
ABSTRACT 

LI, YING. Electrospun Si/Carbon Composite Nanofiber Anodes for Lithium-Ion Batteries. 
(Under the direction of Professor Xiangwu Zhang). 

The development of high-performance rechargeable lithium-ion batteries (LIBs) is one of the 

most important challenges that the modern society faces. LIBs can store more energy than 

nickel-metal hydride, nickel-cadmium, or lead acid batteries. Long cycle life, high specific 

energy density, good thermal stability, low self-discharge rate and no memory effect also 

make LIBs superior to their competitors. The demand for increased energy density and power 

density for LIBs has led to a search for electrode materials that have higher capacities and 

longer cycling life than those commercially available. Electrospinning is a continuous 

process that can fabricate one-dimensional nanostructures with a series of distinctive 

properties, such as large specific surface areas and superior mechanical properties. Due to 

these unique properties, a combination of electrospinning and carbonization is an efficient, 

simple and inexpensive way to fabricate nanofiber anodes for LIBs. In this work, we focus 

our research on fabricating electrospun Si/C composite nanofibers to combine the advantages 

of carbon (long cycle life) and silicon (high storage capacity) materials and improving the 

electrochemical performance of Si/C composite nanofibers as anode materials for high-

performance rechargeable LIBs. The processing-structure-performance relationships for Si/C 

nanofiber electrodes prepared from electrospun Si/polyacrylonitrile (PAN) precursors were 

established. To improve the homogeneity of the composite nanofiber anodes, the effect of 

different surfactants on the morphology and electrochemical performance of Si/C composite 

nanofibers made from electrospun Si/PAN precursors was investigated. One challenge of 

preparing high-capacity, long-cycle life electrospun Si/C nanofiber anodes is the relatively 



	  
	  

low conductivity of Si nanoparticles and CNF matrix. Hence we investigated the effect of 

multi-walled carbon nanotubes (CNTs) on the morphology and electrochemical performance 

of Si/CNT/C nanofiber composite anodes. To improve the cyclability of Si/C composite 

nanofibers, it is important to control the interfacial properties. We investigated the interfacial 

stability of Si/C composite nanofiber anodes by employing electrolyte additive, which 

showed promising results. In addition, we used atomic layer deposition (ALD) alumina 

coating to improve the structure integrity and control the SEI stability of Si/C composite 

nanofiber anodes. Results indicate that Si/C nanofiber anodes with increased reversible 

capacity and enhanced capacity retention were achieved. Therefore, this technology opens up 

new opportunities to develop high-performance electrode materials for next-generation LIBs, 

which are one of the promising power sources for consumer portable devices and electric 

vehicles, and meet the developing challenge of the sustainable energy sources and reduce the 

consumption of fossil fuels. 
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Chapter 1. Introduction 

 

1.1 Overview of Electrochemical Energy Storage and 

Conversion Systems 

Electrochemical energy storage and conversion systems include batteries, fuel cells and 

electrochemical capacitors. In batteries and fuel cells, chemical energy is converted into 

electrical energy via the redox reactions occurring on the anode and cathode.[1] On the other 

hand, electrochemical capacitors are usually based on the theory of charge storage in 

electrical double-layer with high-surface-area electrodes.[1] Figure 1.1 shows a simplified 

Ragone plot of the energy storage domains for the various electrochemical energy conversion 

systems compared to internal combustion engines and turbines and conventional capacitors. 

It can be seen that fuel cells are considered as high energy systems, while supercapacitors are 

considered as high power systems. It is also obvious that only a combination of high energy 

and high power system can perform on par with combustion engines and turbines. Cost, 

performance, reliability and appearance are four major factors that determine the huge 

success of batteries in the market over the other two systems. Growth of lithium-ion battery 

market would further stimulate the development of the sustainable energy sources and reduce 

the consumption of fossil fuels. 
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Figure 1.1 Simplified Ragone plot of the energy storage domains for the various 
electrochemical energy conversion systems compared to internal combustion engines, 
turbines and conventional capacitors.[1]  

 

1.2 Overview of Lithium-Ion Batteries 

1.2.1 Introduction 

The idea of rechargeable Li-ion batteries (LIBs) was firstly introduced in the early 1970s. 

Rechargeable LIBs have received much attention in both fundamental studies and practical 

applications. Lithium is the most electropositive and the lightest metal with a density of only 

0.53 g cm-3.  LIBs can store more energy than nickel-metal hydride, nickel-cadmium, or lead 
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acid batteries, as shown in Figure 1.2. Long cycle life, high specific energy density, thermal 

stability, low self-discharge rate and no memory effect also make LIBs superior to their 

competitors. LIBs have been the dominant power source for a series of portable electronic 

devices, such as laptops, cellular phones, cameras and thereby revolutionizing the portable 

electronic devices. 

	  

Figure 1.2 Comparison of the different battery technologies in terms of volumetric and 
gravimetric energy density.[2] 

 

In early work, lithium metal was directly employed as the negative electrode material. But 

lithium metal as anode materials was found to have a safety issue caused by lithium dendrite, 

which led to short circuit and even explosion hazards. To improve the cell cycle life and 
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safety, metallic lithium was replaced by lithium insertion compounds.[3] The tradeoffs are 

the decrease of cell voltage, specific capacity and rate capability.  

Nowadays, LIBs have various configurations, such as cylindrical, coin, prismatic, and flat, 

etc. But generally speaking, a typical Li-ion battery is composed of three components: 

carbonaceous anode, carbonate-based organic electrolyte with a Li-containing salt, and Li 

metal oxide cathode.[4] Figure 1.3 shows the basic operating principle. During discharging 

and charging processes, lithium ions could intercalate and deintercalate between the anode 

and cathode through the electrolyte. For example in a LiCoO2/carbon cell, lithium could 

deintercalate from the LiCoO2 cathode and intercalate into the carbon anode in the process of 

charging. Figure 1.4 is a schematic diagram showing the relative working potential of typical 

electrode materials for LIBs.[5] Generally, working potentials of cathodes are higher than 3.0 

V versus Li+/Li and working potentials of anodes are lower than 2.0 V versus Li+/Li. 
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Figure 1.3 A schematic presentation of a Li-ion battery based on graphite anode and LiCoO2 
cathode.[6] 

 

 

 

	  

Figure 1.4 Schematic diagram showing the relative working potential of typical electrode 
materials for lithium-ion batteries.[5] 
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Figure 1.5  (a) Characterization of three types of EVs: light EC, PHEV, and full EV, in terms 
of performance and batteries properties. (b) Ragone plot.[6] 

 

Apart from portable electronic devices, developing electric vehicles (EVs) have begun to rely 

on LIBs instead of internal combustion engines. EVs can be classified into three types 

according to the depth of pure electrical propulsion: light EC, PHEV and full EV. Figure 1.5 

depicts the requirements of main three types of EVs. From the Ragone plot, it is evident that 

mature Ni-MH battery is not sufficient for full EV applications any more. It is believed that 

LIBs may have reasonable energy density and prolonged cycle life for EV applications. 

Desirable rechargeable LIBs should have high specific energy and energy density that require 
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the electrode materials to possess high specific capacity and large potential difference 

between the cathode and the anode.[3, 7] The ability to be highly reversible in specific 

charge capacity for hundreds of charge/discharge cycles is also a key factor for rechargeable 

LIBs.  

 

1.2.2 Cathodes 

LiCoO2 has been the dominant cathode material for LIBs for almost two decades. The 

reactions can be described as the following: 

LiCoO! ⇌
1
2
Li! +

1
2
e! + Li!.!CoO! 

Only half of the theoretical capacity of LiCoO2 could be achieved and this leads to a specific 

capacity of 140 mAh g-1.[8, 9] High cost of cobalt and the safety issues have led to the 

development of alternative cathode materials.  Numerous insertion/intercalation cathode 

materials have been proposed. Among many choices, lithium transition-metal phosphates 

(LiMPO4, M = Fe, Co, Ni, Mn) and lithium transition-metal oxide spinels (LiM2O4, M = Mn, 

Ni, Co) are of particular interest. Table 1.1 compares the advantages and disadvantages of 

three main cathode materials. LiMn2O4 and LiFePO4 have been considered as the major 

candidates for cathodes of the Li-ion batteries for PHEVs and EVs because they show the 

smallest amount of oxygen generation at fully charged states which is an indicator of the 
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safety of the materials.[5] 

Table 1.1 Advantages and disadvantages of three main cathode materials.[10] 

 

1.2.3 Anodes  

High reactivity and easily formed lithium dendrite upon cycling of lithium metal as the anode 

for rechargeable LIBs have caused some safety issues.[11] To solve these problems, 

alternative anode materials are necessary. Up till now, numerous different types of electrodes 

have been investigated.  
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Figure 1.6 Charging curves of some matrix metals (M), compared to highly oriented 
turbostratic mesophase pitch carbon fibers (P 100, FMI Composites-Union Carbide, 
characterized in LiClO4/ propylene carbonate.)[3] 

 

In 1971, Dey investigated several lithium metal alloys at ambient temperature in organic 

electrolytes and demonstrated the feasibility of using lithium alloys to replace metallic 

lithium.[12] The potential of many Li alloys, for example Si, Sb, Bi, In, Sn, AL and Ag, have 

higher potential versus Li/Li+ than graphite. Generally, compared to the low potential of 

graphite which is around 0.1 V, the potential of these alloys lie in the range of  ~0.3 to ~1.0 

V vs. Li/Li+.[3] Figure 1.6 shows a comparison of charging curves of some Li alloys and 

highly oriented turbostratic mesophase pitch carbon fibers.[3] During the lithiation process, 

several phases are formed which can be seen from the steps and slopes in Figure 1.6. Also 
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there are different volume changes in the host metals during the process of alloying with 

lithium. The stability of the host material determines the cycle stability of LIBs upon 

repetitive charging and discharging processes. A summary of potentials and charge densities 

of candidate anode materials is shown in Figure 1.7.  

	  

Figure 1.7 Potentials and charge densities of candidate anode materials. On the right are 
presented salient features of the lithium-ion battery technology.[13] 

 

1.2.3.1 Carbonaceous materials 

Carbon is nontoxic, inexpensive and abundant. Carbon materials can generally be divided 

into graphite and disordered carbon. Disordered carbon materials have smaller cyrstallites, 
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random rotations, turbostratic disorder and do not have the typical ABABABAB… stacking 

structure like graphite.[14]  

In 1951 Franklin[15] investigated the structure of carbons prepared from different starting 

materials at the temperature range of 1000 and 3000oC. He found the disordered carbons 

basically are either in the forms of non-graphitizing (hard) or graphitizing (soft) carbons. 

Figure 1.8 and 1.9 display the structures of graphitizing and non-graphitizing carbon.[15] 

Hard carbon materials have graphite-like layers that are not orientated like the crystalline 

structure of graphite and it is difficult to remove the turbostratic disorder at any 

temperature.[14, 15] Soft carbon materials are those produced from materials generally 

containing more hydrogen and it is easy to remove the turbostratic disorder by heating 

around 2300oC.[14, 15] Under same conditions, soft carbon materials are less porous and 

softer than hard carbon materials. However, almost every kind of carbons, even the most 

disordered carbons, show peaks in the position of the (002) and (100) graphite lines in XRD 

pattern.[15] 
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Figure 1.8 Schematic representation of the structure of a graphitizing (but non-graphitic) 
carbon.[15] 

 

 

 

	  

Figure 1.9 Schematic representation of the structure of non-graphitizing carbon.[15] 
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Currently the commercially available anode material is graphite. Under ambient conditions, 

the maximum theoretical capacity of graphite is 372 mAh g-1 by intercalating one Li per six 

C.[16] The electrochemical reaction can be described as the following: 

Li!C! ⇌ 𝑥Li! + 𝑥e! + C! 

The lithium ions intercalate into carbon to form a intercalation compound and this reaction is 

reversible. 

	  

Figure 1.10 Schematic of stage formation during intercalation of lithium into graphite.[17] 

 

Generally, graphite has large crystallites. The intercalation of lithium into graphite mainly 

occurs between the carbon atoms of the graphitic layer and lithium.[18] A stepwise 

mechanism known as staging was employed to elucidate the lithium intercalation into 

graphite. Stage index (s) is equal to the number of unoccupied grapheme layers between two 
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nearest occupied guest layers. Figure 1.10 is a schematic of stage formation. In fully 

intercalated graphite, lithium occupies the neighboring gap between the grapheme layer and 

intercalated structure of graphite changes to AA stacking structures as shown in Figure 

1.10.[17] Two-phase regions could be observed from the plateaus shown in the schematic 

potential/composition curve in Figure 1.11. Second stage splits into two ii and ii L, this is 

because of different lithium packing densities.[3, 13, 17] 

	  

Figure 1.11 Stage formation during electrochemical intercalation of lithium into graphite. 
Left: schematic galvanostatic curve. Right: schematic voltammetric curve.[3, 17] 
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In 1979, Peled[19] found that alkali and alkaline earth metals in nonaqueous solvents are 

always covered by a surface layer formed by the reaction of the metal with the electrolyte, 

which is well known as solid electrolyte interphase (SEI). The SEI film is an ionic conductor 

but an electronic insulator. When contacted with the electrolyte, the electrode becomes 

unstable. The reduction of electrolytes results in a passivation layer on the surface of the 

electrode. The composition of SEI depends on the nature of electrolyte and lithium salt, but it 

mainly consists of hyrocarbons, lithium alkyl carbonates, LiOH, Li2CO3, and other salt 

moieties like LiF for LiPF6-based electrolytes. Nowadays, aprotic electrolytes are commonly 

used. However, these organic electrolytes are often toxic, flammable and expensive.[3] Table 

1.2 lists the major reduction products of nonaqueous Li salt solutions. 
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Table 1.2 Major reduction products of nonaqueous Li salt solutions.[6] 

 

Graphite has been and will remain the most important anode material for LIBs in the 

foreseeable future. Thorough understanding of how SEI film is formed on graphite electrode 

is crucial. Figure 1.12 depicts the different scenarios relevant to surface film development on 

graphite electrodes and their aging. The process are consists of five main steps[6]: Firstly, at 

potentials higher than those that allow co-intercalation of solvent molecules, exfolication of 

graphite would occur if the surface film is not formed quickly enough; Secondly, SEI forms 

during the first lithiation process as the potential is lowered; Thirdly, steady SEI film forms 

to completely block electron transfer to the solution; Fourthly, some reduction products like 

HF would weaken the formed SEI; Lastly, an uncontrolled cathodic polarization would lead 



	  

	  
	  

17	  

to the deposition of Li metal. In consideration to the safety issue, graphite should never reach 

potentials close to 0 V vs. Li, which requires excellent uniformity of electrodes. One 

effective way is to add a certain amount of additive to LIB systems.[20-24] Another major 

concern is the thermal stability of lithiated graphite anode materials. Stable artificial SEI 

might be the key to improve both safety and cycle life.[5] 

	  

Figure 1.12 Different scenarios relevant to surface film development on graphite electrodes 
and their aging. (a) At high potentials (<1 V) before passivating surface films are formed. (b) 
At low enough potentials and in the right solution composition. (c) The surface films reach a 
steady state when they are thick enough to fully block electron transfer from Li–C to the 
solution. (d) Upon aging. (e) In an uncontrolled situation, a dangerous deposition of Li metal 
can occur during cathodic polarization.[6, 25] 
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Compared to graphitic materials, hard carbon materials have several advantages, like higher 

capacity, longer cycle life, low cost of production and so on.[11] Some issues that have to be 

resolved are larger irreversible capacity and larger hysteresis (lithium is inserted near 0 V and 

removed near 1 V). Dahn’s group found that the large hysteresis is caused by lithium 

accommodation at sites on hydrogen-terminated edges of hexagonal carbon fragments and 

alters the bond from sp2 to sp3.[26] And the extent of hysteresis is proportional to the 

hydrogen content in the electrodes.  

	  

Figure 1.13 Charge/discharge curves of a) graphite, b) soft carbon, c) hydrogen-containing 
carbon materials, and d) hard carbon.[3, 17] 
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Figure 1.13 shows typical galvanostatic charge/discharge curves for graphitic and disordered 

carbon materials produced from different precursors and pyrolysis temperatures.[3, 17] 

Figure 1.13a shows typical charge/discharge curves for graphite. Four different stages of 

intercalation could be seen from the curves. Figure 1.13b depicts typical charge/discharge 

curves for soft carbon and it can be seen that lithium storage capacity is low. In Figure 1.13c, 

large hysteresis is found in typical charge-discharge curves of hydrogen-containing carbon 

materials. Typical charge/discharge curves of hard carbon obtained at temperatures above 

1000oC are shown in Figure 1.13d. It can be noticed that hard carbon materials possess high 

lithium storage capacity and less hysteresis. The capacity of carbonaceous materials is 

determined by several factors like preparation method, crystal structure, particle size, surface 

area, surface species and types of electrolytes.[18] 

Disordered carbon materials possess different structure from graphite (smaller crystallite size 

and random crystallite orientation). Therefore, the mechanism of disordered carbon is 

different from that of graphite. To understand why the disordered carbon could provide a 

high-energy density for rechargeable LIBs, several models have been proposed and the 

mechanism is still debated. Figure 1.14 depicts some of the proposed mechanisms. 

Matsumura and his co-workers[18] employed a solid-state lithium-7 nuclear magnetic 

resonance (NMR) to investigate the mechanism of lithium insertion into disordered carbon. 

They found three kinds of mechanism in low temperatures for disordered carbon. When the 

disordered carbon is 30% fully charged, Li+ mainly insert into the graphitic layers. Then Li+ 

would be doped on the surface of the crystallite. Finally, Li+ would be doped at the edge of 

the graphitic layers.[18] Due to these extra interactions, disordered carbon could store more 
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lithium species than graphite so that have a higher energy density. In another lithium-7 NMR 

study, Sato et al. suggested the formation of dilithium molecules (Li2) in disordered 

carbons.[27] Others also proposed that nanoscopic cavities could accommodate additional 

lithium.[28-30] 

 

	  

Figure 1.14 Schematic drawing of some mechanisms for reversible lithium storage in high 
specific charge carbonaceous materials.[3, 17] 
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Apart from the above discussed carbon materials, many novel carbon materials are of great 

interest. Below are some examples of novel and promising carbonaceous materials. 

Dai and his co-workers[31] fabricated  mesoporous carbon-carbon nanotube composites via a 

one-step soft-template approach as shown in Figure 1.15. The specific Brunauer-Emmett-

Teller (BET) surface area of composites was around 500 m2 g-1. Mesopores were 10 nm in 

diameter. A high reversible capacity of 900 mAh g-1 (corresponding to Li2.4C6) was observed. 

When applied with a current density of 2 C, the specific capacity of 380 mAh g-1 could be 

obtained. The high reversible capacity and rate capability were attributed to the fast charge 

transfer kinetics provided by the mesoporous structure and good electronic conductivity 

provided by MWCNT.[31] 

 

	  

Figure 1.15 Schematic of mesoporous carbon-carbon nanotube composites.[31] 
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Recently, Huang et al[32] demonstrated the use of nitrogen-doped porous carbon nanofiber 

webs as anode materials. Polypyrrole (PPy) with high N content was used as precursor. As 

shown in Figure 1.16, the reversible capacity was 1280 mAh g-1 at a current density of 0.1 A 

g-1. When applied with a current density of 2 A g-1, the capacity gradually increasesd to 943 

mAh g-1 after 600 cycles. However, the BET surface area was very high (2381 m2 g-1), 

resulting in the irreversible capacity was as high as 1363 mAh g-1.  

	  

Figure 1.16 Electrochemical performances of CNFWs: a) cyclic voltammograms at a scan 
rate of 0.1 mV s−1, b) charge/discharge curves at 0.1 A g−1, c) cyclability and Coulombic 
efficiency at 2 A g−1, and d) capacity over cycling at different rates.[32] 
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1.2.3.2 Si as anode materials 

The demand for safe Li-ion batteries is ever increasing, especially in terms of high power, 

high capacity and high rate capability. To meet the requirements, it is very important to find 

new anode materials to replace the currently used material that generally is graphite.[2, 33, 

34]. 

Among various new anode materials, Si has been considered as one of the most promising 

anode materials for LIBs because of its highest gravimetric and volumetric capacities. It was 

reported that Li12Si7, Li14Si6, Li13Si4 and Li22Si5 alloy would form during the Li-Si alloying 

process.[35] Table 1.3 shows the crystal structure, unit cell volume and volume per Si atom 

for the Li-Si system. The investigation of Li-Si binary system indicated that the capacity of 

Si is 4200 mAh g-1 by forming Li22Si5 phase at high temperature and 3579 mAh g-1 

corresponding to the formation of Li15Si4 at room temperature.[36, 37]  

 

Table 1.3 Crystal structure, unit cell volume and volume per Si atom for the Li–Si system.[35] 
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Typical voltage profiles of Si powder electrodes for the first and second discharge/charge 

cycles are shown in Figure 17. During the first lithium alloying process, crystalline silicon 

becomes an amorphous phase. When the potential around 50 mv vs.Li/Li+, the amorphous 

phase suddenly crystallizes to a Li15Si4 phase. During the de-alloying process, the final 

product is amorphous Si.[4, 38] The large irreversible capacity results from the residual 

Li15Si4 phase. The lithium alloying/de-alloying processes can be described as follows[4]: 

During lithium alloying process: 

 

Si   crystalline + 𝑥Li! + 𝑥e!

→ Li!Si   amorphous + 3.75 − 𝑥 Li! + 3.75 − 𝑥 e!

→ Li!"Si!  (crystalline) 

During lithium de-alloy process: 

Li!"Si!   crystalline

→ Si   amorphous + 𝑦Li! + y𝑒! + Li!"Si!  (residual) 
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Figure 1.17 Voltage profiles of Si powder electrodes for the first and second 
discharge/charge cycles.[4] 

 

Although Si has the highest capacity, the practical use of Si anodes is hindered by the severe 

structural failure of the material caused by the large volume changes during charge/discharge 

cycling. To overcome this problem, tremendous efforts have been made to improve the 

cyclability of Si-based anode materials, including using Si-based thin films, Si nanowires, 

dispersing Si into inactive/active matrix, Si anodes with different binders etc.[39-45] 

One general strategy is to employ designed nanostructures to improve the electrochemical 

performance of Si anodes via keeping the integrity of the electrodes and good electronic 

contact. Another effective strategy is to improve the electrochemical properties of Si anodes 

by introducing carbon phase, since carbon can buffer the volume changes of Si, help 
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maintain good electrical contact upon cycling, and prevent the re-aggregation of Si 

nanoparticles. In this case, the electrochemical performance of Si/C electrodes is affected by 

the structure of carbon. There are some other methods employed to improve the cycling 

stability of Si anodes, such as limiting state of charge and discharge, decreasing Si film 

thickness, improving adhesion between the current collector and the active materials, etc. 

In addition to above-mentioned methods, hollow or porous Si-based materials are quite 

promising. Recently Lee et al’s work[46] has also demonstrated the fabrication of Ag-coated 

hollow porous Si (HPSi) nanoparticle by a templating method. In this work, Ag coating was 

employed to improve the conductivity. As a result, specific reversible capacity of 3762 mAh 

g-1 was achieved and the capacity retention after 99 cycles was 93% (Figure 1.18). 
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Figure 1.18 Electrochemical performance of HPSi-Ag nanocomposite electrode: a) 
galvanostatic charge–discharge profiles in the 5 mV–2 V window (vs. Li/Li+) for the 1st, 
10th, and 30th cycles at 100 mAg-1; b) discharge capacities of HPSi-Ag nanocomposite 
(black), HPSi-C nanocomposite (brown), HPSi nanoparticles (blue), and commercial Si 
nanoparticles (ca. 100 nm, red) at 500 mAg-1; c) rate performance of HPSi-Ag 
nanocomposite at different current densities.[46] 

 

Cui’s group has developed a series of Si nanoforms like Si nanowires, Si nanotubes, Si 

nanopaper etc. It is evident that these nanostructures are more resilient to volume changes 

upon cycling. More recently, they designed a double-walled Si nanotube (DWSiNT) by 

employing electrospun carbon nanofiber as the template, followed by coating silicon on the 

surface of carbon nanofibers.[47] Then removed the carbon core via an oxidation process, 
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while the SiOx outside layer was formed. As shown in Figure 1.19, the capacity retention 

retained more than 85% after 6000 times in a rate of 12C. This is because the outer SiOx 

surface layer could prevent the inner Si nanotube from contacting the electrolyte, resulting in 

a good control of SEI formation. 
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Figure 1.19 Electrochemical characteristics of DWSiNTs tested between 1 V and 0.01 V. a, 
Capacity retention of different silicon nanostructures. All samples were cycled at the same 
charge/discharge rate of C/5. The calendar life and delithiation capacity of DWSiNTs can 
also be seen in this figure. b, Lithiation/delithiation capacity and CE of DWSiNTs cycled at 
12C for 6,000 cycles. There is no significant capacity fading after 6,000 cycles. c, Voltage 
profiles plotted for the 1st, 1,000th, 2,000th, 3,000th and 6,000th cycles. d,e, Galvanostatic 
charge/discharge profiles (d) and capacity (e) of DWSiNTs cycled at various rates from 1C to 
20C. All the specific capacities of DWSiNTs are reported based on the total weight of Si–
SiOx.[47] 
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Although these 1D nanofibrous materials display excellent electrochemical performance, 

scale up of these materials requires substantial retooling of the current fabrication process. 

Therefore, new designs of Si-based anode materials with desired electrochemical 

performance via cost-effective preparation methods are necessary. 

 

1.2.3.3 Tin-based anode materials 

Tin-based anode materials have been considered as a series of promising anode materials 

since Fuji Photo Film Co. announced the new generation of lithium ion batteries in 1996. 

Among many potential candidates for anode materials, tin-based materials have received a 

lot of attention due to the large theoretical capacity. However, large irreversible capacity and 

fast capacity fading caused by the huge volume change during charge/discharge process have 

hindered the practical application of tin-based anode materials. The crack of the electrode 

leads to the decrease of conductivity and increase of internal resistance of the cell, finally the 

failure of the cell.[16] 

1.2.3.3.1 Tin 

Huggins and Wen investigated the Li-Sn system at the temperatures ranging from 360o to 

590oC by coulometric titration technique.[48] Li-Sn binary-phase diagram suggests that tin 

forms seven different phases when reacted with lithium: Li22Sn5, Li7Sn2, Li13Sn5, Li5Sn2, 

Li7Sn3, LiSn and Li2Sn5.[38, 48] Figure 1.20 shows the structure of different phases in the 

Li-Sn system.[49] The electrochemical reaction can be described as the following: 
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Sn + 𝑥Li! + 𝑥e! ⇌ Li!Sn  (0 ≤ 𝑥 ≤ 4.4) 

Later, Guloy et al found that only Li17Sn4 exists instead of Li22Sn5.[38] The maximum 

theoretical capacity for Li17Sn4 is 959.5 mAh g-1. 

	  

Figure 1.20 Structures of different phases in the Li-Sn system.[49] 

 

1.2.3.3.2 Tin oxide  

The capacity of SnO is higher than that of graphite, however, the cycling performance is not 

desirable. SnO is less stable than lithium oxide. So when lithium presents, SnO could react 

with lithium and Li2O will be formed. After the first cycle the SnO anodes would follow the 

Li-Sn binary system. The electrochemical reaction can be described as the following: 

SnO + 2Li! + 2e! ⇌ Li!O + Sn 
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Figure 1.21 Reaction mechanism schematic for the reaction of lithium with tin oxide.[16] 

 

Figure 1.21 shows the reaction mechanism schematic for the reaction of SnO.[16] The 

oxygen from SnO reacts with lithium to form an amorphous lithium oxide irreversibly. Most 

of the irreversible capacity comes from this reaction step. The reversibility is also highly 

determined by the grain size of the starting material. Smaller grain-sized materials always 

display better cycling performance. As the cycles progress, the aggregation of tin into 

clusters would occur. After a certain number of cycles, the size of clusters could reach a 

critical size at which the movement of tin across the distance between the clusters is limited, 

thereby resulting in the capacity fading.[50] This mechanism is also valid for other tin oxide-

based anode materials.[16, 50, 51] 
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1.2.3.3.3 Tin dioxide  

SnO2 can also be used as an anode material candidate. SnO2 react with lithium in a similar 

manner with SnO. The electrochemical reaction can be described as the following: 

SnO! + 2Li! + 2e! → SnO + Li!O 

SnO + 2Li! + 2e! → Sn + Li!O 

The main problem associated with SnO2 anode material is also the huge volume change 

during charge/discharge process in rechargeable batteries. Successive volume change leads to 

damage of electrode integrity and short cycling life. Some earlier research suggests that 

decreasing Sn particles from micron size to nanoscale or limiting state of charge and 

discharge could create less mechanical stresses. However, the cycling stability still remains 

unsatisfactory. Introducing a second phase to buffer the volume changes upon cycling has 

achieved more improvement, such as Sn/C nanofibers, nano-crystalline SnSb/Sb-Ni 

composite and so forth.[52-54] 

Several groups have demonstrated some progresses by utilizing hollow or mesoporous 

structures.[53, 55, 56] Yu et al [57] prepared a thin film composed of Li2O-CuO-SnO2 

composite via the electrostatic spray deposition technique. The film was composed of 

interconnected piled-up porous spherical multideck-cage particles as shown in Figure 1.22. 

The irreversible capacity was 17.6% and after 100 cycle the capacity retention was nearly 
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100%. In this case, Li2O could suppress the aggregation and CuO was introduced to improve 

the specific capacity.[57] 

 



	  

	  
	  

35	  

	  

Figure 1.22 SEM images of as-deposited thin films on Cu foil substrate: a) SnO2, b) Li2O–
SnO2, c) CuO–SnO2, and d) Li2O–CuO–SnO2. The inset pictures are FE-SEM images. e) 
Cross section of the Li2O–CuO–SnO2 thin film.[57] 
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In addition to the above-mentioned methods, more recently, Sunkara and his co-workers[58] 

designed a hybrid structure SnO2 nanowires decorated with well-seprataed Sn nanoclusters. 

After 100 cycles, the capacity remains higher than 800 mA g-1 (Figure 1.23) The superior 

performance of this kind of hybrid structure can be ascribed to two factors: (1) Enough space 

between Sn nanoclusters allowed volume changes upon cycling; (2) Reversible reaction 

between Sn and Li2O was possible due to the presence of Sn nanoclusters on SnO2 

nanowires.[58] 
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Figure 1.23 Electrochemical measurements of SnO2 nanowire-based materials. (a) Cyclic 
performance comparison of (i) Sn-nanocluster-covered SnO2 nanowires, (ii) SnO2 nanowires 
with dispersed Sn metal, and (iii) pure SnO2 nanowires measured between 0 to 2.2 V. Results 
are shown from the second cycle to the 40th cycle. (b) Capacity fading for the hybrid 
structures under the same conditions showing exceptional reversibility. Columbic efficiency 
of each cycle is also presented on the secondary y-axis in the right. QE = Columbic 
efficiency.[58] 
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1.2.3.4 Li4Ti5O12  anode materials 

Recently, Li4Ti5O12 (LTO) has attracted great attention as an anode material candidate for 

LIBs owing to the excellent Li-ion insertion and extraction reversibility. Unlike conventional 

carbonaceous materials, LTO can store up to three lithium ions with no volume change.[59, 

60] Li intercalation process is described as the following: 

Li!Ti!O!" + 3Li! + 3e! ⇌ Li!Ti!O!" 

LTO materials have several advantages, such as zero-strain, high operating voltage plateau 

and low cost. The redox potential of lithium reversible intercalation for LTO material is 

around 1.5 V vs. Li+/Li0, which could avoid the electrolyte reduction reactions.[53, 61] 

However, the main disadvantage of LTO materials is their poor electronic conductivity. To 

overcome this drawback, a lot of efforts have been made to improve the performance of LTO 

materials. Nanostructured LTO materials have been certified with improved kinetics.[62, 63] 

A series of nanostructured LTO, such as LTO nanoparticles, LTO nanotubes, LTO nanowires 

and LTO nanosheets, have been investigated.[64-67] 

Amine and his co-workers[59] synthesized a LTO structure which had micron-size secondary 

particles composed of nanometer-size primary particles (MSNP-LTO), as shown in Figure 

1.24b. The rate capability of this LTO nanostructure was far superior to that of the micro-

sized LTO materials. This was because the nano-primary particles could enable faster lithium 

diffusion via the shorter lithium pathway.  
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Figure 1.24 a) Structure of Li4Ti5O12 and Li7Ti5O12, showing no volume change after charge 
and discharge, b) Scanning electron microscopy under low and high magnification of MSNP-
LTO, showing secondary and primary particles, and c,d) Charge and discharge curves of 
micron-size LTO and MSNP-LTO, respectively. The test was carried out in half cell. Initially, 
half cells were charged and discharged at 0.2-C rate, and then they were charged at 1-C rate 
and discharged at different rates.[59] 

 

In addition to MSNP structure, electrospun LTO/C composites also displayed high reversible 

Li storage capacity.[68] This was because LTO particles were dispersed uniformly in the 

carbon matrix. The prominent improvement of the electrochemical performance of LTO/C 

composites stemmed from the elimination of LTO particle aggregation and the short 

pathways for lithium ions via network formation by carbon nanofibers. 
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1.2.3.5 Cobalt oxide anode materials 

Cobalt oxide is also considered as a promising anode material because of its relatively high 

specific capacity (890 mAh g-1). The electrochemical conversion reaction can be described as 

the following: 

Co!O! + 8Li! + 8e! ⇌ 4Li!O + 3Co 

The main disadvantage of Co3O4 is its poor conductivity. Several strategies have been 

proposed to overcome the limitation. Varioius morphologies of Co3O4 have been synthesized 

in this endeavor, such as nanobelts, nanotubes, nanosheets, nanocages, hollow spheres and so 

forth.[69-72] 

Recently, He et al [73] fabricated a type of lemongrass-like Co3O4 material as anode for LIBs 

as shown in Figure 1.25b. After 100 cycles, a reversible capacity of 981 mAh g-1 at a current 

density of 0.5 C was observed. When applied with a high current density of 10 C, a specific 

capacity of 381 mAh g-1 could still be obtained. The relative good electrochemical 

performance might be ascribed to the unique morphology of Co3O4 material that can 

withstand the volume changes upon cycling. 
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Figure 1.25 (a) Representative discharge–charge curves at various current rates. (b) 
Morphology of the sample.[73] 

 

Anode materials based on other elements (such as Ge, As and Pb) are not considered here, 

mainly due to their relative scarcity or their toxicity and environmental issues. 
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1.3 Overview of Electrospinning Process 

1.3.1 Introduction 

Since 1990s, there is increased interest in electrospinning due to its possibility of generating 

a variety of nanofibers of polymers, composites, and ceramics.[74] Electrospinning is a 

continuous process that can fabricate one-dimensional nanostructures.  Compared to other 

techniques, electrospinning could generate thin fibers with a relatively wide range. Figure 

1.26 is a comparison of the diameters of electrospun fibers to those of biological and 

technological objects. 

	  

Figure 1.26 Comparison of the diameters of electrospun fibers to those of biological and 
technological objects.[75] 
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A laboratory setup for electrospinning with a perpendicular arrangement is shown in Figure 

1.27.[74] There are three major components: a high-voltage power supply, a metallic 

spinneret, and a grounded collector. In general, direct current power supply is used for 

electrospinning and the voltage applied is usually in the range of 1 to 30 kV.[74] In a typical 

electrospinning process, the polymer solution is fed through metallic spinneret at a constant 

and controllable rate by the use of a syringe pump. When set into a strong electrical field, the 

pendent polymer solution droplet will become highly electrified with induced charges 

distributing over the surface. The droplet will be deformed into a cone-shaped object, known 

as the Taylor cone, by the electrostatic repulsion between the surface charges and the 

Coulombic force applied by the external electric field.[74, 75] When the repulsive 

electrostatic force surpasses the surface tension, a fine charged jet from the tip of Taylor cone 

will eject. The charged jet undergoes a stretching and whipping process and is continuously 

elongated until deposited on a grounded collector. The solvent is evaporated during this 

process and fine fibers are randomly deposited into a non-woven mat. A typical SEM image 

of electrospun fibers is shown in the inset of Figure 1.27. 
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Figure 1.27 Schematic illustration of the basic setup for electrospinning. The insets show a 
drawing of the electrified Talyor cone and a typical SEM image of the nonwoven mat of 
poly(vinyl pyrrolidone) (PVP) nanofibers deposited on the collector.[74] 

 

By tuning electrospinning process parameters, many different sorts of morphologies could be 

achieved (as shown in Figure 1.28), such as beaded structure, ribbon structure, porous fibers, 

core-shell structure and so forth. 
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Figure 1.28 Different electrospun fibermorphologies: (A) beaded, (B) ribbon, (C) porous 
fibers and (D) core–shell.[76] 

 

Electrospun fibers have a series of distinctive properties, such as large specific surface areas 

and superior mechanical properties. Due to these unique properties, electrospun fibers have 

been applied in the field of medical, filtration, textiles, and energy storage, and so forth. 

Table 1.4 is a summary of applications of electrospun materials in fuel cells, solar cells and 

LIBs. 
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Table 1.4 Applications of electrospun materials in fuel cells, solar cells and lithium-ion cells. 
Micro-structure description include diameter, D and specific surface area, SSA.[76] 

Applications Materials Micro-structure Advantages 

Fuel cells: catalyst 

(electrodes) 

Pt D 50nm High power density 

[77] 

 Pt D 5-20 nm Free-standing 

catalyst [78] 

 Pt D 20-40 nm Efficient charge and 

mass transport, high 

ORR activity [79] 

Fuel cells: 

supporting materiasl 

TiO2 D 150-400 nm Improved 

electrochemical 

activity and 

durability [80] 

 CNF D (Average) 250 

nm; SSA 307 m2g-1 

High Pt utilization, 

high catalytic 

activity [81] 

 PAN D 740 nm High porosity and 

high surface areas 

[82] 
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Table 1.4 Continued 

Fuel cells: polymer 

membrane 

Nafion/PEO, PVA, 

PVP 

D 500 nm-2 µm Increase the 

PEMFC current 

density [83] 

 Nafion/PVdF  Blocks the methanol 

crossover [84] 

Li-ion batteries: 

cathode materials 

LiCoO2 D 500 nm-2 µm More Li+ cations 

insertion and faster 

solid-state diffusion 

[85] 

 LiCoO2 D 100-150 nm High surface area 

[86] 

 LiNi1/3Co1/3AlxO2 D 100 nm High specific 

surface area [87] 

Li-ion batteries: 

anode materiasl 

Si/C  High accessible 

surface area, high 

reversible capacity, 

and relatively good 

cycling performance 

[88] 
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Table 1.4 Continued 

 C/Co D 100-300 nm Reduced Li-ion 

diffusion distance 

[89] 

 TiO2 D (Average) 100 nm Smooth 

intercalation of 

lithium ions in the 

nanofiber based 

TiO2 [90] 

 C/Sn Hollow CNFs, D 

150 nm;  

High electrode-

electrolyte contact 

[91] 

Li-ion batteries: 

electrolyte 

PVdF D (Average) 250 nm High porosity, high 

surface area 

interconnected 

pores, sufficient 

echanical strength 

[92] 

 PVdF/PAN D 250-400 nm Induced phase 

mixing between 

PVdF and PAN [93] 
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Table 1.4 Continued 

 PAN  D 350 nm, porosity 

~70% 

Close thickness and 

pore size [94] 

Super capacitors: 

electrode 

CNF D ~250 nm High specific 

surface area [95, 96] 

 CNF/Ni D 100-300 nm; SSA 

480-682 m2g-1 

High surface area-

to-volume ratio [97] 

 CNF/Ru D 100-350 nm Expansion of the 

pore diameter [98] 

 

 

Electrospinning is a very versatile and simple technique to fabricate fine nanofibers. As long 

as the molecular weight is high enough, almost any soluble polymer could be electrospun. 

Many parameters have effect on the fabrication of fine nanofibers, including polymer 

molecular weight, applied voltage, solution feeding rate, spinning distance, temperature, 

humidity, air velocity in the chamber, solution conductivity, viscosity and surface tension. 

Therefore, the diameter, architecture, and composition of electrospun fibers can be controlled 

by selectively adjusting the processing parameters of electrospinning. Table 1.5 is a summary 

of electrospinning materials and their operation parameters. 
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Table 1.5 Electrospinning materials and operation parameters.[76] 

Materials Precursors Electrospinning 

parameters 

Applications 

CNF PAN 13.7 kV, 12cm Pt catalyst support 

[81, 99] 

CNF PAN 15 kV Pt catalyst support 

[100]  

PA6 Polyamide 6 7.5 kV, 12 cm, 1ml 

h-1 

Pt catalyst support 

[101] 

CNF PAN, PLLA 17 kV, 15 cm, 0.5 

ml h-1 

Anode for Li-ion 

battery [88] 

CNF PAN, ZnCl2 14 kV, 15 cm, 0.5 

ml h-1 

Anode for Li-ion 

battery [102] 

CNF PAN, SiO2 21 kV, 15 cm, 0.8 

ml h-1 

Anode for Li-ion 

battery [103] 

CNF/Si PAN, Si 17 kV, 15 cm, 0.75 

ml h-1 

Anode for Li-ion 

battery [104] 

CNF/Cu PAN, 

Cu(CH3COO)2 

10.5 kV, 15 cm, 0.5 

ml h-1 

Anode for Li-ion 

battery [105] 

LiCoO2 Lithium chloride, 

cobalt acetate, PVA 

12 kV Cathode for Li-ion 

battery [86] 

 



	  

	  
	  

51	  

Table 1.5 Continued 

LiNi1/3Co1/3AlxO2 Lithium nitrate, 

nickel nitrate, cobalt 

nitrate, manganese 

nitrate, aluminum 

nitrate, PVP 

25 kV, 15 cm Cathode for Li-ion 

battery [87] 

LiFePO4/C LiNO3, 

Fe(NO3)39H20, 

NH4H2PO4, 

polyacrylic acid and 

MWCNTs 

25 kV Cathode for Li-ion 

battery [106] 

Nafion/PAA Nafion, Poly(acrylic 

acid) 

10-25 kV, 10-25 

cm, 0.5 ml h-1 

Polymer electrolyte 

membrane [107] 

PVdF PVdF 8-15 kV, 0.1 ml h-1 Polymer electrolyte 

membrane [92] 

SrRuO3-RuO2 Ruthenium (III) 

chloride, PVAc, 

strontium (II) 

chloride 

hexahydrate 

 12-15 kV, 15 cm, 

10 µl min-1 

Electrode for 

supercapacitor [108] 
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Table 1.5 Continued 

NaCo2O4 Sodium acetate 

trihydrate, cobalt 

(III) acetate 

tetrahydrate, PAN 

and DMF 

20 kV, 10 cm, 1 ml 

h-1 

Thermoelectric 

materials [109] 

Ca3Co4O9 Calcium acetate 

monolydrate, cobalt 

acetate tetrahydrate, 

PVP, methanol and 

propinonic acid 

1.4 kV cm-1, 0.015 

ml min-1 

Thermoelectric 

materials [110] 

Perovskite lead 

zirconate titanate 

(PZT) 

Lead acetate 

trihydrate, 

zirconium (IV) 

isopropoxide, 2-

methoxyethanol, 

acetic acid, PVAc 

methanol, ethanol 

17 kV, 17 cm Piezoeletric material 

[111] 

PZT PZT (52/48) sol-gel, 

PVAc 

10 kV, 15 cm, 0.05 

ml h-1 

Piezoelectric 

material [112] 

 



	  

	  
	  

53	  

1.3.2 Polyacrylonitrile as a Precursor to Carbon Fibers 

Nowadays, the majority of carbon fibers are produced from PAN precursor. Compared to 

carbon fibers made from rayon, pitch and other precursors, PAN-based carbon fibers have 

advantages of lower-cost, stronger mechanical properties and higher carbon yield.[113-116] 

The molecular structure of PAN is shown in Figure 1.29. PAN is a kind of hard, relatively 

insoluble and high-melting temperature polymer. Extensive efforts have been taken on the 

research and development of PAN-based carbon fibers during last two decades because they 

have a wide range of applications.  

 

	  

Figure 1.29 Molecular structure of polyacrylonitrile.[117] 
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Figure 1.30 PAN precursor carbon fiber conversion process.[117] 

 

The conversion process of PAN-based precursor to high performance carbon fiber is time-

consuming and can be divided into three steps (as shown in Figure 1.30).  They are oxidative 

stabilization, high temperature carbonization, and graphitization. During oxidative 

stabilization, a ladder structure is formed to enable PAN-based fiber undergo processing at 

higher temperatures, through a series of chemical reactions involving cyclization, 
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dehydrogenation, aromatization, oxidation and crosslinking (as show in Figure 1.31).[118] 

This step is usually carried out in the range of 180-300oC. The second step, high temperature 

carbonization, is usually carried out in inert atmosphere at the region of 600–1600oC. During 

this process, non-carbon atoms are removed in the forms of methane, hydrogen hydrogen 

cyanide, water, carbon dioxide and ammonia, and a turbostatic structure would form. The 

change of PAN structure is illustrated in Figure 1.32. After carbonization, the carbon fiber 

can be directly used. Compared to the precursor, carbonized fibers have reduced fiber 

diameter, higher density, and around 50% of their original weight. However, for further 

improvement on the fiber performance, additional graphitization process could be applied to 

obtain high modulus carbon fibers by heating up to 3000oC to improve the orientation of the 

basal planes and the stiffness of fibers.[117] 
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Figure 1.31 Proposed chemistry of PAN stabilization.[117] 

 

 

	  

Figure 1.32 Structure changes for PAN precursor during carbonization.[118] 
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In our work, carbonized PAN fibers are used directly as anodes in lithium-ion batteries. The 

structural and morphological characteristics are beneficial to the electrochemical 

performance of rechargeable LIBs.  
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Chapter 2. Research Objectives 
The synthesis and fabrication of one-dimensional (1D) nanostructures with a variety of forms, 

such as nanotubes, nanowires, nanobelts, and nanofibers, have been demonstrated in recent 

years. Among various methods, electrospinning is a continuous process that can fabricate 

one-dimensional nanostructures with a series of distinctive properties, such as large specific 

surface areas and superior mechanical properties. Due to these unique properties, a 

combination of electrospinning and carbonization is an efficient, simple and inexpensive way 

to fabricate nanofiber anodes for LIBs. The demand for safe Li-ion batteries is ever 

increasing, especially in terms of high power, high capacity and high rate capability. To meet 

these requirements, it is important to develop new anode materials to replace the currently 

used material that generally is graphite. Among various new anode materials, Si has been 

considered as one of the most promising anode materials for LIBs because of its highest 

gravimetric and volumetric capacities. 

The objective of this work is to fabricate electrospun Si/C composite nanofibers to combine 

the advantages of carbon (long cycle life) and silicon (high storage capacity) materials and 

improve the electrochemical performance of Si/C composite nanofibers as anode materials 

for high-performance rechargeable lithium-ion batteries. 

Figure 2.1 shows the hypothesis of this work. This work tried to combine the advantages of 

carbon (long cycle life) and silicon (high storage capacity) materials. The method employed 

to prepare the nanofibers is based on a combination of electrospinning and carbonization. By 

varying different processing parameters (such as carbonization temperature, Si/C ratio and 
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nanoparticle size), the optimized experimental conditions were found to obtain electrospun 

Si/C composite nanofibers with desirable performance for lithium-ion batteries. Moreover, to 

improve the electrochemical performance, especially cycling stability and C-rate property, of 

Si/C composite nanofibers as anode materials for high-performance rechargeable lithium-ion 

batteries, different approaches are employed, including improving the homogeneity of Si/C 

composite by using both cationic and anionic surfactants, improving the conductivity by 

employing CNTs, improving SEI stability by using electrolyte with additives, and improving 

both SEI stability and electrode integrity by introducing atomic layer deposition (ALD) 

alumina coating.  

	  

Figure 2.1 Hypothesis of Electrospun Si/Carbon Composite Nanofiber Anodes for Lithium-
Ion Batteries. 
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(I) Structure control and performance improvement of carbon nanofibers containing a 

dispersion of silicon nanoparticles for energy storage 

The Si/C composite nanofibers were used as lithium-ion battery anodes to combine the 

advantages of carbon (long cycle life) and silicon (high storage capacity) materials. The 

overall performance of composite nanofibers is determined by the process and the conditions 

used. The processing-structure-performance relationships of Si/C composite nanofibers are 

still unknown. Therefore, this work focused on establishing the processing-structure-

performance relationships for Si/C nanofiber electrodes prepared from electrospun 

Si/polyacrylonitrile (PAN) precursors and using such knowledge to obtain nanofiber 

electrodes with increased reversible capacity and enhanced capacity retention. 

The results of this work are discussed in Chapter 3. 

(II)	   Electrochemical performance of carbon nanofibers containing an enhanced 

dispersion of silicon nanoparticles for lithium-ion batteries by employing surfactants  

One challenge of preparing high-capacity, long-cycle life electrospun Si/C nanofiber anodes 

is the poor dispersion of Si nanoparticles in the carbon nanofiber matrix. The dispersion of Si 

nanoparticles in the matrix could be improved by modifying the surface of the Si 

nanoparticles. In this work, we investigated the effect of different surfactants on the 

morphology and electrochemical performance of Si/C nanofiber composite anodes made 

from electrospun Si/PAN precursors.  

The results of this work are discussed in Chapter 4. 
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(III) Improvement of cyclability of silicon-containing carbon nanofiber anodes for 

lithium-ion batteries by employing succinic anhydride as an electrolyte additive 

To improve the cyclability of Si/C composite nanofibers, it is important to control the 

interfacial properties. The use of electrolyte additive is a relatively economic and effective 

way to achieve high performance for Si/C composite nanofiber anodes by improving the 

interfacial stability. In this work, we investigated the effect of succinic anhydride (SA) as an 

electrolyte additive on the electrochemical performance of Si/C composite nanofiber anodes. 

The results of this work are discussed in Chapter 5. 

(IV)	  Enhanced Rate Capability by Employing Carbon Nanotube-Loaded Electrospun 

Si/C Composite Nanofibers As Binder-Free Anodes 

One challenge of preparing high-capacity, long-cycle life electrospun Si/C nanofiber anodes 

is the relatively low conductivity of Si nanoparticles and CNF matrix. Due to their unique 

graphite wall structure, the electrical conductivity of multi-walled CNTs is much higher than 

that of Si nanoparticles and carbon matrix. The use of CNTs is expected to help ensure good 

electronic contact between Si and carbon matrix and improve the electrical conductivity of 

Si/CNT/C composite nanofiber anodes. In this proposed work, we investigated the effect of 

multi-walled carbon nanotubes (CNTs) on the morphology and electrochemical performance 

of Si/CNT/C nanofiber composite anodes made from electrospun Si/CNT/PAN precursor and 

sequential thermal treatments in both air and argon environments at high temperatures.  

The results of this work are discussed in Chapter 6. 
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(V) Tuning Electrochemical Performance of Si-based anodes for Lithium-ion Batteries 

By Employing Atomic Layer Deposition Alumina Coating 

To further improve the cycling performance of Si/C composite nanofiber anodes, atomic 

layer deposition (ALD) could be employed to coat the composite nanofibers with a thin 

alumina layer. ALD is a unique technique for the deposition of conformal and homogenous 

thin films. The purpose of this work is to control the stability of SEI film by employing the 

alumina coating layer to prevent the side reactions between the electrode and electrolyte and 

improve the mechanical integrity of the electrode, and eventually lead to better cycling 

performance. In this work, we investigated the effect of alumina thickness on the 

morphology and electrochemical performance of Si/C composite nanofiber anodes.  

The results of this work are discussed in Chapter 7.  
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Chapter 3. Structure control and performance 
improvement of carbon nanofibers containing a 

dispersion of silicon nanoparticles for energy storage 
 

Abstract 

Si/C composite nanofibers were prepared by electrospinning and carbonization using 

polyacrylonitrile (PAN) as the spinning medium and carbon precursor. The nanofibers were 

used as lithium-ion battery anodes to combine the advantages of carbon (long cycle life) and 

silicon (high storage capacity) materials. The effects of Si particle size, Si content, and 

carbonization temperature on the structure and electrochemical performance of the anodes 

were investigated. Results show that anodes made from a 15 wt % Si/PAN precursor with a 

Si particle size of 30 – 50 nm and carbonization temperature of 800 °C exhibit the best 

performance in terms of high capacity and stable cycling behavior. It is demonstrated that 

with careful structure control, Si/C composite nanofiber anodes are a promising material for 

next-generation lithium-ion batteries. 
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3.1. Introduction 

To reduce the gaseous emissions from the burning of fossil fuels and meet the ever-growing 

need for high energy and high power, rechargeable lithium-ion batteries have attracted more 

and more attention [2, 33, 119]. Compared with most other battery technologies, lithium-ion 

batteries have the advantages of high energy density, long cycle life, high voltage, and 

excellent rate capability [120, 121]. However, current lithium-ion batteries use graphite as 

the anode material, and graphite only has a theoretical capacity of 372 mAh g-1 [27, 51]. To 

increase energy density and performance of lithium-ion batteries, alternative anode materials 

with higher capacities are needed.  

Si is an attractive anode material due to its extremely large theoretical capacity of 4200 mAh 

g-1 [44, 122]. However, the practical use of Si anodes is hindered by the severe structural 

failure of the material caused by the large volume changes during charge/discharge cycling 

[123, 124]. In our group, we have developed a relatively simple and low cost approach to 

prepare Si/C composite nanofiber anodes which are formed by embedding Si nanoparticles in 

electrospun carbon nanofibers [88, 104, 125, 126]. Electrospinning is a convenient and low-

cost technology to make nano-scale materials and easy to scale up [74, 127]. Embedding Si 

nanoparticles in electrospun carbon nanofibers allow them to withstand large volume 

changes during cycling. These composite nanofibers form free-standing conductive 

membranes that can be used directly as battery electrodes without adding carbon black 

conductor or polymer binder.   
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The overall performance of composite nanofibers is determined by the process and the 

conditions used. For example, different heat treatment temperatures can yield different 

carbon and fiber structures, which in turn lead to different electrochemical performance of 

the final nanofiber electrodes. However, the processing-structure-performance relationships 

of Si/C composite nanofibers are still unknown. Therefore, this work focused on establishing 

the processing-structure-performance relationships for Si/C nanofiber electrodes prepared 

from electrospun Si/polyacrylonitrile (PAN) precursors and using such knowledge to obtain 

nanofiber electrodes with increased reversible capacity and enhanced capacity retention. The 

effects of Si particle size, Si content, and carbonization temperature on the structure and 

electrochemical performance of Si/C nanofiber anodes were studied. 

 

3.2. Experimental 

Si nanoparticles with different particle diameters (20 - 30 nm, 30 - 50 nm, and ≥ 70 nm) were 

received from Nanostructured & Amorphous Materials, Inc. Polyacrylonitrile (PAN, Pfaltz & 

Bauer Inc., 150,000 g mol−1) was used as the spinning media and carbon source [128-130]. Si 

nanoparticles (0, 10, 15, and 20 wt %) were added into 8 wt % PAN solutions in N,N-

dimethylformamide (DMF, Aldrich), and were stirred at 60 oC for 24 h, followed by 

ultrasonic treatment for 1 h to obtain homogenous dispersions. A variable high voltage power 

supply (Gamma ES40P-20W/DAM) was used to provide a high voltage (18 kV) for 

electrospinning.  The flow rate used was 0.75 mL h−1. Needle-to-collector distance was set as 
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15 cm and electrospun fibers were collected on an aluminum foil. Electrospun Si/PAN 

composite nanofibers were stabilized in air environment at 280 oC for 5 h with a heating rate 

of 5 oC min-1 and then carbonized at 700, 800 or 900 oC for 2 h in an argon atmosphere with 

a heating rate of 2 oC min−1 to form Si/C composite nanofibers. 

The morphology of composite nanofibers was examined by field emission scanning electron 

microscope (FESEM-JEOL 6400F SEM at 5 kV). The structure of composite nanofibers was 

also investigated by wide-angle X-ray diffraction (WAXD, Philips X’Pert PRO MRD HR X-

Ray Diffraction System). The composition in final Si/C composite nanofibers was 

determined by elemental analysis (Perkin Elmer 2400 Series II CHNS/O Elemental 

Analyzer). Si/C composite nanofibers form free-standing conductive membranes (bulk 

density = 0.12 g cm-3), and they were used directly as the working electrode in CR2032-type 

coin cells (diameter = 20 mm and height = 3.2 mm).  The electrode thickness was around 220 

µm, and the mass loading of active material was in the range of 2 – 3 mg cm-2.  Lithium 

metal was used as the counter electrode and Celgard 2400 membrane as the separator. The 

electrolyte used consisted of a 1 M solution of LiPF6 dissolved in 1/1 (V/V) ethylene 

carbonate (EC)/ethylmethyl carbonate (EMC). The electrochemical performance was 

investigated by carrying out galvanostatic charge-discharge experiments at constant current 

densities of 50 mA g-1 (around C/20) and 100 mA g-1 (around C/10) between cut-off 

potentials of 3.00 and 0.01 V. The reproducibility of electrochemical results was ensured by 

conducting all measurements on at least six cells for each nanofiber sample.  The errors of 

capacities were controlled below 5 %. 
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3.3. Results and discussion 

3.3.1 Morphology characterization 

The morphology of Si/PAN precursor nanofibers was examined by SEM. Figure 3.1 shows 

typical SEM images of 0, 10, 15 and 20 wt % Si/PAN precursor nanofibers. The size of Si 

nanoparticles is 30 - 50 nm. It is seen that all nanofibers are continuous and uniform. Si 

nanoparticles are distributed along the nanofibers, and some of the particles form clusters on 

the fiber surface. With increase in Si content, more clusters can be observed.  
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Figure 3.1 SEM images of Si/PAN precursor nanofibers with different Si contents: (A) 0, (B) 
10, (C) 15, and (D) 20 wt %. Si particle size: 30 - 50 nm. 

 

After carbonization, the PAN matrix was converted to carbon, and Si/C nanofibers were 

formed. Figures 3.2, 3.3 and 3.4 illustrate the SEM images of the resultant Si/C nanofibers, 

which were carbonized at 700, 800 and 900 ºC, respectively. Compared with the 

corresponding Si/PAN precursors shown in Figure 3.1, the Si/C nanofibers are slightly 

wrinkled and more Si nanoparticles are exposed on the fiber surface. Comparing Figures 3.2, 
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3.3 and 3.4, it is seen that the change of carbonization temperature does not have an apparent 

effect on the morphology of the composite nanofibers.  

   

  

Figure 3.2 SEM images of Si/C composite nanofibers prepared from Si/PAN precursors with 
different Si contents: (A) 0, (B) 10, (C) 15, and (D) 20 wt %. Si particle size: 30 - 50 nm, and 
carbonization temperature: 700 oC.	  
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Figure 3.3 SEM images of Si/C composite nanofibers prepared from Si/PAN precursors with 
different Si contents: (A) 0, (B) 10, (C) 15, and (D) 20 wt %. Si particle size: 30-50 nm, and 
carbonization temperature: 800 oC. 
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Figure 3.4 SEM images of Si/C composite nanofibers prepared from Si/PAN precursors with 
different Si contents: (A) 0, (B) 10, (C) 15, and (D) 20 wt %. Si particle size: 30-50 nm, and 
carbonization temperature: 900 oC. 

 

Figure 3.5 shows the typical SEM images of Si/C composite nanofiber with different Si 

particle sizes. The diameters of all composite nanofibers are in the range of 150 to 250 nm. 

Agglomerates formed by Si nanoparticles could be seen from the fiber surfaces. When the 

particle size is in the range of 20 – 30 nm, the agglomeration of Si nanoparticles is more 

severe probably because of their larger surface area.  
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Figure 3.5 SEM images of Si/C composite nanofibers prepared from Si/PAN precursors with 
different Si contents: (A) 20 - 30, (B) 30 - 50, and (C) ≥70 nm. Carbonization temperature: 
700 oC. 

 

3.3.2 Structure Evolution 

WAXRD measurements were conducted to evaluate the structure of Si/C nanofibers 

carbonized at three different temperatures (700, 800 and 900 °C) and the results are shown in 

Figure 3.6. It is seen that the diffractions of silicon are clear at about 28.4o, 47.4o, 56.2o, 69.2o, 

76.5o and 88.1o, and no peaks can be found for silicon oxide or Si-C alloy, indicating that Si 
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was not oxidized or did not react with carbon during the carbonization process [131, 132]. 

The broad peak at 25.3o can be attributed to the carbon nanofiber matrix, which indicates the 

matrix is mainly formed by disordered carbon [132]. 
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Figure 3.6 XRD patterns of (a) Si, and Si/C nanofibers prepared from 15 wt % Si/PAN 
precursors at different carbonization temperatures: (b) 700, (c) 800, and (d) 900 °C. Si 
particle size: 30 - 50 nm. 

 

3.3.3 Effect of Si Nanoparticle Size 

Galvanostatic charge-discharge experiments were carried out to evaluate the electrochemical 

performance of Si/C composite nanofiber anodes. Three different Si nanoparticle sizes were 

used: 20 - 30 nm, 30 - 50 nm, ≥ 70 nm. The Galvanostatic charge-discharge curves of Si/C 

nanofiber anodes prepared with Si nanoparticles of different sizes are shown in Figure 4.7.  
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The current density used was 50 mA g-1. It is seen that at the first cycle, the specific charge 

and discharge capacities of anodes with Si particle size of 20 - 30 nm are 1103 and 838 mA 

g-1, corresponding to a Coulombic efficiency of 75.9% (Figure 3.7A). Anodes with Si 

nanoparticle size of 30 - 50 nm show a specific charge capacity of approximately 1300 mAh 

g-1 and discharge capacity of 1023 mAh g-1 at the first cycle, corresponding to a Coulombic 

efficiency of 78.7% (Figure 3.7B). As shown in Figure 3.7C, the specific charge and 

discharge capacities of anodes with Si nanoparticle size of ≥ 70 nm are 1182 and 955 mAh g-

1, corresponding to a Coulombic efficiency of 80.7%. Electrodes made from carbonaceous 

materials have relatively large irreversible capacity losses and hence low Coulombic 

efficiencies [17, 133]. However, Si anodes typically have smaller irreversible capacity losses 

and larger Coulombic efficiencies [45, 134].  Therefore, introducing Si nanoparticles in 

carbon nanofibers lead to a composite anode material that has lower first-cycle irreversible 

capacity loss than most carbonaceous materials.  
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Figure 3.7 Galvanostatic charge-discharge curves of Si/C composite nanofibers prepared 
from 10 wt % Si/PAN precursors with different Si nanoparticle sizes: (A) 20 - 30, (B) 30 - 50, 
and (C) ≥ 70 nm. Carbonization temperature: 700 oC. 
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Figure 3.8 shows the cycling performance of Si/C nanofiber anodes prepared with Si 

nanoparticles of different sizes. In all 50 cycles, the anodes with Si particles of 30 - 50 nm 

show the largest capacities.  In addition, when the particle size is 30 - 50 nm, the anodes have 

the highest capacity retention of 51.6% at the 50th cycle. Typically, smaller particles are more 

structurally stable than larger particles [135, 136], and hence the anodes with Si particle size 

of 30 - 50 nm have larger capacities and higher capacity retention than those with Si particle 

size of ≥ 70 nm.  However, when the particle size is reduced to 20 - 30 nm, the aggregation 

of nanoparticles become more obvious (Figure 3.5A), and this might be the main reason for 

the anodes with Si particle size of 20 – 30 nm to have lower capacities and poorer capacity 

retention than those with Si particle size of 30 - 50 nm. Since Si nanoparticles with size of 30 

– 50 nm provide the best electrochemical performance, these nanoparticles were used to 

prepare the electrodes in the following discussions.  
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Figure 3.8 Cycling performance of Si/C composite nanofibers made from 10 wt % Si/PAN 
with different Si nanoparticle sizes.  Carbonization temperature: 700 °C. 

 

3.3.4 Effect of Si Particle Content 

Table 3.1 shows the element analysis results of Si/C composite nanofibers prepared from 

Si/PAN precursors with different Si contents. It is seen that the Si contents of Si/C composite 

nanofibers prepared from 10, 15, and 20 wt % Si/PAN precursors are 22.72, 26.33, and 38.74 

wt %, respectively. 
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Table 3.1 Element analysis results of Si/C composite nanofibers prepared from Si/PAN 
precursors with different Si contents. Si particle size: 30 – 50 nm. 

	  

Si Content 
C 

(%) 

H 

(%) 

N 

(%) 

Si 

(%) 
Si/C Ratio 

10 wt % 53.91 1.06 7.51 22.72 0.42 

15 wt % 48.39 1.03 6.73 26.33 0.54 

20 wt % 43.77 0.96 2.49 38.74 0.88 

 

Si/C nanofiber anodes made from 10, 15, and 20 wt % Si/PAN precursors with a 

carbonization temperature of 800 °C have been evaluated by carrying out Galvanostatic 

charge-discharge experiments at a current density of 50 mAg-1 between 0.01 and 3.0 V, and 

the results are shown in Figure 3.9. As increase in Si content, the capacities increase, 

however, the Coulombic efficiency decreases. For example, at the first cycle, the anodes 

made from 10 wt % Si/PAN precursor show a specific charge capacity of approximately 

1182 mAh g-1 and discharge capacity of 955 mAh g-1, corresponding to a Coulombic 

efficiency of 80.7% (Figure 3.9A). The anodes made from 15 wt % Si/PAN precursor show a 

specific charge capacity of approximately 1247 mAh g-1 and discharge capacity of 962 mAh 

g-1 at the first cycle, corresponding to a Coulombic efficiency of 77.1% (Figure 3.9B). It is 

seen in Figure 9C that at the first cycle, the anodes made from 20 wt % Si/PAN precursor 

show a specific charge capacity of 1453 mAh g-1 and discharge capacity of 1118 mAh g-1, 
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corresponding to a Coulombic efficiency of 76.9%. The anodes made from 20 wt % Si/PAN 

precursor showed the highest capacities simply because they have more high-capacity Si 

nanoparticles.  

 

 
 

Figure 3.9 Galvanostatic charge-discharge curves of Si/C composite nanofibers prepared 
from Si/PAN precursors with different Si contents: (A) 10, (B) 15, and (C) 20 wt %. Si 
particle size: 30 - 50 nm, and carbonization temperature: 800 oC. 

 

Figure 3.10 compares the cycling performance of Si/C nanofiber anodes made from 10, 15, 

and 20 wt % Si/PAN precursors with a carbonization temperature of 800 °C. It is seen that at 
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the 50th cycle, the capacities of anodes made from 10, 15, and 20 wt % Si/PAN precursors 

are 541.9, 647.5 and 533.8 mAh g-1, respectively, corresponding to capacity retentions of 

56.7, 67.3 and 47.7%, respectively. This indicates that anodes made from 15 wt % Si/PAN 

precursor show the best cycling stability. For comparison, the cycling performance of anodes 

prepared by mixing 30 wt % Si nanoparticles with PAN-derived carbon fibers is also 

reported in Figure 3.10. It is seen that the capacity decay is fast and the capacity retention is 

only 28% at the 50th cycle. This indicates that the unique morphology and structure of the 

one-dimensional conductive composite structure of Si/C nanofibers play an important role in 

improving the anode cycling performance. 
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Figure 3.10 Cycling performance of Si/C composite nanofibers made from Si/PAN 
precursors with different Si contents. For comparison, results for electrodes made by mixing 
Si nanoparticles with PAN-derived carbon nanofibers are also shown. Carbonization 
temperature: 800 oC, and Si particle size: 30 – 50 nm. 
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3.3.5 Effect of Carbonization Temperature 

Galvanostatic charge-discharge experiments of Si/C nanofiber anodes prepared from 15 wt % 

Si/PAN precursors with three different carbonization temperatures of 700, 800, and 900 °C 

were carried out at a current density of 50 mAg-1 between 0.01 and 3.0 V, and the results are 

shown in Figure 3.11. Figure 3.12 compares the cycling performance of these Si/C nanofiber 

anodes. It is seen that in initial cycles, anodes prepared at 700 °C have larger discharge 

capacities than those of nanofibers carbonized at 800 and 900 °C. However, the capacities of 

anodes prepared at 700 °C decay quickly, and after the 16th cycle, anodes prepared at 800°C 

have the largest capacities.  At the 50th cycle, the capacity retentions are 32.9, 67.3, and 

55.8%, respectively, for anodes prepared at 700, 800, and 900 °C.  The results demonstrate 

that the Si/C anodes carbonized at 800 °C perform better than those carbonized at 700 and 

900°C.  
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Figure 3.11 Galvanostatic charge-discharge curves of Si/C composite nanofibers prepared 
from Si/PAN precursors with different carbonization temperatures: (A) 700, (B) 800, (C) 900 
oC.  Si particle size: 30 - 50 nm, and Si content: 15 wt %. 
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Figure 3.12 Cycling performance of Si/C nanofiber anodes prepared from Si/PAN precursors 
with different carbonization temperatures.  Si particle size: 30 - 50 nm, and Si content: 15 wt 
%.  

 

Figure 3.13 compares the cycling performance of pure carbon nanofibers prepared from PAN 

precursor under three different carbonization temperatures. It is seen that all three carbon 

nanofibers have comparable cycling stability. However, the capacities decrease with increase 

in carbonization temperature. The carbonization temperature has an effect on the 

conductivity of the fibers.  In general, with increase in carbonization temperature, the 

conductivity of the resultant carbon increases [137, 138]. Higher carbonization temperature 

typically results in more ordered carbon, which has lower capacity, but is more robust during 

lithium insertion and extraction [17, 51, 117, 139]. This is why Si/C anodes carbonized at 

800 oC have higher capacity retention than those prepared at 700 oC.  However, when the 
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carbonization temperature increases to 900 oC, the capacity of disordered carbon matrix 

decreases and hence the resultant Si/C anodes have lower capacities. 
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Figure 3.13 Cycling performance of CNF anodes prepared from PAN precursor with 
different carbonization temperatures.   

 

4.3.6 Overall Electrochemical Performance 

Table 3.2 shows the first-cycle charge and discharge capacities, first-cycle Coulombic 

efficiencies, and capacity retentions at the 50th cycle for Si/C nanofiber anodes prepared 

from Si/PAN precursors with different carbonization temperatures and different Si contents. 

Results show that Si/C nanofiber anodes made from a 15 wt % Si/PAN precursor with a 

carbonization temperature of 800 °C exhibit the most balanced performance in terms of high 

capacity and stable cycling behavior. The improvement of electrochemical performance for 
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anodes can be attributed to their unique one-dimensional nanofibrous structure with large 

surface area and high length/diameter ratio. The carbon nanofiber matrix could not only 

buffer the large volume changes during Li insertion and extraction processes, but also 

maintain the good electrical contact among Si nanoparticles and the integrity of the electrode 

upon cycling [44, 104, 125]. 

Table 3.2 Overall electrochemical performance of Si/C composite nanofibers prepared from 
Si/PAN precursors with different carbonization temperatures and Si contents. Si particle size: 
30 – 50 nm. 

	  

Si 
Content 

Carbonization 
Temperature 

1st Cycle 
Charge 

Capacity 

(mAh g-1) 

1st Cycle 
Discharge 
Capacity 

(mAh g-1) 

1st Cycle 
Coulombic 
Efficiency 

(%) 

Capacity 
Retention at 

the 50th Cycle 

(%) 

10 wt % 

700 oC 1300 1023 78.7 51.6 

800 oC 1182   955 80.7 56.7 

900 oC 1103   838 76.0 52.7 

15 wt % 

700 oC 1467 1163 79.2 32.9 

800 oC 1247   962 77.1 67.3 

900 oC 1290   931 72.2 55.8 

20 wt % 

700 oC 1668 1248 74.8 37.5 

800 oC 1453 1118 76.9 47.7 

900 oC 1265   961 76.0 50.6 
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The results show that Si/C nanofiber anodes could help achieve much higher capacity than 

the commercial graphite anodes and much better cycling performance than the pure Si 

anodes [17, 140]. However, the cycling stabilities of these anodes should be further improved 

for practical battery applications, which could be realized by optimizing the nanofiber 

structure, such as enhancing particle dispersion, decreasing the fiber diameter, and employing 

core-shell structure, etc. 

 

3.4. Conclusions 

The unique morphology and structure of the 1-dimensional conductive nanofibrous 

composite are beneficial to improve the electrochemical behavior of Si/C composite 

nanofibers. In this work, we present how Si particle size, Si content and carbonization 

temperature affect the electrochemical performance of Si/C composite nanofiber anodes. 

Among all samples, anodes made from a 15 wt % Si/PAN precursors with Si particle size of 

30 – 50 nm and carbonization temperature of 800 °C show the best overall performance in 

terms of high reversible capacity and stable cyclability. The results indicated that dispersing 

Si nanoparticles into carbon nanofiber matrices is a simple and effective approach to improve 

the overall electrochemical performance of lithium-ion battery anodes in terms of combining 

the advantageous properties of carbon (long cycle life) and silicon (high lithium-storage 

capacity).  
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Chapter 4. Electrochemical performance of carbon 
nanofibers containing an enhanced dispersion of 
silicon nanoparticles for lithium-ion batteries by 

employing surfactants 
 

Abstract 

Si/C composite nanofibers were prepared by electrospinning and carbonization. Two 

surfactants: cetyl trimethyl ammonium bromide (CTAB) and sodium dodecanoate (SD), were 

used to improve the dispersion of Si nanoparticles and the electrochemical performance. 

Results show that after 50 cycles, the discharge capacity of Si/C nanofibers does not have 

significant change after the addition of CTAB surfactant, however, the discharge capacity of 

Si/C nanofibers with SD surfactant is more than 20% higher than that without surfactant. It is 

demonstrated that employing SD surfactant is a simple and effective way to obtain Si/C 

nanofibers with large capacities and good cycling stability.  
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4.1. Introduction 

Since the first commercialization by Sony in 1991, lithium-ion batteries have 

attracted more and more attention due to their high energy density, long cycle life, high 

voltage, and excellent rate capability.[33, 44, 119, 121] Commercial lithium-ion batteries use 

graphite, which has a theoretical capacity of 372 mAh g-1, as the anode material.[17] To 

develop rechargeable lithium-ion batteries with higher energy density, Si has been studied 

extensively due to its extremely large theoretical capacity of 3579 mAh g-1 at room 

temperature.[36, 37, 40, 44, 88, 132] However, the practical use of Si anodes is hindered by 

the structural failure upon lithium insertion/extraction processes and the low intrinsic electric 

conductivity. Tremendous efforts have been made to overcome these problems, including 

using Si-based thin films, Si nanowires, dispersing Si into inactive/active matrix, etc.[41, 42, 

44, 122, 134, 135, 140-143] Dispersing Si into inactive/active matrix was pioneered by Dahn 

and his team.17 They have investigated more than 200 compositions of Si/inactive matrix and 

made improvement in the electrochemical performance of Si-based anodes. Recently, 

Chockla and his co-workers reported a Si nanowire-based nonwoven fabric that could retain 

the capacity around 500 mAh g-1 after 100 cycles.[43] Thakur et al. prepared porous Si films 

that can achieve 1500 mAh g-1 after 163 cycles by introducing noble metal Au coating.[144] 

Among the different methods used, electrospinning is a relatively convenient and low-cost 

technology to make nano-scale materials that can combine the advantages of carbon (long 

cycle life) and silicon (high storage capacity) materials.[127, 141] Earlier work shows that 
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embedding Si nanoparticles in electrospun carbon nanofiber matrix allows them to withstand 

large volume changes during cycling.[88, 125, 128, 145, 146] 

One challenge of preparing high-capacity, long-cycle life electrospun Si/C nanofiber 

anodes is the poor dispersion of Si nanoparticles in the carbon nanofiber matrix. The 

dispersion of Si nanoparticles in the matrix could be improved by modifying the surface of 

the Si nanoparticles. In this work, we investigated the effect of different surfactants on the 

morphology and electrochemical performance of Si/C nanofiber composite anodes made 

from electrospun Si/polyacrylonitrile (PAN) precursor. Two different surfactants were 

studied: cetyl trimethyl ammonium bromide (CTAB) and sodium dodecanoate (SD). The use 

of surfactants could help achieve better dispersion of Si nanoparticles to ensure good 

electronic contact between Si and carbon, and preserve the integrity of the electrode structure. 

As a result, the capacities and cycling performance of Si/C composite nanofiber anodes for 

high-energy lithium-ion batteries can be improved significantly. 

 

4.2. Experimental 

Electrospun Si/C composite nanofibers were prepared as the anode material for 

lithium-ion batteries. Si nanoparticles with particle diameter of 30 - 50 nm were received 

from Nanostructured & Amorphous Materials, Inc. Polyacrylonitrile (PAN, Pfaltz & Bauer 

Inc., 150,000 g mol−1) was used as the spinning medium and carbon source. The 

electrospinning dispersions were prepared by adding 10 wt % Si nanoparticles into 8 wt % 
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PAN solutions in N,N-dimethylformamide (DMF, Aldrich), which were stirred at 60 oC for 

24 h, followed by ultrasonic treatment for 1 h. Two different surfactants, sodium dodecanoate 

(SD) and cetyl trimethyl ammonium bromide (CTAB), were added to the dispersions 

separately. The concentration of surfactants added was 0.01 mol/L. A variable high voltage 

power supply (Gamma ES40P-20W/DAM) was used to provide a high voltage (18 kV) for 

electrospinning. The flow rate used was 0.75 mL h−1, and the needle-to-collector distance 

was set as 15 cm. Electrospun fibers were collected on an aluminum foil. Electrospun 

Si/PAN composite nanofibers were stabilized in air environment at 280 oC for 5 h with a 

heating rate of 5 oC min-1 and then carbonized at 700 oC for 2 h in an argon atmosphere with 

a heating rate of 2 oC min−1 to form Si/C composite nanofibers. 

The morphology of Si/C composite nanofibers was examined by field emission 

scanning electron microscope (FESEM-JEOL 6400F SEM at 5 kV). The structure of Si/C 

composite nanofibers was also investigated by wide-angle X-ray diffraction (WAXD, Philips 

X’Pert PRO MRD HR X-Ray Diffraction System). Si/C composite nanofibers form free-

standing conductive membranes, and they were used directly as the working electrode in 

CR2032-type coin cells.  Lithium metal was used as the counter electrode and Celgard 2400 

membrane as the separator. The electrolyte used consisted of a 1 M solution of LiPF6 

dissolved in 1/1 (V/V) ethylene carbonate (EC)/ethylmethyl carbonate (EMC). The 

electrochemical performance was investigated by carrying out galvanostatic charge-discharge 

experiments at constant current density of 100 mA g-1 between cut-off potentials of 0.01 and 

2.80 V. 
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4.3. Results and discussion 

The morphology of Si/C composite nanofibers was examined by SEM. Figure 4.1 

shows typical SEM images of Si/C composite nanofibers prepared without and with 

surfactants. It is seen that all nanofibers are continuous and uniform. The diameters of all 

composite nanofibers are in the range of 150 to 250 nm. Without surfactant, Si nanoparticles 

are distributed along the nanofibers and form large agglomerates (Figure 4.1A). The 

distribution of Si nanoparticles along Si/C nanofibers does not have apparent change after 

adding CTAB surfactant in the precursor. Clusters of Si nanoparticles can still be seen on 

Si/C nanofibers due to the aggregation of Si nanoparticles (Figure 4.1B). However, the 

addition of SD surfactant in the precursor can significantly reduce the agglomeration of Si 

nanoparticles (Figure 4.1C). Surfactant molecules contain hydrophilic heads and hydrophobe 

tails.  Hence, during the preparation of electrospinning dispersions, they tend to surround Si 

nanoparticles and prevent them from aggregating.[147, 148] This is the main reason why the 

dispersion of Si nanoparticles is improved by the SD surfactant.  However, the CTAB 

surfactant is not effective in reducing the aggregation of Si nanoparticles, and the reason is 

unknown. 
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Figure 4.1 SEM images of Si/C composite nanofibers without surfactant (A), with CTAB 
surfactant (B), and with SD surfactant (C). 

 

WAXRD measurements were conducted to evaluate the structure evolution of Si/C 

composite nanofibers (Figure 4.2). For comparison, the XRD pattern of pure Si nanoparticles 

is also shown. It is seen that the diffractions of Si nanoparticles are clear at 28.4o, 47.4o, 56.2o, 

69.2o, 76.5o and 88.1o.[131, 149] These peaks become smaller in Si/C nanofibers due to the 

presence of carbon nanofiber matrix.  However, the addition of surfactants does not change 
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the position and intensity of the Si peaks, indicating that the interaction between Si and 

surfactants is limited on the Si particle surface. 
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Figure 4.2 XRD patterns of Si (a), and Si/C nanofibers without surfactant (b), with CTAB 
surfactant (c), and with SD surfactant (d).   

 

Galvanostatic charge-discharge experiments were carried out to evaluate the 

electrochemical performance of Si/C composite nanofiber anodes, and the results are shown 

in Figure 4.3. The current density used was 100 mA g-1. At the first cycle, the Si/C nanofiber 

anodes made from 10 wt % Si/PAN precursor without surfactant show a specific charge 
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capacity of approximately 988 mAh g-1 and discharge capacity of 677 mAh g-1, respectively, 

corresponding to a Coulombic efficiency of 68.5% (Figure 4.3A). It is seen in Figure 4.3B 

that at the first cycle, the specific charge and discharge capacities of anodes with CTAB 

surfactant are 1094 and 778 mA g-1, respectively, corresponding to a Coulombic efficiency of 

71.1%. This indicates that the electrochemical performance of Si/C composite nanofiber 

anodes has been slightly improved after the addition of CTAB surfactant. Figure 4.3C shows 

that the addition of SD surfactant further increases the capacities and Coulombic efficiency 

of the Si/C nanofiber anodes. At the first cycle, Si/C nanofiber anodes with SD surfactant 

show a charge capacity of 1186 mAh g-1 and a discharge capacity of 901 mAh g-1, 

respectively, corresponding to a Coulombic efficiency of 76.0 %. Therefore, the anodes with 

SD surfactant have the highest capacities and Coulombic efficiency. 
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Figure 4.3 Galvanostatic charge-discharge curves of Si/C composite nanofibers without 
surfactant (A), with CTAB surfactant (B), and with SD surfactant (C).  
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Figure 4.4 compares the cycling performance of Si/C nanofibers with and without 

surfactants. It is seen that at the 50th cycle, the discharge capacities are 411, 418 and 562 

mAh g-1, respectively, for anodes made from 10 wt % Si/PAN precursors without surfactant, 

with CTAB surfactant, and with SD surfactant.  The corresponding capacity retentions are 

60.7, 55.5 and 65.9%, respectively. After 50 cycles, the discharge capacity of Si/C composite 

nanofiber anodes with SD surfactant is 22% higher than that of the anodes without surfactant 

and more than 1.5 times larger than those of commercial anodes made from graphite.[17] 
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Figure 4.4 Cycling performance of Si/C composite nanofibers without surfactant (A), with 
CTAB surfactant (B), and with SD surfactant (C).	  

 

The results demonstrated that the electrochemical performance of anodes with SD 

surfactant has been improved significantly, which can be ascribed to the enhanced dispersion 
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of Si nanoparticles in the nanofiber matrix (Figure 4.1C). In spite of accommodating the huge 

volume change during lithium insertion and extraction, better dispersion of Si nanoparticles 

ensures good electronic contact between Si and carbon, and preserves the integrity of the 

electrode structure.  

In addition to the dispersion of Si nanoparticles, other structure parameters are also 

important in determining the overall performance of Si/C nanofiber anodes.  For example, 

the electrode surface area needs to be minimized to reduce parasitic reactions and maximize 

safety.  To achieve high volumetric density, the nanofiber mat also needs to be compressed to 

reduce the porosity to below 25%.  These should be the focus of future work. 

 

4.4. Conclusions 

In this work, the effect of two different surfactants on the morphology and 

electrochemical performance of Si/C nanofiber composite anodes made from electrospun 

Si/PAN precursor was investigated. The dispersion of Si nanoparticles in the carbon 

nanofiber matrix could be improved by modifying the surface of the Si nanoparticles using 

SD surfactant, which is beneficial to improve the electrochemical behavior of Si/C composite 

nanofiber anodes. The results indicated that employing surfactant is a simple, effective and 

low-cost way to improve the overall electrochemical performance of Si/C composite 

nanofiber anodes for high-energy lithium-ion batteries. 	  
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Chapter 5. Improvement of cyclability of silicon-
containing carbon nanofiber anodes for lithium-ion 

batteries by employing succinic anhydride as an 
electrolyte additive 

 

Abstract 

Si/C composite nanofibers were prepared by electrospinning and carbonization using 

polyacrylonitrile as the spinning medium and carbon precursor. The effect of electrolyte 

additive succinic anhydride (SA) on the electrochemical performance of Si/C composite 

nanofiber anodes was investigated. Results show that after 50 cycles, the discharge capacity 

of Si/C composite nanofiber anode with the SA-added electrolyte is 34% higher than that 

with additive-free electrolyte. At 150th cycle, the capacity retention of Si/C composite 

nanofiber anode with SA-added electrolyte is 82% under 70% state-of-charge. It is 

demonstrated that adding additive SA in the electrolyte is an effective and economic way to 

improve the cyclability of high-capacity Si/C composite nanofibers for next-generation high-

energy lithium-ion batteries.  
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5.1. Introduction 

      Commercial lithium-ion batteries use graphite (theoretical capacity 372 mAh g-1) as the 

anode material [17]. To develop rechargeable lithium-ion batteries with high energy densities, 

Si has been studied extensively due to its extremely large capacity of 3579 mAh g-1, 

corresponding to the formation of Li15Si4 [36, 37, 144]. However, the relatively low electric 

conductivity and large volume change of Si particles limit the use of Si anodes in practical 

batteries. A rapid capacity fading is often observed for Si anodes during charge/discharge 

cycling due to the mechanical failure and loss of effective electronic contacts, which were 

caused by the large volume changes of active Si particles.  

      Several approaches have been developed to improve the cyclability of Si anodes, such as 

using nanosized Si particles and nanowires, dispersing Si into inactive/active matrix, 

controlling the cycling conditions of the battery, etc [131, 134, 140, 142-144]. Recently, a 

new Si/C composite nanofiber anode was developed by embedding Si nanoparticles in 

electrospun carbon nanofibers [88, 125, 145, 146]. The carbon nanofiber matrix can 

accommodate the volume change of Si during cycling, and hence Si/C composite nanofiber 

anode has the potential to combine the advantages of carbon (long cycle life) and silicon 

(high storage capacity) materials. Results show that the initial capacity of Si/C composite 

nanofibers is around 1000 mAh g-1, however, the capacity retention is not satisfactory yet and 

more work is needed to improve the cyclability of the Si/C composite nanofiber anode [125, 

145]. 
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      To improve the cyclability of Si/C composite nanofibers, it is important to control the 

interfacial properties. The use of electrolyte additive is a relatively economic and effective 

way to achieve high performance for Si/C composite nanofiber anodes by improving the 

interfacial stability. The electrolyte additive can facilitate the formation of a stable solid 

electrolyte interface (SEI) film on the surface of the electrode material, which could help 

prevent the further reaction between the electrolyte and active material during cycling. 

Various spectroscopic measurements have identified that the SEI film is mainly formed by 

the decomposed products of electrolyte solvents and salts, such as hydrocarbons, lithium 

alkyl carbonates, LiOH, Li2CO3, and other salt moieties like LiF for LiPF6-based electrolytes 

[150, 151]. Up till now, only a few additives have been studied, such as fluoroethylene 

carbonate (FEC), vinylene carbonate (VC), polyether modified siloxanes, succinic anhydride 

(SA), etc [39, 152-155]. Recently, McArthur and his co-workers investigated the SEI growth 

by using an in-situ spectroscopic ellipsometry method [156]. It was found that the SEI film 

became thicker by the introduction of FEC or VC additive. However, most current SEI work 

focuses on the Si thin film, which behaves differently from anodes that contain Si 

nanoparticles.  

      In this work, we investigated the effect of succinic anhydride (SA) as an electrolyte 

additive on the electrochemical performance of Si/C composite nanofiber anodes. The 

chemical structure of SA is shown in Figure 5.1. The use of additive SA helped preserve the 

integrity of the electrode structure, and as a result, the capacities and cycling performance of 

Si/C composite nanofiber anodes for high-energy lithium-ion batteries have been improved 

significantly. 
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OO O

	  

Figure 5.1 Chemical structure of succinic anhydride. 

 

5.2. Experimental 

5.2.1 Electrode preparation 

      Electrospun Si/C composite nanofibers were prepared as an anode material for lithium-

ion batteries. Polyacrylonitrile (PAN, Pfaltz & Bauer Inc., 150,000 g mol−1) was used as the 

spinning media and carbon source. Si nanoparticles with a diameter of 30 - 50 nm were 

received from Nanostructured & Amorphous Materials, Inc without further purification.   

      Si nanoparticles (15 wt %) were added into a PAN solution (8 wt %) in N,N-

dimethylformamide (DMF, Aldrich), and were stirred at 60 oC for 24 h, followed by 

ultrasonic treatment for 1 h to obtain a homogenous dispersion. A variable high voltage 

power supply (Gamma ES40P-20W/DAM) was used to provide a high voltage (18 kV) for 

electrospinning.  The flow rate used was 0.75 mL h−1 and the needle-to-collector distance 

was 15 cm. Electrospun fibers were collected on an aluminum foil.  
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      Electrospun Si/PAN precursor nanofibers were stabilized in air environment at 280 °C 

for 5 h (heating rate: 5 °C/min) and then they were carbonized at 800 °C for 2 h in argon 

atmosphere (heating rate: 2 °C/min) to form Si/C composite nanofibers. 

5.2.2 Nanofiber characterization 

      The morphology of composite nanofibers was examined by field emission scanning 

electron microscope (FESEM-JEOL 6400F SEM at 5 kV). The structure of composite 

nanofibers was also investigated by wide-angle X-ray diffraction (WAXD, Philips X’Pert 

PRO MRD HR X-Ray Diffraction System).  

5.2.3 Electrochemical measurements 

      Two electrolytes were prepared: (1) 1 M LiPF6 in ethylene carbonate (EC)/diethyl 

carbonate (DEC)/dimethyl carbonate (DMC) (1/1/1, v/v/v) without SA, and (2) 1 M LiPF6 in 

EC/DEC/DMC (1/1/1, v/v/v) with 3 wt % additive SA. These two electrolytes are denoted as 

1M LiPF6/EC+DEC+DMC and 1M LiPF6/SA/EC+DEC+DMC, respectively.  

      Anodes were prepared by two methods. In the first method, the Si/C nanofiber mat was 

directly used as the anode without adding polymer binder or carbon black. In the second 

method, the anode was prepared by mixing 80% ground Si/C nanofibers with 10% polyamide 

imide (PAI) binder and 10% carbon black. Si/C composite nanofiber anodes were then 

assembled into CR2032-type coin cells with the above-mentioned electrolytes.  The mass 

loadings of the active material were in the range of 2 – 3 mg/cm2. Lithium metal was used as 

the counter electrode and Celgard 2400 membrane as the separator.  
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      Cyclic voltammetry (CV) measurements were performed on a Gamry Reference 600 

Potentiostat/Galvanostat/ZRA with the voltage ranging from 0.05 to 3.0 V at a scan rate of 

0.05 mV/s. Electrochemical impedance spectra (EIS) were obtained using the Gamry 

Reference 600 Potentiostat/Galvanostat/ZRA in a 10.0 mV AC voltage signal in the 106 - 10-

2 Hz frequency range. Before each EIS measurement, the electrodes were first charged 

galvanostatically at 50 mA g-1 to 0.05V, and then remained at open-circuit for 5.0 h to allow 

their potential to stabilize. Galvanostatic charge-discharge experiments were carried out 

using an Arbin automatic battery cycler at a current density of 50 or 100 mA g-1 between 

0.01 and 1.5 V.  

 

5.3. Results and discussion 

5.3.1 Morphology and structure of Si/C composite nanofibers 

      Figure 5.2 shows typical SEM images of 15 wt % Si/PAN precursor nanofibers. All 

nanofibers are continuous and uniform with Si nanoparticles distributed along the fiber 

direction.  It is also seen that some Si nanoparticles form clusters on the fiber surface.  

      After carbonization, the PAN matrix was converted to carbon and Si/C nanofibers were 

formed. Figure 5.3 shows SEM images of the resultant Si/C nanofibers, which were 

carbonized at 800 ºC. Compared with the corresponding Si/PAN precursor shown in Figure 

5.2, Si/C nanofibers have more Si nanoparticles exposed on the surface. The diameters of all 

composite nanofibers are in the range of 150 to 250 nm. 
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Figure 5.2 SEM images of 15 wt % Si/PAN precursor nanofibers. 
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Figure 5.3 SEM images of Si/C composite nanofibers prepared from 15 wt % Si/PAN 
precursor. 

 

      WAXRD measurement was conducted to evaluate the structure evolution of Si/C 

composite nanofibers (Figure 5.4). It is seen that Si nanoparticles show clear diffractions at 
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28.4o, 47.4o, 56.2o, 69.2o, 76.5o and 88.1o [131, 149]. After incorporating Si nanoparticles into 

the carbon matrix, the resultant Si/C nanofibers still exhibit the same peaks, but with lower 

intensities. No peaks can be found for SiO2 or Si-C alloy, indicating that Si was not oxidized 

and did not react with carbon during the carbonization process.  
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Figure 5.4 XRD patterns of (a) Si nanoparticles, and (b) Si/C composite nanofibers prepared 
from 15 wt % Si/PAN precursor. 

 

5.3.2 Electrochemical performance of Si/C nanofiber mat anode 

      Figure 5.5 shows the cyclic voltammetry (CV) curves of the Si/C nanofiber mat anode 

(without binder and carbon black) in two electrolytes: 1 M LiPF6/EC+DEC+DMC and 1 M 

LiPF6/SA/EC+DEC+DMC. The potential window used was 0.05 - 3 V and the scan rate was 

0.05 mV/S. In both electrolytes, a broad cathodic peak appears at the first cycle. This 

cathodic peak is resulted from the decomposition of the electrolyte and the formation of SEI 
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film, which cause the initial irreversible capacity [21, 157, 158]. After the introduction of 

additive SA in the liquid electrolyte, the cathodic peak shifts from 0.52 to 0.40V and the peak 

intensity decreases slightly, which indicate that the SEI film property has been changed by 

introducing additive SA [158-160].  Figure 5.6 shows the XPS spectra for Si/C composite 

nanofiber anodes after the first cycle. The F 1s spectra show a strong peak at around 685 eV, 

corresponding to LiF, and a small peak at around 688 eV, corresponding to LiPF6 and 

LiPxFy [161,162]. It can be seen that the intensities of both peaks are reduced after the 

introduction of additive SA, which implies that the decomposition of LiPF6 on the surface of 

composite nanofiber anodes is reduced. SA changes the SEI film property by promoting the 

formation of Li2CO3 and hydrocarbons and prohibiting the decomposition of LiPF6 during 

cycling [150, 153, 155]. From Figure 5.5, it is also seen that in both electrolytes, no new SEI 

formation can be observed at the second cycle. 

 



	  

	  
	  

108	  

	  

Figure 5.5 Cyclic voltammetry profiles of Si/C nanofiber mat anode with two different 
electrolytes: (a) 1 M LiPF6/EC+DEC+DMC, and (b) 1 M LiPF6/SA/EC+DEC+DMC. Scan 
rate: 0.05 mV/S. 

 

	  

Figure 5.6 XPS spectra of Si/C composite nanofiber anodes: F 1 s after the first cycle 
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       Figure 5.7 displays the impedance spectra of the Si/C nanofiber mat anode in two 

electrolytes. In both electrolytes, the nanofiber anode shows one high-frequency semicircle 

and a straight line in the low-frequency range, corresponding to the interfacial charge-

transfer impedance and lithium diffusion in the electrode, respectively [89, 161]. Zhang et al. 

has studied the SEI formation process on the graphite electrode and found that the 

compactness and stability of the SEI film could be evaluated by measuring the ionic 

conductivity of SEI [162, 163]. The ionic conduction of the SEI film is a result of the 

migration of solvated Li ions through the micro-pores of SEI since the dried SEI itself is 

neither electronic conductive nor ionic conductive [21, 159, 162, 163]. Hence, higher 

resistance corresponds to a more compact and more stable SEI. As shown in Figure 5.7, with 

the introduction of additive SA, the diameter of the depressed semicircle is increased, which 

indicates the increase in charge transfer resistance. The interfacial resistance of the Si/C 

composite nanofiber anode in 1 M LiPF6/SA/EC+DEC+DMC is larger than that in 1 M 

LiPF6/EC+DEC+DMC, which means the SEI structure has become more compact and less 

conductive by the introduction of additive SA in the electrolyte. In Figure 5.7, the 

intersection in the real axis in high frequency region represents the electrolyte resistance, 

more strictly including all ohmic resistances.  The introduction of SA moves the intersection 

to the right, indicating that the electrolyte resistance has been increased by SA.   
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Figure 5.7 Nyquist plots of Si/C nanofiber mat anode with two different electrolytes: (a) 1 M 
LiPF6/EC+DEC+DMC, and (b) 1 M LiPF6/SA/EC+DEC+DMC.  

 

      Galvanostatic charge-discharge curves of the Si/C nanofiber mat anode were obtained in 

two electrolytes, and the results are shown in Figure 5.8. The tests were conducted at 50 mA 
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g-1 under the 100% state-of-charge condition by using cut-off voltages of 0.01 and 1.5 V. At 

the first cycle, the Si/C nanofiber mat anode shows a charge capacity of approximately 1410 

mAh g-1 and discharge capacity of 950 mAh g-1, respectively, in 1 M LiPF6/EC+DEC+DMC 

(Figure 5.8a).  The corresponding Coulombic efficiency is 67.3%.  In 1 M 

LiPF6/SA/EC+DEC+DMC, the first-cycle charge and discharge capacities of the Si/C 

nanofiber mat anode change to 1370 and 970 mAh g-1, respectively, corresponding to a 

higher Coulombic efficiency of 71.5% (Figure 5.8b).  



	  

	  
	  

112	  

0 300 600 900 1200 1500
0.0

0.5

1.0

1.5

	  1s t	  	  C yc le

	  2nd	  C yc le

	  5th 	  C yc le

	  

	  

V
o
lt
ag

e	  
(V

)

C apac ity 	  (mAh	  g -‐1 )

(a)

0 300 600 900 1200 1500
0.0

0.5

1.0

1.5

	  1s t	  	  C yc le

	  2nd	  C yc le

	  5th 	  C yc le

	  

	  

V
o
lt
ag

e	  
(V

)

C apac ity 	  (mAh	  g -‐1 )

(b )

 
Figure 5.8 Galvanostatic charge-discharge curves of Si/C nanofiber mat anode with two 
different electrolytes: (a) 1 M LiPF6/EC+DEC+DMC, and (b) 1 M 
LiPF6/SA/EC+DEC+DMC. Current density: 50 mA g-1. 
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      Figure 5.9a compares the cycling performance of the Si/C nanofiber mat anode in two 

different electrolytes. It is seen that in the first 10 cycles, the Si/C nanofiber mat anode has 

comparable capacities in both electrolytes. However, after 10 cycles, the Si/C nanofiber mat 

anode has higher capacities in 1 M LiPF6/SA/EC+DEC+DMC. For example, at the 50th 

cycle, the discharge capacity of the Si/C nanofiber mat anode is 598 mAh g-1 in 1 M 

LiPF6/EC+DEC+DMC, and the capacity increases to 802 mAh g-1 in 1 M 

LiPF6/SA/EC+DEC+DMC. The corresponding capacity retentions are 63.0 and 82.8%, 

respectively, in these two electrolytes. Results indicate that, at the 50th cycle, the discharge 

capacity of Si/C composite nanofiber mat anode in 1 M LiPF6/SA/EC+DEC+DMC is 34% 

higher than that in 1 M LiPF6/EC+DEC+DMC and more than 2.2 times larger than the 

theoretical capacity (372 mAh g-1) of graphite, which is the standard anode material for 

current commercial lithium-ion batteries [17].  
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Figure 5.9 Cycling performance (a) and Coulombic efficiency (b) of Si/C nanofiber mat 
anode with two different electrolytes: 1 M LiPF6/EC+DEC+DMC and 1 M 
LiPF6/SA/EC+DEC+DMC. Current density: 50 mA g-1.  
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      The Coulombic efficiencies of the Si/C nanofiber mat anode in two different electrolytes 

are shown in Figure 5.9b. The low Coulombic efficiency in the initial cycle is mainly caused 

by the consumption of lithium ions during the SEI formation. It is seen that after 5 cycles, the 

Coulombic efficiency of the Si/C nanofiber mat anode reaches 97% in both electrolytes. 

However, after 10 cycles, the Coulombic efficiency in 1 M LiPF6/EC+DEC+DMC decreases 

to around 96%, but that in 1 M LiPF6/SA/EC+DEC+DMC increases to around 98%. This 

indicates that the SEI film formed on the Si/C nanofiber mat anode in 1 M 

LiPF6/EC+DEC+DMC is less stable than that in 1 M LiPF6/SA/EC+DEC+DMC.  

      From Figures 5.8 and 5.9, it can be concluded that both the Coulombic efficiency and 

cycling performance of Si/C nanofiber mat anode have been improved by the introduction of 

SA as an electrolyte additive. The improvement of the electrochemical performance is 

mainly caused by the formation of a stable SEI film on the surface of Si/C nanofiber mat 

anode. 

5.3.3 Electrochemical performance of PAI-bound Si/C nanofiber anode  

In practical lithium-ion batteries, anodes are often prepared by using a polymer binder. 

Therefore, in order to further investigate the cycling performance in the SA-added electrolyte, 

Si/C nanofiber anodes were prepared by using PAI as a polymer binder. The electrochemical 

performance of the PAI-bound Si/C nanofiber anode prepared from 15 wt % Si/PAN 

precursor was investigated by carrying out galvanostatic charge-discharge cycles under 100% 

and 70% state-of-charge conditions at a current density of 100 mA g-1, and the results are 

shown in Figure 5.10. It is seen that at 100% state-of-charge, the Si/C nanofiber anode shows 
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a specific discharge capacity of 1057 mAh g-1 at the first cycle. However, at 70% state-of-

charge cycle, the Si/C nanofiber anode shows a first-cycle discharge capacity of 770 mAh g-1, 

i.e., about 70% of the capacity at 100% state-of-charge. 
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Figure 5.10 Galvanostatic charge-discharge curves of PAI-bound Si/C nanofiber anode under 
two state-of-charge conditions: (a) 100%, and (b) 70%. Current density: 100 mA g-1. 
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      Figure 5.11 shows the comparison of the cycling performance of the PAI-bound Si/C 

nanofiber anode under two state-of-charge conditions. The capacity fading at 70% state-of-

charge condition is much slower than that at 100% state-of-charge. It is seen that during first 

57 cycles, the discharge capacity at 100% state-of-charge is higher than that at 70% state-of-

charge. However, the capacity at 100% state-of-charge decreases significantly and becomes 

lower than that at 70% state-of-charge after 60 cycles. At the 100th and 150th cycles, the 

discharge capacities at 100% state-of-charge are only 575.4 and 484 mAh g-1, respectively. 

However, the discharge capacities at 70% state-of-charge condition are still 650 and 629 

mAh g-1, respectively, at 100th and 150th cycles, indicating slower capacity fading. The 

capacity retention of the PAI-bound Si/C nanofiber anode under 70% state-of-charge is 82% 

at the 150th cycle, compared to 46% for 100% state-of-charge at the same cycle. 



	  

	  
	  

118	  

0 50 100 150
0

200

400

600

800

1000

	  100% 	  s tate-‐of-‐c harg e
	  70% 	  s tate-‐of-‐c harg e

	  

	  

D
is
ch

ar
g
e	  
ca

p
ac

it
y	  

(m
A
h
	  g

-‐1
)

C yc le	  number
	  

Figure 5.11 Comparison of cycling performance of PAI-bound Si/C nanofiber anode under 
two state-of-charge conditions. Current density: 100 mA g-1.  

 

      The results show that the cyclability of the Si/C nanofiber anode has been improved by 

using SA-added electrolyte and by carefully controlling the state-of-charge condition. 

 

5.4. Conclusions 

      In this work, the effect of additive SA on the electrochemical performance of Si/C 

nanofiber anodes made from electrospun Si/PAN precursor was investigated. The use of 

additive SA could help improve the interfacial properties by preventing the decomposition of 

LiPF6 salt and preserving the integrity of the electrode structure which are beneficial to 

improve the electrochemical behavior. The cyclability of Si/C nanofiber anodes could be 
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further improved by careful control of the state-of-charge condition. Results show that the 

capacity retention of the PAI-bound Si/C nanofiber anode under 70% state-of-charge is 82% 

at the 150th cycle. Therefore, the Coulombic efficiency and cycling performance of Si/C 

composite nanofiber anodes have both been improved. This indicates that employing additive 

SA is an effective and economic method to improve the overall electrochemical performance 

of Si/C composite nanofiber anodes for high-energy lithium-ion batteries.  
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Chapter 6. Enhanced Rate Capability by Employing 
Carbon Nanotube-Loaded Electrospun Si/C 

Composite Nanofibers As Binder-Free Anodes 
 

Abstract 

Si/C and Si/carbon nanotube (CNT)/C composite nanofibers were prepared by 

electrospinning and carbonization. The carbon nanofiber matrix can accommodate the 

volume change of Si nanoparticles and provide continuous pathways for efficient charge 

transport along the fiber axis. CNTs can improve the electronic conductivity and 

electrochemical performance of the composite nanofiber anodes. Results showed that many 

different types of connections between CNTs, Si nanoparticles and carbon matrix were 

formed. At a high current density of 300 mA g-1, after 30 cycles, the capacity of Si/CNT/C 

composite nanofiber anode was 44.3% higher than the anode without CNT and the C-rate 

performance of Si/CNT/C composite nanofiber anode was also superior to that of Si/C anode. 

It is, therefore, demonstrated that Si/CNT/C nanofibers are promising anode material with 

large capacities, good cycling stability, and good rate capability. 
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6.1. Introduction 

Lithium-ion batteries (LIBs) have attracted significant attention owing to their ability 

to offer broad operating temperature range, low self-discharge rate, long cycle life, and no 

voltage depression for consumer electronics, electric vehicles and plug-in hybrid electric 

vehicles.[2, 33, 119] Si has been studied intensively as an high-energy anode material for 

LIBs due to its extremely large capacity of 4200 mAh g-1 to form the Li22Si5 phase, which is 

about ten times greater than the commercially-used graphite anode (theoretical capacity: 372 

mAh g-1).[2, 33, 36, 37] However, the structural failure upon lithium insertion/extraction 

processes and the relatively low intrinsic electric conductivity of Si hinder its widespread 

commercial application in practical lithium-ion batteries. 

To date, many approaches have been proposed to address the drawbacks of Si, such 

as Si-based thin films[144, 159], Si nanowires[40, 122], Si anodes prepared by using both 

nonconductive10-13 and conductive binders[130, 144, 150, 153, 164], dispersing Si into 

inactive/active matrix[88, 123, 124, 132, 143, 146, 165-167], etc. Among all these methods, 

electrospinning is a simple and low-cost method of forming continuous one-dimensional 

nanofiber anodes with high aspect ratio and high surface-to-volume ratio. When used as 

anodes for rechargeable LIBs, nanofibers can provide continuous pathways for efficient 

charge transport along the fiber axis. Earlier work showed that embedding Si nanoparticles in 

electrospun carbon nanofibers (CNFs) is an efficient way to accommodate the large volume 

changes of Si during cycling.[88, 125, 128, 145, 146, 155, 166-168] The processing and 

structure of Si/C composite nanofibers determine the overall performance of composite 
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nanofiber anodes. In our earlier work, we found that the most important processing and 

structural parameters are carbonization temperature, Si content, and Si particle size.  Results 

showed that anodes made from 15 wt % Si/PAN precursor with Si particle size of 30 – 50 nm 

and carbonization temperature of 800 °C exhibited the best overall performance in terms of 

high reversible capacity and stable cyclability.[166] However, the C-rate performance is still 

not satisfactory. 

One challenge of preparing high-capacity, long-cycle life electrospun Si/C nanofiber 

anodes is the relatively low conductivity of Si nanoparticles and CNF matrix. In this work, 

we investigated the effect of multi-walled carbon nanotubes (CNTs) on the morphology and 

electrochemical performance of Si/CNT/C nanofiber composite anodes made from 

electrospun Si/CNT/polyacrylonitrile (PAN) precursor and sequential thermal treatments in 

both air and argon environments at high temperatures. Mainly due to their unique graphite 

wall structure, the electrical conductivity of multi-walled CNTs is much higher than that of 

Si nanoparticles and carbon matrix.[17, 152, 154, 156] The use of CNTs could help ensure 

good electronic contact between Si and carbon matrix and improve the electrical conductivity 

of Si/CNT/C composite nanofiber anodes. These Si/CNT/C composite nanofibers form free-

standing conductive membranes that can be used directly as battery electrodes without 

adding carbon black conductor or polymer binder. Results indicate that CNTs have an 

effective influence on the final electrochemical performance and the C-rate performance of 

Si/CNT/C composite nanofiber anodes for high-energy lithium-ion batteries can be improved 

significantly. 
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6.2. Experimental 

Si nanoparticles (diameter: 30 - 50 nm) were purchased from Nanostructured & 

Amorphous Materials, Inc. Polyacrylonitrile (PAN, 150,000 g mol−1) was purchased from 

Pfaltz & Bauer Inc. N,N-dimethylformamide (DMF) was purchased from Aldrich.  CNTs (6-

13 nm in diameter, 2.5-20 µm long) were purchased from Aldrich and CNT dispersant was 

purchased from NanoLab, Inc. All these reagents were used without further purification. The 

electrospinning dispersions were prepared by: 1) adding 15 wt % Si nanoparticles into an 8 

wt % PAN solution in DMF for making Si/C nanofibers, and 2) adding 15 wt % Si 

nanoparticles and 0.75 wt % CNT into an 8 wt % PAN solution in DMF for making 

Si/CNT/C nanofibers, respectively. All solutions were stirred at 60 oC for 24 h, followed by 

ultrasonic treatment for 1 h.  

A variable high voltage power supply (Gamma ES40P-20W/DAM) was used to 

provide a high voltage (18 kV) for electrospinning. The flow rate used was 0.75 mL h−1, and 

the needle-to-collector distance was set as 15 cm. Electrospun fibers were collected on an 

aluminum foil. Electrospun Si/PAN composite nanofibers were stabilized in air environment 

at 280 oC for 5 h with a heating rate of 5 oC min-1 and then carbonized at 800 oC for 2 h in an 

argon atmosphere with a heating rate of 2 oC min−1 to form Si/C and Si/CNT/C composite 

nanofibers. 

The morphology of Si/C and Si/CNT/C composite nanofibers were examined by field 

emission scanning electron microscope (FESEM-JEOL 6400F SEM at 5 kV). The 
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microstructure of Si/CNT/C composite nanofibers was observed using transmission electron 

microscope (Hitachi HF2000 TEM at 200 kV). The structure of composite nanofibers was 

also investigated by wide-angle X-ray diffraction (WAXD, Philips X’Pert PRO MRD HR X-

Ray Diffraction System). Both Si/C and Si/CNT/C composite nanofibers formed free-

standing conductive membranes, and they were used directly as the working electrode in 

CR2032-type coin cells.  The diameter of electrodes was 0.5 inch. The mass loading of active 

material was in the range of 2 – 3 mg cm-2. Lithium metal was used as the counter electrode 

and Celgard 2400 membrane as the separator. The electrolyte used consisted of a 1 M 

solution of LiPF6 dissolved in ethylene carbonate (EC)/diethyl carbonate (DEC)/dimethyl 

carbonate (DMC) (1/1/1, v/v/v). Electrochemical impedance spectra (EIS) were obtained 

using the Gamry Reference 600 Potentiostat/Galvanostat/ZRA with a 10.0 mV AC voltage 

signal in the 106 - 10-2 Hz frequency range. The electrochemical performance was 

investigated by carrying out galvanostatic charge-discharge experiments at different current 

densities between cut-off potentials of 0.01 and 1.5 V. The electrochemical performance was 

investigated by carrying out galvanostatic charge-discharge experiments at constant current 

densities of 50 mA g-1 (around C/20) and 300 mA g-1 (around C/3) between cut-off potentials 

of 0.01 and 1.5 V.	  There is no trickle discharge or constant voltage steps for rate tests. 

 

6.3. Results and discussion 

Figure 6.1 shows the XRD patterns of Si nanoparticles, Si/C composite nanofibers, 

and Si/CNT/C composite nanofibers. It is seen that Si nanoparticles show clear diffractions at 
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28.4o, 47.4o, 56.2o, 69.2o, 76.5o and 88.1o.  After incorporating Si nanoparticles into the 

carbon matrix, the resultant Si/C and Si/CNT/C nanofibers still exhibit the same Si peaks, but 

with lower intensities.  No peaks can be found for silicon oxide or Si-C alloy, indicating that 

Si was not oxidized or did not react with carbon during the carbonization process.[131, 132, 149] 

A new peak at 25.3o can be found for Si/C and Si/CNT/C nanofibers due to the formation of 

carbon nanofiber matrix. However, the peak is weak and broad, which indicates the carbon 

matrix is mainly composed of by disordered carbon.[132]  From Figure 6.1, it is also found 

that the addition of CNT does not change the XRD pattern. Due to small mass fraction of 

CNTs, the graphite-like diffraction peak at 26o, which is assigned to the (002) plane can 

hardly be detected.[169, 170]  

	  

Figure 6.1 XRD patterns of (a) Si, (b) Si/C composite nanofibers, and (c) Si/CNT/C 
composite nanofibers.	  

 

The morphology of Si/C and Si/CNT/C composite nanofibers and their precursors 

was examined by SEM. Figures 6.2 show typical SEM images of Si/PAN and Si/C composite 
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nanofibers. All nanofibers are continuous and uniform with Si nanoparticles distributed along 

the fiber direction. The diameters of all composite nanofibers are in the range of 150 to 250 

nm. After carbonization, the as-spun composite nanofibers were converted into Si/C 

nanofibers. Some clusters of Si nanoparticles can be seen on Si/C nanofibers due to the 

aggregation of Si nanoparticles (Figures 6.2C and D). Compared with the corresponding 

Si/PAN precursor shown in Figures 6.2A and B, Si/C nanofibers have more Si nanoparticles 

exposed on the surface. Figure 6.3 displays the morphology of Si/CNT/PAN and Si/CNT/C 

composite nanofibers. It is seen that the addition of CNTs improved the dispersion of Si 

nanoparticles and less clusters of Si nanoparticles were formed. 
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Figure 6.2 SEM images of (a,b) Si/PAN precursor, and (c,d) Si/C composite nanofibers. 
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Figure 6.3 SEM images of (a,b) Si/CNT/PAN precursor, and (c,d) Si/CNT/C composite 
nanofibers. 

 

TEM images provide additional information on the microstructure and distribution of 

Si/CNT/C composite nanofibers. As shown in Figure 6.4, CNTs (6-13 nm in diameter, 2.5-20 

µm in length) and Si nanoparticles (diameter: 30 - 50 nm) have been dispersed in the carbon 

nanofiber matrix. Many different types of connections between CNTs, Si nanoparticles and 

carbon matrix are formed. For example, CNTs can be embedded in the carbon matrix 

(marked with arrow 1 in Figure 6.4b), be aligned along the nanofiber axis (marked with 
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arrows 2 and 3 in Figure 6.4c), wrap around the Si nanoparticles (marked with arrow 4 in 

Figure 6.4c), or form bridges between Si nanoparticles (marked with arrow 5 in Figure 6.4d). 

Hence, CNTs can provide more connections between Si nanoparticles and the CNF matrix. 

More importantly, the addition of CNTs enhances the electron transport throughout the 

composite so that the rate capability of Si/CNT/C composite nanofiber anodes could be 

improved. 



	  

	  
	  

130	  

	  

Figure 6.4 TEM images of (a) as-received CNTs and (b-d) Si/CNT/C composite nanofibers.  
Aarrow 1: CNTs are embedded in the carbon matrix; arrows 2 and 3: CNTs are aligned along 
the nanofiber axis; arrow 4: CNTs wrap around the Si nanoparticles; and arrow 5: CNTs 
form bridges between Si nanoparticles. 
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Figure 6.5 Nyquist plots of Si/C and Si/CNT/C nanofiber anodes. 

 

 

	  

Figure 6.6 Equivalent circuit of Si/C and Si/CNT/C nanofiber anodes. 

 

 

Table 6.1 Results of AC impedance analysis of Si/C and Si/CNT/C nanofiber anodes. 

Electrodes Re (ohm.cm2) Rsl (ohm.cm2) Rct (ohm.cm2) 

Si/C 9.00 15.29 167.72 

Si/CNT/C 8.15 19.47 90.68 
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Figure 6.5 displays the impedance spectra of Si/C and Si/CNT/C composite nanofiber 

anodes.  Both spectra show one depressed semicircle in the high and intermediate frequency 

range and a straight line in the low frequency range, corresponding to the migration within 

the surface layer, interfacial charge transfer process, and lithium diffusion in the electrode, 

respectively. With the addition of CNTs, the diameter of the depressed semicircle decreased, 

which indicates the decrease in charge transfer resistance. Figure 6.6 shows the 

corresponding equivalent circuit. Here, Re is the electrolyte resistance of the cell, Rsl the 

resistance of ions transferring through the surface layer in the high frequency range, Rct the 

charge transfer resistance in intermediate frequency region. Warburg impedance (W) 

corresponds to the diffusion process of lithium ions within the electrode in the low frequency 

range.[17, 171-173] Constant phase element (CPE) other than ideal capacitor is introduced 

due to the porous nature of the composite nanofiber anodes.[172, 173] The results of 

impedance analysis are listed in Table 6.1. The addition of CNTs does not have significant 

influence on the Re and Rsl values. However, the Rct value decreases from 167 to 90 Ω.cm2 

after the introduction of CNTs, indicating that Si/CNT/C composite nanofiber anodes might 

have better reaction kinetics during electrochemical cycling than Si/C composite nanofiber 

anodes. 

Galvanostatic charge-discharge experiments were carried out to evaluate the electrochemical 

performance of Si/C and Si/CNT/C composite nanofiber anodes.  Element analysis results 

show that there are around 26% Si, 1.3% CNT, 48% C and 24.7% other elements like H, N, 

O, etc., in Si/CNT/C composite nanofiber anodes. Figure 6.7 shows galvanostatic charge-

discharge curves of Si/C nanofiber anodes under two different current densities. The current 
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densities used were 50 and 300 mA g-1. At the first cycle, when the current density is 50 mA 

g-1, the Si/C nanofibers show a specific charge capacity of approximately 1363 mAh g-1 and 

discharge capacity of 947 mAh g-1, respectively, corresponding to a Coulombic efficiency of 

69.4%. When the current density is 300 mA g-1, the Si/C nanofibers show a specific charge 

capacity of approximately 1123 mAh g-1 and discharge capacity of 736 mAh g-1, respectively, 

corresponding to a Coulombic efficiency of 65.5%. The galvanostatic charge-discharge 

curves of Si/CNT/C nanofiber anodes under two different current densities are shown in 

Figure 6.8. At the first cycle, when the current density is 50 mA g-1, the Si/CNT/C nanofibers 

show a specific charge capacity of approximately 1410 mAh g-1 and discharge capacity of 

976 mAh g-1, respectively, corresponding to a Coulombic efficiency of 69.2% (Figure 6.8A). 

It is seen in Figure 6.8B that at the first cycle, the specific charge and discharge capacities of 

the Si/CNT/C nanofibers under 300 mA g-1 are 1248 and 852 mA g-1, respectively, 

corresponding to a Coulombic efficiency of 68.3%. The results indicate there is the relatively 

small degradation of capacity with the increase of current density. Here, the capacities were 

calculated based on the total weight of Si, CNTs and carbon nanofiber matrix.  
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Figure 6.7 Galvanostatic charge-discharge curves of Si/C nanofiber anodes under different 
current densities: (a) 50 mA g-1, and (b) 300 mA g-1. 
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Figure 6.8 Galvanostatic charge-discharge curves of Si/CNT/C nanofiber anodes under 
different current densities: (a) 50 mA g-1, and (b) 300 mA g-1. 

 

Figure 6.9 compares the cycling performance of Si/C and Si/CNT/C composite 

nanofiber anodes under two different current densities. It is seen that under 50 mA g-1 and at 

the 30th cycle, the discharge capacities are 775 and 837 mAh g-1, respectively, for Si/C and 

Si/CNT/C nanofiber anodes. The corresponding capacity retentions are 81.6 and 84.5%, 
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respectively. At a current density of 300 mA g-1, after 30 cycles, the discharge capacities are 

492 and 710 mAh g-1, respectively, for Si/C and Si/CNT/C nanofiber anodes. The 

corresponding capacity retentions are 64.9 and 83.3%, respectively. After 50 cycles, the 

capacity retentions are 59.8 and 65.2%, respectively, for Si/C and Si/CNT/C nanofiber 

anodes under 50 mA g-1. At a current density of 300 mA g-1, the capacity retentions at the 50 

cycle are 46.3 and 57.6%, respectively, for Si/C and Si/CNT/C nanofiber anodes. Results 

indicate that at both current densities, the Si/CNT/C nanofiber anode have greater capacity 

retention than Si/C nanofiber anode.  

	  

Figure 6.9 Cycling performance comparison of Si/C and Si/CNT/C nanofiber anodes under 
different current densities. 

The comparison of rate capacities of Si/C and Si/CNT/C nanofiber anodes is shown 

in Figure 6.10. The discharge capacity of the Si/C nanofiber anode decreases rapidly with 

increase in current density.  However, the capacity decrease of the Si/CNT/C nanofiber 
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anode. The capacity of Si/CNT/C nanofiber anode almost rebounds back to the original value 

when a low current density of 50 mA g-1 was applied again after 20 cycles. This 

demonstrates the excellent stability of the Si/CNT/C nanofiber anode under various 

charge/discharge conditions. The enhanced C-rate performance is mainly due to the use of 

well-dispersed CNTs. Because of their high aspect ratio, the CNTs can effectively form a 

conducting pathway throughout the composite nanofibers even at low concentrations. The 

improvement of Si nanoparticle dispersion may contribute to the improved rate performance 

as well.  

	  

Figure 6.10 Rate capabilities of Si/C and Si/CNT/C nanofiber anodes. 
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mAh/g.  Therefore, the SEI films formed in these two tests were different.  The SEI formed 

in the anode shown in Figure 6.10 was more compact compared to that shown in Figure 6.9 

since a lower current density was applied first. As a result, different capacities were obtained 

at 300 mA g-1. In addition to the different experimental procedures used, there might be other 

factors that contribute to the difference between the capacities in Figures 9 and 10.  These 

factors will be addressed in future study.  

The results demonstrated that the electrochemical performance of Si/CNT/C 

nanofibers, especially the capacity retention and rate capability, has been improved 

significantly, which can be ascribed to the enhanced electrical conductivity of composite 

nanofibers. The unique morphology and structure of the one-dimensional conductive 

nanofibrous composite are beneficial to improve the electrochemical behavior of Si/CNT/C 

composite nanofibers. The incorporation of CNTs further enhances the electrochemical 

efficiency. These factors lead to a new Si/CNT/C composite nanofiber anode with high 

reversible capacity, good cycling performance, and excellent rate capability. 

In addition to the conductivity of composite nanofiber anodes, other structure 

parameters are also important in determining the overall performance of Si/CNT/C nanofiber 

anodes. Electrospinning conditions and CNTs concentrations affect the conductivity and 

performance of composite nanofiber anodes. In addition, to achieve high volumetric density, 

the nanofiber mat needs to be compressed to reduce the porosity to below 25%. These should 

be the focus of future work. 
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6.4. Conclusions 

In this work, the effect of CNTs on the morphology and electrochemical performance 

of Si/CNT/C composite nanofiber anodes made from electrospun Si/CNT/PAN precursor 

was investigated. CNTs were found to be able to improve the conductivity and 

electrochemical performance of the Si/CNT/C composite nanofiber anodes. At both 50 and 

300 mAh g-1, the Si/CNT/C nanofiber anode has greater capacity retention than Si/C 

nanofiber anode and the C-rate performance of Si/CNT/C nanofiber anode is also superior to 

that of Si/C anode. The results indicated that employing CNTs is a simple and effective way 

to obtain Si/CNT/C composite nanofiber anodes with large capacities, good cycling stability 

and good rate capability for high-energy lithium-ion batteries.   
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Chapter 7 Tuning Electrochemical Performance of 
Si-Based Anodes for Lithium-ion Batteries by 
Employing Atomic Layer Deposition Alumina 

Coating 
 

Abstract 

Si-based anode materials were prepared by electrospinning and carbonization using 

polyacrylonitrile as the spinning medium and carbon precursor. The effects of atomic layer 

deposition (ALD) alumina coatings with different thicknesses on the electrochemical 

performance of Si/C composite nanofiber anodes were investigated. Results show that when 

the ALD alumina coating cycle number is 28, the capacity retention at 100th cycle increases 

significantly from 36.1% to 82.3% and the Columbic efficiency increases from 98.4% to 

99.9%, compared to the uncoated Si/C nanofiber anode. This demonstrates the excellent 

stability of ALD alumina-coated Si/C composite nanofiber anodes. The enhanced 

electrochemical performance is mainly due to the protective effect of conformal ALD 

alumina coating, which could improve the mechanical integrity of the electrode structure and 

prevent the side reactions between the electrode and the electrolyte.  
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7.1. Introduction 

Rechargeable batteries, particularly lithium-ion batteries (LIBs), have revolutionized 

the ubiquitous mobile electronic devices and attracted significant attention for being the 

potential power source for electric vehicles. In addition to broad operating temperature range, 

low self-discharge rate, no voltage depression, LIBs should also possess high energy density, 

long cycle life and excellent rate capability.[2, 33, 119] Among various anode materials, Si 

has the highest theoretical capacity (3579 mAh g−1, corresponding to the formation of 

Li15Si4), which is about ten times higher than that of the commercially used graphite anode 

(372 mAh g-1), and has been intensively studied for use in next-generation lithium-ion 

batteries.[2, 33, 174, 175] 

However, Si-based anode materials haven’t made their way to the large-scale market 

mainly due to their rapid capacity fading, which is believed to be a result of both 

physical/mechanical failure and chemical degradation.[176, 177] The physical/mechanical 

failure is generally induced by the huge volume change upon cycling, resulting in the loss of 

effective electrical contact and increased cell impedance. Chemical degradation is generally 

related to the formation of unstable electrode/electrolyte interface, which is commonly 

known as solid electrolyte interphase (SEI). The SEI film is mainly formed by the 

decomposed products of electrolyte solvents and salts, such as hydrocarbons, lithium alkyl 

carbonates, LiOH, Li2CO3, and other salt moieties like LiF for LiPF6-based electrolytes.[178, 

179] In general, the SEI film is proportional to the surface area. As a result, the 

physical/mechanical failure could cause new SEI formation by creating larger surface area. 
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This in turn results in larger irreversible capacity. Therefore, to improve the reversible 

capacity and cyclability of Si-based electrode materials, it is important to control both the 

structural stability and interfacial properties. 

In order to overcome the drawbacks of Si-based electrode materials, many approaches 

have been proposed: 1) minimizing the cracking and pulverization of Si materials by 

employing various nanoscale electrode materials, like Si nanowire,[44, 180, 181] Si 

nanotube,[182, 183] etc.; 2) introducing buffer and conductive phase, for example, dispersing 

Si into inactive/active matrices;[184-186] 3) employing new binder materials, such as 

synthetic and bio-derived polymers that contain carboxy groups,[164] conductive binders,[60] 

etc.; 4) improving the structure integrity and conductivity by using different surface 

modification methods, such as carbon coating,[187] metal coating,[188, 189] etc.; 5) 

facilitating the formation of stable SEI film by employing different electrolyte 

additives;[190-192] and 6) controlling the cycling conditions of the battery.[140]  

Among many surface modification methods, atomic layer deposition (ALD) has been 

known for its ability to provide ultrathin and conformal coating layers.[193, 194] Recently, 

ALD coating has been shown as an effective way to improve the electrochemical 

performance of both cathodes and anodes.[195-199] In this work, we improved the 

conductivity of Si-based anodes by incorporating Si into an electrically-conductive carbon 

nanofiber matrix and enhanced the electrode integrity by employing ALD alumina coatings 

with different thicknesses. A free-standing, conductive and three-dimensional network of 

Si/C composite nanofibers was formed by electrospinning, which possesses good elasticity to 
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maintain the structure integrity and stable electric conductive network.[167, 200] ALD 

alumina coating acts as an artificial SEI to stabilize the electrode surface and prevent the side 

reaction during cycling. In addition, ALD alumina coating can further prevent Si composite 

nanofiber anodes from mechanical failure and loss of effective electronic contact. 

 

7.2. Experimental 

7.2.1 Electrode preparation 

Si nanoparticles (diameter: 30 - 50 nm) were purchased from Nanostructured & 

Amorphous Materials, Inc. Polyacrylonitrile (PAN, 150,000 g mol−1) was purchased from 

Pfaltz & Bauer Inc, and was used as the spinning media and carbon source. N,N-

dimethylformamide (DMF) solvent was purchased from Aldrich. Trimethyaluminum (TMA, 

98% purity, STREM chemical)	  and water (Sigma Aldrich, CAS No. 7732-18-5) were used as 

the alumina precursor in the ALD process. All these reagents were used without further 

purification.  

The electrospinning dispersions were prepared by adding 15 wt % Si nanoparticles 

into 8 wt.% PAN solutions in DMF, and were stirred at 60 °C for 24 h, followed by 

ultrasonic treatment for 1 h. During electrospinning, a variable high voltage power supply 

(Gamma ES40P-20W/DAM) was used to provide a high voltage (18 kV). The flow rate used 

was 0.75 mL h−1 and the needle-to-collector distance was set as 15 cm. Electrospun fibers 

were collected on an aluminum foil. Electrospun Si/PAN composite nanofibers were 
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stabilized in air environment at 280 oC for 5 h with a heating rate of 5 oC min-1 and then 

carbonized at 800 oC for 2 h in an argon atmosphere with a heating rate of 2 oC min−1 to form 

Si/C composite nanofibers.  

ALD Al2O3 coating was performed in a custom hot wall, flow tube reactor system.	  

TMA and water were introduced into the chamber through the entrainment of nitrogen. The 

temperature used was 120 oC. Typical ALD cycle times were TMA/N2/H2O/N2 = 

0.2/30/0.2/45s. 

7.2.2 Nanofiber characterization 

The morphology of Si/C and ALD Al2O3-coated Si/C composite nanofibers was 

examined by field emission scanning electron microscope (FESEM-JEOL 6400F SEM at 5 

kV). The microstructure of Al2O3-coated Si/C composite nanofibers was observed using 

transmission electron microscope (Hitachi HF2000 TEM at 200 kV). The structure of 

composite nanofibers was also investigated by wide-angle X-ray diffraction (WAXD, Philips 

X’Pert PRO MRD HR X-Ray Diffraction System). The composition of the resultant Al2O3-

coated Si/C composite nanofibers was investigated by atomic resolution elemental mapping 

in scanning transmission electron microscope (S/TEM – FEI Titan 80-300) as well. 

7.2.3 Electrochemical measurements 

Both Si/C and Al2O3-coated Si/C composite nanofibers formed free-standing 

conductive membranes, and they were used directly as the working electrode in CR2032-type 

coin cells. Lithium metal was used as the counter electrode and Celgard 2400 membrane as 
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the separator. The electrolyte used consisted of a 1 M solution of LiPF6 dissolved in ethylene 

carbonate (EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC) (1/1/1, v/v/v). 

Electrochemical impedance spectra (EIS) were obtained using the Gamry Reference 600 

Potentiostat/Galvanostat/ZRA with a 10.0 mV AC voltage signal in the 106 - 10-2 Hz 

frequency range. The electrochemical performance was investigated by carrying out 

galvanostatic charge-discharge experiments at different current densities between cut-off 

potentials of 0.01 and 1.5 V.  

 

7.3. Results and discussion 

7.3.1 Morphology and structure of Al2O3-coated Si/C composite nanofibers 

Figure 7.1 shows a schematic diagram of the synthesis procedure of Al2O3-coated 

Si/C composite nanofibers. Si/C composite nanofibers were obtained via electrospinning and 

carbonization. After carbonization, the formed Si/C composite nanofibers were coated with a 

conformal layer of Al2O3 coating. The thickness of the deposited Al2O3 coating was tuned at 

monolayer-scale via adjusting the number of ALD cycles. The pristine Si/C composite has Si 

nanoparticles either embedded inside the nanofibers or exposed on the surface. During 

charge-discharge cycling, the exposed Si nanoparticles on uncoated Si/C composite 

nanofibers can form heavy solid electrolyte interface (SEI) and often fall off from the 

nanofiber network upon repeat cycling. In contrast, the ALD coating layer on the Si/C 
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composite nanofiber surface can help stabilize the SEI and protect the integrity of the 

electrode. 
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Figure 7.1 Schematic of (A) Si/PAN composite nanofibers, (B) Si/C composite nanofibers, 
and (C) Al2O3-coated Si/C composite nanofibers. 
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Figure 7.2 XRD patterns of (a) Si, (b) Si/C composite nanofibers, and (c) Al2O3-coated Si/C 
composite nanofibers (ALD cycle number = 28). 

 
Figure 7.2 shows the XRD patterns of Si nanoparticles, Si/C composite nanofibers, 

and Al2O3-coated Si/C composite nanofibers. It is seen that Si nanoparticles show clear 

diffractions at 28.4o, 47.4o, 56.2o, 69.2o, 76.5o and 88.1o, which are corresponded to the (111), 

(220), (311), (400), (331) and (422) planes of crystalized Si, respectively.  After 

incorporating Si nanoparticles into the carbon matrix, the resultant Si/C composite nanofibers 

exhibit the same Si peaks, but with lower intensities. A similar XRD pattern is also obtained 

for the Al2O3-coated Si/C composite nanofibers but with even lower intensities. No peaks can 

be found for silicon oxide or Si-C alloy, indicating that Si was not oxidized or did not react 

with carbon during the carbonization and ALD processes.[131, 201] One new peak around 

25o can be found for Si/C and Al2O3-coated Si/C nanofibers due to the formation of carbon 

nanofiber matrix. However, the peak is weak and broad, indicating that the carbon matrix is 

mainly composed of disordered carbon. Comparing curves b and c, it is seen that there is no 
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apparent difference between XRD patterns of Si/C and Al2O3-coated Si/C composite 

nanofibers, indicating that the ALD Al2O3 coating is mainly formed by amorphous alumina. 

 

 

	  

Figure 7.3 SEM images of (A) Si/PAN composite nanofibers, and (B) Si/C composite 
nanofibers. 
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The morphology of Si/C and Al2O3-coated Si/C composite nanofibers and their 

precursors were examined by SEM. Figures 7.3 compares typical SEM images of Si/PAN 

and Si/C composite nanofibers. The Si/PAN composite nanofibers appear continuous and 

form a 3-D intertwined fibrous mat. Si nanoparticles are distributed along the nanofibers, and 

some of the particles form clusters on the fiber surface. The diameters of Si/PAN composite 

nanofibers are in the range of 150 to 300 nm. After carbonization, the as-spun Si/PAN 

composite nanofibers are converted into Si/C nanofibers and diameter of nanofibers are 

reduced. Compared with the corresponding Si/PAN precursor shown in Figures 3A, Si/C 

composite nanofibers have more Si nanoparticles exposed on the surface. The presence of 

free space around the entangled Si/C nanofibers allows the formation of a porous network 

through which Li+ ions can migrate easily and reach all Si/C composite nanofiber surfaces. 

The 3-D interconnected network is also beneficial for structure stability due to the ability of 

absorbing the mechanical stress induced by repeat cycling.  

Figure 7.4 displays the morphology of Al2O3-coated Si/C composite nanofibers with 

different ALD cycle numbers. The coating thickness was controlled by ALD cycles, and a 

higher cycle number indicates a thicker coating. From Figure 7.4, it can be seen that in all 

samples, both the fibers and exposed Si nanoparticles are coated with bright shells 

corresponding to the Al2O3 coatings. These results confirm that the original 3-D morphology 

and network of Si/C composite nanofibers were preserved during the successive ALD 

processing cycles. 
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Figure 7.4 SEM images of Al2O3-coated Si/C composite nanofibers with different ALD cycle 
numbers: (A, B) 7, (C, D) 14, (E, F) 21, (G, H) 28, and (I, J) 35 cycles. 
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Figure 7.5 EDX elemental mapping of Al2O3-coated Si/C composite nanofibers (ALD cycle 
number = 28): (A) corresponded STEM image, (B) C element mapping, (C) Si element 
mapping, (D) Al element mapping, and (E) O element mapping. 

	  

EDX elemental mapping was employed to further identify the existence and 

uniformity of ALD Al2O3 coating. Figure 7.5 shows the EDX elemental mapping images for 

C, Si, Al, and O elements. From the C and Si element mappings, it is seen that some Si 

nanoparticles are wrapped completely inside the carbon nanofiber matrix and some Si 

nanoparticles are partly exposed on the nanofiber surface. From the Al element mapping, it is 
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seen that the fiber boundary is very clear, which confirms the ALD Al2O3 coating is desirably 

limited on the exposed Si nanoparticle surface and the nanofiber surface layer. Furthermore, 

the EDX mapping reveals the uniform distribution of Al and O elements on the Si/C 

composite nanofibers, which indicates that the ALD Al2O3 coating completely covers the 

surface of Si/C composite nanofibers. 

TEM was employed to investigate the detailed microscopic structure of Al2O3-coated 

Si/C composite nanofibers, and the results are shown in Figure 7.6. It is seen that most of Si 

particles are encapsulated in the fibers and some Si particles are dispersed on the fiber 

surface forming agglomerates. For all samples, the surfaces of composite nanofibers are 

uniformly covered by ALD Al2O3 coatings. More importantly, for the Si particles partly 

embedded in the nanofibers, the exposed Si surfaces are coated by homogeneous ALD Al2O3 

coating layers. It can also be seen that the coating thickness increases from 2 nm to 10 nm 

when the ALD cycle number increases from 7 to 35. In addition, the ALD Al2O3 coating 

layers do not present any ordered structure, which is in agreement with the XRD analysis. 

Generally, the structure stability of composite nanofiber anodes is diminished by the partly 

embedded Si nanoparticles and Si agglomerates when under repeat volume changes.[155, 

200, 202] However, in this work, the ALD Al2O3 coating can help maintain the structure 

integrity and mitigate capacity fading. At the same time, the ALD Al2O3 coating may act as 

an artificial SEI film to stabilize the electrode surface and prevent undesirable side reactions 

during cycling.  The effects of ALD Al2O3 coating on the electrochemical performance of 

Si/C composite nanofiber anodes are discussed in the following sections. 
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Figure 7.6TEM images of Al2O3-coated Si/C composite nanofibers with different ALD cycle 
numbers: (A, B) 7, (C, D) 14, (E, F) 21, (G, H) 28, and (I, J) 35 cycles. 
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3.2 Electrochemical performance of Al2O3-coated Si/C composite nanofibers 

Figure 7.7 displays the impedance spectra of Si/C and ALD Al2O3-coated Si/C 

composite nanofiber anodes prepared with an ALD cycle number of 28.  Both spectra show 

one depressed semicircle in the high and intermediate frequency range and a straight line in 

the low frequency range, corresponding to the migration within the surface layer, interfacial 

charge transfer process, and lithium diffusion in the electrode, respectively.[203] The ionic 

conduction of the SEI film is a result of the migration of solvated Li ions through the micro-

pores of SEI since the dried SEI itself is neither electronic conductive nor ionic 

conductive.[178, 179, 204] Hence, higher interfacial resistance corresponds to a more 

compact and more stable SEI. As shown in Figure 7, the addition of ALD Al2O3 coating 

results in an increased semicircle diameter, i.e., increased charge transfer resistance. This 

means the SEI structure has become more compact and less conductive by the introduction of 

ALD Al2O3 coating.  

	  

Figure 7.7 Nyquist plots of Si/C and Al2O3-coated Si/C nanofiber anodes (ALD cycle 
number = 28). 
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Figure 7.8 (A) Galvanostatic charge-discharge curves, (B) cycling performance, and (C) 
Columbic efficiencies of Si/C composite nanofiber anodes and Al2O3-coated Si/C composite 
nanofiber anodes. 
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Galvanostatic charge-discharge tests were carried out at a current density of 50 mA g-

1 within a voltage window of 0.02 – 1.5 V to evaluate the electrochemical performance of 

Si/C and Al2O3-coated Si/C composite nanofiber anodes.  Figure 8A shows galvanostatic 

charge-discharge curves of Si/C and Al2O3-coated Si/C composite nanofibers under 50 mA g-

1. When the ALD coating cycle number is 35, the resultant Al2O3-coated Si/C composite 

nanofibers exhibit no useful capacity.  This means that an Al2O3 coating layer of 35 ALD 

cycles is too thick and blocks the lithium diffusion. As shown in Figure 7.8A, all other 

uncoated and Al2O3-coated Si/C composite nanofibers show reversible capacities of greater 

than 900 mAh/g in the first cycle.  

Figure 7.8B shows the cycling performance of uncoated and Al2O3-coated Si/C 

composite nanofibers. It is seen that at the 100th cycle, the discharge capacities are 338.8, 

378.8, 473.5, 685.1 and 827.3 mAh g-1, respectively, for composite nanofibers with 0, 7, 14, 

21, and 28 ALD cycles. The corresponding capacity retentions are 36.1, 39.8, 47.4, 66.5 and 

82.3%, respectively. When the ALD coating cycle number is 7 or 14, the cycling 

performance of Al2O3-coated Si/C nanofibers is comparable to that of the uncoated Si/C 

nanofibers. When the ALD coating cycle number is 21, the capacity fades slower than that of 

uncoated Si/C nanofibers and shows an increased capacity retention of 66.5% at the 100th 

cycle. When the ALD coating cycle number is 28, the capacity exhibits the highest stability 

and the capacity retention at the 100th cycle increases significantly from 36.1% to 82.3%, 

compared to that of uncoated Si/C nanofibers. However, when the ALD coating cycle 

number further increases to 35, the capacity is lower than 200 mAh g-1 and fades very 

quickly. These results demonstrate that Al2O3-coated Si/C composite nanofibers prepared 
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with an ALD cycle number of 28 have the most stable cycling performance. The enhanced 

cycling performance is mainly due to the protective effect of conformal ALD alumina 

coating which could improve the mechanical integrity and prevent the side reactions between 

the electrode and the electrolyte. To achieve the enhanced cycling performance, it is 

important to select an appropriate ALD Al2O3 coating thickness, which is a critical parameter 

for determining the electrochemical performance of the Al2O3-coated composite nanofibers. 

Figure 7.8C compares of the Columbic efficiencies of Si/C and Al2O3-coated Si/C 

composite nanofiber anodes during cycling. It is seen that Al2O3-coated Si/C composite 

nanofibers prepared with 28 ALD cycles deliver the highest Columbic efficiency of 99.9% at 

the 100th cycle, corresponding to a 1.5% point improvement, compared to that of uncoated 

Si/C composite nanofibers. Similar to the enhanced cycling performance, the improved 

Columbic efficient can be mainly attributed to the ultrathin conformal ALD Al2O3 coating, 

which minimizes the side reactions between the electrode and the electrolyte. 

ALD Al2O3 coating tunes the electrochemical performance of Si-based anode 

materials from both physical and chemical aspects, as shown in Figure 7.9. Firstly, the ALD 

Al2O3 coating has strong physical/mechanical restrain effect on the Si/C composite 

nanofibers since the coating might transfer the stress of Si nanoparticle expansion from radial 

direction to in-plane restrain when the Si nanoparticle is partly exposed on the surface. As a 

result, due to the presence of disordered carbon structure or voids, the buffer effect of carbon 

matrix could be well realized by restricting the expansion of silicon to the carbon nanofiber 

(Figure 7.9A). Secondly, the ALD Al2O3 coating may act as a barrier for further side 

reactions between the electrode and the electrolyte (Figure 7.9B). The role of a chemical 
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barrier combined with the reasonable mechanical properties makes the Al2O3 coating an 

artificial but strong and stable SEI-like structure to improve the cycling performance and 

Columbic efficiency of Si-based anode. 

 

 

	  

Figure 7.9 Schematic of (A) Physical/Mechanical, (B) Chemical protective effect. 
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7.4. Conclusions 

In this work, the effects of ALD Al2O3 coatings with different thicknesses on the 

electrochemical performance of Si/C composite nanofiber anodes were investigated. Results 

show that when the ALD alumina coating cycle number is 28, the electrode show the best 

electrochemical performance. After 100 cycles, the capacity retention increases significantly 

from 36.1% to 82.3% and the Columbic efficiency increases from 98.4% to 99.9%, compared 

to the uncoated Si/C nanofiber anode. This demonstrates the excellent stability of Al2O3-

coated Si/C composite nanofiber anodes. The enhanced cycling performance and Columbic 

efficiency are mainly due to the protective effect of conformal ALD Al2O3 coating which 

could improve the mechanical integrity of the electrode structure and prevent the side 

reactions between the electrode and the electrolyte. This indicates that tuning the anode 

electrochemical performance for lithium-ion batteries by employing atomic layer deposition 

might provide new opportunities for the battery industry to design other novel nanostructured 

electrodes that are highly durable. 
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Chapter 8. Conclusion and Recommendation Future 
Work  

8.1 Conclusion 

Compared with most other battery technologies, lithium-ion batteries have the advantages of 

high energy density, long cycle life, high voltage, and excellent rate capability. The synthesis 

and fabrication of one-dimensional (1D) nanostructures with a variety of forms, such as 

nanotubes, nanowires, nanobelts, and nanofibers, have been demonstrated in recent years. 

Among various methods, electrospinning is a continuous process that can fabricate one-

dimensional nanostructures with a series of distinctive properties, such as large specific 

surface areas and superior mechanical properties. Due to these unique properties, a 

combination of electrospinning and carbonization is an efficient, simple and inexpensive way 

to fabricate nanofiber anodes for LIBs. However, current lithium-ion batteries use graphite as 

the anode material, and graphite only has a theoretical capacity of 372 mAh g-1. To increase 

the energy density and performance of lithium-ion batteries, alternative anode materials with 

higher capacities are needed. Among various new anode materials, Si has been considered as 

one of the most promising anode materials for LIBs because of its highest gravimetric and 

volumetric capacities. 

In our work we focused on fabricating electrospun Si/C composite nanofibers to combine the 

advantages of carbon (long cycle life) and silicon (high storage capacity) materials and 
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improve the electrochemical performance of Si/C composite nanofibers as anode materials 

for high-performance rechargeable lithium-ion batteries. 

A summary of the research outcomes is listed below:  

(I) Structure control and performance improvement of carbon nanofibers containing a 

dispersion of silicon nanoparticles for energy storage 

The overall performance of composite nanofibers is determined by the process and 

the conditions used. For example, different heat treatment temperatures can yield different 

carbon and fiber structures, which in turn lead to different electrochemical performance of 

the final nanofiber electrodes. However, the processing-structure-performance relationships 

of Si/C composite nanofibers are still unknown. This work focused on establishing the 

processing-structure-performance relationships for Si/C nanofiber electrodes prepared from 

electrospun Si/PAN precursors and using such knowledge to obtain nanofiber electrodes with 

increased reversible capacity and enhanced capacity retention. The unique morphology and 

structure of the 1-dimensional conductive nanofibrous composite are beneficial to improve 

the electrochemical behavior of Si/C composite nanofibers. In this work, we present how Si 

particle size, Si content and carbonization temperature affect the electrochemical 

performance of Si/C composite nanofiber anodes. Among all samples, anodes made from a 

15 wt % Si/PAN precursor with Si particle size of 30 – 50 nm and carbonization temperature 

of 800 °C show the best overall performance in terms of high reversible capacity and stable 

cyclability. The results indicated that dispersing Si nanoparticles into carbon nanofiber 

matrix is a simple and effective approach to improve the overall electrochemical performance 
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of lithium-ion battery anodes in terms of combining the advantageous properties of carbon 

(long cycle life) and silicon (high lithium-storage capacity).  

(II) Electrochemical performance of carbon nanofibers containing an enhanced 

dispersion of silicon nanoparticles for lithium-ion batteries by employing surfactants 

One challenge of preparing high-capacity, long-cycle life electrospun Si/C nanofiber 

anodes is the poor dispersion of Si nanoparticles in the carbon nanofiber matrix. The 

dispersion of Si nanoparticles in the matrix could be improved by modifying the surface of Si 

nanoparticles. In this work, the effect of two different surfactants on the morphology and 

electrochemical performance of Si/C nanofiber composite anodes made from electrospun 

Si/PAN precursor was investigated. It was found that the dispersion of Si nanoparticles in the 

carbon nanofiber matrix was improved by modifying the surface of Si nanoparticles using 

SD surfactant, which is beneficial to improve the electrochemical behavior of Si/C composite 

nanofiber anodes. The results demonstrated that employing surfactant is a simple, effective 

and low-cost way to improve the overall electrochemical performance of Si/C composite 

nanofiber anodes for high-energy lithium-ion batteries. 	  

(III) Improvement of cyclability of silicon-containing carbon nanofiber anodes for 

lithium-ion batteries by employing succinic anhydride as an electrolyte additive 

To improve the cyclability of Si/C composite nanofibers, it is important to control the 

interfacial properties. The use of electrolyte additive is a relatively economic and effective 

way to achieve high performance for Si/C composite nanofiber anodes by improving the 
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interfacial stability. The electrolyte additive can facilitate the formation of a stable solid 

electrolyte interface (SEI) film on the surface of the electrode material, which could help 

prevent further reactions between the electrolyte and active material during cycling. In this 

work, the effect of additive SA on the electrochemical performance of Si/C nanofiber anodes 

made from electrospun Si/PAN precursor was investigated. The use of additive SA was 

found to help improve the interfacial properties by preventing the decomposition of LiPF6 

salt and preserving the integrity of the electrode structure which are beneficial to improve the 

electrochemical behavior. The cyclability of Si/C nanofiber anodes could be further 

improved by careful control of the state-of-charge condition. Results show that the capacity 

retention of the PAI-bound Si/C nanofiber anode under 70% state-of-charge is 82% at the 

150th cycle. Therefore, the Coulombic efficiency and cycling performance of Si/C composite 

nanofiber anodes have both been improved. This indicates that employing additive SA is an 

effective and economic method to improve the overall electrochemical performance of Si/C 

composite nanofiber anodes for high-energy lithium-ion batteries. 

(IV)	  Enhanced Rate Capability by Employing Carbon Nanotube-Loaded Electrospun 

Si/C Composite Nanofibers As Binder-Free Anodes 

One challenge of preparing high-capacity, long-cycle life electrospun Si/C nanofiber 

anodes is the relatively low conductivity of Si nanoparticles and CNF matrix. Due to their 

unique graphite wall structure, the electrical conductivity of multi-walled CNTs is much 

higher than that of Si nanoparticles and carbon matrix. In this work, the effect of CNTs on 

the morphology and electrochemical performance of Si/CNT/C composite nanofiber anodes 
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made from electrospun Si/CNT/PAN precursor was investigated. CNTs were found to be 

able to improve the conductivity and electrochemical performance of the Si/CNT/C 

composite nanofiber anodes. At both 50 and 300 mAh g-1, the Si/CNT/C nanofiber anode has 

greater capacity retention than Si/C nanofiber anode and the C-rate performance of Si/CNT/C 

nanofiber anode is also superior to that of Si/C anode. The results indicated that employing 

CNTs is a simple and effective way to obtain Si/CNT/C composite nanofiber anodes with 

large capacities, good cycling stability and good rate capability for high-energy lithium-ion 

batteries.  

(V)	  Tuning Electrochemical Performance of Si-based anodes for Lithium-ion Batteries 

By Employing Atomic Layer Deposition Alumina Coating 

To further improve the cycling performance of Si/C composite nanofiber anodes, 

atomic layer deposition (ALD) was employed to coat the composite nanofibers with a thin 

alumina layer. ALD is a unique technique for the deposition of conformal and homogenous 

thin films. In this work, the effect of ALD alumina coating with different thickness on the 

electrochemical performance of Si/C composite nanofiber anodes was investigated. Results 

show that when the ALD alumina coating cycle number is 28, the electrode show the best 

electrochemical performance. After 100 cycles, the capacity retention increases significantly 

from 36.1% to 82.3% and the Coulombic efficiency reaches 99.9%. This demonstrates the 

excellent stability of Al2O3-coated Si/C composite nanofiber anodes. The enhanced cycling 

performance is mainly due to the protective effect of conformal ALD alumina coating which 

could improve the mechanical integrity and prevent the side reactions between the electrode 
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and the electrolyte. This indicates that tuning electrochemical performance of anodes for 

lithium-ion batteries by employing atomic layer deposition could provide new opportunities 

for the battery industry to design other novel nanostructured electrodes that are highly 

durable. 

8.2 Recommendation for future work 

The recommended future work can include but not limited to: 

(1) Fabricate Si/C composite nanofiber anodes with other ALD coatings and evaluate their 

electrochemical performance 

As shown in Chapter 7, through atomic layer deposition surface modification, we obtained 

Si/C composite nanofiber anode with excellent electrochemical performance. In addition to 

ALD alumina coating, ALD TiO2 and TiN are the other two promising coating materials. 

TiN as one non-oxide coating material that has several excellent features, like hard, 

refractory, and metallic properties. Hence, it is expected that the ALD TiN coating is 

beneficial to improve the overall electrochemical performance of Si/C composite nanofiber 

anodes.  

(2) Carry out in-situ TEM to identify the detailed mechanism of ALD coated Si/C composite 

nanofiber anodes 

The ALD coating for lithium-ion batteries is multifunctional: strengthening the structure 

integrity and serving as a strong artificial SEI layer but conductive for lithium ions. However, 
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the detailed mechanism is still unknown. Hence, the in-situ high-resolution transmission 

electron microscopy could be deployed to help understand the roles played by the ALD 

coating. 
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