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Sodium-ion batteries (SIBs) are proposed as cost-effective and environmentally friendly options for electric mobil-
ity and grid storage applications. In this context, hard carbon is a promising anode material for SIBs because of its
electrochemical performance. Recently, biowaste resources have attracted significant attention among many hard
carbon precursors due to their affordability, availability and sustainability. Here, we report the synthesis of hard
carbon from Prosopis juliflora plant biowaste, which is a cost-effective and efficient strategy for developing active
carbon-based materials for Na-ion batteries. The produced carbon was coated onto TiO, nanoparticles using a
straightforward ball milling process. The resulting C-TiO, nano-composite was tested as an anode material for
sodium-ion batteries. It delivered an initial discharge capacity of 418 mAh/g when cycled between 0.2-3.0 V. The
C-TiO, composite electrode shows good capacity retention at low discharge voltages. X-ray diffraction patterns
confirm the formation of the C-TiO, composite, while Raman spectra verify its defect-rich graphitic structure.
Surface micrographs clearly indicate highly permeable carbon coating extensively covering the surface of TiO,

nanoparticles.

KEYWORDS

Biomass carbon, TiO,, Prosopis juliflora, Composite
anode, Sodium-ion battery, Eco-friendly

1. INTRODUCTION

The demand for high-power rechargeable batteries is
increasing due to the rapid growth of many portable
electronic devices and electric vehicles. Limited lithium
resources are driving the search for alternative tech-
nologies. Currently, sodium-ion batteries (SIBs) have
gained significant attention and are considered a po-
tential alternative to lithium-ion batteries (LIBs). The
abundant sodium resources with similar electrochemi-
cal properties to lithium have accelerated research into
Na-ion batteries [1,2]. However, there are currently no
suitable electrodes for sodium-ion batteries that can
make the technology practical. The large ionic radius
of Na* (1.02 A) is one of the main challenges [3].
Lithium-ion batteries succeed with graphite anodes be-
cause of the stable formation of Li-C bonds in carbon-
based materials. Many studies have confirmed that
conventional graphite is not suitable for sodium-ion bat-
teries due to the lack of stable sodium-carbon (Na-C)

compounds. Furthermore, recent research exploring Na*
intercalation with graphite has examined the movement
of sodium ions with electrolyte solvent and graphite
anodes, often resulting in unstable Na-C formation [4].
Various non-graphitic carbon materials have been tested
as sodium anodes [5-8]. Low-potential intercalation-type
anodes, such as Na,Ti,O,, based on insertion mecha-
nisms, have been reported by Onoh et a/. (2024) and
Senguttuvan et al. (2011), showing reasonable capaci-

ties [9,10].

Recently, titanium dioxide (TiO,) has emerged as a prom-
ising anode material for Na-ion batteries due to its high
structural stability, non-toxicity and low-cost. It also
provides favourable pathways within its structure for
sodium ion accommodation during cycling. The Ti**/Tie*
redox couple is expected to deliver high capacities [11-
13]. Coating TiO, with carbon has been shown to en-
hance Na* diffusion during intercalation because it can
prevent nanoparticle aggregation during charge and dis-
charge cycles. Consequently, Liu et al. (2022) reported
a carbon-TiO, composite with improved electrochemi-
cal performance and Ge et al. (2015) observed notable
capacity retention with carbon-coated TiO, particles
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compared to pure TiO, [14,15]. Dias et al. (2022) dem-
onstrated that graphene/metal oxide composites im-
prove electrochemical properties, such as high capac-
ity, rate capability and cycling stability [16]. Doped
graphene is considered a promising anode for high-power
lithium-ion batteries due to its high charge/discharge
rates, with mesoporous carbon providing easy path-
ways for ion migration and graphitic structure enabling
low-resistance electron transfer [17,18]. Additionally,
hard carbon anodes show good sodium storage capa-
bilities, with discharge capacities around 200-300
mAh/g [19]. Stevens and Dahn (2000) confirmed that
sodium ions exhibit free kinetics in hard carbon [20].
Therefore, TiO, nanoparticles combined with carbon can
enhance electrochemical performance in sodium bat-
teries. Carbon and metal oxides, often derived from
various biowastes due to their low-cost and ease of
processing, are widely used as electrode materials in
batteries and supercapacitors [21-24].

In this study, we derived carbon from the bark of the
Prosopis juliflora plant because it has high lignocellu-
lose content, offering high porosity and surface area;
it is abundant in India, which helps address water deple-
tion, soil infertility and ecosystem disruption caused
by its invasive spread and it is inexpensive and conve-
nient to process [25]. This porous carbon-TiO, com-
posite was tested as an anode material for sodium-ion
batteries [26]. The electrode was prepared via a simple
process using an abundant, non-toxic waste precursor,
making it economical and environmentally friendly for
low-cost energy storage applications.

2. MATERIAL AND MIETHOD

The wood of Prosopis juliflora was collected, cut into
small pieces and dried at 110 °C for 3-4 hr. The dried
material was soaked in concentrated sulphuric acid for
24 hr. After 24 hr, the product was washed with ex-
cess water to remove free acids, dried again at 110°C
and then thermally activated at 800°C for 0.5 hrin a
muffle furnace. The material was then cooled to room
temperature, ground into a powder, sieved and stored
in an airtight container. Subsequently, the derived car-
bon was ball milled at 250 rpm for 2 hr with purchased
bare TiO, (15:85 of C-TiO, ratio) to obtain the C-TiO,
composite material [27,28].

2.1 Material characterizations

The XRD patterns of the prepared C-TiO, composite
were obtained using a PANalytical X'pert-Pro X-ray
diffractometer with Cu Ko radiation (1.5406 A). BET
analysis was performed with Nova-Quantachrome in-

struments using the volumetric method. Raman mea-
surements were carried out using an Olympus Raman
spectrometer. A chemical state analysis of the C-TiO,
samples was performed with a PHI Versa Probe Il XPS
microprobe equipped with a flexible monatomic Ar ion
beam. The surface morphology and microstructure of
the composite were characterized by FE-SEM QUANTA
200 FEG. HR-TEM images were obtained using a JEM
2100F JEOL HR-TEM. All electrochemical measure-
ments were conducted with a BCS-815/electrochemi-
cal analyzer (Bio-Logic, France) in a 2032-type coin cell
using PVdF-SiO, composite as the separator with Na
metal as the counter electrode and 1 M NaPF6 in PC as
the electrolyte [29]. The C-TiO, composite electrodes
were fabricated by mixing 80 wt% active material, (Su-
per P) (99.99%, Alfa Aesar), 10 wt% binder poly (vi-
nylidene fluoride) (PVdF, Sigma-Aldrich) and solvent N-
methyl-2-pyrrolidone (NMP). The slurry was coated onto
an Al foil current collector and dried in a vacuum oven
at 80°C for 18 hr. All cells were assembled in Ar-filled
glove box (Lab 2000-Etelux) with moisture content be-
low 0.1 ppm. Galvanostatic charge/discharge tests
were performed within a voltage range of 0.2-3.0 V
(vs Na/Na*). Cyclic voltammetry (CV) was conducted
at 0.1 mV/s and electrochemical impedance spectros-
copy (EIS) measurements were performed; the results
are discussed [30,31].

3. RESULT AND DISCUSSION

The structures of the materials were analyzed using X-
ray diffraction and all the diffraction patterns of the
derived carbon, TiO, and C-TiO, composite are shown
in figure 1a. All observed diffraction peaks (TiO,) can
be indexed to the anatase TiO, (JCPDS 21-1272). Here,
among all the polymorphs of TiO, (anatase, rutile, broo-
kite), the anatase form was suitable for larger sodium
insertion due to its open layer structure [14,26]. It is
observed that after coating the derived carbon on TiOz,
the intensity of TiO, diffraction peaks was drastically
reduced, which may be due to the amorphous nature of
the carbon. To describe the defects and order of the
derived carbon, Raman spectroscopy was performed
and presented in figure 1b. The typical peak at 1348
cm' in the Raman spectrum resembles the D band of
carbon, indicating the disordered nature of the derived
carbon. The peak at 1580 cm™ revealed the (graphitic)
G band of carbon, representing presence of graphitic
character in the derived carbon. The (ID/IG ratio) of D
and G bands in the Raman spectra helps estimate the
defects in graphite-based materials. A higher ratio in-
dicates more defects in the carbon structure, with the
calculated ID/IG ratio being around 1.02. To evaluate
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Figure 1. (a) X-ray diffraction pattern of derived carbon, TiO, and C-TiO, composite; (b) Raman spectra of derived carbon; (c) XPS
spectra of Ti, (d) XPS spectra of C and O, (e) N, adsorption/desorption plot of derived carbon and (f) pore size distribution of

permeable carbon
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Pores on the surface

Figure 2. SEM micrographs of derived carbon from Prosopis juliflora plant at different magnifications: (a) flower-like surface
structure, (b-c) exfoliated layer sheets with similar morphology and (d) pores on the derived carbon

the surface chemical state of the C-TiO, composite,
X-ray photoelectron spectroscopy was performed (Fig-
ure 1c,d). The Ti 2p®2 and 2p'? peaks appeared at bind-
ing energies of 464 eV and 458 eV, respectively. Fig-
ure 1d shows the C1s spectra of the composite, where
the peak at 283.6 eV indicates sp? hybridization of the
C-C bond. The O1s peak at 530.2 eV is assigned to the
binding energy characteristic of O1sin TiO,, (Figure 1d)
[32,33]. To assess the permeable nature of the C-TiO,,
composite surface, BET analysis was carried out and
the N, adsorption-desorption isotherm was obtained
(Figure 1e,f). The isotherm shows a hysteresis loop
between 0.2-1 in relative pressure (P/P0), indicating a
highly porous structure of the materials. This is cor-
roborated by the pore size distribution plot which shows
the pore sizes of the TiO,/C distributed around 1-3 nm
(Figure 1f).

The surface microstructure was analyzed using FE-SEM
with different magnifications and the micrographs are
shown in figure 2. The derived carbon exhibits randomly
distributed pores on the surface (Figure 2b,c). A single
pore was observed on the surface at a scale of 500 nm
in figure 2d, which demonstrates the porous nature of
the derived carbon. Since it is a key factor for enhanc-
ing the accommodation of high ionic radii sodium atoms
during cycling, it is strongly believed that the material
can be used efficiently in practical applications. The
HR-TEM images of the as-prepared C-TiO, composite
are shown in figure 3. From the micrographs, it is ob-
served that the particles range from 60-100 nm. The
carbon-overlapped TiO, particle is shown in figure 3e,
the coating width of carbon on TiO, is approximately 3
nm. The SAED pattern reveals polycrystalline nature of
as-prepared sample. The electrochemical performance
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Figure 3. (a-b) HR-TEM images of carbon-coated C-TiO, nanoparticles, (c-d) single nanoparticle of the prepared C-TiO, composite,
fe) carbon-coated layer on the surface of TiO, particle with layered lattice fringes and (f) SAED pattern of the prepared composite

of the as-prepared composite material was analyzed
by galvanostatic charge/discharge.

The C-TiO, composite material delivered an initial dis-
charge capacity of 418 mAh/g with 66% coulombic
efficiency when cycled between 0.2-3.0 V at 0.05 C
(Figure 4a). According to Wu et al. (2013), the high
initial capacity of TiO, anodes is due to the irreversible
processes of Na* intercalation into TiO,, which also
leads to the significant irreversible capacity during early
cycles [34]. The discharge curves of prepared C-TiO,

1020

composite resembled those reported by Ge et al. (2015)
[15]. The material exhibits 98% efficiency after 100
cycles, with a capacity of 98 mAh/g (Figure 4b). The
rate performance analysis of C-TiO, composite anode
is shown in figure 4c. The prepared C-TiO, anode ma-
terial exhibits considerable reversible capacity when op-
erated at various C rates (0.05, 0.5, 1, 2 and 5 C).
Even at a high current rate (5 C), material maintains a
reversible capacity of 94 mAh/g. When returning to the
lower rate of 1 C immediately afterwards, it recovers
to approximately ~ 180 mAh/g, indicating excellent tol-
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Figure 4. (a) Charge/discharge plot of C-TiO, anode vs Na*/NaO between 0.25-3.0 V, (b) capacity delivery and coulombic
efficiency over 100 cycles at 0.05 C rate, (c) rate performance of C-TiO, anode at various current rates and (d) impedance

spectra of the cell before and after cycling

erance to rapid Na ion insertion and extraction across
different C rates.

To investigate the interfacial activity of the composite,
impedance spectroscopy (EIS) was performed; this
analysis is a useful tool for examining ion kinetics
[35,36]. The Nyquist plots were obtained for the C-
TiO, anode both before and after cycling, spanning a
frequency range from 10 kHz to 10 Hz (Figure 4d). The
impedance spectra show the diffusion resistance of
Na* through the SEl in the high-frequency semicircle
and the charge transfer resistance (Rct) at interface
between the C-TiO, anode and electrolyte is indicated
by the semicircle in the medium-frequency range
[15,37]. The sloped line in the low-frequency region re-
flects Na* diffusion within the cell. The materials fol-

low the same trend in EIS analysis even after cycling,
demonstrating the excellent performance of C-TiO, com-
posite material for sodium batteries. Wang et a/. (2018)
reported reed straw-derived hard carbon as an anode
material for sodium-ion batteries, with an initial capac-
ity of 372 mAh/g and 77% coulombic efficiency [38].
Recent studies have shown that pure TiO, nanotubes
used as anodes for sodium-ion batteries deliver around
150 mAh/g [39]. In this work on the C/TiO, composite
anode for sodium-ion batteries, we report a capacity
delivery of 418 mAh/g. The electrochemical perfor-
mance of the C-TiO, anode material can be attributed
to the following factors. The porous structure of the
derived carbon ensures durable contact between the
electrode and electrolyte interfaces, facilitating rapid
transport of sodium ions and electrons despite volume

INDIAN J. ENVIRONMENTAL PROTECTION, VOL. 45, NO. 11, NOVEMBER 2025 1021
© 2025 - Kalpana Corporation



expansion during the intercalation process. The elec-
tronic conductivity of the electrode is enhanced by the
carbon coating. The porous surface structure can en-
sure fast kinetics for sodium ion transport.

4. CONCLUSION

In this work, we successfully derived porous carbon
from biomass through a simple heating process and the
composite C-TiO, materials were synthesized by me-
chanical ball-milling as anodes for sodium-ion batter-
ies. We studied the effect of the carbon coating on
bare TiO, using physical and electrochemical analysis.
The C-TiO, composite anode material has a smaller
particle size. It delivered an initial capacity of around
418 mAh/g with 98% coulombic efficiency. The C-TiO,
composite electrode showed the best cyclic and rate
performance at different current rates, even after 100
cycles, maintaining 98 mAh/g. These excellent electro-
chemical properties are attributed to the uniformly
coated carbon layer on bare TiO,. Based on the results,
the carbon-coated C-TiO, composite material could be
a safe, low-cost anode option for sodium-ion batteries.
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