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Abstract

The synthesis of battery materials from biomass as feedstock is not only effective
but also aligns with sustainable practices. However, current methods like slow
pyrolysis/heating are both energy-intensive and economically impractical.
Hence, integrating energy-efficient technologies becomes imperative to curtail
substantial energy consumption and, consequently, minimize carbon dioxide
(CO,) emissions during electricity usage. Herein, we employed a one-step
pyrolysis/reduction based on the microwave heating method to synthesize a
composite of high-purity silicon and highly graphitized carbon (Si@GC) from
rice husk as feedstock. Compared to the conventional heating methods, the
Si@GC samples prepared via the microwave heating method required less time
(30-50 min). Benefiting from ultrahigh heating rates, the highly graphitized
carbon and crystalline silicon composite was successfully synthesized. The
synthesis by microwave irradiation showed homogenous material, excellent
surface area, essential functional groups, and crystallinity revealing the
outstanding reaction kinetics to form the material. The as-synthesized Si@GC
composite anode material delivered a high discharge capacity of 799 mAh/g with
high cyclic stability of ~71% over 120 cycles. The ex situ ToF-SIMS revealed great
inorganic SEI composition, mainly consisting of the fluorinated species and
carbonate species produced at the initial cycle. This investigation provides a
novel rapid heating method for the synthesis of battery materials, which can also
be extended for other materials and applications.
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1 | INTRODUCTION

The increasing needs of the expanding population have
presented in two major global challenges, namely the
energy crisis and solid waste management,
which results in notable environmental consequences.
It is imperative for a circular economy to address
sustainable development objectives and formulate ap-
proaches for transforming agricultural and biowaste
into energy through the application of advanced
technological processing methods, thus tackling these
significant challenges. First, energy-saving technology
should be utilized to reduce the use of extensive en-
ergy, thereby reducing CO, emission during electricity
generation. Second, agro-biomass accumulation on
land should be mitigated by making better use and
eradicating combustion, which limits the emission of
harmful gases in the environment. Currently, the
conversion process of biomass to useful materials
involves long-hour pyrolysis under an inert or air
atmosphere in the conventional furnace or hydro-
thermal carbonization.'™ The conventional furnace al-
lows the slow conversion carbonization involving a mini-
mum of 5h to obtain the nanocomposite material. This
system has been actively utilized in solid waste manage-
ment, waste minimization, and product development in
major industries. This process is not only lengthy to obtain
good-quality products but also consumes a lot of
electricity.

Pyrolysis (heating) processes are typically catego-
rized based on the rate at which the biomass particle is
heated to the pyrolysis temperature. Consequently, a
distinction can be drawn between fast and slow pyrol-
ysis. Fast pyrolysis/heating is characterized by operating
conditions that aim to optimize the production of the
active material, such as high heating rates and short
vapor residence times. The resulting pyrolyzed material
is considered a raw liquid biofuel that can be utilized in
stationary heat and power applications or, alternatively,
can undergo further refinement for use as a drop-in
transportation biofuel. The majority of research efforts
in the field of biomass pyrolysis have focused on fast
pyrolysis.>* Recently, some preliminary investigation
has been conducted on the process of pyrolysis driven
by microwaves. The utilization of microwaves for
heating differs fundamentally from all other pyrolysis
methods because the biomass is heated internally rather
than through external heat transfer from a heat source
of elevated temperature. Microwave heating (MWH) is
an electromagnetic heating method that employs
microwave radiation to transfer energy to the materials
undergoing heating. In contrast to conventional heating
techniques that utilize a surface-to-inside mechanism,

microwave heating operates through a direct, uniform,
and instantaneous inside-to-surface heating mechanism
explained in Figure 1. Consequently, microwave
irradiation proves highly advantageous since it ensures
uniform molecular-level heating followed by rapid
heating of the entire volume. MWH offers several
advantages, including a rapid, uncomplicated, and cost-
effective process, as well as the production of high-
quality and high-yield products. MWH results in an
escalation of the carbon yield, an enhancement in the
quality of material, a provision of elevated energy effi-
ciency, and a reduction in the formations and emissions
of perilous substances, thus ultimately rendering the
method ecologically sound. Nonetheless, despite these
benefits, microwave synthesis encounters certain chal-
lenges that necessitate further research to optimize the
process.””’

RH-derived silicon/carbon anode materials are
widely recognized as the most popular and efficient
anode material for lithium-ion batteries due to their
exceptional electrical conductivity and structural
integrity. However, the primary obstacle lies in the
pyrolysis process, which has been discussed previously.
Recently, Wang et al.® made a notable advancement by
employing rapid direct heating at an ultrahigh rate to
synthesize high-purity LNMO crystals in a mere 2h
instead of the conventional 15 h. This improvement is
significant in comparison to traditional methods.
Additionally, microwave irradiation has been found to
enhance reaction kinetics and improve the homoge-
neity of LNMO, as reported by Wang et al.® Further-
more, Praneetha and Murugan® have reported a pro-
cess that involves microwave-assisted solid-state
ashing followed by a magnesiothermic reaction to
convert silicon using RH. In most cases, a carbon
coating is applied to silicon nanomaterial as a common
practice.’®"'* However, this intricate process demands
a considerable amount of energy as it entails a two-step
conversion involving pyrolysis and heating. Conse-
quently, research indicates a substantial gap in the
utilization of energy-efficient techniques such as
microwave irradiation for biomass conversion during
the pyrolysis process.

In the present investigation, we have demonstrated the
effective ultra-fast pyrolysis/reduction method to produce
crystalline silicon and highly graphitized carbon (Si@GC).
Furthermore, the microwave pyrolysis/reduction process
was optimized at distinct temperatures and times to achieve
optimal battery performance as anode material for LIB. The
resulting material exhibited an exceptional quality, char-
acterized by partially carbonized crystalline carbon and
silicon, which in turn showcased remarkable properties.
The solid electrolyte interface (SEI) formation mechanism
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FIGURE 1 (A) Schematic illustration of particle heating mechanism in conventional and microwave pyrolysis process at 900, 1000, and
1100 for residence time of 30, 40, and 50 min, (B) residence time and CO, equivalent (kg) of microwave and conventionally heated samples.

and composition were uncovered using advanced time-of-
flight secondary ion mass spectrometry (ToF-SIMS).

2 | EXPERIMENTAL DETAILS

2.1 | Synthesis of silica/carbon
nanocomposite

Rice husks, kindly provided by SunRice food company,
underwent a pretreatment process at a temperature of
100°C for 4 h. This pretreatment involved the use of a deep
eutectic solvent, specifically choline chloride and oxalic
acid in a ratio of 1:2 (ChCL:0A), to eliminate any organic
and metal impurities present in the husk. Following this,
the pretreated rice husk samples were filtered, washed
with deionized water, and subsequently dried at a tem-
perature of 80°C overnight. As a result, the dried samples
were then subjected to cryo-milling for 1 min at 30Hz
frequency with a mixture of magnesium and sodium
chloride, with a ratio of 1:0.7:1 for rice husk, magnesium,
and sodium chloride, respectively."* These mixtures were
then pyrolyzed under inert conditions at three different
temperatures, specifically 900°C, 1000°C, and 1100°C,

with varied holding periods of 30, 40, and 50 min using
microwave irradiation furnace. The samples were washed
to remove the metal residue using 1M HCI, distilled water,
and ethanol. This pyrolysis process aimed to synthesize
the desired silicon/carbon composites through carboniza-
tion. The resulting materials were denoted as MW-900-30,
MW-900-40, MW-900-50, MW-1000-30, MW-1000-40,
MW-1000-50, MW-1100-30, MW-1100-40, and MW-1100-
50, respectively. To eliminate any remaining impurities,
the synthesized material was washed with a 1M solution
of hydrochloric acid and subsequently dried in a vacuum
oven at a temperature of 70°C overnight.

2.2 | Material characterizations

The composition of the surface was determined
through the utilization of X-ray photoelectron spec-
troscopy (XPS) measurements employing a Kratos
AXIS Supra spectrometer. To examine the morphol-
ogy of materials at the surface, field emission scan-
ning electron microscopy (FE-SEM) using a Tescan-
MIRA3 instrument, transmission electron microscopy
(TEM), and high-resolution TEM (HR-TEM) with a
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FIGURE 2 (A)XRD, and (B) Raman spectra of MW-900-50, MW-1000-50, MW-1000-50 obtained by microwave heating process.

JEOL 2100-200kV instrument were employed. For
the determination of the surface area, N, adsorption-
desorption experiments were conducted using Mi-
cromeritics 3 Flex. The Raman microscope Renishaw
was employed to acquire Raman spectra of the
material, utilizing a selective laser source at a 532 nm
wavelength.

2.3 | Electrochemical characterization
The electrochemical evaluation of MW-900-30,
MW-900-40, MW-900-50, MW-1000-30, MW-1000-40,

MW-1000-50, MW-1100-30, MW-1100-40, and MW-1100-
50 samples as anode materials in lithijum-ion batteries
(LIBs) was executed utilizing CR2032 coin-type half-cells,
assembled in a argon-filled glovebox. The formulation of the
electrode was obtained through the blending of the active
materials, super P, and poly (vinylidene fluoride) (PVDF)
binders in an 80:10:10 weight ratio, followed by the creation
of a paste employing an N-methyl-2-pyrrolidone (NMP)
solution. Subsequently, the paste was administered onto
copper foil and dried in a vacuum oven at 80°C for a
duration of 12h. The cell configuration encompassed lith-
ium metal as the counter electrodes, glass microfiber sep-
arator, and SC derivatives. The mass loading varied from 0.5
to 0.73mg across a diameter 12 mm electrode. The elec-
trochemical evaluation of the material was carried out
employing commercially available 1M lithium hexa-
fluorophosphate (LiPF6) dissolved in ethylene carbonate
(EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC)
with a volume ratio of 1:1:1 (Sigma). The cells underwent
cycling within the range of 0.01 to 3.0V (vs. Li/Li+). The
galvanostatic charge/discharge (GCD) tests were executed
by utilizing Neware battery testers, while cyclic voltam-
metry data were acquired using a Biologic VMP-300
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FIGURE 3 BET of the samples, MW-900-50, MW-1000-50, and
MW-1100-50 obtained by microwave heating process.

potentiostat. Furthermore, ex situ Raman, X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy
(SEM), and time-of-flight secondary ion mass spectrometry
(ToF-SIMS) analysis were performed.

3 | RESULTS AND DISCUSSION

3.1 | Determination of CO, emissions

Most of the processes involved in converting biomass
into materials are characterized by high energy con-
sumption, starting from the initial biomass drying
stage to the subsequent pyrolysis process. The utili-
zation of energy-intensive methods gives rise to sig-
nificant emissions of CO, and other greenhouse gases
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FIGURE 4 FE-SEM and HR-TEM analysis of the samples, (A-D) MW-1100-50, (E-H) MW-1000-50, and (I-L) MW-900-50 obtained by

microwave heating process.

(GHG). Therefore, it is crucial to conduct a thorough
analysis of the energy requirements for both the
primary process and any subsequent postprocessing
stages to determine the most energy-efficient and
environmentally friendly approach. In this study, the
impact of using conventional and microwave methods
to produce biomass-derived anode materials on resi-
dence time and CO, emissions was examined and
depicted in Figure 1B.

The quantities of CO, are determined by evaluating
the electricity consumption and emission factor as indi-
cated in Figure 1A. The use of the microwave furnace for
the synthesis of Si@GC composite has markedly dimin-
ished CO, discharge when compared to the conventional
procedure. The primary rationale behind this is the
accelerated heating rate and abbreviated duration of
exposure to heat in the microwave method. In greater
detail, the time required to raise the temperature of the
samples from room temperature to 900°C, 1000°C, and
1100°C in the microwave furnace was less than 90 min,
which is approximately 1.7 times faster than the con-
ventional method. The dissimilarity in heating efficiency

can be ascribed to the unique mechanism of microwave
heating, which directly heats the substance through
molecular dipole rotation and friction. Consequently,
a more efficient and uniform heating of the material
occurs, resulting in an improved heating speed and
decreased thermal gradients. Furthermore, the sharp
thermal gradient observed in the microwave heating
curve may also contribute to a notable reduction in CO,
discharge in comparison to the conventional heating
technique. This effect is due to the swifter heating speed
and enhanced heating efficiency of microwave heating,
and it has the potential to considerably diminish energy
consumption and greenhouse gas emissions during the
manufacturing and processing of materials.

3.2 | Analysis of Si@GC materials

The structural characteristics of the samples were
investigated using the XRD technique. Although there is
a slight shift in the peaks, all the samples in Figures 2A
and S6a,c show the presence of crystalline carbon and
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FIGURE 5 The XPS data consisting of functional groups including C1s, O1s, and Si2p for (A-C) MW-900-50, (G-I) MW-1100-50,

and (D-F) MW-1000-50 samples.

silicon, as well as a peak for silicon carbide. The peak at
approximately ~18° corresponds to the (100) plane of
graphitic carbon structures. The crystalline §-SiC strong
bond at the lattice peak observed at around ~36.7° and
~40.9° corresponds to (111) and (200) plane, followed by
a pure silicon peak at approximately ~72° and ~75° cor-
relating to the reflection of the plane (311) and (222).
XRD analysis also reveals the presence of an amorphous
phase of silica and carbon. The quality of the material
under microwave irradiation heating remains unaffected
and actually improves with longer holding time."
Raman spectra is depicted in Figure 2B. All the sam-
ples exhibit a noticeable peak at approximately 510cm™",
which is attributed to the pure silicon. Moreover, the
two other peaks observed at 1346cm™' and 1583 cm™*
are identified as the D-band originating from disordered
carbon and the G-band arising from sp2 graphitic carbon,
respectively. In terms of qualitative assessment, the Raman
spectrum enables the observation of the level of amor-
phousness and the presence or absence of defects in carbon
materials. To quantitatively evaluate this, the ratio of the G
band to the D band can be analyzed to obtain degree
of amorphousness data. Specifically, a higher degree of

graphitic crystallinity corresponds to a lower intensity ratio
and a reduced number of defects. The ID/IG ratio of ~0.85
displays crystalline carbon, indicating the presence of
certain defects or a certain degree of amorphous char-
acteristics in the carbon material derived from RH. The
intensity of graphitization is observed to decrease in the case
of a shorter holding time during microwave irradiation, as
shown in Figure S6b,d, thus impacting the quality of the
carbon structure.'® This is in concurrence with the findings
on surface area. The adsorption-desorption isotherms
obtained via Brunauer-Emmett-Teller (BET) analysis
(Figure 3, ESIT) indicate that the specific surface areas for
samples obtained at 50 min at 900°C, 1000°C, and 1100°C
are calculated to be 11.51, 381.74, and 571.22, respectively.
The increase in temperature has a significant impact on
the surface area of the silicon carbon nanocomposite.
Table S1 and Figure S7 present the BET values of
all samples obtained at 30 and 40 min at the selected
temperature. The BET values of the Si@GC composite
samples converted from biomass suggest that higher
temperatures result in superior porosity and surface area
compared to those obtained at lower temperatures with
microwave irradiation.
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FIGURE 6 GCD and CV electrochemical measurements for (A and B) MW-1100-50, (C and D) MW-1000-50, and (E and F) MW-900-50
anode materials.

(A) ~ 1200
2 \ g8
< & 3
£ 1000 e — LR
(S 800 Al s 3 2 8 8 s el
- Aaaatbaasady i, S i 8 Q ‘2““‘:““”‘
5 i s, Pl I
8 600 4 Aaas, ARAA
o
PR ~ / Mw
T 400 M i, had paapsatstt T
o ‘““‘Am“m»nﬂ““‘“%oo-so
2001 — T —a— MW-1000-50
—a— MW-1100-50
0 10 20 30 40 50 60 70
Cycle number
(B) 531400 -120
£ L 100
1050 -
=
:‘? 700 -M | 60 g
® 350 ! 402
g 3% -r__“._——l”- | g
8 0 - —o—MW-900-50 [ 20]]
—e— MW-1000-50
Currentdensity @ 0.1 C —eo— MW-1100-50 | 0
0 20 40 60 80 100 120 140

Cycle Number

FIGURE 7 (A) Rate performance and (B) cyclic stability for MW-1100-50, MW-1000-50, and MW-900-50 obtained by microwave heating
process.

85UBD|17 SUOWIWIOD 8AITID) 3|qeol|dde 8Ly Aq pausenob a1e Ssppie YO ‘SN JO S3INJ 104 Akeid1 78U UO A8]1M UO (SUOTHPUOD-PUe-SWLBY/WO0™AB | 1M AR1q U UO//:SANY) SUOIIPUOD pue SWB | 8U3 89S *[5202/20/£0] Lo A%eiqiTauliuo A8]1M ‘puesusend ueyinos JO Aisienun Aq 5200202 Z81d/200T OT/I0p/wod A8 | imAeiq Ul |uoy//Sdny Woiy pepeo|umod ‘9 ‘v20Z ‘969T89.2



swss |\ o, BATTERY

PADWAL ET AL.

NIMENERGY
A) T o1s F1s C1s
SR P A A
m A Pristine
8 e
~—" N\*v_\—
-‘? - De-lithiated
(7))
e
Q
—
C A . .
- ner )\ Lithiated
1000 800 600 400 200
Binding energy (eV)
(B) [Cithiated at 0.01v ato.1C F1s| (C) [pedithiated af091vatoiC  F1s|(D)[Citniatea atavatoic_  sizeJ|| (E)[Deritiated sysvatoic  sizo
LiF % _ G, Si., : - A Li,Sio,
2 2l BT A% 8
> > 2| \ . % ) 2
= H » \ y A 7]
2 c ’,\‘o ol * * e, "o " -
688 686 684 682 680 686 685 684 683 682 681 680 104 102 100 104 102 100

Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)
(F) [tthiated at0.01vat0.1C 01s] (G) [Deithiated at 3v at 0.1 o1s|(H)[Lithiated at 0.01vVat0.1C _ C1s| (I) [Delithiated at 0.01V at 0.1CC1s
-

n ,ar"i\ L.O ? @ Czn cc|l @
g8 co & i iy 5 S s
> L - > Carbonates @ \ >
@ g i3 \ P i
[ c-0 : > 5 \ ; 5
El v E E df“( . =

o ¥

' 4

534 532 530 528 526

Binding energy (eV) Binding energy (eV)

534 532 530 528 526

290 288 286 284 282 280
Binding energy (eV)

290 288 286 284 282 280
Binding energy (eV)

FIGURE 8 Ex situ XPS analysis of MW-1100-50 electrode lithiated and delithiated in LiPFg for LIB at 0.1C current density, high
resolution spectra for lithiated electrode (A) wide spectra, (B) F1s, (D) Si2p, (F) O1s, (H) C1s, and (C) high resolution spectra for delithiated

electrode (C), F1s, (E) Si2p, (G) Ols, (I) Cls.

Figures 4, S1, and S2 depict the surface morphology of
the samples, which was recorded using SEM and TEM. The
SEM images disclose the presence of conglomerates of
spherical Silicon (Si) nanocrystals within the samples. These
nanocrystals are interconnected, leading to the formation of
densely aggregated nanoparticles that are evenly dispersed
across the surface of the carbon material. The HRTEM
images (Figures 4, S1, and S2) reveal the interfaces between
Silicon Carbide (SiC) and carbon. The presence of distinct
lattice fringes, with an interlayer spacing of 0.25 nm, corre-
sponds to the (111) crystal plane of cubic -SiC. Moreover,
besides the SiC, there are also carbon domains that
can be identified with an interlayer distance of 0.34 nm
(Figures 4, S2, and S6a-c) indicating the partially graphitized
nature of the carbon.'”'® It is observed that when treatment
temperatures increase, graphitization occurs. HR-TEM
studies confirm that longer treatment times and tempera-
tures above 1000°C cause ordering of disordered carbons and

ultimately lead to stable graphitization. This process evolves
over time and occurs at various temperatures. Initially,
amorphous carbon forms a lamellar network with graphitic
bonding. Small clusters of six-membered rings create net-
works similar to the carbonization process described by
Patrick.'® Furthermore, the confirmation of the formation of
the nanocomposite structure can also be established based
on its distinctive Raman scattering properties.

Furthermore, XPS analysis was used to investigate the
surface composition and chemical states of elements in the
Si@GC composite samples. Figure 4 displays the high-
resolution Si 2p (Figure 5C,F,I, C 1s Figure 5A,D,G, and O 1s
Figure 5B,E,H) spectra for all samples. The Si 2p region
reveals peaks and is assigned to 101(Si-C), 103 (C-SiO,), 104
(Si0), and 106 (SiO,) in all the samples at carbonized for
50 min at 1100°C, 1000°C, and 900°C. The C 1s spectrum is
deconvoluted into main peaks for all samples, Si-C
(~284eV), C-C (~285eV), C-O-C (286.8eV), and C=0
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FIGURE 9 ToF-SIMS imaging analysis in negative ion mode of MW-1100-50 electrode lithiated in LiPF, for LIB at 0.1C current density

at 0.01 V.

(286.6 eV). However, at MW-1100-50, the C=0 group is seen
missing. Furthermore, the high-resolution O 1s spectra
depicts the chemical bonding state of O, with peaks corre-
sponding to C=0 (~535.4¢V), Si-02 (~535€V), and O-H
(~534.4¢eV) seen in all samples obtained at 50 min of
microwave irradiation. Similarly, Figures S3-S5 show the
XPS plots for 30 and 40 min for the Si 2p, C 1s, and O 1s
spectra.

3.3 | Electrochemical measurements

The electrochemical behavior of MW-900-50, MW-1000, and
MW-1100 at 30’, 40, and 50'min Si@GC composite obtained
using microwave irradiation are further assessed in lithium-
ion half-cells as an anode material. The cyclic voltammetry

(CV) and galvanostatic charge/discharge (GCD) examina-
tions are conducted within the range of 0.01-3.0V (vs. Li
metal counter electrode). The CV profiles of these silicon/
carbon anodes at 0.2mV/s for the initial three cycles are
depicted in Figures 6B,D,F, S8b,d.f, and S9b,d,f encompass-
ing all the samples. Generally, the lithiation and delithiation
peaks at potentials typical of the reaction of anodic Si are
evident in all samples. During the initial cathodic half-cycle
(lithium uptake), distinct peaks are observed at 0.2 and 2.5V
corresponding to the intercalation of the Li-ions. Further-
more, cathodic peaks emerge at ~0.6V in the first CV cycle
and are associated with the development of solid electrolyte
interphase (SEI) and the degradation of the electrolyte.”
Subsequently, these peaks vanish in the following cycles,
indicating the presence of a stable SEI layer and the
reversible performance of the electrodes. The cathodic peak
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FIGURE 10 ToF-SIMS imaging analysis in positive ion mode of MW-1100-50 electrode lithiated in LiPFg for LIB at 0.1C current

density 0.01V.

appearing at 1.6 V is linked to the creation of LixC and LixSi
alloy phases and is consistent across all the samples.*"*
Additionally, when compared to the initial scan, the mag-
nitude of the anodic current peaks in the second and third
scans exhibits a slight expansion, likely due to the gradual
disintegration of the crystalline silicon structure as lithium
ions infiltrate the silicon host and form the amorphous Li-Si
alloy.”®

The galvanostatic charge-discharge (GCD) curves
of all the samples are displayed in Figures
6A,C,E, S8a,c,e, and S9a,c,e. The first five cycles of all
the samples at the current density of 0.1C and full
delithiation process of anode samples MW-900-50,
MW-1000-50, and MW-1100-50 delivered the initial
reversible discharge capacities of 476, 429, and

799 mAh/g. The initial coulombic efficiency of 58%,
59%, and 47% was estimated for all the samples,
respectively. Furthermore, the initial capacity for the
sample MW-900-30, MW-1000-30, and MW-1100-30
was 309, 534, and 300 mAh/g, with initial Coulombic
efficiency of 32%, 43%, and 49%. Subsequently, the
samples acquired at 40 and depicted as MW-900-40,
MW-1000-40, and MW-1100-40 showed the initial
reversible discharge capacities of 506, 360, and
526 mAh/g with the initial Coulombic efficiency 45%,
43%, and 54% correspondingly. Comparing the
discharge-charge capacity and coulombic efficiency,
the sample acquired at 1100-50 shows significantly
better performance among all with higher Coulombic
efficiency and discharge capacity (Table S2).
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FIGURE 11 ToF-SIMS imaging analysis in negative ion mode of MW-1100-50 electrode delithiated in LiPF for LIB at 0.1C current

density at 3V.

Next, we examined the rate performance and cyclic
stability of LIBs with all the anode materials acquired
via microwave irradiation carbonization process.
Figures 7A,B and S10a,d show the dependence of the rate
performance on the applied current density starting from
0.1 to 2C. While increasing the current density, the per-
formance showed much less significant difference in all
the samples. Subsequently, the MW-1100-50 showed an
increase in capacity after returning to a lower current
density, thereby accrediting to the better structural sta-
bility of the nanocomposite. In other words, the structure
containing sustainable composition of partially graphi-
tized carbon along with silicon and silicon carbide as
per the XPS and XRD data analysis helps to minimize
the volumetric changes of the Si nanocrystals as the
crystalline carbon plays the encapsulation layer for the

nanocrystal. The electrode MW-1100-50 materials
exhibited excellent long-term cycling stability over
120 cycles, retaining ~71% initial capacity of the initial
reversible capacities along with ~97% Coulombic effi-
ciency during the entire cycle measurements. Comparing
the measurements, MW-900-50 and MW-1000-50 showed
exceptional ~94% and ~95% Coulombic efficiency during
the entire cycle and cyclic stability.

3.4 | Ex situ study of electrode

To further gain a better understanding of the surface
modification of the electrode after initial discharge,
discharge-charge in LiPF6 electrolyte was studied only in
the case of MW-1100-50 considering the performance.
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FIGURE 12 ToF-SIMS imaging analysis in positive ion mode of MW-1100-50 electrode delithiated in LiPF4 for LIB at 0.1C current

density at 3V.

The surface morphology was understood by FE-SEM
(Figure S11), where the pristine electrode shows a loosely
packed, homogenous distribution of carbon and silicon.
The fully lithiated electrode shows thick layering with
less visible particles seen, which possibly occurred
after solid electrode interphase (SEI) formation, thereby
covering the entire surface. Upon delithiation, the entire
surface seems to have no significant cracking of a
surface, and the particle appears independent. The
high-resolution spectrum analysis of F1s, Ols, and Cls
was performed to understand the composition of the
electrode surface. The XPS and ToF-SIMS analysis was
performed and results were displayed by spectra plot
(Figure 8) imaging (Figures 7-12) and sputter plot

(Figure 13A,D). The spectra shows significant presence
of various derivatives of fluorinates, carboxylates, oxa-
lates, and peaks of silicon and lithium. In XPS survey,
F1s high resolution peak, shows LiF is located at 685 eV,
along with LiPF¢ at 687 eV followed by the CF at 683 eV
as reported earlier in silicon electrode study®*2° in both
delithiated and lithiated sample which concludes that the
LiPF¢ forms an integral part of the SEI following the
dissociation of PF4 ions into the surface forming LiF a
critical component of SEI at the initial cycle.”” This sig-
nificantly agrees with the ToF-SIMS data, where LiF,
(CH,0OCO,Li),, CF, SiOF, and LiF derivatives are
observed in both positive and negative ion modes,
respectively. These inorganic components mainly
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FIGURE 13 ToF-SIMS, sputter plot analysis in (B—D) negative and
and delithiated (3V) electrode in LiPF4 for LIB at 0.1C.

contribute to the outer SEI layer. The Ols spectrum
shows oxygenated species formed on the surface of the
particles as well as in the SEI layer. The formation of
C=0 and C-O bonds within ROCO group at ~532 and
533 eV mainly describes the carboxylates.”® The strong
spectrum at ~530eV also shows the presence of Li,O,
which is formed during the first discharge cycle, conse-
quently decreasing upon additional cycling. The XPS
spectrum of Cls peak ranging from 280 to 290 eV,ex-
plains the formation of a wide range of carbonate group
from electrolyte C-C, C-O4, C-H, hence forming the
carbon network on the surface of cycled electrode. The
ToF-SIMS data provide confirmation of the carbonate
species on the surface, as observed in the sputter plot and
imaging, and the sputtering time and signal intensity of
elements F and C can be utilized to gauge the interfacial
layer's strength, with the consistency of the element's
signal increasing as the sputtering time increases, indi-
cating that the SEI is primarily composed of an inorganic
phase from the surface to the inner layer.*

Sputter time (sec)

(A—C) positive ion mode of MW-1100-50 material lithiated (0.01V)

4 | CONCLUSION

In this study, we developed a one-step pyrolysis/reduc-
tion technique based on microwave irradiation heating
using microwave irradiation. The technique is novel and
unique to convert the biomass to battery material and
further fabricate a composite material consisting of high-
purity silicon and highly graphitized carbon (Si@GC)
using rice husk as the source material. Unlike conven-
tional heating methods, Si@GC samples were synthe-
sized within a relatively short duration of time
(30-50 min) readily reducing the CO, emission indirectly
through electricity usage. The utilization of ultrahigh
heating rates facilitated the successful synthesis of the
highly graphitized carbon and crystalline silicon com-
posite. The microwave irradiation process resulted in the
production of a homogeneous material with excellent
surface area, essential functional groups, and a high
degree of crystallinity, thereby demonstrating the ex-
ceptional reaction kinetics involved in the material
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formation. The as-synthesized Si@GC composite anode
material exhibited a remarkable discharge capacity of
799 mAh/g, along with a high cyclic stability of approx-
imately 71% over 120 cycles. The ex situ ToF-SIMS
analysis revealed the presence of a notable inorganic SEI
composition, primarily consisting of fluorinated species
and carbonate species that were generated during the
initial cycle. This study describes an innovative and
efficient heating process to produce battery materials,
which may also be used for a variety of other materials
and applications. We anticipate that this method will
eventually be adopted by the industry, having a signifi-
cant impact in these areas.
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