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A b s t r a c t 

The need of developing better and improved charge storage system is inevitable and silicon i s 

seen as the best option for making new lithium-ion batteries because of its high s p e ci fi c 

capacity of almost 4200 mAh/g. In addition, the silicon anodes are safer to use than c u r r e n t 

system. However, using silicon in batteries has its challenges such as formation of an u n s t a b l e 

electrolytic layer during the charge -discharge cycles and it swells and breaks during l i t h i a ti o n 

of i o n s . 

In this research, the technique of developing Si Nanoparticles {Si NP) with carbon c o m p o s i t e 

is explored. A cage of graphene which is a special kind of carbon is formed around Si NPs. T h i s 

cage gives enough room for the silicon to expand making it capable to handle the stress d u r i n g 

lithiation of ions. The graphene also forms a network in the form of Graphene n a n o s h e e t 

{GNS) that helps in enhancing the conductivity. This special structure makes the silicon w o r k 

better in the b a tt e r y . 

It was found that the first charge cycle exhibited a specific capacity of 315.3 mAh/g and t h e 

first discharge cycle showed a capacity of 7.4 mAh/g which further reduced to around 2 m A h / g 

over 100 cycles. In addition, SEM imaging showed no presence of GNS. The battery made t h i s 

way has potential to show very high specific capacity over several cycles, but the e x p e r i m e n t a l 

technique requires appropriate composition of constituents and precise environment fo r 

a s s e m b l y . 
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1. I n t r o d u c t i o n 

As the society is growing the demand of energy is also increasing. The recent instability in t h e 

world has exposed the vulnerable energy market and i ts dependency on fossil fuel. The fo s s i l 

fuel is convenient yet imposes the threat of pollution, greenhouse effect, use of fossil fuel a s 

arms to manipulate the world order and several other issues. These threats have m o ti v a t e d 

the society to move towards renewable sources of energy like solar, wind etc. However, o n e 

of the major challenges faced in implementation of renewable energy is its inability to be a 

consistent source of energy supply. The renewable source of energy is mostly dependent o n 

natural factors like sunlight, wind which cannot be controlled and thus demands an e ffi ci e n t 

charge storage s y s t e m . 

Since the development of electrochemical cells, batteries have been as an integral part o f 

charge storage eco system. Batteries are probably one of the most rapid d e v e l o p i n g 

technologies. The development of lithium-ion batteries {LIB) has been a game changer in t h e 

market but wi th rapid urge of transition of energy source to renewables, there is a d e m a n d 

for better and improved versions of lithium-ion b a tt e r i e s . 

Batteries are fundamentally devices that has the capacity of storing electrical energy which i s 

done by converting electrical energy into chemical energy and hence they are c a l l e d 

electrochemical cell {EC). During the charge cycle of electrochemical cell, the electrical e n e r g y 

is stored in the form of chemical compound which later releases the stored energy in the fo r m 

of an electrical current during the discharge cycle. On this basis EC is categorised as fo l l o w i n g . 

i. Primary cells - Which are designed to convert the chemical energy stored i n t o 

electrical energy only once. E.g., non-rechargeable b a tt e r i e s . 

ii. Secondary cell - Which are designed for storing and releasing energy in a r e p e ti ti v e 

form. E.g., rechargeable batteries such as LI B s . 

A typical cell reaction is dependent on two  electrode reaction, one that undergoes o x i d a ti o n 

and releases electron and another that undergoes reduction and accepts the electron a s 

shown in figure 1. 

Accordingly, the reaction at the negative e l e c t r o d e : 

(N)/@d-> (N)ox + n e * 

The reaction at the positive e l e c t r o d e : 

(P)ox + ne* -> ( P ) / e a 

Combining equations 1 and 2 , 

(N)@a+ (P)ox -> (N)ox + (P)@a + energy. [ 1 ] 

( 1 ) 

( 2 ) 
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The opposite reaction happens in case of secondary batteries where the same amount o f 

energy needs to be provided for charging the c e l l. 

!-- '- '  
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 3 

•• • • 

( - ) ' e l e ct ro l yt e 
I 
I 
I 

( + ) 

Figure 1 - Electrochemical cell. Reproduced f ro m { 2 } 

LIB which is a secondary cell have a typical rocking chain mechanism. During the charge c y cl e 

the Li ion gets out of lithium metal oxide (LiMO») and intercalates with the graphite layer i n 

the ratio of one lithium per six carbon as shown in equation 3 [3]. The electron flows t o w a r d s 

the graphite because of reduction at the graphite e l e c t r o d e . 

Li + 6C -> L i C s ( 3 ) 

The opposite occurs during the discharge cycle, the lithium ion goes back to LiMO2 c a l l e d 

deintercalation of the lithium ion. The electrons flow from the graphite electrode because o f 

oxidation constituting the current. The electrode where oxidation and reduction takes p l a c e 

changes in charge and discharge cycle and that is why discharge cycle is c o n s i d e r e d 

conventional making anode undergoing oxidation and having negative polarity w h e r e a s 

cathode undergoing reduction and having positive p o l a r i t y . [ 3 ] 

At present graphite is generally used as the anode in a LIB which has theoretical capacity o f 

only 372 mAhg*} [4] Silicon on the other hand has received lot of attention because of its h i g h 

theoretical capacity of 4200 mAhg*}, low discharge potential (0.5 V Vs Li/Li*) which is 0.27 V 

higher than graphite [3]and because of its abundant quantity in nature. [5] Despite of h a v i n g 

many advantages, the commercial use of Silicon as an anode is currently largely r e s t r i c t e d . 

1.1. Limitation of Silicon as a n o d e . 

I. I. I. Pulverization of S i l i c o n 

One atom of Silicon can host 4 atoms of lithium [6] resulting in volume expansion of S i l i c o n 

during lithiation of up to 300% [3, 4, 6]. This creates internal stress causing pulverization o r 

��������������� 
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cracking of silicon {>200nm) [7] and simultaneously disconnection from the current c o l l e c t o r 

resulting in low initial coulombic efficiency {ICE) as shown in figure 1. [3, 8 ] 

B u l k 

• Silicon  Lithiated silicon   Copper fo i l 

         
i 2 
      3  

M a n y 
c y cl e s 

Figure 2 - Schematic diagram showing cracking of Silicon over cyclic process due to high internal s t r e s s 

causing disconnection f rom collector plate. Reproduced f rom { 3 } 

To overcome the problem of pulverization many procedures has been researched such as u s e 

of Silicon nanomaterials (<50nm) in the form of nanoparticles, nano tubes, nano w i r e s { N W ), 

hollow spheres, and core shell structures [7]. In 2014 Xiaolin et al. [7] found that m e s o p o r o u s 

Silicon {>20µm) can control the volume expansion to close to 30%, the results were found o u t 

through combination of transmission electron microscopy and continuum media m e c h a n i c a l 

calculation. In 2012 Jin-Liang et al. [9] showed through compression simulation that d u r i n g 

the compression phase transition of Silicon nanowires {SiNW) encapsulated in c a r b o n 

nanotubes {CNT), the SiNW becomes more ductile and thus helps in overcoming t h e 

pulverization. In 2015 Wan-Jing et al. [10] observed a volume expansion of around 180% in a 

fully lithiated SiNP because it was encapsulated within the walls of CNT, which s u s t a i n e d 

volume expansion without fracturing its tubular structure. In 2016 Da-Eun et al. [11] s t u d i e d 

the mechanical properties of polysaccharide binders having the effect on e l e c t r o c h e m i c a l 

performance of Si as anode in LIB. The pectin base binder provided cyclability, p o r o s i t y 

containing the pulverization due to expansion of Si particles. The results showed that the LI B 

with anode made of Si and pectin binders had capacity retention of 1250 mAhg} after f u l l 

lithiation and at lithiation delithiation rate of 1C it showed a specific capacity of 1020 m A h g * } 

after 500 cycles in 60% by weight of Si electrode. In 2020 Xiang Guan et al. [12] researched o n 

the synthesis of metal-chelated biomimetic polyelectrolyte binder which wraps the Si p a r ti cl e 

in a Fe*-polydopamine (PDA) layer in a thickness of 2-5nm. The Fe* forms a strong m e t a l 

chelated bond with PDA providing strong mechanical strength to the protective layer a n d 

further to that the structural stability of anode increases because of 3D crosslinking s t r u c t u r e 

formed due to esterification between elastic polymer and PDA. The e l e c t r o c h e m i c a l 

performance thus obtained was 2000 mAhg*} after 2000 cycles at 0.5C where the C is t h e 

current that would fully charge or discharge the battery in one hour. 0.5C indicates that t h e 

battery is charged at a rate of 50% of it nominal capacity per h o u r . 

1.1.2. The formation of unstable solid electrolyte i n t e rp h a s e . 

The large volume expansion of Si anodes also creates problems of forming an unstable s o l i d 

electrolyte interphase {SEI). SEI is a passivation layer that develops around an anode d u r i n g 

��������������������������������������� 
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the first few cycles as shown in figure 3, where the SEI layer undergoes decomposition w i t h 

aging becoming more porous and further getting thicker with increasing number of c h a r g e 

discharge cycles. Although the clear chemistry of formation of SEI is unknown, it is m o s t l y 

formed due to low reduction potential (<1V) of the anode and by electrolytic d e c o m p o s i ti o n . 

The SEI prevents further chemical sidereaction and provides leng cycling life. It is not p o s s i b l e 

for UB to underga charge discharge reversibly without the formation of a SEI layer. SEI a r e 

electronically insulated but ionically conductive, it allows Li ions to flow through. A dense a n d 

stable SEI is an important factor for extended battery life. However, due to large v o l u m e t r ic 

expansion of Si particles the SEI layer undergoes cracking, forming exposed anode area to t h e 

electrolyte which results is formation of an extra thick SEI layer which are unstable. T h e 

unstable electrolytes result in low coulombic efficiency and higher resistance to the flow of Li 

ions also the thickened SEI layer increase the internal resistance of the battery. [6, 13] [ 1 4 ] 

C a rb o n a t e 
S o l v e n t s 

+ 
L iP E ; 

 
C o n t i n u e d 

cycling r e s u l t s 
in more E C 
r e d u c li o n , 

thickening o f 
the SEI a n d 
more s t a b l e 

i n o r g a n i c 
species n e a r 
the s u rf a c e 

C a rb o n a t e 
S o l v e n ts 

+ 

L i P F ; 

CO2 ( g a s ) 

 
Upon a g i n g , 

the instabilily o f 
LEDC resulls i n 
d e c o m p o s i li o n 
and d i s s o l u t i o n 
increasing S E I 

p o r o s i t y 

 
I n i t i a l 

r e d u c t i o n 
g e n e r a t e s 
LEDC a n d 

Li F 

Figure 3 -The initial stage to SEI layer formation, which is then becoming porous due to d e co m p o s i ti o n 

upon aging, and further forming thicker foyer due to more reduction. Reproduced f rom { 1 3 } 

The use of nanotechnology has provided some breakthrough in overcoming the effect o f 

unstable SEI layer. In 2012, Hui Wu et al. [15]experimented with Si nanotubes layered in a n 

ion-permeable silicon oxide shell. It was found that oxide layer was protecting the outer l a y e r 

of Si nanotube and the expanding inner surface al most never comes in contact of e l e c t r o l y t e 

resulting in a stable SEI. The battery showed the capacity retention of 85% over 6000 c y cl e s 

of half-cell. In 2020, Yu-Ching et al.[16] researched double core-shell c a r b o n / s i l i c o n / g r a p h i t e 

composite anode for UB. They chose mesocarbon microbeads {MCMB) as core material a n d 

added nano-sized Si in 30% composition on the surface with 15% of carbon coating. T h e 

capacity obtained was 650 mAhg*} after 500 cycles, the capacity retention was also t y p i c a l l y 

79% with columbic efficiency maintained at 99%. It has significant impact on stabilization o f 

SEI as well, the impedance observed for Si/30/G/C was Rsi=73.14 ohm and for M C M B 

RsE=191.9 ohm, but after making the composite the impedance was observed to be m u c h 

reduced making the SEI much s t a b l e . 

������ 
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The above-mentioned research show that nano technology and formation of composite w i t h 

carbon are proven technique to overcome the limitations faced for industrial i m p l e m e n t a ti o n 

of Silicon as anode material. It was found that silicon shows particle size dependent b e h a v i o u r , 

below 150nm there was no fracture experienced and above that the silicon particles s t a r t e d 

showing hint of pulverization and carbon beinga stress buffering agent with betler m e c h a n i c a l 

properties, high rate of ion flow and chemical similarity with silicon made silicon c a r b o n 

composite an excellent topic to conduct research o n [ 1 7 ] . 

The current research focuses on forminga graphene shell around Si nanoparticles which a r e 

then anchored on graphene sheet - SiNP@graphene shell/GNS. As shown in figure 3, the S i 

nanoparticle are coated with a layer of SiO> forming Si@SiO», which is then coated with a l a y e r 

of graphene oxide (GO) under electrostatic attraction. The SiO2 layer is then further e t c h e d 

away forming an interlinked bond between Si nanoparticle with graphene shell and g r a p h e n e 

sheet. The main objective here is eliminate the pulverization in Si particles during l i t h i a ti o n 

and delithiation sothat the resulting anode when assembled in a full cell shows high s p e ci fi c 

capacity of over 1000 mAh/g over 100 charge discharge c y cl e s . 

The gap formed between Si nanoparticle and its graphene shell after etching SiO» a w a y 

provides buffer space for volume expansion. The graphene sheets are known for its s t r e n g t h 

and stability which works against pulverization. The graphene sheet also boosts c o n d u c ti v i t y 

by interlinking the graphene shell to itself for smooth flow of Li ions throughout the a n o d e [ 4 ] . 

e t c h i n g 

C a l c i n a t i o n 

G O 

+ 
      

"-U s e l f - a s s e m b l i n g  

S i N P s S i @ S iO , S i @ S I0 , @ G N S Si@graphene ca g e / G N S 

Figure 4 - Schematic showing different phase information of SiNP@graphene shell/GNS. R e p ro d u c e d 

f rom { 4 ] 

2. Inception of the i d e a . 

The preliminary investigation on the use of lithium-silicon alloys as battery anode in 1 9 7 0 s , 

when lei et al. [18] in 1976 conducted an experiment where a titanium fibre mat w a s 

impregnated with alloy of 60 wt% of Lithium and 40 wt% of Silicon at 700°C and the r e s u l t 

showed that it was sustainable to use Lithium in higher content in the alloy as it was h a v i n g 

higher performance potential as compared to other Li-Si allows of different c o m p o s i ti o n . 

Randall et al. [19] in 1977 did research on lot of Li-Si compounds like Li»Si, Li2iSis and L i i s S i a 

������������������ 
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and found that 60-80% of lithium from Li,Si-Si, over 90% of lithium from LiziSis - Li»Si and 8 0 - 

90% of the lithium from LiisSia - Li2iSis showed results at current density between 50 to 4 0 0 

mA/cm2 and the performance of lithium consequently did not get much affected b y 

temperature variation. The above research was done with lithium silicon alloy in its m o l t e n 

form, and it was Boukamp et al. [20] in 1981 presented the concept of all solid c o m p o s i t e 

electrode. The composite of finely dispersed Li,Si in Li».sSn was demonstrated with r e p e ti ti v e 

charge and discharge cycle without considerable loss of capacity. In 1995 Wilson et. al. [ 2 1 ] 

prepared nano dispersed silicon in carbon at 850-1050°C using chemical-vapor d e p o s i ti o n . 

The X-ray absorption spectroscopy showed that silicon nanoparticles were bonded finely w i t h 

carbon atoms with no large aggregation, it was assumed that there can be small a g g r e g a ti o n 

of Si nanoparticles which may separate organised carbon sheets but still was believed to be a 

good contender of electrode for rechargeable b a tt e r i e s . 

The late 1900 marked the beginning of research focussing on silicon nanoparticles and c a r b o n 

composite for anode in rechargeable, primarily LIBs. In 1997, a technology of using S i 

nanoparticles as anode in UB was patented. Hong et. al. [22] in 1999 demonstrated h i g h 

reversible capacity of 1700 mAhg*} at 10 cycle using composite of nano silicon ( 7 0 n m ) 

powder and carbon black. Wen et. al. [23] in 2003 pyrolyzed the carbonaceous m e s o p h a s e 

spherules {CMS) containing silicon and graphite powder to obtain silicon carbon c o m p o s i t e 

samples. They found that the graphite powder (1-2 µm) consumed more charge for SEI fi l m 

formation as a result the sample didn't show high initial efficiency expected around 74.5% b u t 

after optimization of graphite powder in the size range of 250 mesh, the result showed h i g h 

efficiency of around 81% with discharge reversible capacity of 800 mAh/g in initial c y cl e s . 

Following Wen et al., in 2004 Liu et. al. [24] also used pyrolysis reaction of PVC { p o l y v i n y l 

chloride) and silicon particles in a weight ratio of Si & PVC (3:7) following h i g h - e n e r g y 

mechanical milling {HEMM). The electrode they made consist of 8 wt% acetylene black 8 0 

wt% of active material and 12% PVDF. They concluded that temperature during synthesis h a s 

remarkable effect on electrochemical behaviour. The initial reversible capacity favoured h i g h 

temperature but SiC phase got inactive around 1300°C. the result showed high c o u l o m b i c 

efficiency of 82% and reversible capacity of 900 mAhg*} over 40 cycles. Pengjian et al. [25] i n 

2007 also used pyrolysis of a mixture of phenol formaldehyde resin, silicon powder {325 m e s h ) 

and graphite to make anode. The lithium-ion battery thus made from that anode showed a 

reversible discharge capacity of 700 mAhg*} over 40 discharge c y cl e s . 

In late 2000 the topic attracted lot of researcher's interest because of its huge potential. S o m e 

important research in the direction of encapsulating nanosized silicon core in carbon s h e l l 

were, in 2008 Hyesun et. al. [26] made anode out of mesoporous Si@carbon c o r e - s h e l l 

nanowire (1D) with diameter around 6.5nm demonstrate first cycle capacity of 3163 m A h g } 

and 87% of capacity retention after 80 cycles. In 2010 Yu Hong et. al. [27] used pyrolysis o f 

polyvinylidene fluoride and silicon nanoparticles to form core silicon with amorphous c a r b o n 

����� 
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as shell which exhibited a reversible capacity of 1290 mAhg} after 30 cycles at a c u r r e n t 

density of 50 mAg*}. However, this thesis is mostly inspired by research done by Xin-Yao et a l. 

[4] in 2019 where they used silicon nano particles as core and caged by graphene layer w h i c h 

were then anchored to graphene sheets as shown in figure 4. The hollow zone c r e a t e d 

between silicon core and graphene cage provided buffer to accommodate expansion and t h e 

shells anchored to graphene sheets was helpful in flow of ions as all the shells were c o n n e c t e d 

to each other through graphene sheet. The reversible capacity of lithium-ion battery w a s 

demonstrated to be 1616.1 mAhg*} after 100 cycles at a current density of 1 A g * } . 

3. E x p e r i m e n t. 

3 .1. Materials u s e d . 

The materials used in this experiment are described in the Table 1. 

Table 1 - Materials used in the e x p e r i m e n t . 

Si N a n o p a r ti cl e s APS<50nm, 98%, S.A. 70-100m/g T h e r m o 

s ci e n ti fi c 

Triethoxysilane { T E S ) A14965 t h e r m o s ci e n ti fi c . 

Graphene oxide G O 796034-1G15-20 sheets S i g m a - A l d r i c h 

L i P F o EC/DMC S i g m a - A l d r i c h 

Fluoroethylene c a r b o n a t e 757349 S i g m a - A l d r i c h 

KH550 (3-Aminopropyl)triethoxysi la n e 281778 S i g m a - A l d r i c h 

Dimethylformaa m i d e A13547 t h e r m o s ci e n ti fi c . 

Fluoroethylene c a r b o n a t e 757349 S i g m a - A l d r i c h 

T o u l e n e 28675.294 VMR C h e m i c a l s 

Carbon black, a c e t y l e n e 045527.30 t h e r m o s ci e n ti fi c 

3.2. Synthesis of S i @ S i O > . 

The different stages of synthesis of Si@graphene shell/GNS is illustrated in figure 4 . 

500mg of Si nanoparticles were dissolved in a mixture of 240 ml of 99% ethanol and 6 0 m l 

deionised water through ultrasonication as shown in figure 5. The parameter of t h e 

ultrasonication is indicateds in Table 2 . 

Table 2 - Parameter f o r  ultrasonication p ro c e d u r e . 

M o d e l T i m e P u l s e A m p l i t u d e 

Qsonica S o n i c a t o r s 30 m i n s 0 3 : 0 3 2 0 % 

Q 5 0 0 
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Figure 5 - Experimental picture showing ultrasonication of Si nanopartic/es ethanol and d e i o n i s e d 

w a t e r. 

3ml of ammonia water was then added into the Si nanoparticle solution. The solution w a s 

then kept under magnetic stirring with dropwise addition of 2.57ml of triethoxysilane { T E S ) 

over 12 hours using syringe infuser attachment as shown in figure 6 and the parameters a r e 

shown in table 3 . 

Table 3 - Parameters set on syringe infuser fo r  dropwise addition of TES over 12 h o u r s . 

M o d e l Syringe d i a m e t e r Pumping r a t e Target v o l u m e 

5ml S y r i n g e 1 2 . 5 m m 0.22 m l/ h r 2.57 m l 
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Figure 6 - Sample of Si nanoparticles on magnetic stirring wi th syringe infuser system injecting 2 . 5 7 m l 

of TES over 12 h o u r s . 

The Solution of Si@SiO2 was then centrifuged using the parameters in Table 4. Followed b y 

several rounds, at least 3 times of centrifugation to wash the Si@SiO2 particles thoroughly a s 

shown in figure 7. The sample obtained was then vacuum dried at 80°C in a vacuum oven t o 

obtain S i @ S i O > . 

Table 4 - Parameters fo r  c e n t r i f u g e . 

M o d e l R P M T i m e T e m p e r a t u r e A c c e l e r a ti o n D e c e l e r a ti o n B u c k e t 

V M R 4 7 0 0 6 h o u r s 2 4 ° C 5 5 3 6 5 5 

M e g a 

star 1. 6 

V w R 

l2  # 7 0 2  5 57245 5 3s5s 

 ;'am uzz  ° A 

Figure 7 - A typical centrifuge in a c ti o n . 
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3.3. Synthesis of S i @ S i O » @ G N S 

The collected sample of Si@SiO2 was then added to 50 ml of deionised water and s o n i c a t e d 

for 30 mins using same parameter as in table 2. The same procedure was repeated fo r 

graphene oxide {GO), where 0.15 g of GO is added to 50 ml deionised water and sonicated a s 

per Table 2 for 30 mins. Then both the aqueous solution of Si@SiO2 and GO were mixed a n d 

kept on magnetic stirring at 40°C for 24 hours, a layer of GO was eventually coated o v e r 

Si@SiO> under electrostatic attraction to form Si@SiO2@GNS. The solution of S i @ S i O > @ G N S 

was then vacuum filtered as shown in figure 8 using a 0.45 µm cellulose nitrate m e m b r a n e 

filter with diameter 4 7 m m . 

The sample thus obtained was kept for drying for 2 hours at 80°C to evaporate the r e s i d u a l 

water and the dried Si@SiO,@GNS sample is o b t a i n e d . 

Figure 8 - Vacuum f i l ter of Si@SiO>@GNS to drain out the w a t e r. 

3.4. Calcination and etching for structure s t a b i li ty . 

Calcination is the process of heating up the inorganic material at high temperature in a 

controlled environment to evaporate the volatile substance to avoid internal shrinkage in l a t e r 

stage which causes internal stress resulting in cracking or warping[28]. This technique i s 

recognized for its ability to enhance pigment qualities such as chroma, tinctorial s t r e n g t h , 

pigmentary texture, weather stability, light-fastness, and thermal stability. However, o n e 

drawback is that it negatively impacts the dispersibility of pigments [ 2 9 ] . 

To obtain the structural stability, the dried sample Si@SiO,@GNS was kept in oven at 7 0 0 ° C 

for 2.5 hours but the sample got burned as shown in figure 9 ( a ) . 

����� 
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( a ) I 

Figure 9 - (a) The burnt sample after calcination at 700°C (b) The sample obtained after calcination a t 

5 0 0 ° C. 

The calcination process was then repeated by reducing the temperature to 650, 600 and s o 

on until the sample was properly calcinated at 500°C for 2.5 hours, the result is shown in fi g u r e 

9 ( b ) . 

The calcination process was then followed by an etching process which is defined as t h e 

elimination of material from a substrate through either chemical reaction or i o n 

bombardment [30]. Sodium hydroxide {NaOH) was utilised as etching agent here in t h e 

concentration of 2 M (2 moles of Na OH dissolved in enough water to make it 1 litre of s o l u ti o n ) 

[31]. The 0.9241 g of Si@SiO;@GNS was dissolved in 129 ml of aq NaOH solution w i t h 

concertation of 2M, the solution was kept on magnetic stirring for 3 hours to complete t h e 

etching process, the sample was later dried at 40°C for 2 hours. The etching removed the l a y e r 

of SiO» providing space for Si NP for volume expansion as shown in figure 10 resulting is fi n a l 

sample which was later used as anode m a t e r i a l. 
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S i@ S I0 , @ G N S 

C a l c i n a t i o n 

e t c h i n g 

Si@graphene ca g e / G N S 

Figure 10 - Final sample anode obtained after etching. Reproduced f rom { 4 ] 

4. Coin cell a s s e m b l y 

4.1. Preparing e l e c t r o d e s . 

The anode and cathode slurry were prepared by mixing the constituents at concentrations o f 

[ 4 ] : 

Active material (80%)+ Carbon black (10%)+ Binder with solvent ( 1 0 % ) 

4.1.1. A n o d e . 

( i ) [ 4 ] 

The active material used for the anode is the Si@graphene cage/GNS sample, which i s 

obtained after the etching process. The preparation of the slurry involved several s t e p s . 

Initially, 0.4 g of the active material were mixed with 0.05 g of carbon black. To create a s u i t a b l e 

consistency, the mixture was combined with a 10% PVDF {polyvinylidene fluoride) solution i n 

DMF {dimethylformamide). To enhance the liquidity of the slurry, an additional 0.3 grams o f 

DMF was a d d e d . 

The resulting solution was then subjected to a homogenizer {VMR Mixer Dig Vortex) set a t 

1200 rpm for a duration of 8 hours as shown in figure 11. This ensured the thorough m i x i n g 

and dispersion of the components in the slurry. Once the homogenization process w a s 

completed, the slurry was cast onto a copper foil of thickness 0.25mm. The copper strip w a s 

laid on a glass plate with both ends taped with 2 layers of insulation tape and the then t h e 

slurry was spread all over with the help of wooden scale getting uniform thickness. To fa ci l i t a t e 

quick drying, the casting was immediately placed on a heater at 100°C for less than 2 m i n u t e s , 

allowing the slurry to partially d r y . 
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Figure 1 1 -  Homogenizer mixing the composition of electrodes to make s l u r r y . 

Finally, the copper strip with the partially dried slurry was transferred to an oven and kept a t 

40°C for 6 hours. This controlled drying process enabled the complete solidification of t h e 

slurry, resulting in the fully casted anode on the copper strip. The carefully prepared s l u r r y 

and casting procedure are vital for optimizing the performance and characteristics of t h e 

anode for its intended a p p l ic a ti o n . 

4.1.2. C a t h o d e . 

In this experiment, the cathode's active component is lithium cobalt oxide {LiCoO2). To c r e a t e 

the slurry, 0.4 g of the active material and 0.05 g of carbon black are combined. This m i x t u r e 

is then introduced to a binder, consisting of 0.5 g of a 10% concentration PVDF s o l u ti o n 

dissolved in DMF solvent. To achieve the desired liquid consistency, an additional 0.5 g of D M F 

is introduced to the solution. The resulting solution is subjected to stirring on a h o m o g e n i z e r 

for a duration of 8 hours at a speed of 1200 revolutions per minute { r p m ) . 

Subsequently, the slurry was spread evenly onto a standard aluminium foil of thickness 0 . 1 5 

mm with constant thickness using same procedure as anode which is explained is s e c ti o n 

4.1.1. This casting was then placed on a heater for approximately 2 minutes, following a 

procedure similar to the one employed during anode production. Following this step, t h e 
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casting was transferred to an oven and maintained at a temperature of 40°C for a duration o f 

6 hours resulting in fully casted cathode on copper s t r i p . 

4.1.3. E l e c t ro l y t e . 

In this experimental setup, the electrolyte employed was a combination of LiPFe ( L i t h i u m 

hexafluorophosphate) wi th EC {ethylene carbonate) and DMC {dimethyl carbonate) that w e r e 

blended within fluoroethylene carbonate. To create the electrolyte solution, a l M 

concentration of LiPFs comprising 100 millilitres was mixed with EC/DMC in a s p e c i fi c 

concentration (1.0M LiPFs). Additionally, 5.25 millilitres (constituting 5% of the solution) o f 

fluoroethylene carbonate are introduced. It 's essential to emphasize that the preparation o f 

this mixture necessitates a container that prevents light from entering, as exposure to l i g h t 

can induce undesirable reactions that render the mixture i n e ff e c ti v e . 

4.1.4. S e p a ra t o r . 

A Polyethylene film of thickness 0.01mm was used as separator. The separator in a battery c e l l 

is a porous membrane, which works as a physical barrier between the positive and n e g a ti v e 

electrodes. It 's typically a thin and porous material that prevents direct contact between t h e 

electrodes while allowing the movement of ions. [ 3 2 ] 

4.2. Mass loading of a n o d e . 

The mass loading of an electrode refers to the amount of active material that is present o n 

the surface of the electrode. In various electrochemical applications, such as batteries, f u e l 

cells, and capacitors, electrodes are critical components that facilitate the transfer of c h a r g e 

between the active material and the electrolyte. The mass loading of an electrode is a n 

important parameter that can influence the overall performance and efficiency of t h e 

electrochemical s y s t e m . 

In the context of batteries, for example, the mass loading of the positive and n e g a ti v e 

electrodes {cathode and anode, respectively) can affect the energy and power density of t h e 

battery. A higher mass loading typically means more active material is available fo r 

electrochemical reactions, potentially leading to higher capacity and longer r u n ti m e . 

However, excessive mass loading might also lead to slower charge and discharge rates due t o 

increased diffusion distances within the active m a t e r i a l. 

In practical applications, finding the right balance of mass loading is crucial. Too much or t o o 

little active material on an electrode can lead to suboptimal performance. Researchers a n d 

engineers work to optimize mass loading to achieve desired electrochemical p e r fo r m a n c e 

characteristics, taking into consideration factors like energy density, power density, cycle l i fe , 

and overall system e ffi ci e n c y . 
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In summary, the mass loading of an electrode is a key parameter that plays a role i n 

determining the efficiency and performance of electrochemical systems. lt 's one of s e v e r a l 

factors that engineers and scientists consider when designing and optimizing such systems fo r 

various applications. [ 3 3 ] 

In this experiment the cathode was prepared to be assembled by punching out 16 m m 

diameter of circular disc from the casted cathode strip of aluminium using punching teol. T h e 

weight of the cathode disc was 0.04170 gand  the weight of active material of the c a t h o d e 

disc was 0.03337 g, the theoretical capacity of LiCoO, is 274 mAhg*} [34], and t h e 

concentration of LiCoO, in the active material is 80 wt% (from section 4.1.2). Accordingly, t h e 

Capacity of the cathode disc = Theoretical capacity of LiCoO» X weight of active material X 

LiCoO2 concentration = 7.31 m A h . 

To absorb all the Li* ions from cathode, the anode should be designed is such away  that i t 

should match the capacity of the cathode. The theoretical capacity of silicon is 3580 m A h g * } 

[35] the presence of Si NP in the active material is 80 wt % {from section 4.1.2). The C a p a ci t y 

of anode is also calculated the same way as for the cathode. To gain the same capacity of t h e 

anode like cathode, the weight of the active anode material should be 0.00255 g. The w e i g h t 

of the active material when the anode was taken in a square from of sides 10mm w a s 

determined to be 0.003358 g. Accordingly, the sides of the square anode should be 8.5 m m 

each to achieve a capacity of 7.31 mA. The cathode was therefore designed to be a ci r c u l a r 

disc of diameter 16mm and the anode was designed to be a square of each side 8.5mm, it i s 

preferred to have anode also as a circular disc but during this experiment the punching t e o l 

was not trimming the copper sheet properly so square shape anode was c u t . 

According to the researcher Casper Skautvedt, at the University of Oslo, the mass per unit o f 

anode should be between 1-5 grams/mm. The produced anode has 3.3 grams/mm2, which i s 

in the middle of desired r a n g e . 

4.3. Assembly of2032 coin c e ll . 

The full 2032-coin cell assembly made with LiCoO; active material-based cathode as p o s i ti v e 

electrode and Si@graphene cage/GNS active material as anode is shown in the g e n e r a l 

construction design as shown in figure 1 2 . 
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Aluminum Coated C a n 

Positive E l e c t r o d e 

Stainless Steel C a p 
and G a s k e t 

Stainless Steel Spring @) 
Stainless Steel Spacer  

comme N e v e  t o a   

BMF S e p a ra t o r 

Figure 12 - Showing the general construction of coin ce/1 assembly sequence. Reproduced f ro m { 3 6 } 

The entire assembly process was conducted within a glove box that was filled wi th argon g a s 

to maintain an inert environment. Plastic tweezers were utilized to prevent any possibility o f 

short-circuiting during the assembly process. Careful consideration was given to t h e 

arrangement of the components within the cell. To ensure the placement of the anode at t h e 

centre, the initial step involved taking the negative cap, into which a spring was inserted w i t h 

i ts convex side facing upward. Following the spring, a stainless-steel spacer was p o s i ti o n e d , 

and subsequently, the anode was delicately placed at the centre of this spacer. This w a s 

accompanied by the addition of 4 drops of electrolyte, followed by the placement of a 

polyethylene spacer. An additional 3 drops of electrolyte were introduced befare c a r e f u l l y 

positioning the cathode, after which the positive cap of the coin cell was a d d e d . 

Consequently, the cumulative mass of electrolyte dispensed amounted to 7 drops X 2 . 0 

mg/drop, equivalent to 14 mg. With the assembly complete, the cell was meticulously l i ft e d 

and positioned onto the tool  post of the crimping tool  as shown in figure 13. The c r i m p i n g 

process was performed with a load that nearly reached 10 MPa or 0.5 ton, ensuring c o n t ro l l e d 

and consistent sealing of the c e l l. [ 3 6 ] 
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Figure 13 - Schematic showing the f/ow of components followed white assembly of 2032 coin ce/1 i n 

this e x p e r i m e n t. 

5. Electrochemical c h a r a c t e r i z a t i o n . 

Electrochemical characterization in the context of l ithium-ion batteries refers to t h e 

systematic investigation and analysis of their electrochemical behaviour and p e r fo r m a n c e 

using various experimental techniques. These techniques help researchers and e n g i n e e r s 

understand the fundamental electrochemical processes that occur within the battery d u r i n g 

charging, discharging, and cycling. The aim of electrochemical characterization is to g a t h e r 

quantitative data and insights that can be used to assess the battery's efficiency, capacity, r a t e 

capability, degradation mechanisms, and other key performance p a r a m e t e r s . 

Electrochemical characterization involves applying controlled electrical signals to the b a tt e r y 

and measuring the resulting current, voltage, or impedance responses. These m e a s u r e m e n t s 

provide valuable information about the underlying electrochemical reactions, d i ff u s i o n 

processes, resistance components, and overall performance of the battery. The data o b t a i n e d 

from these experiments are then analysed to derive insights into the battery's behaviour a n d 

to optimize i ts design and o p e r a ti o n . 
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In summa ry, electrochemical characterization of l ithium-ion batteries encompasses a range o f 

techniques ai med at understanding the battery's electrochemical behaviour, which is e s s e n ti a l 

for improving battery performance, enhancing safety, and advancing battery technology as a 

w h o l e . [ 3 7 - 3 9 ] 

The commonly used electrochemical tests a r e : 

i) Charge Discharge T e s t 

A charge-discharge test, referred to as a charge-discharge cycle or cycling test, is a c r u c i a l 

electrochemical characterization method employed to evaluate the behaviour a n d 

performance of lithium-ion batteries. In this procedure, the battery undergoes s u c c e s s i v e 

phases of charging and discharging, all while closely monitoring voltage, current, and ti m e . 

The objective is to assess the battery's efficiency, capacity, energy storage potential, and t h e 

possibility of deterioration across multiple cycles. [4, 3 7 ] 

The charge-discharge test typically encompasses the subsequent s t a g e s : 

a) Charging phase - The battery gets connected to a power source, and a r e g u l a t e d 

current or voltage is applied to replenish i ts charge. During the charging p ro c e s s , 

l ithium ions migrate from the cathode {positive electrode) to the anode { n e g a ti v e 

electrode), leading to energy s t o r a g e . 

b) Discharging phase - Once the battery is completely charged or attains a desired s t a t e 

of charge, the power source disconnects, and the battery undergoes d i s c h a r g i n g . 

Throughout discharging, the stored energy is released as lithium ions travel from t h e 

anode to the c a t h o d e . 

c) Cycling - The charge-discharge cycle is repeated numerous times to evaluate r e a l - w o r l d 

battery use. This repetition aids in evaluating the battery's capacity stability fo r 

capacity reduction, and prolonged p e r fo r m a n c e . 

Charge-discharge tests are essential to figure out if l ithium-ion batteries are right for c e r t a i n 

tasks. These tests help us understand how well the battery can store and give out e n e r g y , 

handle different levels of charging and using up energy, and work in different s i t u a ti o n s . 

ii) Cyclic V o l t a m m e t r y 

In Cyclic Voltammetry (CV), a potential waveform is applied to the battery and the r e s u l ti n g 

current is measured. This technique helps to understand the redox reactions a n d 

electrochemical behaviour of the battery materials. Cyclic voltammetry is like takinga b a tt e r y 

and gently pushing i ts energy levels up and down, while watching how it responds. It helps u s 

understand how the battery's parts interact and how they change when we charge a n d 

discharge the battery in a controlled way. This can give us insights into how good the b a tt e r y 

is at storing and releasing energy. [4, 37, 4 0 - 4 2 ] 
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iii) Coulombic efficiency m e a s u r e m e n t 

The battery's coulombic efficiency and potential losses can be determined by monitoring t h e 

ratio of discharged charge to charged charge over cycles. Coulombic efficiency is m e a s u r i n g 

how well a battery is working when you charge and discharge it. It tells you how much of t h e 

energy you put into the battery during charging can actually be taken out during d i s c h a r g i n g . 

iv) Electrochemical lmpedance S p e c t r o s c o p y 

Electrochemical lmpedance Spectroscopy {EIS) involves applying an AC voltage signal a n d 

measuring the resulting current response over a range of frequencies. It is used to analyse t h e 

battery's impedance behaviour and provides information about internal resistance a n d 

diffusion processes. It is also helps in understanding the aging effect of LIB.[42, 4 3 ] 

In this study, an assessment was carried out using a charge-discharge cycle test, and the d a t a 

concerning coulombic efficiency were examined. The constructed 2032-coin cell u n d e r w e n t 

testing within a voltage span of 1 to 2 volts versus a lithium reference electrode {Li/Li+). T h e 

current was drawn out at a rate of 0.24mA while considering l00mA/g of the active m a t e r i a l. 

The experiment involved subjecting the assembled coin cell to these specific conditions t o 

analyse its p e r fo r m a n c e . 

6. Material c h a r a c t e r i z a t i o n . 

Material characterization of lithium-ion batteries involves examining and understanding t h e 

properties, structures, and behaviours of the different components that make up the b a tt e r y . 

These components include electrode materials {cathodes and anodes), e l e c t r o l y t e s , 

separators, and any other materials used in the battery's construction. The t h o r o u g h 

investigation these materials provides insights into how they interact, react, and influence t h e 

overall performance and longevity of the battery. The material characterization aims t o 

achieve following g o a l s . 

i) ldentify chemical and physical p r o p e r ti e s . 

SEM {Scanning electron microscope), Energy Dispersive X-ray Spectroscopy {EDX) t e c h n i q u e s 

are used to determine the chemical composition, crystal structure, and surface m o r p h o l o g y 

of the m a t e r i a l s . 

ii) Analyse M i c r o s t r u c t u r e 

This reveals information about the particle size, distribution, porosity, and interface w h ic h 

helps in optimizing energy storage and transfer within the b a tt e r y . 

iii) Assess thermal and mechanical p r o p e r ti e s . 
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This helps in determining how materials respond to temperature change and m e c h a n ic a l 

stress. These insights are vital for predicting battery safety and d u r a b i l i t y . 

iv) Eva luating degradation m e c h a n i s m 

Long-term studies and analyses of battery materials reveal degradation mechanisms, such a s 

the growth of solid-electrolyte interface {SEI) layers on electrode surfaces, shedding light o n 

the factors causing battery a g i n g . 

Ultimately, material characterization is fundamental to enhancing the efficiency, safety, a n d 

lifespan of lithium-ion batteries, driving advancements in energy storage technology. [39, 4 2 , 

4 4 ] . 

The 3 b a t c h  of resulting sample (0.07 grams) of Silicon NP and 4 batch sample (0.088 g r a m s ) 

Silicon microparticles {325mesh) was sent to University Cartegena for testing morphology o f 

samples using following t e c h n i q u e s . 

i) Raman a n a l y s i s 

Raman spectroscopy is a powerful analytical technique used to study the m o l e c u l a r 

composition and vibrational modes of materials. It provides insights into the unique v i b r a ti o n s 

of molecules and helps identify chemical compounds, determine molecular structures, a n d 

understand interactions between atoms in a substance. The Raman spectroscopy takes p l a c e 

in following s t e p s : 

a) Laser light interaction - A laser beam is directed onto a sample. When the laser l i g h t 

interacts with the material, some of it gets scattered in different d i r e c ti o n s . 

b) Raman scattering - Most of the scattered light has the same energy as the i n c o m i n g 

laser light, but a small portion of it undergoes a change in energy due to i n t e r a c ti o n s 

with the molecules in the sample. This energy shift is known as the Ra man s c a tt e r i n g . 

c) Spectral analysis - The scattered light is collected and analysed using a s p e c t r o m e t e r . 

The resulting Raman spectrum displays peaks and valleys that correspond to t h e 

vibrational modes of the molecules in the s a m p l e . 

d) Interpretation - Different molecules have distinct vibrational frequencies, which a r e 

captured as peaks in the spectrum. By comparing these peaks to known p a tt e rn s , 

researchers can identify the chemical composition and structural characteristics of t h e 

material. [ 3 9 ] 

ii) SEM {Scanning electron m i c r o s c o p e ) 

SEM was first introduced in Cambridge university in 1965. Scanning Electron M i c r o s c o p y 

{SEM) is a powerful imaging technique that helps to examine the surface morphology a n d 

microstructure of materials at high magnification. It provides detailed and t h r e e - d i m e n s i o n a l 

i mages of samples by scanning them with a focused beam of electrons. SEM is widely used i n 
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various scientific disciplines to study the structure, composition, and characteristics o f 

different materia I s . 

In S E M : 

a) Electron Beam Interaction: A focused beam of electrons is scanned over the s a m p l e ' s 

surface. When the electrons interact wi th  the atoms on the sample's surface, v a r i o u s 

signals are e m i tt e d . 

b) Secondary Electron Imaging: One of the signals emitted is secondary electrons. T h e s e 

electrons are collected to create detailed images of the sample's surface. S e c o n d a r y 

electron images provide information about the sample's topography, r e v e a l i n g 

features such as texture, roughness, and surface i r r e g u l a r i ti e s . 

c) Backscattered Electron Imaging: Another signal emitted is backscattered e l e c t r o n s . 

These electrons provide information about the sample's composition. D i ff e r e n t 

elements have varying abilities to scatter electrons, resulting in differences in i m a g e 

contrast. This can help distinguish between materials wi th different a t o m i c 

com p o s i ti o n s . 

d) Energy Dispersive X-ray Spectroscopy {EDS/EDX): In conjunction wi th SEM, EDS is o ft e n 

used to analyse the chemical composition of the sample. EDS detects characteristic X - 

rays emitted by the sample when it 's bombarded by the electron beam. T h i s 

information can be used to identify the elements present in the sample and t h e i r 

relative concentrations.[39, 45, 4 6 ] 

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

The flow diagram showing different phases of the preparation of the S i N P @ g r a p h e n e 

shell/GNS is shown in figure 4. A thin layer of silica is created on the surface of tiny s i l i c o n 

particles by reacting triethoxysilane {TES) wi th water. Then, a part of a molecule wi th a p o s i ti v e 

charge, {3-Aminopropyle)trimethoxysilane also known as KHSSO, sticks to the surface of t h e s e 

silicon-coated particles. This charged part is attracted to graphene oxide, which has s o m e 

specific oxygen and hydrogen groups on i ts surface. This makes the graphene oxide m o l e c u l e s 

gather around the silicon-coated particles in a specific a r r a n g e m e n t . 

Next, everything is heated to a very high temperature of S00°C for 2 hours. At this h i g h 

temperature, the graphene oxide changes and becomes a reduced form of graphene. A l s o , 

the silica layer on the silicon particles is removed during this heating process. As a result, t h e 

silicon particles covered by graphene form a unique structure that looks like a c a g e . 

During all of this, the arrangement of the graphene layers stays the same. This means t h a t 

when the cage structure forms, there's no need to add more graphene to make e v e r y t h i n g 

�� 



2 7 

stick together well. This way of making the samples are relatively simple and doesn't r e q u i r e 

complicated steps like electrospinning, pan fibre stabilization.[4] [ 4 0 ] 

The sample was evaluated through SEM imaging and the results are shown in figure 14 & 1 5 : 

a ) b ) 

Figure 14 a) SEM imaging of SiNP@graphene shell/GNS at magnification of lOµm b} SEM imaging o f 

SiNP@graphene shell/GNS at magnification of 4µm. Parameters set: EHT = 10 kV, W D =  5.2 mm, S i g n a l 

A = SE2, FIB lock mags = No, ESB Grid is= No and STEM Seg. Mode= o ff. 

c ) d ) 
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Figure 15 a) Magnified SEM imaging at 2µm b} SEM imaging of SiNP@graphene shell/GNS at l µ m . 

Parameters set: EHT = 10 kV, WD = 5.2 mm, Signal A = SE2, FIB lock mags = No, ESB Grid is = No a n d 

STEM Seg. Mode = o ff. 

The images shown in figure 14 & 15 depicts the SEM imaging of sample obtained from s i l i c o n 

nanoparticles. Figure 14 a) shows the consistency of the reduced Si NP with graphene c a g i n g 

which is visible in figure 15 b) under magnification of l µ m .  As the magnification increases, w e 

can see the smoothness of the Si NP with graphene caging however the trace of g r a p h e n e 

nanosheet on which all the graphene caged Si NP are supposed to be anchored is missing a s 

shown in figure 4 . 
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The formation of graphene caged Si NP shows that the ca lei nation an etching process gave t h e 

desired result by reducing the GO and etching away of silica layer, but the missing GNS s h o w s 

that the electrostatic self-assembly part was accomplished only partially as the positive p a r t 

KHSSO did assemble itself over Si NP and formed a bond with GO particles but failed to h a v e 

it anchored on G N S . 

This can also be explained through the EDX results. Figure 16 shows the region s p e c t r u m 

which was analysed for chemical composition of the s a m p l e . 

Imagen de electrones 1 

Figure 16 - Shows the spectrum 1 and 2 analysed under EDX f o r  material composition at m a g n ifi ca ti o n 

scale of l O µ m . 

The result for spectrum 1 is shown in graph in figure 1 7 . 

� 



2 0 0 - 

1 5 0 - 

 
E 1 0 0 - 

5 0 - 

2 9 

  Espectro 1 

C 
S i 
% p e s o 

Desarrollado por T ru - Q 8 

0 - . ' i  i i v r i r i r r i r i i i i i i i r i r i i r i i r r i i v v r i i v r i r i v r i r 1 v i r r ] + 1 1 1 1 + r 1 + ] 1 1 1 1 1 1 1 + 1 ] 1 1 1 1 1 + + 1 + ] 1 1 1 1 1 + + 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 4 6 7 8 9 k e v 

Figure 1 7 -  material composition f o r  spectrum 1 . 
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Figure 18 - material composition f o r  spectrum 2 . 

In figure 17 and 18 it illustrates that the weight percentage of carbon is very high as c o m p a r e d 

to Silicon and there are some percentages of oxygen and sodium as well which is i n c o n s i s t e n t 

as it is only traced in spectrum 2 and not 1. The high percentage of carbon tells that t h e 
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addition of GO was in disproportionate amount and probably that is the reason for Si NP i n 

GO shell not anchored with GNS. Also, the presence of oxygen can result in still some p r e s e n c e 

of SiO2 which also shows in the FTIR result in figure 19. The pointy part at 1066 cm-1 c o n fi r m s 

the GO spectrum marked in red in figure 19. This pointy part comes from the stretching o f 

carbon oxygen atoms in the GO [47]. Similarly, the peak at 1085 cm-1 marked in blue in fi g u r e 

18 are related to the stretch ing, bending, and tilting of the bonds between silicon and o x y g e n 

atoms in the material confirms the presence of SiO2. Also, the peak in the area 1600 cm} a n d 

2300 cm-1 in the spectrum shows the presence of carbon impurities shown as black m a r k e d 

are in the figure 19 [ 4 8 ] . 

The SiNP@graphene cage/GNS was further analysed by Raman measurement as shown i n 

figure 20, the peak around 514 cm-1 which is produced by Silicon is weaker whereas a s t r o n g 

peak is formed near 1350 cm-1 and relatively weaker peak formed at 1572 cm-1 c o r r e s p o n d s 

to D & G band of graphene. The D band comes from imperfections in the carbon atom, w h i c h 

indicates the material's irregularities[49]. On the other hand, the G band arises from t h e 

stretching movement of the C atom's sp2 hybridization [4, 50]. Other than that, the peak a t 

1118 cm 'depicts C-N stretching [51] and peak at 2678 cm } assigns to 2D band CNT [ 5 2 ] . 
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Figure 19 - The FTIR resu/t of the Si@Si02@GNS befare ca/ei n a ti o n . 
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Figure 20 - Ra man spectrum of SiNP@graphene ca g e / G N S . 

The outcomes were quite similar when we compare to a sample consisting of s i l i c o n 

microparticles (with a mesh size of 325) under the SEM, as we can see in Figure 21. H o w e v e r , 

the consistency of how the graphene forms a protective structure around these s i l ic o n 

microparticles isn't as smooth. In Figure 21a, where the magnification is of 20µm, it is s i m i l a r 

to what we observed in the silicon nanoparticles shown in Figure 14{a) - the g r a p h e n e 

nanosheets {GNS) are missing. But, when we increase the magnification to observe how t h e 

graphene encases the silicon microparticles, the surface does not appear as smooth as it d i d 

with the silicon nanoparticles. This difference might be due to the size of the s i l i c o n 

microparticles, which gives a larger surface area for the graphene oxide (GO) to wrap a r o u n d . 

This uneven coverage of GO over the silicon microparticles might not provide enough s p a c e 

for the microparticles to expand during the process of lithiation. This could lead to t h e 

pulverization of microparticles, causing the battery's capacity to decrease rapid ly. As a r e s u l t , 

the battery's lifespan might be affected, leading to fewer charge and discharge c y cl e s . 

The comparison of Si NP and microparticles at 1 µm magnification in SEM imaging is s h o w n 

on figure 22. It is quite clear that Si NP a) has much betler surface consistency of g r a p h e n e 

oxide as compared to Si microparticles in b). The caging of Si particles by GO is much e v e n 

with NP. With microparticles since the surface area is much larger, the consistency of e n c a s i n g 

of GO is compromised. Thus, according to this characterization of the materials Si NP i s 

preferred over microparticles for making the a n o d e . 
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Figure 21 - The SEM imaging of Si micropartic/es(325Mesh} a) wi th magnification of 20µm b} w i t h 
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Figure 22 - Comparison of Si NP and micropartic/e in l µ m  magnification a) Si nanopartic/es b} S i 

m i c ro p a r ti c/ e s . 

As we have seen so far, the material characteristic of SiNP@graphene cage/GNS was n o t 

observed as expected and the same happened with the electrochemical tests as well. T h e 

assembled full cell was tested on testing unit -CT-4008T-5V10mA-164 from Neware in a 

voltage window of 1-2 V at 100 mAg*}. Figure 23 shows the curve of 1, 1 0 ,  50 & 1 0 0 
charge discharge cycles. The charge discharge test is used to evaluate the performance a n d 

durability of rechargeable batteries over multiple charging and discharging c y cl e s . 
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From the graph in figure 23, It is obvious that the first charge cycle showed specific c a p a ci t y 

of 315 mAh/g, which immediately drops to 3 mAh/g and after that it keeps on reducing t o 

around 2 mAh/g which is impractical f o r a  performance of cell, also shown in figure 24. In a 

UB made of silicon and carbon composite anode the specific capacity has been achieved a s 

high as 929 mAh/g after 50 cycles [40] and also over 1500 mAh/g after 100 cycles [ 4 ] . 

After the first charge cycle in the graph in figure 23 the other charge cycles starts to g e t 

charged from 1.2 V and goes till 2 V and discharge cycles starts toget  discharged from 1.7 V 

and discharges ti l l 1 V which i sa  very unusual pattern because it expected to start charging a t 

lV and charge ti l l 2V and vice versa for discharge cycle. For every charge and discharge c y cl e 

there i sa  lag of 0.3 V. Even the first charge cycle which has attained the maximum capacity i s 

no way near to the expected mark of over 1000 mAh/g. Another point to note here is that, i n 

the discharge cycles there showsa rapid slepe between 1.5 to 1.1 V pointing to the fo r m a ti o n 

of SEI layer but this cannot be confirmed either, looking at the performance of the c e l l. 
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Figure 23 - Initial charge discharge curve of SiNP@graphene ca g e / G N S . 

In the performance graph in figure 24 shows the rapid deterioration of specific capacity a ft e r 

first charge cycle, which is most likely to happen because of the pulverization. Which m e a n s 

that the objective of overcoming the pulverization - with the use of nano Si and c a r b o n 

composite was never achieved, which shows from the material characterization as w e l l. 

Towards the 100th cycle the specific capacity curve is almost touching 0 line making the c e l l 

d y s f u n c ti o n a l. 
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Figure 24 - Cycling performance of SiNP@graphene ca g e / G N S 

Figure 25 shows the coulombic efficiency with cycle number. The efficiency dwells b e t w e e n 

40 to 50% over 100 charge discharge cycles. The 1st cycle has an efficiency of almost 1% a n d 

increase rapidly till 20th cycle showing the formation of SEI layer which stabilizes after first 2 0 

cycles. The coulombic efficiency is defined as the ratio of specific capacity achieved d u r i n g 

discharge and charge cycle, but the charge discharge cycle of the dysfunctional cell shows t h e 

same curve with almost dead specific capacity that is why the efficiency curve seems to b e 

stabilizing after 60 c y cl e s . 
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Figure 25 - Charge discharge cycle efficiency of SiNP@graphene ca g e / G N S . 
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8. C o n c l u s i o n . 

The research was conducted with an objective of using Silicon nanoparticles to avoid t h e 

pulverization, which is the major challenge stopping the application of Silicon as a n o d e 

material, but the objective was clearly not achieved with the results received from t h e 

material and electrochemical tests. The experimental technique used in this experiment h a s 

drawbacks like disproportionate use of GO, improper calcination, and cell assembly. T h e 

presence of oxygen also suggests that the process like calcination and cell assembly r e q u i r e s 

inert atmosphere. The presence of carbon increases the ion mobility making the a n o d e 

structure conductive but since the GNS was missing the drop of specific capacity is o b v i o u s 

also the low specific capacity suggests that the coin cell assembly process must be i m p r o v e d 

to avoid any short ci r c u i ti n g . 

In summary, this experimental procedure to make anode from Si NP and GO should b e 

performed again wi th more suitable concentration of GO. This can be achieved by p e r fo r m i n g 

the repetitive chemical characterization of sample unti l  the desired morphology is a c h i e v e d . 

The sample must undergo calcination at a high temperature such as 700°C under i n e r t 

atmosphere to avoid the presence of oxygen which reacts to form silica SiO2. Assembly of t h e 

cell is a critical part of the whole procedure; it is important to make sure that the e l e c t r o d e s 

are place at the centre of the cell and the amount of electrolyte is as per the gauge. There a r e 

several small but important steps like using plastic tweezers to avoid the short circuiting o f 

cell, keeping electrolyte in a dark container - that should be taken care of. The assembly o f 

the cell should be done is a proper inert atmosphere to avoid any side reactions in t h e 

electrode due to the presence of oxygen. The anode making technique used in this r e s e a r c h 

is simple and has a promising result prospect according to the theory, but it is critical to fi n d 

the right composition and more controlled experimental environment. Thus, it i s 

recommended to use this technique with suggested precautions to get the optimum r e s u l t 

which wil l  certainly boost the development of more improved and efficient LI B s . 
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