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A b s t r a c t 

Silicon based anodes are being proposed as one of the best options for next g e n e r a t i o n 

lithium-ion batteries, however they have certain drawbacks which are preventing t h e i r 

widespread use. In this research a silicon-carbon anode composite is made to mitigate t h e s e 

drawbacks. Silicon nanoparticles-carbon nanofiber 3-D matrix structure is made u s i n g 

electrospinning with further modification of carbon nanotubes and graphene oxide. T h e 

fabrication of the anode composite was largely but not entirely successful with p a r t i a l 

carbonization. Material characterization and electrochemical testing showed poor r e s u l t s . 

Anode composite achieved a specific capacity of 10 mAh during first discharge cycle. C o l u m b ic 

efficiency after 200 cycles was 9 5 % . 
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I n t r o d u c t i o n 

Clean energy systems like solar and wind have been growing in size and popularity a r o u n d 

the world, which has led to a strong demand for efficient storage technologies to p r o p e r l y 

utilize the energy systems. At the same time, significant efforts have been made to e l e c t r i f y 

the transport sector to reduce petroleum usage. Lithium-ion batteries {LIBs) have emerged a s 

the major energy storage technology for these applications. Moreover, LIBs are g e t t i n g 

increasingly popular in the portable electronic device market. LIBs have found application i n 

wide variety of markets and situations due to their environment friendly potential, r e l a t i v e l y 

high energy density and stable performance. The usage potential and popularity of LIBs as a 

secondary storage system when compared to other rechargeable batteries, such as n i c k e l 

metal hydride batteries, and nickel-cadmium is due to higher energy density, higher o p e r a t i n g 

voltages, lower self-discharge potential and lower maintenance [4, 7, 8]. Current c o m m e r c i a l 

LIBs heavily rely on graphite anode which cannot meet the increasing energy density d e m a n d , 

operation reliability and system integration arising from modern applications like smart g r i d s , 

portable electronic devices, and electric vehicles. The intrinsic specific capacity (372 mA h g 

1) of graphite anodes is low and they exhibit safety concerns due to lithium plating [9]. H e n c e , 

research on the next generation anode materials w i th  favourable characteristics like h i g h 

capacity, good charge/discharge potential, safe operation and low manufacturing costs h a v e 

attracted great interest in recent years [ 2 ] . 

Electrochemistry of Lithium-ion B a tt e r i e s 

A lithium-ion battery cell is made up of three primary components, an anode { n e g a t i v e 

terminal), a cathode {positive terminal), and electrolyte {non-aqueous liquid) which a l l o w s 

the flow of ions between the two  electrodes. Another component is the separator which is a 

porous polymeric film that separates the electrodes while enabling the exchange of l i t h i u m 

ions from one side to the other [ 1 0 ] . 

The majority of commercial Li-ion batteries employ insertion type electrodes wi th l i t h i u m 

metal oxides like LiCoO», LiNiO2, and LMn,O4 as cathodes and carbon materials like g r a p h i t e 

as anodes. Anodes and cathodes undergo insertion. The mechanism of the reaction works o n 

the migration of Li* cations being intercalated into and deintercalated out of the cathode a n d 

the anode (fig 1). During charge, Li* migrates from the cathode and intercalates into the a n o d e 
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while travelling through the electrolyte. During discharge, positive electrodes act as t h e 

source of lithium ions; Li* migrates from the anode to the cathode. For every Li* r e l e a s e d 

during the reaction, an electron is simultaneously released which then powers the e x t e rn a l 

circuit [4, 11 ] . 

Dischar e 

C a t h o d e 

C h a r g e 
C 

S e p a r a t o r N o n - a q u e o u s 
e l e c t ro l y t e 

Fig 1. Working mechanism of a lithium-ion battery showing the intercalation of li t h i u m - i o n s 
into the anode and cathode upon charge and discharge, respectively. Reprinted f rom { 4 ] . 

The half-reactions which are one component of reduction-oxidation reaction for the t w o 

electrodes can be written a s - 

for the cathode, LiMO2 + Li(1) MO2 <-> xLi* + xe --------- ( 1 ) 

and, for the anode, xLi* + xe + 6C <-> Li,Cs - - - - - - - - - - - - ( 2 ) 

Where, the cathode (LiMO») is composed of lithium metal oxides, with M being a t r a n s i t i o n 

metal and the anode is graphite. For LiMO2, during charging, the transition metal is o x i d i z e d 

from M* to M** and during discharging, reduced from M** to M* [11]. During initial c y cl i c 

reactions, a small amount of the electrolyte undergoes decomposition, which produces a fi l m 

on the surface of both electrode structures. This film is called solid electrolyte interphase { S E I ) 

and its formation is directly linked to proper functioning and longevity of the battery. A l t h o u g h 

initially, the SEI layer leads to irreversible loss of capacity in a cell, it crucially acts as a 

protective layer preventing further decomposition of the electrolyte while allowing for t h e 

diffusion of lithium during the discharging and charging processes [4, 11 ] . 
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Initial development of Li-ion B a tt e r i e s 

The rechargeable battery technologies that were in use before LIB like Ni metal hydride a n d 

lead-acid batteries had low energy densities which limited their future potential [12]. I n 

search for a higher energy density system, researchers were drawn to lithium because of i t s 

high reducing nature {-3.04 V vs standard hydrogen electrode) and low atomic m a s s . 

Theoretically, the small atomic radius of Li-ions gave a high diffusion coefficient when u t i l i z e d 

as the charge carrier and appeared to be a very promising solution for the high energy d e n s i t y 

and high-power requirements of portable energy storage devices [ 1 3 ] . 

Early development efforts for secondary {rechargeable) lithium batteries were l a r g e l y 

unfruitful owing to various reasons. The first commercial implementation of s e c o n d a r y 

lithium batteries appeared in the late 1970s to early 1980s, using TiS, and MoS; c a t h o d e s , 

and liquid organic electrolytes. However, operational issues, such as fire occurrences, q u i c k l y 

convinced researchers that there were issues preventing the safe and prolonged use of t h e s e 

lithium batteries. The main problem was associated with the Lithium anode. Due to its v e r y 

high reactivity, lithium metal easily reacts with the electrolyte forming a passivation layer o n 

i ts surface. The layer is known as solid electrolyte interface {SEI). Extreme cases could r e s u l t 

in shorting of the cell [ 1 4 ] . 

To achieve better cycle life and safety, eventually the replacement of the lithium metal w i t h 

a less aggressive anode material was identified as the best option. The strategy that w a s 

ultimately effective was depending on a brand-new idea that considered the combination o f 

two insertion electrodes, one of which could take lithium ions and function as the anode a n d 

the other of which could release lithium ions and function as the cathode. The strategy t h a t 

was ultimately effective was depending on a brand-new idea that took into account t h e 

combination of two insertion electrodes, one of which could take lithium ions and function a s 

the anode and the other of which could release lithium ions and function as the cathode [ 1 4 ] . 

The electrochemical process of the cell involved the transfer of lithium ions between the t w o 

intercalation electrodes. During charging, the anode {negative intercalation electrode) acts a s 

a lithium sink, and cathode {positive electrode) as a lithium source. The process is t h e n 

reversed upon discharge and cyclically repeated. This concept was first theorized in the l a t e 

1970s and practically demonstrated in the early 1980s [ 1 5 - 1 7 ] . 
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It would take another 10 years for the concept to reach a practical application when in 1 9 9 1 

Sony demonstrated a battery. The Sony battery featured a proper definition of e l e c t r o d e 

materials, with graphite as the anode and in lithium cobalt oxide as the cathode [18]. T h e 

cathode's function is crucial since it must be able to deliver lithium ions to ensure t h e 

electrochemical process and accept them back in a reversible way to ensure the b a t t e r y ' s 

longevity. LiCoO» provided these characteristics successfully. This cathode material was fi r s t 

described in 1980 [19]. This was a fundamental discovery, driving the success of t h e s e 

batteries. The carbon-based anode was found to be the most promising among all t h e 

direction of anode research. The success of the carbon anode was due to high reversibility o f 

lithiation/delithiation reactions. Carbon also had good theoretical capacity of 372 mAh g  a s 

well as low lithiation potential. Intercalation based graphite anode was first reported in m i d 

1970s [ 1 4 ] . 

Silicon A n o d e s 

At present, the conventional commercial graphite {Gr) anode materials are no longer c a p a b l e 

of meeting the requirements for high-performance LIBs due to relatively poor charge h o l d i n g 

capacity [20-22]. Silicon has appeared as a material of choice to make high p e r fo r m a n c e 

anode material because of i ts reasonable operating potential and natural abundance. T h e 

cost of production for both single crystalline and polycrystalline Si has dropped to a n 

acceptable range for electrode applications. It has a very high theoretical capacity of 4 , 2 0 0 

mAh/g on complete lithiation forming Li»»Sis. Si exhibits appropriately low discharge v o l t a g e 

of 0.4 V in average, successfully striking a balance between maintaining a reasonable o p e n 

circuit voltage and preventing a harmful lithium plating process [23]. Also, Si has o t h e r 

favourable properties, such as good environmental compatibility, relatively stable c h e m i c a l 

property, and low toxicity [ 7 ] . 

However, Si has some notable drawbacks in usage {see fig 2). During the l i t h i a t i o n / d e l i t h i a t i o n 

process, Si undergoes drastic volume expansion of around 360%, accompanied by large s t r e s s 

generation which has destructive consequences [24]. This results in three m a j o r 

consequences. (1) The structural integrity of the electrode is deteriorated due t o 

pulverization which increases gradually during repeated cyclic processes. (2) Interfacial s t r e s s 

leads to disconnection between electrode and current collector. (3) SEI {solid e l e c t r o l y t e 
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interface) layer forms, breaks and reforms continuously resulting in consumption of l i t h i u m 

ions. These processes combined instigate an accelerated electrode collapse and capacity fa d e . 

Furthermore, Si electrodes have poor electrochemical kinetics due to low intrinsic e l e c t r o n 

conductivity [23, 25, 2 6 ] . 

( a ) Ll t h l a tl o n 

• 
Many C y c l e s 

  •     

( b ) 
   

• ... . . . .. is 
( c ) 

• ... . . . ... 
 Silicon particles   Lithiated s i l ic on SEI   Current C o ll ec t o r 

Fig 2. Three distinct Si electrode failure mechanisms, a) electrode p u l v e r i z a t i o n , 
b} the entire electrode collapsing, and c) The SE/ layer is always breaking a n d 
growing continuously. Reprinted f rom [ 2 ] 

Mitigating the drawbacks silicon a n o d e s 

The obvious benefits of using silicon as anode material have been known for quite a while a n d 

multitude of efforts have been made to mitigate the critical drawbacks of Si anodes. S i n c e 

1990s, strategies which have been researched are utilizing nanoscale silicon, m a k i n g 

composites with buffer design for stress-relief, and accommodating volume expansion w i t h 

physical compartments. Simply put, the efforts can be classified as two criteria, first is the S i 

structure, such as 0-D Si nanoparticles, 1-D Si nanowires and 2-D Si thin films. Second c r i t e r i o n 

is about strategy of modification of Si. This includes different compositions, where Si i s 

combined with carbon composites, metals, metal oxides and other materials, and m a k i n g 

hierarchical structures like, yolk-shell, core-shell, embedding, etc. [ 2 6 ] . 
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Si nanostructure has been reported to show good electrochemical characteristics. M u l t i p l e 

articles have reported Si nanotube structures to have shown 80-85% capacity retention a f t e r 

50-100 cycles at different C-rates. The battery C-rate is a measure of the rate at which a 

battery's charge or discharge current is expressed in terms of its capacity, where l C 

corresponds to a current that charges or discharges the battery in one hour [27, 28]. A l t h o u g h 

various different Si nanostructures have shown good performance as anodes in l i t h i u m - i o n 

batteries, nanostructured Si materials on their own exhibit fast capacity fading, limiting t h e i r 

practical use [ 2 3 ] . 

The use of Graphene with Si is one viable option, it can improve the performance of t h e 

battery by improving the overall charge transportation mechanism [29]. S i/ G r a p h e n e 

composites can be fabricated through a few different methods, notably with s o n i c a t i o n 

followed by vacuum-filtration. However, most of the Si/graphene composites were fo u n d 

lacking in cyclic performance. One of the key issues to address using composite anodes is t h e 

weak carbon-Si structural interface. Si and carbon are associated with different v o l u m e 

changes during lithium-ion intercalation/de-intercalation. This can trigger rapid d e l a m i n a t i o n , 

especially at higher charge-discharge rates [23]. CNTs are the most popular 1D c a r b o n 

material for making composites. When added with Si they can improve the e l e c t r o c h e m i c a l 

properties of the composite. In a reported fabrication of Si-CNT composite as anode fo r 

lithium-ion battery, the CNT matrix was shown to accommodate the volume c h a n g e 

associated with SiNPs and enabled constant pathways for effective charge transport along t h e 

fiber axis. Hence, the electrochemical performance and electronic conductivity of t h e 

composite anodes can be enhanced by CNTs [23, 3 0 ] . 

SiNPs-Carbon nanofiber composite a n o d e s 

Three-dimensional nano-architectures like carbon nanofiber composites have a t t r a c t e d 

significant research interest for anodes in Li-ion battery as the structure provides s e v e r a l 

advantages. Studies have reported significant specific capacity improvement and better c y cl i c 

performance when SiNPs are deposited in carbon nanofiber matrix [ 2 3 ] . 

A 2009 study showed loading of Si nano particles in carbon nanofibers resulted in an a d v a n c e d 

anode composite which was able to absorb Si volume change effectively and exhibit g o o d 

electrochemical properties like large reversible capacity and high capacity retention [31]. A 
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2013 article used CNTs along with SiNPs in a carbon nanofiber matrix prepared b y 

electrospinning and reported that CNTs can further improve conductivity and e l e c t r o c h e m ic a l 

performance. At specific current of 300 mA g , the Si/CNT/nanofiber anode had 44.3% h i g h e r 

capacity than the anode without CNT after 30 cycles. The Si/CNT/ nanofiber anode also h a d 

better rate performance. A 2014 article used electrospinning to make s i l i c o n 

nanoparticle/porous carbon nanofiber composites with high silicon content {52wt.%). T h e 

composite exhibited good accommodation for Si volume expansion. Also, the carbon m a t r i x 

was found to minimize the direct exposure of Silicon to the electrolyte, resulting in b e t t e r 

structural stability. The anode had good stable cycling performance of 870 mAh g } a t 

0.1 A g a f t e r  100 cycles [32]. A 2021 article reported use of graphene oxide along with S i N P s 

and carbon nano fibres for making composite anodes. Electrospinning was used to m a k e 

silicon/reduced graphene oxide/carbon nanofibers composite. The Graphene modified l a y e r 

was made as additional buffer for SiNP volumetric expansion of silicon nanoparticles, and t o 

enhance the electrical conductivity. This composite anode had good cyclic stability a n d 

superior rate performance. After 100 cycles, it maintained a specific capacity o f 

929 mA h g w i t h  83.1% retention at 0.5 A g }. The rate capability was 1003 mA h g} a t 

2 A g } [33 ] .  All the composite anodes with 3-D carbon nano fibres require stabilization a n d 

carbonization at moderately high and high temperatures respectively to attain the c a r b o n 

fibre matrix and stable s t r u c t u r e . 

O b j e c t i v e 

The primary objective of the research is exploring a method to fabricate Si NP-CNF c o m p o s i t e 

anodes with focus on simplicity and using minimal specialized equipment. The p r o c e d u r e 

should be a replicable process which can be reliably followed in a lab. Second objective is t o 

successfully incorporate a triple modification in the composite fibre with SiNP, CNT and G O 

with the possibility of making mass percentage adjustments to each modifier. Third o b j e c t i v e 

is to successfully test and characterize the anode material to find out material structure a n d 

electrochemical p e r fo r m a n c e . 
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Experi men ta I 

M a t e r i a l s 

Silicon powder {crystalline, APS 5 0 n m ,  thermo scientific), carbon nanotube { m u l t i - w a l l e d , 

50-100 nm diameter, >5um length, Tokyo chemical industry co., ltd.) and graphene o x i d e 

powder (powder, 15-20 sheets, 4-10% edge oxidized, Sigma-Aldrich) were used in the fi r s t 

part of the fabrication. Polyacrylonitrile {molar mass 53.06 g/mol), Pluronic F - 1 2 7 

(poly(ethylene oxide)zo-b-poly(propylene oxide)7o-b-poly(ethylene oxide)zo) and d i m e t h y l 

formaldehyde were used in the second part of the fabrication. Lithium h e x a fl u o r o p h o s p h a t e 

solution in ethylene carbonate and dimethyl carbonate {Sigma-Aldrich), fl u o r o e t h y l e n e 

carbonate {Sigma-Aldrich) were used in cell a s s e m b l y . 

Production of anode m a t e r i a l 

The anode is a SiNPs-carbon nanofiber composite anode with addition of graphene oxide { G O ) 

and carbon nanotubes {CNTs) to the composite matrix. The finished anode has a c o m p l e x 

structure which can withstand volumetric change of SiNPs and exhibit e x c e l l e n t 

electrochemical properties. The process of anode fabrication is divided in three parts. T h e 

first part includes a sequence of procedures which gives us a homogenous mixture of S i N P s 

and carbon nanotubes with graphene oxide and is labelled as SiNP/CNT/GO. The second p a r t 

includes a sequence of procedures which combines the polyacrylonitrile fibres {PANF) w i t h 

the SiNP/CNT/GO mixture in a way that the mixture is homogenously loaded in PANF. T h e 

resulting fibrous material is labelled as SiNP/CNT/GO@PANF. The third part includes t h e 

stabilization and carbonization of SiNP/CNT/GO@PANF to convert polyacrylonitrile fi b r e s 

{PANF) to carbon nano fibres {CNF) and reduce the graphene oxide to get the a n o d e 

composite which is labelled as S i N P / C N T / r G O @ C N F . 

1. Preparation of S i N P / C N T / G O 

First, a homogenous suspension of SiNPs and CNTs was obtained. lg silicon powder and 0 . 3 g 

carbon is mixed in 100ml absolute ethanol. This mixture is then ultrasonicated for lh on a 

Qsonica QS00 ultrasonicator at 20% amplitude to obtain a homogenous suspension of S I N P - 

CNT (fig 3). Sonication is a process that involves using high-frequency sound w a v e s 

13 

� 



{ultrasound) to agitate and disrupt particles, cells, or materials in a liquid medium. It i s 

commonly used in various scientific and industrial applications, including sample p r e p a r a t i o n 

and dispersion of nanoparticles [34]. The graphene oxide dispersion was obtained by m i x i n g 
I 

Fig 3. Ultrasonication of SiNPs and C N T s Fig 4. Bath ultrasonication G O 

0 . l g  of graphene oxide powder with 50 ml deionized water and dispersing the graphene o x i d e 

with a cold-water bath ultrasonication on an Elma Schmidbauer ultrasonicator {45 kHz, 8 5 % 

amplitude) (fig 4 ) . 

The SiNP-CNT homogenous suspension is then mixed with GO solution while under m a g n e t i c 

stirring. The new SiNP-CNT-GO suspension is then left in a temperature-controlled oven a t 

Fig 6. The SiNP-CNT-GO suspension i n 

the oven on a magnetic s t i r r e r . Fig 5. S i N P / C N T / G O 

1 4 



80°C while being continuously stirred using magnetic stirring (fig 5). This evaporates all t h e 

liquid leaving only a powdered mixture behind which is SiNP/CNT/GO (fig 6 ) . 

2. Preparation of S i N P / C N T / G O @ P A N F 

The previously obtained SiNP/CNT/GO was mixed with polyacrylonitrile {PAN) and Pluronic F - 

127 in dimethyl formaldehyde {DMF) to get a homogenous viscous solution. PAN d i s s o l v e d 

in DMF has been widely used to make nanofibers. The PAN fibres are the precursor to c a r b o n 

nanofibers {CNF) [35]. Pluronic F-127 is used as a dispersant to evenly disperse SiNPs in t h e 

SiNP/CNT/GO-PAN-DMF liquid solution. The use of dispersants to avoid coagulation of S i N P s 

and as a result enhance performance has been reported before. Wang et al. [32] used F - 1 2 7 

to make a uniform silicon nanoparticle/porous carbon nanofibers free standing anode for I i - 

ion batteries. The use of dispersant enabled uniform distribution of SiNPs in the p o l y m e r 

fibres and was associated with improved cyclic stability. Yan et al. [33] reported the use o f 

P123 to make SiNP-Carbon nanofiber anode with dual m o d i fi c a t i o n . 

0.92g of SiNP/CNT/GO, 1.46g of PAN and 0.7g of P127 was mixed in 20ml of DMF. The m i x t u r e 

was magnetically stirred at 60 °C for 8 hours in a temperature-controlled chamber. T h e 

resulting viscous liquid is used for electrospinning. Electrospinning is a n a n o fa b r i c a t i o n 

technique used to produce ultrafine fibres ranging from tens of nanometres to a f e w 

micrometres in diameter. It involves the use of an electric field to draw a charged p o l y m e r 

solution into an extremely thin fibre, which solidifies upon collection [ 3 6 ] . 

Electrospinning is a popular method to fabricate PAN nanofibers. Electrospinning of PAN t o 

make nanofibers followed by stabilization and carbonization to fabricate carbon nanofibers i s 

a very well reported and understood process [35, 37]. Electrospinning of the viscous s o l u t i o n 

was done in a vertical orientation on Bioinicia Spinbox bench-top electrospinning m a c h i n e . 

The liquid was dispensed from a plastic syringe through a thin tube with a blunt metal n e e d l e 

connected to the end. The electrospinning parameters are noted in table 1. The r e s u l t i n g 

nanofibers were collected on aluminium foil {flat plane collector) as shown in figure 7 {a) a n d 

(b) labelled as S i N P / C N T / G O @ P A N F . 
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Table 1. Electrospinning p a ra m e t e r s 

Spinning d i s t a n c e 12.0 c m 

Vertical d i s t a n c e 1 1. 6 c m 

Feed r a t e 0.5 m l/ h 

Total feed v o l u m e 15.0 m l 

Electric fi e l d 17.0 k V 

N e e d l e 1.20 x 40 mm {dia. x l e n g t h ) 

Fig 7. (a) Electrospinning of PAN fibres (b) Collected PAN n a n o f i b e r s 

3. Preparation of S i N P / C N T / r G O @ C N F 

Collected nanofibers on the previous step labelled as SiNP/CNT/GO@PANF are treated u s i n g 

a 2-step procedure of firstly stabilization and then carbonization. This is a well u n d e r s t o o d 

procedure to convert polyacrylonitrile {PAN) nanofibers into carbon nanofibers. S t a b i l i z a t i o n 

is a crucial stage in transforming PAN fibres into high-performance carbon fibres. D u r i n g 

stabilization, the precursor fibres are exposed to temperatures between 200 to 300 °C fo r 

over an hour in the presence of air [38, 39]. This process leads to significant changes in t h e 

fibres' chemical structure, imparting them with thermal stability. As a result of v a r i o u s 
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reactions, such as cyclization, dehydrogenation, aromatization, oxidation, and c ro s s l i n k i n g , 

the triple bond (C=N) in PAN is converted into a double bond (C=N). Consequently, the l i n e a r 

PAN chains are transformed into cyclic or ladder-like structures, ensuring the fibres' t h e r m a l 

stability and preventing melting during subsequent carbonization [ 3 9 ] . 

Conventionally, following stabilization, the PAN fibres undergo carbonization at t e m p e r a t u r e s 

ranging from 800 to 1500 °C in an inert atmosphere, often using nitrogen (Na) or argon ( A r ) 

gases [40]. Carbonization serves to eliminate non-carbon elements in the form of d i ff e r e n t 

gases. During this process, the fibre diameters shrink, and the fibres experience a weight l o s s 

of approximately 50%. It is important to note that a continuous flow of inert gas is used t o 

eliminate additional gases and non-carbon elements emitted during the procedure [6, 4 1 ] . 

For this research, the stabilization procedure was carried out by placing the fibres in an o v e n 

at room temperature and the temperature was gradually increased at the rate of 1 °C p e r 

minute until it reached 270 °C at which point the fibres were kept at 270 °C for 1 h. T h e 

gradual increase of temperature is important to make sure that fibres do not e x p e r i e n c e 

thermal shock which could be detrimental to the structure. It is to be noted that s o m e 

unwanted changes to the structure of the composite fibres could happen, notably u n w a n t e d 

reactions of silicon nanoparticles are possible at these temperatures to form SiO2. A 

rectangular piece of fibre was cut before stabilization as a control specimen to see the e ff e c t 

of stabilization on the weight of the fibres. The fibres' weight decreased by 20.5% a f t e r 

stabilization. The stabilized fibre can be seen in fig 8 . 
, 

Fig 8. Stabilized composite f i b r e 
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The carbonization procedure undertaken was significantly different from the c o n v e n t i o n a l 

process. Normally, specialised cylindrical quartz chamber is used to place the e l e c t r o d e 

material with opening on both sides to facilitate constant flow of inert gas. This q u a r t z 

chamber is kept inside a specialised oven to achieve high temperatures of over 800 °C fo r 

several hours. A basic schematic of this is shown in fig 9 . 

A s - s p u n 
nano fi b e r s 

F ur n a c e 
Gas fl o w i n g 

Fig 9. Basic schematic of a typical carbonization process. Reprinted f rom { 5 ] 

However, for this research an alternate technique was devised to explore a simpler and m o r e 

cost-effective way and due to the lack of specialised carbonization equipment. A boron g l a s s 

flask with a single valve head was used. The fibres were placed inside the glass flask and t h e 

flask was then flushed alternatively with vacuum and argon gas to eliminate as much air a s 

possible as seen in fig. 10&11. The glass head was then closed. The glass flask was then p u t 

inside a temperature-controlled oven at room temperature and the temperature w a s 

increased at the rate of 3 °C per minute until it reached 500 °Cat which point it was held a t 

500 °C for 1 h. The carbonization process was different is several ways. Firstly, it was n o t 

possible to make sure that all air had been eliminated from the glass flask. There was n o 

constant flow of Ar to eliminate all the unwanted gases from the carbonization chamber. T h e 

carbonization process itself was restricted to 1 h as carbonization times of longer than 1.5 h 

resulted in a significantly degraded product. The temperature of carbonization was kept a t 

500 °C instead of 800 °C and above because the glass flask could not endure h i g h e r 

t e m p e r a t u r e s . 
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Fig 10. Glass flask wi th electrode m a t e r i a l 
inside (wrapped in a f i lm of co p p e r ) 

Fig 11. Setup to flush the glass flask w i t h 

vacuum and a r g o n . 

The carbonization process also reduces the graphene oxide {GO) converting it to r e d u c e d 

graphene oxide (rGO). The resulting carbonised fibre was labelled as SiNP/CNT/rGO@CNF a n d 

can be seen in fig 12. After carbonization, fibre's weight further decreased by 1 1. 3 % . 

Fig 12. Carbonized composite f i b r e 
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Fabrication of working half c e ll s 

1. Mass loading and electrode p r e p a r a t i o n 

Mass loading refers to how much mass of each electrode should be present in the w o r k i n g 

half-cell based on the theoretical capacity calculations. Since the reference electrode is t h e 

anode, hence, the theoretical capacity of the counter electrode {cathode) should be l a r g e r 

than that of the presumed theoretical capacity of the anode. For half cells, lithium discs w e r e 

used as the cathode (fig 13). Lithium discs were 16mm in diameter, 1mm thick with a d e n s i t y 

of 0.534 g/cm• Anode half-cell are constructed for testing anode parameters in specific. I n 

anode half-cell, reaction at anode is of concern for the electrochemical properties. In t h i s 

configuration, lithium metal is used as the counter electrode because it does not i n t r o d u c e 

any extra cathode specific reactions. This configuration is preferred for testing a n o d e 

parameters specifically because in a full cell both anodic and cathodic reactions are r e q u i r e d 

to be studied and electrochemical performance is determined by relation between r e a c t i o n s 

of both electrodes [42, 43]. In case of lithium half cells with silicon-carbon composite a n o d e , 

the acceptable range for the anode mass loading is around 1-5 mg/cm [44]. For this r e s e a r c h , 

freestanding anodes of 10mm diameter were punched from SiNP/CNT/rGO@CNF sheets { fi g 

14). Since electrospun fibre sheets had different thickness at different points, a range o f 

thickness was seen in final electrodes as well. The thickness of the electrodes used was in t h e 

range of 0.23-0.37 mm with the weight of 1.50-2.96 mg. This equates to a mass loading r a n g e 

of 1.91-3.77 m g / c m . 

Fig 14. 16mm Li disc as ca t h o d e 

Fig 13. 10mm anodes punched f rom the f ibre s h e e t s . 
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2. Cell a s s e m b l y 

Cells are assembled using the reference electrode and the counter electrode in a CR2032 c e l l 

assembly {Xiamen TOB new energy technology). The electrolyte used was l i t h i u m 

hexafluorophosphate solution in ethylene carbonate and dimethyl with 5% fl u o r o e t h y l e n e 

carbonate added by volume (1.0 M LiPFs in EC/DMC 1:1 + 5% FEC). The separator used w a s 

25um polypropylene separator cut into 20mm diameter film {Xiamen TOB new e n e r g y 

technology). The cell assembly took place in a glove box (fig 15&16) with the upside d o w n 

method, where the assembly starts from the negative side {small casing) on bottom a n d 

finishes with the positive side on top {larger casing) (fig 1 7 ) . 

Fig 15. Glove b o x 
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Cathode C a s e 

S p r i n g 

Cathode S p a c e r 

C a t h o d e 

S e p a r a t o r 

A n o d e 

Anode S p a c e r 

Anode c a s e 

Fig 17. Schematic of cell assembly, reprinted f rom [ 1 ] 

Material C h a r a c t e r i z a t i o n 

Material characterization was done by performing Raman Spectroscopy and F o u r i e r 

Transform Infrared Spectroscopy (FT-IR). These tests were performed on the a n o d e 

composite SiNP/CNT/rGO@CNF. Raman spectroscopy is a non-destructive a n a l y t i c a l 

technique used to investigate vibrational, rotational, and other low-frequency modes o f 

molecules. For our purposes, Raman spectroscopy can reveal information on molecular b o n d s 

present in the composite, which are then analysed to determine whether or not d e s i r a b l e 

molecular bonding and structure is present in the composite [45]. FT-IR is also used to s t u d y 

molecular vibrations in various types of samples. It can provide valuable information a b o u t 

the chemical composition, molecular structure, and bonding of a sample. For this r e s e a r c h , 

determining chemical composition is primary purpose of employing this technique [46, 4 7 ] . 

Results and d i s c u s s i o n 

Raman s p e c t r o s c o p y 

Results of Raman spectroscopy from a similar previous study are shared as reference a l o n g 

wi th the results from this study. Fig 18 shows the Raman spectra of both stabilized a n d 

carbonized composites. Fig 19 shows the reference Raman spectra of a c a r b o n - s i l i c o n 

composite. The sharp peak at 512 cm} correspond to the stretching of Si-Si b o n d s . 
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Amorphous carbon is indicated by the presence of the D-band (representing disorder) at 1 3 5 5 

cm  and the G-band (indicative of graphitic structures) at 1597 cm} ,  both these b a n d s 

confirmed the presence of CNTs and GO in the composite. A small peak at 957 cm} was d u e 

to the stretching mode of amorphous Si-Si [28, 48]. The detection of peaks related to b o t h 

silicon and carbon indicated to the successful creation of the Si-C composite. The ratio o f 

integrated intensities between the D and G bands for the Si-C composite samples is s u p p o s e d 

to decrease after successful carbonization. In the reference graph, the decline in the D/G r a t i o 

as temperature increases in the graph implies an augmentation in the graphitic quality as t h e 

temperature rises. As a result, this enhances the conductivity of the electrode material [ 3 , 

4 9 ] . 

1 2 
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Fig 18. Raman spectroscopy on stabilized and carbonized co m p o s i t e . 
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Fig 19. Raman spectroscopy (for reference) on a carbon-silicon anode. Reprinted f rom { 3 } 

Fourier Transform Infrared Spectroscopy ( FT - I R ) 

FT-IR was done on the carbonized composite. The results of the FT-IR are presented as a g r a p h 

in fig 20. For reference FT-IR of carbonized PAN nanofibers at different temperatures is s h o w n 

in fig 21. In fig 20 The characteristic bands at 1065 and 800 cm-1 correspond to the s t r e t c h i n g 

and bending of Si-O bonds, respectively. The arrangement and form of the primary S i - O 

vibrational peak at 1065 cm-1 indicate a silicon dioxide structure [50]. The small peaks at 1 7 1 8 

and 1556 cm*} suggest presence of graphitic structures of carbon which can be a s s o c i a t e d 

wi th CNTs and rGO. A range of peaks between 2157 and 2361 cm-1 are associated wi th C N T s 

as found out by FT-IR analysis on CNTs done during the research. The carbonyl group i n d i c a t e d 

at 3448 cm-1 is associated wi th the stretching vibration of O-H in the C-OH groups, i n d i c a t i n g 

the presence of water content in the composite [51, 5 2 ] . 

The peaks found at 2890-2990 cm} ,  1390 cm} ,  and 1228 cm } correspond to the v i b r a t i o n s 

of aliphatic CH groups (CH, CH2, and CH3). In fig 21, as the temperature of carbonization r i s e s , 

the strength of the peak originating from CH2 at 2921 and 2851 cm diminishes.  It is i m p o r t a n t 

to note that this suggests lack of these particular peaks {2890-2990 cm-1) suggests c o m p l e t e 

carbonization of PAN fibres, causing the hydrocarbons to transform into a graphitic s t r u c t u r e 

[6, 53, 5 4 ] . 
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Fig 21. FT-JR of PAN fibres (for reference) at 1000, 1200, and 1400 ° C , 
denoted as Cl,  C2, C3, respectively. Reprinted f rom { 6 } 
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Electrochemical t e s t i n g 

The assembled CR2032 cells underwent electrochemical testing to calculate key p e r fo r m a n c e 

parameters. The testing method used was Galvanostatic Charge-Discharge { G C D ) . 

Galvanostatic charge-discharge experiments involve observing the voltage reaction w h i l e 

applying a constant current. This method is highly effective for evaluating the c a p a ci t y , 

reversibility, stability of electrode materials. The goal of GCD testing is to gather i n fo r m a t i o n 

about the battery's capacity, voltage profiles, energy efficiency, and other e l e c t r o c h e m i c a l 

characteristics under specific current conditions. During charging phase, a constant current i s 

applied to the battery via an external circuit. This means that a steady flow of electrons i s 

introduced into the battery, causing lithium ions to migrate from one electrode {cathode) t o 

the other electrode {anode) through the electrolyte. During charging, the voltage across t h e 

battery increases gradually. During discharging phase, the current direction is reversed, a n d 

the battery is discharged at the same constant current. During discharging, the voltage a c r o s s 

the battery gradually decreases as the stored energy is released and the lithium ions m o v e 

back from the anode to the cathode through the electrolyte. By monitoring the voltage a n d 

t ime during both the charge and discharge phases, valuable information about the b a t t e r y ' s 

behaviour can be obtained. Important parameters calculated and studied in this research a r e 

capacity-voltage profiles, cyclic performance and coulombic efficiency [55, 5 6 ] . 

GCD measurement requires a constant current value and terminal voltage, at which t h e 

current direction wil l  be inverted. A typical single discharge-charge cycle, wi th  an a p p l i e d 

current is shown in Fig a. A typical voltage-capacity profile is shown in fig b, where Ei and E > 

are terminal voltage, E± is anode peak voltage and Ea is cathode peak voltage. It appears as a n 

oblique line wi th a roughly recognizable plateau. For anode materials that act as acceptors o f 

charge carriers, Coulombic Efficiency {CE) denotes the proportion to which inserted c h a r g e 

carriers can be effectively extracted and can be expressed as a percentage of charge t o 

discharge capacity. This measurement is linked to the relationship between the capacity fo r 

charging and discharging. Given the finite quantity of charge carriers present within b a t t e r i e s , 

any reduction due to factors like electrolyte decomposition typically cannot be regained. A s 

a result, CE plays a crucial role in evaluating the longevity of batteries concerning t h e i r 

sustained charging capability. Cyclic performance is the observation of change in c h a r g e 
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capacity and discharge capacity over number of cycles. The present practice in measuring G C D 

typically involves standardizing the current with respect to the active material's mass or t h e 

electrode's surface area. This choice depends on whether the focus is on gravimetric c a p a c i t y 

or areal capacity. In half-cell experiments, the gravimetric capacity {measured in mAh p e r 

gram) is frequently employed and was used for this research. The current is adjusted to a 

specific current value {expressed in units of mA/g) [57, 5 8 ] . 

( a )  D ) 

 
 0 
 
G 

- l - - - - - - - - - - - - - 

T i m e C a p a c i ty 

Fig 22. (a) Current profile f o r  charge-discharge, (b) typical voltage vs capacity curve, reprinted f ro m 
{ 5 7 ] . 

GCD testing was done on Neware CT-4008T-5V10mA-164 battery testing system designed t o 

measure coin cell electrochemical data. The upper and lower terminal voltage was set as 2 V 

and 0.05 V. The applied specific current was 100 mA/mg. The electrochemical data is t h e n 

plot as graphs. In fig 23, the specific capacity-voltage profiles revel the typical c h a r g e 

discharge curves. The initial discharge capacity was 10.3 mAh while the initial charge c a p a ci t y 

was 1.4 mAh. In fig 23, The disparity between initial discharge capacity and the initial c h a r g e 

capacity is the irreversible loss. From looking at the charge-discharge profiles it can b e 

deduced that the cycling window for the GCD test was not precise enough and hence r e s u l t e d 

in incomplete charge cycles for almost entirety of the test duration. The initial c o u l o m b i c 

efficiency was 14%. In fig 24, coulombic efficiency of the second cycle was 51% and it g r a d u a l l y 

increased to 94% by the 200 cyc l e .  Similarly, in fig 25, the charge capacity cyclic p e r fo r m a n c e 

also increased over the lifetime, initially it was 1.4 mAh with a considerable d i ff e r e n c e 

between it and discharge capacity but they even out by the end of the test to a value of 3 . 5 
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mAh. Compared to similar anodes from other research, the initial CE was considerably l o w e r . 

CE becomes comparable to other research after 200 cycles. Initial specific capacity { b o t h 

charge and discharge) as well as specific capacity throughout the life of the anode was fo u n d 

to be a mere fraction of what similar anodes have achieved [24, 30, 3 3 ] . 

2 .5 0 

0 . 0 0 

2 . 0 0 

+ - - S O t h  C h g 

' ---- ' - - S O t h  D i s 
vi 1. 5 0 > 
 - - 1 0 t h  C h g 
QJ 

- - 1 0 t h  D i s tlO 
ro 
+ 1. 0 0 
0 - - 2 n d  C h g > 

- - 2 n d  D i s 

0 .5 0 - - 1 s t  C h g 

- - 1 s t  D i s 

0 . 0 0 2 . 0 0 4.00 6.00 8 . 0 0 

Specific Capacity ( m A h / g ) 

10. 0 0 1 2 . 0 0 
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Fig 25. Specific Capacity vs Cycle n u m b e r 

The composite anode cells achieved a first cycle discharge specific capacity of 10.3 mAh a n d 

a first cycle charge capacity of 1.4 mAh. The formation of SEI layer results in permanent l o s s 

of charge during the first discharge cycle. Although, this does not sufficiently explain the l a r g e 

difference between the first discharge and charge cycle capacity. Looking at the c a p a ci t y - 

voltage profiles it can be understood that the voltage cycling range for the GCD testing w a s 

the optimum for charge cycles. This resulted is partially incomplete charge c y cl e s 

exaggerating the difference between first cycle discharge and charge capacities. As the c y cl e 

number increases more and more of cycling data for charging enters the voltage r a n g e 

increasing the charge specific capacity. Towards the end of the cyclic testing, charge a n d 

discharge capacities are even and show an expected behaviour. The anode sustained a 

discharge capacity of 3.5 mAh and a columbic efficiency of 95% after 200 cycles. Hence, it c a n 

be concluded that the cyclic performance and columbic efficiency of the anode is fairly t y p i c a l 

of this kind of anode [59]. However, it is obvious that the anode exhibited a very poor s p e c i fi c 

capacity throughout the cycling. The specific capacity expected was much larger hence a 

further look into material structure and fabrication process is required to understand t h e 

reason behind the poor electrochemical p e r fo r m a n c e . 
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FT-IR analysis results provide crucial evidence about unexpected material structure. In F T - I R 

analysis (fig. 20) the vibrational peak at 1065 cm } confirms significant presence silicon d i o x i d e 

which is highly unwanted for the material structure. The peak at 3448 cm  indicates t h e 

presence of water content in the composite which is also not expected in a carbonized C N F 

sample. However, the most important indication of poor carbonization are the peaks fo u n d 

at 2890-2990 cm • From the reference FT-IR graph (fig. 21) it is understood that these p e a k s 

are important indication of complete carbonization of PAN nanofibers. As nanofibers u n d e r g o 

carbonization these peaks are significantly diminished. Moreover, they continue to d i m i n i s h 

as the temperature of carbonization rises, causing the hydrocarbons to transform into a 

graphitic structure. In fig 20, the peaks at 2890-2990 cm} are still very much p r o m i n e n t 

confirming the incomplete carbonization of PAN nanofibers in the anode composite. It can b e 

understood that the combination of significant presence of SiO> as well as i n c o m p l e t e 

carbonization of PAN fibres result in extremely poor electrical conductivity and charge h o l d i n g 

capacity. Moreover, since the SiNPs and CNTs are embedded in the fibre structure, p o o r 

conductivity restricts the electrical pathways to these elements resulting in even w o r s e 

performance than what would be expected from these elements alone even without the fi b r e 

structure. In Raman analysis (fig 18) the ratio of integrated intensities between the D and G 

bands for the Si-C composite is supposed to decrease after successful carbonization. T h e 

decline in the D/G ratio as temperature increases implies an increase in the graphitic n a t u r e 

and conductivity of the material as the temperature rises. However, visually analysing, n o 

noticeable decrease in the D/G ratio is observed between the stabilized and the c a r b o n i z e d 

material. This indicates that the graphitic nature of the material did not increase as it w a s 

expected. To understand the poor material structure fabrication process is required to b e 

e x a m i n e d . 

As it is already explained, the carbonization/calcination process used in this research d i ff e r s 

significantly from the conventional process. The maximum carbonization t e m p e r a t u r e 

achieved was 500°C which is significantly less than well reported figure of suggested 8 0 0 - 

1200°C for PAN fibres and 800-900°C for Si-CNF composites. The carbonization t ime a t 

maximum temperature was only 1 h instead of suggested 3-4 h. These factors in c o m b i n a t i o n 

resulted in partial carbonization. Conventional procedure of carbonization uses a c o n s t a n t 

3 0 

������� 



flow of inert gas through the chamber to eliminate gases released during the process. T h i s 

procedure used a glass flask with inert gas inside it .  Presence of air was kept to a m i n i m u m , 

but it was still present. Exhaust gases from the process had no reliable mechanism to e s c a p e 

the chamber. This resulted in formation of SiO» and might have altered the material s t r u c t u r e 

in other ways through interaction with exhaust gases. It can be deduced that the i n a d e q u a ci e s 

in the carbonization/calcination procedure caused poor material structure a n d 

electrochemical p e r fo r m a n c e . 

Conclusion and future w o r k 

The primary objective of the research was to explore an anode chemistry for S i N P - C N F 

composite anodes that can be fabricated easily with minimal specialized equipment and h a v e 

a replicable process which can be reliably followed in a lab. Second objective was t o 

successfully incorporate a triple modification in the composite fibre with the possibility o f 

making mass percentage adjustments to each modifier. Third objective was to s u c c e s s f u l l y 

test and characterize the anode material with expectation of good e l e c t r o c h e m i c a l 

p e r fo r m a n c e . 

The research led to a successful fabrication of a triple modification composite fi b r e 

SiNP/CNT/GO@PANF. The fabrication process of composite fibre was largely devoid o f 

complicated machinery and procedures apart from the use of electrospinning machine. T h e 

fabrication of SiNP/CNT/GO@PANF was done in a simple to follow and replicable 2 steps a s 

explained in part 1 and 2 of section 'construction of anode material'. These steps p r o v i d e 

large control over customizing the quantities of modifiers, Si NP, CNT, and GO. Different m a s s 

percentage of SiNPs can be tried to explore and study effects of SiNP on overall a n o d e 

performance. The fabrication process can also be used as a template to experiment with o t h e r 

composite anode chemistries with CNFs. Through trial and error, an optimum viscosity fo r 

precursor homogeneous mixture liquid to electrospinning along with o p t i m u m 

electrospinning parameters were also devised, which can be helpful for anyone f u r t h e r 

exploring this process or working on similar anode chemistry. However, the third step o f 

fabrication process to make SiNP/CNT/rGO@CNF was found to have various s h o r t c o m i n g s . 

The carbonization temperature was too low and there was no flow of inert gas in t h e 

3 1 

� 



chamber. These shortcomings led to unwanted material structure and poor e l e c t r o c h e m i c a l 

p e r fo r m a n c e . 

Unfortunately, the research did not lead to the fabrication of a completed working a n o d e 

wi th good electrochemical performance as described in the primary objective, hence, p r i m a r y 

objective was only partially achieved. The second objective was completely achieved a s 

composite fibre had a successful triple modification. The third objective was also only p a r t i a l l y 

achieved as tests were successfully done to determine material structure and to t e s t 

electrochemical performance but results for both tests were very p o o r . 

The future for silicon-based anodes is extremely promising and SiNP-CNF composite b a s e d 

anodes have enormous potential. There is a lot of ongoing research in this area, and it i s 

expected to continue in the near future. There is no reason to believe that the c o m p o s i t e 

anode material SiNP/CNT/rGO@CNF is not a viable option for next-generation Ii-ion b a tt e r i e s . 

As discussed above the poor performance of the composite in this research is due to t h e 

inadequate carbonization procedure and the performance ceiling of this composite m a t e r i a l 

as anode is expected to be very high. The research can be continued wi th a complete r e v i s i o n 

of carbonization procedure by making necessary adjustments to eliminate the p r o b l e m s 

discussed above. Any future work should also include different mass p e r c e n t a g e 

concentrations of SiNPs in the composite and their effect on material and e l e c t r o c h e m i c a l 

performance of the anode. Mass percentage of CNT and GO could also be changed fo r 

exploring best possible balance between theoretical capacity and electrical conductivity. G C D 

testing procedure and voltage window for the tests are also required to be explored f u r t h e r 

to find the best voltage testing window for the anode composite. Energy dispersive X - R a y 

{EDX) analysis and Scanning Electron Microscopy {SEM) imaging were also done on the a n o d e 

composite during the research, but their results did not arrive in t ime to publish in the t h e s i s . 

EDX and SEM can reveal crucial information about the material structure and any future w o r k 

is encouraged to employ these t e c h n i q u e s . 
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