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Barley husks (BH), an agricultural by-product rich in carbon and silica, have been utilized as a sustainable
precursor for synthesizing carbon anode materials for lithium-ion batteries (LIBs). A comparative analysis
with graphite, the conventional anode material, demonstrates the potential of BH-derived carbon as
a viable alternative. Material characterization techniques confirmed the formation of a hard carbon
structure with a porous morphology, enhanced by the silica content, which contributes to structural
stability and performance. The BH-derived anode exhibited a specific capacity of 380 mA h g~* at C/5,
surpassing that of graphite with improved cycling stability and rate capability. BH represent a sustainable
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Sustainability spotlight

To advance UN Sustainable Development Goals related to climate action, affordable, clean, and sustainable energy, this study addresses the critical need for
greener alternatives to graphite anodes in lithium-ion batteries, whose production is energy-intensive and harmful to environmental. We present a green and
scalable method to produce cost-effective silicon-based anode material derived entirely from barley husk, using a low-energy, chemical minimal process. The
material demonstrates electrochemical performance comparable to commercial graphite, with the added benefit of renewable sourcing and reduced envi-
ronmental footprint. This work advances green chemistry by promoting eco-friendly lithium-ion battery technology, renewable resource use and low-impact
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Introduction

The escalating concerns over global warming, the rapid deple-
tion of fossil fuel reserves, and the pressing need to reduce
carbon emissions in the electric power sector have intensified
the global focus on renewable energy sources.'* However, the
intermittent nature of these renewable sources, such as solar
and wind, necessitates the development of high-performance
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energy storage systems. These systems are also a vital compo-
nent of electric vehicles (EVs) and other electric-powered tech-
nologies that play a pivotal role in decarbonization efforts.**
Among these energy storage technologies, lithium-ion batteries
(L1Bs) have emerged as the leading solution due to their high
energy density, long cycle life, and eco-friendliness.*” Never-
theless, to satisfy the increasing demand for higher capacity
and enhanced performance in energy storage, advancements in
LIBs technology are essential. Among the various components
of LIBs, the anode material holds significant potential for
enhancing the overall energy storage capacity.**® Consequently,
the careful selection and optimization of anode active materials
have become critical focal points in the ongoing efforts to
improve the energy density and performance of LIBs.

Silicon (Si) stands out as one of the most promising anode
materials for high performance LIBs, primarily due to its excep-
tionally high theoretical capacity of around 4200 mA h g~* for
Li,,Sis. Its appeal is further enhanced by its abundant availability
(the second richest element in the earth's crust after oxygen), low
extraction cost, low working potential, and environmentally
friendly characteristics.”*** Despite its promising potential, the
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use of Si as an anode material in LIBs is not without challenges.
One of the primary issues is the significant volume fluctuations
(~400%) that Si undergoes during lithiation-delithiation process,
leading to mechanical stress, electrode pulverization, and rapid
capacity fading. Furthermore, sluggish ion diffusion kinetics
(~107"* cm” s7") and poor electrical conductivity (~107> S cm ™)
of Si can deteriorate battery's performance.**** To mitigate these
drawbacks, various strategies have been explored, including the
incorporation of silicon into composite materials, designing
nanostructured silicon, and utilizing oxidized forms of Si, such as
SiO, or silica. While SiO, is not an active Li storage component in
the same way as silicon, its presence can influence the anode
material's morphology, porosity, and electrochemical properties.
Zhou et al. synthesized a SiO,/Ni nanocomposite by reducing
nickel silicate in an inert atmosphere, achieving a capacity of
672 mA h g ' at 0.1 A g " after 50 cycles.’® Ma et al. developed
a hierarchically porous multi-shell hollow SiO, structure using
a sacrificial template method with Na,SiO; as the precursor.”
When utilized as an anode material, these hollow spheres
demonstrated a capacity of 750 mA h g~ after 500 cycles at
a current density of 0.1 A g, which shows its ability in mitigating
the volume expansion of SiO,. Zhang et al. synthesized a plum-
pudding nanostructure by embedding SiO, nanospheres within
flake graphite using a hydrothermal process.”® The resulting
composite demonstrated a discharge capacity of 702 mA h g™*
after 100 cycles at a current density of 0.1 A g~', with an
impressive coulombic efficiency of 99%. Based on an extensive
literature review, it can be concluded that incorporating silica
into a carbon matrix not only helps buffer the expansion and
contraction of Si but also improves the electrical conductivity of
the anode. These combined effects contribute to enhanced
structural integrity and cycling stability of the anode.***

One of the key drivers behind the development of LIBs is the
need for a cost-effective energy storage solution. Introducing
high-cost materials, such as certain Si nanocomposites, could
potentially undermine this objective. A promising strategy to
lower the production costs of SiO,-based materials is to utilize
biomass as a precursor, which also presents an opportunity to
utilize agricultural waste, reduce environmental impact, and
contribute to circular economy initiatives. Depending on the
processing methods and the type of biomass used, biomass-
derived silicon can achieve high yields, making it a sustain-
able and economically viable option.'* Notably, several studies
have successfully employed biomass materials with silica and
carbon content in the anodes of LIBs, such as rice-husk-derived
composites, pinecone,* fruit-peel,” and other silica-rich
precursors.”®** Given the variability in agricultural environ-
ments and the differing compositions of biomass sources, it is
crucial to explore new and regionally abundant biomass
resources that naturally contain both silica and carbon.*® While
rice husks and some other biomass sources have been widely
studied and utilized for similar applications, the investigation
of alternative biomass sources, such as BH, offers an opportu-
nity to discover new sustainable materials for anodes.

Barley is the fourth largest cereal crop globally, with an
annual production of approximately 150 million tons, including
7 million tons in the UK. The processing of barley, which is
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primarily used for animal feed (65%) and for malting, brewing,
and distilling (30%), generates significant amounts of by-
products, including husks. These BH, commonly utilized for
animal feed, composting, or energy production through incin-
eration, naturally contain both carbon and silica.** While BH
have been explored as a precursor for SiC-based and graphitic
carbon materials in previous studies,* their potential as
a precursor for hard carbon anode materials in LIBs has
received less attention.

Our study employs a simplified, energy-efficient approach to
directly utilize BH for the production of hard carbon, high-
lighting their promise as a sustainable and practical alternative.
Controlled pyrolysis produced porous hard carbon, with its
structure and properties characterized using a variety of charac-
terization techniques. Electrochemical performance, assessed via
galvanostatic cycling, cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS), showed a specific
capacity of 380 mA h g™, surpassing graphite with improved
cycling stability and rate capability. Unlike other biomass-derived
anodes that require additional doping or complex modifications,
this study utilizes naturally integrated silica into BH structure,
enhancing its electrochemical properties while maintaining
a cost-effective and sustainable preparation method.

Experimental
Material preparation

BH were sourced from a local brewery near Norwich City, United
Kingdom. The BH were ground and washed with deionized water,
then dried at 60 °C overnight. Subsequently, 35 g of the dried BH
were placed in ceramic crucibles and heated in a three-zone tube
furnace (Carbolite TZF 12/65/550) under a nitrogen gas flow at
1150 °C for 2 hours, with a heating rate of 5 °C min~". After
naturally cooling to room temperature, the resulting black
powder (BH-Si0,/C) was mechanically ground with 1/2 inch (12.7
mm) stainless steel balls for 20 minutes using a dual-clamp high-
energy ball mill (BM) (Spex Industries Digital Mixer Mill Model
8000D) at a rotating speed of 1400 rpm. The ground mixture was
then immersed in 1 M HCI (purchased from Merck) at room
temperature for 8 hours. This was followed by vacuum filtration
and washing with deionized water until neutralized. Finally, the
product was dried at 50 °C overnight, yielding a fine-tuned
powder (BM-BH-Si0,/C). For comparison, the original BH-SiO,/
C was also manually ground (MG) with a mortar for 5 minutes,
subjected to the same acid-washing and drying steps, and the
final powder was named MG-BH-SiO,/C, to provide insights into
the role of ball milling in achieving a homogeneous composite
structure and enhancing electrochemical properties. Addition-
ally, commercial graphite was supplied from Acros Organics and
used as active material in anodes for comparison.

Materials characterization

The morphological structures of the prepared samples were
examined using scanning electron microscopy (SEM, Zeiss
Gemini 300 FE) and elemental mapping with energy dispersive
X-ray spectroscopy (EDX, Oxford Instruments Ultim Max 170).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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X-ray diffraction (XRD, Rigaku Smartlab SE) with Cu Ko radia-
tion (1 = 1.540 A, 40 kv, 50 mA) over a 26 range from 10° to 80°,
and Raman spectroscopy (HORIBA Scientific LabRAM Odyssey
Raman spectrometer) with an excitation wavelength of 532 nm
were employed to investigate the phase structure of the
samples. Chemical states and surface composition were
analyzed via X-ray photoelectron spectroscopy (XPS, Thermo
Fisher ESCALAB Xi+). Additionally, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) data were
obtained using the METTLER-TOLEDO TGA/DSC1 to further
investigate the sample contents. N, adsorption-desorption
isotherms were measured at —195.795 °C using a Micromeritics
3Flex 5.02 surface area analyzer to obtain the specific surface
area based on the BET model and the pore size distribution
using the Barrett-Joyner-Halenda (BJH) method.

Electrochemical measurements

Two types of anodes were prepared using different active
materials: graphite and BM-BH-SiO,/C. In each case, slurries
containing the respective active material, conductive agent
(carbon black, C65), and binder (22.5 g per L polyacrylic acid in
water solution) in a weight ratio of 7:2: 1 were prepared using
deionized water as the solvent. The working anodes were
fabricated by casting the prepared slurries with an applicator
gap of 200 um onto copper-foil current collectors, followed by
drying in a vacuum oven (Fistreem M Oven VAC1600) at 80 °C
for 12 hours. The prepared electrodes were then punched into
circular disks with a diameter of 14 mm (1.54 cm® area and
mass loading of 1.04 mg cm™?), and subsequently transferred to
an argon-filled glovebox (MBRAUN UNIlab plus ECO with
<0.5 ppm of O, and H,0 atmospheric conditions) to be used as
anodes in 2016-coin cells. Li metal chips and microporous
membranes (Celgard 2500) were used as the counter electrode
and separator, respectively. Additionally, 1.2 M LiPFs in
ethylene carbonate/ethyl methyl carbonate (EC: EMC =1:3 v/v)
with 15 wt% fluoroethylene carbonate (FEC) and 3 wt% vinylene
carbonate (VC) was used as the electrolyte (purchased from
Shenzhen Laborxing Technology Ltd). Following the assembly
of the coin cells, they were allowed to rest for 24 hours. After
resting, the coin cells were removed from the glove box for
testing. Electrochemical performance was evaluated using
several methods. Galvanostatic charge-discharge profiles, cycle
life, and rate capability tests were conducted with a battery
testing system (Land CT3001A) within a voltage range of 0.01-
3.0 V (vs. Li'/Li). Additionally, CV was performed at a scan rate
of 0.2 mV s~ ", and EIS was carried out with a voltage amplitude
of 5 mV over a frequency range from 100 kHz to 0.01 Hz, both
using a CHI 660E electrochemical workstation. After electro-
chemical cycling, selected coin cells were disassembled in the
argon-filled glovebox. The anodes were carefully removed, and
residual electrolyte was gently rinsed off using anhydrous
dimethyl carbonate (DMC, Sigma-Aldrich). The electrodes were
then dried under inert conditions within the glovebox for 12-24
hours. No thermal treatment was applied to the samples to
preserve their surface morphology for subsequent postmortem
SEM analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

SEM imaging was used to gain insight into the morphology of
the obtained BH samples. Fig. Sla (ESI)t shows the SEM image
of the BH-Si0,/C sample, and Fig. S1b and c (ESI)} present the
corresponding EDX elemental analysis result for four selected
points. EDX analysis confirms that the BH samples are
primarily composed of carbon with embedded silica spots,
evident as bright spots in the SEM image. Additionally, trace
amounts of potassium (K), magnesium (Mg), and calcium (Ca)
were detected, which is consistent with the natural origin of the
sample. The natural structure of the BH is evident from the
image, where silica appears randomly incorporated within the
porous carbon matrix. Such distribution of silica in the BH
sample indicates that further processing, such as ball milling, is
required to improve the physical uniformity and the surface
area exposure of the silica in the mixture of the sample. More-
over, the presence of impurities such as K, Mg, and Ca, as
detected by EDX, underscores the necessity of an acid wash to
remove these residual elements. Fig. 1a-e depict the SEM and
EDX elemental mappings of the BH-SiO,/C sample after the acid
washing stage. Based on the EDX mappings, once again it is
evident that the sample primarily consists of silica incorporated
into a porous carbon matrix. The EDX mappings in Fig. 1b-e
clearly show the distribution of C, O, and Si across the sample,
indicate that the acid wash was successful in removing impu-
rities from the sample, as no significant traces of K, Mg, or Ca
are detected post-wash, while consistent results were observed
across multiple scan areas of the same sample, supporting the
uniformity of the purification. Fig. S2a and b (ESI)} show the
SEM images of the MG-BH-SiO,/C and BM-BH-SiO,/C samples,
respectively. The SEM image in Fig. S2a (ESI)f depicts the
manually grounded sample, showing a relatively coarse and
uneven structure. In contrast, the SEM image in Fig. S2b (ESI)f
illustrates the BM-BH-SiO,/C sample, which displays a more
uniform and fine-grained structure. The ball milling process
plays a crucial role in reducing the particle size and improving
the physical uniformity of silica and carbon. By crushing the
mixture, ball milling ensures a more uniform distribution of
silica within the carbon matrix, increasing the specific surface
area of the composite material, which in turn reduces the ionic
diffusion distance and enhances charge transfer kinetics
through charge-discharge processes. In general, ball milling
facilitates better contact of the sample with the electrolyte,
thereby enhancing the electrochemical reactions and overall
efficiency of the anode.?>*3*

The XPS survey spectrum and its high-resolution spectra,
illustrated in Fig. 2a—-d, reveal the presence of C, O, and Si. High-
resolution spectra of C 1s, O 1s and Si 2p (Fig. 2b-d) were
deconvoluted using Gaussian functions, showing a primary Si
2p peak at 103.2 eV, attributable to SiO,. The C 1s spectrum
displays peaks at 284.8 eV, indicative of graphite-like sp>
hybridized carbon, as well as peaks at 283.65 eV and 286.4 eV,
corresponding to C-Si and C-O bonds, respectively.** These XPS
results confirm that silicon is predominantly in the form of
SiO,, which is embedded in a carbon matrix. This finding aligns

RSC Sustainability, 2025, 3, 2915-2926 | 2917
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Fig.1 (a) SEMimage of BH-SiO,/C powder sample after acid wash, (b) corresponding EDX elemental mapping (Si, C, O), (c) carbon mapping, (d)
oxygen mapping, and (e) silicon mapping.
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Fig. 2 (a) XPS survey spectra of BM-BH-SiO,/C and high-resolution spectra together with deconvoluted peaks of (b) C 1s, (c) O 1s, and (d) Si 2p.

with our SEM/EDX observations, suggesting that silicon is XRD measurements have been conducted to investigate
mainly present as oxidized silicon species within the carbon crystalline properties and phase structure of BM-BH-SiO,/C
structure. sample and reported in Fig. 3a. The XRD analysis reveals

a broad peak centered at approximately 23°, which can be
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Fig. 3
SiO,/C sample.

attributed to the overlapping peaks of the (002) plane of
amorphous carbon and silica. This broad peak correlates with
the layer distance in the plane, which is effective for ion inser-
tion. Additionally, a characteristic peak observed around 43°
corresponds to the (100) crystal plane of carbon, indicative of
the hexagonal lattice structure typically formed by the interac-
tion of sp” hybridized atoms in the carbon material. This peak is
associated with the disordered turbostratic carbon struc-
ture.*®*! For reference, the peak positions in crystalline graphite
sample (Fig. S3, ESIt) are found at approximately 26.5° and
44.5°, as indexed by JCPDS No. 75-1621. The broad and shifted
nature of the peaks in the BM-BH-SiO,/C sample confirms the
absence of long-range order and the presence of an amorphous
carbon framework.*>** The interlayer spacing (dyo,) of the BM-
BH-SiO,/C sample was calculated to be 0.373 nm, based on the
(002) plane characteristics using Bragg's law (Table S1, ESIT).
This value is larger than that of graphite crystals (0.335 nm),
suggesting a more disordered structure.** The crystallite size
along the c-axis (L.) was determined to be approximately
2.87 nm using the Scherrer equation, which estimates crystallite
size from the broadening of XRD peaks. This small L, value
highlights the presence of small, disordered crystallites, char-
acteristic of amorphous or hard carbon structures.

Using the crystallite size (L.) with the interlayer spacing
(doo2), the number of carbon layers along the c-axis direction (N)
was calculated to be 7.68 layers (Table S1, ESIf), indicating
a limited stacking of the carbon layers. Additionally, the
empirical R value, which is the ratio of peak intensity to baseline
intensity (Fig. S4 and Table S1, ESIT), was found to be 2.63. This
R value serves as an indicator of the relative structural organi-
zation of the carbonaceous material.**** Values greater than 1,
such as the one observed here, suggest a moderate degree of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural organization, which may contribute to enhanced
material stability during electrochemical cycling. The detailed
XRD results can be found in Table S1 (ESI).t

The Raman scattering, represented in Fig. 3b, was employed
to investigate the vibrational modes in BM-BH-SiO,/C sample.
The spectrum exhibits two prominent peaks at approximately
1356 cm™ " and 1590 cm ™, corresponding to the disorder band
(D-band) and the graphitic band (G-band) of carbon, respec-
tively. The D-band is associated with the breathing modes of sp*
atoms in rings and indicates defects and disorder in the carbon
structure, suggesting a significant amount of structural defects
or amorphous carbon. The G-band however, is attributed to the
in-plane stretching vibration of sp> carbon atoms in a graphitic
structure, indicating regions of ordered graphitic carbon.**
The intensity ratio of the D-band to the G-band (Ip/Ig) is
approximately 1.69, indicating a substantial amount of defects
and disorder in the sample. This Raman analysis supports the
XRD and XPS results, confirming the amorphous and disorder
nature of the sample.

The silica content of BM-BH-SiO,/C sample was determined
using TGA and DSC analysis. The sample was heated to 1100 °C
in synthetic air flow in a 40 pL platinum pan. Fig. 3c shows the
heat flow and weight change with temperature. The TGA curve
(black line) reveals a significant mass loss starting at ~200 °C,
attributed to the release of volatile components, followed by
a steady degradation up to ~700 °C, primarily due to the
decomposition of carbon content into CO and CO,.*"° A
distinct weight loss event after 400 °C indicates the breakdown
of more stable carbonaceous compounds. The DSC curve (red
line) shows an initial endothermic peak at ~100 °C, corre-
sponding to the loss of adsorbed water. A sharp endothermic
transition between 500 °C and 600 °C represents the energy
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00254k

Open Access Article. Published on 04 June 2025. Downloaded on 5/7/2026 1:56:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

required for the decomposition reactions. Beyond 700 °C, an
accelerated weight decrease suggests further decomposition,
potentially related to the oxidation of more resilient carbon
structures or volatilization of additional carbonaceous
material.**** The final residual weight (~14% at 1100 °C)
indicates the presence of inorganic residue, likely silica, as
supported by XPS analysis. Additionally, the broad exothermic
peak starting at ~700 °C is attributed to the oxidation of
residual carbon.

The N, adsorption-desorption isotherms and pore size
distribution of the BM-BH-SiO,/C composite are shown in
Fig. 3d and e. The Type IV isotherm with a hysteresis loop from
P/P, from 0.4 to 1.0 confirms the mesoporous nature of the
sample, with an adsorption quantity reaching about 35 cm® g~*
STP. The pore size distribution reveals peaks around 2 nm,
extending up to 50 nm, indicating both mesopores and some
macropores. The substantial mesoporosity and high surface
area enhance electrolyte penetration and ion diffusion,
improving the electrochemical performance of the BM-BH-SiO,/
C composite. These BET results align with SEM, EDX, XPS, XRD,
and Raman findings, confirming the material's suitability for
active material in anodes.

To further analyze the porosity and nanoscale structure of
the BM-BH-SiO,/C sample, Small-Angle X-ray Scattering (SAXS)
measurements were conducted, providing detailed insight into
the microporous and mesoporous characteristics of the mate-
rial. SAXS is particularly effective for identifying structural
heterogeneity and pore size distributions within amorphous
and carbonaceous materials, complementing findings from
XRD, Raman, and BET analyses.>*

The scattering intensity I(q), expressed in arbitrary units per
sample mass, was plotted as a function of the scattering vector
g, defined as eqn (1):

g =" sin(6) 1)

where 1 is the X-ray wavelength (1.54 A for Cu Ka radiation).
Fig. 4a shows the log-log plot of scattering intensity 1(q) versus
scattering vector g for both graphite and BM-BH-SiO,/C
samples, highlighting the differences in their scattering
profiles. In the low-g region, the Guinier model was applied to
extract the radius of gyration (R,), which provides an estimate of
the characteristic domain size in the material.*® The Guinier
relationship is given by eqn (2).

1a) = 10 - 5% @

where I(0) represents the intensity at ¢ = 0. This approach
enabled a linear fit of In(q) versus ¢” in the low-q range.* Fig. 4b
presents the Guinier fits for graphite and BM-BH-SiO,/C
samples, showing the linearized plot of In(I(q)) versus g°, from
which the radius of gyration R, was derived for each sample.
The ¢* range for linear fitting was selected based on the region
where the scattering intensity follows Guinier's approximation,
ensuring that the extracted parameters remain consistent with
expected trends. The obtained R, values were subsequently used
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to calculate the pore diameter (D,) under the assumption of
spherical pores, using eqn (3).*
2R

Dy= —_=129R 3
0 3/5 g ()

The analysis revealed notable differences between the
graphite and BM-BH-Si0O,/C samples. For graphite, a larger R, of
26.822 A was obtained, corresponding to a pore diameter D, of
69.254 A, indicative of larger, well-ordered scattering domains.
This result aligns with the XRD observations of graphite's
crystalline structure, which contributes to its characteristic pore
architecture. In contrast, the BM-BH-SiO,/C sample exhibited
a smaller R, of 20.079 A and a calculated D, of 51.844 A,
consistent with a more disordered and amorphous structure.
The smaller pore size in BM-BH-SiO,/C correlates well with the
broad XRD peak at 23°, the high D/G ratio in Raman analysis,
and the significant mesoporosity observed in BET measure-
ments, reinforcing the characterization of this sample as
disordered carbon with fine, interconnected micropores and
mesopores. The SAXS intensity profile further supports these
observations, showing an overall decay in scattering intensity
with increasing ¢, as seen in Fig. 4a. This trend reflects

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural differences between the two samples, with BM-BH-
SiO,/C generally exhibiting lower scattering intensity than
graphite across the g-range, suggesting smaller, more disor-
dered scattering domains. The Guinier analysis in Fig. 4b
provides further quantification, with the BM-BH-SiO,/C sample
showing a smaller R, than graphite, consistent with finer, more
disordered microporous structures.

The charge-discharge voltage profiles of the BM-BH-SiO,/C
and graphite anodes over the first five cycles, including the
initial formation cycles, are presented in Fig. 5a and b, respec-
tively. The graphite anode displays the characteristic flat voltage
plateau near 0.1 V during lithiation, typical of Li" intercalation
into a well-ordered layered structure. The profile quickly stabi-
lizes after the first cycle, with minimal voltage hysteresis and
consistent capacity, reflecting efficient solid electrolyte inter-
phase (SEI) formation and high reversibility. In contrast, the
BM-BH-SiO,/C anode exhibits a sloping voltage profile without
a pronounced plateau, indicative of its disordered hard carbon-
like structure. Li storage in this material occurs primarily

View Article Online
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through surface adsorption and filling of nanopores and
amorphous domains.*® Over the initial five cycles, the voltage
profile gradually stabilizes, with a modest increase in discharge
capacity and slightly reduced hysteresis by the third cycle.

The BM-BH-SiO,/C anode achieves a higher specific capacity
than graphite, which is attributed to its porous architecture and
the intrinsic contribution of embedded silica to additional Li
storage and mechanical stability. However, it also shows
a greater voltage hysteresis, reflecting the more complex storage
mechanisms and possible interactions at the silica-carbon
interface. Based on the charge and discharge capacities of the
first formation cycle, the initial coulombic efficiency (ICE) of
BM-BH-SiO,/C was calculated to be around 60%, consistent
with hard carbon materials containing SiO,. For comparison,
the graphite anode exhibited an ICE of 89%, in line with its high
reversibility and minimal irreversible capacity loss.

The cycling performance and coulombic efficiency of the
BM-BH-SiO,/C and graphite anodes over first 50 cycles at
a current of C/5 are shown in Fig. 5c. Both electrodes exhibit
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Fig. 5 Charge—discharge voltage profiles of (a) BM-BH-SiO,/C and (b) graphite anodes for the first five consecutive cycles at a C/5 current, (c)
cycling performance and coulombic efficiency of BM-BH-SiO,/C and graphite anodes over the first 50 cycles at a current of C/5, (d) the rate
performance of the BM-BH-SiO,/C and graphite anodes, (e) long-term cycling performance of BM-BH-SiO,/C and graphite anodes over 400
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first formation cycle.
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a rapid capacity drop during the first formation cycle, followed
by stabilization and consistent performance. The BM-BH-SiO,/
C anode delivers a higher specific capacity of approximately
380 mA h g~ throughout most of the cycling period, compared
to graphite, which stabilizes around 350 mA h g~'. This
performance enhancement is attributed to the unique porous
structure of the BM-BH-SiO,/C material and the contribution of
silica, which enhances Li storage and structural support. The
coulombic efficiency for both anodes improves rapidly after the
first few cycles, reaching above 98%, indicating the formation of
a stable and passivating SEI These results highlight the BM-BH-
SiO,/C anode as a promising sustainable alternative to graphite,
offering both enhanced specific capacity and stable cycling
performance.

The rate performance of the BM-BH-SiO,/C and graphite
anodes under varying C-rates is illustrate in Fig. 5d and
demonstrates distinct trends in specific capacity retention at
different current densities. At lower C-rates (e.g., C/10 and C/5),
both anodes exhibit relatively stable specific capacities, with the
BM-BH-Si0,/C anode delivering consistently higher values
(~400 mA h g~ ') compared to graphite (~350 mA h g™ '). As the
C-rate increases, the specific capacities of both anodes decrease,
reflecting the typical limitations in Li-ion diffusion and elec-
tronic conductivity under high current densities. Upon return-
ing to the initial C/10 rate, both anodes recover their original
capacities, indicating good structural stability and reversible Li
storage behaviour. The BM-BH-SiO,/C anode consistently
outperforms graphite across all C-rates, underscoring its suit-
ability for applications requiring high power densities and fast
charging capabilities while maintaining high energy storage
performance.

To evaluate the long-term cycling stability, the capacity
retention of BM-BH-SiO,/C and graphite anodes was assessed
over 400 cycles at a current density of C/5, as shown in Fig. 5e.
The BM-BH-SiO,/C anode exhibited outstanding stability,
retaining 97.9%, 96.4%, 93.9%, and 87.9% of its capacity after
100, 200, 300, and 400 cycles, respectively. In comparison, the
graphite anode retained 96.6%, 94.4%, 90.9%, and 87.7% at the
same cycle intervals. These results highlight the excellent elec-
trochemical durability of the BH-derived anode, which not only
maintains a higher specific capacity but also exhibits slightly
better retention than graphite over extended cycling. The sus-
tained performance of BM-BH-SiO,/C is attributed to its porous
morphology and the structural reinforcement provided by the
embedded silica, which contributes to Li storage and mechan-
ical resilience under repeated cycling.

The electrochemical behaviour of the as-prepared BM-BH-
SiO,/C anode for LIBs was evaluated through CV to investigate
the Li-storage mechanism. Although BM-BH-SiO,/C is classified
as hard carbon and structurally distinct from graphite,
comparing its electrochemical performance to commercial
graphite remains highly relevant. Graphite serves as the
industry-standard LIB anode, making it the most appropriate
benchmark for evaluating alternative materials. While BM-BH-
SiO,/C exhibits a disordered structure with a sloping voltage
profile, its capacity, rate performance, and cycling stability must
be assessed against graphite to determine its viability for

2922 | RSC Sustainability, 2025, 3, 2915-2926
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practical applications. This comparison allows for a compre-
hensive understanding of BM-BH-SiO,/C's potential advantages
and limitations. The CV test was conducted over a potential
window of 0.01-3.0 V at a scan rate of 0.2 mV s %, and the results
are depicted in Fig. 5f. In the first cathodic sweep (discharge),
several distinctive peaks were observed, indicating different
electrochemical processes. Cathodic peaks appeared at
approximately 1.85 V, 1.17 V, and 0.76 V. The peak at 0.76 V is
attributed to the formation of the SEI layer, which occurs
primarily during the first cycle. Additionally, the peaks around
1.85 Vand 1.17 V are associated with irreversible side reactions
between Li and SiO,, forming lithium silicate (Li,Si,Os) and
lithium oxide (Li,0), alongside free silicon (Si), according to eqn
(4), (6) and (7).>”*® These reactions involve the decomposition of
SiO, during lithiation, and their disappearance in subsequent
cycles confirms their irreversible nature. These reactions are
only active during the first lithiation, where they contribute to
capacity loss in the initial cycle. On the anodic (charge)
branches, a prominent peak is observed at around 0.9 V. This
peak reflects the partial reversibility of the lithiation and deli-
thiation of silicon, which forms lithium silicide (Li,Si), as
shown in eqn (5). This process accounts for the reversibility of
the material and is a key contributor to the anode's long-term
cycling performance. Additionally, a smaller peak at approxi-
mately 0.16 V corresponds to the reversible insertion and
extraction of Li' into the carbon matrix of the electrode.

The findings from the CV analysis align well with the voltage
profile observed for the BM-BH-SiO,/C anode. The broad voltage
sloping behavior in the discharge profile corresponds to the
diverse Li processes identified in the cathodic sweep, including
SEI formation and the irreversible reactions of SiO, with Li to
form Li,Si,0s, Li,O, and free Si. Additionally, the anodic peak at
0.9 V, indicative of the reversible lithiation and delithiation of
silicon forming Li,Si, is consistent with the partial reversibility
observed in the charge profile. The smaller anodic peak at
0.16 V reflects the reversible Li storage within the carbon matrix,
which contributes to the sloping regions of the voltage profile.

58i0, + 4Li* + 4e~ = 2Li,Si,05 + Si (4)
Si+ xLi" + xe” = Li,Si (5)

SiO, + 4Li" + 4e~ — 2LiO, + Si (6)
28i0, + 4Li* + 4e~ — Li,SiO, + Si (7)

The Nyquist plot in Fig. 5g shows that the BM-BH-SiO,/C
anode has a smaller semicircle compared to the graphite anode,
indicating lower charge transfer resistance (R.) for BM-BH-
SiO,/C. This suggests enhanced charge transfer kinetics at the
electrode-electrolyte interface, likely due to the increased
surface area from ball milling, which facilitates better contact
with the electrolyte. Furthermore, the presence of a double
semicircle suggests two distinct impedance contributions from
a high-frequency semicircle likely associated with SEI resistance
(Rsgr) as well.*® Additionally, the reduced intercept with the Z/
axis for BM-BH-SiO,/C suggests lower overall impedance,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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including bulk resistance, compared to graphite. It is important
to note that the ionic diffusion is influenced by multiple factors
beyond surface area alone, including tortuosity, pore connec-
tivity, electrolyte wettability, and SEI formation. The meso-
porous structure observed in BM-BH-SiO,/C likely facilitates
electrolyte penetration, enhancing transport kinetics. Addi-
tionally, the presence of oxygen-containing functional groups
may improve wettability, further supporting ion transport.
These combined properties contribute to the electrochemical
performance of BM-BH-SiO,/C as the active material.

Postmortem SEM analysis was performed on both BM-BH-
SiO,/C and graphite anodes before cycling and after 10 and 100
cycles at a current density of C/5, as shown in Fig. 6 and S6.1 For
the BM-BH-SiO,/C anode (Fig. 6a-c and S6a-ct), the fresh
electrode surface shows a porous and textured morphology.
After 10 cycles, the structure remains largely intact, with the
formation of a thin, conformal SEI layer visible on the surface.
Notably, even after 100 cycles, the electrode retains its porous
network with no evidence of particle cracking, collapse, or
delamination, indicating strong structural stability and
mechanical integrity over extended cycling. In contrast, the
graphite anode (Fig. 6d-f and S6d-ff) initially displays
a smooth, flake-like morphology. After 10 cycles, surface
smoothing and signs of SEI buildup are observed. By 100 cycles,
the graphite surface appears more passivated, with less-defined
flake edges and subtle signs of particle boundary smoothing,
possibly due to prolonged SEI growth or electrolyte side reac-
tions. However, no major degradation features such as cracking
or exfoliation are present.

To further investigate the charge storage mechanisms and
evaluate the dynamic behavior of BM-BH-SiO,/C and graphite
anodes, CV tests were conducted at varying scan rates ranging
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from 0.2 to 1.0 mV s~ . For BM-BH-SiO,/C (Fig. 7a), the current
response with increasing scan rate was analyzed using eqn
(8)‘61,62

i=a’ (8)

where i is the current, v is the scan rate, and a and b are
adjustable parameters. This equation can be rewritten in
a linear form as shown in eqn (9).

log(i) = b log(v) + log(a) 9)

The parameter b, derived from the slope of the log(7) vs. log(v)
plot (Fig. 7b and c), quantifies the charge storage mechanism. A
b-value of 0.5 indicates a diffusion-controlled process, while a b-
value of 1.0 signifies a surface-controlled capacitive process.*
The BM-BH-SiO,/C anode exhibits b-values of approximately
0.71 for anodic peaks (Fig. 7b) and 0.70 for cathodic peaks
(Fig. 7c), highlighting a mixed but predominantly
pseudocapacitive-controlled mechanism. In contrast, the
graphite anode (Fig. S5, ESL,1 and Fig. 7b and c¢) shows b-values
closer to 0.5, consistent with a diffusion-controlled Li storage
mechanism. These results demonstrate the superior rate capa-
bility of BM-BH-SiO,/C, attributed to its porous structure and
hybrid silica-carbon composition, which facilitate rapid Li"
transport and surface-controlled charge storage. This contrasts
with the slower, diffusion-limited kinetics observed in graphite,
underscoring the dynamic advantages of BM-BH-SiO,/C for
high-rate applications.

To better contextualize the electrochemical performance of
the BM-BH-SiO,/C anode, a summary of the most recently re-
ported Si-based anodes derived from biomass waste is provided

Fig. 6 Postmortem SEM images of BM-BH-SiO,/C and graphite anodes at different cycling stages under a C/5 current. (a—c) BM-BH-SiO,/C
anode before cycling, after 10 cycles, and after 100 cycles, respectively. (d—f) Graphite anode before cycling, after 10 cycles, and after 100 cycles,

respectively.
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Table 1 A brief comparison of reported Si-based anode materials derived from biomass waste and their electrochemical performance in

lithium-ion batteries

Electrode composition

Specific capacity

Biomass source Composite type and synthesis method (Wt%) (mAhg™ Capacity retention (Year) and ref.

Rice husks Si/C, deep eutectic solvent treatment 80:10:10 372.5 ~86% after 80 cycles  (2023)**
followed by carbonization

Rice husks Si/C, acid-leaching followed by high- 80:10:10 345.4 ~89% after 80 cycles  (2023)**
temperature carbonization

Corn cobs Si/CCDHC, carbonization and ball 80:5:15 ~690 87% after 100 cycles  (2022)*°
milling

Rice husks Si/C, alkali extraction, acid precipitation, 80:10:10 ~600 95% after 1000 cycles  (2021)*
followed by carbonization, ball milling,
Mg reduction, and additive modification

Barley husks Si0,/C, direct pyrolysis and ball milling ~ 70:20:10 ~380 87.9% after 400 cycles This work

in Table 1. The comparison includes studies using silica-rich
agricultural byproducts such as rice husks and corn cobs,
which have been processed through various chemical or
thermal treatments to yield Si/C or SiO,/C composites. While
most of these reports focus on rice-derived feedstocks, the
current work utilizes barley husk as a rather unexplored
biomass source. In addition to its natural silica content, the
barley husk-derived composite is processed through a scalable
and template-free ball milling route without the use of corrosive
chemicals or exotic solvents. Compared to existing systems, the
BM-BH-Si0,/C anode demonstrates competitive specific
capacity, high coulombic efficiency, and superior cycling
stability.

The straightforward process of preparing BM-BH-SiO,/C
anode was chosen due to its simplicity, scalability, and align-
ment with industrial processing techniques for battery anode
materials. While alternative synthesis methods such as chem-
ical activation or templating could modify the material's prop-
erties, they often introduce additional synthesis complexity,
costs, or chemical waste. Therefore, we prioritized a processing
route that balances performance with practical feasibility.
Future studies will focus on optimizing synthesis parameters,
including temperature variations, activation treatments, and
milling conditions, to further enhance material performance.
To further improve the practical applicability of biomass-
derived hard carbon, future work will also focus on pre-
lithiation strategies, electrolyte optimization, and structural

2924 | RSC Sustainability, 2025, 3, 2915-2926

modifications to enhance initial coulombic efficiency and long-
term cycling performance.

Conclusions

This study demonstrates the successful utilization of barley
husks, a widely available agricultural by-product, as a sustain-
able precursor for the synthesis of hard carbon anode materials
for LIBs. The BM-BH-SiO,/C anode exhibited a specific capacity
of 380 mA h g™, along with excellent coulombic efficiency, and
long-term cycling stability, retaining 87.9% of its capacity after
400 cycles at a C/5 rate. Comprehensive material characteriza-
tion revealed the porous hard carbon structure and silica
content of BM-BH-SiO,/C, which contributed to its enhanced
structural integrity, Li storage capacity, and dynamic electro-
chemical behavior.

Electrochemical analyses, including galvanostatic cycling,
CV, and EIS, highlighted the pseudocapacitive nature of BM-
BH-SiO,/C, indicating a predominantly surface-controlled
charge storage mechanism. The CV results at varying scan
rates further validated the superior rate performance of BM-BH-
SiO,/C compared to graphite, showcasing its ability to support
rapid Li" transport and reversible charge storage. These find-
ings underscore the feasibility of BM-BH-SiO,/C as a cost-
effective, environmentally friendly, and high-performance
alternative to conventional graphite for next-generation LIBs.
This work not only provides a pathway for the valorization of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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agricultural waste but also contributes to the advancement of
sustainable and scalable energy storage solutions.
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