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ABSTRACT

Silicon dioxide (SiO, or Silica) is one of the most prevalent substances in the crust
of the Earth. The main varieties of crystalline silica are quartz, cristobalite, and
tridymite. When applied as a material for energy, it is affordable and eco-friendly.
The SiO, is considered as electrochemically inactive toward lithium. The SiO,
exhibits low activity for diffusion and inadequate electrical conductivity. As the
particle size of SiO, decreases, the diffusion pathway of Li-ions shortens, and
the electrochemical activity is promoted. In investigation, Cost-effective synthe-
sis approach was employed to produce crystalline cristobalite alpha low silicon
dioxide nanoparticles (CCaL SiO, NPs) derived from Oryza sativa (rice) husk
using a solvent extraction modification technique. The objective was to fabri-
cate an cost-effective future anode nanomaterial that could reduce the significant
volume expansion growth, pulverization, and increase electrical conductivity of
CCal SiO, NPs anode and develop high specific capacity for Lithium-ion bat-
tery (LiB). To study the phase and purity of the SiO,, a variety of characterization
methods, including X-Ray Diffraction, Fourier Infra-Red Spectroscopy, Surface
area analysis, Raman Shift analysis, Field Emission Scanning Electron Micros-
copy and Energy Dispersive X-Ray Spectroscopy, Contact angle measurement,
Post-mortem X-ray diffraction, and Post-mortem field emission scanning electron
microscopy were employed. This cost-effective synthesis of CCaL SiO, NPs anode
was first reported in this work.
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1 Introduction

The future of innovative, secure, affordable, and eco-
logically acceptable substances utilized in the con-
struction of lithium-ion batteries (LiBs) is an integral
part of the progress of large-scale grids, consumer
devices, common carriers, and personal zero-carbon
dioxide (CO,) cars. To meet the demands for more sig-
nificant storage, strength, and continuous cycle perfor-
mance, the necessity to design modern LiBs is growing
with a companion to the growth of the global elec-
tronics demand. Traditional LiBs with lithium metal
oxide cathode and graphite anode have achieved their
performance boundary. Hence, an enthusiastic inves-
tigation into the practice of electrode materials, i.e.,
cathodes and anodes with specific energy and specific
densities and cycles, is going on. Naturally, an excel-
lent negative element in a battery-type anode requires
the following characteristics: (i) high specific capacity
to improve the energy density, (ii) easy availability
and low expense to confirm the commercial devices,
(iii) low discharging potential to raise the working
voltage window, (iv) appropriate structural integrity
to promote cyclic stability, and (v) electrical conduc-
tivity and execute high power density and ideal ionic
conductivity to boost quick charge transfer [1].

The high specific capacity and safety features of
alloy anodes are well-known. The primary obstacle
to the use of alloy anodes is their significant volume
change (up to 300%) during the insertion and extrac-
tion of lithium, which frequently results in the active
alloy particles being ground up and insufficient cycle
stability. Furthermore, alloy anodes have a first-cycle
irreversible capacity loss that is too high for practical
use. Over the past 20 years, a great deal of study has
been done to solve these two difficulties, and substan-
tial progress has been made. An important problem
with anode materials based on alloying elements such
as Si, Sn, Sb, Al, Mg, Bi, In, Zn, Pb, Ag, Pt, Au, Cd, As,
Ga, and Ge is volume change. When LiBs go through
their charge—discharge cycles, there is a volume shift
that can have a number of negative consequences [2].
The alloying anode materials have three major disad-
vantages. (a) Mechanical Stresses: The anode mate-
rials lattice structure expands and contracts when
lithium ions are added to (charge) and removed from
(discharge). The electrode may experience mechani-
cal stress as a result of this constant expansion and
contraction. With time, this tension may result in
the anode particles may fracture as a result of the
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significant volume shift, reducing the surface area
accessible for the insertion of lithium ions and low-
ering battery capacity. In extreme circumstances, the
anode material may pulverize due to extreme tension.
A total loss of capacity and the electrical separation of
the particles may result from this. (b) Loss of Electri-
cal Contact: The mechanical strains brought on by a
change in volume may also cause the anode particles
and the current collectors electrical contact to break.
This can cause capacity decline and lowers the battery
efficiency. (c) Instability of the Solid Electrolyte Inter-
face (SEI): During cycling, the SEI layer forms on the
electrodes surface. The significant volume variations
have the potential to induce this instability. Lithium
consumption may rise as a result, and battery perfor-
mance may suffer [3].

Certain alloying elements are frequently employed
in anodes impacted by volume change. Si, Sn, and Sb
elements are especially vulnerable to the issues since
they undergo some of the biggest volume increases
(>300%) during lithiation. Although the volume
changes of Al and Mg elements are less, they can nev-
ertheless experience mechanical degradation and SEI
instability. Zn elements have moderate capabilities,
but they also alter in bulk when they cycle. In general,
the elements Ge, Pt, and Au have smaller capacities
and allowable volume variations. While some of Ga
elements on this list may have intriguing qualities,
they frequently have negative effects like toxicity or
poor cyclability because of volume changes or other
issues [4].

Scientists are working hard to find solutions to
reduce the problem of volume change in alloy-based
anodes. Several strategies that show promise by dis-
tributing the stress brought on by a change in volume
more fairly, the likelihood of cracking and pulveriza-
tion is decreased. The volume change can be buffered
and cycling stability increased by including the alloy-
ing element into a composite electrode made of a more
stable material. Adding more components to the anode
material might occasionally alter its lattice structure
and lessen the volume change that occurs during lithi-
ation. All things considered, volume change is still a
significant problem for alloy-based anode materials.
Ongoing research, however, is creating viable solu-
tions to this problem and opening the door for more
advanced LiBs in the future [5].

Silica nanoparticles (510, NPs) have been used
throughout the globe, mainly with medicinal drug
systems, organic visual representation, liquid shells,
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catalysts, biomedical, sensing detectors, filler in com-
posite materials, and recently in a combination of
devices, together with energy storage devices [6, 7].
A technique for creating single-scatter and round-size
5i0, NPs by the chemical breakdown of a compound
due to reaction with water of tetraethyl orthosilicate
(TEOS) [8]. The impact of the percentage of water,
alkali, and TEOS precursors to resolve on dimensions
of the SiO, particles was investigated [9]. The shape
and size of S5iO, NPs depend on the temperature at
which they react and the concentration [10]. Sodium
silicate solution containing silicon (Si) and oxygen (O)
is also used as an alternate affordable price material
to derive SiO, particles. However, natural waste prod-
ucts such as Oryza sativa (rice) husk, Bambusa vulgaris
leaves (bamboo) leaves, Zea mays (corn) husk, Saccha-
rum officinarum (Sugar cane) husk, and Shadu clay are
also used to synthesize SiO, particles.

Oryza sativa, a botanical name, is also called rice and
is an initially famous staple meal in almost all coun-
tries. Oryza Sativa husk contains a large amount of
SiO, element, which can, in turn, be a beneficial source
of Si components. The quantity of stalks in the earth
contains approximately 10-20% SiO, element. Vari-
ous techniques are available for extracting SiO, from
Oryza sativa husk, including acid pre-treatment as well
as similar methods of pyrolysis [11-17]. Kamath and
Proctor [1998] created a that could still be present [18].

In this work, the primary objective is to ascertain
an efficient way to incorporate Oryza sativa husk into
anode constituents to augment their effectiveness [18,
19]. Due to its low cost and simplicity of production,
5i0, exhibits promise elements for reusable LiBs.
Theoretically, this material can store more energy
than a graphite anode (1964 mAh g™). Furthermore,
while volume expansion during the lithiation cycle
is inevitable, 5iO, shows less volume change than Si
during the delithiation and lithiation [20]. Recently, it
was found that SiO, is an excellent material to make
up for Si getting bigger during cycling. This results in
good cycle performance and reversible capacity [21].
Some functional SiO, and spongy carbons have been
employed to increase cycling stability and rate capabil-
ity. These materials with porous structure and carbon
framework are used to buffer the effects of expansion
[22]. Herein, crystalline cristobalite alpha low silicon
dioxide (CCaL SiO, NPs) derived from Oryza sativa
was prepared by using solvent extraction modification
technique. The structural, Fourier transform infrared
spectroscopy, surface area analysis, Raman spectra
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morphological, chemical composition and contact
angle measurements with post-mortem structural
and morphological analysis are discussed. The elec-
trochemical testing of CCaL SiO, NPs anode in LiB
half-coin cell performance is demonstrated for future
zero-CO, electric cars.

2 Experimental details
2.1 Materials

For the synthesis of CCaL SiO, NPs, the waste mate-
rial Oryza sativa husk used in this investigation
was collected from a Rice Mill (Shree Mahalaxmi),
Ichalkaranji, District Kolhapur. In addition, sodium
hydroxide (NaOH), sulfuric acid (H,50,), Whatman™
filter paper, and the potential of hydrogen (pH) paper
were purchased from Thomas Baker.

For CCalL SiO, NPs half-coin cell fabrication, Bat-
tery grade copper foil roll with a thickness of 20 pum
were purchased from Trillion Energies, India., Coin
cell case CR2032 3 V were purchased from Trillion
Energies, India., Lithium hexafluorophosphate (LiPF)
is a solution of (dimethyl carbonate (DMC), ethylene
carbonate (EC), and diethyl carbonate) were pur-
chased from Sigma-Aldrich, Lithium metal chip with
a thickness of 0.6 mm were purchased from Sigma-
Aldrich, and Whatman™ filter papers with a thickness
of 0.34 mm were purchased from Sigma-Aldrich. All
of these chemicals were employed without any further
purification.

For post-mortem examination, the half-coin cells
were fully lithiated from 0 to 0.5 V. The disassem-
bly process took place within a glove box filled with
argon (H,0<0.1 ppm and O, <0.1 ppm). Following
the unwinding of the CCaL SiO, NPs electrode, sepa-
rator, and lithium metal chip, precise samples were
cut from the electrode material using stainless steel
scissors. These samples were individually stored in
separate plastic bags, and utmost care was exercised
in handling them with tweezers, gripping them only
by the edges.

2.2 Synthesis of CCaL SiO, NPs
To prepare silicon dioxide nanoparticles (5iO, NPs),
Oryza sativa husk was first heated at 100 °C, and sub-

sequently, the resulting ash underwent treatment with
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sodium hydroxide (NaOH) to extract SiO, in the form
of sodium silicate; the chemical reaction is as (1) [10].

SiO, + 2NaOH (aq) — Na,SiO5(s) + HyO(l) (1)

Then, the extracted silicate was separated by filtra-
tion, after which concentrated sulfuric acid was added
to get pH 7. White precipitate, which was then filtered
using filter paper. It was then washed continuously
with water, and the chemical reaction is as (2).

Na,SiO5(s) + HySO, (ag) — SiOy(s) + Nay SOy (aq) + H,O

(2)

Finally, the white precipitate underwent annealing

in a muffle furnace at a temperature of 900 °C for a

duration of two hours. The flow diagram in Fig. 1a

illustrates the process used to extract of SiO, NPs from
Oryza sativa husks in this study.

2.3 Preparation of CCaL SiO, NPs electrode
and fabrication

A mixture of CCaL SiO, NPs, polyvinylidene fluo-
ride (PVDF), black sucrose powder, and activated
charcoal was prepared in a mass proportion of
70:10:10:10 in N-methyl-2 pyrrolidone (NMP). NMP
was used as a solvent, PVDF acted as a binder, black
sucrose powder was added to increase the porosity
of the anode, and activated charcoal was used as a
conductive additive. The mixture was positioned on
a magnetic stirrer at 1000 RPM to create a homoge-
neous blend, and stirring was continued for 36 h to
ensure thorough mixing. The resulting slurry became
uniformly thick and adhesive. Employing a doctor
blade, the slurry was spread onto a copper metal foil
substrate and subjected to heating at 120 °C in vac-
uum oven for a duration of 12 h. The goal of using
vacuum during the 12 h heating process at 120 °C is
to avoid surface oxidation of the components, espe-
cially SiO,. The performance of SiO, based battery
electrodes can be adversely affected by surface oxi-
dation. A non-conductive oxide layer may form on
the surface of SiO, as a result of oxidation, which
may impede the flow of ions and electrons during
battery operation. Reduced battery capacity, stabil-
ity during cycling, and efficiency may result from
this. With SiO, in particular, the use of water during
the 12 h heating process at 120 °C has a specific pur-
pose: it keeps the materials surface from oxidizing.
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Electrodes made of SiO, that are used in batteries
may perform poorly due to surface oxidation. This
heating process helped to evaporate the solvent and
solidify the slurry, forming a thin, uniform film of
the anode material on the copper metal foil sub-
strate. Following the drying process, the anode was
precisely sectioned into round, disc-shaped pieces
with a diameter of 16 mm. The anode weight was
recorded as 0.00432 g or 2.01 mg cm™2. To assemble
the coin cell, a lithium metal chip with a thickness
of 0.6 mm was utilized, whereas a Whatman filter
paper was employed as the isolating medium, and a
1 M LiPF, solution in a blend of dimethyl carbonate
(DMC), ethylene carbonate (EC), and diethyl carbon-
ate (DEC) in an equal ratio was utilized the commer-
cial LP30 electrolyte as standard. The objective of
this solution was to improve the electrolyte perfor-
mance by combining the desirable properties of each
solvent. The half-coin cell configuration of the coin
cell was established within an argon (H,0 <0.1 ppm
and O, <0.1 ppm)-filled glove box during the fabri-
cation process. This half coin cell is 2-electrode cell
lithium was used for both the reference and counter
electrodes. This half coin cell device is illustrated in
Fig. 1b.

2.4 Physico-chemical characterizations

The sample crystallinity was analyzed via X-ray dif-
fraction by a Rigaku mini flex-600 instrument that
utilized CuKa (A =1.54184 A) over a 20 range of
10°-90°. Surface analyses were conducted using a
JASCO FTIR 6100 instrument. The details regarding
specific surface area and pore size distribution were
acquired through the application of the Brunauer,
Emmett, and Teller (BET) analysis model and the
Barrett-Joyner-Halenda (BJH) analysis model using
Quantachrome Instruments v3.01. Raman spec-
tra were acquired over the spectral range of 50 to
1000 cm™! using a Renishaw inViaTM Raman micro-
scope by laser stimulation at 532 nm. The morphol-
ogy of the samples, crystallite size, and elemental
composition were examined utilizing field emission
scanning electron microscopy (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDX) with the NOVA
NANOSEM 450 instrument. Additionally, the contact
angle of the CCaL SiO, NPs anode was determined
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using a contact angle meter (HO-IAD-CAM-01, Hol-
marc OptoMechatronics Pvt. Ltd., India).

2.5 Electrochemical characterization

To investigate the anode electrochemical perfor-
mance of CCaLSiO, NPs, various tests, including
differential derivative capacity (DDC), galvano-
static charge—discharge (GCD), and electrochemi-
cal impedance spectroscopy (EIS), were conducted.
These measurements were carried out in the volt-
age range of 0 to 1.5 V vs. Li/Li" using an 8-chan-
nel NEWARE battery cycler system. The DDC
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experiments were executed with a current density of
392.7 mA g across a voltage window spanning from
0 to+1.5V vs. Li/Li". Simultaneously, EIS analysis
was performed using a VersaSTAT 4 Potentiostat.

3 Results and discussion
3.1 Physico-chemical characterizations
3.1.1 X-ray diffraction

Figure 2a illustrates the XRD pattern of CCaL SiO,
NPs. Where Bragg reflections from (100), (111), (110),
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(211), (220), (311), and (232) planes of the CCaL SiO,
phase are observed [JCPDS File No. 98-006-1836] [13,
14]. Scherrer’s formula was used to compute the crys-
tallite size “D” of particles [10, 16].

_ 092
= BCosH 3)

where, ‘D’ is the crystallite size of CCaL SiO, NPs.”0.9’
is the Scherrer constant. ‘A’ is the wavelength of the
X-ray beam. ‘P’ is the full-width at half maximum
(FWHM) of the plane (001). ‘©’ is the Bragg’s angle.

The calculated crystallite size is 76.70 nm.

The CCaL SiO, NPs have a distinct crystalline
structure and a sizable grain. The predicted crystal-
lite size offers essential insights into the physical char-
acteristics of the nanomaterial, including its stability,
reactivity, and prospective uses. The bigger crystallite
size suggests that CCaL SiO, NPs have a well-devel-
oped crystalline structure with few structural flaws
or faults.

3.1.2 Fourier transform infrared spectroscopy

Figure 2b illustrates the FTIR spectrum of the as-pre-
pared CCaL SiO, NPs in the 400-4000 cm ™ wavenum-
ber range. The spectrum of CCaL SiO, NPs shows the
presence of signal associated with Si—O strong bend-
ing vibration signal at 484 cm™, CCaL SiO, weak
stretching vibration signal at 617 cm™, SiO, tetrahe-
dral symmetric stretching vibration signal at 789 cm™,
and the signal at 1079 cm™" parallels to Si-O-Si non-
symmetric vibration due to more excellent ionic nature
of the Si-O bond [23]. The H bond and H,O molecules
are removed when the dispersion of SiO, separates
from the solid compound called the solvent, forming
a Si—O-Si bond [24].

The presence of silicon-oxygen linkages within
CCaL SiO, NPs is confirmed by the significant bend-
ing vibration signal found at 484 cm™, which indicates
the presence of Si-O bonds. Strong confirmation of
the precise chemical environment and bonding con-
figuration unique to the NPs is provided by observ-
ing a modest stretching vibration signal at 617 cm™
that corresponds to CCalL SiO,. The SiO, tetrahedral
structures are responsible for the symmetric stretch-
ing vibration signal at 789 cm™!, further supporting
the crystalline character of the CCaL SiO, NPs. This
conclusion confirms the existence of clearly defined
crystal planes inside the NP structure and is perfectly
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consistent with the findings of the XRD investiga-
tion. Further highlighting the ionic nature of the 5i-O
bonds found in the CCaL SiO, NPs is the discovery
of a signal at 1079 cm™! that is linked to Si-O-Si non-
symmetric vibrations. This finding offers convincing
insight into the unique, sturdy molecular composition
and bonding configuration of the NPs. The as-pre-
pared CCaL SiO, NPs thus illuminate their intricate
chemical composition, structural arrangement, and
bonding interactions.

3.1.3 Surface area analysis

The N, adsorption—-desorption experiments were
executed for the analysis of specific surface area and
pore characteristics of CCaL SiO, NPs (at 77° K tem-
perature of the liquid nitrogen) and depicted in Fig. 2c.
This reveals IV isotherm with H, type hysteresis loop
of physisorption, according to distribution of Interna-
tional Union of Pure and Applied Chemistry (IUPAC).
This curve is detected when capillary condensation is
formed. Monolayer formation happens at low pres-
sure followed by multilayer produced by increase in
pressure. A material with 2 to 50 nm called multilayer
produced by increase in pressure. A material with 2 to
50 nm called mesoporous materials expresses such a
type of isotherm. According to the BET equation, the
surface areas were calculated as 66.834 m? g™ of CCalL
5i0, NPs. The distribution of pore size of CCaL SiO,
NPs is exhibited in Fig. 2d. An average pore diam-
eter of 2.876 nm of CCaL SiO, NPs, respectively. The
adsorption and desorption curves exhibit different
natures, which means the adsorbed gas molecules are
not coming out of the surface of SiO, particles. the pos-
sible behind this graph feature is that chemical bonds
are formed between the gas molecules and the SiO,
surface. The weak van der Waals forces in physical
adsorption are weaker than these bonds. The energy
required to break these chemical bonds is higher,
which results in a lower desorption rate than adsorp-
tion. The desorption curve dips below the adsorption
curve, resulting in a hysteresis loop in the isotherm
that represents this discrepancy. Moreover, if the SiO,
particles are porous, it’s possible that during adsorp-
tion the gas molecules sink deeply into the pores. Dif-
fusion back out is then required after desorption and
can take a while depending on the size of the pore
and the strength of the adsorption. The desorption
curve may lag behind the adsorption curve as a result.
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It’s possible that changes to the S5iO, surface during
adsorption strengthened the bond between the surface
and gas molecules. Reactions with the surrounding
environment or the gas itself may be the cause of this
alteration. Such modifications would increase the dif-
ficulty of desorption.

3.1.4 Raman spectrum

A Raman spectrum was investigated for structural
features of CCaL SiO, NPs. Figure 3a illustrates
the Raman spectrum of CCaL SiO, NPs [25]. The
CCalL SiO, NPs show characteristics peaks at 230
and 416 cm™! corresponding to a-cristobalite peaks,
respectively [26]. In conclusion, these distinct peaks
appearance provides substantial proof of CCaL
5i0, NPs crystallinity and the predominance of the
a-cristobalite phase. This result supports the NPs
clearly defined crystallographic planes, which were
discovered using the XRD study.

(a)
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- T I‘ T T ¢ g T T
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3.1.5 Field emission scanning electron microscopy

Field emission scanning electron microscopy (FE-
SEM) pictures of CCaL S5iO, NPs anode at 5000 X and
30,000 X are illustrated in Fig. 3b and c, respectively.
In Fig. 3b 5000 X magnification, the FE-SEM image
offers a thorough perspective of the overall shape
of CCaL SiO, NPs. It becomes clear that there are
agglomerated and spongy granules present. These
aggregates are composed of discrete granules grouped
to create a porous and interconnected structure. These
agglomerates are especially significant because of their
enhanced porosity and surface area. In Fig. 3c at 30,000
X magnification, individual features of the clumped
spongy granules within CCaL SiO, NPs are evident.
The connections between individual granules become
more apparent, contributing to the overall structural
stability of the anode material.

In conclusion, the agglomerated spongy granules
within CCaL SiO, NPs are significant for their use
in lithium-ion battery. Increased porosity and sur-
face area, benefits of the observed microstructure,
allow for effective electrolyte interactions, ion trans-
port, and electrochemical reactions. Additionally, the

s »

20 wnrt3g 000 X

Elements

;- (d)

w
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~
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%)

Fig. 3 a The Raman spectrum of CCaL SiO, NPs anode, FE-
SEM images of CCaL SiO, NPs anode at b 5002 X, ¢ 30,000 X
magnifications, d EDX spectrum of CCaL SiO, NPs (Insets show
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intergranular bonding guarantees the anode materials
structural integrity during cyclic operations.

3.1.6 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) Fig. 3d
displays silicon (Si) and oxygen (O) content, affirming
the successful synthesis of SiO, NPs. The SiO, NPs are
observable in the high silicon content (36.02 atomic
percentage (%)), and oxygen (63.98%). It indicates a
solvent extraction modification method to produce
S5iO, NPs has a high purity. The high degree of purity
indicated by this composition confirms that produc-
tion of SiO, NPs utilizing a solvent extraction modi-
fication approach was successful. The specificity and
purity of produced SiO, NPs are further supported
by the clear absence of other elements in the EDX
spectrum.

3.1.7 Contact angle measurement

We have used a droplet of deionized water to test the
wettability of CCaL SiO, NPs anode electrode. Fig-
ure 3e shows that CCaL SiO, NPs has superior super-
hydrophilic surface characteristics. Water droplets
spread out entirely and create a thin, homogeneous
film with a water contact angle of zero degree, which
indicates super-hydrophilicity. The surface chemistry
and structure of CCaL SiO, NPs produce this particu-
lar characteristic. It enhances the performance of the
applications by offering quick and effective interac-
tions with water-based electrolytes or reactants. This
characteristic is beneficial in improving the perfor-
mance of electrodes, which may eventually result in
more effectiveness and durability. The super-hydro-
philic properties of CCaL SiO, NPs might significantly
enhance the success of by facilitating the quick and
uniform wetting of the electrode surface.

3.2 Electrochemical characterization
3.2.1 Differential derivative capacity

The galvanostatic charge-discharge (GCD) meas-
urements were performed within the voltage range
of 0 to 1.5 V vs. Li/Li" corresponding derivative
capacity for the 1st, 5th, 25th, and 50th cycles of
CCalL SiO, NPs anode is illustrated in Fig. 4a. The
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transformation from crystalline Si to amorphous
Si, along with the formation of a solid electrolyte
interface (SEI) film is reflected in the one small low
intense lithiation peak at about 0.22 V [26]. The del-
ithiation peaks at 0.28 V vs Li/Li* and 0.45 V vs Li/
Li" are attributed to converting amorphous Li,Si to
amorphous Si. The initial capacity loss of CCaL SiO,
NPs was consistent with the order of their area under
the capacity curve derivative, thereby supporting the
notion that forming SEI played a role in the observed
capacity fading.

Two electrochemical phases are formed when Li-
ions react with SiO, during the discharging process.
The active phase is Li,5i,05, while the inactive steps
are Li,Si0,, Li,SiO;, and Li,O. Additionally, the
newly formed Si interacts with Li-ions to create Li,Si.

However, during the charging process, the inac-
tive phase (Li,SiO,, Li,5iO3, and Li,0) leads to a low
initial capacity efficiency of SiO, [27-29].

During lithiation

55i0, + ALi* + 4~ o LiySiO,05 + Si (4)
35i0, + ALi* +4e~ — LiySiO; +2Si )
25i0, + 4Li* + 4e~ — Li,SiO, + Si 6)
SiO, + 4Li* + 4¢~ — 2Li,O + Si %

During delithiation

LiySi0,05 + Si < 5S5i0, + 4Li* + 4e™ ®)
Li,SiO, + Si — 2Si0, + 4Li* + 4e™ )
2LiyO + Si — SiO, + 4Li* + 4™ (10)

These are all redox reactions, with the production
of Li,5i0; and Li,5i0,05 occurring at higher poten-
tials. During the lithiation process, SiO, undergoes a
more minor change in volume compared to Si, which
expands by approximately 300%.

However, the significant volume expansion and
contraction can potentially cause damage to the
structure of 5iO, over long cycles. Moreover, the
pulverization of the electrode and the formation of
a solid electrolyte interphase (SEI) may result in the
continual consumption of Li-ions and electrolytes.
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The creation of the SEI also impacts the electrical 3.2.2 Galvanostatic charge—discharge

impedance of CCaL S5iO, NPs, where a thicker SEI

increases impedance and hampers the movement of  In this investigation, galvanostatic charge-discharge

Li" into the CCaL SiO, NPs. (GCD) assessments were carried out to analyze the
electrochemical properties of CCaL SiO, NPs anode.
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«Fig. 4 a Galvanostatic charge—discharge potential profiles for
differential derivative capacity plots of CCaL SiO, NPs anode
at current density is 392.7 mA g~!, b Galvanostatic charge—dis-
charge of CCaL SiO, NPs anode for the Ist discharge, 1st, 5th,
25th, 50th, and 100th (current density is 392.7 mA g_l 0.270)
cycles, ¢ Number of cycles vs. specific capacities and Coulom-
bic efficiency of CCaL SiO, NPs anode at current density of
392.7 mA g~! (0.27C), with specific capacity scale located on
the left side and Coulombic efficiency scale located on the right
side, d Rate performance and Coulombic efficiency through-
out cycles of CCaL SiO, NPs anode at various applied cur-
rent densities (C-rates): 372.1 mA g_l (0.26C), 930.3 mA g
(0.65C), 1860.6 mA g~!' (1.31C), 3721.25 mA g~! (2.63C), and
9303.1 mA g~! (6.58C), with specific capacity scale located on
the left side and Coulombic efficiency scale located on the right
side and e Nyquist plot of CCaL SiO, NPs anode (Inset shows
the fitted equivalent circuit from the EIS data)

The theoretical capacity of the electrode is 1412 mAh
g”! (see supplementary information for details). The
GCD analyses were carried out at a C-rate of 0.27C,
corresponding to an applied current density (ACD)
of 392.7 mA g”!, within a voltage window spanning
from 0 to+ 1.5 V vs. Li/Li".

Figure 4b shows the GCD profiles of CCaL SiO2
NPs anode at the 1st discharge, 1st, 5th, 25th, 50th,
75th, and 100th cycles, along with the corresponding
discharging specific capacities. The specific discharge
capacities for these cycles were found to be 1226.6,
1212.0, 1187.3, 1071.2, 956.8, 720.4, and 511.8 mAh g™
at an applied current density of 392.7 mA g_1 (0.27C).
The higher the specific discharge capacity, the more
charge the material can store and deliver. The spe-
cific lithiation capacities ranged from 956.8 to 511.8
mAh g7}, indicating differences in the materials per-
formance during the discharge process for different
cycles. This suggests that materials capacity to store
and deliver charge may vary over time or in response
to cycling.

The scale for specific capacity on the left side of
Fig. 4cillustrates the relationship between the number
of cycles and the specific capacities of CCaL SiO, NPs
anode at a current density of 392.7 mA g (equivalent
to 0.27C) for 100 cycles. As depicted in the figure, an
escalation in the number of cycles results in a reduc-
tion in the specific capacity. This decrease in capacity
can be attributed to two primary factors. Firstly, there
is cracking of CCalL SiO, NPs anode, which affects
its structural integrity and, in turn, its performance.
Secondly, the establishment of a solid-electrolyte
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interphase (SEI) layer on the anode surface contrib-
utes to the decline in capacity. Combining these two
factors influences the specific capacity of anode over
multiple cycles.

The scale for Coulombic efficiency on the right side
of Fig. 4c illustrates the Coulombic efficiency of anode
comprising CCaL SiO, NPs at an applied current den-
sity of 392.7 mA g'. In the 1st cycle, the CCaL SiO,
NPs anode demonstrates a lithiation capacity of 1212.2
mAh g! and a delithiation capacity of 1213.4 mAh
g !, resulting in a Coulombic efficiency of 99.8%. As
the cycling progresses, the lithiation capacity exhibits
a gradual decrease to 511.8 mAh g"l, while the del-
ithiation capacity decreases to 524.1 mAh g™ in the
100th cycle, accompanied by a Coulombic efficiency
of 97.6%. These results emphasize the importance
of comprehending how the lithiation and delithia-
tion processes interact dynamically inside the anode
material. The falling Coulombic efficiency points to
possible causes that could affect energy storage and
release effectiveness, including electrode deteriora-
tion, electrolyte interactions, and modifications in
the materials structural integrity. The initial capacity
loss of CCalL SiO, NPs aligns with the area under the
capacity curve derivation, indicating the involvement
of the solid-electrolyte interface (SEI) formation in
the capacity loss. During the discharging process, the
reaction between lithium ions and SiO, results in the
formation of two electrochemical phases. Upon retest-
ing the coin cell, we observed a Coulombic efficiency
that started at 100% and decreased to 97.6% after 100
cycles. Therefore, in Fig. 4c, it is evident that the cou-
lombic efficiency has decreased after 100 cycles.

The scale for specific capacity on the left side of
Fig. 4d illustrates the rate capability of CCaL SiO, NPs
anode in the first 10 cycles, ranging from 911.2 to 500.4
mAh g'. Similarly, from the 11th to the 30th cycles,
the specific discharge capacities decreased gradually
up to the 50th cycle. The capacity of a LiB can decrease
gradually over cycles due to several factors such as
electrode degradation, loss of active material, creation
of SEI layer, and alterations in the crystal structure
of anode. During cycling, the formation of SEI layer
around the anode reduces the availability of active
Li-ions for cycling, leading to a decrease in capacity.
Moreover, the repetitive insertion and extraction of
Li-ions can harm the crystal structure of anode, result-
ing in decreased overall capacity [25, 29, 30]. The GCD
curves of CCaL SiO, NPs anode half-coin cell at vari-
ous current densities exhibited discharge and charge
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profiles. The Coulombic efficiency throughout the
cycles is represented in the rate capability graph. The
scale for Coulombic efficiency is located on the right
side of Fig. 4d.

Table 1 represents using Oryza sativa husk extract
510, NPs in organic electrolyte with charging/dis-
charging capacity for LiB. The anode material in LiB
can be made of SiO, powders, which exhibit a change-
able 800 mAh g capacity following 200th cycles [29].
The initial cycle of SiO,/C electrode yielded a dis-
charge capacity of approximately 733 mAh g/, with
a corresponding Coulombic efficiency of 40% [27,
31]. The SN@C/SiO, electrode demonstrated consist-
ent Li" storage characteristics even after undergoing
1200 cycles at 1.0 A g™, with a lithiation capacity of
632 mAh g [14]. Similarly, the BM-Oryza sativa-SiO,/
NC composites, synthesized through ball milling and
thermal processing techniques using biomass Oryza
sativa husk, exhibited exceptional stability, maintain-
ing a changeable lithiation capacity of 556 mAh g
over 1000 cycles [32]. The ZnO/Oryza sativa husk-based
carbonaceous nanosphere composite showed favora-
ble Li storage characteristics, with a specific charge
capacity of 920 mAh g™ completed over 100 segments
at 0.2C [33]. In this investigation, CCaL SiO, NPs were
employed as the active material in an anode configura-
tion, showing a gradual increase in discharge capacity
to 511.8 mAh g™ after 100 cycles. Enhancing charge
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storage capacity and improving electrochemical per-
formance are achieved by activating and optimizing
the structure of electrode material, coupled with the
formation of a SEI layer on the anode surface.
Vanadium was incorporated into MoS, to form
VMOoS,, enhancing electronic conductivity and reduc-
ing sodium-ion transportation barrier. This resulted
in improved electrochemical performance for sodium-
ion batteries (SiBs), including high specific capacity,
excellent cycling stability, and superb rate perfor-
mance [32]. For SiBs, a CoS,/NiS, heterostructure
made of Co-based metal organic frameworks demon-
strates excellent rate performance and high reversible
capacity. With exceptional cyclic stability, the anode
material provides a capacity of 801.5 mA h g™! at 0.1
A g!, continuing to produce 545.1 mA h g™ even
after 2000 cycles at 5 A g™!. CoS,/NiS, has faster reac-
tion kinetics than CoS, alone, as evidenced by lower
sodium-ion transport barriers found in the compound
as determined by in situ X-ray diffraction and den-
sity functional theory calculations. The development
of additional high-performance anode materials with
heterostructures for SiBs appears to be promising with
this design idea [34]. High stability and performance
are demonstrated by coral reef-like MoS, microspheres
with a 1 T/2H phase when used as an anode material
in SiBs. It exhibits consistent cycling behavior with a
specific capacity of 467 at 100 mA g after 100 cycles

Table 1 Oryza sativa husk-derived SiO, NPs as anodes in organic electrolytes with charging/discharging capacity for Li-ion batteries

Sr.no Lithium-ion First discharge  First charge Stability cycles  Stability Coulombic  Furnace Heating References
battery capacity (mAh  capacity (mAh no capacity efficiency Temperature
g g (%) 0)
1 Oryza sativa C/ Near 2100 200th 800 80 - 29
SiO,
2 Oryza sativa 733 - 50th 176 98 650 32
Si0,/C
SN@C/SiOx Near 2000 Near 1200 1200th 632 70.4 600 14
BM-RH-SiO,/ 1373 100th 780 99 650 33
NC
ZnOfrice husk- 1679 1024 100th 920 99.5 500 34
based hollow
carbonaceous
nanosphere
Oryza sativa 1226.6 12134 100th 511.8 97.6 900 This work
CCaL SiO, NPs  C-rate 0.27C C-rate 0.27C
OR OR
(392.7mA g7l (392.7mA g7}
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and 412 mAh g ' at 1 A g™ after 500 cycles. A 100 mAh
g ! capacity is attained even at 20 A g™'. Rapid ion dif-
fusion is made possible by the disordered structure,
abundant flaws, and wide interlayer spacing, which all
improve electrical conductivity and offer active sites
for Na" storage [35]. In lithium-sulfur batteries, CoNi-
embedded nitrogen-doped hollow carbon nanotubes
(CoNi@NCNTs) function as efficient sulfur hosts. Their
capacity of 676.8 mAh g™! at 1 C in the first cycle is
demonstrated by their high Li,S, adsorption ability.
They also have outstanding cyclic stability, maintain-
ing 71.8% of their capacity after 500 cycles. The tech-
nique of incorporating metal nanoparticles into mate-
rials with nanostructured carbon has potential as a
high-performing cathode material for lithium-sulfur
batteries [36]. An NVP/C core-shell cathode structure
is created to improve sodium-ion batteries electro-
chemical performance. It has exceptional rate capabil-
ity (85.3 mAh g™ at 10C), high initial reversible capac-
ity (106.6 mAh g™! at C/10), and good cycling stability
(94.2% retention after 1100 cycles). Phase transitions
during cycling are elucidated through operando X-ray
diffraction experiments conducted using synchrotron
technology. An all-solid-state NVP/C| |Na battery
reversible capacity of 95 mAh g™ at C/10 and retention
of 78.3% capacity after 1100 cycles are enhanced by the
integration of a NASICON solid electrolyte [37]. With
a ceramic electrolyte and NASICON-type NaTi,(PO,);
cathode, these all-solid-state SiBs are promising for
large-scale energy storage because of their conductiv-
ity and stability. Without changing its structure, the
carbon coating on the cathode improves performance.
The efficiency of the battery is supported by operando
PXRD, which shows reversible structural changes
during charge and discharge. This innovation offers
a viable route forward for energy storage devices
with great performance [38]. With the use of lead (Pb)
anode and carbon-coated Na;V,(PO,); (NVP-C) cath-
ode materials, this work presents a promising com-
plete SiB. With a capacity retention of 99.9% after 3500
cycles at a high 5 C rate, the NVP-C cathode exhibits
exceptional reversible capacity and stability. Good
cyclability and capacity retention are also displayed
by the Pb anode. With outstanding rate capability and
discharge energy density, the entire cell provides a
preliminary reversible capacity of 233 mAh g™! at C/10
rate. This simple and affordable prototype represents
a major advancement toward high-energy, useful SiB
applications [39]. The carbon-coated FePO, nanopar-
ticles shown in this study serve as a stable cathode for
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SiBs, providing a reversible capacity of 103 mAh g™
along with exceptional rate capability and uniformity.
Studies using in situ XRD data show that sodiation
involves a biphasic transition. Na;sPb, anode com-
plete cell demonstrates 76% capacity retention over
100 cycles at C/10 rate, indicating this technology’s
potential for use in commercial Na-ion systems [40].

3.2.3 Electrochemical impedance spectroscopy

Figure 4e depicts the electrochemical impedance
spectroscopy (EIS) outcomes acquired from the elec-
trode before and following cycling. The impedance
spectrum displays a partially circular shape, signi-
fying the impedance linked to charge transfer at the
interface between the electrode and electrolyte in the
high-frequency region. Additionally, a linear trend is
observed, indicating the impedance related to Li dif-
fusion in the low-frequency range. With the increas-
ing delithiation/lithiation cycles, semicircle size in the
high-frequency range regime demonstrates a procliv-
ity to enlarge. This phenomenon primarily originates
from the volumetric expansion of CCaL SiO, NPs
anode during the delithiation/lithiation progression,
instigating deterioration of SEI film and exposure of
CCalL SiO, NPs anode surface [41]. Before studying
the stability of GCD cycles, we measured the solution
resistance (R,) and charge-transfer resistance (R.)
values to as 7.4 and 918 Q cm™?, respectively. After
100 cycles, solution resistance (R,) remained constant
while the charge-transfer resistance (R ) increased to
1109 Q ecm™ The solution resistance is relatively low
because electrolyte solution is designed to have good
conductivity, allowing for efficient ion transport. The
charge transfer resistance is usually higher than the
solution resistance because it represents the resistance
related to the specific electrochemical reactions at the
electrode surface, which is influenced by the organic
LiPF; electrolyte and affects the speed of electrochemi-
cal reaction. As these species accumulate, they can hin-
der charge transfer and increase the resistance. The
subsequent formation of a fresh SEI film consumes
electrolytes, thereby elevating the impedance. How-
ever, minimal disparity discernible among the curves
after 100 cycles, suggest that amplification in inter-
face impedance becomes restricted during cycling.
These findings validate the efficacious alleviation of
volumetric variations in SiO, anode by implementing
CCalL structure [41].
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3.3 Post-mortem physico-chemical
characterizations

3.3.1 Post-mortem X-ray diffraction

The CCaL SiO, NPs anode half-coin cells were fully
discharged for post-mortem X-ray diffraction (XRD)
analysis. The disassembly process occurred within
a glove box filled with argon (H,0<0.1 ppm and
0,<0.1 ppm). After unwinding CCaL S5iO, NPs
electrode, Whatman™ filter paper (separator), and
lithium metal chip (cathode), the discharged elec-
trode was accurately cut from the bulk of electrode
material using stainless steel scissors. These samples
were individually stored in separate plastic bags, and
meticulous care was exercised in their handling with
tweezers, ensuring gripping only at the edges.

The CCalL SiO, NPs discharged anode electrode
was transferred to a nearby glove box for analysis via
a shared antechamber after the electrodes in one glove
box were unwound and harvested. During this trans-
fer, the samples were shielded from exposure to air;
instead, they were subjected to pressures of approxi-
mately 1.0 x 10™* kPa for 15 min. Subsequently, the
electrodes were meticulously placed onto glass slides
in a sample holder compatible with the Rigaku Mini-
Flex 600 instrument, which utilizes CuKa radiation
(A=1.54184 A) over a 20 range of 10°-80° for XRD
analysis.

Figure 5a depicts the XRD pattern of CCaL SiO,
NPs. After lithiation, we observed some changes in
the XRD patterns of CCaL SiO, NPs. It demonstrated
that CCaL SiO, NPs have a good crystal structure
and are initially crystalline. However, during lithia-
tion, the Si atoms in the SiO, lattice react with the Li-
ions to create SiO,-Li alloys like Li,Si0,05, Li,5i0;,
and Li,SiO, [42]. These transitional periods frequently
have an unorganized or amorphous structure. As a
result, CCaL SiO, NPs anode material exhibits amor-
phization in the form of a broad, featureless peak or
a drop in peak intensity on the XRD pattern. Addi-
tionally, we noticed copper peaks that corresponded
to the copper planes (111), (200), and (220) [43]. We
use the Miller index (hkl) to index well-known copper
values for the crystallographic plane. The (111) plane
often occurs at two values at 43.3° and is the sharp-
est. As lithiation progresses, the process creates vari-
ous lithiated SiO, compounds. Among these phases,
there is the presence of lithium oxide (Li,O) [44]. These
phases may be recognized and measured because they
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have discrete diffraction peaks in the XRD pattern at
particular angles. The (111) plane corresponds to the
Li,O peak point at two values between 32° and 34°
[45]. The emergence of additional peaks connected to
these phases shows that SiO, has changed into lithi-
ated compounds. The substantial volume expansion
that Si experiences during lithiation causes mechani-
cal strains and fissures in the electrode material. The
growth in volume was inferred by analyzing the vari-
ations in peak positions and intensities in the XRD
pattern. The broadening, which results in structural
alterations, might be blamed for variations in peak
position or the formation of additional peaks. The
lithiation process causes peak broadening in the XRD
pattern by introducing microstructural imperfections
and disorder into SiO, lattice [45].

Broader peaks denote the existence of defects, dis-
locations, and nanocrystalline domains brought on
by lithiation-induced stress and strain [46]. Li inser-
tion into the crystal lattice can cause the XRD peaks
connected to SiO, to shift to a lower angle [47]. This
change indicates that the unit cell has expanded due to
lithiation. Crucial markers of copper crystallinity are
sharp and intense peaks at two distinctive values. This
knowledge is essential for characterizing the structural
characteristics of copper foils. Various uses, such as
current collectors in LiB and other electronic devices,
make it worthwhile for materials research and quality
monitoring. When maximizing the design and use of
LiB, the performance and stability of SiO, NPs-based
anodes are crucial.

In conclusion, the XRD examination of CCaL SiO,
NPs anode following lithiation reveals considerable
structural changes in the material. Amorphization, the
development of lithiated phases, volume expansion,
peak broadening, and peak shifts are some of these
modifications. For evaluating the electrochemical, it is
essential to comprehend these observations.

3.3.2 Post-mortem field emission scanning electron
microscopy

The anode half-coin cell containing CCaL SiO, NPs
underwent a complete discharge, during which the
cell voltage reached 0 V. This discharged state was
then utilized for post-mortem field emission scan-
ning electron microscopy (FE-SEM) analysis. The
disassembly process occurred within a glove box
filled with argon (H,0<0.1 and O, <0.1 ppm). After
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Fig. 5 a Post-mortem XRD pattern of CCaL SiO, NPs anode lithiated electrode and Post-mortem FE-SEM images of CCaL SiO, NPs

anode at b 5000 X, ¢ 30,000 X, and d 100,000 X magnifications

carefully unwinding the discharged CCaL SiO, NPs
electrode along with separator and lithium metal chip,
precise samples were cut from the primary electrode
material using stainless steel scissors. These samples

were individually stored in separate plastic bags, and
meticulous care was taken during handling, utilizing
tweezers and gripping only at the edges. In this inves-
tigation, post-mortem electrodes were not dissolved
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in a solvent (dimethyl carbonate (DMC) or ethylene
carbonate (EC) or diethyl carbonate (DEC). Dissolv-
ing the electrodes in a solvent solution would result in
the removal of Solid Electrolyte Interphase (SEI) layer.
Post-mortem electrode was moved to a nearby glove
box for analysis via a shared antechamber after the
electrodes in one glove box were unwound and har-
vested. Samples were not exposed to air during this
transfer; instead, they were subjected to pressures of
about 1.0 x 107 kPa for 15 min. Samples for the FE-
SEM were brought to the microscope using an airtight
sample holder. Micrographs were captured using a
secondary electron detector with a working distance
of 15 mm and an accelerating voltage of 15 kV on a
NOVA NANOSEM 450 FE-SEM instrument.

The CCalL 5iO, NPs anode is shown in Fig. 5b—d in
post-mortem FE-SEM pictures at three different mag-
nifications: (b) 5000 X, (c) 30,000 X, and (d) 100,000 X.
In all three magnifications, these photos demonstrate
an apparent increase in the size of 5iO, NPs during
the lithiation process. As previously shown by post-
structural analysis, during lithiation, Si within the 5iO,
structure experiences a reaction with Li, resulting in
the creation of lithiated Si compounds.

This chemical transformation leads to the pulveriza-
tion and cracking of CCaL SiO, NPs anode, ultimately
causing a substantial expansion in the volume of
anode. The SEI layer, an essential part of LiB systems,
stands out for having distinct contrast and bright-
ness properties compared to the underlying electrode
material [48]. For instance, the magnification of 5000
Ximages looks low dark gray in some regions with a
black tint because of SEI layer. At a magnification of
30,000 X, the image shows some cracks due to some
stress with a combination of dark gray and black por-
tion because of SEI. At magnification of 100,000 X, the
image looks dark gray with a black tint due to unique
imaging circumstances. The type and density of SEI
layer might vary, which is why there is this visual
disparity.

The results indicate the formation of a SEI layer
on the electrode surface. In contrast to the relatively
smooth appearance of electrode material beneath it, the
SEI layer exhibits irregularities, coarseness, and fluc-
tuations in thickness [49]. The post-mortem FE-SEM
characterization inquiry heavily relies on the presence
of SEI layer and the contemporaneous pulverization
of electrode material on the surface. These findings
have improved the understanding of electrochemical
behavior of CCaL SiO, NPs anode in LiB application.
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It provided insightful information about the structural
and morphological changes in the anode during the
lithiation process.

Furthermore, the volume changes experienced by the
SiO, electrode material during the charge and discharge
cycles of a LiB are notable. As lithium ions intercalate
and deintercalate from the crystal lattice structure, the
electrode material undergoes significant alterations.
These repeated volume changes induce mechanical
stress within the electrode, potentially leading to pul-
verization. Pulverization occurs when the mechanical
stress from volume expansion exceeds the material
mechanical strength, resulting in the fracture or break-
age of electrode particles. This process reduces the avail-
able surface area for lithium-ion interactions, ultimately
compromising battery capacity.

4 Conclusion

In conclusions, we have successfully employed the sol-
vent extraction modification technique to create CCaL
SiO, NPs from Oryza sativa husk. This method offers a
simple and cost effective strategy for producing these
NPs, which can be employed as anode in half-coin cell
LiB applications. The CCaL SiO, NPs are granules;
agglomerated ultrafine particles accommodate the
fast diffusion pathway of Li-ion, while spongy gran-
ules direct growth in the communication surface area
between CCal SiO, NPs and LiPF,. Agglomerated,
porous granules are present in the microstructure as
observed, resulting in aggregates with a porous and
networked structure. Because of these agglomerates
increased porosity and surface area, their distinct shape
is very significant. The porous design NPs can be spa-
cious to contribute to volume expansion growth and
maintain structural goodness when Li intercalates into
Si NPs [50]. A CCaL SiO, NPs anode post-mortem after
lithiation XRD examination reveals significant structural
changes for evaluating its electrochemical performance.
In post-mortem analysis of FE-SEM the formation of
SEl layer and its distinctive features have improved the
understanding of CCaL SiO, NPs anode behavior in
LiB, particularly regarding structural changes during
lithiation.
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