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Abstract: Fly ash, a byproduct of coal combustion, is rich in silica, alumina, and other minerals, making it a valuable
resource for extracting high-purity silicon. The synthesis of silicon nanoparticles from coal fly ash involves several critical
steps, including the extraction of silica (SiO,) via the sol-gel method, reduction of silica to silicon using the metallothermic
method, and subsequent ultrasonication to achieve nanoscale particles. Studies have shown that fly ash can contain up to 49.21%
silica, which can be further purified to 93.52% via chemical extraction methods such as acid leaching and alkali dissolution.
The reduction of silica to silicon is carried out using the metallothermic method, which involves the use of
magnesium-reducing agents to convert SiO, to elemental silicon. This process produces silicon with a purity of about 61.3%,
which can be further increased through ultrasonication. Ultrasonication is a technique that uses high-frequency sound waves to
break particles into smaller sizes, resulting in more uniform and homogeneous nanoparticles. In this study, ultrasonication for
60 and 120 min reduced the average particle size of silicon from 208.94 nm to 58.87 nm and 20.13 nm, respectively, and
increased the silicon content to 74.6% and 72.7%. X-ray diffraction (XRD) and distribution particle analyses confirmed the
particle size reduction and homogeneity of silicon nanoparticles, indicating the effectiveness of ultrasonication in producing
high-quality silicon nanoparticles. The synthesized silicon nanoparticles have significant potential applications, particularly as
anode materials in lithium-ion batteries, due to their increased surface area and improved electrochemical properties.
Furthermore, the use of fly ash as a raw material for the synthesis of silicon nanoparticles not only provides a cost-effective
and environmentally friendly alternative to traditional silica sources but also helps in reducing the environmental impact of fly
ash disposal. The integration of the methods and findings of this study underscores the feasibility and benefits of using coal fly
ash for the sustainable production of silicon nanoparticles, which can be utilized in energy storage as anode materials in
lithium-ion batteries.
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1. Introduction

Coal utilization in steam power plants produces various  main constituent of coal combustion ash is fly ash, which
by-products, including fly ash, bottom ash, boiler slag, flue  consists of spherical particles with diameters varying from
gas desulfurization residue, and fluidized bed combustion 0.1 pm to > 100 pm [2]. The composition of fly ash is
ash, with fly ash being the dominant constituent [1]. The  contingent upon the combustion conditions [3]. This ash
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content may vary depending on the source of coal and the
combustion process used by power plants.

The environmental impact needs to be considered, as
power plants that use a significant amount of coal need to be
considered. Coal used as fuel can produce ash as a
combustion residue. Ash can be generated as hazardous
waste in the forms of bottom ash and fly ash [4]. Utilizing fly
ash can help us lessen the garbage that industry power plants
produce, which will diminish its detrimental effects on the
environment.

Thanks to advancements in research and development
technology, fly ash is currently used in metallurgy,
adsorbents, fertilizers, geopolymers, ceramics and buildings,
and adsorbents [5-6]. In the construction industry, fly ash is
added to cement or concrete mixtures as a substitute for
cement, which provides benefits such as economic
effectiveness, environmental sustainability, and structural
strength [7].

Fly ash is composed of many porous oxides, including
Si0,, Al,O3 Fe,O3, MgO, and CaO, and has a hollow
structure [8]. The main content of fly ash is silicon dioxide
(Si0,), an alternative material to produce silicon (Si). Silicon
has industrial and potential applications in high-tech fields,
such as semiconductors, nanoelectronics, biotechnology, and
energy storage [9].

One of the main applications of silicon is recent
technological advances in energy storage [10] and
semiconductors in solar panels, which can produce electricity
when photons from sunlight hit the panels [11]. Silicon can
also be used as a substitute for graphite as the anode material
in lithium-ion batteries for energy storage. Due to its high
theoretical capacity features (4200 mAh/g Si vs 372 mAh/g
graphite) and shallow potential values, silicon is considered a
far better anode than graphite [12-13].

Battery life depends on the technology and quality of the
material used [14]. Silicon as an anode material can be
expanded by improving its characteristics. One way to fix
these characteristics is to synthesize nano-sized silicon.
Synthesis of silicon nanoparticles, which have dimensions
ranging from 1 to 100 nm, can further improve the
performance of silicon as an anode material. Nanoparticles
have all exterior dimensions in the nanoscale and can be
spherical, cylindrical, conical, tubular, hollow core, spiral, or
have irregular morphology, among other shapes, sizes, and
architectures [15-16].

There are two types of methodologies for synthesizing
nanoparticles: top-down and bottom-up. Techniques like
thermal decomposition, laser ablation, and ultrasonication
have been introduced for top-down approaches to break
down bulk materials to the nanoscale [17]. In the synthesis
process, ultrasonication is a valuable technique for adjusting
the size and dispersion of nanomaterials [18].

In this study, silicon nanoparticles were synthesized using
the sol-gel method to extract silica from coal fly ash,
followed by metallothermic reduction and ultrasonication to
achieve nanoscale silicon. The silicon obtained from this

synthesis process can be used as anode material in batteries,
especially lithium-ion batteries, which are currently being
developed, to increase the energy storage capacity needed in
renewable energy.

X-ray diffraction (XRD) and Scanning Electron
Microscopy (SEM) were wused to investigate the
characteristics of the silicon nanoparticles produced from this
extraction and the effect of ultrasonication time on particle
morphology and size. This innovative approach not only
provides a sustainable solution to manage coal combustion
by-products but also contributes to the advancement of
energy storage technology, thereby promoting environmental
sustainability and technological advancement.

2. Material and Method
2.1. Material

The materials used were fly ash and demineralized water
obtained from PT Semen Baturaja Tbk. The fly ash used is a
waste processed from one of these power plants in the
fertilizer industry. Sodium hydroxide (NaOH 98%),
hydrochloric acid (HCI 37%), magnesium powder (Mg 98%),
and PEG 6000 were used as commercial chemicals from
Merck.

2.2. Synthesis of Silicon Nanoparticles

The synthesis of silicon nanoparticles begins with fly ash
silica extraction, silicon isolation and purification, and
ultrasonication using an ultrasonic batch.

2.2.1. Silica Extraction

Samples of fly ash were immersed in hot water for two
hours. A solution of 500 mL of 1 M HCI and 100 grams of fly
ash was heated to 90 °C for four hours while continuously
stirring. After filtering the mixture, the residue was cleaned
with hot, distilled water until it became neutral, and it was
then baked for 12 hours at 110 °C. A magnetic stirrer added
150 mL of 3 M NaOH, and the mixture was agitated for four
hours at 90 oC at 150 rpm. The solution was balanced after
using Whatman 41 paper to filter the mixture, collecting the
filtrate, and adding 1 M HCI to reach pH 7. After letting the
solution remain for eighteen hours, the residue was extracted,
cleaned in hot distilled water, and dried for twelve hours at
110 °C in an oven. Ten grams of silica were placed in an
Erlenmeyer, and 20 milliliters of 37% HCI were added to a
hotplate set at 90 °C for three hours, with occasional stirring.
The solution was allowed to stand until the temperature
dropped, filtered and washed with distilled water until the pH
was neutral, and then dried at 110 °C for 3 hours.

2.2.2. Silicon Isolation

The extracted silica was added to magnesium powder in a
ratio of 1:0.8, homogenized, and dried using a furnace for 3
hours at 650 °C. After adding the reduced sample, 150 mL of 2
M HCI was heated to 80 °C for three hours while stirred with a
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magnetic stirrer. The mixture was then cooled, filtered through
Whatman 41 to produce silicon solids, and dried after being
rinsed with distilled water until it reached a neutral pH.

2.2.3. Ultrasonication

bases [19]. The reaction that occurs between silica (SiO,) in
fly ash and NaOH is as follows:

SiOZ(S) + 2NaOH(aq) — Nazsio;g(aq) + HzO(aq) (1)

HCL

|

| o0

Figure 1. Flow diagram synthesis silicon nanoparticle from coal fly ash

PEG 6000 was heated to 105 °C for two hours. A 1.5 ratio
dissolved the purified silicon in liquid PEG 6000. The
mixture was agitated with a magnetic stirrer for fifteen
minutes. The ultrasonication process was carried out using an
ultrasonic batch with time variations of 60 and 120 minutes.
The sonication results were dried using a furnace at 750 °C
for three hours.

2.3. Characterization

The chemical makeup of fly ash and extracted silica was
examined using X-ray fluorescence (XRF) ARL 9900 at 30
kV and 40 mA. X-ray diffraction (XRD) Pan Analytical
Xpert 3 Powder XRD was used to examine the crystal size
and structure of the silicon nanoparticles. The wavelength
number was fixed at 0.1540 nm, and an angle between 20°
and 90° was used for the analysis. Software Match3 is used
for phase analysis using powder diffraction data.

3. Result and Discussion
3.1. Synthesis of Silicon Nanoparticles

The synthesis of silicon nanoparticles begins with silica
extraction, isolation, and purification of silicon, followed by
ultrasonication with an ultrasonic batch to obtain silicon at a
nanoscale size, as shown in Figure 1. Table 1 shows the silica
content (SiOy) in fly ash samples after initial washing, with a
silica content (SiO,) of 49.21%.

Silica from fly ash was extracted with 3 M NaOH solvent
and precipitation using 1M HCI. NaOH solvent because it
has strong alkaline properties compared to other types of

From equation (1), the SiO, compounds in the fly ash will
react with NaOH and produce a sodium silicate solution
(NaySiO3). SiO, is slightly acidic, so it can react with the
base to produce salt and water. Zhang et al. (2018) state that
the extraction process occurs due to the NaOH solvent
dissolving silica (SiO,) within the fly ash capillaries. Fly ash
is separated from a silica solution [20]. Furthermore, when
reacting Na,SiO; with HCI, Na" ions and H* ions are
exchanged with the reaction in equations 2 and 3.

NaSiOZ(aq) + 2HC|(aq) — HzSiOg(s) + 2NaC|(aq) (2)

HSi0yy — Si0; + H,Og 3)

At equations (2) and (3), the solution of NaSiO, will react
with HCL. The reaction that occurs is a reaction between salt
and acid, which is an intermediate reaction that produces
H,SiO; and NaCl. At the end of the response, H,SiOs will
turn into SiO, and water. The silica yield from this process
stage is 93.52%, as shown in Table 1. The results were
obtained by testing the sample using X-ray fluorescence
(XRF). This is due to the diffusion process of Na* ions and
other anions, which increases the silica content.

Silicon was isolated from extracted silica using the
metallothermic method with magnesium (Mg) as a reductant.
Magnesium is suitable for reducing silica to silicon due to its
lower temperature, faster process, and high silicon yield [21].
Magnesiothermic reduction of silica (SiO;) will result in
lower silicon (Si) material porousness compared to
conventional reduction methods.

Table 1. Composition of fly ash and extraction silica

25



Robiansyah et al.: Synthesis and Characterization of Silicon Nanoparticles from Coal Fly Ash Using Ultrasonication as a Battery Anode

Compon Fly ash Extracted silica

ent (%) (%)

SiO, 49.21 93.52
AlL,O3 16.22 1.14
Fe,03 5.49 1.17

K,0 0.50 0.06

CaO 7.37 0.93

MgO 1.72 1.08

Magnesium and oxygen in silica will react to produce
magnesium oxide (MgO) as in the following equation:

SiOys) + 2Mgs) — 2MgOg+  Sig 4

Phase Composition (Weight %)

I si
[ Forsterite
(Mg1.78Fe0.22)(Si04) (47.8%)

b Silicon (52.2%)

(@)

(Mgl1.78F¢0.22)(Si04) (31.3%)

Silicon (68.7%)

(b)

(Mgl.78Fe0.22)(Si04) (33.7%)

Silicon (66.3%)

©

semi-quantitative values by comparing the I/Ic values of the
diffractogram standard sources from COD (Crystallography
Open Database). The intensity obtained from the XRD test
results at each angle of the 2-theta will be drawn as a
diffractogram by comparing it to a standard diffractogram,
and then the contents can be identified.

Figure 2 displays the silicon product's phase composition:
52.2% silicon and 47.8% for non-ultrasonic (TS) samples,
68.7% silicone and 31.3% for 60-minute ultrasonic samples
(S60), and 66.3% silicone and 33.7% for 120-minute
ultrasonic samples (S120) which is obtained from the
interpretation of the XRD test results.

The chemical composition of the silicon product is displayed
in Figure 2, together with additional components, such as Mg,

Elemental Composition (Weight %)

61.3%

74.6%

999 28%

72.7%

Figure 2. Phase and elemental composition of ultrasonication time variation: (a) 0 minutes, (b) 60 minutes, and (c) 120 minutes

The silica: magnesium ratio used is 1:0.8 in weight percent,
a stoichiometric ratio. According to equation 4, two
magnesium molecules are required to obtain one silicon
molecule derived from 1 molecule of silica. The silicon
product produced from this stage is ultrasonicated using a
batch ultrasonic at a frequency of 37 kHz with time
variations of 60 minutes and 120 minutes. Ultrasonication
reduces the silicon's size produced from silicon extraction
and isolation by utilizing the energy of ultrasonic waves.

Product quantification can be analyzed using XRD with
the help of Match 3 software. This software presents

Si, O, and Fe, based on the results found in the Match 3
software. Mg, Si, and O are elements derived from the silicon
separation reaction process, which theoretically forms an
enstatite compound (MgSiOs) as an intermediate phase due
to the reaction between MgO on the SiO, surface which then
forms forsterite (Mg,SiO,). The reaction is as follows:

SiOz(S) + 2Mg0(5) — MgSi03(5) (5)
(intermediate phase)
MgSiO3) + MgOi) —  MgySiOy (6)
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(forsterite)

Based on Match 3 software, there is also an element of Fe
with chemical compounds identified as Mgy,7sF€2,SiO4,
This Fe element comes from the extracted silica content,
which reacted with Mg during the silicon isolation process.

3.2. Characterization of Silicon Nanoparticles

XRD intensity data derived from samples can be used to
determine the composition of the constituent elements by
comparing the diffraction pattern measured with the known
diffraction patterns of various crystalline structures of
elements or compounds in the sample. By using Match3
software, in addition to knowing the elements contained
therein, the composition of its contents can also be known in
weight percent.

(@

this silicone material in the future. This impurity is from the
silica extraction and silicon purification processes that run
poorly, with silicone purity as low as 74.6%.

XRD testing can also aim to determine the phase structure,
degree of crystallinity, and crystallite size. Based on known
analysis results, silicon samples have two material phases:
silicon and forsterite. In Figure 3(a), which shows the cubic
structure of the silicone phase, silicon atoms are regularly
arranged in a cubic mesh. Silicon cube structures have
characteristic features of the cube mesh, such as high
symmetry and high atomic density, that affect the material
properties associated with silicone use. Figure 3(a) shows
that the crystallographic unit cells of silicone crystal
structures showed the crystal mesh represented as two
face-centered cubic lattices, with cubic sides a, b, and c,
respectively 5,430 A°. The silicone crystallizes in the same

HM:P b n m #62
a=4.760A
b=10.224A
c=5.990A
«=90.000°

$=90.000°
¥y=90.000°

(®)

Figure 3. Crystal structure of the silicon phase (a) and forsterite phase (b)

Figure 2 shows the elemental content of each sample of
sonication time variation. Four constituent elements exist: Si,
Mg, O, and Fe. The effect of sonication can be seen from the
increase in Si content for the sample with the need for
sonication, which increases from 61.3% to 74.6%. With the
increase in sonication time, the Si content decreases slightly
from 74.6% to 72.7%.

The increase in Si content from the sonication time
treatment is due to the calcination treatment of the sample at
750 °C for 3 hours at the final stage of the ultrasound process,
which was not done by the sample without sonication. With
this calcination, the metallothermic reaction between silica
and magnesium occurs again, as in the silicon isolation
process.

From the XRD test results, it is known that the synthesis
carried out still has an impurity, where the synthesized
silicone still has other elements or compounds, which affects
the purity of the resulting product and will affect the use of

pattern as the diamond, in a structure that Ashcroft and
Mermin called “two interpenetrating face-centered” cubic
primitive lattices [22].

Figure 3(b) is an orthorhombic structure of the mineral
forsterite phase, a crystal structure with an angled gap
forming a triangle with three equally large angles. This
material depends on its chemical composition and physical
conditions, which have unique and valuable properties in
electronics, crystallography, and engineering materials. In
general, forsterite is found in the form of olivine minerals
with Mg,SiO, compounds; the olivine-type silicate Mg,SiO,
has an orthorhombic crystal structure with the space group
Pbnm, in which four formula units are contained in the unit
cell [23]. The crystallographic unit cells of forsterite crystal
structures are a = 4.760 A°, b = 10.224 A°, dan ¢ = 5.990 A°.

The diffractogram analysis process uses Match 3 software,
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which matches the data obtained from XRD diffraction with
X-ray diffraction standards on the material. The X-ray
diffraction standard comes from COD (Crystallography Open
Database). The diffractograms of each silicon product
produced can be seen in Figure 4. Based on Figure. 4, data
were obtained on the silicon diffractogram pattern with
sonication time variations of 0 minutes, 60 minutes, and
120 minutes. The silicon phase (red color) and the
forsterite phase (green color), with the chemical
compounds Mgy,7gF€,20SiO04,

An XRD test was used to identify the phase formed from
each sample by comparing the 2-theta angle values in the 10° -
90° angle measurement range. In Figure 3(a), the diffraction
pattern formed at each 2-theta angle with its tip is matched
with the database in the Match 3 software that contains the
refraction pattern to identify the existing phase. The scan
results show that the phase results are the silicone phase with a
cubic structure and the forsterite phase with an orthorhombic
structure with a structural appearance like in Figure 3. The
same is true of the diffractogram on ultrasound time 60
minutes and 120 minutes, formed by each of the phase’s
silicone and forsterite phases consisting of the compound
Md1,78F€0,22Si04.

irel
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In this study, ultrasound time does not influence material
phase changes.

Measuring the described silicon's degree of crystallinity
using the XRD data can yield the desired result. The degree
of crystallinity measures a material's crystal content relative
to its total amorphous and crystal surface area. The formula
for calculating crystallinity degree is FWHM (Full Width at
Half Maximum). The crystalline or amorphous fraction is
calculated by multiplying FWHM by the intensity obtained
from XRD. Using Origin software, the crystal curve area and
the amorphous and crystalline areas can be calculated based
on the XRD intensity data and the FWHM value. Table 2
shows the crystallinity values of the silicon synthesis samples
with sonication time variation.

Table 2 shows that the degree of crystallinity decreases
with sonication time. This is because silicon receives higher
energy intensity during longer sonication, which can fracture
the crystalline structure. The XRD diffractogram also
confirms the decrease in the degree of crystallinity, as shown
in Figure 4. It can be seen that with the sonication treatment
of 60 minutes and 120 minutes, there is a decrease in the
intensity of the 2-theta peaks at an angle of 28 degrees. With
this decrease in intensity, the crystal area fraction also
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Figure 4. XRD pattern diffractograms of ultrasonication time variation: (a) 0 minutes, (b) 60 minutes, and (c) 120 minutes
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becomes smaller,
eventually decrease.

Crystallinity in materials refers to the degree of structural
order within a solid, impacting its properties. Various studies
highlight the significance of crystallinity in different
materials. For instance, the crystallinity of silicon embedded
in silicon suboxides significantly influences the
electrochemical performance of anode materials for
lithium-ion batteries [24].

so the degree of crystallinity will

Table 2. Degree of crystallinity

data can also determine the crystal size using the Scherrer
equation;

kA
b= Bcos© (7)

Where D is crystal size (nm), k is Scherrer constant (0,9),
A is Cu wavelength (1,54 nm), and B is curve width.

Table 3 displays the results of the calculation of the silicon
crystal size.

Table 3. Silicon crystal size

Sample Crystal Size Average Crystal
Range (nm) Size (nm)
TS 59-14.2 10.2
S60 6.2-13.8 10.4
S120 6.4—-13.9 10.4

Crystal Crystal Degree of
Sample Area Area * Crystallinit
Amorphous Y Y
TS 36390.9 41653.1 87.4%
S60 24561.6 28422.3 86.4 %
S120 23833.4 28075.2 84.9 %
200
g
E 150 -
o
'(EJ
g 100
[
&
2
@ 504
0 T T T
TS S60 S120
sample
(a)

particle size (nm)

(c)
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The crystal size calculation data shows that sonication time
does not affect crystal size, which means that the energy

220

200
180
160
140
120
100 -

counts

80 4
60
40
20 4

0

particle size (nm)

(b)

220

200 4
180
160
140 Jy

@ 120 13t

unt

S 100

>| T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
particle size (nm)

(d)

Figure 5. Average particle size (a), distribution particle of ultrasonication time variation: (b) 0 minutes, (c) 60 minutes, and (d) 120 minutes

Deducting the degree of crystallinity indicates that the
structure of the silicon is changing to irregular or amorphous.
Anodes of lithium-ion batteries using amorphous silicon
nanoparticles show an increase in life cycle compared to
crystal nanoparticle silicon [25].

In addition to the degree of crystallinity, XRD intensity

intensity provided by the ultrasonic device frequency of 37
kHz has not been able to shrink the crystal size. The results
of the crystal measurement in Table 3 show that the average
crystal size is in the range of 10.2-10.4 nm and has no
influence on the ultrasonic irradiation power. This shows that
the impact of ultrasonic on the nucleation process and the
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growth of natural crystals is weak, in line with the research
conducted by G. Yang et al., who said that ultrasonic does not
influence the size of crystals [18].

Ultrasonication is an effective method for reducing the size
and dispersion of nanomaterials during the synthesis process.
[18]. Ultrasonication is capable of reducing particle size
through cavitation phenomena [26]. When ultrasonic waves
pass through the fluid, high and low pressures alternately
form and create microscopic bubbles that will break, creating
highly energetic conditions that can break the particles into
smaller sizes. [27-28].

Figure 5 shows the effects of ultrasonication time on the
particle size of silicone samples synthesized from coal ash fly.
It shows the sample's particle distribution histogram with
ultrasonication time variations. Figure 5 shows the particle
size distribution for each silicone sample with
non-ultrasonication treatment, 60 minutes of ultrasonication,
and 120 minutes of ultrasonication. Figure 5(a) shows the
influence of ultrasound time on particle size, where, at the
time of the sample without ultrasonication treatment (TS), an
average particle size of 208.94 nm was obtained.
Ultrasonication with a time of 60 minutes (S60) obtains an
average particle size of 58.87 nm, and ultrasonic time of 120
minutes (S120) obtains an average size of particles of 20.13
nm. From these results, it is known that the ultrasonication
time affects the particle size.

In Figure 5(b), without ultrasonication treatment, the
particle size still has a sufficiently wide range to reach 1000
nm, with most particle sizes distributed in the 500 nm
dimensional range. In Figure 5(c), with ultrasonication
treatment for 60 minutes, the particle size has a smaller range
1

enhancing electron and lithium-ion transport paths [32-34].

4. Conclusion

The production of silicon nanoparticles from coal fly ash
using ultrasonication presents a promising approach to
improve the anode performance of lithium-ion batteries. The
extraction of silica from fly ash with a silica content of 49.21%
achieved a purity of 93.52%, followed by metallothermic
reduction to obtain silicon with a content of up to 61.3%,
providing a solid basis for the synthesis of high-quality silicon
nanoparticles. Ultrasonication significantly affected the
particle size and crystallinity, with longer sonication times
producing smaller and more uniform particles. Ultrasonic
treatments for 60 and 120 min resulted in average particle
sizes of 58.87 nm and 20.13 nm, respectively, compared to
208.94 nm without sonication. This particle size reduction is
significant because smaller silicon nanoparticles exhibit better
structural stability during lithiation and delithiation processes,
which are essential for maintaining high capacity and
extending the life cycle of lithium-ion batteries using silicon
as the anode material.
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Figure 5. Average particle size (a), distribution particle of ultrasonication time variation: (b) 0 minutes, (c) 60 minutes, and (d) 120 minutes

I
below 200 nm. In Figure 5(d), with 120-minute
ultrasonication treatment, the particle size is much smaller,
mainly below 100 nm, with most particle distribution below
50 nm.

Figure 5 shows that ultrasonication can reduce particle size
and make particle size more uniform and homogeneous. This
is because the vibration generated by the ultrasonic device
can reduce particle size. In general, the mechanism of
particle smoothing by ultrasonics can be understood
qualitatively based on the style of acoustic radiation and the
effects of ultrasonic cavitation [29]. The longer the sonication
time, the better the dispersion process, forming more
homogeneous nanoparticles [30]. Particle size is an essential
basis for designing anodes with high C-rate capabilities,
better performance, and lower security risks for lithium-ion
batteries [31]. Particle size plays a crucial role in determining
the performance of anodes in lithium-ion batteries. Research
has shown that varying the particle size of materials like
silicon and silicon monoxide significantly impacts their
electrochemical behavior. Smaller particles, such as
nano-sized silicon, exhibit improved cycle stability and
capacity retention due to better stress resistance during
charging/discharging, limiting intergranular cracking and
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