/Li. 

thus further enhancing the capacity.
99

 The ample pores serve as reservoirs for the storage 

of Li ions as lithium clusters in pores, which can greatly improve the capacity  

performance.
13b 

The large surface area provides a sufficient electrode/electrolyte 

interface for the absorption of Li ions and the increase of the rapid charge-transfer 

reaction.
106b 

The nanoscaled fibers and porous structure create short diffusion distances 

for fast lithium ion diffusion. On the other hand, many defects in the ANHTGCNs allow 

the diffusion of Li ions from the outside carbon into the inner carbon, thus activating all 

of the carbon material. The N-doping of ANHTGCNs promotes electronic conductivity 

and electrochemical reactivity, further enhancing their excellent electrochemical 

performance.
140  

5.6 Summary  

In summary, we first exploited activated N-doped hollow-tunneled graphitic carbon 

nanofibers (ANHTGCNs) by in situ Ni diffusion. The results showed that the prepared 

material with a doping level of ~ 5 wt.% nitrogen possessed many hollow structures 

and pores. Many defects caused by the formation of pyridinic and pyrrolic N can be 

observed in ANHTGCNs, which serves as Li storage sites. As a result, the ANHTGCN 

electrodes showed excellent electrochemical performance including (a) high capacity of 

~1560 mAh g
-1

 and a remarkable volumetric capacity of ~1.8 Ah cm
-3

 at 0.1 A g
-1

, (b) 
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high rate capability (~ 1000, 842, 605, 495, 435, and 380 mAh g
-1

 at current densities of 

0.5, 1, 3, 5, 7, and 10 A g
-1

), and (c) long stability of over 2000 cycles. We anticipate that 

the resulting nanomaterial can be one of promising anode materials for next-generation 

LIBs. 
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Chapter 6 

Sulfur encapsulated in porous hollow CNTs@CNFs for 

lithium-sulfur batteries 

6.1 Introduction  

Lithium-sulfur (Li-S) battery has been considered to be a promising candidate 

among emerging battery technologies because of its high theoretical energy density of 

2567 W h kg
-1

, based on the theoretical specific capacities of 1673 mAh g
-1

 (sulfur) and 

3861 mAh g
-1

 (lithium), which is a factor of 3-5 times higher than the conventional 

lithium-ion cells such as LiMO2-graphite system (M=Ni1/3Mn1/3Co1/3).
141

 Moreover, 

sulfur, a common byproduct of the petroleum refining process, is low cost, 

nonpoisonous, and abundant.
142

 Despite considerable advantages of the Li-S battery, 

there are still many challenges associated with its commercialization that need to be 

addressed. The first is ascribed to very low electronic conductivity of sulfur and Li2S, 

which leads to incomplete conversion of sulfur to Li2S and thus low discharge capacity 

of less than 80 % the theoretical limit.
143

 Second, the large volume expansion of ~ 80 % 

when sulfur is converted to Li2S results in pulverization of active material and fast 

capacity decay.
144

 Third, the dissolution of polysulfides in electrolyte not only greatly 

degrades the cycle life because of the Li2S2/Li2S deposition on the lithium anode surface 

but also markedly reduces the Coulombic efficiency due to the shuttle mechanism.
145 
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Figure 6.1 Schematic illustration of a novel C-S nanoarchitecture by encapsulating 

sulfur in porous hollow CNTs@CNFs. 

Attempts to address these problems with a sulfur cathode have included (i) fabrication 

of porous carbon/sulfur (C-S) nano composites for improving the electronic 

conductivity and trapping of the soluble polysulfides;
146

 (ii) the use of alternative 

electrolytes or electrolyte modifiers;
147

 and (iii) new binders to provide good bonding 

between the cathode composite and the current collector.
148

 Among these methods, the 

most promising approach involves confining sulfur in a carbonaceous material such as 

CNFs, CNTs, graphene, or hollow carbon nanoparticles.
145

 In order to improve the 

power capability and specific capacity from 1000 mAh g
-1

 at low rates as well as the 
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potential for trapping of soluble species,
 
sulfur has been encapsulated inside small 

volumes of a porous carbon matrix.
149 

 

 

 

Figure 6.2 (a,b) TEM images of the porous hollow CNTs@CNFs-S. (c-e) Dark-field 

TEM image and corresponding EDS elemental mapping of the porous hollow 

CNTs@CNFs-S.  

s c 

a b 

c d e 
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Figure 6.3 XRD pattern of sulfur, porous hollow CNTs@CNFs, and  porous hollow 

CNTs@CNFs-S. 

Building on this promising strategy, we report a C-S nanoarchitecture that 

encapsulates amorphous sulfur in small pores in a hollow CNF that is enclosed by a 

conductive CNT (CNT@CNF) making electronic contact with the current collector. The 

hollow CNT@CNF morphology has a high specific BET surface area of ~ 1400 m
2
 g

-1
 

and a total pore volume of 1.1 cm
3
 g

-1
, As a cathode, this material with 55 wt.% sulfur 

shows a high capacity of ~ 1313 mAh g
-1

 at 0.2 C, 1078 mAh g
-1

 at 0.5 C, 878 mAh g
-1

 at 

1 C, 803 mAh g
-1

 at 1.5 C, 739 mAh g
-1

 at 2 C, and 572 mAh g
-1

 at 5 C, and maintains ~ 

700 mAh g
-1

 at 1 C after 100 cycles and 430 mAh g
-1

 at 5 C after 200 cycles. Such high 

performance can be ascribed to the unique nanoarchitecture, in which the synergistic 

advantages of C-S electrodes include improved electrical conductivity, and a better 

ability to accommodate effectively large volumetric expansion/shrinkage of sulfur 

during repeated lithiation/delithiation cycles, to trap the soluble polysulfides, and to 
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shorten transport pathways for both Li ions and electrons. 

6.2 Encapsulating sulfur in porous hollow carbon nanomaterials 

The porous hollow CNTs@CNFs-S is illustrated in Figure 6.1. PAN nanofibers have 

been shown to be an effective precursor for the fabrication of CNFs.
7
 Sacrificial PMMA 

was introduced into PAN nanofibers to produce a porous structure in the resulting CNFs 

and C2H2 as a carbon resource for the growth of CNTs on the surface of the 

CNFs.
13a

Nickel formed by the decomposition of Ni(Ac)2 acted as a typical transition 

metal for the graphitization of CNFs and the growth of CNTs. To prepare porous hollow 

CNTs@CNFs, PAN/Ni(Ac)2/PMMA composite nanofibers were first prepared by 

coaxial electrospining with a mixture of Ni(Ac)2 and PAN as the outer fluid and PMMA 

as the inner fluid. PMMA could be distributed in the PAN matrix during the 

electrospinning process because of the use of the same DMF. The resultant composite 

nanofibers were  pyrolyzed at 700 ºC in H2(5 vol %)/N2(95 vol %) for 6 h and then 

heated in vacuum for 6 h to produce CNTs@CNFs@Ni, followed by a combination of 

KOH activation (a mixture of CNTs@CNFs@Ni and KOH 

(CNTs@CNFs@Ni:KOH=1/4, weight ratio) was heated at 750 °C for 1 h in a tube 

furnace under a nitrogen atmosphere) and acid treatment to remove Ni particles, thus 

achieving porous hollow CNTs@CNFs. To obtain better impregnation of sulfur into the 

prepared carbon, we incorporated sulfur into porous hollow carbon by heating the S-C 

mixture at 400 °C for 24 h.
 

mailto:CNTs@CNFs@Ni.,
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Figure 6.4 Pore-size distribution of the porous hollow CNTs@CNFs and 

CNTs@CNFs-S. 

6.3 Structure and morphology of C-S composite 

Figures 6.2a-c show TEM and dark-field TEM images of the CNTs@CNFs-S. It is 

very clear that the prepared C-S composite materials still possess many hollow 

nanoparticles, indicating that the sulfur mainly exists in the small-size pores of the 

carbon matrix. Further evidence of sulfur in the hybrid carbon was provided by EDS. As 

shown in Figures 6.2d,e, the consistent signal in EDS mapping suggests uniform 

distribution of sulfur in the porous hollow CNTs@CNFs. XRD patterns of the porous, 

hollow CNTs@CNFs in Figure 6.3 exhibits two peaks at ~ 24.95
o
 and 44.75

 o
, which are 

attributed to the (002) and (101) diffractions of carbon.
13a

 There is no diffraction peak 

related to crystalline sulfur in the CNTs@CNFs-S, indicating that sulfur in the porous 

hollow materials is amorphous. The C-S composites still show a relatively high BET  
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Figure 6.5 XPS spectra of porous hollow CNTs@CNFs-S. (a) C1s spectra and (b) S2p 

spectra. 

surface area of ~ 80 m
2
 g

-1
 with a total pore volume of ~ 0.2 cm

3
 g

-1
. Figure 6.4 displays 

only one peak of large space in CNTs@CNFs-S, showing that the sulfur is mainly 

encapsulated in the small-size pores, which is consistent with TEM result. XPS S2p 

spectrum of the C-S composite in Figure 6.5 exhibits two peaks located at ~163.8 eV 

a 

b 
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(S2p3/2) and 164.9 eV (S2p1/2) and EELS of the C-S composite in Figure 6.6 shows a 

sulfur L-edge and carbon K-edge, further confirming the existence of sulfur in the 

porous hollow CNTs@CNFs.
150

 Figure 6.7 shows the thermogravimetric analysis (TGA) 

of the C-S composite materials. A weight loss of ~55 % between 150 °C and 350 °C can 

be seen in the porous hollow CNTs@CNFs-S, corresponding to the evaporation of sulfur. 

Additionally, the thermal stability of the sulfur in the CNTs@CNFs-S is much better 

than that of pure sulfur particles, suggesting a strong interaction of carbon and sulfur. 

 

 

Figure 6.6 EELS signal of sulfur L-edge and carbon K-edge of the porous hollow 

CNTs@CNFs-S. 
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Figure 6.7 TGA curves of sulfur and the porous hollow CNTs@CNFs-S. 

 

Figure 6.8  Charge-discharge voltage profiles of porous hollow CNTs@CNFs-S for 

Li-S cell between 3 and 1.5 V versus Li
+
/Li.  

 

6.4 Advantages of C-S composite cathode  

Li-S cells were assembled to study the electrochemical performance of the 
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CNTs@CNFs-S cathodes. The cathode electrode was fabricated by mixing the prepared 

materials (80 wt.%), carbon black (10 wt.%), and PVDF (10 wt.%) binder. 

Two-electrode coin cells with activate materials as cathode and lithium foil as anode 

were assembled for electrochemical testing. The electrolyte was a mixture of 1.5 M 

LiCF3SO3 and 0.1 M LiNO3 salts into a 1:1 vol/vol mixture of 1,2-dimethoxyethane and 

1,3-dioxolane. Charge and discharge were conducted by using an Arbin automatic 

battery cycler at various current densities within a voltage range of 1.5-3 V. The 

charge/discharge profiles of the CNTs@CNFs-S at different current rates in the voltage 

range of 1.5-3 V are shown in Figure 6.8. Two plateaus at ~2.4 and 2.1 V are clearly 

observed during the discharge process; they can be ascribed to the formation of 

long-chain Li2Sx (4≤x≤8) and short-chain Li2S2 and Li2S, showing a typical behavior of a 

sulfur cathode.
141b

 In addition, the flat second plateau indicates a uniform deposition of 

Li2S.
143

 It was also observed that two plateaus are still clear when the current rate 

increases from 0.2 C to 5 C, showing good kinetics of the working electrode. At current 

densities of 0.2, 0.5, 1, 1.5, 2, and 5 C, the reversible capacities of the porous hollow 

CNTs@CNFs-S materials were ~ 1313, 1078, 878, 803, 739, and 572 mAh g
-1

, 

respectively (Figure 6.9). The cycling performance of the prepared hybrid electrode at 1 

and 5 C is shown in Figure 6.10. The reversible capacity still remains ~ 700 mAh g
-1

 at 1 

C after 100 cycles and 430 mAh g
-1

 at 5 C after 200 cycles. In addition, the Coulombic 

efficiency of the porous hollow CNTs@CNFs-S nanomaterials was more than 97 % after 

the first few cycles, showing a good cycling stability at high current density. This 

performance is higher than the results reported for C-S composites such as hollow 
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CNF-S, CNT-S, and graphene-S.
145

  

Figure 11 displays the CV curves of the porous hollow CNTs@CNFs-S. Two main 

cathodic peaks at ~ 2.4 and 2 V seen in the prepared C-S composite materials is 

attributed to the S reduction to Li polysulfides, high-order Li polysulfides, and Li 

sulfides.
145

 The observed oxidation reaction peak at ~2.4 V is ascribed to the conversion 

of Li2S to Li polysulfide.
141c

 These results are similar to that of charge/discharge 

profiles.
141b

 During the third to the ninth cycle, no obvious changes can be observed for 

both the cathodic and anodic peaks, suggesting the high electrochemical stability of the 

porous hollow CNTs@CNFs-S cathode. The high performance is the result of the 

unique structure of the synthesized materials with several favorable properties. First,  

 

Figure 6.9 Rate capabilities at various current densities of porous hollow 

CNTs@CNFs-S. 
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Figure 6.10 Cycling stability at 1 and 5 C of porous hollow CNTs@CNFs-S. 

 

 

Figure 6.11 CV curves of porous hollow CNTs@CNFs-S. 

the sulfur can be effectively encapsulated in the small-size pores and therefore the size of 

sulfur in CNTs@CNFs is small, which shortens transport pathways for both electrons 
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and Li ions.
143

 Second, the high surface area and hollow structure of the prepared 

materials can trap dissolved polysulfides and the hollow structure of the C-S composite 

can accommodate the large sulfur volumetric expansion during lithiation.
145

 Third, the 

carbonaceous matrix with high electrical conductivity enables a good electrical 

connection to the active materials.
149

 In addition, further improvement could be achieved 

with an optimization of the characteristics of CNTs@CNFs (BET surface area, pore size 

distribution, and pore volume) and a Li
+
-permeable solid-electrolyte interlayer, which 

can block the polysufide crossover. 

6.5 Summary 

In summary, we have successfully prepared a novel carbon-sulfur nanostructure by 

impregnating sulfur into porous hollow CNTs@CNFs with a high specific surface area 

of 1400 m
2
 g

-1
 and total pore volume of 1.12 cm

3
 g

-1
. Such unique advantages of C-S 

composite electrodes enable remarkable electrochemical performance with high 

capacity and good cycling life at high currents. These results show that such porous, 

hollow hybrid carbons are of great potential for high-power rechargeable Li-S batteries 

as next-generation energy storage systems. 
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Chapter 7 

Conclustion and Future work  

7.1 Conclustion 

To address the problems of traditional graphite anode, novel electrospun carbon 

nanofibers and/or nanotubes have been synthesized to enhance the electrochemical 

performance of LIBs with a high specific capacity, high power capability, good rate 

performance, and long cycle life. The relationship between structure and morphology 

of anode materials (porous and/or hollow structure, surface area, pore volume, et al. ) 

and their electrochmical performance has been set up, and the co-relationship between 

electrospinning conditions, post-electrospinning treatment, structure and 

electrochemical properties has been also established. In addition, nanostructured sulfur 

cathode in porous hollow carbon nanomaterials was also studited. Five major results 

from this thesis are shown below:     

(1) The introduction of HGCNs into ACNFs by Ni nanoparticles as catalysts 

effectively increased the conductivity of the resulting materials. It was found that the 

creation of hollow sphere structure in the ACNFs caused by the dissolution of Ni 

nanoparticles provided extra sites to store Li ions and increased surface area of the 

resulting materials. The results showed that the reversible specific gravimetric capacity 

of ACNFs /HGCNs was much higher than that of ACNFs when discharged at both low 

and high current densities.  



 

167 

(2) A triple-coaxial electrospinning method was employed to fabricate 

amorphous carbon nanotubes decorated with HGCNs (ACNHGCNs) to improve the 

density of HGCNs in the resulting materials. It was found that many defects in the 

hollow walls and nanopores in the tubes offtered more sites for the storage of Li ions. 

The structures of hollow nanospheres and nanochannel nanotubes allowed better Li
+
 

access and fast transportation of lihium ions. As a result, the electrodes made from this 

method displayed a very high reversible specific capacity of ~969 mAh/g when 

charged/discharged at 50 mA/g, which was nearly 2.6 times the theoretical capacity of 

graphite (372 mAh/g), showing that both hollow structure and tube structure played 

very important roles in achieving high electrochemical performance.  

(3) We have successfully designed and exploited a new in situ CVD method to 

prepare the activated N-doped hollow CNT-CNF hybrid materials with a superhigh 

specific BET surface area of 1840 m
2
 g

-1 
and a total pore volume of 1.21 m

3
 g

-1
. It was 

found that C2H2 from the decomposition of PMMA can serve as a carbon source for the 

growth of CNTs under the effect of Ni nanoparticles in N-doped hollow CNFs formed 

by the calcination of electrospun PAN/Ni(Ac)2/PMMA composite nanofibers. The 

prepared novel material as an anode showed an exceptional reversible capacity of ~ 1150 

mAh g
-1

 at 0.1 A g
-1

 after 70 cycles and long cycling stability of over 3500 times while 

retaining more than 80 % capacity at 8 A g
-1

.  

(4) We first discovered a novel approach of in situ controlled Ni diffusion to 

prepare activated N-doped hollow-tunneled graphitic carbon nanofibers (ANHTGCNs). 



 

168 

The results showed that a large stress caused by suddenly pumping at high temperature 

was generated among the interfaces of three phases (amorphous carbon, graphitic 

carbon, and Ni particle), cracking the graphitic layer on a graphitic nanosphere. The Ni 

then diffused out of the graphitic nanosphere via the crack and coalesced, promoting 

the degree of graphilization of carbon and creating a hollow-tunnel structure in the 

electrospun carbon/Ni nanofibers. After a combination of KOH activation and acid 

treatment, pure ANHTGCNs can be obtained. As anodes, ANHTGCNs showed an 

exceptional capacity of ~1560 mAh g
-1

 with good rate capability and long cycle life. 

(5)  A novel C-S nanoarchitecture was prepared by encapsulating amorphous 

sulfur in small pores in a hollow CNF that is enclosed by a conductive CNT making 

electronic contact with the current collector. As a cathode, this material with 55 wt.% 

sulfur showed a high capcacity of ~ 700 mAh g
-1

 at 1 C after 100 cycles and 430 mAh 

g
-1

 at 5 C after 200 cycles, which would be due to the synergistic advantages of C-S 

electrodes, including improved electrical conductivity, and a better ability to 

accommodate effectively large volumetric expansion/shrinkage of sulfur during 

repeated lithiation/delithiation cycles, to trap the soluble polysulfides, and to shorten 

transport pathways for both Li ions and electrons. 

7.2 Future work 

TiO2 is a promising anode material for LIBs due to its low cost, environmental 

friendliness, and thermally stability.
71

 Furthermore, TiO2 is extremely stable in 
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electrochemical charge/discharge cycling because TiO2 reversibly stores and releases 

Li
+
 via the intercalation and de-intercalation mechanism. Most importantly, TiO2 has a 

high working potential of over 1.5 V versus Li+/Li, which avoids the decomposition of 

the organic electrolyte and short circuits because of the formation of dendritic lithium.
151

 

However, the practical use of TiO2 in LIBs has been frustrated by its low theoretical  

 

Figure 7.1 Schematic of fabricating shell/core N nanoparticle@C-TiO2-CNT porous 

composite nanofibers by coaxial eletrospinning, where C refers to the residual carbon 

from the thermal decomposition of the polymers and N for high-capacity alloy such as Si 

and Sn. 

capacity (335 mA h g−1), poor electron transport, and inherently weak electronic 

conductivity. 
152

 In the further work, a simple electrospinning technique will be used to 

prepare multifunctional composite nanofiber or nanotube anodes based on cycling 

durable TiO2 incorporated with highly electrically conductive carbonaceous materials 
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such as CNTs and highly capacitive N ( N refers to Si and Sn), metal oxide such as iron 

oxide (FeOx) and MnO2.   

(1) Core/shell N nanoparticle@C-TiO2-CNT porous composite nanofibers  

A N nanoparticle/C-TiO2-CNT uniform composite nanofiber with a core/shell 

structure of C-TiO2-CNT layer consisting of N nanoparticles encapsulated in hollow 

C-TiO2-CNT nanofibers will be prepared, where high-capacity Si or Sn ensures a very 

high energy density and the hollow structure offers sufficient space to accommodate the 

large volume change during charging/discharging processes (Figure 7.1). The highly 

porous C-TiO2-CNT shell facilitates the diffusion of Li ions into the core of 

high-capacity N nanoparticles. Furthermore, the C-TiO2-CNT shell not only serves as 

active material for Li
+
 insertion but also provides the mechanical function for the 

stability of the structural arrangements for durability, and the inter-connected 

carbonaceous (CNTs and carbon resulting from thermal decomposition of polymers) 

network offers fast electron transport. Coaxial electrospinning technique will be 

employed to fabricate a core/shell nanostructure. Here, PS, CNTs and Ti(OiPr)4 were 

dissolved in mixture of acid and DMF to obtain the outer fluid, where, PS not only 

servers as carbon resource but also can create some pores after controlled annealing, and 

Ti(OiPr)4 as TiO2 precursor, and PMMA and Si nanoparticles or tin (II) octoate will be 

used for inter fluid using DMF as solvent. After adjusting the appropriate physical 

properties of electrospun solutions including the viscosity, conductivity, and surface 

tension, and the electronspining parameters such as voltage, distance between the 
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cathode and the anode, and the feeding outer and inner rates, coaxial 

PS/CNT/Ti(OiPr)4@PMMA/Si nanoparticles or tin (II) octoate composite nanofibers 

will be obtained. Furthermore, we can synthesize different diameter of core and shell 

structure of N nanoparticle/C-TiO2-CNT by adjusting the concentration of polymer and 

active material precursor, and the rate of outer and inner fluid. The density of pores in 

shell structure can be obtained by introducing PMMA. The optimal performance of 

anodes based on this composite can be achieved by adjusting all the parameters 

mentioned-above.  

 (2) Double-wall  MOx@CNT-C-TiO2 composite nanotubes  

Double-wall MOx@CNT-C-TiO2 composite nanotubes with conductive, porous, and 

uniform CNT-C-TiO2 as outer wall and high-capacity MOx as inner wall will also be 

synthesized (Figure 7.2). Here, novel triple-coaxial electrospinning technique will be 

used to realize this design. A mixture of PS, Ti(OiPr)4 and CNT is selected as outer fluid.  

PVP will be used as the template because of it has lots of functional groups that can 

coordinate with the metal salt, which is used as middle fluid. Mineral oil is used as inner 

fluid. By adjusting suitable solvents which are used to dissolve the polymers, CNTs, 

metal salts and Ti(OiPr)4 to prevent the mixture of outer and middle fluids,  

triple-coaxial PS-Ti(OiPr)4-CNT@PVP-metal salt@mineral oil will be obtained. After 

calcination, the metal salt and Ti(OiPr)4 will transit to metal oxide and TiO2, PVP and 

mineral oil will be burnt out, and the CNTs and residual carbon from the decomposition 

of PS are then expected to be homogeneously distributed throughout the TiO2 outer shell 
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layer. As a result, the double-wall MOx@CNT-C-TiO2 composite nanotubes will be 

prepared. In this architecture, the outer CNT-C-TiO2 shell provides mechanical integrity 

to prevent the expansion of the outer surface of MOx nanotube and the inner MOx 

nanotube surface expands into the core of the nanotube. Furthermore, the inner MOx is  

 

 

Figure 7.2 Schematic showing the protocol for synthesis of double-wall 

MOx@CNT-C-TiO2 composite nanotubes with conductive, porous, and uniform 

CNT-C-TiO2 as outer wall and high-capacity MOx as inner wall by triple-coaxial 

electrospinning, where MOx stands for metal oxide such as Fe2O3 and MnO2. 

not easy to the exposure of the electrolyte and therefore a stable SEI on the surface of the 

double-wall MOx@CNT-C-TiO2 composite nanotubes is obtained. In addition, the 

well-dispersed highly conductive CNT and residual carbon serve as an interconnected 

electrical wiring network for rapid electron transportation. As a result, very stable and 
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high energy density and remarkable power uptake capability can be expected from this 

novel architecture. 

(3) The growth of CNTs on the surface of TiO2-based composite nanofibers or nanotubes  

Based on the synthesis of core/shell N nanoparticle@CNT-C-TiO2 composite 

nanofibers and double-wall MOx@CNT-C-TiO2 composite nanotubes, CNTs will be 

grown onto the surface of these TiO2-based composite nanofibers or nanotubes, as 

depicted in Figure 7.3. Growth of CNTs on the surface of TiO2-based composite 

nanotibers can be realized via CVD. Herein some metal nanoparticles such as Co, Fe and 

Ni nanoparticles will be first loaded onto the surface of the TiO2-based composite 

nanofibers as catalysts, which serves as a typical catalyst for the growth of CNTs by 

CVD. These TiO2-based composite nanofibers or nanotubes can be prepared by coaxial 

or triple-coaxial electrospinning technique. This architecture contains all the merits 

mentioned-above. Furthermore, CNTs on the surface of TiO2-based composite 

nanofibers or nanotubes are favorable for lithium-ion diffusion from different directions 

and provide sufficient contact between active material and electrolyte for absorbing Li 

ions and increasing the rapid charge-transfer reaction. In addition, growing CNTs on the 

surface of TiO2-based composite nanofibers or nanotubes can use the space between  
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Figure 7.3 Schematic growth of CNTs on the surface of TiO2-based composite 

nanotubes by a combination of electrospinning and CVD.   

 

 

Figure 7.4 Schematic process for fabricating core/shell C-TiO2 nanofibers decorated 

with MOx or N nanorods by a combination of electrospinning and CVD. 
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nanofibers or nanotubes, enhancing the density of activated materials. Additionally, such 

3D structure enables a better mechanical integrity for long cycling life. The diameter, 

length, and number of CNTs will be also studied, which also can affect the 

electrochemical performance of the resulting materials. 

(4) Core/shell C-TiO2 nanofibers decorated with MOx or N nanorods 

The core/shell C-TiO composite nanofibers decorated with MOx and N nanorodes 

will be synthesized via several steps: (1) the coaxial PVP/Ti(OiPr)4@PAN will first be 

prepared by PVP/Ti(OiPr)4 composite solution as the outer fluid and the PAN solution as 

the inter fluid using the suitable solvent such as ethanol, acid, DMF, acetone, or their 

mixture to dissolve all the precursors; (2) the obtained composite precursor nanofibers 

are calcined at inner gas to produce core/shell C-TiO2 composite nanofibers; (3) growth 

of MOx or N nanorods can be achieved by CVD or hydrothermal approach. In this 

architecture (Figure 7.4), the underlayer core/shell C-TiO2 structure is very stable and 

electrical conductive, serving as a scaffold for MOx or N nanorods. The surface MOx or 

N nanorods will have high specific capacity and high specific surface area, which can 

maintain effective contact between the active material and electrolyte. In addition, the 

space between the nanorods would also be sufficient for volume change during 

charging/discharging processes. As a result, a highly durable and reversible structure can 

be realized through this design.   
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