
ABSTRACT

TANG, CAN. Lithium Ion Battery Anodes Produced from Densified, Silicon Coated,

Carbon Nanotube Arrays. (Under the direction of Dr. Philip Bradford.)

The increasing demand in energy storage for portable devices and electric vehicles

requires the further development of lithium ion batteries. In this study, lithium ion battery

anodes were produced from densified, silicon coated, carbon nanotube arrays. One of the

goals of this study was to uniformly coat silicon onto individual carbon nanotubes.

Carbon nanotube arrays were used to compensate for the volume expansion of silicon

while providing the anode with sufficient electrical conductivity. A chemical vapor

deposition system was built to synthesize carbon nanotube arrays and deposit the silicon

coating. Baseline anodes of carbon nanotube arrays and silicon coated carbon nanotube

array anodes were assembled and tested in coin cells without binder or a current collector

metal foil. SEM, TEM, XRD and Raman spectroscopy confirmed relatively uniform

crystalline silicon nano-particles were coated throughout the carbon nanotube arrays. The

results showed that carbon nanotube array anodes with silicon coating had improved

capacity as well as coulombic efficiency. Silicon coated post-treated carbon nanotube

array anodes showed improved cycling performance with about twice capacity retention

compared to the composite anodes produce with as-grown, pristine carbon nanotube

arrays. After composite structure optimization, composite carbon nanotube array

(chlorine+30%Si+carbon) anodes exhibited a charge capacity of 1360mAh/g for the first

cycle with about 73% capacity retention on the 20th cycle.
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1. Introduction

In today's communication dependent society, lithium ion batteries have become the major

choice and trend for portable electric devices and light-weight energy storage materials.

Compared with Ni-MH, and Ni-Cd batteries, energy densities of lithium ion batteries are

almost two times higher as seen is Figure 1.1. However, the application of lithium ion

batteries in automobile industry is limited due to high cost, low durability and especially

relatively low energy densities. Electric vehicle batteries lithium ion battery packs should

be as small and light as possible to be space and energy efficient while providing

satisfactory energy storage ability.

Figure 1.1 Comparison of rechargeable battery technologies [1].
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One important aspect to improve lithium ion batteries is to improve the energy density of

the anode. Graphite has a relatively low theoretical capacity of about 372 mAh/g, which

is the current commercial anode material. People have turned to other materials to achieve

higher capacity. Among them, silicon has been seen as potential lithium ion battery anode

material for its extraordinary theoretical capacity of about 4200mAh/g. However, volume

expansion up to 300% can appear during lithium insertion and extraction. Efforts have

been made to make use of silicon as anode material for lithium ion battery while

accommodating for the structural instability during cycling. To stabilize the structure of

silicon and improve electric conductivity, carbon-based materials have been widely used

in lithium ion battery anodes. Among all kinds of carbon-based materials, carbon

nanotubes are ideal to combine with silicon. Carbon nanotubes can provide silicon with

great buffer for volume expansion with their outstanding mechanical properties. The low

electrical conductivity of silicon can also be compensated by carbon nanotubes.

The motivation of this research study is to utilize the extraordinary mechanical properties

and conductivity of carbon nanotube arrays to help accommodate the stress build-up and

release of silicon in lithium ion battery anodes. Chemical vapor deposition (CVD) will be

used to synthesize carbon nanotube arrays and deposit silicon onto the arrays. The

composites will be shear pressed into thin sheets to use as anode materials directly. Since

the anode will not have current collector or binder, the energy density of the test cell is

expected to be high. More importantly, the anodes should have good cycling performance

with relatively high capacity.
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This thesis includes construction of the CVD system and optimization of carbon nanotube

array growth. Si deposition on carbon nanotube arrays in the CVD system will be studied.

To examine the properties of the fabricated anodes, morphology characterization as well

as electrochemical tests results are presented.
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2. Literature review

2.1 Carbon nanotubes

2.1.1 Carbon nanotube structure and properties

Since the report in 1991 by Sumio Iijima, carbon nanotubes have opened an entirely new

area for research and industry. Their excellent and unique properties make them one of

the most exciting materials in the 21st century. Carbon nanotubes are wrapped coaxial

graphitic sheets with high length to diameter ratio. The change in dimensions and layers

of the graphitic sheets lead to different types of carbon nanotubes. Single-walled carbon

nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT) are the major

divisions of the carbon nanotube family. Multi-walled carbon nanotubes have many

concentric wrapped graphene layers while single-walled carbon nanotubes are single

rolled graphene sheets.

Carbon nanotubes have extraordinary mechanical, thermal and electric properties. Due to

the sp2 bonding, carbon nanotubes have extremely high strength and modulus. The

thermal conductivity is high along the tube length, showing "ballistic conduction", but

quite low perpendicular to the axial direction. The electric properties of single-walled

carbon nanotubes depend on the structure and symmetry of the graphitic layer. A pair of

indices (n,m) characterizes the way in which the graphene sheet is wrapped. If n=m, the

carbon nanotubes are metallic; otherwise, the carbon nanotubes are semi-conductive [2].

Multi-walled carbon nanotubes are mostly conductive and often contain more defects
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compared with single-walled carbon nanotubes. The electrochemical properties are

especially important since this study focuses on lithium ion battery anode material

fabrication. It will be discussed in detail in section 2.3.

The various arrangements of the carbon nanotubes can present unique properties and

benefits as well. Carbon nanotubes used to be very short. With the ability to produce long,

high aspect ratio carbon nanotubes, forming 2D or 3D structured has increased popularity.

Vertically aligned carbon nanotube arrays [3], carbon nanotube yarns [4], carbon

nanotube sponge [5], carbon nanotube buckypaper [6] and other structures all show great

potential in a wide range of areas. Among them, vertically aligned carbon nanotube arrays

are preferred in many situations due to their inherently aligned structure. The carbon

nanotube arrays can behave like springs with excellent elastic energy storage ability. Also,

composites can be made with controllable structure which may fully utilize the

mechanical properties along the length of carbon nanotubes. Electric applications favor

aligned carbon nanotubes as well.

2.1.2 Carbon nanotube production

Technologies such as arc discharge, laser ablation and chemical vapor deposition have

been developed to synthesize carbon nanotubes. With the progress in catalyst and process,

mass production of carbon nanotubes has become more promising.

Carbon nanotubes were first produced on the negative end of carbon electrode using arc
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discharge method, which can produce high quality single- and multi-walled carbon

nanotubes under high temperature [7]. Laser ablation uses a pulsed laser to vaporize a

graphite target, fabricating mostly single-walled carbon nanotubes with controllable

diameter [8]. Chemical vapor deposition (CVD) has been popular to synthesize carbon

nanotubes for many years. It mainly yields multi-walled carbon nanotubes with relatively

lower quality, but less cost. Traditionally, carbon nanotubes are grown on metallic

substrates with pre-deposited layers of catalyst [9]. By using different carbon precursor,

the carbon nanotubes can have varied structure and properties. Recently, several groups

have improved the method through using a floating catalyst process [10]. The improved

chemical vapor deposition method eliminates the inconvenience of pre-deposition and has

the ability to produce millimeter long carbon nanotubes. The yield and the growth rate of

the improved method are much higher than the old one, showing the potential for mass

production. By introducing growth-enhancing components such as chlorine, carbon

nanotubes can be spun at high speed into yarns, which is very promising for future

applications.

2.2 Lithium-ion batteries

With the development of renewable energy, finding a reliable way to store energy has

become more and more important. Lithium ion batteries have advantages such as high

energy density, no memory effect and low self-discharge. A typical lithium-ion battery

has the anode and cathode partitioned by a separator with electrolyte filling the empty
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space as shown in Figure 2.1.

Figure 2.1 Structure of a traditional lithium ion battery [1].

The positive electrode half reaction [1]:

The negative electrode half reaction:

The total capacity of the lithium ion battery in relationship with anode and cathode

capacity is as following equation, where CA and CC are the theoretical specific capacities

of the anode and cathode material, and 1/QM is the specific mass of other cell

components :

[11]
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2.2.1 Anode

The stability of the anode structure affects the cycling performance of battery. Lithium

ions insert into anode during charge and extract out during discharge. The ability of the

anode to store lithium-ions plays a crucial role in the capacity of the battery. The ideal

anode should have low irreversible capacity, high reversible capacity, stable cycling

behavior and good rate performance. Also, the anode is expected to be easily fabricated

and compatible with all other parts of the system.

The most popular commercial anode material is graphite. Other forms of carbon such as

pyrolized carbon and carbon fiber are also available in the market. Materials under

development include nanomaterials, and silicon composites. The design of the battery

structure as well as material combination have been a prevalent area of research over the

decades.

2.2.2 Cathode

In a lithium ion battery, lithium ions extract from cathode during charge and insert in

during discharge. As the lithium ion source, the cathode is expected to have high lithium

storage capacity. In addition, the cathode should be able to release and receive lithium ion

efficiently during cycling.

The popular cathode material covers LiCoO2, LiMn2O4, LiNiO2 [12] and etc. Compared

with the optimization of structure of anode material, the development of cathode
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materials has mainly focused on the choice of materials [12].

2.2.3 Separator

The anode and cathode is separated by a microporous separator which prevents the

contact of electrodes while allowing ions to pass through. Separator materials include

nonwovens, polymer films and natural substances [13]. For lithium ion batteries,

polypropylene(PP) and polyethylene(PE) films are common separator materials.

2.2.4 Electrolyte

The electrolyte in a lithium ion battery provides ions for the chemical reaction to

reversibly to take place. It is comprised of lithium salts such as LiPF6, LiBF4 in organic

solvents such as ethylene carbonate, dimethyl carbonate and diethyl carbonate [14]. The

electrolyte forms a solid electrolyte interface (SEI) on anode surface during the initial

charge. Formation of the SEI leads to part of the irreversible capacity while also

preventing further decomposition of the electrolyte.

2.2.5 Binder

Traditionally, the active material, a binder and additives are made into slurry and applied

onto the current collector. The binder plays an important role in holding the electrode

material together and helping maintain contact with current collector. Polyvinylidene

Fluoride (PVDF) is currently the most popular binder for cathodes and anodes in lithium

ion batteries [15]. The binder should achieve certain extent of purity to avoid side

reactions. Meanwhile, the binder needs to be compatible with the battery system.
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2.2.6 Current collector

In most cases, the current collector is needed to improve the transfer of electrons. Usually,

aluminum foil is used for cathode and copper foil for anode. Though it is a crucial part of

the battery, the current collector can be heavier than the electrode material due the high

densities of metallic material. For example, the current collector takes about 12.8%

weight percent of the whole battery in the high power cell while the active material and

binder only takes about 4.3% weight percent [16]. If the current collector mass is

decreased, the energy density of the entire battery will increase.

2.2.7Additives

To improve the electrical conductivity of the electrodes, carbon black, carbon nanotubes

or some other conductive materials are added during fabrication. The additives not only

add to the weight of the electrodes, but also can have effect on the properties since they

are electrochemically active.

Additives can have other benefits such as inhibiting the formation of SEI, enhancing the

deposition of Li, helping to protect the cathode and can help improve the safety [17].

2.3 Carbon based materials for lithium ion batteries

With graphite as the commercial anode material, carbon-based materials are well known

for their good conductivity and small volume expansion upon lithium intercalation. The
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theoretical specific capacity of carbon-based material is about 372mAh/g according to

Faraday's law:

x Li+ + x e + 6 C ↔ LixC6 (0<x<1) [18]

However, the obtained capacity in reality is dependent on many factors. The traditional

graphite alone cannot meet the increasing demand for fast charging high energy density

batteries. Advanced carbon-based materials have been explored to make anode materials

with high performance.

2.3.1 Graphite

Graphite is the major choice for today's market lithium ion battery anode. Both natural

and synthetic graphite are used for the application. The main advantage of graphite anode

lies in cycling performance; up to 1000 cycles can be achieved with low capacity loss

[19]. The lithium intercalates through the graphene layers during charge and discharge as

shown in Figure 2.2. The SEI layer formation in the first cycle leads to irreversible

capacity. Since graphite intercalates with lithium at very low voltage as 0.2V, it is

possible for clusters of lithium to be formed if slight over-potential occurs during rapid

recharging. This will eventually lower the capacity [20].

Figure 2.2 Lithium intercalation in graphite anode [21].
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Experiments have been done to modify the surface or to make it into composite in order

to get better properties. However, graphite has low practical specific capacity and low

maximum working voltage.

2.3.2 Carbon nanofiber

Carbon nanofibers are cylindrical micro-structured carbon material. When applied as

anode material, lithium ions insert and extract from the surface of the carbon nanofiber to

the inside during charge and discharge. The structure can be made porous by separating

components during fabrication. The common methods to produce carbon nanofibers are

pyrolysis of carbon precursor, which is usually pitch or polyacrylonitrile (PAN), and

chemical vapor deposition. Pyrolysis of electro-spun fibers has been widely used recently

since the structure is more predictable through controlling the spinning parameters such

temperature and voltage. Besides the good mechanical properties, the main advantage of

carbon nanofibers is that they can be used as carrier materials for inorganic anode

materials such as silicon and tin, as well as conductive material in the battery. The

advanced anode material made with carbon nanofiber composites can combine the

cycling property of carbon material and the high specific capacity together. Carbon

nanofibers can be packed closely to produce a nonwoven structure (Figure 2.3), giving it

the potential to eliminate the need for current collector.
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(A) (B)

Figure 2.3 FESEM images of (A) untreated PAN nanofibers and (B) thermally treated CNFs [22].

2.3.3 Carbon nanotube array

Because of the excellent mechanical properties, carbon nanotubes have been used as

matrix in anode composites to e buffer for materials which has high potential capacity but

dramatic volume expansion upon lithium intercalation. It is also commonly used with

other cathode material as well to increase conductivity [18]. For the case of lithium ion

battery anodes, multi-walled carbon nanotubes are mostly used for good electrical

conductivity. Single-walled carbon nanotubes still have problems with purity and defects

in the case of lithium ion battery application. The carbon nanotubes can be in the forms of

powder, random network and arrays. Among these, the carbon nanotube arrays show high

capacity, great rate performance and stable cycling property. These "forests" feature

carbon nanotubes that are parallel to each other, and are mutually supported by the

surrounding array. Figure 2.4 shows a well aligned carbon nanotube array.
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Figure 2.4 An example of carbon nanotube array [23].

Carbon nanotube arrays were found to exhibit high capacity and better performance

compared with entangled carbon nanotubes [24] as shown in Figure 2.5. The end of

carbon nanotubes can be closed up when the growth stops. The end caps of the carbon

nanotubes were removed upon cycling, accommodating further lithium intercalation [24].

The highly aligned nature of carbon nanotubes within the array provided the lithium ions

with shorter lithium path way and better conductivity. Additionally, lithium ions would

intercalate at the end of the carbon nanotubes, in the outer graphene layer as well as in the

defects as shown in Figure 2.6. The carbon nanotube array is very promising for

nonorganic material deposition as well, due to the very high surface area.

Figure 2.5 Carbon nanotube array versus entangled carbon nanotube anodes [24].
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Figure 2.6 Lithium intercalation in carbon nanotube array [24].

Usually, the carbon nanotube arrays are attached to a current collector either by transfer

method or one step grow method. The advantage of one step grow method which has

carbon nanotube arrays directly grown on the current collector is the stronger connection

to substrate and lower electric resistance due to better contact with current collector.

The cyclic voltammetry (CV) test result of carbon nanotube array anodes in Figure 2.7

showed a rectangular and symmetric curve, indicating good rate performance [25].

Figure 2.7 CV curves of carbon nanotube array anode battery [25].
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To further improve the electrochemical performance of carbon nanotubes, opening the

end cap and side wall vacancies have attracted the attention of researchers, which can let

lithium ions insert through the side walls. The " cutting" effect can be achieved through

selective oxidation by acid solution or ultra-sonication [1].

A major issue in the utilization of carbon nanotubes is the variation from batch to batch

and among different labs. Parameters such as temperature, pressure, time and carbon

precursor are important for the properties of the produced carbon nanotube. The effects of

growth temperature for carbon nanotubes considering structure and electrochemical

properties were investigated by Wu and et al. The electrochemical test results of carbon

nanotubes grown at three different temperatures indicated that the first charge capacity of

the carbon nanotubes decreased with the increase of preparation temperature [26]. In the

growth of carbon nanotubes, the goal is to maintain the optimized conditions constant

each run to guarantee the consistency of the obtained carbon nanotube as anode material,

thus minimizing the fluctuations of battery properties caused by material production.

2.4 Inorganic materials for lithium ion battery anode

In the pursuit of high energy density batteries, anode researchers have turned to materials

that can store more lithium ions than traditional carbon based anode materials. The

diagram seen in Figure 2.8 gives a list of materials used in lithium ion battery electrodes.

It indicates that inorganic materials such as silicon, tin and germanium have much higher
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energy density than carbon based anode materials.

Figure 2.8Material comparison in capacity and potential [1].

However, the problem with those elements lies in severe volume expansion upon cycling.

For example, aluminum has a potential capacity as high as 2235mAh/g, but the volume

expansion goes up to 238% [18], resulting in dramatic capacity fading. One strategy to

solve the expansion problem is to scale down the size of those materials into the

nano-range and incorporate with a carbonaceous matrix.

2.4.1 Silicon as an energy storage material

As seen in Figure 2.8, silicon shows the highest potential specific capacity of about

4200mAh/g when forming the lithium alloy Li4Si. However, the volume expansion, up to

300%, is something researchers must solve to make silicon a realistic material for future

lithium ion batteries.
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During lithium insertion and extraction, the dramatic changes in strain and stress change

leads to a large volume expansion of the silicon anode, resulting in pulverization of the

structure into cracks and disintegrated pieces. The SEI layer formed in the initial charge

can break into the battery system and new layer has to be formed each time, leading to

irreversible capacity each cycle. With repeated strain and stress changes induced by

cycling, the silicon anode can be pulverized, leading to loss of contact with the current

collector and more severe capacity fading as seen in Figure 2.9. Even if the silicon is in

particle form, the same problem exists. As the initial morphology is destroyed, the

particles will eventually lose electrical contact, again leading to capacity fading.

Figure 2.9 Silicon film and particles as lithium ion battery anodes [20].

Besides the volume change, it is observed in many cases that crystalline silicon becomes

amorphous upon cycling. In Obrovac's study, fully lithiated amorphous silicon became

highly crystalline at 50mV with the second phase of Li15Si4 [28]. The delithiation of the

phase Li15Si4 lead to the change of crystalline phase to amorphous phase. To reduce the

effect, cycling above 50mV was proven to improve the cycling property of the silicon

anode [27].

Numerous methods to improve the cycling behavior of silicon anodes have been explored.
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One method is to make silicon nanowire and nanotubes. However, the low packing

density and still low cycling behavior means this method needs further development [28].

The other direction is to make silicon composite anode. The nano-sized silicon particle

anode can help improve the cycling, but the capacity fading will still be severe. To

prevent cracking and disintegration, the silicon nano particles are desired to be dispersed

in a ductile matrix with high plastic deformation ability [11], which can compensate for

the large volume expansion.

2.5 Silicon and carbon based composite materials for lithium ion battery anodes

To improve the cycling performance of silicon anodes, carbon based materials, especially

carbon nanotubes, are used as matrix for silicon. Carbon based materials have good

mechanical properties to accommodate stress and strain change in silicon. They are also

highly electrochemically conductive and active. To utilize the flexibility of carbon

nanofibers and carbon nanotubes, various silicon-carbon composite structures have been

designed for a lithium ion battery anode. The designed composites fall in three main

categories: mixed structure, carbon coated silicon and silicon coated carbon. There are

also some complex designs such as scaffold and multi-layer structures.

2.5.1 Mixed structure

The mixed structure is probably most explored structure, which often includes a mixing

process to reduce the size of raw materials and disperse silicon particles in the carbon or

carbon precursor. Then the mixed materials are prone to pyrolysis or other reduction
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methods to achieve a silicon-carbon mixture. The obtained silicon-carbon mixture is

slurry pasted on the current collector to make the anode. It is found that the surface area

and porosity of the anode material as well as the charge transfer resistance play an

important role in performance [29].

A common way to prepare silicon-carbon composites is ball milling silicon and carbon

with binder and additives. Eon et al. have used ball milling to make a silicon-multi-walled

carbon nanotube composite [30]. Scanning Electron Microscopy (SEM) images in Figure

2.10 showed that the multi-walled carbon nanotubes encapsulated the Si powders more

tightly and evenly with 1:1 MWCNT and Si loading. The 1:1 ratio anode also exhibited

the lowest irreversible capacity and highest reversible capacity in all tested anodes, with a

first cycle charge capacity of 1770mAhg-1 [30]. However, there still appeared to be big

clusters of silicon which was prone to fracture during cycling.

Figure 2.10 Silicon and multi-walled carbon nanotube composite [30].

Another way to prepare the composite is through pyrolysis or reduction of the milled

silicon-carbon precursor mixture. In Jin et al 's study, Si/CNFs composite anode materials
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were obtained from carbonization of Si/PAN and Si/PAN/PLLA electrospun nanofibers

[31]. The non-woven fibrous structure films with bead like silicon particles throughout

were attached to copper foil directly as an anode. The anode with PLLA as the conductive

material showed better electrochemical performance, exhibiting more than 700mAh/g

discharge capacity in the fortieth cycle [31]. Inactive materials can be added during

milling as well. For example, nanosized Si was prepared by mechanochemical reduction

of SiO by aluminum, which was ball milled with graphite to achieve a uniform dispersion.

The battery exhibited stable capacity around 500mAh/g, which was due to the buffer

provided by inactive Al oxides and graphite [32].

The chemistry of the composites was characterized through a variety of methods. X-ray

Diffraction (XRD) was used to verify the insertion of lithium ions during various stages

of electrochemical tests. It was confirmed that lithium ions inserted into the graphene

layers of multi-walled carbon nanotubes during charging, which was due to increased

open ends introduced by ballmilling and alloying with Si. In-situ Raman microscopy was

used to study the first discharge cycle of a mixed monocrystalline silicon and carbon

anode. The Raman signal of Si disappeared at voltage below 0.1V, indicating formation

of Li-Si alloy [33]. The experiment confirms the alloying and dealloying of Li-Si. Also, it

indicated that the crystalline Si goes to amorphous phase during discharge-charge

process.

To further improve the capacity and cycling behavior of the composite anodes, different
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modifications are used. One strategy is to improve the bonding between silicon and

carbon. For example, a post thermal treatment at 800℃ in nitrogen atmosphere was

carried out to improve the bonding between silicon and carbon nanotubes [34]. X-ray

Photoelectron Spectroscopy(XPS) showed that silicon oxides appear after the treatment.

The post treatment was quite successful to improve the first cycle efficiency as well as the

capacity retention. Calcium modification was carried out on a silicon/carbon composite

anode material by adding CaCO3 on the pyrolysis precursor. Compared to the

silicon/carbon composite, the silicon/carbon/calcium composite anode showed much

better cycling behavior. By XRD study, it was pointed out that trace amounts of CaSi2

and Ca2Si could be produced during pyrolyzing [35], which might have increased the

affinity between silicon and carbon. A different strategy was to limit the lithium insertion.

In doing so, the cycling behavior of the anode could be increased [36].

The main complication of the mixing method is that with longer grinding time, the

irreversible capacity increases due to increased surface area, with weaker attachment of Si

to the matrix. However, with extended milling time, the composite will achieve better

dispersion, leading to better cycling behavior. It is crucial to acheive a balanced point in

the mixture method.



23

2.5.2 Carbon coated Silicon

Instead of aiming to disperse silicon particles uniformly in a carbon matrix, another type

of silicon-carbon method utilizes carbon mainly on the outside of silicon to restrain the

volume expansion of silicon upon lithium intercalation, helping to retain the integrity of

the anode structure. The carbon coating maintains a conductive network even with a large

volume change of silicon. Also, the coating acts as a passive layer for silicon against side

reaction with electrolyte. Usually, the preparation of the carbon coated silicon composite

involves multiple steps. The anodes produced in this manner showed overall better

properties than those using the previously mentioned mixed method.

Pyrolysis is commonly applied in fabrication of the carbon coated silicon composites. It is

usually done through decomposition of carbon precursor wrapping the surface of silicon.

The pyrolyzing temperature is a key factor in the process. In one case, amorphous carbon

coated silicon nanocomposites were made through spray-pyrolyzing a mixture of

nanosized Si and citric acid/ethanol solution. Under the optimized pyrolyzing temperature

of 400℃ , the battery with the as-made composites anode showed a good capacity

retention of about 1100mAh/g over 100 cycles, which was mainly due to the volume

expansion restrain of the amorphous carbon coating [37].

Not limited to silicon particles, silicon nanowires (SiNW) were also incorporated into this

kind of composite with pyrolized carbon coating. It was found that control of the porosity

and wire diameter is crucial to the properties [38]. The performance was dependent not

only on the coherence of the Si/C structure but also the high extent of alignment of the
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wires. Carbon aerogel was pyrolyzed and coated on to silicon nanowires into anode as

shown in Figure 2.11. The anode showed a good first discharge capacity of 3344mAh/g

and Coulombic efficiency of 84%, which was attributed to the conductive and buffer

function of the carbon coating [39]. However, the capacity dropped to 1326mAh/g after

40 cycles. From the SEM and TEM pictures, the carbon/silicon interface needed further

investigation to achieve better coherence.

Figure 2.11 Carbon coated silicon nanowires [39].

Chemical and physical deposition methods are also utilized in the carbon coated silicon

composites. A silicon/carbon nanotubes core-shell anode material was made by CVD

growth of carbon nanotubes on deposited Ni particles on silicon particle surface. The

SEM images of the as prepared material indicated that carbon nanotubes covered the

surface of the silicon particles and created a cage-like buffer layer [40]. In another case,

after plasma enhanced CVD deposition of silicon on copper foil, amorphous carbon film

with a thickness of about 100nm was deposited from fullerene C60 target to the Si by

radio frequency magnetron sputtering [41]. The carbon coating gave the rough bare

silicon a much smoother surface and lower electronic resistance. UV/vis results indicated
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the deposited carbon film has semiconducting properties. Compared with bare silicon, the

composite anodes showed much better cycling stability.

To further improve the properties of the carbon coated silicon anodes, researchers have

turned to advanced types of polymerization for better coating and stronger combination of

silicon and carbon. A Resorcinol-formaldehyde (RF) microemulsion polymerization with

hydrophobized Si nano-particles and post carbonization was studied [42]. Another group

fabricated carbon coated Si nanocomposites by ultrasonic-assisted in situ polymerization

of Poly (cyclotriphosphazene-4, 40-sulfonyldiphenol) (PZS). Compared with the

traditional mixing-pyrolyzing prepared anode, the advanced anode proved to have more

uniform dispersion of nanoparticles and better electrochemical behavior. The anode

exhibited a capacity of 1200mAh/g after the 40th cycle [43], which was attributed to

porosity of the material and the uniformity of carbon coating.

The carbon coated silicon composites were fully characterized. In one study of the

pyrolyzed composite, Differential Scanning Calorimetry (DSC) test results indicated the

carbon-coated Si anode material had better thermal stability than graphite [44]. The

capacity fading mechanism of the anode material was studied by ex situ X-ray and

impedance spectra investigation [45]. It was pointed out that more and more lithium ions

were trapped in the alloy without extraction, resulting in dramatically decreased in

Coulombic efficiency. The crystallinity of silicon also kept decreasing during cycling,

which was suppressed to some extent by the carbon coating.
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2.5.3 Carbon Silicon Core-shell structure

One more recent category of silicon-carbon anode composite is carbon-silicon core-shell

structure. Instead of depositing carbon on surface of silicon, silicon is deposited onto the

carbon surface. The silicon is buffered by the carbon structure underneath. By optimizing

the carbon structure, the volume expansion of silicon can be compensated. The advantage

over carbon coated silicon structure is that the electrical conductivity of the anode is

maintained through direct contact of carbon to the current collector. This kind of structure

often includes the use of chemical vapor deposition or sputtering. To obtain an anode

material with good cycling performance, the coated silicon layer needs to be uniform and

continuous.

The parameters that affect the state of deposited silicon include temperature, flow rate,

pressure and time. It was found that low pressure, slow flow rate and low temperature

would assist the penetration of precursor gas into the array [46]. Amorphous silicon is

preferred in terms of stable cycling behaviour. In a microwave assisted CVD process at

900℃ , Raman spectroscopy showed the coating consisted of mixture of amorphous and

crystalline silicon. The coating composition was dependent on time, where shorter

coating time gave more amorphous silicon [47]. The cycling test showed a trade-off in the

increase in capacity and the decrease in electrical conductivity.

Another group made a hybrid silicon–carbon nanostructured composite using a

conventional sputtering system [48]. The sputtered amorphous silicon seemed quite
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uniform in the SEM image of the as-made composites. The optimization of silicon

thickness considering capacity is shown in Figure 2.12. The structure did not have high

enough integrity as core-shell composites. The advantage of the method mainly relies on

the amorphous nature of the sputtered silicon. If we can combine the structure and the

amorphous silicon together, the properties could be further improved.

Figure 2.12 Voltage profile of silicon-carbon anodes [48].

A uniform silicon coating can be achieved by simulating atomic layer deposition through

periodically feeding of reactant gas and a controlled growth mechanism. Silane gas was

pumped into a reactor chamber at 30℃ around 500 Pa for adequate penetration [49].

Then temperature and pressure were raised for Si deposition reaction. The above mode

was repeated for several cycles before deposition was stopped. TEM images in Figure

2.13 showed that multi-walled carbon nanotubes were covered with a relatively uniform,

continuous silicon layer, which might be due to that the penetration of gas made every

particle surrounded with homogeneous reactive atmosphere.
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Figure 2.13 Silicon coated MWCNT versus pristine MWCNT [49].

Recently, Wang et al. reported for the first time a heterostructure comprising vertically

aligned multi-walled carbon nanotubes containing nanoscale amorphous/ nanocrystalline

Si using a two-step liquid injection CVD process. The heterostructure exhibited a high

capacity of about 2050 mAh/g [50]. In the structure, EELS spectra revealed that there was

an interfacial amorphous carbon layer anchoring the nanoscale Si droplets to carbon

nanotubes. However, the extraordinary structure of vertically aligned carbon nanotubes

was not utilized. During battery assembly, the as prepared material was incorporated into

a slurry with binder and additives. Utilizing the structure of vertically aligned carbon

nanotubes which has the potential for the battery to be current collector and binder free, a

hierarchical structure from the same group has been made by directly grown carbon

nanotubes on Inconel metal foil [51]. Figure 2.14 shows the vertically aligned carbon

nanotubes on Inconel foil.
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Figure 2.14 SEM image of CNTs grown directly on Inconel substrate [51].

Silicon was then deposited on the as-grown carbon nanotubes as clusters with spacing to

each other as seen in Figure 2.15. They utilized the structure of vertically aligned carbon

nanotubes as lithium pathway and conducting material. If the silicon clusters could be

smaller and more uniform, the property of the anode would be improved a lot. The next

step will be eliminating the use of current collector and to control the morphology of

deposited silicon.

Figure 2.15 HR-TEM image of silicon particles on CNT [51].
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2.5.4 Other structures

In addition to the three categories listed above, other novel silicon-carbon composite

structures have also been explored. Those trials are far more complex, but reveal valuable

information about the design of the composite structure as well.

Scaffold structures were made through pyrolysis of Si-PVdF precursor as shown in Figure

2.16. After pyrolysis, the carbon presented a close-knit structure to hold the Si particles in

the net [52]. Electrochemical impedance spectroscopy [53] indicated that the composite

had lower charge transfer resistance through cycling compared with bare Si on current

collector, which improved the capacity stability.

Figure 2.16 Scaffold structure(a) before lithiation(b) after lithiation [52].

Diamond-like carbon was coated on to Si film in different morphologies. The coating was

patterned to partially cover the silicon film. Compared with the silicon film anodes fully

covered with diamond-like carbon, the partially coated ones showed better cycling

properties and reversible capacity [54]. Figure 2.17 presents a SEM image of
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diamond-like carbon on top of a silicon film.

Figure 2.17 Diamond-like carbon on top of silicon film [54].

It is also proposed that materials with volume expansion between aluminum and Si can be

added inbetween to further eliminate the difference in strain gradient to achieve a more

coherent structure. A three layer composite (Figure 2.18) was made with carbon nanorods

coated with aluminum and silicon "nanoscoop" on top by sputtering [55]. Since the strain

of aluminum lies between carbon and silicon, it acted as a gradient layer for reducing

interface mismatch between different materials, especially for high rate applications

which would introduce dramatic strain all through the structure.

Figure 2.18 Carbon nanorod, aluminum and silicon "nanoscoop" composite [55].
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2.6 Challenges and opportunities

There are challenges as well as opportunities in the research regarding silicon-carbon

composite anode for lithium ion battery. One challenge is to improve the cycling behavior

of anode while reducing irreversible capacity. The former lies in providing sufficient

buffer and conductivity all through cycling using carbon material while aiming to

maximize the silicon contribution in the composite. The latter depends on reducing the

formation of SEI layer on surface of silicon and the amount of trapped lithium ions [56].

Another challenge is to control the phase of silicon. 500℃ as an optimized silicon

deposition temperature was reported in many studies. However, the phases of the

deposited silicon using the optimized condition were different. The phases can be

crystalline [57], amorphous [58] and complex mix. In one case, silicon was deposited on

bamboo-like carbon nanotubes using Radio frequency sputtering method [59]. The phase

of the material was complex; silicon, silicon carbide, silicon oxides were all present in the

sample. The varied phases of silicon may relate to the different carbon materials.

However, the combination of temperature, pressure and flow can have major effects on

determination of the nature of deposited silicon.
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An exciting opportunity is the possibility to increase the energy density dramatically once

the anode is current collector and binder free. The current collector weighs much more

than active materials in batteries in experiments. The binders and additives lower the

mass fraction of active material significantly as well. In one study, silicon was deposited

onto stainless mesh supported CNT network to obtain a current collector free anode [60].

The energy density was increased by ten times compared to an anode with Cu collector.

Once all the inactive weight of anode part is removed, the energy density can be further

improved.
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3. Experimental

3.1 Material preparation

3.1.1 Carbon nanotube array growth mechanism in CVD system

Although a lot of research has covered the topic of carbon nanotube growth, the exact

mechanism of the growth is hard to determine for a particular growth process. Different

growth conditions can also present different growth mechanisms. The most popular CNT

growth mechanism theory assumes each carbon nanotube grows with a catalyst particle

on top. The precursor gas decomposes under the catalyst particle to support the growth of

the tube. The growth of the tubes in CNT arrays can either be extrusion (base-growth) or

tip-growth as shown in Figure 3.1. In the extrusion theory, carbon nanotubes grow with

the catalyst particles attached to substrate while the tubes grow on top of the particles. In

tip-growth theory, carbon nanotubes grow with the catalyst particle on top [61]. Once the

catalyst loses activity, the carbon nanotube growth will stop. If the growth of carbon

nanotubes stops while the precursor gas supply continues, there will be amorphous carbon

deposited on the tubes, lowering the quality of carbon nanotubes in most cases.

.

Figure 3.1 Schematic picture of carbon filament growth [61].
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3.1.1.1 Construction of low pressure CVD system

A vapor phase catalyst deposition method was used to grow carbon nanotubes. A low

pressure chemical vapor deposition system (LPCVD) suitable for this method was custom

built as shown in Figure 3.2. The furnace chamber is a quartz tube with a 76 mm diameter.

A smaller quartz tube with a length of 74 cm and a diameter of 64 mm is inserted to the

outer tube to load substrates. There is a quartz window (shown in Figure 3.3) on the door

of the furnace chamber, allowing the inside of the chamber to been seen during the

growth run. Compressed gas lines run from the top of the furnace through mass flow

controllers and converge into a single main gas line. Gases come down the main gas line

into the front of the quartz tube and go through the hot zone, a filter, a pressure controller,

and then to a mechanical pump. The carbon nanotube yield of the system is very high.

After completing a growth run, all of the substrates and tube within the hot zone (about

25 cm in length) were covered by carbon nanotubes.

Figure 3.2 Low pressure chemical vapor deposition system.
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Figure 3.3 Quartz window on chamber door.

3.1.1.2 Optimization of carbon nanotube growth parameters

Square quartz substrates with dimensions of 25 mm x 25 mm were first burned at 800 ℃

in air for 5 minutes to remove any carbon based residue on the surface of the substrates.

After the heat treatment the substrates were etched in a hydrofluoric acid bath (less than

0.05% percent concentration) for 1.5h to produce a pristine layer of quartz for the CNT

growth process. After removal from the acid bath, the substrates were rinsed with

de-ionized water and dried.

The inner tube was also burned and etched in the hydrofluoric acid bath for 1.5 hours

before each run. Catalyst iron chloride (FeCl2) powder was weighed out using a balance

and placed in a ceramic boat under the quartz stage. Then the substrates were placed on

the quartz stage in the inner tube, in the center of the furnace hot zone as shown in Figure

3.4. The system was then closed and pumped down to approximately 6 mTorr before each

growth run. The final optimized growth conditions were: 30 minutes growth at 5 Torr and
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760℃, with 600 sccm acetylene and 400 sccm 0.5% chlorine in argon. When the chamber

is heating up, the catalyst starts to evaporate around 500℃ as seen from the quartz

window. The hot zone radiates with a bright orange color starting at approximately 600℃.

Before reaching the set temperature, iron chloride is fully evaporated, coating the hot

zone with a dark color film. Once the set temperature is reached, acetylene, argon and

chlorine gases are released into the system with the automatic control valve regulating the

pressure. Carbon nanotubes are nucleated and are allow to grow for the designated time.

Figure 3.4 Placement of substrates on stage and boat in the furnace.

Temperature, pressure, flow rate, time and the catalyst amount are the key parameters

affecting the growth of carbon nanotube array. Optimization of the carbon nanotube array

growth was achieved by varying the flow rate of acetylene and catalyst weight. The flow

rate was kept low enough to keep the CNT yield high, while being high enough to support

long array growth. The catalyst vapor concentration in the hot zone determines the

density and diameter of the carbon nanotubes in the arrays. The growth pressure was set
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as low as possible to reduce viscous flow effects and to reduce the gas residence time in

the hot zone. The Table 3.1 shows the different temperature and chlorine flow rates that

were tested to find the optimal conditions for long array growth used for lithium ion

battery anode:

Table 3.1 Optimization of carbon nanotube array growth conditions.

C2H2

(SCCM)

FeCl2

(g)

Pressure

(T)

Temperature

(℃) 0.5% Cl2

(SCCM)

Time

(min)

Growth

600 1 4 800 no 30 Middle of the tube has CNTs

600 1 4 780 no 30 Growth zone expanded, short array

<1mm

600 1 4 760 no 30 Growth zone covered most of hot

zone, short array < 1mm

600 1 4 740 no 30 Growth zone covered most of hot

zone, short array < 1mm

600 1 5 760 1000 30 Short array ~1mm covered hot zone

600 1 5 760 400 30 Long array ~2mm covered hot zone

600 1 5 760 100 30 Long array ~1.5mm covered hot zone

There was a distribution of temperatures across the hot zone, due to heat loss at the edges

of the furnace. According to the manufacturer, the furnace has a uniform hot zone across

a 12 cm section in the middle of the furnace. To achieve relatively uniform growth along



39

the hot zone, lower temperatures were found to be preferable. When chlorine was added

to the growth recipe the carbon nanotubes obtained the highest length per 30 minute

growth time of over 2 mm. The function of chlorine was not clearly known. It was

assumed that the chlorine cleaned amorphous carbon during growth to extend the life of

catalyst.

3.1.2 Si deposition on carbon nanotube arrays

Silane was used to deposit silicon in the same low pressure chemical vapor deposition

system described in the previous section. The goal was to evenly and individually coat

every CNT in the arrays with silicon. Penetration of the silane gas through the carbon

nanotube array was crucial to achieving a uniform coating.

Table 3.2 shows the different conditions used to deposit the silicon. Temperature,

pressure and gas flow were key factors in determining the morphology of the coating.

Low temperature and flow rate were preferred to help achieve slower decomposition of

silane. Low pressure helped silane penetrate the carbon nanotubes within the arrays.

Among all three factors, temperature had a dominant effect. There was a minimum

temperature threshold that had to be crossed to give significant deposition of silicon. The

table also indicated that higher pressure and temperature lead to higher deposition rate

while decreasing the uniformity of the coating.
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Table 3.2 Optimization of silicon deposition conditions.

Number 0.2%SiH4

(SCCM)

Temperature

(℃) Pressure

(T)

Time

(h)

Si content

(wt%)

Deposition

1 500 550 10 1 41 Heavy brown

2 500 500 10 1 - Black

3 500 550 10 0.5 22 Brown

4 500 550 20 0.5 21 Brown

5 500 550 5 0.5 - Black

6 500 550 30 0.5 20 Brown

7 500 525 10 0.5 2 Slight yellow

8 500 575 10 0.5 27 Heavy brown

9 500 550 10 0.5 13 Flow gas heating,

slight yellow

Comparing samples #3 and #9 in Table 3.2, the only difference in the deposition

condition was the time at which silane was allowed to start flowing into the reactor.

Silane flowed into the chamber at the beginning of heating up for sample #9. While for

sample #3, silane started to flow right at the set temperature. Sample #9 showed little

color change while still obtaining 13% weight percent silicon. However, sample #3 had a

heavy brown color on top. This indicated that silicon deposition was more uniform in

sample #9. In sample #9, instead of accumulating mostly on top of the array, silicon
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penetrated the whole array better. Due to this observation of more uniform silicon

deposition, the silane flow was started at the beginning of the heating process, instead of

releasing the silane after reaching the set temperature, in all the subsequent silicon

deposition experiments.

After the first set of silicon deposition experiments it was found that the quartz tube was

permanently coated with silicon and could not be cleaned. Oxidative treatments at high

temperatures were attempted to produce silicon dioxide but were unsuccessful. In order to

protect the expensive outer tube of the system from silicon deposition, a thick layer of

amorphous carbon was coated on the outer tube every time before silicon deposition. The

deposition condition for the carbon coating was 1.5h under 760℃ , 20 Torr and another

1.5h under 800℃, 20 Torr to ensure that the outer tube was covered entirely as shown in

Fig 3.5. Silicon deposited on the amorphous carbon layer instead of the quartz. After

silicon deposition the amorphous carbon was burned in air to remove the coating and the

tube could then simply be wiped clean.

Figure 3.5 Outer quartz tube with amorphous carbon coating.
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Due to the effect of amorphous coating on outer tube, the optimized deposition

temperature was increased to about 605℃ to 625℃ ， which was higher than the

temperatures found in Table 3.2. It was thought that this increase in optimal deposition

temperature could be a result of the black amorphous carbon absorbing the infrared

radiation normally penetrating the clear quartz tube, changing the temperature at the

thermocouple that was outside of the quartz tube. The optimized pressure and flow for

silicon deposition remained at 10 Torr and 500 sccm. Control of the deposited silicon

weight was realized through altering the deposition time. The weight ratio of silicon was

determined by weighing the carbon nanotube arrays and substrate before and after silicon

deposition.

Before electrochemical testing was conducted, the deposition uniformity was evaluated

through observing the color of the array and substrate. The pristine array was black, as

seen in Figure 3.6. When a relatively uniform coating was made, the array turned a light

brown color, and the quartz substrate had some silicon deposition, as seen in Figure 3.7

and 3.8. When the temperature was too high, the silicon deposited quickly at the surface

of the array. If most of the silicon accumulated on top of the array, the array surface was a

solid light-brown color and the substrate was mostly clear, as shown in Figure 3.9 and

3.10.
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Figure 3.6 Carbon nanotube array before silicon deposition.

Figure 3.7 Silicon deposition at the optimized conditions.

Figure 3.8 Substrate after silicon deposition at the optimized conditions.
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Figure 3.9 Silicon deposition accumulation on top of the array.

Figure 3.10 Substrate of the array with accumulation of silicon on top.

3.1.3 Shear pressing Si-deposited carbon nanotube arrays for lithium ion battery anode

The battery anode material should be a thin sheet of material. The carbon nanotube arrays

used in this study were very tall (up to 2 mm) and very low density. To increase the

density and to reduce the thickness, the arrays were pressed on a special “shear pressing”

device to transfer the carbon nanotubes from a vertically aligned structure to a densified,

horizontally aligned structure. This device is shown in Figures 3.11 and 3.12.
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Figure 3.11 Shear pressing machine.

Figure 3.12 Sample shear pressing.

The shear pressing machine consisted of two aluminum parallel plates. One of the plates

acted as a fixed base. The other one was fastened to a linear bearing with an adjustable

angle [62]. The pressing angle was 34°. Before shear pressing, the composite arrays (on

the growth substrate) were placed besides a quartz backstop on the base. Figure 3.13

demonstrates how the morphology of the arrays changes from a vertically aligned

structure to a horizontally aligned and densified structure after pressing. After shear

pressing, the 1.5 mm tall composite array was changed into a highly aligned film with a
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thickness of about 200 µm. The sheet was then easily peeled off from the substrates (Fig

3.14).

Figure 3.13 A schematic of the morphology of the array before and after shear pressing [62].

Figure 3.14 Shear pressed sheet.

3.1.4 Cell assembly

The shear pressed silicon-carbon nanotube composite sheet was directly used as anode

material without any binder or additives. The sheet was punched into anode piece and

assembled into standard 1/2" coin cell battery. Due to the nature of the shear-pressing,

materials in the as prepared composite sheet was highly compressed. When the sheet was

punched into 1/2" diameter anodes the compression of the battery assembly often resulted
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in a short circuit. In order to prevent the short circuit, the anode piece was punched into

smaller round pieces that had a diameter of 3/8". Lithium metal foil was used as the

counter electrode. The separator used in the battery assembly was monolayer

polypropylene (PP). The electrolyte was produce from 1 mole/L LiPF6 in equal ratio of

ethylene carbonate, dimethyl carbonate and diethyl carbonate (EC:DMC:DEC =1:1:1)

solvent. The coin cell was assembled in an argon glove box. The structure of the cell is

shown as following Fig 3.15:

�egative electrode shell Spring Gasket Lithium piece Separator Anode piece Positive electrode shell

As assembled coin cell

Figure 3.15 Coin cell assembly process.

3.2 Material Characterization

3.2.1Scanning electron microscope (SEM)

The morphology of the as prepared materials was examined using a JEOL 6400 cold field

emission SEM. The operation voltage for the samples was 10kV. The samples were

attached to grids by conductive carbon tape and directly observed in SEM without
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coating.

3.2.2 Transmission electron microscope (TEM)

A Hitachi HF2000 200kV Cold Field Emission TEM was used to observe the CNTs from

the arrays and the coating of silicon particles on the CNTs. A small sample of CNTs was

removed from an array were dispersed in DI water. The solution was then cast and dried

on holey carbon meshed TEM grids for observation.

3.2.3 Elemental Energy-dispersive X-ray spectroscopy (EDS)

To quantitatively analyze the deposition uniformity of silicon in the CNT array, EDS was

used to examine the silicon content along the length of the CNTs in the cross section of

the array. A Hitachi S3200 variable pressure SEM with a 4Pi Isis EDS unit was applied to

quantify the uniformity of the silicon deposition in the array.

3.2.4 X-ray diffraction (XRD)

The crystallinity of the composite material was examined using a Rigku SmartLab XRD

machine with a Cu source. The samples were shear pressed thin sheets.

3.2.5 Raman spectroscopy

A Renishaw Raman microscope was utilized to determine the quality of the as grown

carbon nanotubes. Also, the effects of post treatment on carbon nanotubes and silicon

deposited on carbon nanotube arrays were examined. A 514 nm laser with a spot size of

about 10 nm was used to collect data from both sides of the sample sheets.
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3.3 Electrochemical characterization

To let the electrolyte fully penetrate the battery system, the coin cells were allowed to sit

for 10 hours before tested in a Landit battery test system. They were cycled between 0.1V

and 3V with a current density of 50 mAh/g. To insure the repeatability of the test result,

as least two data points of the same condition were obtained.
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4. Densified carbon nanotube array baseline anodes

4.1 Background

Carbon nanotubes are novel materials whose properties are not studied thoroughly. There

are differences between grown carbon nanotubes not only from lab to lab, but also from

batch to batch. The insertion of lithium ions are dependent on the structure and defects of

the carbon nanotubes. It was necessary to establish a baseline of the shear pressing

behavior and electrochemical behavior of the as-grown carbon nanotubes prior to silicon

deposition.

4.2 Anode Preparation

Carbon nanotube arrays were grown using the constructed chemical vapor deposition

system with the optimized conditions covered in section 3. Various post-treatments were

performed to the array to obtain an anode material with stable electrochemical behavior.

The post treatments conditions are shown in Table 4.1, including a chlorine

post-treatment, carbon post-treatment and thermal post-treatment. The carbon nanotube

array anodes were prepared the same way as described in section 3, minus the silicon

deposition step.
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Table 4.1 Summary of post-treatments conditions.

Post-treatment Gas flow Flow rate（SCCM） Pressure

(Torr)

Temperature

(℃) Time

(min)

Carbon C2H2 600 5 760 5

Chlorine Cl2 400 5 760 15

Thermal Air - Atmospheric 550 5

4.3 Characterization

4.3.1 Physical parameters

The as-grown carbon nanotube arrays were highly aligned 'forest'. The height of the array

was approximately 2 mm after 30 minutes growth. The density of the array was

approximately 40 mg/cm3.

4.3.2 Raman Spectroscopy

Raman microscopy was used to examine the quality of produced carbon nanotubes. Also,

the effects of different post-treatments on carbon nanotubes were investigated. The

following Figures 4.1, 4. 2 and 4.3 are the results from Raman spectroscopy:
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Figure 4.1 Raman spectroscopy of CNT array.
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Figure 4.2 Raman spectroscopy of CNT array (carbon+thermal)
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Figure 4.3 Raman spectroscopy of CNT array (chlorine).
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The Raman spectroscopy showed the characteristic peaks of carbon nanotubes at 1350

cm-1 and 1580 cm-1, which were amorphous (D peak) and graphitic (G peak) carbon

respectively. The data plots showed that the G peak to D peak ratio decreased from 2.077

to 1.820 for the array with both carbon and thermal post-treatments. In the chlorine

post-treated case, the G to D ratio dropped to 1.725. It was assumed that the carbon

post-treatment increased the content of amorphous carbon directly by deposition while

the chlorine post-treatment partially damaged the graphene layer of carbon nanotubes.

Since the post-treatments introduced more defective sites on carbon nanotubes, it was

hypothesized that lithium ion insertion would be promoted.

4.3.3 SEM

Morphology of carbon nanotube array was observed by SEM in Figure 4.4:

Figure 4.4 SEM image of pristine CNT array a) top of pristine array b) side of pristine array.

The SEM images of pristine carbon nanotube arrays indicated the top of the arrays was

like a low density non-woven, with crossed and entangled carbon nanotubes. The array
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was a highly aligned vertical CNT structure.

4.3.4 TEM

The internal structure of the as-grown carbon nanotubes was viewed by TEM as shown in

Figure 4.5.

Figure 4.5 TEM image of pristine carbon nanotubes.

TEM images of pristine carbon nanotubes exhibited a hollow core and graphite planes,

which revealed the multi-walled nature of the as grown carbon nanotubes. The carbon

nanotubes were about 20 nm in diameter with about 20 to 30 walls. The darkened part of

the image in middle was assumed to be from the kinks of the tube, most likely formed

during the sonication process. The surface of the tubes showed a very thin coating, which

was most likely amorphous carbon from the acetylene precursor decomposition on the

surface of the tubes during the growth.
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4.3.5 XRD

To determine the effect of cycling on the carbon nanotube structure, anode pieces both

from before and after battery cycling were subjected to a XRD (Figures 4.6 and 4.7).
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Figure 4.6 XRD pattern of pristine CNT array before cycling.
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Figure 4.7 XRD pattern of pristine CNT array anode after cycling.
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The above results showed that the graphite peak of carbon nanotube array weakened after

cycling. A broad peak beside the weakened graphite peak could be observed after cycling,

which was likely widened by an increase in defects in the carbon nanotubes during

repeated lithium insertion and extraction.

4.3.6 Electrochemical

The cycling behavior for the baseline anodes (as-grown and post-treated) is shown in

Figures 4.8-4.12. The green and data points in the cycle number vs. specific capacity

graph are the specific discharge and charge capacity respectively. The blue data points

show the coulombic efficiency.
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Figure 4.8 Pristine CNT array anode.
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Figure 4.9 CNT array (carbon+thermal) anode.
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Figure 4.10 CNT array (chlorine) anode.
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Figure 4.11 CNT array (carbon+thermal+chlorine) anode.
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Figure 4.12 Comparison of charge capacities of CNT array anodes.

The comparisons of properties including the initial coulombic efficiency, first cycle

charge and capacity retention of the anodes are summarized in Table 4.2.
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Table 4.2 Comparison of CNT array anode properties.

Initial coulombic

efficiency (%)

First cycle charge

capacity(mAh/g)

Capacity retention

at 50th

cycle(mAh/g)

Pristine CNT 30.9 102.9 41.5

Carbon+thermal 34.3 143.9 167.7

Chlorine +thermal 33.6 124.1 151.6

Carbon + Chlorine +thermal 21.5 132.8 162.9

The carbon nanotube anodes showed an overall low initial coulombic efficiency. After

formation of the SEI layer in the first cycle, coulombic efficiency increased to more than

90% for all the anodes. The post-treated CNT array anodes exhibited higher capacity and

better capacity retention than pristine ones. The Raman spectroscopy results showed that

the the post-treatments increased the amount of disordered carbon on the carbon

nanotubes, which are sites for lithium insertion, which explained the capacity increase.

Among the post-treated array anodes, the ones which were carbon and thermal

post-treated had the best performance, having a first cycle charge capacity of 143.9mAh/g

and capacity of 167.7mAh/g at the 20th cycle. Another interesting observation was that

the capacity of post-treated CNT array anodes increased slightly with cycling instead of

fading. It is possible that the end cap of the multi-walled carbon nanotubes was removed

with repeated lithium ion insertion and extraction [25], allowing for increased lithium

insertion.
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5. Densified silicon coated carbon nanotube array anodes

5.1 Back ground

Deposition time, pressure, gas flow rate and temperature are important parameters. Fully

penetration of Si into carbon nanotube array is a key issue. The Si content in the anode

should be controlled to have high capacity while maintain good conductivity.

5.2 Anode preparation

To obtain better bonding between silicon and carbon nanotubes, silicon was deposited on

both pristine and post-treated arrays using the same CVD system. After deposition,

silicon-CNT anodes were made through shear-pressing and punching. Coin cells were

assembled using the procedure outlined in section 3.

5.3 Characterization

5.3.1 Raman spectroscopy

To explore the nature of the as-deposited silicon, the shear pressed silicon-pristine CNT

array with about 23% silicon was examined by Raman spectroscopy. Also, the

penetration of silicon deposition was investigated by comparing the difference of silicon

intensity on top and back of the sheer pressed film. The results are presented in Figure 5.1
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Figure 5.1 Raman spectroscopy on composite CNT array (23% Si) anode.

In the plot, peaks at 1350 cm-1 and 1580 cm-1 correspond to amorphous and graphitic

carbon respectively. Raman results also exhibited strong silicon peaks at around 521 cm-1,

indicating the crystalline nature of the deposited silicon on pristine CNT array. The broad

peak below 500 cm-1 showed the presence of amorphous silicon. The back of the sample

showed no significant silicon peak, which means little silicon penetrated to the very

bottom of the array for the 1h deposition sample. The result was confirmed by the EDS

data.

5.3.2 XRD

The change in silicon structure was explored by comparing XRD data on composite CNT

array anode material containing about 23% silicon before and after cycling.
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Figure 5.2 XRD pattern of composite CNT array (23% Si) anode before cycling.
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Figure 5.3 XRD pattern of composite CNT array (23% Si) anode after cycling.

XRD pattern in Figures 5.2 and 5.3 indicated that the state of silicon changed after

cycling. The peak at 25
。
corresponded to the (002) layers of graphite [22]. Before cycling,

the peaks at 28.4
。
, 47.3

。
and 56.1

。
corresponded to Si (111), Si (220) and Si (311)
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respectively [22] After cycling, the silicon peaks weakened and broadened, which

indicated the formation of amorphous silicon.

5.3.3 EDS

To investigate the uniformity of silicon deposition more accurately, EDS was used to

detect the amount of silicon deposited along the height of the array. Silicon was deposited

on pristine arrays under the optimized conditions using different deposition times. During

the EDS analysis, three measurements points - top, middle and bottom were taken along a

straight line down the array height as shown by the yellow boxes in Figure 5.3. To insure

the accuracy of results, various points were measured across the array cross sections. The

EDS test results are shown in Tables 5.1 and 5.2.

Figure 5.4 VPSEM image of the array for EDS.
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Table 5.1 Silicon content from top to bottom of the array with 1h Si (30%) deposition.

Sample

Position

#1 Si content(%) #2 Si content(%) #3Si content(%) Ave.(%)

Top 7.26 8.91 6.71 7.63

Middle 2.54 5.58 2.31 3.48

Bottom 1.3 0.95 0.98 1.08

Table 5.2 Silicon content from top to bottom of the array with 4h Si (54%) deposition.

Position Sample #1 Silicon(%) #2 Silicon(%) Ave.(%)

Top 43.65 72.05 57.84

Middle 46.16 74.65 60.4

Bottom 56.40 95.91 76.1

For the sample with one hour deposition, the silicon content decreased along the array

height, with about 7.63wt% silicon on top and only 1.08wt% on bottom part of array

cross section. On the other hand, the CNT array sample with four hour silicon deposition

showed relatively uniform silicon content across the array height, ending up with more

silicon on bottom than the top. The EDS data indicated that the silicon would first deposit

on the top of the array. With increasing time, silicon deposition penetrated the whole

array. After almost every single carbon nanotube was coated, silicon started to build up

from the bottom. Overall, the data showed that silicon deposition occurred through the

whole height of the array even with shorter deposition time.
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5.3.4 SEM

To examine the silicon deposition morphology, SEM was used to observe the surface of

the shear pressed silicon CNT array anode surfaces. Comparison was made between shear

pressed silicon-pristine CNT array anodes with about 23% silicon before and after cycling

as shown in Figures 5.5 and 5.6. The SEM sample after cycling was prepared by washing

the anode piece with DI water and drying in air overnight.

Figure 5.5 Composite CNT (23% Si) anode before cycling.

Figure 5.6 Composite CNT array (23% Si) anode after cycling.

The above images indicated that the morphology of composite CNT array anodes before

and after cycling showed no significant difference. At lower magnification, the surface of
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the anode appeared to remain smooth through the electrochemical process. At higher

magnification, the silicon particles stayed on the carbon nanotubes after cycling. The

comparison showed that the structure of the anode was quite stable, which is important

for the electrochemical performance.

Figure 5.7 and 5.8 show the middle of the array cross section (before pressing), which

showed relatively uniform silicon deposition. However, the silicon nano-particles did not

attach to each carbon nanotubes very well, with a significant fraction of the silicon

distributed in the spacing between tubes. In comparison, silicon deposited on an

amorphous carbon post-treated array packed closely to each carbon nanotube. Also, the

silicon nano-particles in the pristine array case were much larger in diameter than

post-treated ones. It showed that each carbon nanotube in amorphous carbon post-treated

arrays were more evenly wrapped with much smaller silicon nano-particles, which was

expected to give the anode material better cycling performance. On the contrary, carbon

nanotubes in pristine arrays had bigger silicon particles in the space between tubes. In the

latter case, carbon nanotubes could not have good contact with silicon, thus losing the

buffer function. The difference in the deposited silicon may due to the roughness the

amorphous carbon added to the carbon nanotubes surface, resulting more nucleation sites

and better bonding.
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Figure 5.7 Composite CNT array (30% Si).

Figure 5.8 Composite CNT array (carbon+thermal+33% Si).

Another thing to notice is that the top of the anode shown in Figure 5.5 indicating good

wrapping of silicon particles on tubes for pristine arrays. While the side of the pristine

arrays in Figure 5.7 had silicon particles loosely wrapped the arrays and filled in empty

space. The difference may indicate that the morphology of the deposited silicon may

change through the thickness of the CNT array as well.

5.3.5 TEM

TEM was used to closely observe the structure of the silicon coating on the carbon

nanotubes. A carbon nanotube array with silicon deposited on it was dispersed in DI
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water and then put into TEM grid.

Figure 5.9 TEM image of composite CNT array (30% Si).

In the TEM images Figure 5.9, the graphitic planes of carbon nanotubes were blurry due

to the silicon coating. The surface of carbon nanotubes was coated with silicon. The

image indicated that silicon on pristine array was nano-particles with a diameter about

20~30 nm.

5.3.6 Electrochemical

5.3.6.1 Cyclic Voltammetry

To explore the potential of the composite, a coin cell with a composite CNT array anode

containing 30% silicon was subjected to cyclic voltammetry test.
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Figure 5.10 CV of composite CNT array (30% Si) anode.

In Figure 5.10, the peaks in the voltage range of 0.5~0.7V may correspond to the

formation of SEI layer. The reduction peak at 0.0V and 0.5V in the first cycle indicated

the intercalation of lithium ions [56]

5.3.6.2 Cycling tests

Anodes containing different fractions of silicon were cycled on the Landit machine to

examine the electrochemical properties of the composites. The silicon was deposited

under the optimized conditions in the experimental section -- 605℃~625℃, 10 Torr and

500sccm 0.2% silane balance argon. The silicon content in the composites was controlled

by altering the deposition time. The results of the pristine CNT anode with silicon coating

are shown in Figures 5.11 through 5.17.
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Figure 5.11 Composite CNT array (25% Si) anode.
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Figure 5.12 Voltage profiles of composite CNT array (25% Si) anode.
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Figure 5.13 Composite CNT array (30% Si) anode.
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Figure 5.14 Voltage profiles of composite CNT array (30% Si) anode.
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Figure 5.15 Composite CNT array (54% Si) anode.
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Figure 5.16 Voltage profiles of composite CNT array (54% Si) anode.
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Figure 5.17 Comparison of charge capacities of composite CNT array anodes.

After observing the fast fading of the composite anode, methods were tried to improve the

cycling behavior. One way was to deposit silicon on post-treated arrays. In addition, the

insertion of lithium ions were limited by reducing the cycling voltage range from

0.01V~3V to 0.01V to 1.5V. The results of the post-treated array anodes containing

silicon were shown as below in Figures 5.18 through 5.23:
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Figure 5.18 Composite CNT array (carbon+thermal+10% Si) anode.

0 100 200 300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

2.5

20 2

1

1

P
o
te
n
ti
a
l/
V

S-Capacity/mAh/g

220

Figure 5.19 Voltage profiles of composite CNT array (carbon+thermal+10% Si) anode.
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Figure 5.20 Composite CNT array (carbon+thermal+23% Si) anode.
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Figure 5.21 Voltage profiles of composite CNT array (carbon+thermal+23% Si) anode.
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Figure 5.22 Composite CNT array (carbon+thermal+33% Si) anode.
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Figure 5.23 Voltage profiles of composite CNT array (carbon+thermal+33% Si) anode.
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Figure 5.24 Comparison of charge capacities of composite CNT array (carbon+thermal) anodes.

Table 5.3 Comparison of composite CNT anode properties.

Initial coulombic

efficiency(%)

First cycle charge

capacity (mAh/g)

Capacity retention at

20th cycle (mAh/g)

Pristine CNT +25%Si 73 784.2 357

Pristine CNT +30%Si 70.7 882.8 373.9

Pristine CNT+ 54%Si 84.4 1606.2 14.2

Carbon post-treatedCNT +10%Si 38.2 290.5 239.8

Carbon post-treatedCNT+23%Si 59.8 666 513.6

Carbon post-treated CNT

+33%Si

66.1 866.7 587.6
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Table 5.3 shows that with increasing silicon content in the composite anode, the initial

capacity was increased. Also, the initial coulombic efficiency was improved with

increasing silicon content. However, the capacity retention went down with increasing

silicon content in the silicon-pristine CNT anodes: with 25% silicon, the charge capacity

on the 20th cycle was 357mAh/g while it was 14 mAh/g for the sample with 54% silicon.

With increased silicon content, the electrical conductivity was most likely decreased. For

the anode with 54% silicon, it was thought that a large part of the silicon was not in good

contact with the carbon nanotubes. The pulverized silicon during cycling further insulated

the carbon nanotubes from the cell shell, resulting in dramatic capacity loss. When the

arrays were first treated with a layer of amorphous carbon before silicon deposition, the

cycling behavior was improved significantly. The carbon post-treated array anode

containing 33% silicon retained a capacity of 587 mAh/g on the 20th cycle. Though the

pristine array anode containing 30% silicon started with a slightly higher initial capacity,

the charge capacity dropped to 373.9mAh/g at 20th cycle. It was assumed that with

amorphous carbon deposited on surface of carbon nanotube array, silicon nano-particles

attached to the surface more evenly and closely, which was confirmed by the SEM

images.
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6. Densified carbon nanotube array-silicon-carbon double shell

structure preparation to improve lithium ion battery anode efficiency

6.1 Background

Depositing silicon on post-treated array improved the cycling behavior of the battery.

However, the irreversible capacity in the first cycle needs to be minimized. The stability

of the battery still needs to be improved and depositing a thin layer of carbon on the

silicon layer should provide it with some protection [63] . Thus, there will be less SEI

formation on the silicon surface, reducing the first cycle capacity fading. More

importantly, the outer carbon shell can restrict the deformation of silicon during lithium

intercalation, suppressing volume expansion [64]. At the same time, the outer carbon

shell will contact with the battery shell instead of silicon, leading to much better electrical

conductivity of the anode. The possibility of silicon dioxide formation, when the sample

is removed from the CVD systems and exposed to atmosphere, will also be diminished.

6.2 Anode preparation

Silicon was deposited on chlorine post-treated array as in section 4 and 5. After the

silicon deposition, another layer of amorphous carbon was deposited onto the array using

the CVD system. The deposition conditions were 600sccm C2H2, 5 Torr and 760℃ for

5min. The as-prepared material was shear pressed, punched and assembled into coin cells

by the same method described in section three.
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6.3 Characterization

6.3.1 SEM

The morphology of the tri-layer composite was observed using SEM. The middle of the

array cross section was closely examined as shown in Figure 6.1.

Figure 6.1 Composite CNT array (chlorine+-30%Si+carbon).

As seen in Figure 6.1, individual carbon nanotubes had relatively uniform silicon particles

closely packed along the length of the tube. The morphology of silicon deposition was

more uniform than pristine one. The tri-layer composite surface looked smoother than

silicon-amorphous carbon post-treated one, which may be due to the coverage of

amorphous carbon on silicon.

6.3.2 Raman Spectroscopy

Raman spectroscopy results of the top of the composite CNT array

(chlorine+-30%Si+carbon) was shown in Figure 6.2.
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Figure 6.2 Raman spectroscopy composite CNT array (chlorine+-30%Si+carbon).

In the Raman spectroscopy results, there were peaks at at 1350 cm-1 and 1580 cm-1,

which were corresponding to amorphous and graphitic carbon respectively. In contrast to

Figure 5.1, no significant silicon peak (at 520 cm-1) was observed in the plot. The lack of

silicon peak on the top of the sample surface indicated a relatively uniform amorphous

carbon coating on silicon.

6.3.3 EDS

During battery testing, some battery cells appeared to fail due to reactions with impurities

in the anode. Though it was not certain if the impurities were introduced during material

preparation or cell assembly, it would be better if the material was clean. Residual iron

was cleaned from the array using the chlorine treatment. Iron reacts with chlorine

according the equation Fe+XCl2=FeCl2x. Iron chloride evaporates at temperatures lower

than the temperatures used for the chlorine post treatment, thus, iron can be removed from
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the CNT array while at the same time producing the active sites needed for uniform

silicon deposition. The cleaning function of chlorine post-treatment was done under 760
。

C, 5 Torr and 400 sccm 0.5% Cl2. EDS was used to examine the iron content in the

samples (Table 6.1 and Figure 6.3). Unfortunately, the level of iron impurity was not

known during the experiments conducted in sections 4 and 5 so the chlorine treatment

was only used for silicon composite anode structures in this section.

Table 6.1 EDS data of sheer pressed carbon nanotube array sample.

Treatment

Element

Pristine 15min chlorine

post-treated

30min chlorine

post-treated

C 93.92 98.51 99.11

O 2.79 0.89 0.67

Fe 3.29 0.6 0.22

Total 100 100 100

0
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Figure 6.3 Comparison of iron content.

In Table 4.2 and Figure 4.4, the pristine carbon nanotube arrays contained about 3.3%

iron, which came from the residual catalyst. After a 15 min chlorine post-treatment, the
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iron content dropped to 0.6%, which was trace amount to the EDS detector. When the

chlorine post-treatment time extended to 30min, the iron content decreased even further.

In application for anode material cleaning, it is desirable to have a clean sample with a

shorter post-treatment, since long treatment can damage the sample. So the relatively

short 15 minutes chlorine post-treatment was recommended for practical use, with

sufficient cleaning.

6.3.4 Electrochemical

The composite CNT array (chlorine+30%Si+carbon) anodes were cycled to test the

electrochemical properties as shown in Figures 6.4 and 6.5.
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Figure 6.4 Composite CNT array (chlorine+-30%Si+carbon) anode.
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Figure 6.5 Voltage profile of composite CNT array (chlorine+-30%Si+carbon) anode.

For the composite CNT array (chlorine+30%Si+thermal) anode, the properties were good

with high efficiency and better capacity retention, which may be attributed to better

coherence of the structure and less iron impurity in the arrays. The overall capacity

retention of the double shell anode was better. It was assumed that the amorphous carbon

on top of silicon can help prevent the contact with electrolyte, reducing the formation of

SEI layer on silicon, which improves the contribution of silicon to the capacity as well as

the coulombic efficiency. Since the volume expansion of silicon during lithium insertion

and extraction was compensated not only from carbon nanotubes but also from

amorphous carbon, the cycling behavior of the anode was increased.
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7. Discussion

The advantage of the vapor phase catalyst deposition method for producing carbon

nanotubes is to grow highly aligned arrays of millimeter length in a short time. The

optimization of growth conditions are crucial to obtain a high quality array. Under the

optimized conditions, the arrays for lithium ion battery anodes have a relatively consistent

length of about 1.5mm, which is critical for producing densified sheets of anode material

and important for the consistency of electrochemical behavior.

Table 7.1 Comparison of properties of anodes.

Initial coulombic

efficiency(%)

First cycle charge

capacity (mAh/g)

Capacity retention at

20th cycle (mAh/g)

CNT 30.9 102.9 103.6

CNT (Carbon+thermal) 34.3 143.9 169.1

Composite CNT (30%Si) 70.7 882.6 373.9

Composite

CNT(Carbon+thermal+33%Si)

66.1 866.7 587.6

Composite CNT(chlorine+30%Si+

Carbon)

70.2 1363.2 982.2

By depositing silicon on carbon nanotube arrays, the capacity of carbon nanotubes was

improved a lot with reduced irreversible capacity in the first cycle. The advantage of the
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chemical vapor deposition of silicon is to form nano-sized particles penetrating the whole

array. In Table 7.1, through depositing silicon on carbon nanotube arrays, the specific

charge capacity in the first cycle was increased by eight to ten times. Also, the initial

coulombic efficiency was improved by about two times. The reason for the capacity

increase is the contribution from silicon. Compared with pristine carbon nanotube arrays,

the coulombic efficiency of silicon coated arrays is about two times higher. The reason is

that the silicon coating on carbon nanotubes limited the insertion and trap of lithium ions

in graphene layers. The composite anodes with silicon on amorphous carbon post-treated

arrays showed more stable cycling performance than the ones with silicon on pristine

arrays. The amorphous carbon-silicon-chlorine post-treated carbon nanotube array anodes

showed even higher capacity and cycling performance.

Theoretical capacity of the anode is calculated based on equation and summarized in

Table 7.2:

% %anode Si Si C�T C�TC C wt C wt= × + ×

Canode is theoretical specific capacity of anode; CSi and CC�T are theoretical specific

capacity of anode respectively, where CSi=4200mAh/g and CC�T=144mAh/g for

post-treated array and 104mAh/g for pristine array (The specific capacity of carbon

nanotube arrays are averaged from data in this study since it varies from lab to lab).
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Table 7.2 Comparison of actual capacities and theoretical capacities.

Actual Initial capacity

AC (mAh/g)

Theoretical initial

capacity TC (mAh/g)

Ratio
A

T

C
C

Composite CNT (30%Si) 882.6 1332 0.66

Composite CNT (Carbon+

thermal +33%Si)

866.7 1483 0.58

Composite

CNT(chlorine+30%Si+

carbon)

1363.2 1365 0.99

Table 7.2 compares the actual and theoretical capacity of different composite structure

containing about the same amount of silicon. A larger
A

T

C
C ratio means that there was a

larger silicon contribution to the capacity of the anode. The double shell structure has a

ratio close to 1, which means the deposited silicon in this condition almost reaches the

theoretical capacity 4200 mAh/g, partially due to the reduced SEI layer formation on

silicon under amorphous carbon protection. Another reason for the increase in silicon

contribution can be attributed to better electric contact provided by amorphous carbon.

Instead of silicon in contact with the battery shell, amorphous carbon connects the shell

with carbon nanotubes, leading to better overall conductivity. On the other hand, although

capacity retention of silicon on post-treated array anode is much better than pristine array,

the silicon contribution is still low due to SEI formation on silicon nano particles.
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In the lab, the weight of the copper foil current collector (Fig7.1) is about 30mg. In this

study, the weight of the anode was about 2.5mg. In other silicon-carbon composite anodes,

the binder can takes 10%~15% weight percent of the anode [53]. The elimination of using

current collector can improve the energy density of the anode by about 10 times.

Figure 7.1 Copper foil-most common current collector.

Table 7.3 presents the change of initial capacities change before and after including the

weight of binder and additives in calculation. Table 7.4 compares the change of initial

capacities before and after counting in the weight of current collectors. In the mixed CNT

Si composite in table 7.3, silicon was deposited onto vertically aligned CNT first. Then

the structure was destroyed and mixed with 50 wt% of binder and additives, resulting in a

much lower actual capacity. The capacities of other composites with CNT also decreased

in the calculation with considerable amounts of binder and additives. In table 7.4, the

SiNWs on Cu anode had only a third of the capacity when adding in the weight of Cu

collector. The capacity of commercial graphite anode also lost one fifth of the capacity

due to the current collector. Since the anode in this study did not use binder, any binder or

additives, the energy densities did not decrease from the perspective of the entire anode.
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Table 7.3 Comparison of capacities based on active material+binder and additives

Composite Anode
Binder and

additives

wt%

Initial capacities (active

material only) (mAh/g)

Initial capacities (active

material+binder and

additives) (mAh/g)

CNT (chlorine+30%Si+carbon) 0 1363.2 1363.2

Mixed CNT Si composite [50] 50 2050 1025

Mixed CNT, graphite and Si composite [66] 30 1800 1260

Randomly networked CNT in Si (1:9) [17] 15 2000 1700

Table 7.4 Comparison of capacities based on active material+current collector [67]

Initial capacities (active matieral

only) (mAh/g)

Initial capacities (active

material+current collector) (mAh/g)

CNT (chlorine+30%Si+carbon) 1363.2 1363.2

SiNWs on Cu 3000 500

Metal oxide on Cu 900 600

Sn on Cu 600 354

Cu-Sn alloy 350 191

Mesocarbon composite 340 317

Commercial graphite on Cu 372 271

From the view of the complete battery cell system, according to a report from Center for

Transportation Research in Argonne National Laboratory [16], the PVDF binder and the

copper current collector for the anode together can account for as much as 12.8% weight
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percent of the whole cell, as shown in Table 7.3. By eliminating the binder and current

collector, the energy density of the cell can be increased by around 10%. It indicates that

the anode structures in this study is very promising for potential applications and worth

further investigation.

Table 7.5 Estimated material weight percent of typical Li-ion cells [16].

High-Energy (100-A-h) Cell High-Power (10 A.h) Cell

Material/Component Quantity (g) Percent

by Weight

Quantity (g) Percent

by Weight

Anode material (graphite) 563.6 16.4 14.1 4.3

Binder (PVDF) 69.7 2.0

Current collector (Cu) 151.9 4.4 41.6 12.8
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8. Conclusions

� Current collector free, binder free lithium ion battery anodes produced from densified,

silicon coated, carbon nanotube arrays were studied in the research.

� Post-treatments decrease the G to D ratio of carbon nanotubes. Chlorine

post-treatment is effective in removing the iron impurity in as-produced carbon

nanotube arrays.

� Higher silicon content in the silicon CNT array composite results in faster fading

during cycling. Among all anodes in this study, composite CNT array

(chlorine+30%silicon+carbon) anode has the highest silicon contribution and best

capacity retention with an initial capacity of 1363mAh/g and a capacity of 982mAh/g

at 20th cycle.

� The energy density of the current collector free, binder free silicon CNT composite

anode is much higher than traditional anode, which is promising for future

applications in portable equipment and vehicles.
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9. Recommendations for future work

The study showed the great potential of densified silicon-CNT array anodes for lithium

ion batteries. However, the cycling stability of anodes produced using this technology

should be increased. The interface between silicon and carbon nanotubes needs to be

further explored. Methods to improve the bonding and coherence of the composite

structure should be developed. It is possible that some chemicals can be added during

deposition to anchor silicon onto carbon nanotubes. Also, physical and chemical

post-treatments of the composites may stabilize the structure to some extent. In addition,

the morphology of deposited silicon can be further optimized, especially along the height

of the array.

Though the double shell structure with amorphous carbon on top of silicon works better

than previous anodes in the study, the conditions such as the deposition time and pressure

need to be optimized. Once a thin the amorphous carbon covers the whole surface of each

silicon particle, the SEI layer formation on silicon surface can be reduced. Carbon

nanotubes and amorphous carbon together can provide silicon with ideal buffer to release

stress built-up during strain changes. The cycling behavior will then be further improved

with a decrease in irreversible capacity.

Another set of experiments should be conducted to purify the anode. Although iron can

be cleaned through chlorine post treatment, other impurities such as silicon dioxide,



93

calcium and aluminum can be induced during handling, which may have some effect on

the properties of the anodes.

In future studies, high rate performance of the silicon-carbon nanotube composite anodes

should be explored. Due to the highly aligned structure through the anode thickness, these

type of composite anodes are quite promising for high power batteries.
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