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Abstract

The growing global energy demand coupled with environmental protection measures is driving the need for advanced energy storage
technologies capable of storing power generated from renewable sources such as wind, solar and hydropower. This enables broader
integration of sustainable energy systems. Among various energy storage systems, batteries have proven to be the most efficient. In
particular, Li-ion batteries (LIBs) have emerged as the most reliable and suitable energy storage devices because of their novel
characteristics, including high energy density (Ed), high theoretical capacity, compact design and long-lasting performance compared
to other storage systems. However, to enhance their energy and power densities and to address safety concerns caused by dendrite
growth in the anodes, further optimization is required. Of the three key parts of a battery namely cathode, anode and electrolyte;
electrolyte has a vital role, significantly influencing the electrochemical performance and overall operation. In high performance
LIBs, solid polymer electrolytes have garnered significant interest because of their enhanced safety, lack of leakage, broad
electrochemical stability window, mechanical flexibility and thermal-stability. This paper discusses various types of polymers
including PMMA, PEO, PAN, PVDF, PVC, PS and PC, focusing on their synthesis methods and electrochemical performance. The

aim is to provide insights into their potential for the advancement in LIB- technology.
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Introduction

As global energy demand continues to rise, many countries
are increasingly turning to various renewable sources. It is
projected that 50% of energy demand in the world is
expected to be met by renewable sources, especially wind
and solar, by 2050 [1]. Fossil fuel use will decrease to 31%,
while renewables will account for 62% of energy
production. This transition is expected to drive rapid growth
in grid support and energy storage, with projections
showing a more than 120-fold increase by 2040 according
to Bloomberg New Energy Finance (BNEF) [2].
Consequently, the demand for energy storage devices to
store power for extended use has become more critical. The
demand for energy storage devices across various countries
(figure 1) illustrates that the need for such devices can be
increased with the expansion of renewable sources. Among
different storage devices, lithium-ion batteries (LIBs) play
a significant role in most commercially available batteries

in the market. They have many advantages such as
enhanced energy density (Ed), high operating voltages, long
life cycle etc. and it is expected that its global shipments
will reach 439.32 GWh by 2025 [3].

Global cumulative energy storage installations
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Figure 1: Forecasts for global energy storage installations by
2040 [2].
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Among the major components of a battery, current research
on anode and cathode materials of LIBs focuses on
maximizing energy density and preventing dendrite
formation [4]. Most of them, today rely on liquid
electrolytes as Li* conductors, which offers high ionic
conductivity and good electrode contact, but presents
significant safety risks due to their low thermal stability and
flashpoint. ~ Additionally, during Li* deposition and
stripping process, lithium dendrites can form spontaneously
and hence, increasing the risk of short circuit. An ideal
electrolyte must consider the factors such as conductivity,
viscosity, melting point, toxicity and compatibility with
electrodes. Altering the electrolyte’s chemical or physical
properties can significantly enhance safety and improve
energy density in LIBs.

To address the challenges in commercial LIBs using liquid
electrolyte, non-flammable solid-state electrolytes have
been developed. These include inorganic and polymer
electrolytes, as well as organic-inorganic hybrid
composites. They offer advantages such as high mechanical
strength, ionic conductivity exceeding 10* Scm™,
negligible electronic conductivity and wide electrochemical
stability windows. However, unlike liquid electrolytes,
most solid-state electrolytes (SSEs) face difficulties in
wetting and penetrating porous cathodes, limiting Li*-
conduction inside the cathode and across the
electrode/electrolyte interface. Among SSEs, polymer-
based variants show higher ability for improving interfacial
contact with electrodes and techniques like in-situ
polymerization or the insertion of a liquid component offer
potential solutions to increase the wetting of thick cathodes
[5]. This could lead to solid-state LIBs with higher energy
density. This paper presents a comprehensive analysis of
polymer-based SSEs, including the synthesis of polymer
electrolyte films and the various polymer hosts utilized.

Synthesis of Polymer Electrolyte Films

Polymer electrolyte films represent an emerging technology
with the potential to significantly influence various aspects
of our lives, the environment, and the economy. The
preparation of film requires the proper selection of polymer
matrix, solvent and salt choice. The choice of polymer such
as PEO, PVDF, etc. is critical because it is the backbone of
the film, providing mechanical strength and flexibility.
Selecting a suitable solvent is essential for dissolving the
polymer and salts uniformly, whereas the salt provides the
mobile ions, usually lithium ions in LIB applications. Some
commonly used solvents and salts are acetonitrile (ACN),
dimethylformamide (DMF), LiPF6, LITFSI, etc. The
preparation of the polymer films can be done by various
available methods as given below:

1. Solution-casting Method: Solution casting method is
a simple and extensively used technique for the

fabrication of polymer electrolyte films due to its
versatility. It allows easy control over film thickness
and is suitable for a wide range of polymers and salts.
It follows the steps as mentioned below:

The desired amount of polymer is weighed and
dissolved separately in the solvent by stirring the
mixture for several hours. This process can be
carried out at room temperature or at elevated
temperatures depending on the polymer’s
solubility.

The required amount of the salt is weighed and
then mixed with the dissolved polymer. The
mixture is continuously stirred until homogeneous
solution is obtained.

Formed homogeneous polymer-salt solution is
placed in a vacuum chamber for a few minutes to
remove any air bubbles.

For this, the prepared solution is cast into petri
dish.

After drying, flexible and self-supporting film is
produced.

The solvent should be compatible with both the
polymer and the salt to produce a polymer film
with a thickness ranging from micrometers to
millimeters.

Phase Inversion Method: It is a versatile technique
used to fabricate microporous polymer films or
membranes. It can be categorized into the following
forms:

Nonsolvent-induced Precipitation: In this method,
a polymer solution is applied to a glass slide and
then immersed in a nonsolvent. This causes the
polymer to precipitate resulting in thin, porous
polymer films. The different porosities formed
during this process influence the ion-conductivity
of these films. Films with smaller pores and a
narrower pore distribution can prevent liquid
leakage, while higher porosity is beneficial for
achieving higher ionic conductivity.
Evaporation-induced Phase Separation: This
method involves dissolving a copolymer in a
mixed solution of volatile acetone as the solvent
and ethanol as the nonsolvent. It is then cast onto a
substrate to fabricate a film, which is then air-dried
to produce a porous structure. This phase inversion
method allows for easy control over the membrane
structure enabling the creation of honeycomb or
network-like structures.

Vapor-induced Precipitation: In this process,
precipitation occurs by absorbing a nonsolvent
from the vapor phase.

Thermally Induced Precipitation: This method
involves precipitation by cooling, which causes the
polymer to solidify and form a porous structure.
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e FEach phase separation method offers distinct
advantages and allows for the tuning of membrane
properties to meet specific requirements.

3. Spin Coating Method: This method is similar to the
casting technique. Instead of spreading the film across
the substrate as in casting, this method involves
dropping the mixture onto the substrate and then
placing it in a spin coater. The spin coater rotates at a
variable speed, allowing precise control over the film's
thickness by adjusting both the mixture's viscosity and
the rotation speed. However, this technique is effective
when the mixture's viscosity is relatively low. For gel-
like mixtures, the spinning action alone is insufficient
to spread the droplet into a thin-film.

4. Hot Press Method: In this method, polymer and salt
are first combined in a mortar to form a fine powder
through several minutes of mixing. This powder
mixture is then placed between two Mylar sheets or
similar materials and positioned in a heating chamber
to set a temperature slightly above the polymer's
melting point. The sample is pressed overnight using
a weight-controlled pressure. After the pressing and
heating process, it is gradually cooled to room
temperature. Finally, it is removed from the Mylar
sheets and transferred to a glove box.

Polymer Electrolytes

Polymer electrolytes consisting of a polymer host and a
lithium salt with low lattice energy and large anions,
function as electrolytes by dissolving within a polymer
matrix. lonic conduction in these materials is driven by the
covalent interaction between the polymer and ionizing
groups. Initially, polymer's electron-donating groups
solvate the cation from the dopant salt, facilitating ion
separation and ionic hopping, which generates conductivity.
In conventional batteries, electrolytes and separators assist
the ion movement between electrodes, but polymer
electrolytes can replace both components in solid-state
configurations. Polymer electrolytes are highly valued for
their ability to accommodate electrode volume changes,
improve current density, enhance safety, and reduce
dendrite formation. However, their lithium-ion conductivity
at room temperature remains low, though advancements
like blending and modified derivatives have improved high
performance. Key requirements for polymer electrolytes
include ionic conductivity (> 10* Scm™), electrical
insulation, low activation energy, excellent thermal and
chemical stability, high cation transference and
compatibility with electrode materials. Additionally, they
should be non-toxic, cost-effective, have a wide operational
temperature range as well as both low melting point and
high boiling point for optimal battery performance [6].

Ionic Conduction Mechanism in Polymer
Electrolyte

Ionic conduction in polymer electrolytes is a complex
process that depends on the structural dynamics of the
polymer matrix and the interaction between lithium ions
(Li*) and polymer functional groups. The conduction
mechanism is basically determined by the polymer's
amorphous and crystalline phases, polymer-segment
mobility and the formation of ion-conducting pathways.

1. Polymer-Salt Complexation and Ion Dissociation
[7]: In polymer electrolytes, Li* ions coordinate with
polar functional groups such as ether oxygens in poly
(ethylene oxide) (PEO) or nitrile groups in
polyacrylonitrile (PAN). The dissolution of lithium
salts within the polymer matrix results in the formation
of mobile charge carriers (Li* and anions), which are
essential for ionic conduction.

2. Segmental Motion and Ion Transport [&]: The local
movement of polymer chains greatly impacts the
mobility of Li* ions. In the amorphous phase, polymer
segments undergo dynamic relaxation, allowing Li*
ions to hop between coordinating sites. This process is
known as segmental-assisted transport and it involves
the breaking and reforming of Li—polymer bonds in
order to facilitate ion migration. Higher is the polymer
flexibility, better is the ionic conductivity.

3. Inter- and Intra-chain Hopping Mechanisms: Ionic
conduction occurs through three primary pathways
[9]:

e Intra-chain motion: Li* ions move along a polymer
chain through weak coordination with functional
groups.

e  Polymer-segment relaxation: The movement of
polymer segments influences ion transport by
modifying the polymer environment.

e Inter-chain hopping: Li* ions jump from one
polymer chain to another, enabling long-range ion
diffusion.

4.  Crystalline vs. Amorphous Transport: While it was
assumed that only the amorphous phase contributes to
ionic transport, recent studies have shown that
crystalline polymer structures can also support ion
migration. In crystalline PEO/LiXFs complexes [10],
Li* ions move through cylindrical tunnels formed by
folded polymer chains, offering a static pathway for
conduction without requiring segmental motion.
However, ionic transport is generally more efficient in
the amorphous phase due to higher polymer flexibility.

5.  Glass Transition Temperature Dependence (Tg):
Ionic conductivity is closely related to the polymer's
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T,. Below Ty, the polymer chains are rigid, restricting
ion mobility and leading to poor conductivity. Above
T,, the polymer matrix transitions into a rubbery state,
enhancing the flexibility of chains and facilitating
faster ion transport [11].

Types of Polymer Electrolytes

These can be classified in the following types based on their
physical state and composition:

1.

Gel Polymer Electrolytes (GPEs): These consist of a
polymer host swollen with liquid electrolyte. While
maintaining a semi-solid form, GPEs exhibit higher
ionic conductivity due to the liquid component, while
still offering some mechanical strength. They are
widely used in LIBs for balancing conductivity and
safety.

Composite Polymer Electrolytes (CPEs): These are
a hybrid form, combining a solid polymer electrolyte
inorganic fillers
mechanical properties and ionic conductivity. CPEs
aim to improve conductivity, stability, and overall
performance by leveraging both the polymer matrix
and solid particles.

with ceramic or to enhance

Perovskite-type Polymer Electrolytes: Perovskite-
type polymer electrolytes combine the high ionic
conductivity of perovskite ceramics, such as lithium
lanthanum titanium oxide (LLTO), with the flexibility
of polymers like poly (ethylene oxide) (PEO) and poly
(vinylidene fluoride) (PVDF). Perovskite materials
typically exhibit high lithium-ion conductivity,
ranging from 1073 to 10™* S/cm at room temperature,
while maintaining extremely low electronic
conductivity, around 107® S/cm [12]. This balance
makes them excellent candidates for solid-state
electrolytes, as they efficiently transport lithium ions
while minimizing electronic leakage, which is crucial
for battery performance and safety. Blending
perovskites with polymers enhances mechanical
stability and interfacial compatibility, leading to
improved performance in lithium batteries.

Sulphide-type Polymer Electrolytes: Sulphide-type
polymer electrolytes combine highly conductive
sulphide materials with flexible polymers to improve
performance in solid-state lithium-ion batteries.
Sulphide-based electrolytes, like lithium phosphorus
sulphide (LPS) and lithium argyrodite (LisPSsX, X =
Cl, Br, I), are known for their excellent ionic
conductivity and good electrochemical stability.
However, they are brittle and highly sensitive to
moisture, making them difficult to use on their own.
Blending sulphide particles with polymers such as

poly (ethylene oxide) (PEO) or polyacrylonitrile
(PAN) improves mechanical flexibility and enhances
compatibility with battery electrodes [13].

Solid Polymer Electrolytes (SPEs): These are
composed of a polymer matrix with dispersed lithium
salts and have been widely studied for applications in
LIBs and other electrochemical systems. The ions are
transported through the polymer structure, which
remains in a solid state. Solid polymer electrolytes
(SPEs) must provide good mechanical strength, safety,
thermal  stability, ionic  conductivity, and
electrochemical stability to prevent lithium dendrite
growth. There are various host polymers are in use for
the synthesis of polymer-electrolytes. Key properties
of polymer hosts are [14]:
e Electron donor groups
coordinating with Li+-ions.

O, N, P, S) for

e Fast segmental motion of polymer chains to
enhance ionic conductivity.

e Low Tg (glass transition temperature).

e Elevated thermal decomposition temperature.

e Larger molecular size.

e Optimal spatial configuration for salt
dissociation.

e Appropriate distance between coordinating centres
to avoid intra-polymer ion bonding.

o  Sufficient flexibility for enhanced performance.

Different Types of Polymer Host

Various types of polymer hosts are being researched for
polymer electrolytes due to their ability to dissolve lithium
salts and support ionic conduction (Table 1). Some of them

are explained below:

1.

Polyethylene Oxide (PEO): It is a leading candidate
for SPEs in LIBs due to its ability to form complexes
with metal salts, low cost and easy production. It is
discovered in 1973 by Wright, PEO exhibits ionic
conductivity with Li* salts, driven by its flexible
ethylene oxide chains, high electrochemical stability
and strong dielectric properties [15,16]. However, its
semi-crystalline nature limits ionic-conductivity at
room temperature and low Li* transference-number
affect battery performance [17]. To address these
issues, various strategies have been investigated to
enhance ionic conductivity and interfacial properties.
These include addition of plasticizer with high
dielectric constant and incorporation of inorganic filler
into PEO-based polymer-electrolyte to simultaneously
improve ionic-conductivity and mechanical stability
[5]. Additionally, blending with other polymers like
PAN and PVDF, known for their favourable
mechanical properties, to further strengthen the
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mechanical stability of PEO-based electrolytes [18-
19].

Polyacrylonitrile (PAN): PAN-based lithium salt
complexes are known for their strong ionic
conductivity, stable thermal property, mechanical
strength and compatibility with electrode materials
used in LIBs. PAN’s semi-crystalline structure
dissolves various lithium salts and effectively absorbs
electrolytes. The addition of plasticizers enhances ion
mobility, increasing conductivity to 1.7x107 Scm™ at
20 °C and 1.1x103 Scm™ at 10 °C [18]. The PAN
based gel electrolyte has transference number more
than 0.5, which can be increased to 0.7 by adding
lithium bis (trifluoromethyl sulfonyl) imide (LiTFSI)
and lithium bis (trifluoro methane sulfonyl) methide
(LiTFSM) salts addition [20]. However, PAN’s high
electrolyte absorption can lead to swelling and
passivation at the lithium electrode interface,
impacting battery performance. Blending PAN with
polymers like polyethylene oxide (PEO) improves
ionic-conductivity, —mechanical flexibility, and
interfacial characteristics, making it more suitable for
LIBs [21].

Polymethylmethacrylate (PMMA): It is a
thermoplastic with good dimensional stability and
high lithium-ion affinity, but its brittleness limits its
use in flexible, solid-state devices. Initially used as a
gelling agent, PMMA-based electrolytes exhibit
moderate ionic conductivity with improvements
observed when blended with other polymers or doped
with lithium salts like LiTFSI [22]. It has been
observed that combining PMMA with PVC enhances
mechanical strength, while the addition of silica
nanoparticles or ionic liquids to PMMA/LiTFSI
further increases its conductivity to 2.44 x 10° S-cm™!
when prepared using the solution casting
technique.[14]. Copolymerization and blending with
materials like poly (vinylidene fluoride-hexafluoro
propylene) and LLZN nanowires can also enhance
performance making PMMA a versatile component in
electrolyte formulations.

Polyvinylidene Fluoride (PVDF): It is a semi-
crystalline polymer known for its high dielectric
constant (~8.4) and anodic stability, attributed to its
strong electron-withdrawing (—C—F) groups [6]. This
characteristic enhances salt dissolution and increases
charge  carriers’ concentration. = PVDF-based
electrolytes exhibit varying ionic conductivities, with
improvements observed when plasticizers like
propylene carbonate (PC) are added. For instance,
PVDF with 30 mol% LiClO4 and PC shows significant
conductivity enhancement, reaching 1.74x102* S cm™

at 30 °C [23]. Blending PVDF with lithium nitrate or
phthaloyl starch can further improve ionic
conductivity and electrochemical stability, though
PVDF's interfacial stability with lithium remains a
challenge.

5. Polyvinyl Chloride (PVC): PVC is another polymer
host known for its chemical resistance, flexibility, and
mechanical strength, making it suitable for creating
durable electrolyte membranes. However, it often
requires plasticizers to improve ion transport. Studies
have shown that PVC complexes with LiTFSI,
plasticized using dibutyl phthalate and dioctyl adipate,
exhibit significantly enhanced ionic-conductivity as
the PVC content decreases. These complexes also
achieve an electrochemical stability window of ~ 4.0
V at 60°C [24]. Despite its advantages, PVC-based
polymer electrolytes face challenges such as solvent
exudation. This issue can be addressed by substituting
PVC with a PVAC copolymer. Furthermore, instead
of using auxiliary carrier solvents like tetrahydrofuran
(THF) for PVC or PVAC, direct utilization of solvents
has been suggested as a viable alternative [25].

6. Polysiloxane (PS): Polysiloxanes are known for their
low temperature (Ty), significant free space, excellent
electrochemical stability and flexibility [26]. Their
amorphous nature allows for good ionic conductivity,
especially when blended with other polymers or
plasticizers.

7. Polycarbonate (PC): Polycarbonate polymers have
gained attention as promising hosts in LIBs, especially
for applications in solid-state and gel polymer
electrolytes. These materials provide a balance of
mechanical  strength, ionic-conductivity  and
electrochemical robustness, making them ideal
candidates for advanced energy storage technologies.
Solid polymer electrolytes developed using aliphatic
polycarbonates—such as poly (ethylene carbonate)
and poly (propylene carbonate)-demonstrate enhanced
ionic-conductivity, electrochemical stability and
thermal resilience. This is attributed to their
amorphous structure, high dielectric constant and
flexible chain segments, which collectively contribute
toward improved performance [6].

Each polymer host has its strengths and challenges and they
are often modified or combined with other materials to
enhance properties such as ionic conductivity, mechanical
stability and thermal stability for use in LIBs.

Applications of Polymer Electrolytes in
Lithium-based Batteries
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Table 1: Comparison of Polymer Host for Solid State Electrolytes based on their associated challenges and applications.

Polymer Host

Properties

Challenges

Applications

Poly (ethylene oxide)

(PEO)

Polyacrylonitrile (PAN)

Poly (methyl
methacrylate) (PMDMA)

Poly (vinylidene fluoride)

(PVDF)

Poly (vinyl chloride)
PVC)

Polysiloxanes

Polycarbonates (PC)

Good compatibility with Li salts. low Tz
good electrochemical stability to lithium
metal.

High thermal stability. flame resistance. good
ionic conductivity. prevents Li dendrite
growth

High dimensional stability. good interface

stability. low cost

High dielectric constant. strong electron-
withdrawing groups, good salt dissolution

Low cost. compatibility with plasticizers.
good mechanical strength

High thermal stability,
chemical stability

good flexibility.

Non-toxic. biodegradable. high thermal and
mechanical stability

Semi-crystalline  nature
reduces ionic conductivity
at room temperature

Low interfacial stability
with lithium

Brittle  nature limits
mechanical flexibility

Poor interfacial stability
with lithium due to

semicrystalline nature

Poor interfacial properties

Limited understanding of
ion conduction mechanism

Low ionic conductivity at
low temperatures

Solid polymer electrolyte in
lithium-ion batteries

Gel and composite polymer
electrolytes

Gel and solid polymer
electrolytes

Solid polymer electrolytes

solid

Composite  and
polymer electrolytes

Solid polymer electrolytes

Aliphatic  polycarbonate-
based polymer electrolytes

Polymer electrolytes are emerging as a key solution for
enhancing the performance, safety and longevity of lithium-
based batteries. Their unique combination of flexibility,
lightweight properties, and improved interfacial stability
makes them ideal for next-generation energy storage
systems. Some of the most promising applications include:

1. Solid-state Lithium-ion Battery: Solid-state lithium-
ion batteries (SSBs) are gaining attention for their
ability to replace traditional liquid electrolytes with
solid polymer electrolytes, making them safer, more
energy-dense and long-lasting. They are particularly
promising for electric vehicles (EVs) and grid energy
storage due to their stability and high energy capacity.
Recent advancements have further improved their
performance-Wang et al. [27] developed an
electrospun solid polymer electrolyte (SPE) using a
bio-polyamide (IBD) blended with PEO/Li
bis(trifluoromethanesulfonyl)imide, achieving strong
lithium-ion transport and an impressive ionic
conductivity of 4.26 x 107* S/cm at 50°C. Meanwhile,
Zhu et al. [28] introduced an inorganic-polymer gel
electrolyte incorporating helical mesoporous silica
nanofibers (HMSFs), leading to remarkable thermal
stability (up to 372°C), a wide electrochemical
window (5.30 V), and high ionic conductivity at room
temperature (1.2 x 107 Scm!). These innovations
bring us closer to safer, more efficient batteries that
could revolutionize energy storage and transportation.

2. Lithium-Metal Batteries (LMBs): LMBs are a
promising next-generation energy storage technology
due to their high energy density, making them ideal for
long-lasting applications. However, they face safety
challenges, particularly dendrite formation, which can

short circuits. To safety and
performance, researchers are developing advanced

electrolytes. A recent study by Xie et al. [29]

cause improve

introduced a gel polymer electrolyte (GPE) called
ATI11-GF, which uses a non-flammable material to
By adding a
protective film-forming agent, they improved stability
and compatibility with the lithium anode, achieving
high ionic conductivity and long-lasting performance.
These advancements bring us closer to safer and more
efficient lithium-metal batteries.

enhance lithium-ion conduction.

Lithium-air (Li-air) Batteries: They are also known
as lithium-oxygen batteries and are an emerging
energy storage technology that uses oxygen from the
air as the cathode material. They have the potential to
achieve extremely high energy density, making them
attractive for applications like electric vehicles and
aerospace. Polymer electrolytes play a vital role in
these batteries by providing a stable and efficient
pathway  for lithium-ion transport.  Recent
advancements, such as the gel polymer electrolyte
(GPE) introduced by Yoon et al. [30], have
significantly improved ionic conductivity, lithium
stability and redox activity, leading to longer cycle life
and higher capacity. Additionally, research by Song et
al. [31] demonstrated that using a 3D garnet network
composite polymer electrolyte enhances the
performance of solid-state Li-air batteries, paving the
way for more efficient and durable energy storage
solutions.

Lithium-Sulphur Battery: Polymer electrolytes are
being explored for lithium-sulphur (Li-S) batteries,
which have a sulphur-based cathode and offer high
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energy density, making them ideal for electric vehicles
and renewable energy storage. One major challenge
with Li-S batteries is stability, but recent research has
led to significant improvements. For example, adding
special polymers like poly(sulfur-1,3-
diisopropenylbenzene) (PSD) into a P(VDF-HFP)
polymer matrix has helped to improve ionic
conductivity. Scientists have also developed flame-
retardant polymer electrolytes to make these batteries
safer. Another breakthrough involves using in situ
electrochemical polymerization to create a non-
flammable polyether electrolyte, which enhances
lithium compatibility and improves battery
performance. These innovations have led to higher
capacity, faster charging, and longer battery life,
making Li-S batteries a promising option for the future
[32].

Fundamental Challenges in Lithium-ion
Batteries

The development of next-generation lithium-ion (Li-ion)
batteries faces several fundamental challenges that must be
addressed to improve energy density, longevity and safety.

1. Electrode-Electrolyte Interface Stability: The
formation of a stable solid electrolyte interphase (SEI)
is crucial for battery performance, yet its composition
and long-term stability remain poorly understood.
Electrochemical side reactions with high-capacity
cathodes can degrade electrolytes, reducing
efficiency.

2. Dendrite Formation and Safety Risks: Lithium
metal anodes can develop dendrites, which may lead
to short circuits, overheating or even battery failure.
Advanced solid-state electrolytes or protective
coatings are needed to mitigate this issue.

3. Limited Cycle Life: High-capacity electrode
materials, such as silicon and tin, suffer from
significant volume expansion and contraction during
charge-discharge cycles, causing mechanical stress
and cracking, which reduces battery lifespan.

4. Electrochemical-Mechanical Coupling: Mechanical
failure due to expansion, stress, and defects in solid-
state electrolytes can hinder ion transport and overall
battery performance. Understanding how
electrochemical and  mechanical properties
interdepend is essential for improving Dbattery
durability.

5. Fast Charging Limitations: High charging rates can
lead to lithium plating on the anode, reducing
efficiency and increasing safety risks. New materials

and electrolyte formulations are needed to enable safer
and faster charging.

6. Environmental and Cost Constraints: The reliance
on expensive and resource-limited materials like
lithium, cobalt and nickel raises concerns about
sustainability. Developing cost-effective recycling
methods and alternative battery chemistries is crucial
for large-scale adoption.

Addressing these challenges requires innovations in
material science, interface engineering and electrolyte
design to push Li-ion technology toward safer, more
efficient and long-lasting energy storage solutions.

Summary and Future Prospective

In this paper, the critical role of polymer-based electrolytes
in the advancement of LIB technology has been analysed.
The increasing demand for renewable energy sources needs
high-performance, safe and reliable energy storage
solutions. Traditional liquid electrolytes have enabled LIBs
to achieve significant energy densities, but these
electrolytes come with safety constraints. Polymer
electrolytes offer promising potential to improve the safety
and efficiency of LIBs by reducing dendrite growth and
enhancing stability. This paper analyses the properties and
synthesis methods of various polymer hosts, highlighting
how each material contributes to enhanced ionic
conductivity and thermal stability are also analysed in
detail.
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Abstract

Orthopaedic biomaterials play a pivotal role in advancing fracture fixation, joint replacement, and dynamic stabilization within
orthopaedic applications. Primarily composed of metals, these biomaterials exhibit outstanding properties including high strength,
ductility, fracture toughness, hardness, corrosion resistance, durability, and biocompatibility. Despite their versatility, the landscape
of orthopaedic implant materials remains dominated by a limited range of metals, ceramics, composites and polymers. However, the
durability of these implants is challenged by biological reactions and material degradation caused by wear and electrochemical
corrosion. This article examines the developments that have taken place with respect to the biomaterials and their applications as
implants in orthopaedic surgery. This encompasses history, types and properties of metals, polymers, ceramics, composite
biomaterials, and processes of fabricating them. The characteristics like biocompatibility, mechanical properties, fluid stability, and
the ability to induce osseointegration and the relevance of such materials for implants in orthopaedic surgery is also discussed in this
article. Special attention is given to the development of novel bioactive metallic materials and their means of improving wear
resistance and biocompatibility by changing the surface and applying coats. The scope of the review further covers advanced
technologies including smart bio-materials, 3D/4D printing, use of nanotechnology, and prosthetics. Further, the review article

discusses the current status and future trends concerning materials for orthopaedic surgery in greater detail.
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Introduction

In today's rapidly evolving world, orthopaedic concerns are
increasing due to accidents, advancing age, and congenital
factors. To address orthopaedic fractures and other bone
issues effectively, the use of orthopaedic implants and
prosthetics are essential. Substance that has been
engineered to interact with biological systems for medical
purposes, whether therapeutic (e.g., implants, drug delivery
systems) or diagnostic (e.g., biosensors) referred as
Biomaterials. These materials are typically designed to be
compatible with living tissues and can be derived from
natural sources, synthetic polymers, metals, ceramics, or
composites thereof [1]. As per the evolution there are 3
generations of biomaterials. The First-Generation
Biomaterials (1950s-1980s) focused on inertness that did
not interact extensively with biological systems. The
Second-Generation ~ Biomaterials  (1980s-early2000s)

focused on improving bioactivity and enhancing
interactions with biological tissues. Lastly, the Third
Generation Biomaterials (early 2000s-present) emphasizes
advanced functionality, tissue regeneration and
customization for specific medical applications [1,2]. The
selection of biomaterials is based on the specific needs of
medical treatments, like orthopaedic implants, dental work,
or tissue engineering, to ensure safety, effectiveness, and
compatibility [3].

Compatibility of orthopaedic implants with the human body
is crucial for successful application in healing, correcting
deformities, and restoring lost functions. While
advancements in biomaterials and prosthetics have been
made, challenges remain in diagnosing infections, and
dealing with implant toxicity, corrosion, and wear-and-tear.
The development of novel biomaterials and prosthetic
devices, with the introduction of nanotechnology, is
essential for advancing orthopaedic care, improving patient
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outcomes, and meeting the evolving healthcare needs of
diverse patient populations.

This review offers an overview of diverse medical
biomaterials, emphasizing the promising role of metal
materials in orthopaedic implants. Methods to enhance the
surface biocompatibility of metal materials, such as surface
treatments and coating techniques, were reviewed. The
discussion also addressed the current limitations of these
approaches and outlined future research directions aimed at
enhancing their overall effectiveness.

Properties of biomaterials

1. Biocompatibility: By definition, biocompatibility refers
to the ability of biomaterials to meet their intended function
in a certain clinical setting, particularly within the body of
a patient, without inflicting any adverse effects [1]. This
ensures that there is maximum success in treatment while
protecting the patients as much as possible.
Biocompatibility is, therefore, an imperative aspect for the
faster placement of new, innovative devices to the
healthcare market. The skin irritation and cytotoxicity were
the first two testing protocols for material toxicity and skin
irritability according to the American Standards and Test
Methods International (ASTM) during late 1980s. These
standards were later revised by the International
Organization for Standards (ISO) [4]. Biocompatibility
evaluation involves assessments such as: genotoxicity,
cytotoxicity, irritation or intracutaneous reactivity and
testing for implantation and hemocompatibility [5,6].

2. Mechanical properties: The mechanical characteristics
of biomaterials are the contributing factors to their
performance and appropriateness for particular biomedical
applications. It includes Young’s modulus, ultimate tensile
strength, yield strength, ductility, fatigue resistance,
corrosion resistance, and fracture toughness [ 1]. Corrosion
resistance is the most crucial property owing to the extreme
differences between the body environment and the
atmosphere. Metals that withstand oxidation in air might be
seen succumbing to internal corrosion within the human
body due to body fluids which contain ions that facilitate
corrosion. Thus, it is important to look for ways to reduce
ion release from metals and at the same time protecting the
metals for long lasting periods [6,7].

3. Tribological behaviour: Tribology is a field that
examines surface interactions between hard materials in the
context of relative motion, emphasizing friction, wear and
lubrication [8]. Although rigid material, including brittle
ceramic materials can endure external mechanical forces,
they are unsuitable for joint implants due to their
inefficiency under stress impacts. Therefore, metals and
rigid plastics are used instead because of the advantageous
properties they possess over time. Presently, regular
materials for arthroplasties include blends such as Ceramic-

on-UHMWPE,  Metallic-on-UHMWPE, Ceramic-on-
Ceramic, CoCrMo-on-CoCrMo and Al,O3-on-CoCrMo
[1,9]. Inadequate friction characteristics can result in
excessive wear to the surfaces of an implant causing metal
debris shedding into the adjacent tissues. This can provoke
unwanted reactions in the tissues and markedly shorten the
lifespan of the implant [10].

4. Osseointegration: Osseointegration is a phenomenon
where the living bone tissue grows on the implant surface
forming a direct structural and functional interaction. It
guarantees the stability, functionality, and longevity of the
endoprosthesis, especially of orthopaedic and dental
implants [11]. Surface is a key factor contributing to the
process of osseointegration as it is clearly understood in the
review by Geraldo Roberto Martins Matos [12] and
Wennerberg [13]. They explained how the surface designs
of dental implants affect their integration with the bone,
with particular focus on the role of textures and finishes in
the implants’ performance.

Classification

Biomaterials comprise a varied range of materials [14]. We
have categorized biomaterials based on the primary
materials they are composed of, as shown in the Figure 1.

1. Metallic Biomaterials

Surgical implants rely heavily on metals and metallic alloys,
because of their superior strength, resistance to fracture,
interatomic bonding and ease of engineering processes.
They are commonly used in orthopaedics, dentistry,
peripheral cardiovascular devices, and neurovascular
implants. Due to their good electrical conductivity, they are
also used in cardiac pacemaker devices for neuromuscular
stimulation. Prosthetic devices can be made from a range of
metallic biomaterials as per requirements and properties

[1,15,16].
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Figure 1: Classification of different types of biomaterials.

316L Stainless Steel: 316L stainless steel (SS) is widely
used for the fabrication of implants due to its resistance to
corrosion, ease of processing, good mechanical properties,
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and biocompatibility [14,17]. Due to lesser carbon content
than the 316 standards, it reduces the chances of inter-
granular corrosion after welding. Despite having many
qualities of good biomaterial this stainless steel is prone to
corrosion, especially due to chloride ions in blood. The
elastic modulus of this SS ranges approximately from 200
to 210 GPa, while that of natural bones ranges from 3 to 20
GPa. Due to this significant difference, it leads to joint
separation over a period of time [1,15,18].

Cobalt Chrome: Cobalt Chrome (CoCr) alloys are known
for their excellent mechanical properties, corrosion
resistance and biocompatibility. They often contain
additional metals like nickel, molybdenum, to enhance the
overall properties. These alloys are often cast because of
their work-hardening tendencies above room temperature,
which makes them ideal for hip implant components and
dentures. However, these materials can leach toxic ions into
the biological environment, potentially causing cancerous
growths and other unwanted effects. The elastic modulus of
these alloys’ ranges up to 220-230 GPa. Due to the
significant difference in the elastic modulus between bones
and implants, stress shielding occurs, leading to bone
atrophy. Altering the surface of cobalt-chromium alloys by
direct laser interference patterning has been proved to be as
biocompatible as commonplace stent materials. This leads
to the possibility of using it for fast endothelialisation while
preventing thrombosis in the cardiovascular system
[1.17.19].

Titanium and titanium alloys: Since 1960s, titanium and
its alloys have been utilized in biomedical fields, from
dentistry, cardiovascular, orthopaedics, prosthetics,
craniofacial surgeries to reconstructive joint procedures.
Titanium and its alloys are valued for their non-reactive
nature, biocompatibility, as well as stiffness, and
performance reliability over time. Nitinol, a nickel-titanium
alloy, enjoys thermal memory, shape recovery properties,
and excellent absorption qualities. However, over time it
releases nickel ions, which increases toxicity within the
biological environment. The B-Titanium alloys have also
been developed, which cause minimal stress shielding due
to their lower modulus of elasticity as compared to its other
states. However, at high temperatures they lose their
structure and properties [ 1,20].

Magnesium and magnesium alloys: It is the most likely
candidate material for bone implants and biomedical
applications because of its antitoxic nature. Its Young’s
modulus is also comparable to that of bones, helping to
reduce stress shielding effect. They have high cell
compatibility with macrophages thus enhancing tissue
healing and efficiency of implants performance. Their
implants dissolve in physiological environment and are
eventually replaced by bones tissues eliminating the need of
secondary surgery procedures [21]. Magnesium, being a

soft metal, suffers from low corrosion resistance and low
mechanical integrity. The excessive bodily corrosion of
magnesium and its alloys when implanted in the human
body risks inciting pathological reactions discouraging the
alloy due to excess loss of mechanical strength and failure
of the implants. Surface treatment is a common method to
enhance the bioactivity of magnesium alloys and control
their degradation rate [22,23].

2. Polymeric biomaterials

Polymeric biomaterials can be natural or synthetic, offers
tuneable physical, chemical and biological properties,
making them suitable for a variety of medical applications.
They exist as bulk materials, coatings and pharmaceutical
nanoparticles in drug delivery systems. Natural polymers
such as horn, hair and cellulose have been used in medicine
for ages, especially in suturing. Some of the major
polymeric biomaterials with significance in orthopaedics
include polymethyl methacrylate (PMMA), polyether ether
ketone (PEEK), polylactide (PLLA) and ultra-high
molecular weight polyethylene (UHMWPE). PMMA bone
cements are widely used for various purposes such as
denture implants, prosthetic bone, skull bone replacements,
eye tags and kidney treatment membranes etc. UHMWPE
is found in the acetabular components of total hip
replacement systems, in the knee joint prosthesis systems,
and in polypropylene mesh used for finger joints
replacements, intravenous cannulas, and non-absorbable
sutures [24]. Besides the dental and orthopaedic implants,
silicone and other polymeric biocompatible materials are
also used extensively in plastic surgeries [25,26].

3. Ceramics

Ceramic biomaterials are compounds made from metals,
non-metals, metal oxides, nitrides, sulphides and carbides.
They have high mechanical strength, better corrosion
resistance, electrical insulation and chemical stability.
There are three categories of ceramic biomaterials based on
their interactions with physiological environment: bioinert,
bioactive, and bioresorbable [27]. Bioinert ceramics like
A120s (alumina), ZrO: (zirconia), SisNa (silicon nitride) are
chemically inert, causing minimal tissue reaction making
them safe for use in articular components. They have high
wear and compressive strength. The first highly pure
alumina, Biolox® was obtained from chemically purified
and grounded corundum powders by Erhard Doerre in the
beginning of 1974 [28]. Bioactive ceramics such as
cellulose and bioactive glasses bond well with bone but are
often used as coatings on metal implants due to their inferior
mechanical properties. Bioresorbable ceramics include
calcium sulphate, calcium phosphates, and porous
hydroxyapatite etc. They dissolve in the body and are
gradually substituted with new tissue over time. Such
materials do not promote inflammation and are effective in
treating the bone fracture. Due to similarities between,
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bioactive and biodegradable ceramics, they are often
researched simultaneously [27,29].

Table 1: Comparison of different types of biomaterials.

Metals Polymers Composites Ceramics
and alloys
Type Cobalt and | Natural Metal matrix | Bioactive,
its alloys, | (collagen, composite, bioresorbabl
Stainless silk, Ceramic - and
steel, cellulose) matrix bioinert
magnesiu and composite
m and its | Artificial and polymer
alloy, (silicones, matrix
titanium polyethylen | composite
and its | e,
alloys etc. | polyamides
)
Benefi | High Radiolucen | Customizabili | Excellent
t-s tensile c-y, high | ty and | hardness,
strength, corrosion enhanced corrosion
thermally resistance, properties resistance,
and flexibility according to | non-
electricall | and the biodegradab
y adaptability | requirement le and non-
conductiv conductive
e
Issues | Less Low wear | Complex Brittle, low
corrosion resistance, processing wear
resistance, | tensile resistance,
insufficien | strength high stress
t bio | and shielding
tolerance, mechanical and less
material strength osseointegr-
fatigue ation
over time
Uses Joint Bone Long bone | Total  hip
replaceme | fixation, (femur, tibia) | replacement
n-t, spinal | regeneratio | fixation and | , total knee
implants n, and artificial replacement
and bone | Cartilage, ligaments , spinal
fixation ligament implants
and tendon and dental
repairs implants
e.g. Ti-6Al- PMMA, Glass  fiber | Alumina
4V, PLA, PVA, | composite, (ALLO5),
Ti6Al7Nb, | PCL, PEEK | carbon fiber- | zirconia
CoCrMo, PVA-PVP reinforced (Zr0y),
316L, co- polymers silicon
316LVM polymers, (CFRPs), nitride
Stainless UHMWPE | bioactive (SizNy) and
Steel etc. etc. ceramic bioactive
composites glasses etc.
etc.

4. Composites

Composites are the materials made up of two or more
different constituents: the matrix and the dispersed phase.
The matrix is normally ductile, weaker and ultimately
surrounds the dispersed phase providing support to it.
Together, these combinations climb the overall property of
the material. The performance of composites relies on the
shape, size and orientation of dispersed phase within the
matrix. They offer great variety of mechanical and

biological properties, effectively optimizing design and
minimizing their impact on surrounding tissue [30]. They
are considered beneficial due to their ability to vary elastic
properties in order to provide better mechanical integration
with bones or tissues but still possess high strength and
endurance. For example, a more dynamic insulation system
is provided through the use of carbon fibre reinforced epoxy
plates. They are thinner and can be used where the support
of broken bones is required to hasten their healing without
introducing bulky interfaces. Composite biomaterials can
be of the following variety of types: Ceramic Matrix
Composite, Metal Matrix Composite, Polymer Matrix
Composite and the materials
composites [14].

known as advanced

Methods of Preparation

Table 2: Comparison of methods

for preparing biomedical

materials.
Methods Advantages Limitations Ref.
Electrodeposit- Cost-effective, Some materials | [23]
ion protective, less | can’t be -easily
reactive and | deposited  and
biocompatible hard control over
layers formation size
Solvent Casting | Good control | Requires [31-
with Particulate | over porosity and | optimization, 33]
Leaching cost-effective potential toxicity
used in bone and | from solvents and
cartilage  tissue | gives limited
engineering mechanical
properties.
Electrospinning | Produces  fine, | Scalability [33,
uniform  fibers | issues, complex | 34]
that mimic ECM, | setup
high surface area
3D Bioprinting Enables complex | Maintaining cell | [33,35]
tissue structures, | viability and
personalized functionality
applications
Phase Good for creating | Difficult to | [33.36]
Separation porous structures | control pore
uniformity
Melt Processing | Suitable for high- | Limited to | [32,33]
strength thermoplastics,
applications, high processing
good for | temperatures
thermoplastics
Gas Foaming Environment Challenges in [32,33]
friendly, suitable | maintaining pore
for porous | uniformity
structures used in
drug delivery and
tissue
engineering.
Sol-Gel Process Produces Time-consuming, | [31]
bioactive ceramic | potential
materials, good | shrinkage during
for coatings drying

In order to prepare biomaterials materials, several advanced
engineering techniques are employed. These techniques are
directed toward achieving certain properties, such as
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biocompatibility, mechanical strength, or porosity. These
techniques can be utilized in designing scaffolds, implants,
and drug delivery systems. List of methods employed for
preparing biomedical materials are shown in table 2.

Methods of improving biomaterials

Improving biomaterial properties is very crucial for
successful integration and functionality in medical
applications. Two significant methods to enhance their
properties are coating methods and surface treatments.

1) Coating method: Coating methods involve applying a
layer of material onto the surface of a biomaterial to
improve its properties. Various types of coatings can be
employed, including:

a. Biopolymer coating and bioceramic coating:
Biopolymers, such as chitosan, alginate, hyaluronic acid,
and bioceramics, such as calcium phosphate like dicalcium
phosphate dihydrate (DCPD), hydroxyapatite (HA) and
fluorinated hydroxyapatite (FHA) are often used for coating
biomaterials. This is due to their origin and favourable
interactions with biological tissues. These coatings can
facilitate cell adhesion, proliferation, and differentiation,
thereby improving the overall biocompatibility of the
underlying material [37]. For example, chitosan promotes
osteoblast adhesion and proliferation, making it a suitable
candidate for orthopaedic applications. Calcium phosphate
coatings like DCPD helps in bone regeneration, HA and
FHA are used to improve resistance to decay, improve
biocompatibility and promote osteointegration [38].

b. Hydrogel Coating: Hydrogels are hydrophilic polymer
networks that can absorb significant amounts of water.
Their coatings can enhance the biocompatibility by
providing a softer, more flexible surface that mimics the
extracellular matrix (ECM). This mimicry can improve
cellular interactions, reduce inflammation, and promote
tissue integration [39]. Hydrogels have been particularly
effective in promoting cellular behaviour and facilitating
drug delivery in various biomedical applications [40].

c. Antibacterial Coating: To reduce the risk of infection
associated with implanted biomaterials, antibacterial
coatings can be applied. These coatings often incorporate
antibacterial agents, such as silver nanoparticles, which
release ions that inhibit bacterial growth. This method not
only improves biocompatibility but also enhances the
longevity and functionality of the implant [41].
Antibacterial coatings have been shown to effectively
reduce microbial colonization on surfaces, thus minimizing
the chances of implant-related infections [42].

d. Bioactive Glass Coating: Bioactive glasses are a class
of biomaterials that can bond with bone and stimulate
healing. Coating metallic implants with bioactive glass can
enhance their integration with surrounding tissues and

promote osteogenesis, making them suitable for
orthopaedic applications [3.43]. These coatings can also
release ions that stimulate biological responses, improving
overall biocompatibility.

2) Surface Treatment: Surface treatment improves the
biomaterial by altering the physical and chemical properties
at the nano/microscale level. These treatments can affect
surface roughness, charge, and chemical composition
leading to enhanced biological responses [44]. Some
common surface treatment methods include:

a. Plasma-immersion ion implantation: When high
voltage is applied to gas, they get ionized producing plasma.
These ions are directed to the target substrate. The substrate
is provided with high voltage bias attracting positively
charged ions from plasma toward itself. The high energy
ions cause them to penetrate into the surface of the substrate
and hence the surface is modified. This process enhances
surface wettability, improves surface roughness, and
introduces functional groups that promote cell adhesion and
growth. The treated surfaces can interact better with
proteins and cells, leading to improved biocompatibility
[45].

b. Chemical Modification: Chemical treatments involve
altering the surface chemistry of biomaterials by applying
various chemicals to introduce specific functional groups.
For instance, salinization can be used to create surfaces with
amino or carboxyl groups, enhancing protein adsorption
and cell attachment. This method is particularly effective
for improving the performance of implants in contact with
biological fluids [46].

c. Surface Roughening: Creating micro- or nanoscale
roughness on the surface of biomaterials can significantly
enhance cell adhesion and proliferation. Techniques such as
sandblasting, etching, or using laser treatments can create a
roughened surface that mimics the natural topography of
bone, leading to better osseointegration in orthopaedic and
dental implants [12].

d. Biomimetic Approaches: This method aims at
developing biomaterials that closely mimic/resemble the
structure and functions of biological systems. Mimicking
the natural extracellular matrix (ECM) can lead to improve
cell attachment, proliferation, and biocompatibility.
Techniques such as electrospinning and 3D printing can
create fibrous structures resembling the ECM protein,
promoting better cellular interactions and tissue integration.
Additionally, modifying surfaces to present specific
bioactive molecules can guide cellular behaviour,
improving healing and integration [44].

Complexities of Biomaterial Implants
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I. Due to difference in elastic modulus of biomaterials and
bones, stress shielding becomes the major issue related to
biomaterials.

II. The loading phase in biomaterials involving cycles of
bending, twisting and shearing stresses, presents challenges
in fatigue resistance, material degradation, and performance
under multi-axial loading conditions.

I1. With time many biomaterials start to release ions into the
body that are harmful for the organs as well as for blood
circulation. Inflammation from surgery or traumatism can
usually cause ion deposits, thus making the situation
surrounding the implants more severe.

IV. Over time, some of the biomaterials need to be replaced
due to the decay or degrade of their properties.

V. The internal body fractures of implants usually become
compromised due to the ions deposited from inflammation
associated with surgical or injury procedures.

Future Aspects of Biomedical Materials

With the advancements in biomedical materials, several
future trends are apparent.

I. Smart Biomaterials: These biomaterials are able to react
to external stimuli such as temperature, pH or mechanical
stress without harming the internal environment, allowing
for customized solutions in medication practices like shape
memory polymers. These polymers can change their shapes
inside a body using body temperature. The week, self-
expanding borne stents and scaffold for tissue regeneration
were made from these polymers. Such characteristics of
shape memory polymers make them a relevant innovation
for future biomedical material design [44,47].

I1. Bioprinting and 4D Bioprinting: In spite of the fact
that 3D bioprinting has gone a long way into tissue
engineering, 4D bioprinting is a relatively new technology
that incorporates the time dimension. Thus, the materials
that are printed can transform in shape or perform different
functions after a period of time. One recent example is 4D
bioprinting of aortic valve models that can open and close
in response to blood flow [48,49]. This technique can be
very beneficial for the advancement of biomaterials.

I11. Nanotechnology and nanocoating’s: The mechanical
strength, wear and tear resistance, corrosion resistance etc.
of orthopaedic biomaterials can be increased with the
incorporation of nanotechnologies in the biomaterials. For
example, HA nanocoating’s are done to improve the
osseointegration of biomaterials [50,51,52].

IV. Personalized and Patient-Specific Biomaterials: The
progress in 3D printing technology and computational
modelling has made it possible to create tailored
biomaterials for specific patient anatomy. 3D printed

implants can be designed for a complicated case of bone
reconstruction using the patients CT or MRI scans and other
information. Customized biomaterials allow for better
adjustment and working efficiency of the device in the
patient’s body, and consequently minimizing the chances of
rejection risk of the implant and its complications.
Additionally, utilizing genetic and molecular information in
biomaterial design further increases their compatibility with
human tissue [53,54].

Conclusion

I. There has been a continuous evolution in the betterment
of biomaterials. Metallic biomaterials are still playing their
authentic role in orthopaedic implants due to their
mechanical stability. Furthermore polymeric, composite,
ceramic biomaterials are also being utilised for their
biocompatibility, osseointegration and corrosion resistance
properties respectively.

II. Surface treatments and coating methods aimed to
enhance implant functionality are being utilised for
improving biomaterial properties as well as for their
customize use. These treatments help to promote better
integration with biological tissues, reduce infection risks,
and increase the durability of implants.

II1. With the advancements in biomedical materials, several
future trends are apparent. These consist of the emergence
of functional biomaterials or smart biomaterials, better
development of bioprinting, and the use of nanotechnology
across drug delivery systems and tissue engineering. It is
also anticipated that customized and green materials will be
integral in enhancing medical technologies of the future.

As ongoing research advances, orthopaedic implants will
become increasingly safe, versatile, and tailored to meet the
specific needs of patients, offering substantial
improvements in both patient care and quality of life.
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Abstract

Silicates and halides have long been recognized as effective luminescent materials, each with distinct advantages and disadvantages.
Silicates are stable but require higher synthesis temperatures, while halides are more suitable for applications like optically stimulated
luminescence and scintillation due to their lower melting points and the importance of defects and colour centres. However, most
halides, except for fluorides, are quite hygroscopic, which can affect their stability in ambient conditions and necessitate protective
measures. Sillen structure lattices present a promising alternative, as they can be synthesized at significantly lower temperatures than
silicates and are less hygroscopic than their halide counterparts. Despite their potential, research on sillen structure has not been as
extensive as that on silicates and halides. This review aims to summarize existing studies on the synthesis, crystal structures, and
luminescence of various Sillen structure chloride phases, encouraging further research in this area.
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Introduction

Halides are extremely effective luminous materials that are
commonly employed in optically stimulated luminescence
(OSL), thermoluminescence (TL), and scintillation due to
their ability to generate defects, colour centres, and
excitons. Halides have a low melting point, which provides
advantages; nonetheless, their hygroscopic nature, with the
exception of fluorides, necessitates preventive measures for
stability under ambient settings [1].

Chloride-based phosphors, which are a subgroup of halides,
are gaining popularity due to their distinct optical features
and versatility. They have wuses in lighting, high-
performance displays, radiation detection (for example,
PET scans), dosimetry, and sophisticated technologies like
quantum dots and nanophotonics. Their low synthesis
temperatures enable devices that are both energy efficient
and sustainable. However, their hygroscopic nature restricts
their use in humid situations, prompting further study to
increase stability and widen applications [ 1-3].

Sillen bismuth-based oxyhalides, first reported in 1941 [1],
are renowned for their catalytic characteristics [2, 3, 11, 12],
unusual crystal structures [13-18], and Bi*" luminescence
[4-10]. Compounds like SrBiO,Cl, BaBiO,Cl, and
CaBiO,Cl display photoluminescence and
radioluminescence, making them suitable for advanced
applications. The Sillen X1 series (ABi**O,X; A = Cd, Ca,
Sr, Ba, Pb; X = Cl, Br, I) has three primary crystallographic
forms: tetragonal (I4/mmm), orthorhombic (Cmcm), and
monoclinic (P21/m) [19], making it valuable for efficient
and creative luminous materials.

Sillen structures have various advantages, although they
have not been investigated as thoroughly as silicates and
halides. This lack of research has left gap in our
understanding of their synthesis methods, crystal structures,
and luminous characteristics. This review examines current
knowledge on Sillen structure chloride phases, with a focus
on their synthesis, crystal characteristics, and luminous
activity. By summarizing these findings, the study aims to
highlight the unexplored potential of these materials and
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Table 1: Summarizes typical synthesis and Characterization for

various Bismuth Oxychloride.

Parameters BaBiO:Cl CaBiO:Cl SrBi0:Cl1
Synthesis BaCOs+BiO Varying SrCOs+BiO
Method Cl, 700- reactants Cl, 700-

800°C calcinatio 800°C
n 600-
800°C
Crystal Orthorhombic | Monoclini | Orthorhombi
Structure (Cmem) ¢ (P21/m) ¢ (Cmcm)
Doping Maintains Lattice Bi** active in
Effects phase purity distortion | photocatalysi
with Ag, ]
Co, Ni
doping
Bandgap 2.53 eV-3.71 2.5eV - 2.88 eV —
eV 34eV 3.52eV
Photocatalyti | Enhanced by | Improved | Superior dye
¢ Activity Doping with metal | degradation,
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stimulate future research to widen their applications in
advanced luminous technologies.

Materials and Methods: Bismuth Based
Oxyhalides

1. Barium Bismuth Oxychloride (BaBiO:Cl)

Several researchers studied BaBiO,Cl using solid-state
methods, commonly heating BaCO; and BiOCI at
temperatures ranging from 700-800 °C [20-25]. X-ray
diffraction (XRD) investigation indicated that the
compound had an orthorhombic structure with the Cmem
space group, and doping was discovered to maintain phase
purity [21, 23, 25]. SEM images show that pure BaBiO,Cl
is made up of layer-stacked nanoplates, while doped
samples have more irregular morphologies [21, 23]. Optical
studies revealed bandgaps ranging from 2.53 eV to 3.71 eV,
with doping improving light absorption and photocatalytic
activity [21-25]. Photoluminescence (PL) studies revealed
strong emissions and red upconversion luminescence in
doped samples, while the intensity reduced with increasing
temperature [20, 23, 24]. These findings demonstrate the
potential of BaBiO,Cl for photo catalytic and luminescent
applications.

2. Calcium Bismuth Oxychloride (CaBiO:Cl)

Several researchers studied of CaBiO,Cl using multiple
solid-state techniques, employing different reactants and

calcination conditions [20, 22, 26, 29]. X-ray diffraction
(XRD) study confirmed its monoclinic structure (P2:/m).
Doping with Ag, Co, and Ni caused lattice aberrations and
enhanced light absorption. FESEM and SEM showed plate-
like morphologies in pure CaBiO,Cl, whereas doped
samples had lower particle sizes [27-28]. Optical evaluation
with UV-Vis DRS and FTIR revealed lower bandgaps
ranging from 2.5 to 3.4 eV, resulting in increased
photocatalytic performance, particularly in metal-doped
samples under visible light [26-28]. Photoluminescence
investigations revealed blue shift in emission spectra as
calcination temperatures increased [26]. These findings
emphasize the tunable photocatalytic capabilities of
CaBiO,Cl, particularly when doped with metals.

3. Strontium Bismuth Oxychloride (SrBiO:Cl)

Several researchers studied of SrBiO,Cl utilizing several
solid-state techniques and conditions [21-22, 24, 29, 30].
Characterization studies revealed an orthorhombic structure
(Cmcem space group) with high crystallinity and no detected
impurities [20-30]. The Rietveld refinement analysis
revealed a layered structure comprised of alternating
[SrBiO:]" and CI" layers, with Bi** ions playing a substantial
role in photocatalytic activity [20-22, 29-30]. SEM and
FESEM images revealed a layered nanoplate morphology
[21]. Optical studies using UV-Vis DRS revealed bandgaps
ranging from 2.88 to 3.52 eV, allowing for photocatalysis
driven by both UV and visible light. The
photoluminescence investigation revealed blue-shifted
emission, reduced charge recombination, and steady
luminescence [20-21, 24, 30]. Photocatalytic tests showed
that SrBiO,Cl is more effective than BaBiO,Cl for dye
degradation due to better charge separation and enhanced
hydroxyl radical production [21-22, 30]. These findings
emphasize SrBiO,Cl's potential for enhanced photocatalytic
and optoelectronic applications [20, 24].

Conclusion

BaBiO,Cl, CaBiO;Cl, and SrBiO,Cl are promising
compounds for photocatalysis and
applications, each with its own advantages and limitations.
BaBi0-Cl has stable photocatalytic activity under UV light
for organic pollutant degradation and strong luminescent
characteristics, with potential applications in anti-

luminescence

counterfeiting, bioimaging, and photodynamic treatment.
CaBiO,Cl's photocatalytic effectiveness is boosted via
structural changes and doping techniques, resulting in
improved pollutant degradation and light absorption.
SrBiO,Cl's improved hydroxyl radical production enhances
photocatalytic performance under UV light and
demonstrates promising luminous capabilities for light-
emitting devices.

Together, these compounds provide a broad platform for
environmental remediation, innovative materials, and
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energy applications. Future study on BaBiO,Cl, CaBiO,Cl,
and SrBiOCl should focus on enhanced doping methods,
hybrid structures, and composites to improve photocatalytic

efficiency,

light absorption, and charge separation.

Furthermore, research into their potential applications in

environmental

remediation, optoelectronics, energy

harvesting, and sustainable luminous devices is critical for
large-scale, multifunctional utilization.
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Abstract

Magnetic nanoparticles (MNPs) have drawn a lot of interest due to their special qualities, which include large surface area, super
para magnetism, and ease of functionalization. These qualitiecs make MNPs perfect for use in electronics, biomedicine, and
environmental remediation. This article delivers a critical and nuanced overview, integrating diverse perspectives to advance a deeper
understanding of MNP synthesis, characterization, and applications. Typical synthesis methods are covered, such as sol-gel,
hydrothermal, thermal decomposition, and co-precipitation. This paper also covers important characterization methods for evaluating
the structural and magnetic properties of MNPs, including vibrating sample magnetometry (VSM), X-ray diffraction (XRD), and
transmission electron microscopy (TEM). The many uses of MNPs in areas such as environmental pollution control, bio-sensing,
and biomedicine are also covered. In addition to offering mechanistic insight into the synthesis, functionalization, and use of MNPs,
this thorough analysis also describes the limitations and future possibilities.

Keywords: Magnetic nanoparticles, Synthesis, Characterization, Applications.
Received 27 January 2025; First Review 23 February 2025; Accepted 24 March 2025.

* Address of correspondence

Manoj Kumar

Department of Physics, University College of
Basic Sciences & Humanities Guru Kashi
University, Talwandi Sabo, Bathinda, Punjab,
India. Available from:
Email: manojjt977@gmail.com

(02): 21-26.

How to cite this article
Manoj Kumar, and Genius Walia, A Review Study of Magnetic Nano-Particles
Synthesis, Characterization Methods and Applications, J. Cond. Matt. 2025; 03

https://doi.org/10.61343/jcm.v3i02.61

Introduction

The science of manipulating or miniaturizing matter at the
atomic and molecular levels and dealing with matter at the
scale of one billionth of a meter (1 nm = 10 m), is known
as nanotechnology. In general, the nanoparticle size ranges
from 1nm to 100 nm [1]. The prefix "nano" is used to denote
"one billionth" of something. Richard Phillips Feynman has
been introduced first of all the idea of nanotechnology in the
meeting of American Physical Society in December 1959
with his well-known speech, "There's plenty of room at the
bottom" [2].

Magnetic nanoparticles (MNPs) are those nanoparticles
which shows unique magnetic properties. These
nanoparticles have size range from 1 to 200 nanometres and
are prepared by the magnetic materials such as nickel,
cobalt, iron etc. Today's theoretical foundation for the
manufacture and use of magnetic nanoparticles (MNPs) is
largely based on Néel's discoveries about the magnetic
behaviour of tiny particles. His contributions to solid-state
physics and magnetism won him the 1970 Nobel Prize in
Physics. Due to unique properties MNPs are used widely in

many applications such as biomedicine, data storage and
environmental remediation.

In recent years, nanoparticles of magnetic nature have
gained numerous attention due to their special qualities and
uses. In this study the synthesis, characterization and
applications of magnetic nano particles are briefly
explained.

Synthesis Methods

Different synthesis methods are utilized to get magnetic
nano particles of suitable size, morphology, stability and
biocompatibility. All these methods are categorised into
three different kinds: -

1. Chemical synthesis methods
2. Physical synthesis methods
3. Biological synthesis methods

Following figure (1) shows a pictorial representation of
MNPs synthesis using chemical, physical and biological
synthesis methods.
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Figure 1: Shows chemical, physical and biological synthesis
methods of synthesising magnetic nanoparticles [3].

1. Chemical Synthesis Methods

There are several bottom-up approaches to chemical
synthesis for magnetic nano particles. The following are
few popular methods typically used to synthesize magnetic
nano particles.

1.1 Coprecipitation Synthesis Method

Coprecipitation is the mostly used method for preparing
MNPs having controlled size and required magnetic
properties [4]. With this method, a base is combined with
an inert environment at ambient temperature to combine the
Fe (II) ion and Fe (III) aqueous salt solution. Cost-effective,
large quantities production and mild condition operation are
the advantages of this method. Limited control over particle
size and shape, aggregation of prepared nanoparticles and
impurities are the disadvantages of coprecipitation method.

Following figure (2) represents the coprecipitation
synthesis method for preparation of Fe3O4 nano-particles.

[ Fecram0 recr 610 |

i Surfactant

T T

NH ;. H:O solution

e ———
| Precursor solution I Precursor solution 11 I
| Initial FeyOu nanoparticles l
Washing
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Characicrization

Figure 2: shows the coprecipitation method for preparation of
FesO4 magnetic nano-particles [5].

1.2 Thermal Decomposition Synthesis Method

The thermal decomposition synthesis method is commonly
used for synthesis of iron oxide magnetic nanoparticles,
particularly Fe3Os and Fe;Os, which have various
applications. By break down iron precursors with the help

of heated natural surfactants, magnetic iron oxide
nanoparticle samples with excellent crystallinity and size
control have been produced [6]. The iron precursor is
dissolved in a suitable solvent with a stabilizing agent such
as oleic acid or oleylamine.

This forms a homogeneous solution or suspension. Then the
solution is heated under controlled conditions to a specific
temperature range, typically between 200°C to 400°C. At
high temperatures, the iron precursor undergoes
decomposition and release components such as water and
organic ligands (if present) and desired iron oxide MNPs
formed [7]. This technique has been accounted for as one of
the most mind-blowing techniques to create MNPs of
uniform size and homogeneous shape in large scale [8].
Disadvantage of this technique are environmental
unfriendly synthesis and costly in nature.

1.3 Micro-emulsion Synthesis Method

Hydrophilic and lipophilic phases, which include
surfactants and co-surfactants are constituents of micro-
emulsions. This fluid is transparent and isotropic and is
made up of water, oil, and amphiphile. This method
includes mixing of oil and a surfactant to water while
stirring them with magnetic stirrer between 100 to 20—0C.

There are three kinds of micro-emulsions: - a) The fluid
stage of oil in water (O/W), which contains some oil drops,
b) Water in oil (W/O), wherein water droplets are present
but oil is the dominating phase, ¢) In this type there is equal
quantity of oil and water are used. For example, in the
micro-emulsion of W/O type, a surfactant was applied to
water droplets in organic solvent for shrinking the size of
the MNPs [9-10]. This method yields size and shape MNPs,
also suitable for coating nanoparticles with surfactants. But
low yield, high cost and toxic organic solvent requirement
are the disadvantages of micro-emulsion method.

1.4 Hydrothermal Synthesis Method

Various wet-chemical technologies are used in the
hydrothermal method to crystallize material in an airtight
vessel from an aqueous solution at high temperatures
(between 130°C and 250°C) and high vapour pressures of
range 0.3 and 4 MPa [11]. The amount to which minerals
are soluble in water affects the crystallisation process. This
method was used to create uniformly sized particles of
several magnetic nanomaterials [12].

Zheng and others used the hydrothermal technique for
producing Fe304 nanoparticles with the use of Aerosol-OT
(AOT) as surfactant [13]. Advantages of this method are
pure nanoparticles synthesis, good control over morphology
and size and environment friendly also. Time consumption,
special equipment requirement are the disadvantages of this
method.
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1.5 Sol-Gel Synthesis Method

This process produces gels at room temperature by
hydrolysing and polycondensing metal alkoxides. Water or
another solvent is used to dissolve metallic salts in order to
create sol [14]. Because of Van der Waals interactions
between the particles, which become increased as the
temperature is increased and the mixture is stirred. In the
end, gel is produced after the mixture is heated till the
solvent has vaporized and the solution is dried out [15-16].
By using the sol-gel method Akbar and others have
effectively manufactured a-Fe>Os; nanoparticles, and have
investigated their magnetic properties [17]. Low processing
temperature, high purity and homogeneity and fine
nanoparticles production are the advantages of this method.
Disadvantages of this method are long processing time for
synthesis and high cost of instrument.

2. Physical Synthesis Methods

There are two types of physical methods which are bottom-
up and top-down. The present study will cover three
physical processes: wire explosion, laser evaporation, and
ball milling.

2.1 Ball Milling Method/Mechanical Synthesis Method

High-energy impact grinding, or mechanical milling, can be
done in a variety of mills, usually planetary and shaker
mills, using balls inside of containers. The components of
planetary mills are several cylindrical containers positioned
on a rotating platform as shown in following figure (3).
Each of the two horizontal rotations around the container
axis and the base centre are included in the planetary
movements. Shaker mills are often more efficient, but
planetary mills offer greater versatility for producing
samples in larger quantities. It is an easy-to-understand

interaction that produces fine-finished particles by
mechanically crushing coarse-finished particles [18-19].
Benjamin and colleagues created this method for the first
time in 1970, and it creates homogenous composite particles
with a consistent, closely spaced interior structure [20].

Figure 3: contains pictures of planetary and shaker mills.
2.2 Laser Evaporation Synthesis Method

This bottom-up technique involves condensation to
synthesize nanoparticles from fluid or vaporous stages [21].
It is also used to manufacture iron oxide MNPs [22]. The
raw materials used in this process are selected as coarse

finished particles, which are vaporized through with the
help of laser light. It is positioned at the base of a cell that
has been lowered in a fluid arrangement and identified by
laser radiation. A beam of laser light is used for irradiating
the substance in the liquid solution. The material's vapours
cooled to the gaseous stage, which causes a rapid
accumulation and nucleation that results to nanoparticles
formation [23].

2.3 Wire Explosion Synthesis Method

The modern physiochemical method of wire explosion
produces MNPs in a safe and hygienic manner. This method
is really helpful because it eliminates the necessity for
retreating results or separating nanoparticles from the
arrangement. Iron oxide MNPs were recently designed
utilizing this technique to remove arsenic from water [24].
It protects the environment and uses the least amount of
energy to create nano powders that are less polluting [25].

3. Biological Synthesis Method

It is renowned method which is used for producing MNPs
in green synthesis way, involves microorganisms and plants
[26]. This technique produces MNPs that are bio-resorbable
and which are widely used in industry of biomedical. This
approach has the advantages as efficiency, sustainability,
and also environment friendly. While the nanoparticles are
poorly dispersed is its drawback [27]. Scientists currently
have a lot of interest in developing nanoparticles from plant
tissue, concentrates, exudates, and other plant parts [28].
Researchers may have different viewpoints on the method
chosen depending on their findings and intended usage.
Because of this, there isn't only one method that is thought
to be the most effective for producing MNPs. There are
drawbacks to each strategy, and the choice is influenced by
a variety of factors as size of prepared nanoparticles, their
yield, their shape, morphology and experiment's expense.

Characterization Techniques

Characterizing the synthesized magnetic nanoparticles is
crucial for understanding their properties and potential
applications. Following are few commonly used
characterization techniques.

1. X-ray Diffraction (XRD) Technique

* Purpose: this technique is used to determine the structural
information of synthesized nanoparticles and purity of
phase of the nanoparticles.

* Description: The diffraction pattern tells information
about the crystal lattice parameters and the size of the
crystallites.

2. Transmission Electron Microscopy (TEM)
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* Purpose: this is used to determine the size, shape, and
morphology of the synthesized nanoparticles.

* Description: High-resolution TEM (HRTEM) can results
lattice fringes, providing insight into the crystallinity of the
nanoparticles.

3. Atomic Force Microscopy (AFM)

* Purpose: AFM is used to determine three-dimensional
surface topology, also provide information about particle
size & aggregation.

4. Fourier Transform Infrared Spectroscopy
(FTIR)

* Purpose: FTIR is used to identify the surface functional
groups and bonding interactions on the nanoparticles.

* Description: This information is essential for
understanding the surface chemistry and potential
functionalization of the nanoparticles.

5. Vibrating Sample Magnetometry (VSM)

* Purpose: To measure the magnetic properties of the
nanoparticles.

* Description: Properties measured include saturation
magnetization, coercivity, and remanence. These are critical
for applications in magnetic storage, imaging, and
hyperthermia.

6. Thermogravimetric Analysis (TGA)

* Purpose: TGA is used to determine thermal stability of
prepared MNPs by measuring weight loss with respect to
temperature.

The characterization techniques are used according to the
desired application purposes. Following Table-1 shows the
comparative study of all above discussed techniques with
their purposes, advantages and limitations

Application of MNPs

The MNPs in last few years shows their importance on
account of their outstanding results in different fields due to
their unique properties. The use and applications of MNPs
in a few prominent domains, including biomedicine, bio-
detecting, climate, farming, and catalysis, have been
compiled in this overview. The following is a brief
overview of MNP's significant uses in these fields-

1. Biomedicine

Magnetic resonance imaging is improved because of ability
of MNPs to interact with external fields and vary the

Table 1: Comparative study of magnetic nanoparticle
characterization techniques.

Characterizati Purpose | Advantage | Limitatio
on Technique s ns
X-ray Structural Non- Limited for
Diffraction analysis, destructive, amorphous
(XRD) phase provides materials,
identificati | crystal requires
on structure pure
information | samples
Transmission Morpholog | High- Expensive,
Electron y and size | resolution requires
Microscopy analysis imaging, complex
(TEM) nanoscale sample
analysis preparation
Atomic  Force | Surface High spatial | Small scan
Microscopy topography | resolution, area, slow
(AFM) and non- scanning
mechanical | destructive, speed,
properties works in | possible
ambient tip-sample
conditions interaction
artifacts
Fourier Surface Quick Limited to
Transform chemistry analysis, functional
Infrared and useful  for | group
Spectroscopy functional organic detection,
(FTIR) group coatings not
analysis quantitativ
e
Vibrating Magnetic Provides Requires a
Sample property precise uniform
Magnetometry evaluation | magnetic sample
(VSM) measuremen
ts
Thermogravimet | Thermal Quantifies Cannot
ric Analysis | stability organic analyse
(TGA) and coatings and | individual
compositio | thermal nanoparticl
n stability e properties

magnetic fields in the surrounding area. Energy dissipation,
translation and rotation caused by the many types of force
and torque that the external applied magnetic field produces
and generates at dipoles. There are numerous applications
for such phenomena, such as separation of cells, biomarker
development, and magnetic medication delivery,
biomedical imaging, the detection of bacteria for
theranostics, the induction of drug release, and
hyperthermia.

2. Bio-sensing

MNPs-based sensors have been used in many industries
with outstanding results, including food industry,
laboratory, medical diagnostics, and environmental
observing [29-30]. The biomedical sector has anticipated a
broad range of applications for MNP-based biosensors
because of its sensitivity, compact size, and exciting non-
invasive detecting feature [31].

3. Environment

Journal of Condensed Matter. 2025. Vol. 03. No. 02

24



Review Article Kumar M et al: A Review Study of Magnetic Nano-Particles Synthesis, Characterization Methods

Because the release of hazardous, chemicals and
compounds, degradation and contamination are becoming
serious environmental problems. Wastewater, drinking
water, ocean, and groundwater all contain various organic
contaminants that could have major negative effects on
human health [32-33]. It could be necessary to use some
more effective methods to improve water quality.
Nanotechnology is now being recognized as one of the
better and more reliable substitutes for ordinary treatments.
Purification of water and air has been reported to use
nanomaterials, carbon, and metal oxide [34].

4. Agriculture

Numerous studies have been done demonstrating the
effective use of metallic nanoparticles for improving soil
quality, germination of seeds, and plant protection [35-36].
Iron oxide magnetic nanoparticles are used as soil
nourishment to enhance production with very few losses
[37].

5. Energy Storage

Data storage, electrochemical storage, and thermal storage
are only a few of the energy storage systems that use MNPs,
especially those made of pure metallic elements, because of
their large surface area and magnetic features, which
improve the efficiency of these systems [38].

6. Catalysis

MNPs have important benefits in the realm of catalysis
because of their magnetic characteristics, which make
separation and reusability simple. They have been
successfully used in a number of catalytic processes, such
as photo-oxidation and hydrogenation reactions [39].

Conclusion

The production of magnetic nanoparticles is a difficult
process influenced by various parameters. Understanding
and optimizing these parameters is crucial for producing
nanoparticles with the desired properties for specific
applications. This chapter provides a comprehensive
summary of different synthesis methods, characterization
techniques, laying the foundation for further research and
development in this exciting field.
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Abstract

The world's energy demands have been rising to unprecedented levels due to the depletion of fossil resources and concerns about global
warming. A potential remedy to these challenges is to investigate alternative bioenergy sources while also increasing the efficiency of
existing biofuels. Biofuels are renewable energy sources since they are biodegradable fuels made from biomass. Notwithstanding the
positive aspects of biofuels, their use can lead to issues such as poor oxidation, inherent stability, and limited energy supply, significantly
impacting biofuel consumption, emissions, and energy efficiency. Small molecules, such as chalcone analogs, are good options for
additive applications because they are versatile, easy to synthesize, inexpensive, integral materials across various applications, and
provide energy for critical chemical reactions. Compounds with potential characteristics such as antioxidant activity and considerable
energy availability are eligible to be used as fuel additives. The abundance of antioxidant properties of chalcone molecules is the most
significant consideration in their use as additives for biofuels. Antioxidant additives offer numerous benefits, including the reduction of
NOx emissions. The current review delves into the synthesis methods and performance of the chalcone molecule as an additive, including
comprehensive information on antioxidant mechanisms, oxidation stability studies, antioxidant additives, and energy availability.
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Introduction

The Energy Institute (EI) published the 72" edition of the
statistical assessment of the global energy study, which
found that the world continues to rely on fossil fuel usage,
with coal, oil, and natural gas accounting for 80% of the
total. In comparison, renewable sources contribute only
8.2% [1]. A few studies have reported on the production
statistics of these fossil fuels with oils, coal, natural gas,
nuclear energy, hydroelectricity, and others. According to
the BP Statistical Review of World Energy, published in
June 2009, it is found that 88% of primary energy
production comes from fossil fuels, with oil (35%), coal
(29%), and natural gas (24%). Nuclear energy accounts for
5% of total primary energy consumption, followed by
hydroelectricity at 6% [2].

Fossil fuels are detrimental to the environment and are a
major threat to the terrestrial ecosystem. Fuel combustion
emits significant amounts of pollutants, including carbon

dioxide and carbon monoxide, causing considerable
environmental issues and compromising living conditions.

R00 #Col #Natural Gas  Nuclear WHydro 8 Others
() (b)

Figure 1: (a) Production of world primary energy [2] from
different sources in 2009 (b) Global primary energy
consumption,1990-2023 (reported by the 72" edition of
Statistical Review of World Energy).
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Another important consideration is the finite supply of these
non-renewable energy sources. This raises a crucial
question of how long we will be able to acquire petroleum
goods [3], as their availability is a significant global
concern. The nearly entire fatigue state of fossil fuels has
boosted the scientific community's interest in alternative
bioenergy sources with enhanced fuel efficiency [4]. Study
findings and evaluations periodically warn of the declining
availability of conventional energy sources, like petroleum,
natural gas, coal, and massive volumes of environmentally
innocuous biomass, which are recommended as viable
options to meet energy needs [5].

Biofuels are considered renewable energy sources because
they are biodegradable fuels made from biomass [6].
Though the method of producing biofuel from endurable
biomass is complicated, extensive research in the area is
going on constantly, as they are an excellent alternative to
nonrenewable fuels [7]. Renewable fuel will reach 4.6
million barrels of equivalent oil per day in 2040, up from
1.3 million barrels of equivalent oil per day today. This will
raise the percentage of biofuels in the global energy matrix
[8,9]. The concern is that oxidation, intrinsic stability, and
energy availability constraints affect the energetic
performance of currently employed biofuels [10].
Furthermore, according to a 2010 study by Lelievald et al.,
[11] air pollution causes approximately 3 million premature
deaths globally. Hence, the need for other options in the
case of bioenergy sources is critical, considering the
increasing percentage of air pollution caused by motor
vehicles, gases from industry, and other factors.

Figure 2: Primary Reasons that affect the efficiency of Biodiesel.

An early-generation biofuel that can be produced from plant
or animal sources is biodiesel [12,13]. Biodiesel has caught
experts' interest compared to other potential alternative
resources due to its numerous benefits [14]. The essential
truth is that biodiesel has a lower impact on global warming
than fossil-based alternatives due to climate-friendly
biogenic carbon dioxide in animal fat and vegetable oil.
Biodiesel has more excellent biodegradability, intrinsic

lubricity, combustion efficiency, lower aromatic and sulfur
content, more remarkable flash point, and higher cetane
number than petroleum diesel, which are significant
technical and environmental benefits. According to a 2014
study by Oliveira and Coelho [15], ethanol and biodiesel are
the primary renewable fuels utilized in land transportation
worldwide. The global energy matrix [3] gets increased
contribution from biodiesel and ethanol.

I Oil feedstocks

I General overhead
B Energy

I Direct labour

[0 Depreciation

[ Chemical feedstocks

Figure 3: Average cost estimate for producing biodiesel
[16-18].

However, a matter of concern lies in the fact that biodiesel's
calorific value is 5% lower than that of mineral diesel, and
biodiesel engines lose 1-8% of their power [19].
Furthermore, various factors influence biodiesel
manufacturing costs, such as chemicals and catalysts,
feedstock, etc. The feedstock is the most significant factor,
accounting for over 75 percent of the entire production cost
of biodiesel. Feedstock selection differs among countries
based on agricultural techniques and geography. Type
selection and cost-effective feedstock are crucial to
reducing the total expense of biodiesel. Aside from the high
cost of producing biodiesel fuel, other significant
drawbacks exist.

0r \

Figure 4: The general structure of chalcones [19].

Having one or more hydroxyl groups is regarded as a
significant element in the antioxidant action of chalcones
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[20]. 1t is critical to boost the efficiency of existing fuels
while also seeking potential alternative bioenergy sources
to meet the world's needs. Here, we emphasize the key
elements of the chalcone molecule as a biofuel additive,
revealing its potential as the next generation of efficient
additives. Three key areas are addressed in the following:

1) Profile of the Chalcone molecule

2) Effects of Antioxidant additives on biofuels

3) Impact of chalcone as an antioxidant additive on biofuel
Basics of Chalcone Derivative

Chalcone's significant role in the synthesis of therapeutic
substances, owing to its massive number of replaceable
hydrogen atoms that allow for many derivatives, especially
into the two aromatic rings, is a key attraction in the twenty-
first century. Therapeutic substances such as deoxybenzoins
and hydantoins, crucial in pharmacology, are derived from
chalcone molecules. Chalcone molecules, also known as
alpha beta-unsaturated ketones, contain reactive keto
ethylene and are referred to as benzylidine acetophenones
or benzalacetophenones. Kostanecki and Tambor deduced
that these compounds are members of the chalcone family

[21].

The nomenclature of chalcone compounds changes over
time. The prime numbers are ascribed to the phenyl ring that
wraps around the carbonyl system in the chemical abstract
pattern, whereas the British Chemical Abstract pattern and
the Journal of the Chemical Society assigned prime
numbers to the phenyl ring that is situated away from the
carbonyl system [22].

Antioxidant Additives

Several additives are used in biofuels, particularly biodiesel.
These include Metal-based additives, Oxygenated
additives, Antioxidant additives, Cold flow improver
additives, Lubricity improver additives, and Cetane number
improver additives [23].

Understanding the roles of these additives is crucial as they
can prevent fuel instability and its subsequent outcomes,
such as deterioration of appearance, darkening, and
accumulation of gums and sediments, and they also affect
combustion attributes [24-27]. The outcomes of Ashok et
al. [28] Palash et al. [29] showed that adding an antioxidant
additive to biodiesel effectively reduced NOx emissions.
Mechanically, these additives primarily block the formation
of free radicals (hydroperoxyl (OOH), peroxyl (ROO), and
alkoxyl (RO) in readily degradable fuels such as biodiesel,
reducing the chances of these free radicals reacting with N,
or N>O during fuel storage or combustion and thus reducing

NOy emissions. Various factors, including the composition
of the biodiesel, the unsaturation concentration, and the
biodiesel blends, determine the additive's concentration. A
combination of antioxidant additives can improve fuel
stability to the standard specification.

Antioxidant Property of Chalcone Derivatives

The literature shows that numerous chalcone derivatives
exhibit significant antioxidant activity. Many chalcones
have been synthesized and found to have antioxidant
properties due to their versatility in receiving a range of
functional groups in their rings. Studies also found that
hybrid derivatives had antioxidant characteristics.
Yasukazu Ohkatsu et al. investigated chalcone derivatives'
antioxidant and photo-antioxidant characteristics and the
impacts of hydroxyl groups connected to the molecule's
aromatic rings [30]. They synthesized the chalcone
molecule using a 1:3 ratio of malonyl-coenzyme A and p-
coumaroyl-coenzyme A molecules. The radical-scavenging
activity of all chalcone molecules was assessed regarding
the number (n) of peroxy radicals caught by a phenolic
moiety and the radical-trapping rate constant. The study
found that the examined chalcones have good antioxidation
properties acquired from the precursor, p-coumaric acid.

100 - 100

85.2
80 -
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RAA %

40.9

25.4
20 - 16.8 ’ 19.9 ‘
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C2 3 C4 Ccs Cco6 C7 8 BHT
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Figure S: Relative antioxidant activity percentage (RAA %)
employing B-carotene-linoleic acid assay.

Munevver Sokmen et al. [31] conducted antioxidant
investigations on seven synthetic curcuminoids and one
chalcone molecule. DPPH & B-carotene/linoleic acid tests
evaluated the compound's antioxidant properties. In the p-
carotene-linoleic acid assay, 2,4,6-trihydroxyphenolic
chalcone (C5) inhibited the synthesis of conjugated dienes
more effectively than all other curcuminoids (C1-7). The
chalcone (C5) inhibited the production of conjugated dienes
by 85.2%, indicating that the molecule has an increased
antioxidant ability. While the synthetic curcuminoids C6
and C4 had the most significant values (49.3% and 40.9%,
respectively), the rest had relatively low values, with all of
them having a value of less than 30%. So, according to this
antioxidant activity assay, the chalcone molecule has higher
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antioxidant activity than all other curcuminoid samples,
with a comparable value of 85.2% to that of the synthetic
antioxidant butylated hydroxytoluene (BHT), which
inhibits the formation of conjugated dienes by 100 %. The
chalcone (C5) has a higher antioxidant value due to its
polyphenolic nature, which improves its water solubility
and reaction with linoleic acid in the emulsion. This also
protects it from oxidation and yields conjugated dienes [31].

The primary explanation for the potent antioxidant nature of
chalcone derivatives is associated with the presence of
functional groups of various kinds. Arene rings and
conjugated double bond systems increase the possibility of
electron transfer processes; low redox potentials and
various intramolecular interactions contribute to chalcone's
high antioxidant activity. The type and position of the
substituents connected to a chalcone molecule determine its
level of antioxidant capability. Shaifali Singh et al. [32]
investigated the antioxidant properties of a series of
chalcone derivatives by changing the substituents and
measuring all samples using the DPPH method.

pl]

% Inhibition by DPFH

17.39

%% imhibition

standard 114 e nr g 1% m
Compounds

Figure 6: Results of Antioxidant Activity Study with the DPPH
Method.

According to the findings, all chalcone derivatives
displayed good antioxidant properties. Sample IIf displayed
the most robust activity, whereas the 11d, Ile, IIg, ITk, and
IIm samples showed average antioxidant potential.

Free radical damage generates oxidative stress in the
system, which the antioxidants help to regulate. In addition
to the phenyl and hydroxyl groups, the presence of vinylene
and reactive keto groups in chalcones and their derivatives
shows good antioxidative potential. The research findings
are given in table 1 [32]. The high degree of variability in
the structure of chalcone and aurone molecules can be
utilized to evolve novel antioxidants with improved efficacy
and lower toxicity. Tamanna Narsinghani et al. [33]

executed a comparison analysis to determine the antioxidant
potential of chalcone and aurone derivatives.

Table 1: Name and Sample code of the chalcone molecules [32].

Chalcone Sample
Code
1-(2-hydroxyphenyl)-3-(2-methoxyphenyl) prop- I1d
2-en-1-one
1-(2-hydroxyphenyl)-3-(4-methoxyphenyl) prop- Ile
2-en-1-one
1-(2-hydroxyphenyl)-3-(2,4-dimethoxyphenyl) If
prop-2-en-1-one
3-(2-chlorophenyl)-1-(2-hydroxyphenyl) prop-2- Iig
en-1-one
3-(2,6-dichlorophenyl)-1-(2-hydroxyphenyl)prop- 1k
2-en-1-one
1-(2-hydroxyphenyl)-3-(4-nitrophenyl) prop-2-en- IIm
1-one

All the chalcone compounds were synthesized following the
Claisen- Schmidt condensation approach, and aurone was
synthesized through oxidative cyclization. Four distinct in
vitro investigations were used to assess the antioxidant
activity of each sample. Among the chalcone molecules,
SB7 (2°,5’-dihydroxy-4- dimethylamino chalcone) showed
the most favorable antioxidative properties, especially in
the DPPH free radical scavenging assay, iron chelating
assay, and reducing power assay.

Similarly, the aurone sample SB8 (5-hydroxy-4’-
dimethylamino aurone) demonstrated good antioxidant
properties, particularly in iron chelating, hydrogen peroxide
scavenging, and reduced power assays. The chalcone
sample SB2 (2’,4’-dihydroxy-4-dimethylamino chalcone)
and aurone sample SB8 (5-hydroxy-4’- dimethylamino
aurone) demonstrated strong antioxidant properties in iron
chelation and reducing power tests.

Table 2: Sample code and compound name of all the samples.

Sample Compound
Code
SB1 2’,5’ - Dihydroxy-3,4-dimethoxy chalcone

SB2 2’,4’ - Dihydroxy-4-dimethylamino chalcone

SB3 6 - Hydroxy-4’- dimethylamino aurone

SB4 6- Hydroxy-4’- chloro aurone
SBS5 2’,4’- Dihydroxy- 4- chloro chalcone
SB6 5- Hydroxy-3’,4’-dimethoxy aurone

SB7 2°,5’- Dihydroxy-4-dimethylamino chalcone

SB8 5- Hydroxy-4’-dimethylamino aurone

SB9 6- Hydroxy-3’,4’-dimethoxy aurone
SB10 2’,4’- Dihydroxy-3,4-dimethoxy chalcone

The study ultimately found that a specific functional group
in the molecule can increase or decrease the antioxidant
mechanism. Adding a dimethylamino group to samples SB7
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(chalcone) and SBS8 (aurone) significantly increases
antioxidant activity. Still, including a chloro group reduces
activity for chalcone and aurone, specifically SB4 and SB5.
The group's attachment to the A-ring (ideally at position
5/5’) gave higher antioxidant properties in the samples [33].
Lucas M. Berneira et al. studied the effect of functional
groups in chalcone structures as substituents on antioxidant
activity [34]. They synthesized a Chalcone analog using
Claisen-Schmidt condensation with moderate to good
yields.

Table 3: Antioxidant activity of all the samples using different
assays [33].

Sample No. DPPH H202 Iron Reduci
scavengi | scavenging | chelating ng
ng ability | ability ICso | activity | power

ICso pg/ml + assay ICso

pg/ml £ SD ICso ng/ml

SD pg/ml+ | +SD

SD
SB1 132.22 + 89.59 + 159.22+ | 111.79
0.7 1.8 1.02 +0.69
SB2 65.8 + 135.88+ | 140.16+ | 53.6+
0.7 0.53 1.08 1.1

SB3 109.92 + 19391+ | 17933+ | 70.1 +

1.02 0.36 0.31 2.2

SB4 266.12 + 178.13 + 179.18 = | 188.31
0.49 0.36 0.74 +0.31
SB5 264.95 + 129.02+ | 159.97+ | 155.87
1.6 0.85 0.29 +0.68
SB6 222,19+ | 206.57+ | 185.05+ | 151.43
0.7 0.19 1.2 +0.25

SB7 2432 £ 153.85 + 90.81 + 47.79
0.87 2.1 0.86 +1.3

SBS§ 243 + 174.07 + 149.98+ | 64.16
0.13 1.9 0.51 +1.2
SB9 17329+ | 248.16+ | 213.83+ | 168.23
0.94 0.76 0.68 +0.83
SB10 352+ 70.1 = 166.73 £ | 134.45
1.5 0.92 2.5 +0.34

Ascorbic 98.77 + 445.92 + 126.12+ | 53.24
acid 0.53 1.4 0.5 +0.72

The presence of hydroxyl groups mainly contributes to an
increase in the effect of compounds because these active
hydroxyl substituents can delay the formation of
hydroperoxides through the transfer of protons that stabilize
free radicals in the oil. In contrast, A decreased antioxidant
property was observed in chalcone molecules with methoxy
groups, which restricts electron capture from the radical.
Differential scanning calorimetry  noted  that
hydroxychalcone molecules had antioxidant activity in
biodiesel at concentrations of 1250 ppm or higher [34].
Visakh Prabhakar et al. [35] showed that the antioxidant
capabilities of chalcones are affected by substituents. The
Claisen-Schmidt reaction was used to generate nine
monosubstituted chalcone derivatives. The percentage
inhibition of the ten target chalcones, including the
unsubstituted parent chalcone, was estimated, revealing that
ortho derivatives are the most appropriate for antioxidant
activity.

Impact of Chalcone as an Antioxidant Additive
for Biofuel Applications

Compared to mineral diesel, the most significant difficulty
for biodiesel is its higher oxidation tendency, and the risks
of microorganism’s proliferation are very substantial in
diesel-biodiesel blends [36]. The oxidation of biodiesel
triggers a series of reactions in the system. It starts with
developing  hydroperoxides, which may generate
impermeable gums and sediments, causing obstructions on
fuel injector nozzles and fuel filters. The mere presence of
germs exacerbates the condition by catalyzing the reaction.
As a result of oxidation and bacterial products, the process
results in increased fuel viscosity. Chalcone's prominent
antioxidant properties can be used to mix with biodiesel to
improve its oxidative stability. Since it is rarely recorded in
the literature, chalcones are versatile compounds because of
the aromatic rings in the structure, which allow for
substituting numerous functional groups.
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Figure 7: A comparison of the calorific powers of ethanol,
butanol, petrol, and HCC. The fuels used were n-butanol,
hydrated ethanol, and ordinary type C gasoline [37].

Eduardo Coelho da M. Faria et al. [37] reported the
performance of a trimethoxy-chalcone (Ci3Hi3O4) utilized
as an antioxidant addition for diesel and biodiesel blends.
They studied the efficacy of CisHisOs4 chalcone as a
potential antioxidant addictive, for which it was blended
with S10 B20 diesel. They conducted a 140-day storage
stability test on S10 B20 diesel blended with CigH;s04
chalcone. The oxidation stability before and after the test
was assessed using the accelerated oxidation method
(modified Rancimat Method). According to the findings,
the accelerated oxidation stability time is enhanced by 50%
for chalcone concentrations of 0.05 mg/mL, which is lower
than 0.03 mg/mL chalcone concentration. Hence, the
chalcone concentration directly influences the fuel's
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oxidation stability. The HOMO and LUMO energy also
reveal the GAP value (241.7 kJ/mol), which shows the high
reactional stability for CigH1304. Because of its remarkable
antioxidant activity in diesel S10 B20, the study concluded
that chalcone CisH;3O4 is a promising option for additive
development. They also explored the possible additive
application of a chalcone 4-(4-chlorophenyl)-1-[4-(2-0xo0-
2-phenylethoxy) phenyl]- butan-2-one (HCC), C23H7Cl0O:s.
An adequate energy availability and antioxidant effect
define a potential additive's performance. Eduardo Coelho
da M. Faria et al. [37] compared the calorific energy
availability of gasoline, butanol, ethanol, and HCC. The
chalcone compound (HCC) showed a significant calorific
power value of 40040 j/g, higher than butanol (35605 j/g)
and ethanol (28895 j/h) [8], indicating a value comparable
to gasoline fuel. There is just a 2.14% distinction between
chalcone HCC and gasoline fuel. They found that for
biofuels, chalcone HCC is a practical addition and also has
a variety of uses, including chemical susceptibility, energy
enhancement, and potential biological applications [8]. The
calorific power measurement indicates a compound's ability
to liberate energy during oxidation, and for fuels, higher
calorific power values are related to more remarkable
performance, perhaps allowing it to be used as a fuel
additive.

Another chalcone compound, namely 1-[3-(2- oxo-2-
phenyl-ethoxy)-phenyl]-3-phenyl-propenone (chalcone I)
[38], had a calorific value of 12783 kcal/kg when compared
to HCC chalcone (chalcone II) [8] molecules and some
fuels. The experimental values for fuels such as gasoline,
butanol, and ethanol are comparable to those found in the
literature [39-41]. The calorific power of chalcone II was
found to be 85% larger than that of ethanol (6906 kcal/kg)
and around 30% more than that of gasoline (9775 kcal/kg).
The value of Egap was calculated theoretically, showing
similar kinetic stability for chalcones I and II, as reported
by Eduardo Coelho da M. Faria et al [38]. The Egap values
of chalcone I and chalcone II (599.51 kJ/mol and 602.34
kJ/mol, respectively) were compared to BHT (Egap = 546.1
kJ/mol) [42], toluene derivatives (Egap = 477.8 kJ/mol)
[43], and thiazolidinone (Egap = 481.8 kJ/mol) [44]. From
the comparison, these chalcones revealed comparable
kinetic stability to other additives utilized. The comparison
study suggests additional research on the use of chalcones
as additives.

Igor D. Borges et al. [45] Performed structural alterations
on chalcone molecules abbreviated as BCH and NCH,
where the changes are associated with the third aromatic
ring of both chalcones. Observations on oxidation stability
results via the modified Rancimat method reveal that NCH
chalcone performs better than BCH chalcone and S10 B15
without additives samples. Furthermore, the NCH
functioned efficiently at lesser concentrations (109.0 ppm

(BCH) & 100.7 ppm (NCH)). Both compounds delayed
biofuel degradation and retained biofuel characteristics for
90 days without further processing.

Figure 8: A comparison of the calorific power of chalcones I and
II, familiar type C petrol, n-butanol, and hydrated ethanol [38].
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Figure 9: The modified Rancimat approach yields the
measurement of oxidation stability of all the samples [45].

The amount of energy freed during the oxidation of a fuel
commune to the heat of combustion. The total amount of
energy delivered during fuel oxidation is often referred to
as the heat of combustion[46].Its higher value indicates
more extraordinary fuel performance. It is best to use
additives  with  considerable energy availability.
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Arylsulfonamide chalcones had outstanding heat of
combustion values comparable to conventional fuels with
high energy availability. The oxidative stability results from
the Rancimat method showed a stability of roughly 27 hours
in a diesel-biodiesel mix (B20) following 140 days of
storage. It is superior to certain commercial additives, as
reported by Duarte et al. in 2023 [47].

BCH and NCH chalcones have higher kinetic stability and
are comparable to other additives. These findings
unambiguously showed the practicality of the compounds
stated previously (BCH, NCH) as antioxidant additives to
diesel-biodiesel mixtures to maintain fuel properties’ A.
Moreira et al. [48] conducted an oxidative stability
comparison study that included a synthetic chalcone
TMC20 and a commercial additive after 140 days of
stability, utilizing the Rancimat test.

Table 4: Sample identification [48].

Sample | Description (fuel Additive Bottle filling
+ additive) concentration percent
S1 S10 B11 diesel Free 25 (£0.27)
%v/ v
S2 S10 B11 diesel Free 100 (= 0.07)
% v/Iv
S3 S10 B11 diesel + 0.03 (+0.002) mg/ 25 (£0.27)
TMC20 mL %v/ v
S4 S10 B11 diesel + 0.03 (+0.002) mg/ 50 (+0.14)
TMC20 mL %v/ v
S5 S10 B11 diesel + 0.03 (+£0.002) mg/ 100 (+ 0.07)
TMC20 mL % vIv
S6 S10 B11 diesel + 0.5 (£0.08) %v/v 25(x0.27)
commercial %v/ v
additive
S7 S10 B11 diesel + 0.5 (£0.08) %v/v 100 (+ 0.07)
commercial % v/Iv
additive
S8 S10 B11 diesel + 0.8 (£0.08) %v/v 25(x0.27)
commercial %v/ v
additive
S9 S10 B11 diesel + 0.8 (£0.08) %v/v 100 (+ 0.07)
commercial % viv
additive
S10 S10 B11 diesel + 1.0 (£0.08) %v/v 25(x0.27)
commercial %v/ v
additive
S11 S10 B11 diesel + 1.0 (£0.08) %v/v 100 (£ 0.07)
commercial % v/v
additive

It was completed following the regulations provided in
standard EN 1575168. The theoretical calculations reveal
that the TMC20 has more kinetic stability than other
additive compounds. Compared to commercial additives,
the performance of TMC20 is inferior since chalcone
molecules are used naturally at a relatively low
concentration of 0.03 mg/mL without any other type of
processing. The chalcone in the fuel+TMC2 mixture
preserved the fuel's qualities over 140 days of preservation
while postponing the fuel's degradation [48].

From figure 10, samples S3, S4, and S5 correspond to a
fuel+ mixture of chalcone TMC20 with the same additive

concentration and varying bottle filling percent. The
additive does not stop fuel oxidation; rather, it simply
postpones it.

Oxidation stability results

Sample 1 Hours
1.9
20 Sample 2

11.8

Sample 11
18.7

Sample 10 5 Sample 3
19.4 123

Sample 9 Sample 4
18.3 12.7
Sample 8 Sample 5

17.8 12.2

Sample 7 Sample 6
17.0 15.8

Figure 10: Results of the Rancmat test show oxidation stability
following 140 days of stability. According to procedure EN
15751:2014, repeatability r = 0.22027 + 0.0434 (here x is the

average of the two measurements that were made) was used to
compute the measurement uncertainty represented by error bars
[48,49].

The study recommends implementing additives to maintain
the fuel's physical and chemical properties while enhancing
its stability during storage and using chalcones as a
comparable biofuel additive. Loide O Sallum et al. [45,50]
reported that cyclohexanone-based chalcones are good
alternatives in the field of fuel additives with the chalcones
Co4Hz60, C0H140Cly, and Cyo0Hi6OCl, with the sample
codes BH I, BH II and, BH III respectively, showing good
calorific value.
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Figure 11: Values of calorific power for chalcone BH I, II, and
[T and n-butanol, diesel, biodiesel, and hydrated ethanol. The
calorific value of biodiesel depends on its composition.
(Performed with an average value) [50].
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All three chalcones had a calorific value higher than ethanol
and slightly lower than biodiesel. The study strongly
recommends the additive application of chalcones with
fuels.

Discussion

The current research world primarily focuses on methods to
strengthen the oxidative stability of biodiesel, such as
adding antioxidants to its composition [51]. The capacity of
these compounds to prevent or reduce fuel oxidation makes
them more widely accepted [52] .The antioxidant activity of
chalcone has been noted, where its o, f-unsaturation aryl
structure provides an advantage and might have substituents
called hydroxyls, which are usually associated with its
antioxidant activities. Despite its significant antioxidant
properties, adding chalcones as a biodiesel blend has yet to
be frequently reported in the literature. The literature
characterized the chalcone compounds based on
prospective features such as solid energy availability and
antioxidant activity. The capacity of chalcones to interact in
many different kinds of chemical and biological interactions
suggests the usage of biofuels [8]. The compounds'
antioxidant activity was assessed using different radical
scavenging methods and antioxidant additive analysis, such
as rancimat and modified raincoat tests, to analyze
oxidation stability. Looking through the literature, it is
recognizable that substitutions play a significant role in
antioxidant activity in chalcones. Among the replacements,
substituting specific functional groups contributes to higher
antioxidant activity, with the substitution site being crucial.
Diverse functional groups play diverse roles and contribute
to antioxidant activity. The presence of double bonds also
contributes significantly to the antioxidant properties of
chalcones. The synthesis technique, environmental factors,
fuel management and storage, and biodiesel components all
have an impact on the antioxidant effect.

The energy GAP (Egar), the theoretically determined
absolute difference between HOMO and LUMO applying
the Density Functional Method (DFT) of chalcone
compounds, exhibits significant antioxidant potential [53].
The antioxidant potential is directly correlated with the
energy GAP value [37]. The comparison study of Egap
performance of different chalcone molecules and
commercial additives is shown in table 5. The Egap or GAP
parameter determines molecular reactivity and chemical
stability. GAP values in the high ranges signify substantial
excitation energy, low chemical reactivity, and outstanding
chemical stability. According to the results of the
comparative study, the chalcone molecules have excellent
or comparable Egap values to commercial additives such as
BHT, thiazolidinone, toluene derivatives, which are widely
employed to preclude or cut down oxidation processes in
biodiesel. Thermodynamics of a compound depends on

various factors. Accessibility of energy is directly
proportional to molecular shape. As a result, characteristics
such as chemical bonding structure, carbon content, and
oxygenated compound content have a significant impact on
the thermodynamic property of the compound [8].

Table 5: Comparison study of Ecar performance of different
chalcone molecules and commercial additives.

Chalcone Ecar Ref Commercial Ecar Ref
& Value Additive Valu
Sample (Kj/m e
Code ol) (Xjy/
mol)
Cy3His0; | 599.51 [38] BHT 546. [42]
] 1
Cy3H7BrO | 598.11 Toluene 477. [43]
3 (BCH) [45] Derivative 8
CpH;7NO | 586.38 Thiazolidinon | 481. [44]
s (NCH) e 8
C;sH1804 | 565.38 [37] Ether 273. [54]
(TMC20) Molecule 8 -
404.
6

CxH,CIO | 602.34 [8] P-Phenylene 56.8 | [55,56]
3 (HCC) Diamine -
114.

The calorific ability of the chalcone molecule as an additive
has been assessed in terms of energy. The calorific value
(CV) provides fuel characteristics such as intrinsic energy
and is the quantity of heat transmitted into the burning
chamber during the period of combustion [57].

Table 6: Calorific value of chalcones.

Chalcone Compound & Calorific Value Ref
Sample Code (Kcal/kg)
C23H1503 (1) 12783 [38]
C23H17C103 (HCC) 9569 [58]
C24H260 (BH ) 7284
C20H140Cl4 (BH 1I) 6430.2 [50]
C20H160ClI2 (BH 1II) 7298.7

Table 7: Calorific values of fuels.

Fuels Calorific Value Ref
(Kcal/kg)

Gasoline 9775

Butanol 8509 [50]

Ethanol 6906

BD-B100 (methyl palm) 8525.7 [59]

BD-B100 (Cynara 8885.0 [50,60]

cardunculus)

BD-B25 (Pomace Olive) 10399.3

This pertains primarily to the compound's ability to release
energy during the oxidation process, whereas high calorific
power values are correlated with more outstanding
performance in fuels [38]. Tables 6 and 7 show the calorific
value of some chalcones and fuels, respectively. According
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to the comparison, chalcone molecules have a performance
similar to or comparable to that of fuels. Some chalcone
molecules show higher calorific values than some of the
fuels reported here. The high calorific value of fuels is
related to improved performance. As a result, the excellent
energy availability and susceptibility of chalcone molecules
strongly suggest that chalcones can be associated with fuels.
Eventually, it will increase the stability and efficiency of the
compound.

Conclusion and Future Prospective

In recent studies, scientists and researchers have expressed
a strong interest in chalcones and their analogs. These
molecules are versatile and suited for an extensive list of
applications. The capability to make substitutions on
aromatic rings results in notable features that can be
employed in various fields. Chalcone analogs as fuel
additives are a far superior answer to the current energy
availability problem, despite their synthesis being less
expensive and faster; also, the absence of chlorinated
reagents makes them more environmentally friendly. This
review examined the potential application of chalcone
analogs as biofuel additives based on their antioxidation
properties, factors influencing antioxidation properties,
oxidation stability, and additive potential capabilities using
experimental and theoretical methodologies. Based on the
results;

* Most of the research showed that among all the different
properties of chalcone, the antioxidative property is the
most essential, favoring additive application. Several
variables contribute to the improved antioxidative
properties of chalcone analogs, including their structure,
substitutions, substitution positions, and effects such as
resonances.

* Chalcone analogs are highly effective materials for
preserving Dbiofuel characteristics. They have good
oxidation stability properties comparable to some
commercial additives.

» The more significant part of the studies has addressed the
significance of additive compounds. These chemicals can
improve the qualities of fuels, including diesel, biodiesel,
petrol, and aviation oil, by combining them, resulting in
increased fuel economy and efficiency.

* Particularly in biodiesel because NOx emissions are high
due to higher oxygen content, higher in-cylinder gas
temperature, fluctuations in fuel injection parameters, lower
compressibility, and higher cetane numbers.

* Most of the studies recommended future studies on the
additive application side of the chalcone molecule due to its
beneficial blending capabilities compared to various fuels

in terms of experimental studies (calorific) and theoretical
studies (kinetic stability).

* Aside from its outstanding antioxidant properties and
oxidation stability, chalcone's susceptibility and superior
energy availability make it a suitable fuel additive.

Small molecules like chalcones are less expensive and
easier to synthesize and have already received widespread
acceptance in many technological fields. Yet, this review
discovered that the potential of chalcones as a cheaper, more
efficient alternative additive still needs to be fully explored.
The results from the literature validate that chalcone
molecules can be used as a possible candidate for additive
application in the perspectives of antioxidant effectiveness,
oxidative stability, and energy availability in the future. The
lack of literature on this topic necessitates thoroughly
examining this potential additive application of chalcone
analogs, which has yet to receive the attention it deserves.
This review suggests additional research on this topic. As a
result, scientists can generate more energy-efficient biofuels
while developing new, highly efficient fuel additives that
will significantly solve the energy availability constraint of
currently used biofuels.
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Abstract

This article explores the transformative potential of integrating nanomaterials (NM) and machine learning (ML) to address critical global
challenges, particularly in agriculture sustainability and climate change mitigation. By conducting a comparative analysis of various
nanomaterials and their applications in agriculture and environmental protection, we demonstrate how ML techniques can optimize the
properties and functionalities of these materials. In agriculture, nanomaterials are used in developing nanofertilizers, nanopesticides, and
nanosensors, which enhance crop yield, pest control, and soil health monitoring. In environmental applications, nanofilters help mitigate
climate change-related issues. This research underscores the value of combining NM and ML to advance sustainable agro-environmental
solutions, highlighting the role of interdisciplinary approaches in creating smarter, more efficient technologies. By leveraging advanced
ML algorithms and Al, we can improve the specificity, sensitivity, and accuracy of nanomaterials, offering innovative solutions to
challenges such as food security and environmental conservation.
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Introduction

Machine learning (ML) presents transformative
opportunities in addressing NM insights and critical global
challenges such as agriculture sustainability and climate
change mitigation. This approach leverages the potential of
ML algorithms for analyzing big datasets, identify patterns
and make predictions, which can significantly boost the
efficiency and capability of nanomaterials in agriculture.
Therefore, the analysis of nanomaterial properties is crucial
in agro-environmental applications where we can utilize the
results in various disciplines few of those are discussed
below in this section.

This work can be utilized to enhance Crop Productivity.
Nanomaterials can improve nutrient delivery and uptake,
leading to better crop growth and higher yields. Secondly,
Nanotechnology can improve water retention and
distribution in soil, leading to more efficient water use and
better drought resistance [1]. Nanomaterials can also be

used to detect and manage plant diseases, pests, and other
stress factors, ensuring healthier crops [2].

More over by applying Predictive Analysis on historical
data, ML can predict crop yields, pest outbreaks, and
environmental  impacts, allowing for  proactive
management. As in today Real-time monitoring becomes
very important in sensing. This can be done with the help of
ML algorithms which can process data from nanosensors in
real-time, providing immediate insights into soil health,
water usage, and plant stress.

The collaboration of ML with the nanomaterials can lead be
phenomenal progress in the science. The nanomaterials are
equally important with ML for steady progress.
Nanomaterials are revolutionizing agro-environmental
applications due to their unique properties and versatility.
Here in this section, we have discussed some of the
important key point about the nanomaterials.
Nanomaterials have shown significantly better results in
crop growth and yield compared to traditional fertilizers and
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pesticides. Hence, they are very significant in enhanced
Crop Growth and Yield of the crop. Secondly as the
nanomaterials have much higher surface area, they reduce
the number of agricultural inputs needed, nanomaterials
contribute to more sustainable farming practices.
Nanotechnology with ML enables precise delivery of
agrochemicals, ensuring that nutrients and pesticides are
delivered directly to the target areas. This reduces waste,
minimizes environmental impact, and lowers labor costs [ 1-
2]. Nanomaterials can detect plant diseases, ensuring
healthier crops and safer food production. Nanomaterials
have emerged as crucial components in the field of
biosensors owing to their exceptional electrical, chemical,
and optical properties [2]. Hence, the nanomaterial plays a
crucial role in plant health and food safety.

Literature Review

In a study by Shi Xuan Leongand Nguan Soon examines the
capacity of machine learning techniques to enhance the
effectiveness of nanosensors in agricultural and
environmental contexts. It examines diverse machine
learning approaches and their applications in enhancing the
precision and efficacy of nanosensors [3]. In another study
by Dania Tamayo Vera reviews the uses of machine
learning methodologies for agro-climatic research,
highlighting their potential to improve agricultural practices
by analyzing climatic data. It provides important insights
into how machine learning can be employed to forecast crop
yields, control pest populations, and optimize resource
efficiency [4]. The connection between nanotechnology and
agricultural  production systems pertains to the
incorporation of nanotechnology within these frameworks
were discussed in Lalita Rana et al. [5]. This discourse
emphasizes the significance of innovative approaches,
including machine learning, in advancing sustainable
agricultural practices.

The latest progress in the interpretation of data obtained
from  nanosensors, utilizing  machine learning
methodologies for applications in agro-environmental
settings are deeply demonstrated in [6] by Claudia Leslieet
al. In another study Zhang Z et al. [7] discusses the
advancement of machine-learning algorithms that are used
to improve nanosensors, which have attracted significant
attention for their predictive and adaptive capabilities. This
innovation has the potential to significantly enhance the
efficiency of data collection and processing applications.
Makhlouf& Ali [8], they released a publication focused on
Waste Recycling Technologies for the production of
Nanomaterials.

Research gap

Nanomaterials hold immense promise for a wide range of

applications in the agro-environmental sectors, offering the
potential to revolutionize practices across various
disciplines. Their diverse applications extend to improving
soil quality, enhancing crop yield, and even addressing
environmental challenges, making them an exciting area of
study [3]. This review delves into the critical aspects of
nanomaterials, focusing on the advancements in
nanostructure design, their unique properties and their
enhanced abilities in adsorption and catalysis. These
improvements are significantly driven by the integration of
machine learning, which optimizes their functional
applications. However, despite these promising
advancements, several key research gaps remain, hindering
the full potential of nanomaterials in agro-environmental
applications.

One of the primary concerns is the long-term environmental
impact of nanomaterials, particularly in terms of their
effects on soil health, water quality, and biodiversity. The
persistent nature of these materials in the environment could
lead to unforeseen ecological consequences, which remain
inadequately understood. Another pressing issue is the lack
of comprehensive regulations and uniform safety protocols
governing the use of nanomaterials in agriculture. This gap
creates challenges in ensuring the safe and responsible
application of these materials, particularly when their
effects on human health and the environment are still being
studied. Establishing stringent guidelines for their safe
usage is essential to promote their broader adoption in
agricultural practices.

\ A

China 165 UsA151 Idiadd  SouthKoreadl  Germany38

Figure 1: Distribution of Universities and Research Centers
Conducting Research on Nanomaterials in Agro-environmental
Applications, Categorized by Country.

Additionally, the economic viability of nanomaterials
remains a significant barrier to their widespread
implementation. The high costs associated with their
production and application make them less accessible,
especially to farmers in developing countries who may face
financial constraints. There is a need for research focused
on developing more cost-effective methods for the
production and application of nanomaterials, which would
help to democratize their use and ensure their benefits reach
a broader population. Research is needed to develop cost-
effective methods for their production and application to
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make them accessible to farmers, especially in developing
countries as shown in Fig. 1-2. Addressing these critical
research gaps is crucial for ensuring the sustainable and
successful integration of nanomaterials into agricultural
practices is shown in Fig.3. As illustrated in Fig 1-3,
overcoming these challenges will be pivotal in unlocking
the full potential of nanomaterials and ensuring their safe,
effective, and equitable use in agro-environmental
applications.

European Countries
| 304%

Asian Countries
4.7%

North American Countries
209%

. Latin American Countries 2.3 %
WSS African Countries 1.6%

Figure 2: Regional Distribution of Universities and Research
Centers Engaged in the Study and Development of Nanomaterial
based Technologies.

M Organization 0.40% (3)
1 Others 0.50 % (4)

% University System 4.10 %
(34)

W Research Center 9.20 %
(76)

¥ University 85.80 % (708)

Figure 3: Categorization of Universities and Research Centers
Based on Their Specialization in Nanotechnology Research and
Development for Agro-environmental Applications.

Methodology

Harnessing machine learning for comparative analysis of
nanomaterial  properties involves using advanced
algorithms to analyze and predict properties that aren't
tangible or physical. Here's a high-level overview of how
you can approach this:

1. Data Collection: Gather data of nonomaterials for
various applications, products, companies and countries to
analyze. This could include experimental data, literature
values.

2. Data Preprocessing: Clean and preprocess the data for
machine learning models. This may involve normalization,
handling missing values, and feature engineering etc.

3. Model Selection: We have selected four machine
learning models for our analysis. The chosen models are
presented below and depicted in Figure 6 as Support Vector
Regression (SVR), Random Forest Regression (RFR),
Gradient Boosting Regression (GBR) & Artificial Neural
Networks (ANN).

4. Model Training: The approach comprises splitting data
into training and testing subsets, with the training subset
used to train models on Google Colab.

5. Model Evaluation: We evaluated the effectiveness of
these components in our models using the metrics Mean
Absolute Error & Root Squared Error as demonstrated in
fig. 6.

6. Comparative Analysis: We here compared the
performance of different models to determine which one
provides the best predictions for machine learning to
analyze and compare the performance of nanomaterials in
agro-environmental applications, leading to more informed
decision-making and improved agricultural practices as
shown in fig. 4-6.

Implications

The implications of wusing nanomaterials in agro-
environmental applications are vast and multifaceted. Here
are some key points discussed:

1) Enhanced Agricultural Productivity: Nanomaterials
can significantly boost crop yields, improve plant health by
enhancing nutrient delivery with providing better disease
and pest management.

2) Environmental Sustainability: By reducing the
chemical inputs and enabling targeted application of
agrochemicals, nanomaterials contribute to more
sustainable ~ farming  practices.  This  minimizes
environmental pollution and conserving natural resources.

3) Soil and Water Quality Improvement: Nanomaterials
can remediate contaminated soils and improve water
retention, distribution, healthier soil and efficient water use.

4) Economic Benefits: The adoption of nanotechnology in
agriculture can lead to increased food production, reduced
input costs and improved food security.

5) Innovation and Research Opportunities: The field of
nanotechnology in agriculture is still evolving, offering
numerous opportunities for research and innovation to
address current and future challenges in food production
and environmental management.

Results and Discussion
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Results

1) The machine learning models utilized in our analysis
consist of Support Vector Regression (SVR), Random
Forest Regression (RFR), Gradient Boosting Regression
(GBR) and Arttificial Neural Networks (ANN) producing
the subsequent results.

2) Performance metrics: The ML models used for
Applications Vs % of Products for Nonomaterials and
compares the performance of different models to identify
the most effective one as shown in fig. 4 & 5.
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Nenomark
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Figure 4: Comparative Analysis of Various Agricultural and
Environmental Applications of Nanomaterials.

3) Comparative Analysis: Compares the performance of
different applications vs. % of companies for nanomaterials
agro-environmental applications. Highlight the strengths
and weaknesses of each nonomaterials based on the ML
analysis as shown in Fig. 5.

Renewable Agriculture
Energy \ Sports & Fitness 1%

3% 1%.
Peioteui Printing \ Textile | Automotive _Construction
1% 1%
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Figure 5: Companies Utilizing Nanomaterial-based
Technologies in Agro-environmental Applications, Highlighting
Key Industrial Adoption Trends and Sectoral Distribution.

4) Predictive Insights: The findings obtained from the
machine learning models encompass a comparative analysis
of different models and their performances, which is
represented through the visualization of Mean Absolute
Error (MAE) and R? values. A lower and positive MAE
score, in conjunction with a higher and positive R? score,
signifies enhanced model performance. This analysis details
how these findings can be utilized for optimization in
various applications, as illustrated in Figure 6. This study
used various machine learning models, including Support
Vector Regression (SVR), Random Forest Regression
(RFR), Gradient Boosting Regression (GBR) & Artificial
Neural Networks.

Model Comparison

I MAE
L

=150

sSvR 4
ANN 4

Random Forest
Gradient Boosting

Figure 6: Visualization of Machine Learning Model
Performance Metrics, Comparing Mean Absolute Error (MAE)
and R? Scores for Different Predictive Models Used in the
Analysis of Nanomaterials.

5) Feature Importance: Examine the various characteristics
present in the models to determine which features exert the
most substantial influence on the predictions, as illustrated
in Figure 6 and table 1.

Discussion

In conclusion, this study underscores the significant
potential of nanomaterials, enhanced by machine learning
(ML), for advancing agricultural practices. The results of
our ML analysis demonstrate the comparative performance
of various nanomaterials in real-world agricultural settings,
revealing their promising capabilities to improve efficiency
and sustainability.

However, several challenges and limitations were
encountered throughout the study. Issues such as data
quality, the potential for model overfitting, and constraints
related to computational resources must be addressed to
ensure more accurate and generalizable findings in future
research.
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Table 1: Performance Evaluation of Various Machine Learning
Model.

Models /| Mean R ML Accuracy
Metric’s Absolut | Squared | Performance
e Errors | Error
(MAE) | (R?)
Positive | Positive
score score
Support Lesser Higher Excellent Good
Vector and and
Regressio | positive positive
n (SVR) score of | score
MAE
Random Lesser Higher Good Good
Forest and and
Regressio | positive positive
n (RFR) score of | score
MAE
Gradient Higher Lower Bad Bad
Boosting and and
Regressio | positive Negative
n (GBR) score of | score
MAE
Artificial | Higher Lower and Worse Worse
Neural and Negative
Networks | positive |[score
(ANN) score of
MAE

Despite these challenges, the implications of our findings
are clear. The integration of ML and nanomaterials offers a
path toward more efficient, eco-friendly farming practices.
By enhancing crop yields, reducing reliance on harmful
chemicals, and minimizing environmental impact,
nanomaterials, when coupled with advanced ML
techniques, can contribute to more sustainable agricultural
systems.

Moving forward, continued research and development are
necessary to overcome the existing barriers and unlock the
full potential of nanomaterials in agriculture, ensuring their
safe, effective, and widespread use in addressing global
food production challenges.

Conclusions

Machine learning presents significant opportunities for
enhancing the comparative analysis of nanomaterials in
agro-environmental contexts. The first two models Support
Vector Regression (SVR) & Random Forest Regression
(RFR) exhibited good performance as indicated by their
advantageous and high Mean Absolute Error (MAE) scores,
alongside a zero R-squared (R2) value. A brief conclusion
summarizing the three key aspects (a) Enhanced Efficiency:
ML enables precise and efficient analysis of large datasets,
optimizing the use of nanomaterials for various agricultural
applications. This leads to better crop yields, reduced
chemical use, and improved resource management. (b)
Informed Decision-making: By providing predictive
insights, ML helps in making informed decisions regarding

the selection of ML Models and application of
nanomaterials. This can enhance plant protection, soil
health, and overall agricultural productivity. (c) Future
Research: There is ample scope for further research to
address current limitations, such as data quality issues and
model generalizability and to explore new applications of
ML in agro-environment.
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Abstract

In recent years, green chemistry has witnessed a surge towards sustainable approaches for nanoparticle synthesis. Researchers are now
exploring the potential of diverse plant extracts to produce ecological nanoparticles. Biomedical sciences increasingly focus on
synthesizing various metal oxide nanoparticles (MONPs) mediated by plants due to their extensive biological applications. Plant-mediated
biogenic synthesis of MONPs is a sustainable, less harmful, and low-cost method; additionally, it has advantages for biological analysis
regarding antifungal and antibacterial activities. Plants contain diverse phytochemicals, including amino acids, terpenoids, polyphenols,
and flavonoids, which can act as both reducing and stabilizing agents. This report focuses on the plant-mediated synthesis of nanoparticles
(NPs), such as zinc oxide (ZnO), titanium dioxide (TiO2), iron oxide (FeO), nickel oxide (NiO), and copper oxide (CuO), offering essential
insights into their antimicrobial activity against various bacterial strains in different concentrations. It explores their structural properties,
such as shape and size, analysed through advanced techniques and their antimicrobial effectiveness against various microbe strains.
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Introduction

Microbial infections are disorders resulting from the
invasion of harmful bacteria into the body's tissues. These
infections can manifest in various forms, ranging from
small, localized problems to severe, life-threatening
diseases [1-3]. In addition, the efficacy of traditional
pharmaceutical interventions for microbial disorders
declines over time [4]. This scenario occurs due to
antimicrobial resistance to conventional treatments and the
high utilization or improper usage of these therapies [5].
Additionally, bacteria acquire resistance by
employing genetic  alterations or mobile genetic
components that facilitate the transfer of resistance genes.
There is an urgent need to explore novel methods for
addressing antimicrobial issues [6-9]. Researchers have
focused on establishing environmentally beneficial
solutions using nanotechnology [10,11]. The utilization
of MONPs has gained attention due to its cost-effectiveness
and environmentally friendly nature [12,13]. The review
explores advanced green synthesis techniques that are

environmentally friendly for making MONPs from plants.
The effectiveness and environmental benefits of the green
manufacture of MONPs are emphasized in this article,
highlighting their potential as antibacterial agents. The
article explains new, plant-based approaches to producing
NPs and investigates their varying antimicrobial effects at
different concentrations.

Green Synthesis

Green synthesis is an approach that adheres to sustainable
principles by reducing the utilization of harmful substances,
resulting in advantages for both human well-being and the
environment. [ 14—16]. The synthesis of NPs through green
chemistry principles involves three phases: using
environment-friendly solvent mediums, reducing agents,
and stabilization agents. Plant extracts from leaves, seeds,
and stems can synthesize nanoparticles using their
stabilizing or reducing characteristics [17,18]. The
synthesis of MONPs using plant extracts follows a
sequential processing approach, as depicted in Fig 1.
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Figure 1: Illustration depicting synthesizing MONPs using
natural plant extracts.

The green route involves the following steps. Initially,
selected plant parts are soaked in distilled water to eliminate
debris. Subsequently, the cleaned plant parts are dried and
converted into powder by grinding or cutting. Later, the
powder was boiled at a particular temperature in the desired
solvent, filtered, and refrigerated for further use [19,20].
Filtration is carried out to isolate the phytochemicals, like
amino, carboxylic, hydroxyl, allyl, alkoxy, and sulfhydryl
groups [21]. The resultant plant extracts were combined
with the respective salt solutions to synthesize NPs. A
change in colour of the solution can indicate the early stages
of NPs formation. Green synthesized NPs have extensive
applications in contaminant remediation and antibacterial,
antifungal, high catalytic, and photochemical activities [22].
The resulting plant-based metal oxide nanoparticles exhibit
diverse beneficial properties [23,24].

MONPs Mechanism of Antimicrobial Activity

MONPs have attracted significant attention recently owing
to their distinct physical and chemical properties and their
diverse applications in disciplines such as environmental
remediation, medicine, and electronics [25]. Currently,
MONPs are being investigated as potential treatments for
microbial infections due to their numerous applications.
MONPs have several advantages over conventional
antibiotics [26]. This review focuses on the antimicrobial
effects of some MONPs. The efficacy of NPs is impacted
by consistency, shape, and size [27]. Research indicates that
the NPs interact with bacteria and fungi, altering the
membrane shape and restricting their growth. Its disruption
impedes proper mobility during plasma membrane
formation, ultimately resulting in cell death [28]. The
produced MONPs, smaller in size compared to micro-
sized particles and having a high surface-to-volume, come
into contact with sulphur or phosphorus in the DNA,
causing cessation of protein synthesis and subsequent cell
death. Reactive Oxygen Species (ROS) are crucial in
promoting antimicrobial actions, as they are integral to the
regular metabolic processes of living organisms [29]. The
destruction of cells is attributed to the generation of ROS,

which forms highly reactive radicals and breaks down cell
wall proteins, the cytoskeleton system, and DNA [30].
Moreover, the electrostatic interaction of nanoparticles with
the membrane may induce charge imbalances (+, -, and o),
disrupting the membrane's equilibrium and forming hole
pairs near its surface. eventually leading to the release of
proteins RNA, DNA, and lipids, which culminates in cell
death [31], as shown in Fig. 2.
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S Protein
oo Denaturation
Electrostatic Internalization o
Interactions S
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Figure 2: MONPs mechanism of antimicrobial activity.

Table 1 summarizes the green synthesis of MONPs using
various extracts, highlighting their morphology, size, and
notable antimicrobial activity against microbial species as
reported in several publications [32-46]. Muthu et al.
prepared ZnO nanoparticles using an extract derived from
Pisonia alba leaves, identifying them as hexagonal
crystalline structures with an average size of 48 nm through
SEM, TEM, and XRD. FTIR studies suggested that
phenolic compounds, alkaloids, terpenoids, and proteins in
the extract are essential for the nucleation and stability of
the ZnO Nps. The antibacterial activity was tested at 100
pg/uL, showing a 20 mm zone of inhibition (ZOI) against
S. aureus (gram-positive) and 11 mm ZOI against K.
pneumoniae (gram-negative). The NPs were more effective
against gram-positive bacteria, which have thicker
peptidoglycan cell walls, while gram-negative bacteria
possess more complex cell walls [47]. Suresh et al.
described the synthesis of ZnO NPs with sizes ranging from
5 to 15 nm utilizing Cassia fistula leaf extract, which was
tested against four pathogenic Gram-negative bacteria: K.
aerogenes (Z1IO = 7.33 £+ 0.33, 9.67 = 0.33mm,
respectively), E. coli (ZOI =3.67 £0.33, 4.67 = 0.33 mm)
P. desmolyticum (ZOI = 3.00 = 0.00, 4.00 £ 0.00 mm) and
Gram-positive bacteria S. aureus ( ZOl =2.67 + 0.33, 4.67
+ 0.33 mm) at different dosage 500 pg/ul, 1000 pg/ulL
[48]. Ansari et al. synthesized TiO, NPs using a leaf extract
from Acorus calamus. The SEM analysis revealed that the
NPs were spherical, with an average size ranging from 15 -
40 nm. The antimicrobial efficacy was assessed using the
disc diffusion method, divulging inhibitory effects against
gram-negative bacteria such as P. aeruginosa (ZO1: 6 +0.2,
8 £ 0.3 mm) and E. coli (9 £ 0.3, 10 + 0.2 mm), as well as
gram-positive bacteria including B. subtilis (12 £ 0.4, 14 +
0.5 mm) and S. aureus (10 + 0.3, 12 + 0.3 mm) at
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nanoparticle concentrations of 10 pg/mL and 20 ug/mL,
respectively. The biosynthesized TiO2 NPs shown enhanced

antibacterial activity against gram-positive bacteria
compared to gram-negative bacteria and exceeded the

Table 1: A brief summary of the antimicrobial activity of green-synthesized MONPs.

MONPs Reducing agent Part of | Morphology | Size Microbial name Applications Ref.
plant
ZnO Moringa Oleifera Leaf Irregular 25 nm Pseudomonas, Bacillus Antibacterial [32]
shape
ZnO Artemisia pallens Leaf Hexagonal 100 nm S. aureus, B. subtilis, E. coli, Antibacterial [33]
ZnO Andrographis alata whole Flake 35-53nm | B. subtilis, S.pyogenes, Antimicrobial [34]
plant S. aureus, C. diphtheria, S.typhi,
E. coli,
K. pneumonia, P. aeruginosa,
CuO Luffa acutangula Peel Rectangular 26 nm E. coli, K. pneumoniae, S. aureus, | Antibacterial [35]
B. subtilis
TiO2 Acorus calamus Leaf Spherical 11-30nm | E. coli, P. aeruginosa, Antibacterial [36]
B. subtilis, S. aureus
TiO2 Coleus aromaticus Leaf Spherical 12-33 Shigella boydii, Antibacterial [37]
nm Vibrio cholerae,
B. cereus, A. hydrophilia,
E. faecalis, B. megatarium
TiO2 Luffa acutangula Leaf Hexagonal 10 - 49 B. subtilis, E. faecalis, Antimicrobial [38]
nm P. aeruginosa, S. aureus,
K. pneumonia
CuO Bougainvillea Leaf Spherical 820nm | E. coli, E. faecallis Antibacterial [39]
S. aureus
CuO Ocimum Leaf Spherical 67.7 nm E. coli, V. cholera Antibacterial [40]
americanum S. typhimurium
K. pneumoniae
A. hydrophila
P. aeruginosa
FeO Phoenix dactylifera Seed Spherical 50 nm K. pneumonia Antibacterial [41]
S. epidermidis
P. aeruginosa
NiO Averrhoa bilimbi Fruit Spherical 100-120 | E. coli, S. aureus Antibacterial [42]
nm
NiO Pometia pinnata Leaf Irregular 10-30 E. coli, S. aureus, Antibacterial [43]
nm
NiO Solanum trilobatum Leaf Cylindrical 25-30nm | S. aureus, E. coli, Antibacterial [44]
S. pnemoniae
E. hermannii
NiO Berberis Leaf Irregular 23nm S. aureus Antibacterial [45]
balochistanica P, vulgaris
NiO Clitoriaternatea Fruit Hexagonal 10nm S. aureus, E. coli Antibacterial [46]

antimicrobial efficacy of bare TiO:» NPs. The findings
suggest that biosynthesized TiO: NPs have potential as
therapeutic agents for bacterial infections due to their
significant in vitro antibacterial effectiveness [36].
Anbumani et al. prepared TiO, NPs using L. acutangula leaf

extract as an affordable, eco-friendly method. They
characterized the NPs using XRD, FT-IR, UV, FE-SEM-
EDAX, and TEM techniques to determine their form, size,
and structure. The antibacterial activity of TiO, NPs against
various microorganisms, including B. subtilis (15 = 0.46,16
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+0.38, 18 £ 0.56 mm), E. faecalis (13 £ 0.35,18 + 0.32, 21
+ 0.41mm), S. aureus (21 + 0.53, 33 +£0.48, 42 + 0.13 mm)
and P, aeruginosa (33 £ 0.33,36 + 0.35, 42 + 0.45 mm) with
varying NPs concentrations 20, 30, 40 pg/mL. The
antibacterial mechanism was ascribed to the interaction
between positively charged TiO. NPs and negatively
charged bacterial cell walls. This connection generated an
electromagnetic attraction that caused oxidative stress in the
microorganisms, resulting in their demise. All the
microorganisms exhibited a ZOI, and the highest dosage
showed the maximum ZOI [38].

Majid et al. utilized P. dactylifera to synthesize spherical
FeO NPs. The effectiveness of these green iron oxide NPs
in killing bacteria was assessed against three different
bacterial strains. The ZOI measurements for K. preumonia,
S. epidermidis, and P. aeruginosa were acquired as 16mm,
15 mm, and 21 mm, respectively, utilizing a 100 pg/mL
dosage of NPs. Furthermore, imperfections in nanoparticle
surface shape may lead to membrane disruption or
misalignment. This may enhance the antibacterial
efficiency of nanoparticles by up to tenfold [41]. Haritha et
al. synthesized spherical NiO NPs utilizing A. bilimbi fruit
extract, resulting in an average 100-120 nm size range. The
antibacterial efficacy of 4. bilimbi-enhanced NiO NPs was
evaluated employing the disc diffusion technique. The NPs
were evaluated against S. aureus (ZOI: 6.1 mm) and E. coli
(ZOI: 7 mm) at a dose of 150 pg/uL. The produced NPs
exhibited enhanced antibacterial activity against gram-
negative bacteria owing to their capacity to penetrate the
complex cell membrane structure. Moreover, the production
of reactive oxygen species (ROS) caused interactions with
cellular components, including the cytoplasmic membrane,
peptidoglycan layer, lipids, proteins, and DNA, disrupting
multiple physiological processes. The interaction between
cationic nickel molecules and anionic microbial cell
membranes leads to the release of proteins and other
intracellular components, ultimately resulting in cell
destruction. This process is essential for improving
biological applications. Prabhu et al. synthesized
hexagonal-shaped NiO NPs utilizing C. ternatea fruit
extract with a mean size of 10 nm and the antibacterial
efficacy of NiO NPs towards E. coli (ZO1=15+1.0, 17£1.0,
and 22 £+ 1.0 mm), and S. aureus (ZOI=13+£1.0, 16+1.0, and
19 + 1.0 mm) was studied. The antibacterial activity
improved as the concentration of NiO NPs increased. At
200 mg/mL, the largest inhibition zone for E. coli was 22 +
1.0mm, and the highest inhibition zone for S. aureus was 19
+ 1.0 mm. NiO NPs have a positively charged surface and a
negatively charged surface for bacterial cell walls. As a
result, it induces an -electromagnetic interaction that
destroys the bacterial cytoplasm and border. Previous
research indicates that NiO NPs exert a pronounced effect
on gram-negative bacteria such as K. pneumoniae and P.
mirabilis, showcasing substantial inhibition zones of 32 mm

and 28 mm, respectively [46]. Ramzan et al. employed
Cedrus deodara leaf extract to produce spherical CuO NPs
with an average diameter of approximately 20 nm. CuO NPs
exhibited strong antibacterial effects, achieving notable ZOI
at 125, 150 mg/mL concentrations. The ZOI ranged from
20-29 mm in E. coli, 6-16 mm in S. aureus, 12-20 mm in
S. enterica, and 8-24 mm in L. monocytogenes. CuO NPs
are vulnerable to various diseases and possess production
processes and compatibility with living organisms inspired
by biological systems [49].

Conclusion and Future Prospective

The green synthesis of MONPs using natural sources offers
a safer, more eco-friendly alternative to traditional synthesis
methods, effectively addressing the environmental and
health concerns associated with toxic reagents and
byproducts. Phytochemical-rich biological sources, such as
plant extracts, facilitate the efficient production of
nanoparticles with well-defined characteristics and
significant antibacterial properties. MONPs synthesised
through green methods have demonstrated superior
efficacy, particularly in biomedical applications. The future
of green-synthesized MONPs lies in expanding their use in
advanced biotechnological fields, including nano-sensors,
food packaging, targeted drug delivery, and cancer therapy.
However, challenges such as scalability, safety concerns,
and regulatory standards must be addressed. Further
research is needed to refine synthesis methods, explore
novel applications, and develop affordable analytical tools
like ICP-AES, NMR, and HPLC for improved
characterisation of phytochemicals. Innovations in this field
can enhance the stability and effectiveness of MONPs,
providing solutions to global challenges, including
pandemic management and sustainable development.
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Abstract

The rapid growth of the Internet of Things (IoT) has necessitated the development of systems capable of processing data efficiently and
in real-time in computation material science. Traditionally, cloud computing has been used to manage and analyze the vast amounts of
data generated by IoT devices to store and analyze observed data (as results of the materials) which further use as survey data application.
However, cloud-based solutions often face challenges related to latency, bandwidth consumption, periodically survey, comparison with
standard data and energy inefficiency, especially in resource-constrained environments. To address these challenges, edge computing has
emerged as a promising solution, bringing computation closer to the data source. The integration of Artificial Intelligence (Al) agents in
edge computing through microcontrollers can provide enhanced decision-making capabilities in IoT applications, offering both
performance and energy efficiency. This review paper explores the advanced implementation of Al agents in edge computing using
microcontrollers for IoT applications for material science as computing agent for data storage, comparison, analyzing and many more,
with a specific emphasis on material science applications, highlighting the benefits and challenges of deploying lightweight Al models

on resource-constrained devices.
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Introduction

Despite the potential advantages of microcontrollers in edge
computing, their limited processing power and memory
make the integration of Al models particularly challenging
[1]. However, advancements in lightweight machine
learning algorithms and microcontroller architectures have
made it increasingly feasible to deploy Al agents directly on
edge devices. This paper aims to bridge the existing gap by
exploring methodologies for implementing Al on
microcontrollers within IoT ecosystems, particularly for
material science applications [2,3]. The research focuses on
key areas such as energy efficiency, latency reduction, and
real-time decision-making in the context of material

science, examining various use cases such as predictive
maintenance of smart materials, real-time monitoring of
material properties, and the development of adaptive
materials in smart agriculture, healthcare, and smart cities
[4.,5]. The study also presents a comprehensive analysis of
current tools, frameworks, and techniques for deploying Al
on microcontrollers, providing recommendations for future
advancements in this field [6-8].

This study highlights the key contributions of
microcontroller-based edge computing in enhancing the
performance and scalability of IoT applications related to
material science [9]. By developing a framework for
deploying Al agents on microcontrollers, this paper not only
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aims to address existing challenges but also lays the
groundwork for further research and development in this
domain [10]. The methodology used in this study integrates
both qualitative and quantitative approaches to evaluate the
impact of Al on microcontroller-based edge computing,
with a focus on improving the autonomy, efficiency, and
sustainability of IoT devices in material science
applications [11,12].

Literature Review

Recent studies have investigated the integration of machine
learning (AI) with the Internet of Things (I0T), specifically
within the realm of computational material research [13].
The integration of edge computing with artificial
intelligence has several benefits, such as less reliance on
cloud infrastructure, decreased latency, and enhanced
energy efficiency [14]. The implementation of Al on
resource-limited devices, including microcontrollers that
remains underexplored, resulting in an absence of feasible
methodologies for integrating artificial intelligence at the
boundary in materials research applications [15].

An essential obstacle to computational materials research is
the computational limitation of microcontrollers [16]. Al
models, especially deep learning techniques, sometimes
need considerable processing resources, making their
deployment on microcontrollers difficult [17]. Liu et al.
(2020) illustrated the use of lightweight Al models on edge
devices, including microcontrollers, emphasizing real-time
sensor data processing. Their research emphasized Al's
capacity to minimize data transmission to the cloud and
facilitate expedited decision-making in material science
domains [18].

/ E Micrccortrrollers
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Figure 1: Comparison of latency between edge and cloud
computing for IoT applications.

An essential obstacle to computational materials research is
the computational limitation of microcontrollers [19]. Al

models, especially deep learning techniques, sometimes
need considerable processing resources, making their
deployment on microcontrollers difficult [20]. Liu et al.
(2020) illustrated the use of lightweight AI models on edge
devices, including microcontrollers, emphasizing real-time
sensor data processing. Their research emphasized Al's
capacity to minimize data transmission to the cloud and
facilitate expedited decision-making in material science
domains [21].

The Comparison of latency between edge and cloud computing
for [oT applications is depicted in Figure 1. Internet of Things
(IoT) applications rely heavily on latency, which affects the
efficiency and responsiveness of the system. High
computational power and scalable storage are advantages of
cloud computing, which processes data in centralized
servers. However, due to long-distance data transmission,
cloud computing experiences higher latency, ranging from
50 ms to several seconds. There may be delays in real-time
applications and higher bandwidth consumption because of
how dependent it is on internet connectivity. As a
counterexample, edge computing minimizes bandwidth
usage, improves real-time decision-making, and
significantly reduces latency (1ms to 20ms) by processing
data closer to the source. Autonomous vehicles, industrial
automation, and healthcare monitoring are latency-sensitive
scenarios that are best handled by edge computing, whereas
cloud computing is better suited for storage-intensive
applications and large-scale data analytics. When it comes
to real-time response, network efficiency, and reliability,
edge computing trumps cloud computing, according to
graphical comparisons of latency. By dividing up
computations between edge nodes and the cloud, hybrid
approaches like fog computing are able to reap the benefits
of both. Processing speed, network reliance, and data
handling efficiency are just a few of the aspects that should
be considered when deciding between cloud computing and
edge computing for an Internet of Things application.

A further problem in computerized science of materials is
the absence of Al frameworks tailored for microcontrollers
[22]. Despite the development of frameworks such as
Tensor Flow Lite, and Edge Impulse for resource-
constrained contexts, they remain in a state of evolution and
may not be applicable to all material-related applications.
The need for prompt execution exacerbates the difficulties
of deploying AI on microcontrollers, since several Al
models demand substantial computational power as well as
memory bandwidth for maximum efficacy. Furthermore,
there is an absence of standardized approaches and
protocols to facilitate interaction between microcontroller-
based devices inside an edge computing framework [23].
This constrains the capacity to create scalable and
extensible [oT systems dependent on edge-based Al
processing in materials science.
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Gap Analysis

The integration of Al agents with microcontrollers within
computational materials science faces several substantial
challenges. The main issue is the computational limitation
of microcontrollers, which sometimes do not possess the
requisite computing power to implement intricate Al
models [24]. Notwithstanding the advancement of many
lightweight models, several options continue to demand
greater power than microcontrollers that can provide,
resulting in performance trade-offs in material science
applications.

Methodology

This research utilizes a mixed-methods approach,
integrating qualitative and quantitative methodologies to
evaluate the feasibility and effectiveness of Al agents
functioning on microcontrollers that for utilization in
cognitive materials science, especially within IoT-based
systems. The key components of the methodology are as
follows:

The study will use artificial intelligence models on
microcontrollers  that  within  materials  science,
concentrating on intelligent production and environmental
monitoring. These domains are chosen for their data-centric
characteristics and the need for instantaneous analysis and
decision-making, essential for enhancing material qualities
and processes [25]. Microcontrollers, namely ARM Cortex-
M4 and the ESP32 micro will be used for the deployment
of Al agents. These microcontrollers have sufficient
processing capability for lightweight algorithms based on
Al and are often used in IoT applications [26]. Lite
implementations of Tensor Flow for Arduino boards and
Edge Impulse will be used to create and implement Al
models specifically designed for materials research
applications [27].

Microcontroller

PROCESSING SPEED

Al AGENTS
~—l

lot Applications
ENERGY CONSUMPTIO

Figure 2: Al gents and IoT applications.

Technology and Gathering Information: Real-time sensor
data, including humidity, temperature, pressure, and
substance composition, will be collected from IoT devices
inside the specified materials science settings. The data will
be pre-processed and input into compact Al models
operating on the microcontrollers [28]. The models will
thereafter be assessed for their capacity to effectively
analyse data and facilitate decision-making in the
optimization and monitoring of material properties. The
efficacy of the artificially intelligent agents will be
evaluated by critical parameters such as accuracy, latency,
and consumption of energy. Statistical techniques will be
used to examine the performance disparities across edge
computer systems and platforms running on the cloud [29].
Furthermore, qualitative data will be gathered via field
observations to assess the practical usability and efficacy of
microcontroller-based artificial intelligence systems in
material science settings.

The research design is meticulously organized to guarantee
repeatability by providing complete requirements for the
hardware, software setups, and code versions used. This will
allow other researchers to reproduce the work and verify the
results, assuring wider relevance in computerized materials
science [30].

Conclusion

The incorporation of Al agents in computing at the edge,
especially via microcontrollers, offers a viable resolution to
the difficulties encountered by conventional stored in the
cloud Internet of Things (IoT) systems in computerized
materials science. By analysing information at the edge,
near its origin, Al agents may minimize latency, optimize
bandwidth, and enhance energy efficiency. This research
has shown that microcontrollers as despite their constrained
processing capabilities, may be efficiently used for real-
time, compact Al projects in materials research [oT settings.

This study underscores the need of enhancing Al algorithms
and architectures specifically designed for microcontroller-
based edge computing in materials science. Despite ongoing
issues with computing limitations and real-time processing,
progress in Al model compression as well, pruning, and
quantization is facilitating more efficient implementations.
Moreover, applications in domains such as intelligent
manufacturing, material property assessment, and
environmental monitoring demonstrate that
microcontroller-based artificially intelligent agents may
improve decision-making, resulting in more self-sufficient,
responsive, and effective IoT systems within materials
science.

The research highlights the revolutionary capabilities of
microcontroller-based artificial intelligent agents in cutting-
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edge computing for materials research applications. This
study establishes a foundation for future research by
identifying deficiencies in the existing literature and
suggesting methodologies for the integration of Al into
microcontrollers. The incorporation of Al agents into IoT
systems within materials science may catalyse innovation
across several industries, enhancing sustainability,
effectiveness, and overall system functionality.
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Abstract

This research investigates the critical mass thresholds for black hole formation during the gravitational collapse of massive stars.
Using numerical simulations and analytical techniques, we model the collapse of spherically symmetric, non-rotating neutron stars
by solving the Tolman-Oppenheimer-Volkoff (TOV) equation. We first derive an analytical solution for the TOV equation under the
assumption of constant density, estimating the maximum neutron star mass to be 2.85 solar masses. We then incorporate a customized
density profile, as predicted in our previous work, into the TOV framework. This yields a critical mass of 2.096 solar masses at a
radius of approximately 10 km, consistent with current theoretical and observational expectations. The maximum stable mass with
this profile is calculated to be 2.36 solar masses, with the mass decreasing to zero beyond 15.5 km. By analyzing different initial
masses (2.0, 4.0, and 8.0 solar masses) using a polytropic equation of state (EOS), we examine the mass-radius and pressure-radius
relationships. Our results reveal a highly non-linear and abrupt change in mass and pressure distributions, indicating the formation
of a dense outer shell. This structural feature could significantly influence neutron star stability and the conditions leading to black
hole formation. These findings provide valuable insights into the maximum mass limits of neutron stars, aiding in the interpretation
of astrophysical observations and the identification of potential black hole progenitors.
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Introduction

The probability of existence of neutron star was predicted
by scientists after the discovery of neutron by Chadwick in
1932. Among them pioneers were Lev Landau, Walter
Baade and Fritz Zwicky (1936). They believed that during
supernova explosion of a main sequence star of more than
10 solar mass, neutron star might be formed. However, the
history of observation of neutron star begins in 1967 when
Jocelyn Bell and her advisor Anthony Hewish discovered
radio pulsar (PSR B1919+21) at Cambridge. Various
observation and theoretical prescriptions now lead us to
believe that pulsars are actually rapid rotating neutron stars.
It is difficult to detect any non-rotating neutron star. So,
analyzing the radiation emitted by pulsars, properties of
neutron stars can be predicted. In 1939 Oppenheimer and E.
Salpeter along with different theoreticians realized that like
white dwarf, neutron star might have an upper mass limit.
Oppenheimer and Volkoff derived an equation of
hydrostatic equilibrium of star by using general theory of
relativity, as they believed that general theory of relativity

might be more fruitful than Newtonian mechanics. They
calculated the limiting mass of a neutron star to be 0.7 solar
mass [1]. This result seemed to be very low, as it is very
much expected that the maximum mass of a neutron star
should at least exceed the Chandrasekhar mass limit of 1.4
solar mass [2]. The strong repulsive nuclear force acting
between neutrons probably increases the upper mass limit
of a neutron star. Different stellar observation of pulsars
leads to an idea, that maximum mass of neutron star may lie
between 1.4 to 3.0 solar mass. Integrating equation of
equilibrium, Rhoades and Ruffini [3] found that the
maximum mass of neutron star to be 3.2 solar mass.
Nauenberg and Chapline (1973) [4] found this to be 3.6
solar mass. Rotating neutron stars may have higher mass
limit. Hartle and Sabbadini (1977) [5] introduced an
empirical relation for non-rotating neutron star as,

17\ 2
Myound = 11.4MO< P ) (1)
0

Friedman and Ipser (1987) [6] have derived an empirical
relation for rotational neutron star as,
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17

MRQY = 14.3MO< )2 2
Po

If we use polytrope stellar model with n=1.5, numerically a

standard relation [7] can be employed for evaluating mass

of neutron star from MR3 = constant as,

1 3
Po \2 15.12Km 3
M = 1.102 (7535) MO=<T) Mo 3)
0y A2
_ 0 4
R =14.64(3555) © )

In equations (1), (2), (3), and, (4) po (density) and R (radius)
of neutron star are measured in Kg/m® and in Km
respectively. Whatever be the nature of equation of state,
the maximum mass of a neutron star must be greater than
1.4 solar mass [8]. It is expected that at the end point of
stellar evolution, if the core of the star contains carbon or
heavier element then there is every possibility that the
remnant star might be transformed to neutron star. To retain
stability of neutron star, it has a critical mass threshold,
beyond which it would be collapsed to a black hole.

Methodology

In this work we have used the following equations as per
requirement. Equation of Hydrostatic Equilibrium [9]:

dp(r)  Gm@)p(r)

=— 5
dr 2 )
TOV Equation [10]:
r r
dp(r) G [m(r) + 4mrs p( )] [p(r) + 552 p( )
(6)
dr - zarg(r)
c?r
Mass profile of star (Equation of Continuity) [9]:
dm(r
di ) 4nr?p(r) )
Customized Density profile [11]:
rZ
pr) =po|1-17 ®)
Non-relativistic degeneracy pressure of neutron star [10]
P =0.542 x 10*p3/®  (S. L Unit) 9)
Relativistic degeneracy pressure of neutron star [ 10]
P =1.235 x 102°p/3 (S. 1. Unit) (10)

Analytical Solution of TOV Equation

Let us start with the TOV equation as,

2=~

N 4nr p] [1 B ZGm(r)]_

c? c%r

(In

As we do not have any authentic equation of state of neutron
star, it is almost impossible to solve this equation
analytically. So, to solve it analytically, we have assumed
here that the density of the relevant star is constant (p =
constant). As density is constant, we can write, m(r) =
(4/3)mr3p. So, TOV equation becomes,

t__omopf, L] i

dr .
] ZGm(r) (12)
pcz
Let — =x,and ZGL(T) =y, then we have,
i Y (1401 +30(1 - ) (13)
dr  2r x x y
Now, from y = ZG;lr(r), it follows:
dy 8mnGp y 2y
A =2 2r=22 14
dr 3c? " r? 2r r (14)
Now,
dx dxd dx 2
x_Dxoy _oxoy (15)
dr dydr dyr
Hence TOV equation takes the form,
dx dy
=— (16)
A+x)1+3x) 41 -y)
Integrating,
1+x 1
— T \=—ZIn(1 - 17
"(1+3x) Z L=y +k {an

Here k is the constant of integration. At the surface of the
star, pressure is zero (boundary condition), so that, p=0
(x=0) at =R

Let us take at =R, y = y, = where M is the mass of
the star and R being the radlus.

So, we get, k = %ln(l - o)

Now, the solution becomes on simplification,

_N1=Y—yYl-y
Ji-y=3J/1-y,

At centre of the star, r=0, so, y=0, then let x = x, (boundary

(18)

condition). Central pressure of the star can now be

expressed as, py = pcx,. Again, x = %
=Jo
Therefore,
1—y,—1
b = pe? [L] (19)
1-3/1—-y,

Now, if the denominator of the above expression is zero,
then central pressure goes to infinity and the star cannot
maintain its stability, it will be gravitationally collapsed to
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a black hole. This scenario will occur when, 3,/1 —y, =1

_ 8
or, Yo _;7

2GM 8
Hence, ———= ==

1
a(y

On simplification it follows [10]:

(20)

e
243pnG3
Numerical Solution of the TOV Equation

To solve the TOV equation for stellar structure
numerically, we implemented a Python script using the
Runge-Kutta method (RK45). The TOV equation models
the relationship between the mass (m) and pressure (P) as a
function of the radius (r). We used the
scipy.integrate.solve ivp() function, which applies as
stepsize RK45 solver, ensuring accuracy and efficiency.
The differential equations were solved over a radial range
[10-3, R] with an initial central mass mg and pressure P =10"
2. To prevent unphysical solutions, we introduced a
pressure threshold event that stops the integration when
the pressure drops below 101, marking the surface of the
star. The relationship between pressure P and density p is
modeled using the polytropic equation of state:

where, K is the Polytropic constant, determined by the star's
initial conditions, Adiabatic index is y, and n is the
Polytropic index. n = 3 stands for relativistic degenerate
matter, and n=1.5 for non-relativistic degenerate matter. For
this study, we have used a polytropic index n = 3 or y=4/3
[12] which is appropriate for relativistic stars composed of
degenerate matter.

Finally, we plotted the mass and pressure profiles for
different initial masses as 2.0, 4.0, and 8.0 solar mass,
demonstrating how the stellar structure changes with
varying central mass. The boundary conditions employed
as, at the core (r =0), m(0) = 0, P(0) = Pc (central pressure),
and at the surface (r = R), P(R) = 0, where R is the star's
radius.

Results
1. Mass and radius profile for different initial masses

The figure 1 illustrate the Mass and Pressure profiles for
different initial masses mo as a function of the radius Rg.
These visual aids are essential for clear understanding of the
relation between mass, radius, and pressure distribution in
the modeled system. The left panel of figure 1 shows the
mass distribution as a function of the radial coordinate

Wi Profi Presene Profile

Figure 1: Mass and pressure profile for different initial masses
using TOV and polytrope equation.

Rgrevealing that higher mass cores exhibit steeper
gradients near their surfaces, indicative of more
concentrated mass distribution. The right panel shows the
pressure profile for the same cores, demonstrating that as
the initial mass increases, the central pressure grows
significantly, which is a critical factor in determining the
stability of the core. Mass radius and pressure radius profile
of a star depends on its initial mass. The TOV equation (6)
describes the pressure gradient inside the relativistic star,
balancing pressure support and gravitational pull. This
equation ensures hydrostatic equilibrium, where the
outward pressure gradient counteracts the inward
gravitational pull. The mass continuity equation (7) relates
the mass distribution to the radial density profile.

Mass Profile: The mass profile exhibits the following
findings:

Inner Core Uniformity: For small radii, the mass remains
nearly constant which indicates a dense, uniform core
structure across all initial mass configurations. For initial
mass 2Mg, mass remains constant up to 0.125R, For
4M¢ it remains constant up to 0.225R, and for 8M(; it is
up to 0.275R. This uniformity is a consequence of the
balance between gravitational and pressure forces within
the dense core, where the polytropic equation of state
enforces nearly constant density.

Outer Layers: Beyond the core region, the mass increases
steeply, reflecting a rapid transition to less dense outer
layers. The final masses and radii for the different
configurations are:

For, the initial mass 2Mg final mass is 14.5My at
0.207Rg

For, the initial mass 4Mg final mass is 27.7M at
0.251Rg

For, the initial mass 8Mg final mass is 53.5M at
0.304Rg

Journal of Condensed Matter. 2025. Vol. 03. No. 02

57



Research Article

Gangopadhyay B K: Critical Mass Thresholds for Neutron Star Stability and Black Hole

This steep behavior suggests that while the core holds a
smaller fraction of the total mass, the outer regions of the
star contribute significantly to the total mass. Furthermore,
a linear relationship is observed between the final mass and
the initial mass of the star. This proportionality suggests that
for the given initial conditions and polytropic index, the
total mass scales linearly with the initial core mass, though
this relationship may vary with different polytropic indices
or initial conditions.

Pressure Profile: The pressure profiles show marked
transition:

Low-Pressure Core: For small radii, pressure is relatively
low, supporting the uniform core structure.

High-Pressure Outer Layers: Pressure rises sharply
beyond the core: For the initial mass 2M¢ peak pressure is
1.3 X 10%Pa at radius 0.205R, for the initial mass 4Mg,
peak pressure is 1.1 X 10'°Pa at radius 0.250R,, and for
the initial mass 8M¢ peak pressure is 1.4 x 10'°Pa at
radius 0.305Rg.

2. Solution of Hydrostaic equation and density profile

We investigate the mass limit and properties of neutron stars
by solving the hydrostatic equilibrium equation using a
customized density profile [11]. The degeneracy pressures
for non-relativistic and relativistic regimes are incorporated
into the analysis [10,11]. In the previous study, the mass-
radius relation for neutron stars was investigated using the
hydrostatic equilibrium (HE) equation in conjunction with
a specific density profile. While this approach provided
initial insights, it became evident that the HE equation alone
fails to fully capture the relativistic effects essential for
accurately modeling compact objects like neutron stars. For
instance, the relation MR® = 1.5 x 102, derived under
simplified assumptions, predicts a decreasing mass with
increasing radius as shown below (Figure 2).

Mass-Radius Relation

\ — (M)A )P=2244x10"

R (km)

8 \
0o 0s 10 15 2.0 25 3.0
M (Solar mass)

Figure 2: Mass Profile from Analytical Solution using equation of
HE, Density Profile, and Degenerate Pressure

Analytical and numerical solution obtained as follows:

1. Analytical Calculation: Using degeneracy pressure for
the core neutrons, the maximum mass of the neutron star
was calculated analytically as My, = 2.75Mg [11].

2. Numerical Simulation: The numerical integration of the
mass continuity equation with the density profile as shown
in Figure 2 rose monotonically with the radius, reaching
M = 2.84M¢ for R=15Km. This result is slightly higher

than the analytically predicted maximum mass.

Variation of Neutron Star Mass with Radius

— MNeutron Star Mass (M vs R)
e Max Mass = 2.843 M

051

001

6 B 10 12 14
Radius (km)

Figure 3: Mass Profile from Numerical Solution using equation
of HE, Density Profile, and Degenerate Pressure.

3. TOV Equation and Density Profile

We have here Introduced the significance of neutron stars,
emphasizing their unique structure governed by degeneracy
pressure and gravitational forces. We have highlighted the
existing mass limits (TOV limit) and the theoretical
refinement using different density profiles. Starting from
equation (20), we can write the relation as:

_ 7175 x 103%° _ 3.61x 10°

M= kg = M
7o e e

Where, M is the solar mass. The challenge here is

(22)

selecting a suitable value for p , the density. Assuming the
neutron star’s density is analogous to that of a neutron, we
estimate p using the

relation p = 2;:—:3, where m,, kilogram is the mass of a
3t

neutron and 7;, ~ 1071 meters is the neutron radius. This
yields a neutron star density of approximately 8 X
107kg/m®. Applying this density in the mass-density
relation from equation (20),_the calculated maximum mass
of a neutron star is about 4.036 M, , which notably exceeds

experimental values.

4. Stability of neutron star dependence on density
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Figure 4: Dependence of Maximum Mass on Density using the
TOV Solution.

Figure 4 illustrates the relationship between the maximum
mass and density, based on this TOV solution. The plot
shows that the limiting mass of neutron star to retain
stability gets reduced with the increase of density of neutron
star. At density greater than5 x 10'®8Kg/m> mass limit is
less than 1.4Mg (Chandrasekhar mass limit of White
Dwarf). This can not be the real scenario of existence of
neutron star. So, neutron star might also possess a limiting
density less than 5 X 10%kg/m® to retain stability as
obtained in this approximate solution of TOV equation
considering density to be constant.

5. Mass limit of neutron star using TOV and density
profile

Finally, we assume a central pressure of 1.2 X 103*Pa for
the neutron star on the eve of collapsing, leading to an
estimated maximum density of 1.6 x 10™¥Kg/m°.
Substituting this density into equation (20) the resulting
maximum mass for a neutron star is estimated
approximately as 2.85M, , aligning more closely with the
observational constraints. Further, by incorporating our
predicted density profile (equation 8) into the TOV equation
(equation 6) and running a Python simulation to plot
limiting mass of neutron star vs its radius, we obtain a
critical mass of 2.096M, and a critical radius of 10.5 Km,
with a maximum mass of 2.36M  as shown in Figure 5.

Mass Profile of a Compact Star with Specified Density Profile and TOV equation

Figure 5: Mass Profile from Numerical Solution using TOV,
Density Profile, and Degenerate Pressure.

Critical mass is defined as the limit for non-rotating neutron
stars, beyond which neutron stars collapse into black holes,
on the other hand maximum mass is the highest mass a
neutron star that can be achieved before collapsing in black
hole, potentially increased by factors like rotation. Figure 5
indicates an upper mass limit of neutron star, beyond which
mass gets decreased to zero. This means that there might be
an upper limit of radius of neutron star, no neutron star with
greater radius than this upper limit can exist in nature which
should be around 15 Km.

Discussion
1. Mass and Radius Profile for Different Initial Masses

The variation in peak pressure with initial stellar mass can
be attributed to differences in density gradients and the
relation between gravitational and pressure forces. The
numerical results, based on the TOV equation and the
polytropic equation of state, reveal the following key
findings:

A linear scaling of the maximum mass with the initial core
mass is observed, along with transition zones in both the
mass and pressure profiles. These transition zones separate
the uniform core from the steep outer gradients. The
pressure profile shows distinct behavior with varying initial
masses: When the initial mass increases from 2.0 to 4.0
solar masses, the peak pressure decreases. However, when
initial mass increases further to 8.0 solar masses, the peak
pressure increases. This discrepancy is likely due to
transition phenomena within the stellar structure. For the
4.0 solar mass configuration, the density gradient creates a
more gradual transition in density, resulting in a lower peak
pressure. In contrast, at 8.0 solar masses, the higher overall
density leads to an elevated peak pressure.

The influence of the polytropic index (y = 4/3),
characteristic of relativistic degenerate matter, plays a
critical role in the pressure-density relationship. This index
significantly affects the pressure variance across different
mass profiles. These mass and radius profiles illustrate how
increasing central pressure and mass concentration
destabilize the stellar core, eventually exceeding the critical
thresholds for neutron star stability. They also provide
comparative visualizations that indicate the conditions
under which a collapsing core transitions into a black hole.
Thus, this analysis offers valuable insights into the internal
structure of stars and helps to determine critical mass
thresholds, bridging the gap between theoretical models and
observed gravitational collapse phenomena.

2. Solution of the Hydrostatic Equation and Density
Profile

The observed discrepancy between the numerical
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simulation and the analytical results can be explained by
several factors:

Simplified Density Profile: The numerical simulation uses
a prescribed density profile without feedback from the
pressure or a realistic equation of state (EoS), limiting its
accuracy.

Lack of Instabilities: The non-relativistic framework does
not account for gravitational instabilities, which are
essential for predicting the maximum mass and its
subsequent decrease.

Relativistic Effects: Analytical calculations include
relativistic effects through the EoS for neutron degeneracy
pressure. These effects govern the balance between gravity
and degeneracy pressure, enabling the prediction of the
maximum stable mass.

Limitations and Implications

The primary limitation of this approach is its inability to
capture the realistic mass decrease beyond the maximum
stable configuration observed in the analytical results. This
shortcoming arises due to the absence of relativistic
corrections to gravity and pressure. Additionally, feedback
mechanisms between pressure and density are neglected,
and the simplified density profile does not accurately reflect
the complex internal structure of neutron stars. While the
non-relativistic numerical simulation provides qualitative
insights into the mass-radius relation, it fails to capture the
maximum mass and its subsequent decrease caused by
gravitational instability. However, the results remain
consistent with observational constraints and offer valuable
insights into the transition between non-relativistic and
relativistic regimes in neutron star cores.

3. Mass Limit of Neutron Stars Using the TOV Equation
and Density Profile

The results demonstrate that solving the mass-continuity
equation numerically with the same density profile yields
an increasing mass with radius, reflecting the realistic
accumulation of matter within the star. However, this trend
exposes the limitations of the Hydrostatic Equilibrium
(HE) framework in high-density regimes.

The discrepancy arises because the HE equation neglects
relativistic effects, such as spacetime curvature and
relativistic pressure gradients, which become significant in
dense astrophysical systems. To overcome these
limitations, we incorporated the TOV equation, which
extends the HE framework by including general relativistic
effects.

By applying the TOV equation to the same density
profile: The inconsistencies observed with the equation

were resolved. The results aligned more closely with
realistic neutron star physics. The corrected mass-radius
relation provided deeper insights into the interrelation
between gravitational and pressure forces within neutron
stars.

Neutron Star Mass Constraints

The observed maximum mass of neutron stars is indeed
close to 2.08 solar masses, with one of the most massive
confirmed examples being PSR J0740+6620, measured at
approximately 2.08-2.17 solar masses [13]. Some models
suggest that the true upper limit for neutron star masses may
lie between 2 and 3 solar masses. The discrepancy between
different models arises from the wuncertainty in the
equation of state for neutron stars. Despite significant
progress in modeling, the exact EoS remains uncertain, as
the innermost core of neutron stars is still not fully
understood.

Conclusion

This study presents a comprehensive numerical analysis of
the Tolman-Oppenheimer-Volkoff (TOV) equations,
coupled with various density profiles, to investigate the
critical mass and structural properties of neutron stars. The
findings highlight the intricate relationship between mass,
pressure, and radius in determining the stability of
relativistic stars. Specifically, the results reveal significant
non-linearities in the mass and pressure distributions,
suggesting the potential existence of a dense outer shell
within the stellar structure. These features may indicate
underlying physical phenomena, such as phase transitions
or variations in the equation of state (EoS) at high
densities. Throughout this study, different methods were
employed to estimate the maximum mass limit of a
neutron star before it undergoes gravitational collapse into
a black hole or another compact object. The key conclusions
derived from the analyses are summarized as follows:

1. Equation of Hydrostatic Equilibrium: Analytical
calculations of the hydrostatic equilibrium (HE) equation,
combined with a customized density profile, yielded a
maximum neutron star mass of approximately 2.75 solar
masses. Numerical simulations, based on integrating the
mass-continuity equation with the same density profile,
produced a consistent maximum mass estimate of 2.84
solar masses.

2. Constant Density Model: By solving the TOV equations
with a constant density as 1.6 x 10'®Kg/m®, the
maximum mass was determined to be approximately 2.85
solar masses. This result aligns closely with the theoretical
predictions by Hartle and Sabbadini (1977),
demonstrating the reliability of the TOV framework when
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applied to simple density assumptions.

3. Customized Density Profile: Introducing the predicted
density profile into the TOV equations yielded a critical
mass of approximately 2.09 solar masses at a radius of
around 10 km. The maximum mass was calculated as 2.36
solar masses with the stellar mass density tapering to zero
at a radius of 15.5 km. This customized approach provided
a refined understanding of the EoS for neutron stars,
enabling more precise estimates of critical mass
thresholds.

4. Implications and Consistency with Observations:
Based on these findings, we conclude that a neutron star is
likely to lose stability and collapse into a black hole or
another compact object once it surpasses a mass of
approximately 2.09 solar masses. This conclusion is
consistent with empirical findings, such as the upper mass
limit established by researchers at Goethe University
Frankfurt (January 16, 2018), who determined that the
maximum mass of a neutron star cannot exceed 2.16 solar
masses.

While the possibility of extremely massive neutron stars
beyond 2.3 solar masses cannot be entirely ruled out [14],
the results presented here align well with current
experimental and observational constraints, providing a
robust approximation of the maximum mass limit for
neutron stars.

The estimated 2.09 solar mass limit is consistent with both
recent observational data and current theoretical models.
Observations of the most massive neutron stars, such as:
PSR J0952-0607 (2.35M¢) [15] and PSR J0348+0432
(2.01M¢, ) [16] demonstrate that neutron stars can indeed
reach or exceed this mass threshold.

Additionally, theoretical models indicate that the maximum
gravitational mass for non-rotating neutron stars is
approximately 2.25 = 0.07M¢, , further supporting the
plausibility of the limit obtained in this study.

5. Population Studies and EoS Constraints: Population
studies reveal that while most neutron stars cluster around
1.35-1.50M, , those in high-mass X-ray binaries or
millisecond pulsars tend to be more massive, often
exceeding 2.0M, . The mass limit of 2.09M fits well
within this observational range, aligning with the most
massive confirmed neutron stars.

The maximum neutron star mass also serves as a crucial
observational constraint on the EoS of dense matter.
Recent measurements of neutron stars with masses close to
2.0M have ruled out many softer EoS models, suggesting
that the maximum mass likely lies between 2.2 and 2.9M

(Ozel & Freire, 2016) [17]. Given the observational and
theoretical constraints, a maximum neutron star mass of
approximately 2.09 solar masses emerges as a reasonable
and well-supported upper limit. This value is consistent
with current astrophysical observations and aligns with
established theoretical models, lending credibility to its
scientific validity. The conclusion is further reinforced by
peer-reviewed references, affirming that 2.09 solar masses
represent a justifiable estimate for the maximum mass of
neutron stars.

Implications and Future Work

These findings concentrate on the need for more
sophisticated theoretical models that account for the
influences of gravitational, nuclear, and quantum forces
under relativistic conditions on such compact stars. Future
works will focus on additional complexities to refine these
models further. For instance, the inclusion of phase
transitions in dense anisotropic pressure models, and the
effects of strong magnetic matter (e.g., quark
deconfinement or hyperon formation), fields may
significantly alter predictions of neutron star structure and
stability. Such enhancements could bridge the gap between
theoretical predictions and astrophysical observations.
Gravitational wave signals from neutron star mergers,
combined with pulsar timing measurements and X-ray
observations of thermal emissions, offer complementary
avenues for testing and validating the models proposed in
this study. The unavailability of a definitive and authentic
EOS remains a significant challenge, our results highlight
the power of theoretical modelling and numerical
simulations in probing the unveiling physics of neutron
stars.

References

1. Oppenheimer, J. R. and Volkoff, G. M., 1939, Phys.

Rev., 55, 507.

2. Carvalho, G.A., etal., 2015, J. Phys.: Conf. Ser., 630
012058.

3. Rhoades, C. E and Ruffini, R., 1974, Phys. Rev.
Lett., 32, 324.

4. Nauenberg, M. and Chapline, G., 1973, Ir,
Astrophys. J., 179, 417.

5. Hartle, J. B. 1978, Phys. Repts., 46, 201.

6. Friedman and Ipser, 1987 March 15, The
Astrophysical Journal, 314:594-597.

7. Padmanabhan, T, 2017, Theoretical Astrophysics,
Volume?2, Cambridge University Press, p 271.

8. Srinivasan, G, 2002, The maximum mass of neutron
stars, Bull. Astr. Soc. India 30, 523.

9. Abhayankar, K. D. 2016, Astrophysics: Stars and
Galaxies, University Press, pp. 177-178.

10. Gangopadhyay, Bijan Kumar 2024, “Astronomy &

Journal of Condensed Matter. 2025. Vol. 03. No. 02

61



Research Article Gangopadhyay B K: Critical Mass Thresholds for Neutron Star Stability and Black Hole

Astrophysics with Relativity and Particle Physics”,
Techno World, Kolkata, pp. 228-230.

11. Gangopadhyay, Bijan Kumar, 2018, “Limiting mass
of a neutron star”, Proceedings of the DAE Symp.
on Nucl. Phys. 63.

12. Pols, O. R., 2011 September, “Stellar Structure and
Evolution”, Astronomical Institute Utrecht, p 28-29.

13. Fonseca, E., Cromartie, H. T., Pennucci, T. T., Ray,
P. S., Kirichenko, A. Yu., et al. (2021), “Refined
Mass and Geometric Measurements of the High-
mass PSR J0740+6620”, The Astrophysical Journal
Letters, 915(1), L12, https://doi.org/10.3847/2041-
8213/ac03b8.

14. Rocha, Livia S. et al, 2024, “Mass Distribution and
Maximum Mass of Neutron Stars: Effects of Orbital
Inclination Angle”, Universe, 10(1), 3.

15. Romani, R. W., et al. (2022). "PSR J0952-0607: The
most massive neutron star observed, with a mass of
approximately 2.35 M." Astrophysical Journal
Letters, 934(2), L17.

16. Antoniadis, J., et al. (2013), "4 Massive Pulsar in a
Compact Relativistic Binary", Science, 340(6131),
448-450.

17. Ozel, F., & Freire, P. (2016), "Masses, Radii, and the
Equation of State of Neutron Stars", Annual Review
of Astronomy and Astrophysics, 54, 401-440.

Journal of Condensed Matter. 2025. Vol. 03. No. 02 62



Research Article

Synthesis and Characterization of PANI/GNS and
PANI/GNS/TiO; Nanocomposites for Room Temperature LPG
Gas Sensing Application

S. D. Rokade'?, D. V. Nandanwar?, S. B. Kondawar?®, P. A. Bramhankar*, A. M. More’, P.
B. Wasnik!%, and M. S. Bisen'

! Yashwantrao Chawhan Arts, Commerce and Science College, Lakhandur. Maharashtra, India.
2 Shri Mathuradas Mohota Science College, Nagpur, India.
3 R. T. M. Nagpur University, Nagpur, Maharashtra, India.
4 Shri. Shivaji Science College, Nagpur, India.
3 D. B. Science College, Gondia, Maharashtra, India.
¢ Department of Physics, Dr. Ambedkar College, Deeksha Bhoomi, Nagpur, India.

3 sumitrokade26@gmail.com

Abstract

Pure polyaniline (PANI), PANI/GNS (1%), and PANI/GNS (2%)/TiO2 (20%) were synthesised by the situ chemical oxidation
polymerisation method. Titanium dioxide (TiO2) was synthesised using the sol-gel method and graphene (GNS) functionalized by
acidic treatment. The XRD, FTIR, and SEM characterization for structural, functional, and morphological investigations has been
carried out. X-ray diffraction of nanocomposite materials shows the highly crystalline nature of synthesized material. FTIR analysis
revealed the existence of a functional group in nanocomposite materials. SEM analysis shows highly porous nanocomposite materials
are formed, that exhibit a lack of agglomeration with uniform distribution of GNS, and TiO2 nanoparticles within the PANI matrix.
The resistance change response of synthesised material toward LPG was measured at low and high temperatures at 250 parts per
million (ppm), 500 ppm, and 1000 ppm of LPG gas, which determined the characteristics like sensitivity, response, and recovery
time of the nanocomposite material. Sensitivity shows that nanocomposite material is highly sensitive towards LPG nearly at 37 °C.
In ternary nanocomposite, the response time and recovery time are faster as compared to binary nanocomposite material. The
response time of the ternary nanocomposite is 16 seconds and the recovery time is 83 seconds. Study shows that PANI/GNS
(2%)/TiO2 (20%) nanocomposite material shows better sensitivity, response and recovery time as compared to PANI/GNS (1%)
nanocomposite material towards the higher concentration of LPG gas.
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Introduction

Gas sensors are in high demand due to the extensive
utilization of various gases for residential and industrial
purposes and the rising number of leakage-related incidents.
LPG is an explosive gas that poses significant risks to
individuals and the environment. Because of its strong
flammability, even low concentrations (ppm) represent a
considerable risk. The rapid and precise identification of
LPG leaks is essential for preventing potential explosions
[1]. Liquified petroleum gas (LPG) is a combustible gas
mostly made by propane (5-10%), butane (75-80%), and

minor quantities of methane, butylene, propylene, and
ethylene (1-5%). It poses a significant hazard because of the
elevated risk of explosions either from leakage or human
mistake as a result, detecting it early on is critical for
identifying and  effectively  controlling it [2].
Nanocomposites are formed by combining two or more
nanosized items or nanoparticles. These nanocomposites
exhibit distinct physical properties and have various
potential applications in multiple fields. The morphology
and structure of materials significantly impact the sensing
characteristics. Polyaniline (PANI) nanocomposites have
been found to possess superior sensing properties due to

Journal of Condensed Matter. 2025. Vol. 03. No. 02

63


file:///D:/JCM/Final%20Articles/Buffer%20Folder/sumitrokade26@gmail.com

Research Article

Rokade S D et al.: Synthesis and Characterization of PANI/GNS and PANI/GNS/TiO:

their high surface-to-volume ratio resulting from the
nanostructure. This is evident in sensitivity, response time,
and other relevant factors [3]. Conducting polymers are a
low-cost sensing material with quick response time, high
sensitivity, and room temperature functionality. They also
allow for chemical and physical qualities using various
substituents [4]. Due to its distinct electrochemical
properties, polyaniline (PANI) is the preferred conducting
polymer for detecting LPG related to chain nitrogen, as well
as its tunable chemical and electrical properties, ease of
synthesis, ability to sense ambient temperature and cost-
effectiveness [5]. The conductivity of a polymer depends on
its capacity to transfer charge carriers along its backbone
and hop across chains. Interactions with polyaniline can
modify these processes, affecting conductivity [6].
Compared to plain polymers, conducting polymer
composites based on graphene exhibit superior properties
[7]. Graphene, in contrast to most porous carbon-based
materials, is two-dimensional in nature and a single sheet of
sp2-hybridized carbon with exceptional conductivity,
mechanical strength, and surface area [8]. Graphene (GNS)
has attracted a lot of potential applications as gas sensor
material this is because of its inherent physical and
electrical properties, including its high surface-to-volume
ratios, elevated tensile strength, chemical inertness, and
outstanding thermal and electrical conductivity [9]. To
improve the functionality of electrical sensors that operate
at room temperature, it is possible to include sensing
materials, including conducting polymers, into the surface
of GNS sheets sensors by combining their superior
properties [ 10]. Graphene or CNT interacts with conducting
polymers to store energy by electronic and ionic charge
separation, as well as charge transfer across the electrode-
electrolyte interface [ | 1]. Gas-sensing sensors use inorganic
elements, such as metal oxide semiconductors, to detect gas
molecules by measuring changes in conductivity. At
present, there is an ongoing investigation into
semiconducting metal oxides such as TiO,;, WOs3, In,O,
CuO, Sn0O,, ZnO, and V,0s, focusing on their possible
applications in gas sensing [12]. Nanocrystalline TiO2 is a
prominent inorganic material for detecting gases such as
NO2, H2, NH3, and LPG [13]. Researchers have developed
composite PANI/TiO2 materials for use as gas sensors [ 14].
Titanium dioxide is a significant n-type semiconductor
owing to its superior electrical and photocatalytic
characteristics [15]. Hybrid carbon-based nanostructures
present promising materials for various applications,
including flexible batteries, biosensors, solar cells,
supercapacitors, chemical sensors, and gas sensing [16].
Researchers have used nanostructured materials,
organic/inorganic nanocomposites, conducting polymers
and carbon-containing materials to develop gas sensor
devices that detect differences in resistance these devices
have demonstrated enhanced performance even at ambient
temperature [17]. This study effectively produced PANI,

PANI/GNS (1%), and PANI/GNS (2%)/TiO> (20%)
nanocomposites  using the  chemical  oxidation
polymerization process for LPG gas sensing. The gas-
sensing capabilities of the nanocomposites were
investigated at both ambient and high temperatures to
evaluate the impact of graphene and TiO, on the gas-
sensing properties of the conducting polymer polyaniline.

Materials and Methods

Aniline (99.5%), Ammonium persulfate (98%), sulphuric
acid (95-97%), Nitric acid (69%), titanium isopropoxide
(TTIP), Methanol (99.8%), absolute Ethanol (99.9%), and
Graphene flakes (made available from NPL New Delhi). All
the chemicals reach the standards of analytical reagent
grade. Distilled water (DW) was used as the medium for
producing the material.

Synthesis of TiO2

The sol-gel method successfully synthesized titanium
dioxide (TiO). In this method, titanium isopropoxide
(TTIP) is used as a source of titanium. In a beaker insert 3.9
ml of TTIP into 60 ml of methanol and then place it on
magnetic stirring at 50°C for 1 hour. Then, a muffle furnace
dried this white precipitate at 600°C for 1 hour. A motor
pistol produced a nanostructured form of TiO» [18].

Functionalization of Graphene (F-GNS)

An acidic treatment was used to functionalize graphene
(GNS). GNS mix with 6M H>SO4 and 6M HNOs used in a
3:1 ratio and mix it properly for 15 minutes. Graphene flask
was added to the solution and ultrasonically processed for 5
hours at 55°C. GNS was functionalized after using
centrifugation, filtration, washing, and drying at 800 C for
16 hr. [19].

Synthesis of  Polyaniline (PANI)/functionalized
Graphene(F-GNS) (1%) and PANI/GNS (2%)/TiO:
(20%)

In situ chemical oxidation polymerization method was used
for the synthesis of Polyaniline (PANI)/F-GNS (1%) and
PANI/F-GNS(2%)/Ti02(20%) nanocomposites [20]. The
weight percentage of GNS to aniline was 1%. Divide the 0.2
M H3,S04 solution in 50 ml of deionized water into two
equal parts. One part, add 0.2 M aniline and functionalized
GNS, then |ultrasonicate for 35 minutes. After
ultrasonication, stir the mixture for 5—6 hours at 0—5° C to
achieve the optimal yield. In another part, add 0.2 M
ammonium persulfate (APS) to the stirring monomer
solution and add it drop by drop. After mixing the reactants,
the solution initially appears greenish and then turns violet.
After around 6 to 7 hours, the black precipitate formed. We
left the precipitate overnight and diluted it with deionized
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water until it became colourless. After washing with
ethanol, it was oven-dried overnight at 80°C. The same
procedure carried out for synthesize the PANI/GNS/TiO,
ternary composite, with a weight proportion of GNS (2%)

and TiO; (20%) used in the 0.2M aniline ratio.

Filtered, Washing by
DW and Ethanols
until the Solution

| become Colorless

Dry

0.2 M (H,S0,)

N
in 30 mL DW.
e s

Left the Precipitate
for overnight

3 igh .| eaNvexsTIOZ
at80°C i Sbiained
—

0.2 M Ammonium

Persulfate (APS)

Solution appers sne-kh &
then turns Violet color

Figure 1: Flowchart of synthesis of PANI/GNS (1%) and
PANI/GNS (2%)/Ti0z2 (20%) Nanocomposite

Characterizations

Table 1: Table shows characterization techniques and the
instrument model used for characterization of materials.

Infrared radiation

Sr. Characterization Instrument Model

No. Techniques

1 X-Ray diffraction Rigaku Mini-Flex 600,
(XRD) Rigaku Japan

2 Fourier Transform Model: Spectrum 400FT-

IR/FIR, Spectrometer.

(FTIR) Perkin Elmer, USA
3 Scanning electron | SEM Model - Carl Zeiss
microscopy (SEM) EVO-18

4 The average particle
size

Image-J application

5 Gas sensing

Tabletop static Gas sensing
unit equipped with two
probes and temperature

controller

1. XRD analysis

Figure 2 (a) shows XRD patterns for Pure Polyaniline
(PANI) characteristic peaks are observed at 26= 15.24°,
20.78°, and 25.26°, corresponding to the (110), (002), and
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Figure 2: (a) Polyaniline (PANI), PANI/GNS (1%), and
PANI/GNS (2%)/Ti02(20%) (b) Pure TiO2

(112) crystal planes. This indicates that the material is semi-
crystalline in nature [21]. In Figure 2 (b) Distinct diffraction
peaks for pure TiO, are noted at approximately 20 values of
25.28°,37.81°, 47.99°, 53.95°, 55°, 62.9°, and 75°. These
peaks align with the crystallographic orientations of (101),
(004), (200), (105), (211), (204), (116), (220), and (215) a
tetragonal structure of the material has obtained. The
individual peaks observed in the TiO, sample may be
accurately matched to the anatase phase (JCPDS-ICDD
card: 21-1272) [15]. When graphene was added to the PANI
matrix, a strong and clear extra diffraction peak of GNS was
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seen at 26.46°, which is the same angle as the (111) crystal
plane. When TiO; (20%) was added to the PANI/GNS (2%)
composite which observed sharp and intense diffraction
peaks are observed in the PANI/GNS(2%)/Ti02(20%)
nanocomposite matrix, which overlaps with the peak of the
TiO2, GNS and PANI matrix. The results display sharp and
intense defined peaks, indicating the highly crystallographic
nature of the synthesized material.

2. FTIR analysis
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Figure 3: (a) Polyaniline (PANT), PANI/GNS (1%), PANI/GNS
(2%)/TiO2 (20%) (b) Titanium dioxide (TiO2)

The FTIR spectroscopic analysis of pure polyaniline
(PANI), titanium dioxide (TiO2), PANI/GNS (1%), and
PANI/GNS (2%)/TiO, (20%) nanocomposites. FTIR
spectroscopy investigation of PANI displays multiple
distinct peaks. The observed peak at 505 cm™ and 1150 cm
! shows the stretching vibrations of the C-H bond. The peak

recorded at 811 cm™ is due to the stretching of N-H bending.
The peak at roughly 1312 cm™! corresponds to the stretching
vibrations of the C-N bond. The peaks at around 1515 ¢cm!
and 1577 cm™ have been assigned to the stretching
vibrations of the C=N bond in the benzenoid and quinoid
rings, respectively [22]. The peaks identified in the 3605-
3728 cm! range correspond to the stretching vibrations of
the N-H bond in the aromatic amine. In Figure 3(b), the
TiO; band is detected at a frequency of approximately 415
cm’! during strong vibration. Furthermore, the frequency of
1637 cm™! corresponds with the stretching frequencies of
antisymmetric Ti-O-Ti and O-H bonds [15]. In the
PANI/GNS (1%) nanocomposite, functionalized graphene
displays a peak at 1730 cm™!, and PANI/GNS (2%)/TiO2
(20%) displays a peak at 1735 cm™ which showing a
characteristic band of the stretching mode of C=0O
carboxylic acid groups [11]. When GNS combines with
PANI. The PANI/GNS (2%)/TiO> (20%) nanocomposite
exhibits a slight shift in PANI frequencies and the presence
of the TiO; band. The FTIR analysis clarifies the presence
of titanium dioxide (TiO») and functionalized graphene
(GNS) embedded within the polyaniline (PANI) matrix.

3. SEM Analysis
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Figure 4: (A) Polyaniline (PANI) (B) Titanium Dioxide (TiO2)
(C) PANI/GNS (1%) and (D) PANI/GNS (2%)/Ti02 (20%).

In Figure 4 (A) The grain structure of pure PANI is
spherical and interconnected networks. However, it is not
uniformly distributed throughout, as depicted in the image.
The average particle size of this structure was measured to
be 97 nm. In figure 4 (B) TiO, nanoparticles have a nearly
spherical morphology, comprising randomly distributed
tiny grains with an average particle size measured to be 51
nm. Figure 4 (C) illustrates the incorporation of polyaniline
(PAN]) into functionalized graphene (GNS (1%)) which
highlights its potential for enhanced absorptivity [19].
PANI/GNS (1%) nanocomposite shows an average particle
size of around 192.7nm. In PANI/GNS (2%)/Ti02(20%)
nanocomposite, TiO, particles were believed to be
embedded within the GNS sophisticated core-shell structure
Constructed by PANI chains. Highly Porous nanostructured
materials are obtained which is very useful for absorption
of LPG gas. The formation of such a structure layer of PANI
embedded in Graphene (GNS) and TiO; nanoparticles
results in nanocomposite with increased surface area. This
increased surface area is advantageous for attracting
molecules. which shows an average particle size of around
173 nm. Nanocomposites with GNS and TIO,
nanoparticles distributed uniformly throughout the PANI
matrix show no signs of agglomeration.

Gas sensing experimental setup

The table top static gas sensing apparatus used to measure
the resistance of LPG It has equipped with two probe
systems, a stainless steel 304 closed chamber and a digital
temperature controller with a range of (250 °C). The
nanocomposites pallet (1.94 mm thickness and 12 mm
diameter) is placed on the surface of the alumina substrate
and two probes are placed on the surface of the pallets then
insert a specified volume (corresponding to 250 ppm, 500
ppm, and 1000 ppm) of LPG gas into the experimental
chamber by using a syringe. Extracted the electrical leads
from the chamber to enable the monitoring of electrical
parameters. The resistance of the pallet is measured with a
specific temperature. a multimeter used to measure the
resistance variation. The resistance variation of the sensing
material at various temperatures measures it to both clean
air and LPG gas. Measure the resistance of the sample,
which should fall within a range from 2 KQ to 20 MQ, using
an adjustable scale that depends upon temperature and gas
concentration.

1. Mechanism of LPG sensing

The gas-sensing process of nanocomposite materials is
based on changes in barrier height or resistance generated
by physisorption and chemisorption on their surface at room
temperature or high temperature [12]. Oxygen molecules

physically adsorb on the active surface of nanocomposite
materials when exposed to air, capturing electrons from the
conduction band and trapping them at the surface as various
oxygen ions species such O-2(ads), O-(ads) O2-(ads) [16].
The sample later interacts with reducing gases like LPG,
which in turn removes the oxidizing ions through a process
known as chemisorption. LPG (butane and propane)
reacting with superoxide anions which may create by-
products such as carbon dioxide (CO,) and water (H>O)
which react with normal operating temperatures signifies
various compositions. The conduction band transfers the
released electron after adsorption. The reversing change
occurs during their capture. As a result, the resistance of the
semiconductor increases in the carrier conduction current
which decreases the electron depletion layer of the
molecules that make up LPG which tends to transfer an
electron to the surface which leads to further increases [23].
At normal temperatures, graphene can change its
conductivity in the presence of many chemical compounds,
regardless of how differently these compounds behave
chemically, making them an extremely sensitive material.
Their increased responsiveness to atmospheric conditions is
a result of GNS atomic arrangement on their surface and
their high area/volume ratio, both of which promote
adsorption processes. There are two possible outcomes
when the chemical agent interacts with the surface of the
GNS, changing their electrical conductivity either the
analyte acts as a scattering potential or the GNS facilitates
charge transfer from the analyte to the nanomaterials. When
the compound that is adsorbed is an electron attractor (hole
donation), the conductivity is increased due to charge
transfer. Analytes that donate electrons reduce the electrical
conductivity of nanomaterials by reducing their hole density
[24]. The PANI/GNS blend and PANI/GNS/TiO;
nanocomposite material interact with pre-adsorbed oxygen
species on the active sensing surface upon exposure to LPG
at the specified concentration in the gas chamber. The "gas
resistance of the sensor (Rgas)” denotes the interaction
between chemisorbed oxygen species on the active surface
and injected LPG molecules. LPG molecules, including
methane (CH4), propane (Cs3;Hs), and butane (CsHio),
engage in electron transfer with adsorbed oxygen species.
The adsorption of LPG on the nanocomposite material leads
to an increase in resistance, while the removal of the doping
anion from the main chain of the PANI also contributes to
this resistance increase [25]. Nanostructured sensing
materials exhibit a superior surface-to-volume ratio,
providing an increased number of sites for the adsorption of
analyte molecules, hence enhancing sensitivity relative to
thin-film materials. Liquid petroleum gas (LPG) acts as an
electron donor, leading to an increase in the resistance of the
nanocomposite when exposed to LPG. Graphene's high
specific surface area can enhance gas responsiveness at
room temperature when combined with metal oxides,
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leading to improved sensitivity and selectivity [26]. The
Sensitivity (%) was calculated by using this formula:

Reas — Ra;
Sensitivity (%) = [%] x 100
Air

Here, Rgas stands for the material's resistance values while
exposed to LPG, and Rair for the sensing material's
resistance values when exposed to pure air [27].

2. Sensitivity
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Figure 5: Sensitivity graph of (a) PANI/GNS (1%) (b)
PANI/GNS (2%)/Ti02(20%).

The data in Figure 5 shows the relationship between
percentage sensitivity and temperature for the PANI/GNS
(1%) and PANI/GNS (2%)/Ti0, (20%) nanocomposite. The
resistance of materials was measured in the KQ to 10 MQ
range. At higher temperatures, the sensitivity was observed
to increase before reaching its peak and subsequently
decrease at higher temperatures [28]. In Figure. 5 (A), it can
be observed that the sensitivity increases initially up to
390C and then decreases. The PANI/GNS (1%)
nanocomposite exhibits maximum percentage sensitivity of
164%, 202%, and 265% for concentrations of 250 ppm, 500

ppm, and 1000 ppm of LPG respectively. In contrast to the
PANI/GNS (1%) nanocomposite, figure 5(B) the
PANI/GNS (2%)/TiO, (20%) nanocomposite exhibits
improved sensitivity, initially increasing up to 37°C and
then declining. They exhibit maximum percentage
sensitivity of 250%, 363%, and 493% for concentrations of
250ppm, 500ppm, and 1000ppm, respectively. In the case
of the PANI/GNS (2%)/Ti02(20%) nanocomposite, a
similar nature was observed, but the sensitivity factor is
higher compared to PANI/GNS (1%) for the range of ppm.
and temperature range slightly improved which is around
37°C.

3. Response (Rs) and Recovery Time (R¢)
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Figure 6: (a) Polyaniline (PANI)/Graphene (GNS) (1%) (b)
PANI/GNS (2%)/Ti02 (20%)

Response (Rs) and recovery time (R:) is another crucial
factor of gas detection. It is the time required by the material
to transform its initial resistance to 90% of its original value
[29]. Figure 6 illustrates that the nanocomposite material
exhibited a notably high and rapid response to LPG
concentrations of 250 ppm, 500 ppm, and 1000 ppm. The
samples demonstrated a consistent and attainable change in
resistance over numerous cycles. Response and recovery
times for PANI/GNS (1%) for 1000 ppm LPG were found
to be 28 sec and recovery time 109 sec. In PANI/GNS
(2%)/Ti02(20%) for 1000 ppm, the response time are 16 sec
and the recovery time is 83 sec. The response and recovery
times exhibit an inverse correlation with the LPG
concentration. The response and recovery time in ternary
nanocomposite material is faster than in binary
nanocomposite material. The graph indicates that increased
concentrations of LPG resulted in prolonged recovery
times. This is likely attributable to the denser characteristics
of LPG [30].

4. Sensitivity vs Concentration of LPG Gas
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Figure 7: Graph displays the sensitivity versus concentration of
LPG gas for the nanocomposites PANI/GNS (1%) and
PANI/GNS(2%)/Ti02(20%).

An analysis of the graph reveals that the sensitivity factor
of the PANI/GNS (1%) and PANI/GNS(2%)/Ti02(20%)
nanocomposite increases as the concentration of LPG rises.
However, the sensitivity of PANI/GNS (1%)
nanocomposite  material is lower compared to
PANI/GNS(2%)/Ti02(20%) nanocomposite material. This
difference can be attributed to the higher concentration of
LPG.

Conclusions
Highly crystalline PANI/GNS (1%) and

PANI/GNS(2%)/Ti02(20%) nanocomposites were
successfully synthesized by the chemical oxidation

polymerization method and TiO, were synthesized by the
sol-gel method. FTIR verifies the presence of functional
groups in the nanocomposites. By embedding a layer of

Table 2. Compares the data with some other reported work for
detection of the LPG.

S Material | Methods Operati | LPG | Respo | Ref
N S of ng conce | nse ere
0. Synthesis temper ntrati | time nce
ature on (sec) S
(ppm | &,
) Recov
ery
time
(sec)
01 | Polyanili Chemical Room 1040 100 [1]
ne/ZnO bath Temper | ppm and
deposition | ature 150
02 | PANI/'M Electrospi | Room 1250 13 [6]
WCNT nning Temper | ppm and
method ature 80
03 | PANI/Ti Chemical Room 1000 140 [23]
0, bath Temper | ppm and
deposition | ature 180
and
electrodep
osition
04 | PANI/Cu | Electrodep | Room 750 120 [24]
2ZnSnS, osition Temper | ppm and
method. ature 125
05 | PANI/CN | Chemical Room 50 20 [25]
T/V,0s oxidation Temper | ppm and
polymeriz | ature 15
ation
method
06 | PANI/Zn | Electrospi | Nearly 1000 110 [28]
(0] nning Room ppm and
method tempera 185
ture
07 | Polyanili | Chemical Room 500 30 [31]
ne/Nb,Os | oxidation Temper | ppm and
polymeriz | ature 50
ation
method
08 | Polyanili | Chemical Room 1000 16 Pre
ne/GNS/ | oxidation Temper | ppm and sen
TiO; polymeriz | ature 83 t
ation stu
method dy

PANI on functionalized graphene (GNS) and TiO;
nanoparticles. SEM analysis produces highly porous
nanostructured materials that result in a nanocomposite with
an increased surface area. In the case of the
PANI/GNS(2%)/Ti02(20%) nanocomposite, the sensitivity
is higher as compared to PANI/GNS (1%) in terms of
concentration of LPG and temperature. To obtain 1000 ppm
LPG at room temperature (37°C), composite nanomaterials
of PANI/GNS(2%)/Ti02(20%) had a response time of 16
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seconds and a recovery time of 83 seconds. The response
and recovery times vary with the concentration of LPG.
Compared to binary PANI/GNS (1%) nanocomposite
materials, ternary nanocomposite PANI/GNS (2%)/TiO;
(20%) materials showed better sensitivity and response and
recovery time.
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Abstract

multichannel filter and sensor applications at terahertz region.

The interaction of wave with matter defines the optical properties of periodic of one-dimensional periodic structure (1DPS) of the
materials. The optical properties like reflectance, transmittance and absorption spectra of one dimensional(1D) tellurium and
polystyrene based symmetric and asymmetric periodic structure theoretically analysed with defect of meta-material using the transfer
matrix method (TMM). Reflectance, transmittance and absorption spectra are analysed for symmetric structure found an enormous
band gap which works as a broadband reflector and asymmetric structure shows the separated huge band gap in two parts. The defect
of meta-material inserted in the tellurium and polystyrene based periodic structures are analysed the broadband reflector,
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Introduction

A periodic stack structure of different dielectric materials,
called photonic crystals (PCs), that controls the
electromagnetic wave propagation by varying the
parameters of dielectric constant. In 1987 first time
Yablonovitch and John have proposed concept of photonic
band gap (PBG) of the PCs due to wave resonance in the
periodicity of the dielectric materials [1, 2]. A PBG depends
upon the index of refraction, number of stacks, fraction of
filling, and incident wave frequency range etc. [3]. The PBG
periodic structures are used in various applications due to
their unique properties for controlling the electromagnetic
waves. These materials have potential candidates for the
development in science and technology, particularly in the
development of optical devices. The simplest PCsare the
layered media having the periodicity of materials in one
direction, called 1DPS, and can be fabricated easily using
the technology of thin-film. 1DPS has various applications

filters,
microwave

in optical and photonic devices, tunable
multichannel filters, broadband reflectors,
absorbers, optical sensors, optoelectronic devices, and

omni-directional filters [4-23].

In 1968, Veselago theoretically predicted the concept of
electric permittivity and magnetic permeability of the
materials are the fundamental characteristics and it
determines the electromagnetic wave propagation in the
matter [24]. These materials, also known as meta-materials,
double negative (DNG) materials, or negative index
materials (NIMs), have both magnetic permeability and
electric permittivity values that are negative at the same
time. Double positive (DPS) materials, on the other hand,
have positive magnetic permeability and electric
permittivity. The Kramers-Kronig relation states that meta-
materials are both dispersive and lossy. Therefore, meta-
materials must have a complicated refractive index. The
wave's propagation is shown by the real component of the
refractive index, while the wave's attenuation or decay is
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indicated by the imaginary part. Meta-photonic crystals are
double negative and double positive periodic formations.
Because of factors including thickness, refractive index,
contrast, and incident angles, these meta-photonic crystals
also displayed two different kinds of band gaps: Bragg's gap
and zero index gap [25-32].

Theoretical Methodology

The reflectance, transmittance and absorption of 1DPS
containing tellurium and polystyrene and defect with meta-
material are calculated using TMM. IDPC is taken as
symmetric  structure (AB)Y  asymmetric  structure
(AB)N/2(AB)N/% and (AB)N/?(M)(AB)N/? where N=6 is a
number of lattice period; A and B are represented as
tellurium and polystyrene, and M denotes the meta-
material, respectively. The relationship is used to determine
the meta-material's magnetic permeability and electric
permittivity [33].

52 10
gm(a))=1+ 2 2 . + 2 2 .
09" - -iwy, 115 -0 -iwy,
32
y7. (a))=1 and the index of

+
0.902° — @’ —iwy,

refraction,n , =./€ U, , o isthe angular frequency in THz,

¥ .and y, are the electric and magnetic damping frequencies.

By examining the characteristic matrix for the photonic
crystal, the optical property of the structure is ascertained.

ie. (AB )N and it can be expressed by [34].

m m
Md — 11 12 1
(d) (mﬂ m,) (1)

where M(d) = (AB )N ; N is number of lattice period, M ,

and M p are the characteristics matrices of material A and

B, respectively.

Incident Wave
A LI Y = = w
Substrate
N

Figure 1: shows the tellurium (A) and polystyrene (B) with defect

of meta-material (M) based 1D symmetric periodic structure.

The matrix M, for each layer where i=A&B is

calculated for the TE wave at the angle of incidence 0 .

i .
cosn. ——sInpg,
M= p @

i i

where 77, = —n,d, cos@,, c is the speed of light in
c

vacuum, 0. is the ray angle inside i layer with a refractive

index as, n;=.pg, p= ’i cosO, and
i

{ 2 .2
cosO, = l—wzeoin which no is the index of
ni

refraction of the air.

The coefficient of transmission of the 1DPS is calculated
by,

_ 2p,
(mi + mi2py)Po + (m21 + ma2py)

3)

where p, =n, cos0,and p, =n, cos O, where n; is the

index of refraction of the substrate, O is the ray angle.

The transmittance of the 1DPS is given by,
T = (&)¢? 4
(2)1e @)

The coefficient of reflection of the 1DPS is calculated by given
relation-

4 M _
my, my Py — My,
0
r= ®)

m
(m11+ 12)+(m21p0 +m22)

0

wherep, =n, cos0, and p, =n, cos 6

of refraction of substrate.

n, is the index

s

The reflection spectra 1DPS are calculated by-

2
R =l 6)
Using the relations of T and R, the absorption spectra of 1DPS are
given by;
A=1-R-T (7)
Results Analysis

In this research article, we have theoretically analysed the
reflectance, transmittance and absorption spectra of
tellurium (Te) and polystyrene (PS) based 1Dperiodic
symmetric, asymmetric and defect with meta-material using
well known simple TMM. The parameters for tellurium
(Te) and polystyrene (PS) material are € yium = 21.16,

Journal of Condensed Matter. 2025. Vol. 03. No. 02

73



Research Article Kumar A et al: Reflectance, Transmission and Absorption Spectra of Te/PS Multilayer Structure

M Telluriume = 1 s I-lTellurium = \/STe]lurium MTellurium

Tellurium —
4nTellurium

d

and e Polystyrene = 256 4

H’Polystyrem =1,n Polystyrene = \/8 Polystyrere uPolystyrem

d A

Polystyrene — where wavelength

4n Polystyrene

A =1.55x10"°m . The permittivity and permeability of
the meta-material are calculated by using the relation [33].

5? 10°
am(m)=1+ > R + > TR ,
09 -0 -0y, 11.5" —0” —ioy,
32
um(co)zl—i— 5 R and refractive index of
0.902° - 1oy,
the material n, =./e U, where g and p, are the

permittivity and the permeability and the thickness of meta-

material d, = of the meta-material (M) layer and @ is the
4n,,
frequency in THz.
T : . ‘ , .
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Figure 2: shows the reflectance, transmittance and absorption
spectra of tellurium and polystyrene based 1D symmetric
periodic structure.

The electromagnetic wave interaction with material plays a
key role to analyse the optical properties of periodic
structure. The optical properties like reflectance,
transmittance and absorption spectra of tellurium and
polystyrene based one dimensional symmetric and
asymmetric periodic structure with defect of artificial meta-
material are analysed using the concept of transfer matrix
method in terahertz (THz) range of electromagnetic
spectrum. The analysed result of tellurium and polystyrene
based symmetric structure shows a huge band gap in
terahertz region. Photonic band gap is the key role in the
direction of optical properties of the periodic structure of the
materials that controls the wave propagation in periodic
structure. On the variation of the variable parameters the
band gap can be tuned of the periodic structure. On the basis
of the behaviour of tuned band gap that decides the

applications in the direction of science and technology. The
band gap of considered symmetry exists nearly frequency
(800-1600 THz) region and this acts as a broadband
reflector as shown in Fig 2. On changing the symmetry of
considered periodic structure shows a huge band gap that
separated in two parts and size of the band gap also
increases on the variation of frequency (THz) range as
shown in Fig 3.

Reflectance
= Transmittance
Absorption

| J

600 800 1000 1200 1400 1600 1800
Frequency [THz)

Figure 3: shows the reflectance, transmittance and absorption
spectra of tellurium and polystyrene based 1D asymmetric
periodic structure.

The defect behaviour is very enormous behaviour to analyse
the optical property of periodic structure of the possible
materials. The defected periodic structure can be tuning the
possible variation of variable parameters that suggested to
development of fabrication of optical device in the
electromagnetic spectrum.

1t ]
09 —r i
—_—
08| A ]
0.7 1
< 06 i
a L
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o 04t

03[
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0.1

600 800 1000 1200 1400 1600 1800
Frequency [THz)

Figure 4: shows the reflectance, transmittance and absorption
spectra of tellurium and polystyrene based 1DPS with defect of
meta-material structure.

In our study, we have considered simple tellurium and
polystyrene based periodic structure with defect of artificial
meta-material to understand the concept of device
fabrication. Reflectance, transmittance and absorption
spectra of tellurium and polystyrene based periodic
structure with defect of meta-material theoretically
investigated the concept of multichannel filter at terahertz
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region. As we inserted the defect of meta-material layer in
the considered periodic structure the behaviour of
reflectance, transmittance and absorption spectra shows
extremely behaviour to develop the multichannel filter and
sensor and absorption-based devices at terahertz region as
shown in Fig 4.

Conclusion

The calculated results of tellurium and polystyrene based
one dimensional symmetric, asymmetric periodic structure
and defect with meta-material shows exclusive result in
terahertz region. The calculated results of considered one
dimensional symmetric periodic structure acts as broadband
reflector and asymmetric periodic structure shows the
behaviour of tuned band gap on changing the symmetry of
periodic structure. The defect of meta-material inserted in
the tellurium and polystyrene based periodic structure and
obtain innovative idea to fabricate the multichannel filter
and sensor at terahertz region.
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Abstract

thermal (k) and decrease in electrical conductivity (o).

The structural, electronic, and thermoelectric properties of the series of full heusler alloys FeaNiTi and its Fea+xNiixTi (x=0, 0.25,
0.5) have been investigated theoretically. Here, we primarily concentrate on the thermoelectric properties of this new class of Heusler
compounds, known as all-3d Heusler alloys. A2BTi type alloys of Fe2NiTi and its Fe (Iron) excess in Ni (Nickel) sites like Fea+xNii-
xTi (x=0, 0.25, 0.5) were studied using Density Functional Theory (DFT) and predicted the electronic structure and thermoelectric
properties. The WIEN2k code's implementation of the full potential linearized augmented plane wave (FP-LAPW) method is a
framework for first-principle computations. The electronic structure shows the material is metallic. The Seebeck coefficient (S) is
found to increase, and the thermoelectric power factor is found to decrease with Fe addition on the Ni sites due to the increase in

Keywords: Density Functional Theory, FP-LAPW, GGA-PBE, WIEN2k code, BoltzTraP code.
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Introduction

Thermoelectric (TE) materials have garnered considerable
interest in the quest for efficient energy conversion and
advanced technological applications. With their unique
properties and potential applications, these materials offer
innovative solutions to some of the most pressing
challenges in energy and technology[1-3]. Thermoelectric
materials are pivotal in advancing energy conversion
technologies, particularly waste heat recovery and power
generation. These materials, which can directly convert
temperature differentials into electric voltage and vice
versa, have gained considerable attention due to their
potential to create sustainable energy solutions [4].

Computational techniques have been essential to discover
novel TE materials with economically viable performance
in recent years. DFT has become one of these techniques
that is particularly effective in predicting the characteristics

of materials [5]. We used DFT to study the thermoelectric
and magnetic properties in the present investigation.

The thermoelectric characteristics of this new class of A,BC
Heusler compound, referred to as an all-3d Heusler alloy,
are quite promising [6, 7]. Fe;NiTi crystallizing in the Cly
structure has been taken as the parent material. This alloy
possesses quite tunable characteristics by changes in the
phase compositions, doping, and site disorder. Heusler
alloys have a significant magneto crystalline anisotropy, as
shown in several investigations [8]. The anisotropy may
also be tuned by interstitial doping, strain, and local atom
ordering, making them a promising contender for
permanent magnet applications. Here, we primarily
concentrate on the thermoelectric characteristics of this new
class of Heusler compounds [9].

Fe;NiTi has a high electrical resistivity (120 pQcm), a
medium compressive strain (5%), and a high compressive
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strength (1280 MPa) [10]. In the current study, we used
first-principles calculations using the full potential
linearized augmented plane wave (FP-LAPW) approach,
which is employed in the WIEN2k program, to determine
the structural and electrical characteristics of FesxNij.xTi
(x=0,0.25,0.5) [11-13]. The thermoelectric properties of the
same system have also been examined using the semi-
classical Boltzmann transport theory. The Perdew—Burke—
Ernzerhof (PBE) framework includes the Generalized
Gradient Approximation (GGA) to handle the exchange-
correlation effects [14]. Hence, in the present investigation,
we report our theoretically predicted thermoelectric
characteristics, such as the power factor, figure of merit,
thermal conductivity, electrical conductivity, and Seebeck
coefficient.

Method

The density functional theory implemented through the
WIEN2K program is used for theoretical calculations [15].
The full-potential linearized enhanced plane-wave method
(FPLAPW) is the cornerstone of this package. According to
our calculations, RMT is the minimum radius, and Kmax is
the highest reciprocal lattice vector; RMT XK max is set at 7,
and RMT is the unit cell's smallest atomic sphere radii,
while Kmax is the plane wave cut-off. We selected the
Perdew-Burke Ernzerhof generalized gradient schemes
(PBE-GGA) as the exchange-correlation potential in our
calculation. For Fe and Ni atoms, the muffin-tin radii were
set at 2.3 atomic units, while for Ti atoms, they were set at
2.24. The maximum value for partial waves within the
muffin-tin spheres was expanded in spherical harmonics up
to lmax=10 to accomplish energy and charge convergence.
An energy cutoff of —6.0 Ryd and 5000 k points were used
for these calculations., The stable structure was produced,
assuming the self-consistency converged at a total energy of
0.00001 Ry. The exchange-correlation potential considered
in the calculations GGA-PBE is given as

ESEATE = [elPF (o ) ' (1)

Ei. denotes the exchange-correlation energy and
€PBE represents the PBE  exchange-correlation energy
density as a function of the electron density p and its

gradient Vp [16].

The Kohn—Sham (K-S) equations are a set of one-electron
equations derived from DFT. These maps the many-body
problem of interacting electrons and nuclei and are the
primary framework for first principles computations. The
linearized-augmented-plane-wave  (LAPW)  approach,
which is used, for instance, in the computer code WIEN2k
to explore crystal characteristics on the atomic scale, is one
of the most accurate ways to solve the K-S equations [17].
APW + local orbital method (linearized) is a sophisticated
computer method used to calculate the electronic structure
of solids wusing DFT. The self-consistent field

(SCF)technique aims to achieve self-consistency between
the input and output electron densities or potentials.

By minimizing the total energy functional for the electron
density, the DFT variational technique ensures that the
estimated ground state energy is an upper bound on the
actual ground state energy [18, 19]. The system's absolute
ground state density and ground state energy are determined
by repeatedly solving the Kohn-Sham equations using the
SCF technique. With reasonable computational effort, this
method enables DFT to characterize the electronic structure
of many-electron systems precisely [20, 21].

The total energy minimization method using Birch-
Murnaghan's equation of state has been used to optimize the
equilibrium lattice parameters of Fe . NijTi (x=0, 0.25,
0.5). The energy curve's minimal value shows the
equilibrium condition of the system. The ground-state
energy with the associated ground-state volume has the
lowest energy. The lattice parameters were computed using
the minimal volume.

The package BoltzTraP, which contains the Boltzmann
transport characteristics program for computing semi-
classical transport coefficients, was used for thermoelectric
calculations. This software, which relies on the density
functional theory within the FPLAPW technique, is
interfaced with the WIEN2k code.

Discussion

1. Structural Properties

Fig 1-(a,b) are the generated crystal structures of the
samples using the software XCrysDen with a new
molecular surface with constant Gaussian function having
pseudo-density surface type of resolution about 0.035 A.
Theoretically calculated structures of the first sample
Fe,NiTi is optimized successfully with space group F-43m
(No. #216) having Cubic symmetry with a lattice parameter
of 5.83 A. This value is very close to the experimental value
of the structural lattice parameter reported by Marathe et al.
[22] and YANG lJihan et al [23]. For the second sample,
Fe»25Nip.75Ti, the volume is optimized with a space group
of P-43m (No. #215) with a lattice parameter of 5.827 A,

Figure 1: Type A>BC unit cells for common Heusler
alloys: (a) primitive 4-atom unit cell (b) conventional 16-
atom unit cell.
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Table 1: The calculated lattice constants (ao, co) in (A), bulk
modulus (B) in (Gpa), volume in (A?), the derivative of bulk
modulus (B'), and the ground state energy (eV) for Fez+xNii«Ti
(x=0, 0.25, 0.5).

crossing the Fermi level in these compositions, giving rise
to their metallic nature.

a)

Compou | ao o V@AY | B B Eo
nd A | @A) (Gpa ev)
)
FeaNiTi 5.82 1 333.77 | 162. 129 | -
68 98 5 9840.5
3
Fe2.25Ni 5.82 113351 0.12 | -
0.75T1 70 4 114. 38866.
82 09
Fe2sNi 4.11 5.81 663.53 | 178. 5.14 | -
05Ti 23 40 18 84 19185.
02

and the third sample, Fe,sNiosTi has tetragonal symmetry
with space group of P-4m2 (No. #115) with lattice
parameter of a=4.1123 A and c/a=1.41. The stable phase of
these structures has been determined by analysing the
structural  characteristics using  Birch-Murnaghan's
equation of state, which describes the energy of a solid as a

function of volume given below

3 2

: e[ 1] [s-s ]} @

E(V)=E, + ﬂ“(%)i -1

Fitting the total energy versus volume of the unit cell is
being done as shown in Fig. 2(a-c) [24]. In this equation of
state, Eo, Bo, Vo, V, and B are the minimum energy, bulk
modulus, reference volume, deformed volume, and
derivative of the bulk modulus with respect to pressure,
respectively, shown in Table 1.

2. Electronic Properties

The energy band gap and density of states Fig. 3 (a-f) show
the band structures of Fe;NiTi, Fe,2sNig7sTi, and Feys
NipsTi samples along the first Brillouin zone’s W —L— A —
I'— A -X—Z — W —K high symmetry directions. Our band
structure plots show that all the materials are metallic.

The conduction band minimum and valence band maximum
indicate the boundaries for the electronic band gap and the
zero-energy reference in eV is Fermi level Er. It reveals that
the compositions are metallic as the conduction and valance
bands overlap. The total density of states (TDOS) and
partial density of states (PDOS) provide further insight into
the electronic properties and the contribution of individual
atoms toward the band structure. We can see that in Fig.4(a-
f) that Fe, Ni, and Ti atom’s s and p states of Fe,NiTi,
Fe»25Nig 75T1, and Fe» sNigsTi has very small contributions
to the band structure. In addition, their d state significantly
contributes to the conduction band compared to its s and p
states. The transition metal atom’s d states are found to be
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Figure 2: Energy versus volume curves of the optimized
structure of a) FeaNiTi, b) Fe225Nio.75Ti, and ¢) Fea.sNio.sTi
alloys.

3. Thermoelectric Properties

We used semi-classical Boltzmann transport theories based
on a smoothed Fourier interpolation of the bands, as
implemented in the BoltzTraP code, to investigate the
thermoelectric characteristics of the compounds [11].
Fig.5(indicates calculated thermoelectric parameters as a
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function of temperature at the Fermi level, including the
Seebeck coefficient, electrical conductivity, electronic
thermal conductivity (ke), and power factor (5%0). 1. Fig.5-
a, b displays the Seebeck coefficient for the compositions
Fe»Nii«Ti (x =0, 0.25, 0.5). In Fe,NiTi, both spin

Fe,NiTi
A Spin Up b SpinDown
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Figure 3: Spin up and spin down energy Band structures of
FeaNiTi, Fe2.25Nio.75Ti, and Fez.sNio.7sTi.

channels have negative Seebeck values, indicating that it is
an n-type material. It shows a Seebeck value of -1.5 pV/K
at the spin-up channel and -35 pV/K at the spin-down
channel at room temperature. Fe; sNig sTi is found to be a p-
type material. In the case of Fe;sNig.75Ti, both spin-up and
spin-down channels show a negative Seebeck coefficient,
indicating that it is an n-type material. S values attain their
room temperature value of -15 pV/K value, which remains
a constant throughout the temperature range of 100 to 900
K. From the plots, it can be noticed that the maximum value
of the Seebeck coefficient is S~ 11.5 uV/K for Fe, sNigsTi
spin up channel and 7.5 pV/K at room temperature, and it
goes on decreasing with increasing temperature. Fe, sNigsTi
also has a positive Seebeck value of 2.5 pV/K with an
increasing Seebeck coefficient increasing with temperature,
and this compound has both spin channels showing positive
values for the Seebeck coefficient.

The total Seebeck coefficient value of the samples, using
the spin up and spin down channel values, are calculated
using  Siw=(SToT+S|o])/cwe Where owi=ct+c] [5], is
shown in Fig 5-b. It is visible that Fe, sNig sTi has a positive
value of Seebeck with 5.5 pV/K at room temperature and
the other [14] two samples have negative values, -16 pV/K
and —

Fe,NiTi

h

DOS (wtateneV)

——

nos

. 1 E 2 '
EmrgieV) Eserpiet)

.
EmergieV)

Figure 4 (a-f). Total DOS/PDOS OF (a-b) Fe,NiTi, (c-d)
Fez_zsNio_75Ti, and (e-f) Fez,sNio,sTi.

20 pV/K for Fe,2sNigsTi and Fe;NiTi respectively [5]. The
Seebeck plot shows the different trends in the sample’s
different spin channels; at room temperature, the Seebeck
coefficient reaches its highest value; at higher temperatures,
it reaches its minimal value. The decreasing trend in the
Seebeck coefficient may be related to increased charge
carrier concentration with increasing temperatures.

Better and more efficient thermoelectric material needs high
values of electrical conductivity. The highest electrical
conductivity per relaxation time exhibited at room
temperature is 3.6 X102 Q'm-'s"! of Fe;NiTi, and the lowest
value of 1.5x10%° Q 'm “!s-! for Fe;2sNigsTi. Low thermal
conductivity values are needed for a better figure of merit.
Fe;2sNig75Ti spin down has the smallest value with 1
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W/(mKs) and the highest value of 2.5 W/(mKs) for Fe,NiTi
spin down channel, and all materials show increased
thermal conductivity with temperature. The power factor
(PF), given by S%c, indicates how well a material converts
heat into electricity. Fe,NiTi spin-up has a good power
factor value of 45x10'° Wm™'K2s’!; the remaining samples
have very low ranges compared to this. Fig 5-d shows total
spins power factor values, making it clear that Fe,NiTi has
the highest value of 26x10'® Wm™'K-%s"! and Fe,25Nig 75Ti
and Fe» sNigsTi have PF values viz. 9.5x10'C Wm'K2s"!
and 1.5x10'° Wm'K2s! respectively. As temperature
increases, the power factor also increases. This is because
metals have a dominant electronic contribution to thermal
conductivity, where the movement of free electrons
primarily carries heat energy. generally, this contribution
has a direct correlation with electrical conductivity.
According to the Wiedemann-Franz law, the electronic
component of thermal conductivity rises with temperature,
raising the overall power factor. Because of their excellent
thermoelectric response, these compositions offer a good
energy-harvesting option for thermoelectric devices.

Fe,NiTi d)
Fey1sNigsTi

Fey NigsTi

) « —Fenitiup n e
[ FeNiTiDa)y g

— Fe,NITH D}

Figure S: a) Seebeck effect for both spins, b) Total Seebeck
effect of three samples, ¢) Electrical conductivity d) Power factor
for both the spin channels, e) Total power factor value of three
samples, f) Thermal conductivity.

The figure of merit (ZT) as a function of temperature from
100 K to 900 K is shown in Fig. 6. FeoNiTi has the highest
ZT value at 900 K. The ZT values for the Fe,NiTi,
Fe»25Nig 75Ti, and Fes sNigsTi alloys are 0.045, 0.012, and
0.0046, respectively.

FeNiTi

ol i FeulemsTl

Fe, Ni Ti

0.03 o

T
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%
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Figure 6: Figure of merit of Fe2NiTi, Fe2.25Nio.75Ti, and
Fe2.sNio.sTi.

Conclusion and Future Prospective

DFT-based WIEN2k code examines the structural,
electronic, and thermoelectric properties of the Fe-based
FerixNiiTi (x=0, 0.25, 0.5). It has been found that the
stable, optimized structure of Fe,NiTi and FessNig7sTi
have space group of cubic with F-43m (No. #216) and P-
43m (No. #215), respectively, while Fe,sNigsTi has a
tetragonal structure with space group of P-4m2 (No. #115).
Calculated structural parameters agree with the reported
experimental values. The full potential linearized
augmented-plane-wave method within the WIEN2k code
was used for the calculations. The metallic nature of these
materials stems from their electronic structure derived using
band structure and DOS calculations using DFT with spin-
orbit coupling. Thermoelectric properties show positive
Seebeck for Fe, sNipsTi and negative value of Seebeck for
FezNiTi, F€2,25Ni0,75Ti.
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Abstract

The electrical transport properties of oxide materials are largely dictated by electron-phonon interactions, which often lead to the
formation of polarons, significantly influencing the conduction mechanism. In the case of the ferromagnetic orthorhombic perovskite
oxide Pr2FeMnOe, the material exhibits insulating behaviour at room temperature, with a resistivity of approximately 4.1 x 103 Q-m.
As the temperature decreases, the resistivity increases markedly, reaching 73.47 x 103 Q-m at 122 K, with a pronounced rise occurring
below 160 K. To elucidate the conduction mechanism, the Variable Range Hopping (VRH) model is applied. This model describes
electron hopping between non-nearest neighbour sites, which becomes favourable when the thermal energy is insufficient for nearest-
neighbour hopping. Instead, electrons preferentially hop to sites with lower potential differences. The temperature dependence of
resistivity is well-described by the VRH model, confirming its applicability in this system. In addition to electrical transport, the
structural and magnetic properties of ProFeMnQOg have also been investigated. Notably, the material exhibits a magnetization reversal
at low temperatures, further enriching its magnetic behaviour and potential applications.
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Introduction

Perovskite oxides have become a focal point in materials
science research because of their exceptional versatility and
diverse range of physical properties, including
superconductivity, ferroelectricity, magnetoresistance, and
catalytic functionality [1, 2]. These properties arise from
their characteristic crystal structure, typically represented
as, where and are cations of different sizes and is an anion,
often oxygen. Substitutions at the sites provide immense
tunability in their structural, electronic, and magnetic
characteristics, making perovskites ideal candidates for
technological applications such as sensors, spintronics, and
energy storage devices [3]. Among the various physical
properties of perovskite oxides, their electrical transport
behavior has been the subject of extensive study. The
conduction mechanism in these materials is predominantly
governed by the interactions between electrons and
phonons, often leading to the formation of polarons. These
quasiparticles, arising due to the coupling of charge carriers
with lattice vibrations, play a critical role in determining the

transport characteristics. Depending on the specific material
and its structural and electronic configuration, different
conduction mechanisms may dominate. These include:
Band Conduction: In materials with sufficient carrier
density and delocalized electronic states, conduction occurs
through band-like motion [4]. In systems with localized
states, carriers hop between these states, overcoming energy
barriers [5]. This mechanism is often described by the small
polaron hopping model, with resistivity expressed as:
Variable Range Hopping (VRH): In disordered systems at
low temperatures, electron hopping between non-nearest
neighbours becomes dominant. These mechanisms
highlight the interplay between the structural disorder,
carrier localization, and thermal activation in oxides,
leading to diverse electrical transport behaviours. This
study focuses on understanding the conduction mechanisms
in the ferromagnetic perovskite oxide, which exhibits
insulating behaviour at room temperature and shows a
temperature-dependent resistivity consistent with the VRH
model [6]. The insights gained contribute to the broader
understanding of electron-phonon interactions and transport
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processes in perovskite oxides, offering valuable
implications for their potential applications in advanced
technologies [7].

Method

The polycrystalline powder was synthesized using the
modified auto-combustion method. Precursors (Pr
(NO3)36H20, Fe (NO3)26H20, and Mn(N03)24H20) were
dissolved in stoichiometric ratios in distilled water. The
solutions were mixed in a 1000 ml beaker in equal weights.
The citric acid in appropriate amounts, was added to the
mixture and stirred continuously. The colloid was
combusted in air at 250 °C for 2 hours to produce
precursors. Pre-calcination was done at 600 °C for 2 hours
to remove all organic materials and nitrates. Calcination is
done in the temperature range of 800-900°C for 12 hours
with intermediate grinding. A PANalytical X Pert powder
diffractometer was used for structural analysis. Rietveld
refinement was performed using GSAS software.
Microstructural images were recorded using a JEOL JSM-
5600LV Scanning Electron Microscope (SEM). Physical
Property Measurement System (PPMS, Quantum Design
Dynacool) used for electrical and magnetic measurements.

Discussion
Structural Properties

The X-ray diffraction (XRD) measurements were
performed over a 2 range of 10° to 90°. The diffraction
pattern was analyzed using the Rietveld refinement method,
and the simulated patterns are presented in figure 1(a). The
refinement confirmed the orthorhombic structure with the
pbnm space group. The refinement yielded a good fit, with
reliability factors, and. Scanning Electron Microscopy
(SEM) images of the sintered pellet, recorded at a
magnification of 15,000x and an accelerating voltage of 10
kV, are shown in figure 1(b). These images reveal that the
sample exhibits a homogeneous microstructure [&].

Magnetic properties

The magnetic measurements in the temperature range of 2—
380 K were carried out for various external magnetic field
strengths according to the measurement protocols. The FC
magnetization exhibited a sign reversal, becoming negative
below a specific temperature when the applied field was 20
Oe, 1000 Oe (figure 2) and 1 kOe. For ZFC magnetization
at 20 Oe, a similar sign reversal was observed at low
temperatures, but this phenomenon diminished as the
external field strength increased. At 10 kOe, the FC
magnetization remained positive across the entire
temperature range(figure 3) [8, 9].
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Figure 1: (a) XRD pattern of PFMO derived from Rietveld
refinement within the 20 range of 10° to 90°, and (b) SEM image
of the sintered PFMO pellet captured at 10 kV with a
magnification of x15000.
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Figure 2: Dc magnetization measured at (a) 20 Oe, (b) 2000e,
(¢) 10000¢ (d) and 10KOe at 2-380K.
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In the FC process, as the temperature decreases, the
magnetization also reduces. Upon further cooling, it sharply
drops and becomes negative below a specific temperature
known as the compensation temperature (Tcomp). The M-T
data at 20 Oe reveals a bifurcation between FC and ZFC
magnetization at 213 K, where the magnetization becomes
negative. As the applied magnetic field increases, the ZFC
magnetization no longer shows a sign reversal, while the FC
magnetization continues to exhibit negative values up to 1
kOe. Beyond this field strength, no sign reversal in
magnetization is observed (Fig. 3(d)). The negative
magnetization in different materials can be influenced by
various factors, including artifacts like the trapped field
from the superconducting magnet in the PPMS. To rule out
such artifacts, the sign reversal of magnetization was
verified through an FC field polarity test. For this test, FC
measurements were conducted twice under magnetic fields
of opposite polarity So we have measured variation of
magnetization with temperature under FC conditions for
applied fields of £500 Oe. When the sample was cooled
from 380 K to 2 K under an external field of +500 Oe, the
magnetization gradually increased, reaching a peak at 174
K. Subsequently, it decreased, crossing zero at Tcomp =57
K, and became negative, indicating that the magnetization
direction opposed the applied field. Conversely, when a
field of -500 Oe was applied, the magnetization showed a
mirror-image behavior: it was negative at high temperatures
but became positive below Tcomp. This observation
confirms that the negative magnetization in the material is
not caused by the trapped field in the PPMS-VSM. Below
the compensation temperature, negative magnetization is
observed, especially at low magnetic fields, due to
interactions between Fe ions and the paramagnetic
contributions of Pr and Mn ions. [10].
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Figure 3: DC magnetization measured at 10KOe in the
temperature range of 2-380K.

Electrical Properties

Materials are generally classified into three categories-

conductors, semiconductors, and insulators-depending on
their behavior in response to an electric field. The concept
of energy bands, which defines the range of energies an
electron can occupy, is fundamental to understanding a
material's electrical conductivity. These energy bands
include the conduction band and the valence band In
insulators, the valence band is fully occupied, while the
conduction band remains empty, separated by a significant
energy gap [11]. In contrast, conductors allow an electric
current to pass through effortlessly because their conduction
band overlaps with the valence band, effectively
eliminating any band gap. Semiconductors occupy an
intermediate position, with their electrical conductivity
falling between that of insulators and conductors. In
semiconductors, the valence band is almost full, and the
conduction band is nearly empty, with a relatively small
energy gap of about 1 eV. Their band structure and atomic
interactions largely influence the electrical behavior of
these materials [12, 13].

In transition metal oxides, the conduction band is
predominantly composed of oxygen 2p orbitals and metal d
orbitals. The transport properties in these materials are
influenced by the directional properties of the p and d
orbitals and the Coulomb interactions within the d orbitals.
The outer d electrons play a key role in determining the
electrical behavior of these compounds. Metal oxides with
disordered double perovskite structures are usually
insulators, where the hopping of charge carriers governs the
conduction mechanism [14].

In insulators, the movement of electrons is slow, leading to
distortions in the surrounding lattice. These distortions
create quantized lattice structures known as polarons, which
facilitate conduction through hopping. This hopping
mechanism can involve either electrons or polarons and
varies across different materials (figure 4). There are three
primary mechanisms for polaron hopping, each illustrated
in figures 5 and 6. The first mechanism is thermally assisted
tunneling, where carriers transition from a lower energy
state to a higher one with the aid of thermal energy. The
second mechanism is temperature-independent tunneling,
where carriers move between states of equal energy without
being influenced by temperature. The third mechanism
involves carriers transitioning from a higher energy state to
a lower one, accompanied by photon emission. figure 5
highlights the three mechanisms of polaron hopping,
labeled as (i), (ii), and (iii). Specifically, the mechanisms are
as follows: (i) thermally assisted tunnelling, where carriers
hop from a lower energy state to a higher energy state, (ii)
temperature-independent tunnelling, where carriers hop
between states of equal energy, and (iii) temperature-
independent tunnelling, where carriers move from a higher
energy state to a lower energy state, accompanied by photon
emission [15]. Several models describe the hopping
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conduction mechanism, including the Arrhenius thermal
activation conduction or bandgap model (TAC), nearest-
neighbour hopping or small polaron hopping (NNH/SPH),
and Mott's variable range hopping model (Mott-VRH). In
the Arrhenius TAC model, the resistivity follows the

A

Arrhenius law: p=p Oexp[ J where is a constant, E, is
k

B

the activation energy.

Y % T .F §
5 “

@c 7 Polaron ®0

Figure 4: Polaron formation and conduction happening in
peovskite structure.

T 1/4
VRH follows the equation, p = p exp (—0) where po and
T

24

To are constants. The equation , N(E.)=

>

1thTos3
representing the density of localized charge carriers, where
¢ is the percolation length of the localized wave function.
At higher temperatures, sufficient thermal energy enables

nearest-neighbour hopping of small polarons between
localized donor and acceptor sites. The NN-SPH model is

represented by an equation where p= AkBTexp[f—fr].

B
Figure 6 illustrates the VRH and NN-SPH mechanisms[16].
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Figure S: Electron /polaron hopping in insulating materials.

Conduction band

4
E hop _4:———»—
t dan d
je——>] VR

Valence band

Figure 6: Mott's Variable range hopping polarons in
perovskite materials.

In certain instances, the conduction process involves the
combined contribution of both variable range hopping
(VRH) and small polaron hopping (SPH) mechanisms. This
cooperative behaviour, referred to as variable range
hopping of small polarons (VR-SPH), can be
mathematically described by integrating the respective
equations for these two mechanisms.

1/4
p=BTexp Eu +(Ej
kT (T

where B is a constant.

Figure 7 (a) presents the resistivity (p) with temperature
(122-300 K). At room temperature, PFMO exhibits
insulating behaviour with a resistivity of approximately
4.1x10°Qm, which is aligned with previous reports. As the
temperature decreases, the resistivity increases, reaching
73.47 x10° Qm at 122 K. A sharp rise in p is observed
below 160 K, consistent with earlier reports. The resistivity
in the temperature range of 2-300 K, as depicted in figure
7, adheres to the VRH model, The In p vs. 1/T" plot is
shown in figure 7 (b). Parameters obtained after fitting (Red
Line), To=0.866X10? K and po =40.42103 Qm. N(EF) = 1

/
7.57x10% ev''m?. Activation energy EA(E , = %9 TO%T%

)is calculated and observed as varying from 0.13 to 0.26 eV
for 122 K to 300 K [6].

Disorder-induced localization of charge carriers in
transition metal oxides plays a crucial role in determining
the hopping conduction mechanism, as described by Mott’s
theory [17]. In Pr,FeMnOs, Fe/Mn site disorder and oxygen
vacancies significantly influence the density of localized
states near the Fermi level, affecting electrical transport.
Cationic disorder at the Fe/Mn sites disrupts hybridization
between B-site transition metals and oxygen, reducing the
effective hopping integral and favouring polaronic
conduction [18]. Similarly, oxygen vacancies act as electron
donors, introducing localized states that facilitate hopping
transport, as observed in La;SryMnOj [19]. Our resistivity
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Figure 7: (a) Temperature-dependent resistivity, and (b)
resistivity fitted using the VRH model.

data follows the Mott VRH model, indicating that charge
carriers hop between localized states at different energy
levels. The extracted hopping parameters, such as
localization length and density of states near the Fermi
level, align with previous reports on perovskite oxides
exhibiting polaronic conduction. These findings suggest
that disorder-induced localization in ProFeMnOgs is a
dominant factor in its transport behaviour [20].Our analysis
provides a broader understanding of how structural disorder
impacts VRH conduction, reinforcing the significance of
disorder-driven transport mechanisms in ProFeMnOe.
Many double perovskites, such as La;NiMnOg ,Gd2NiMnOg
and SmyFeMoOs, exhibit polaronic transport, but the degree
of disorder and electron-phonon coupling varies
significantly across different systems [21, 22]. In
LaNiMnOeg, the transport mechanism is influenced by
Ni/Mn cation ordering, which determines the balance
between metallic and insulating phases. In contrast,
SroFeMoOs displays a unique interplay between spin-
polarized transport and disorder-driven localization, which
differs from the strong polaronic hopping seen in
Pr,FeMnQg. Our study demonstrates that in ProFeMnOg,
Fe/Mn site disorder and oxygen vacancies play a dominant
role in the VRH mechanism, making its conduction
behaviour distinct from these related systems. Unlike La;.
Sr:MnQO3, where hole doping tunes the transport from
insulating to metallic Pr,FeMnOg remains insulating due to

stronger carrier localization effects. The activation energy
and hopping parameters extracted from our data also
suggest stronger electron localization than in many
previously studied perovskites, reinforcing the novelty of
our findings. This comparative analysis places our results
within the broader context of perovskite transport studies
and further validates the distinct nature of VRH conduction
in Pr,FeMnOg.

Conclusion and Future Prospective

The double perovskite PFMO was synthesized using the
citrate-gel combustion method. This compound adopts an
orthorhombic crystal structure belonging to the Pbnm space
group. Below the compensation temperature, negative
magnetization is observed, especially at low magnetic
fields, due to interactions between Fe ions and the
paramagnetic contributions of Pr and Mn ions. The anomaly
associated with the compensation temperature is examined
using established theoretical models. Electrical transport
studies indicate that PFMO behaves as a semiconductor,
with its conduction governed by the VRH mechanism. The
resistivity data within the 122-300 K temperature range
conform to the VRH model, while the density of charge
carrier states confirms the dominance of localized states in
transport properties. These findings emphasize the
material's semiconducting nature and offer important
insights into its charge transport behavior.
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Abstract

The study shows the minimum and maximum values of Young’s modulus, Poisson’s ratio and shear modulus of compounds RhBiHf,
RhBiTi and RhBiZr at zero pressure using ELATE software. Anisotropy parameters Ag and AY for RhBiTi are slightly greater than
the respective values of these parameters for RhBiHf and RhBiZr. The ratios of maximum to minimum values of Young’s modulus
(Emax/Emin), linear compressibility (Bmax/Pmin), shear modulus (Gmax/Gmin) and Poisson’s ratio (Vmax/vmin) for RhBiTi are 1.12, 1.00,
1.14 and 1.26, respectively. The investigation shows the spatial dependence of Young’s modulus, linear compressibility, Poisson’s
ratio and shear modulus of compound RhBiTi through polar plots.
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Introduction

Half-Heusler compounds have been given attention, as they
are likely to be promising thermoelectric energy materials
[1-5]. Half-Heusler compounds are considered suitable
thermoelectric materials [1-5]. Wei et al. [5] studied the
properties of compounds RhBiX (X = Hf, Ti and Zr) within
density functional theory using the WIEN2k Code [6].
Carrete et al. [7] and Feng et al. [8] also studied the thermal
conductivities of these Half-Heusler compounds. Half-
Heusler compounds XYZ exhibit crystal structure with
space group F43m [5, 8-10]. The reported optimized lattice
constants are 6.406 A, 6.444 A and 6.265 A for RhBiHf,
RhBiZr and RhBiTi, respectively [5]. As per Wei et al. [5],
RhBiHf is a direct band gap semiconductor. Compound
RhBiHf has direct band gap of 0.33 eV [5]. Compound
RhBiZr is an indirect band gap semiconductor with a band
gap of 1.06 eV [5]. Thermoelectric parameters (such as
power factor, Seebeck coefficient, etc.) for compounds
RhBiX (X=Hf, Ti and Zr) were studied by Wei et al. [5]. At
300K, reported [5] lattice thermal conductivities of RhBiHf,
RhBiZr and RhBiTi are 7.71 WmK™!, 10.15 WmK! and
10.60 WmK™', respectively. By ratio of bulk modulus to
shear modulus, compounds RhBiX (X = Hf, Ti and Zr) are
expected to have ductile nature, as predicted by Wei et al.
[5]. The computation of forces induced by small
displacements was carried out by Wei et al. [5] using VASP

software [11-17]. To the best of my knowledge, elastic
anisotropy of the compounds RhBiHf, RhBiZr and RhBiTi
has not yet been explored. For the design and fabrication of
thermoelectric devices, elastic anisotropy plays a key role
in determining the preferred orientation of the crystals. The
elastic analysis provides the knowledge of the flexibility
limit of device material to bend or stretch without losing the
optimum functionality. The degree of malleability allows
for thermoelectric devices to be designed from the point of
view of adaptability for ideal applications. The durability of
thermoelectric devices may decrease with repeated bending
or stretching. From the point of view of long-term stability,
the investigation of the elastic anisotropy of these
compounds would be beneficial for the design of devices.

Computational details

Wei et al. [5] calculated the values of elastic constants Cyj,
Ci2 and C4 of RhBiHf, RhBiTi and RhBiZr using first-
principles methods. Simulations were conducted within
density functional theory [18-20] using GGA functional
PBE [21, 22] by Wei et al. [5]. In the present investigation,
values of elastic constants Cj; of compounds RhBiX (X =
Hf, Ti and Zr) have been taken from the reported work of
Wei et al. [5]. Using these values of elastic stiffness
constants [5], the Voigt-Reuss-Hill scheme [23-25] bulk
modulus, shear modulus and Young’s modulus are

Journal of Condensed Matter. 2025. Vol. 03. No. 02

89


file:///D:/JCM/Final%20Articles/Buffer%20Folder/sushilrajpurohit21@gmail.com

Research Article

Rajpurohit S: Study of Elastic Anisotropy of Compounds RhBiX (X = Hf, Ti and Zr)

Table 1: Using values of elastic constants Cj of compounds RhBiX (X = Hf, Ti and Zr) [5], calculated® values of bulk modulus X (in GPa
unit), shear modulus G (in GPa unit) and Young’s modulus £ (in GPa unit) of compounds RhBiX at zero pressure.

Compound Kv Kr Ku Gv Gr Gu Ev ERr En

RhBiHf 126.78  126.78 126.78 49.15 48.98 49.06 130.57 130.18 130.37
RhBiTi 12490 12490 12490 39.20 39.05 39.13  106.47 106.10 106.29
RhBiZr 122.99 122.99 122.99 51.46 51.41 5143 13548 135.37 135.43

aUsing computational ELATE software [26, 27].

Table 2: Using values of elastic constants Cjj of compounds RhBiX (X = Hf, Ti and Zr) [5], calculated® lowest and largest values of Young’s

modulus E (in GPa unit), linear compressibility f [in (TPa)™ unit], Poisson’s ratio v (unitless) and shear modulus G (in GPa unit) of

compounds at zero pressure.

Compound Grin Ginax E in Erax  Pain = Poax =8 Vioin Vinax

RhBiHf 46.77 52.72 124.95  138.89 2.63 0.293 0.370
RhBIiTi 37.20 42.21 101.52  113.81 2.67 0.319 0.402
RhBiZr 50.18 53.38 132.52  139.89 2.71 0.298 0.338

"Using computational ELATE software [26, 27].

Table 3: Using values mentioned in Table 1 and Table 2, elastic anisotropy parameters: ratio of largest to lowest values of Young’s modulus
E, linear compressibility S, shear modulus G and Poisson’s ratio v for compounds RhBiX (X = Hf, Ti and Zr). Elastic anisotropy parameters
Ak, Ac and AY for compounds RhBiX.

Compound Anisotropy

E in PBrin G in Vnin Ay A i
RhBiHf 1.11 1.00 1.13 1.26 0.00 0.0017 0.0174
RhBITi 1.12 1.00 1.14 1.26 0.00 0.0019 0.0192
RhBiZr 1.06 1.00 1.06 1.13 0.00 0.0005 0.0048

Young's Modulus in xy plane

Young's Modulus in xz plane

Young's Modulus in yz plane

Figure 1: Spatial variation (polar plot) of Young’s modulus £ (in GPa unit) of RhBiTi.
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Linear Compressibility in xy plane

Linear Compressibility in xz plane

Linear Compressibility in yz plane

Figure 2: Spatial variation (polar plot) of linear compressibility [in (TPa)™ unit] of RhBiTi.
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Figure 3. Spatial variation of shear modulus (in GPa unit) of RhBiTi using computational ELATE software [26, 27].
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Figure 4. Spatial variation of Poisson’s ratio of RhBiTi using computational ELATE software [26, 27].

computed by means of computational ELATE software [26,
27]. The lowest values of quantities Young’s modulus,
linear compressibility, Poisson’s ratio and shear modulus of
compounds RhBiX at zero pressure are also computed using
computational ELATE software. The largest values of these
elastic quantities are also computed. Elastic anisotropy
parameters are calculated for these compounds. The spatial
dependence of Poisson’s ratio and shear modulus are
investigated by means of computational ELATE software.

Results and discussion

Wei et al. [5] reported elastic stiffness constants Ci; =

181.18 GPa, Ci2 = 96.76 GPa, and Css = 37.20 GPa for
RhBiTi and Ci; = 194.16 GPa, Ci» = 87.41 GPa, and Cus =
50.18 GPa for RhBiZr. Elastic stiffness constants are Cy; =
197.07 GPa, Ci» = 91.64 GPa, and Cus = 46.77 GPa for
RhBiHf as calculated by Wei et al. [5]. The bulk modulus
and shear modulus of compounds RhBiX (X = Hf, Ti and
Zr) were reported by Wei et al. [5]. The Young’s modulus
and Poisson’s ratio of these compounds RhBiX were also
reported [5].

Table 1 shows the calculated values of quantities bulk
modulus, shear modulus and Young’s modulus of
compounds RhBiX (X = Hf, Ti and Zr) at zero pressure as
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per the Voigt-Reuss-Hill scheme [23-25]. Using elastic
stiffness constants C;j for RhBiX as reported by Wei et al.
[5], these elastic moduli (shown in Table 1) are computed
by means of computational ELATE software [26, 27]. For
the calculation of elastic anisotropy, Voigt and Reuss elastic
moduli [23, 24] of compounds RhBiX are calculated in this
work. The values of quantities bulk modulus, shear modulus
and Young’s modulus of compounds RhBiX (X = Hf, Ti
and Zr) as computed by Wei et al. [5] and the respective
elastic moduli values (Ku, Gu and Ey in Table 1) are almost
the same.

All these three compounds have sufficiently high values of
bulk modulus. It is clear from Table 1 that the values of bulk
modulus of these compounds are not much different from
each other. Table 1 shows that compound RhBiTi has the
lowest value of shear modulus among these compounds.
There is about 31% difference in the value of shear modulus
between RhBiZr and RhBiTi. It is evident from Table 1 that
the value of Young’s modulus is the lowest for RhBiTi
among these compounds. As per the Voigt-Reuss-Hill
scheme [23-25], Young’s modulus Ex of RhBiTi is 106.29
GPa. Thus, Table 1 shows the ample mechanical strength of
these compounds RhBiX.

In terms of elastic compliance constants (S;), Young’s
modulus E along the unit vector I; for the cubic crystal may
be shown as [28].

-1
E:{Su—2(S11—S12—%S44)(112122+122132+112132)} (1)

where the direction cosines are denoted by 1, I, and 1.

The directional linear compressibility S for cubic crystal
may be shown as [28].

B=5,+28, 2

Using the values of elastic stiffness constants Cj [5],
computed lowest and largest values of Young’s modulus,
linear compressibility, Poisson’s ratio and shear modulus of
compounds RhBiHf, RhBiTi and RhBiZr at zero pressure
are shown in Table 2. For calculations of these values
(shown in Table 2), ELATE software [26, 27] is utilized.
For linear compressibility, there is no variation in its value
for each compound. Variations in the values of shear
modulus of RhBiHf, RhBiTi and RhBiZr are 12.7%, 13.5%
and 6.4%, respectively, concerning their respective
minimum values. The maximum percentage changes in the
values of Young’s modulus of compounds RhBiHf, RhBiTi
and RhBiZr are 11.2%, 12.1% and 5.6%, respectively, with
reference to their respective minimum values. It is obvious
that RhBiZr has a lower percentage change in the quantities
of shear modulus and Young’s modulus in comparison to
those of RhBiHf and RhBiTi. The variation in the value of

Poisson’s ratio is nearly 26% each for RhBiHf and RhBiTi,
whereas it is 13.4% for RhBiZr relative to their respective
minimum values.

Table 3 reveals the various elastic anisotropy parameters.
The ratios of largest to lowest values of Young’s modulus,
shear modulus and Poisson’s ratio of compounds RhBiX are
represented in Table 3.

There are different ways to represent elastic anisotropy. The
elastic anisotropy parameters (Ax and Ag) may be
represented in the following way [29, 30]:

= 3

Ao Gy +Gy (3)
K, -K

4, =Y "R 4

SR+ K, “)

It is evident from Table 3 that the value of the elastic
anisotropy parameter Ax for each compound RhBiX (X =
Hf, Ti and Zr) is zero. The value of the elastic anisotropy

parameter Ag for compound RhBiZr is lower than those of
compounds RhBiHf and RhBiTi.

Ranganathan et al. [31] defined the universal elastic
anisotropy index (AY) in the following way:

=B O g ®)

R GR

The value of AY of compound RhBiZr is 0.0048. The values
of AY of compounds RhBiHf and RhBiTi are 0.0174 and
0.0192, respectively.

Figure 1 shows the spatial variation of Young’s modulus E
(in GPa unit) of RhBIiTi. Spatial variation of linear

compressibility [in(TPa)™ unit] of RhBiTi is shown in
Figure 2.

The spatial variation of shear modulus (in GPa unit) of
RhBiITi is illustrated in Figure 3. For the Poisson ratio of
RhBIiTi, spatial variation is represented in Figure 4. For
plotting, Figure 3 and Figure 4, convention as described by
Marmier et al. [32] is implemented.

In order to plot Figure 1 to Figure 4, elastic constants Cy,
Ci2 and Cy44 of RhBITi as reported by Wei et al. [5] are used
as input parameters.

Conclusion and Future Prospective

The present study reveals the elastic anisotropy of
compounds RhBiX (X = Hf, Ti and Zr). The shear modulus
of RhBiHf varies from 46.77 GPa to 52.72 GPa. The
maximum change in values of shear modulus of RhBiHf,
RhBiTi and RhBiZr are 12.7%, 13.5% and 6.4%,
respectively, with reference to their respective minimum
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values. Directional Young’s modulus of RhBiTi varies from
101.52 GPa to 113.81 GPa. Compound RhBiZr has a lower
percentage change in Young’s modulus in comparison to
those of RhBiHf and RhBiTi. The values of the universal
elastic anisotropy index (AY) for RhBiTi and RhBiZr are
0.0192 and 0.0048, respectively. From the point of view of
mechanical stability, the results of the present investigation
may be utilized for the preferred orientation of crystals for
the fabrication of devices using these compounds. In this
calculation, our elastic anisotropy results depend on the
values of elastic constants. As far as the experimental values
of the elastic constants of these compounds are concerned,
to the best of my knowledge, these values are not known.
The computed elastic constants may vary significantly with
computed lattice parameters. The calculated elastic
constants by the first principle method also depend on the
used exchange-correlation functional. Hence, our elastic
anisotropy results are also dependent on the used PBE
functional in the reported work of Wei et al. Nevertheless,
the low order of values of the universal elastic anisotropy
index of these compounds clearly indicates that the order of
elastic anisotropy would be low. Our results may be
validated by future experimental research. Elastic properties
of compounds RhBiX (X=Hf, Ti and Zr) with doping of
appropriate elements may be investigated in future research
to reveal the possibilities of appropriate utilization of these
compounds in devices. Future research may shed light on
investigations of pressure-dependent elastic properties.
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Abstract

A highly cost-effective synthesis approach has been adopted to prepare stable V205 nanorods for energy storage device applications.
The as synthesized nanorods are thoroughly characterized using advanced techniques, including scanning electron microscopy
(SEM), X- ray diffraction (XRD), UV visible and photoluminescence (PL). The mentioned techniques were performed to provide
the valuable insight into the morphological, structural, optical and photoluminescence properties of as-synthesized V205 nanorods.
X-ray diffraction exhibits the structural properties with the highest Bragg’s angle observed at 8.66 degree. Surface morphology of
the as prepared and calcinated nanorod’s samples was studied by using the scanning electron microscope (SEM). The observed
bandgap of NRs was calculated using tauc- plot and achieved at 2.61 eV. The photoluminescence spectroscopy demonstrates the
luminescence behaviour of as synthesized nanorods. Aforementioned synthesis and results achieved through characterizations
exhibits its potential suitability for photodetector applications.
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Introduction Our study presents a hydrothermal synthesis approach that
enables fine-tuning of nanorod dimensions, crystallinity,
and luminescent properties. By optimizing critical reaction
parameters such as precursor concentration, reaction
temperature, reaction time, and pH, we have successfully

Nanostructured materials are at the forefront of cutting-edge
technological advancements, particularly in energy storage,

catalysis, and optoelectronic devices. Their nanoscale
synthesized uniform V.Os nanorods with enhanced optical

and electronic characteristics. The hydrothermal method,

dimensions and high surface-to-volume ratio result in

unique physical and chemical properties that outperform

their bulk counterparts. Among these materials, vanadium known for its ability to control particle size and morphology

pentoxide (V20s) has received significant attention due to through aqueous-phase reactions at elevated temperatures

its superior electrochemical properties, high thermal and pressures, provides a reliable and eco-friendly route to

stability, and wide bandgap, making it an excellent high-purity V:0s nanostructures. This synthesis strategy

candidate for lithium-ion batteries, supercapacitors, and enhances the material's optical properties by reducing

photodetectors [1.2]. structural defects and optimizing bandgap energy, making
it  suitable for  high-performance optoelectronic
applications.

In recent years, one-dimensional (1D) nanostructures, such
as nanorods, have gained prominence due to their

anisotropic morphology, which enhances electron mobility A thorough characterization of these nanorods was
and facilitates efficient light-matter interaction [3]. V20s conducted using advanced techniques, including SEM for
nanorods, in particular, exhibit remarkable structural and morphological analysis, XRD for structural properties, UV-
optical properties, making them highly suitable for energy visible spectroscopy for bandgap estimation, and PL

spectroscopy for evaluating luminescence behavior. These
analyses provide deep insights into the material properties,
which are crucial for tailoring their performance in

storage and optoelectronic applications [4,5]. However, the
challenge lies in synthesizing V:Os nanorods with precise

morphological and structural control while maintaining _ _
cost-effectiveness and scalability. optoelectronic and energy storage devices [8,9].
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The luminescence properties of vanadium-based
nanostructures have been extensively studied, with reports
suggesting that the presence of oxygen vacancies and defect
states plays a significant role in determining emission
characteristics [10,11]. Additionally, previous studies have
demonstrated that the luminescence behavior of V20s can
be tuned by controlling synthesis parameters, doping
elements, and nanostructure morphology, making them
versatile candidates for applications in optoelectronics, bio-
imaging, and sensing [12-14].

Furthermore, compared to other synthesis methods, such as
sol-gel or chemical vapor deposition, the hydrothermal
approach used in this work is advantageous in terms of
simplicity, scalability, and precise control over the growth
environment. The resulting V20s nanorods exhibit superior
crystallinity, reduced grain boundary defects, and enhanced
charge transport properties, making them promising
candidates for applications in lithium-ion batteries,
supercapacitors, and photodetectors [15,16].

In conclusion, our cost-effective synthesis method,
combined with detailed characterization, demonstrates the
potential of V20s nanorods for high-performance
applications. Their promising structural, optical, and
luminescent properties suggest their suitability for lithium-
ion batteries, supercapacitors, photodetectors, and light-
emitting diodes [17-19].

Method

A standard protocol for producing a nano-structured V20s
compound at a low temperature using the hydrothermal
method is Dissolve 1.304 gm of VOSO4 in 80 mL of
deionized water (DI) while agitating the mixture vigorously
until the solution becomes translucent blue. Gradually add
5 mL of 1% NH4OH to the solution drop by drop, while
continuously stirring. Slowly raise the temperature of the
solution to 65°C in a water bath, maintaining gentle stirring.
Hold this temperature for 90 minutes. As the solution cools,
it will turn green After cooling, pour the solution into a 100
mL stainless steel autoclave lined with Teflon and bake it
for 12 hours at 120°C. After the hydrothermal treatment,
collect the product by vacuum filtration [4]. Dry the
collected materialovernight in an oven at 60°C.The resulting
dry V20s powder was then subjected to structural,
morphological, and electrochemical analysis. Figure 1
illustrates the formation of V20s nanorods through this step
production process. The hydrothermal method was chosen
for its capability to produce high-purity nanorods with
controlled growth parameters. This technique offers
advantages such as precise morphology control, high
crystallinity, and eco-friendliness. Key parameters
influencing the nanorod formation include precursor
concentration, reaction temperature, duration, and pH.

These factors were carefully optimized to ensure the
synthesis of high-quality nanorods with desirable
properties.

L @ ¥ *

VOSO4 + INHAOH — VO(OH)2 + (NH4)2S04 2VO(OH) + INHAOH — V20 + 3H20 + INH3 + H21

Figure 1: Schematic diagram of V205 nanorods.

X-Ray Diffraction (XRD) Analysis
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Figure 2: The XRD pattern of V20s powders obtained via
modified hydrothermal method usingof 1% NH.OH.

The XRD pattern of V>0s nanorods, obtained via a modified
hydrothermal method, exhibits well-defined peaks
corresponding to an orthorhombic crystal structure. The
crystallinity and phase evolution of V20s were investigated
using XRD. The synthesized V20s's XRD pattern is
displayed in Figure 2, with prominent peaks at 28 = 25.5°,
26.1°,32.3°,34.2°,47.2°,49.4°, and 61.9°. According to the
Shcherbianite phase (JCPDS-89-2483), these peaks line up
with the (210), (101), (011), (301), (600), (121), and (701)
crystal planes of the orthorhombic structure of V205 [4]. A
well-ordered crystalline structure was indicated by the
highest Bragg's angle, which was found to be 8.66°.

UV-Visible Spectroscopy

The UV-Vis absorption spectrum of the V.Os nanorods
shows strong absorption in the visiblerange. Using a Tauc
plot, the optical bandgap was calculated to be 2.61 eV,
indicating their suitability for optoelectronic applications,
such as photodetectors. As shown in Figure 3, the
absorbance characteristics highlight the material's
capability to interact effectively with visible light. This
wide bandgap allowsthe nanorods to effectively absorb
visible light, making them ideal for devices requiring high
optical sensitivity [10].
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Figure 3: The shows the UV-visible reflectance spectra of
V,0s NRs.

Scanning Electron Microscope (SEM)

Figure 4: SEM micrographs and their magnified images of as
prepared VO2 nanorods.

The scanning electron microscope (SEM) was used to
examine the surface morphology of the as-prepared and
calcined samples. Figure 4 displays the SEM picture of the
produced sample, which reveals the nanorod-based
microspheres [11]. Each microsphere is between two and
three millimetres in size. The surface morphology of the
produced and calcined samples was examined using
scanning electron XRD to investigate the crystallinity and
phase development of V:0s, as demonstrated by the
microstructure. The morphology of V20s nanorods
significantly influences their luminescence properties.
Structural variations lead to changes in defect states and
oxygen vacancies, which, in turn, affect radiative
recombination processes. A more detailed discussion has
been added to explain the role of morphology in modifying
optical emission characteristics.

SEM analysis reveals the surface morphology and size
distribution of the nanorods, highlighting their uniformity
and elongated 1D structure, which is essential for efficient
electron transport [12]. XRD patterns confirm the
crystalline structure of V2Os, with the highest Bragg’s angle
observed at 8.66°, indicating the presence of well-ordered

crystal planes, which is critical for the stability and
performance of the material in energy storage applications
[13-15].

Furthermore, UV-visible spectroscopy is used to calculate
the optical bandgap of the nanorods using a Tauc’s plot,
yielding a bandgap of 2.61 eV. This relatively wide
bandgap suggests that the V20s nanorods are well-suited
for optoelectronic devices, particularly photodetectors,
where high optical sensitivity is required [16]. The
bandgap of 2.61 eV, observed in the UV-visible
spectroscopy analysis, is relatively modest but aligns well
with previous studies on V:0s nanorods. This value is
justified based on structural and defect-related
modifications. Additional references have been cited to
support this observation.

Photoluminescence Spectrum (PL)
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Figure 5: PL spectrum with a peak at 530 nm, indicating green
light emission.

The photoluminescence (PL) spectrum shows a strong
emission peak at 530 nm, highlighting efficient radiative
recombination,  characteristic =~ of  vanadium-based
nanostructures. Figure 5 illustrates this PL spectrum,
emphasizing the emission profile of the synthesized V2Os
nanorods. The PL properties of V:0s are of particular
interest for applications in light- emitting devices and
sensors, where their ability to emit light at specific
wavelengths can be tuned based on the nanostructure’s size
and composition. The observed luminescence further
supports the potential of V20s nanorods in optoelectronic
applications [17]. SEM analysis shows uniform, elongated
V205 nanorods, essential for efficient electron transport.
XRD confirms a crystalline structure with a Bragg’s angle
of 8.66°, vital for stability in energy storage [18,19]. UV-
visible spectroscopy reveals a bandgap of 2.61 eV,
indicating  suitability = for optoelectronic  devices.
Photoluminescence studies highlight the tuneable
luminescent properties, supporting their use in light-
emitting devices and sensors [20]. To ensure practical
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applicability, luminescence stability over time was
assessed. Our findings indicate that the emission peaks
remain stable under continuous exposure, with only minor
degradation observed over extended periods

Conclusion and Future Prospective

A cost-effective hydrothermal approach was used in this
study to successfully synthesize and fully characterize V.Os
nanorods. The orthorhombic crystalline structure was
validated using XRD, and homogeneous, elongated
nanorods were observed in SEM analysis. The bandgap,
determined to be 2.61 eV, was assessed using UV-visible
spectroscopy, while luminescence properties were
investigated via PL spectroscopy. These findings indicate
that V:0s nanorods are suitable for optoelectronic
applications, including photodetectors, light-emitting
devices, and energy storage applications such as
supercapacitors and lithium-ion batteries. Future work will
focus on doping strategies to further tailor the optical
properties and enhance stability.
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Abstract

In recent years, spinel ferrites have attracted considerable research interest due to their distinctive structural, magnetic and electrical
properties, positioning them as promising candidates for a wide range of advanced technological applications. Aluminium substituted
cobalt-zinc spinel ferrite with chemical composition Coo.2ZnosFe2xAlxOs (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) were synthesized by the
sol-gel auto-combustion technique. The structural properties of the synthesized ferrites were studied by X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, energy dispersive X-ray (EDX) analysis, transmission electron microscopy (TEM)
and magnetic properties were analyzed by vibrating sample magnetometry (VSM). XRD results confirmed the formation of a single-
phase cubic spinel structure with a space group Fd-3m and particle sizes were in the range of 12 nm to 72 nm. The FTIR spectra
showed distinct absorption bands around 570 cm™ and 450 cm™, which were attributed to the stretching vibrations of metal-oxygen
bonds at tetrahedral and octahedral sites, respectively. The magnetic studies demonstrated a progressive reduction in magnetic
properties with increasing aluminium substitution concentration, culminating in the observation of superparamagnetic behavior at
higher substitution levels. This behaviour is indicative of the significant influence of aluminium substitution on the magnetic

characteristics of the material.
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Introduction

Recently, metal-oxide nanoparticles have gained significant
attention owing to their unique properties that distinguish
them from bulk materials. Among these, spinel ferrites are
particularly important in both industry and research because
of their outstanding electrical and magnetic properties.
Spinel ferrites have diverse applications in medicine,
electronics,  energy  storage and  environmental
photocatalysis [1-3]. Zinc substituted cobalt ferrite
nanoparticles are utilized in electronic devices such as
transducers, transformers, and sensors due to their high
magnetic, optical, and electrical properties [4-5]. Zinc

ferrite nanomaterials with doped variants are the most
suitable for magnetic hyperthermia therapy and targeted
drug delivery because of their excellent biocompatibility
and magnetic properties [6]. Therefore, research on non-
magnetic doped cations in cobalt-zinc ferrite is crucial due
to its potential benefits to society. Spinel-type ferrite is
characterised by chemical formula MFe,O4 (M = Co, Ni,
Mn, Mg, or different divalent cations) with interstitial
tetrahedral (A) and octahedral (B) sites. The distribution of
cations within these interstitial sites plays a crucial role in
determining the essential properties of the ferrites [7-8].
Spinel ferrites are often categorized as normal, inverse or
mixed depending on occupancy of divalent cations and Fe**
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ions at interstitial sites. Mixed ferrites are regarded as
important materials among these three categories due to
their wide range of tunability in its properties. The spinel
structure of ZnFe,O4 is normal, with all Fe*" ions present in
B sites and all Zn?" ions in the A sites. In contrast, the spinel
structure of CoFe;0y is inverse, with Fe*" ions distributed
almost equally between the B and A sites and the Co?" ions
primarily in the B sites. Thus, cobalt zinc ferrite has a
structure similar to mixed spinel [9-10]. The structural and
magnetic characteristics of mixed spinel ferrites have been
significantly impacted by the substitution of nonmagnetic
Al*" ions [11]. Over recent decades, multiple studies have
been conducted to explore and enhance the magnetic and
electrical properties of mixed ferrites through various
synthesis techniques that involve substituting different
divalent and trivalent cations. Several synthesis techniques,
such as sol-gel auto-combustion [12], co-precipitation [13],
hydrothermal [14], high-energy ball milling [15] and micro-
emulsion [16] have been developed for synthesizing cobalt
zinc ferrite nanoparticles. The sol-gel auto-combustion
technique is particularly advantageous due to its ability to
produce nanocrystallites with minimal contamination, low
cost, high reactivity, straightforward processing and
enhanced control over particle size and uniformity [17].
This study investigates the impact of aluminium
substitution on the structural and magnetic properties of
cobalt zinc ferrite (Coo.2Zno.sFea—AlxO4, where x = 0.0, 0.2,
0.4, 0.6, 0.8, 1.0) synthesized via the sol-gel auto-
combustion method. The synthesized samples were
characterized using X-ray diffraction (XRD), transmission
electron microscopy (TEM), energy-dispersive X-ray
spectroscopy  (EDX), Fourier transform infrared
spectroscopy (FTIR), and vibrating sample magnetometry
(VSM). The obtained results are systematically analysed
and discussed in this paper. Overall, this study contributes
valuable insights into the influence of Al doping on the
properties of cobalt zinc ferrite, offering potential pathways
for the customization of ferrites in various applications.

Method

Nanoparticles of aluminium-substituted cobalt zinc ferrite,
with the chemical composition Coo.2Zno.sFe2—Alx Os (Where
x =0.0, 0.2, 0.4, 0.6, 0.8, 1.0), were synthesized using the
sol-gel microwave assisted auto-combustion method. The
precursor materials included cobalt nitrate hexahydrate,
zinc nitrate hexahydrate, ferric nitrate nonahydrate and
aluminium nitrate nonahydrate, all of analytical reagent
(AR) grade with 99% purity, procured from Merck. Urea
was used as a fuel in a stoichiometric ratio. The metal
nitrates and urea were dissolved in deionized water to form
a homogeneous gel solution, which was continuously
stirred using a magnetic stirrer at 70°C until gel formation.
The formed gel spontaneously ignited in a microwave oven,
producing a loose powder. This powder was then finely

ground using a mortar and pestle and annealed at 800°C for
4 hours to obtain the final nanoparticle phase.

The characterization of the synthesized samples was
conducted using various analytical techniques. Fourier
Transform Infrared Spectroscopy (FTIR) was performed
using a Bruker 3000 Hyperion Microscope with a Vertex 80
FTIR System. Powder X-ray diffraction (XRD) analysis
was carried out using Rigaku Miniflex 1800 with Cu-Ka
radiation (operating at 40 kV and 15 mA) over a 20 range
of 10°-80°. For elemental microanalysis, a JEOL JSM-
7600F Field Emission Gun-Scanning Electron Microscope
(FEG-SEM) equipped with an Energy Dispersive X-ray
Spectroscopy (EDS) detector was used. Transmission
electron microscopy (TEM) was performed using Tecnai
G2 F30 Field Emission Gun-Transmission Electron
Microscope (FEG-TEM) operating at 300 kV for high-
resolution imaging. Finally, magnetic measurements were
conducted at room temperature using a Lakeshore 7410S
Vibrating Sample Magnetometer (VSM).

Result and Discussion

FTIR Analysis

FTIR spectroscopy is a valuable technique for analysing
cation distribution in spinel ferrites, as well as lattice

vibrational modes. Figure 1 shows the infrared spectra of
Coo2Zng sFesxAlyO4 in frequency range 400-4000 cm™.
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Figure 1: FT-IR spectrum of Coo2Zno.sFe2xAlxO4.

Tetrahedral and octahedral clusters are identified by the
existence of distinctive absorption bands in the frequency
range of 450 cm™! and 570cm’!, that validate the stretching
vibration resulting from interaction between the oxygen
atom and cations in tetrahedral and octahedral sites in the
spinel lattice structure [18]. The values of the corresponding
bands have been presented in Table 1. It is found that both
tetrahedral and octahedral vibrational frequencies shift
towards higher frequencies as the Al*" ions' concentration
increases. This shift indicates changes in force constants
and bond lengths within the lattice as well as the expansion
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of sites due to cation migration among them. The following
relation is used to calculate the force constant values.

K= 4n’c™v?u (1)

Where ¢ = speed of light, v denotes the vibrational
frequency. The reduced mass p is calculated by finding
molecular weight of cations in octahedral sites, tetrahedral
sites and oxygen atom. Where K; and K, is the force
constant in accordance with both the sites i.e., tetrahedral
and octahedral and K, is the average force constant. In the
Al-substituted cobalt zinc ferrite, we observe notable trends
in band edge positions and force constants as shown in
Table 1.

Table 1: The absorption bands (v1, v2) and force constant (Kt, Ko)
in Coo.2Zno sFe2xAlxO4.

X Position of band | Force constants, N/m
edge, cm?!
Vi V2 Kk Ko Ka

0 462.9 556.93 161.4 254.23 | 207.815

0.2 | 467.14 563.45 157.55 258.54 | 208.045

0.4 | 459.16 582.12 143.15 273.98 | 208.565

0.6 | 476.93 594.05 139.82 282.84 | 211.33

0.8 | 483.34 632.72 118.96 318.05 | 218.505

1 500.89 604.31 76.3 287.14 | 181.72

The low-frequency band (vi) fluctuates initially but
generally increases, indicating changes in cation
distribution and lattice dynamics, while the high-frequency
band (v2) consistently rises, suggesting lattice stiffening due
to AI** ions. The tetrahedral force constant (K,) decreases
significantly, implying weaker tetrahedral bonds as Fe*" is
replaced by AI**. The octahedral force constant (K,) initially
increases, peaking at x = 0.8, before decreasing, indicating
structural imbalance. The average force constant (K.)
follows a similar trend. Moderate Al substitution (x = 0.6 -
0.8) stabilizes the lattice, while excessive substitution
weakens it.

X-RD Patterns Analysis

The X-ray diffraction patterns of Al-substituted cobalt-zinc
ferrite (Coo.2Zno.sFe>~ Al Os; x =0.0, 0.2, 0.4, 0.6, 0.8, 1.0)
confirm the formation of a single-phase spinel ferrite
structure. Figure 2 presents the diffraction patterns, where
the most intense reflection is observed for the (311) plane,
along with additional peaks corresponding to the (220),
(400), (422), (511), and (440) planes. These characteristic
reflections indicate the formation of a cubic spinel structure

with the Fd-3m space group [19].
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Figure 2: X-RD Pattern for Coo2ZnosFe2xAlxO4 (x = 0.0, 0.2,
0.4, 0.6, 0.8,1.0).

The absence of secondary phases suggests the successful
incorporation of AI*" ions into the ferrite lattice without
disrupting its fundamental structure, making the material
suitable for further investigation. All the peaks in the
diffraction are indexed and refined by Powder X software.
The crystallite size (D) of the samples was determined using

the Debye-Scherrer equation (2).
_0.89A
- B Cosb

@

where A is the X-ray wavelength, B represents the full-width
at half-maximum (FWHM) of the (311) peak, and 6 is the
Bragg diffraction angle [20]. The calculated crystallite sizes
for different compositions are presented in Table 2. The
results show that crystallite size varies significantly with
AI** substitution, initially increasing and then decreasing at
higher concentrations.

Table 2: Structural parameters of Coo.2Zno.sFe2xAlxOa.

(x) Crystallite | Interplanar | Lattice X-ray
size spacing d Consta density
(nm) (A%) nt pm (g/cmd)
a(A?)

X= 47 2.5497 8.4566 0.3766

x=0.2 | 48 2.5406 8.4263 0.3689

x=04 | 72 2.5323 8.3987 0.3610

x=0.6 | 17 2.5112 8.3288 0.3545

x=0.8 | 12 2.4878 8.2513 0.3456

x=1.0 | 13 2.5139 8.3379 0.3329

The initial increase in crystallite size (x = 0.4) suggests that
A" enhances grain growth up to a certain limit. The sharp
decrease in crystallite size at x > 0.6 indicates that excessive
Al*" substitution inhibits crystal growth, possibly due to
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lattice distortion and increased strain. This trend implies
that aluminium incorporation inhibits grain growth at higher
concentrations by introducing lattice strain and increasing
nucleation sites, resulting in finer crystallite sizes. The
lattice constant (a), determined using interplanar spacing (d)
through Bragg's law, shows a systematic decrease with
increasing AI** concentration, as presented in Table 2. The
observed contraction in lattice constant is attributed to the
smaller ionic radius of AI** (0.59 A) compared to Fe** (0.63
A) [21]. As Fe* ions are progressively replaced by Al**
ions, the shorter bond lengths lead to an overall reduction in
lattice size. The slight increase at x = 1.0 suggests a possible
rearrangement of cations within the spinel lattice. The X-
ray density (px) was calculated using the formula:

p, = 3)

_NA ad

where M is the molecular weight of the sample, N4 is
Avogadro’s number, and a is the lattice parameter. The
calculated X-ray density values, presented in Table 2, show
a continuous decline with increasing AI** substitution. This
continuous decrease in X-ray density is primarily due to the
lower atomic weight of AI** (26.98 g/mol) compared to Fe**
(55.85 g/mol). As AP** replaces Fe*" in the lattice, the
overall molecular weight of the unit cell decreases, leading
to a corresponding reduction in X-ray density. This trend
further confirms the successful incorporation of AI** ions
into the ferrite structure and the associated lattice
contraction. The XRD study indicate that moderate AI**
substitution (x = 0.4-0.6) promotes crystallinity, while
higher concentrations (x > 0.8) induce lattice distortion and
grain refinement, affecting the overall microstructural
stability of Co-Zn ferrite.

EDS Analysis

The elemental composition of aluminium-substituted cobalt
zinc ferrites, was analysed using energy dispersive X-ray
(EDS) spectroscopy.
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Figure 3: Energy dispersive X-ray analysis spectra of
Coo0.2ZnosFerxAlxOs (2) x =0 (b) x=0.2 (¢) x=0.4 (d) x = 0.6
(e) x =0.8 and (f) x = 1.00 samples.

The characteristic EDS spectra, shown in Figure 3(a)—(f),
confirm the presence of Co, Zn, Fe, Al, and O elements,
indicating the successful incorporation of aluminium into
the ferrite lattice.

The experimentally obtained elemental percentages closely
align with the nominal composition, validating the accuracy
of the synthesis process. Furthermore, the absence of
significant material loss or extraneous elements within the
detection limits ensures the high purity and compositional
integrity of the synthesized samples.

TEM Analysis

According to the HRTEM images, the obtained sample's
particles are agglomerated and have a size that is entirely
consistent with the information obtained from the X-RD
investigations.

The agglomeration is due magnetic nature of the sample and
large surface to volume ratio.
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Figure 4: TEM Image of Coo.2Zno.sFe2xAlxO4 (x=0.6) and
Histogram.

The Figure 4 indicates the HRTEM image of synthesised
sample for the composition x=0.6 its particle size
distribution histogram.

Figure S: HR TEM Image of Coo.2ZnosFe2xAlxO4 (x=1.0).

The Figure 5 gives the HRTEM image for the composition
x= 1.0 at the scale of 2nm indicates the crystalline nature
with interplanar spacing equal to 0.257nm, which is closely
matched with the data of X-ray diffraction.

Magnetic Measurement

The typical hysteresis loop of Cog2ZngsFer.xAlkOs with
varying composition of x are shown in Figure.5 there is
gradual decrease in saturation magnetization (Ms) from
5.444 emu/g to 1.799 emu/g with negligible value of
coercivity (He) from 8.2353 Oe to 1.3504 Oe. The spinel
ferrite's A-site and B-site cation occupancy and exchange
interaction strength causes the variation in saturation
magnetization (M).

Magnetic Field ( Oe)

015 .

0.10 4

0.05

T T T—Erfif = - T T T
-15000 100065008 5000 10000 15000
— 5

Magnetization ( emu g™)

-0.10

-0.15

Figure 5: Hysteresis loop of Coo.2Zno sFe2 xAlxOa.

Tetrahedral A-site magnetism in spinel ferrite is anti-

parallel to octahedral B-site magnetization. Neel's
molecular field model indicates that A-B super-exchange
interactions predominate over the A-A and B-B
interactions [22].

The equation (4) provides net magnetic moment in ferrites.
n(x)= Ma(x)~ Ma(x) 4

The B- and A-sublattice magnetic moments in Bohr
magneton (uB) are represented as Mg(x) and Ma(x),
correspondingly. The saturation magnetization depends on
the concentration of aluminium, and it is found that as
aluminium' concentration saturation
magnetization decreases. The lower magnetic moment of
the AI** ion relative to the Fe*" ion (5uB) is the cause of this
declining tendency. Based on particle sizes that ranged from
17nm to 12nm, the decline in saturation magnetization with
x > 0.4 can also be elucidated. As the size of the grains
increases, their contribution reduces, and Neel's two sub
lattices indicate that the magnetization value surpasses the
theoretical limit. The relationship between coercivity (Hc)
and grain size can be understood through the domain
structure, critical diameter, and crystal anisotropy. Due to
thermal factors, coercivity in single domain region falls as

increases,

grain size decreases. In single domain region, the coercivity
H. is given following equation.

Heg = 5)
Where g and h are constants. ‘D’ represents particle
diameter [23]. Even at the greatest applied magnetic fields,
the single domain structure with superparamagnetic nature
is indicated by the negligible values of coercive field and
remanence magnetization (M;) and the lack of full
saturation.

Conclusion

The  Aluminium-substituted Cobalt Zinc  Ferrite,
Coo.2Zno.sFe2Alx O4 (X = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0), was
successfully synthesized using the sol-gel microwave-
assisted auto-combustion method. The infrared spectrum,
displaying fundamental peaks at 450 cm™' and 570 cm,
confirms the formation of metal oxide bonds in the
synthesized mixed ferrite. X-ray diffraction analysis
identified a single-phase cubic spinel structure with the
Fd-3m space group, exhibiting particle sizes ranging from
12 nm to 72 nm. Magnetic measurements reveal a
superparamagnetic nature characterized by a single domain
structure and a negligible coercivity value of 1.3504 Oe,
particularly in particles as small as 12 nm. The study
demonstrates that Aluminium substitution leads to lattice
contraction and enhanced crystallinity up to an optimal
concentration of x = 0.6; higher concentrations result in
lattice distortion and inhibited crystal growth due to induced
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stress and altered cation distributions. Furthermore, the non-
magnetic nature of Aluminium dilutes the overall magnetic
properties of the material, affecting saturation
magnetization and coercivity. Thus, controlled AI** doping
is essential for optimizing the structural and magnetic
characteristics of ferrites, making it significant for tailored
industrial applications.
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Abstract

Traditional computer systems are becoming unable to handle the needs of upcoming data-intensive applications. Resistive random
access memory devices (RRAM), which offers a potential advancement in existing computing design, are preferred as promising
alternatives for the application in neuromorphic computing. In this work supramolecular Mg(II)-based metallohydrogel, referred as
Mg@5AP was synthesized by Samino 1pentanol as Low Molecular Weight Gelator (LMWG) at normal temperature. From scanning
and transmission electron microscopy (FESEM and TEM), we observed a unique network of rectangular, pebble-like structures
within Mg@5AP. From Fourier-transform infrared (FT-IR) spectroscopy, we identified organic compounds which were present in
this metallohydrogel. Here, we prepared schottky diode with the configuration of metal-semiconductor-metal using Mg@5AP. To
investigate its charge transportation property, we developed Mg@5AP based RRAM device with lateral and vertical configurations
which exhibited a bipolar resistive switching behavior. Behind this switching mechanism, formation and rapture of conduction
filament between two electrodes were responsible. It demonstrated impressive endurance with a high ON/OFF ratio (~120) upto
5000 switching cycles. Here, 2x2 crossbar array based on Mg@5AP was also prepared to demonstrate logic gate operation. In this
work, it was confirmed that it worked as in-memory computing where storage and processing both were occurred simultaneously.
Therefore, it provided a cost-effective and environmentally friendly alternative to conventional heavy metal-based memory systems
for high-performance data storage.

Keywords: Supramolecular Mg(Il) metallogel, Schottky Diode, Resistive Switching, Conduction filament, Neuromorphic
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Received 30 January 2025; First Review 8 April 2025; Accepted 18 April 2025.

* Address of correspondence
Soumya Jyoti Ray

Technology Patna, Bihar-801106, India.

Email: ray@iitp.ac.in Available from:

How to cite this article

Arpita Roy and Soumya Jyoti Ray, An Effective Supramolecular Mg(II)-
Department of Physics, Indian Institute of | Metallohydrogel based Non-Volatile Memory Device with Supreme Endurance,
J. Cond. Matt. 2025; 03 (02): 107-113.

https://doi.org/10.61343/jcm.v3i02.104

Introduction

A supramolecular metallogel [1-3] refers to a gel designed
by the self-assemble of metal ions or metal by non-covalent
interactions such as H-bonding, n-n stacking, van der Waals
force. Unlike traditional gels formed by covalent bonds,
supramolecular gels are held together by these reversible
interactions, allowing for dynamic and versatile properties.
Molecules in these gels organize themselves into a 3d
network, trapping solvent or liquid within this structure.
Besides this, low molecular weight gelator (LMWG) is a
small molecule which is capable of forming gels by self-
assembly at relatively low concentrations. They have the
unique ability to form gel networks through non-covalent
interactions. In this work, Samino 1pentanol serve pivotal
role as a LMWG within this metallohydrogel. There are lots
of applications of this metallogel in diverse fields such as
sensors, memory gadgets, catalysis, semiconducting diodes,
magnetic performance etc.

Here, we have successfully synthesized a novel
mechanically stable metallogel using 5amino 1pentanol
only as single LMWG and Mg(II) metal ions sourced in N,
N-dimethylformamide solvent. Notably, we accomplished
this without any requirement of additional supporting
ligands. This work mainly highlights the capability of
metallogels to contribute as a crucial component in
constructing metal-semiconductor (MS) junction devices
exhibiting Schottky barrier properties and non-volatile
memory device functionalities [4-6]. Owing to its
compatibility with CMOS design, simple configuration,
cost-effectiveness, low power consumption [4], fast data
transfer speed, stability [7], reliability [8], resistive random-
access memory (RRAM) technology [9-13] is advantageous
for upcomimg generation memory design, and also
neuromorphic [14-15] and in memory computing [16,17].
Recently, researchers have already demonstrated switching
performance of transition metal oxide-based RRAM device
[18-21]. Nevertheless, researchers seek alternative devices
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Figure 1: (a) FESEM pattern of Mg@5AP metallogel, (b) TEM
image of Mg@5AP metallogel, (¢) FT-IR spectra of Mg@5AP,
(d) Tuac's plot for Mg@5AP metallogel and UV-Vis absorption
spectra (inset).

to enhance the switching performance, with metallogel
presenting potential due to their semiconducting behavior
and capacity for device fabrication. Our research begins by
introducing the key synthetic strategies and characterization
methods for Mg(II) based metallogel. Next, it provides an
overview of this metallogel-based memristive material and
their commonly used switching mechanisms. Moreover,
flexible electrical and optoelectronic devices with memory,
sensing, and optical detecting capabilitics can be made by
developing metallohydrogel-based RRAM structures on
flexible substrates.

However, memristors hold significant applications in
designing logic gate circuits because of their nonlinearity
and non-volatility [22-23]. This work provides a clear
outline of logic gate and assesses their part in the memory
related application. Here, we have demonstrated the
applications of this device in memristor arrays for logic
implementation. The work also explores recent
advancements in metallogel based memristor for
neuromorphic computing, data storage, artificial synapses,
logic circuit etc. At last, it discusses the experiments,
development trends, and future perspectives by offering a
guidance for development of efficient supramolecular
Mg(II)-metallogel based memristors and their applications
in information technology.

Methodology

1. Material

Magnesium Nitrate Hexahydrate and 5amino 1pentanol
were used to synthesize the metallohydogel (Mg@5AP).
Both chemicals were utilized in their as-received state
without additional purification. Double-distilled water was
consistently used in all experiments.

2. Preparation of Mg(Il) metallohydrogel (Mg@SAP)

A 500 pL clear solution containing Mg(NO3),-6H>0 (0.256
g, 1 mM) and 500 pL of Samino lpentanol are rapidly
combined within 5 mL glass vial at normal temperature.
Following a gentle shaking of this vial, a white-coloured
Mg@5AP is instantly created.

3. Fabrication of device

We created a device with a Schottky diode structure with
lateral configuration such as ITO /Mg@5AP/ITO (Device
1) (Fig. 2(a)) to show their electrical behavior in this study.
To create MS junction, we have drop-casted Mg@5AP
metallogel on an ITO (Indium Tin Oxide) substrate. ITO is
a perfect material for photo-excitations because it is both an
excellent electrode and transparent substance optically in
visible area. We also fabricated two RRAM devices with
vertical configurations of ITO/Mg@5AP/Cu (Device 2) (as
shown in Fig. 3(a): inset) and Cu/Mg@5AP/Cu (Device 3)
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Figure 2: (a) Representation of Mg@5SAP based-device-
(ITO/Mg@SAP/ITO), (b) IV curve for same device on linear
scale, (¢) IV curve on logarithmic scale, (d) H versus. I graph;
dV/d(In I) versus. I graph for same device.

(as shown in Fig. 4(a): inset) to develop RRAM device. In
both configurations, Mg@5AP was deposited onto the
substrate (bottom electrode). Then, the topmost electrode
(Cu) is kept onto the material for making this device.

Outcomes
1. Structural Analysis of Mg@SAP metallohydrogel

FESEM and TEM images of Mg@5AP metallogel shows a
distinctive hierarchical network of flake-like patterns which
are shown in Fig.1 (a,b) respectively. EDX mapping further
corroborates the composition of the network which
confirms the existence of carbon (C), oxygen (O), nitrogen
(N), magnesium (Mg) arising from Mg(NO3),, 5-amino-1-
pentanol and DMF molecules (as shown Fig.S1).

2. Analysis of Fourier Transform Infrared Spectra (FT-
IR) of Mg@SAP metallohydrogel

FT-IR spectra of the Mg@5AP provides insights into the
primary interactions between Samino lpentanol and the
source of Mg(Il) in this gel formation (Fig. 1(c)). Within
this spectrum, broad peaks within 3380-3230 cm!
correspond to O-H- stretching, while peaks at 2950 cm™! and
2086 cm™! are corresponded to C-H- stretching vibrations,
C-H- bending vibrations respectively. Additionally, 1640
cm! and 1355 em™ correspond to N-O- stretching and C-N
stretching respectively. Furthermore, to understand the
robustness of the interaction between Samino 1pentanol and
the solution of magnesium nitrate, an observable peak at
640 cm is identified (Fig. 1(c)). This specific peak
signifies the presence of Mg-O bonds, providing further

confirmation of the metallohydrogelation process.
3. Optical characterization

To establish the optical behaviour of the synthesised
Mg@5AP, Ultra-violet-visible spectra (inset of Fig. 1(d))
were analysed using the Tuac's Plot, as shown in Fig. 1(d).
A wavelength range from 250 nm to 800 nm was taken for
the measurement. From the UV-vis spectrum, we used
Tauc's equation (1) to estimate the direct bandgap (E,) of
this metallogel Mg@5AP:

(ahv)® = A (hv—E,) 1)

Where a = Coefficient of Absorption, Eg = band gap, h =
Planck's constant, and v = frequency of the light. In the
processes, "n" is the constant (n=2); "A" is also constant
(A=1). We determined E,, which is 4.90 eV, by ranging the
linear area of the plot (ahv)? versus hv (Fig. 1(d)) up to the
region where there is no absorption. This type of high
bandgap materials typically absorb less in the visible
spectrum which makes the device more optically
transparent. This is useful in transparent electronics, UV
photodetectors, and solar cells with wide-spectrum
coverage. They are often more thermally stable, which
could make the device suitable for use in high-temperature
or harsh environmental conditions. This also leads to lower
leakage currents and better control over charge transport,
which is beneficial for low-power electronic applications.

4. Electrical Characterization of Device

In order to provide an accurate measurements of the
material's semiconductor nature, the charge transportation
properties of Mg@5AP based RRAM devices are done by
two-probe arrangements. I-V curve of ITO/Mg@5AP/ITO
(device-1) in the voltage (-5 V to +5V) is displayed in Fig.
2(b) on linear scale. In both +ve and -ve polarity, the current
increased with voltage beyond this region. By using
thermionic emission theory (TE Theory), Schottky diode
parameters are derived from the IV curve. Cheung [24]
proposed this technique. The equations (2-3) are used to
evaluate the measured IV curve:

I = I,exp (%) [1 —exp (%)] 2)
Iy= AAT? exp (S222) 3)

Here, Ip = Current of saturation; q = Charge of electron; kg
= Boltzmann Constant; T = Temp; V = Voltage; &g =
Height of barrier potential; A = Effective Area of Diode; Rg
= Resistance in series; n = Factor of ideality; A* = Effective
Richardson Constant (~32 AK2cm™).

Here, log(I) versus. log(V) graph is plotted (Fig. 2(c)) to
define the conduction mechanism. At lower voltage zone, it
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followed Ohomic conduction with the slope of 1; but in
higher voltage region, it followed Space-Charge-Limited
Conduction mechanism with the slope of m=4.39.
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Figure 3: (a) Diagram of ITO/Mg@5AP/Cu device (inset), with
IV curve of this device in linear scale, (b) I-V characteristics upto
1000™ cycle, (¢) Voltage distribution function of SET and RESET
voltage for multiple devices, (d) Conductive filament model of this
device. The following places have been located using the I-
V curve: (a) The ions move towards the intermediate layer after
applying a positive voltage of 0.5 V; (b) at 9.94 V, the Cu ions,
Mg ions, and oxygen vacancies produced a conducting filament-
type structure; (c) at —4 V, all the ions including Cu ions, Mg ions
return to the top electrode; and (d) at —0.5 V, all of the ions are
gathered at the top electrode and switched into HRS.

The value of Rs; 1; and ®p are determined from equations
(4-6). Here, dV/d(In ]) versus I and H versus I were plotted
to obtain the constraints of device 1, as shown in Fig. 2(d).
The intercept of H versus. I graph was used to define the
height of barrier, and the intercept of this graph was used to
get the ideality factor (7). We determined the ideality factor
(n) which is 13.497 that is greater than the actual value. The
high ideality factor may arise from interface traps, surface
roughness, or imperfect contact between ITO and this
metallohydrogel, leading to non-uniform potential barriers.
This discrepancy of it could be produced by the interfacial
resistance, presence of interface states and the impurities in
the Schottky barrier itself. The value of (¢p5) which is
0.0258 ¢V, is established for device-1. Therefore, these
characteristics such that a lower height of barrier potential
and greater value of ideality factor are important for
developing Schottky diode. The slope of the graph of
dV/d(In I) versus I and H versus I (Fig. 2(d)) was also
calculated to obtain the value of the resistance in series
(~1358.04 Q). This diode can be useful for making different
electronic devices.

To analyze the resistive switching behavior (RS) of
ITO/Mg@5AP/Cu  (device-2) we have fixed the
Compliance Current (CC) at 10 mA before starting the
experiments. IV curve of this device is displayed on linear
scale in Fig. 3(a). The applied voltage follows this
sequence: 0OV—10V—>-10V—>10V. This IV characteristics
display a proper hysteresis that is a signature of memristive
behaviour. Firstly, the current rises linearly. When applied
voltage increases, the IV graph demonstrates a nonlinear
nature above a certain voltage of 5.85V and then the current
increases rapidly. Then the device is switched to a Lower
Resistance State (LRS) from a Higher Resistance State
(HRS), as specified by SET voltage (Vser = 10V) and it
stays in ON state. In the negative zone, the voltage
decreases, it goes into OFF state and the current decays
quickly. After a reverse cycle, it increases until it goes to an
LRS. When Vreseris -9.98V, it goes to the HRS. A negative
voltage is necessary to restore a device to its initial state,
this is essential evidence of the bipolar RS behavior of this
device. We have again examined the entire IV curves for
device 2 up to 1000™ cycles and observed that there isn't
much more variation in the current value up to the 1000
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cycle (Fig. 3(b)). Therefore, metallohydrogel-based RRAM
devices are reliable and do not degrade upto 1000™ cycles.
We have also plotted voltage distribution function of SET
and RESET voltage for multiple devices as shown in Fig.
3(c).

In the semiconducting layers of device 2, conducting
filaments [25] are formed and the main reason behind this
filament formation is the migration of copper ions, oxygen
vacancies and Mg ions (Fig. 3(d)). We can easily explain
the change from the HRS to LRS by the development and
breaking of Cu conductive filaments. As we already know
that their chemical formula is Cu—> Cu?" + ¢". Cu ions may
go towards the electric field and then they are ionized.
When we apply +ve voltage, Cu?" ions, oxygen vacancies
and Mg ions travel to the in-between layer. The device
changes to LRS from HRS during SET process and then
concentration of all ions will go to the bottommost
electrode. Then the device residues in the same state until a
negative voltage is applied to the electrode during RESET.
When a negative voltage is supplied, it enters the HRS. At
the end of the procedure, all ions return to the topmost
electrode.

Fig. 4(a) shows I-V curve of device 3 (CuMg@5AP/Cu)
with two states (Vsgr = 7.17V and Vggeser = -9.98V). To
understand its mechanism, IV curve is fitted in a log scale
in SET process (Fig. 4(b)). In the lower voltage range of OV
to 2V, the current is seen to vary linearly with slope of 1.09
and from 2V to 5V, the slope of m= 1.39 that means it shows
Ohmic conduction. But in the higher voltage range of 5V to
10V, it follows a SCLC mechanism with slope of 4.10. We
have also measured endurance up to 5000 multiple cycles
(Fig. 4(c)). The average ON/OFF ratio of this device, which
is to be around 120, shows highly robust switching
behaviour. This indicates that there won't be any
degradation in the device's memory response, that is
advantageous for practical application in designing memory
circuit. As seen in Fig. 4(d), we have also conducted
retention test for devices 3 for up to 107 s. Device 3's
switching process is reliable for a maximum of 107 seconds.
Additionally, we have noticed that the device’s ON/OFF
ratio is approximately 90. It is concluded that these devices
have no degradation in data storage for up to 107 seconds.
We have also described the electrical performance of
different RRAM devices as shown in Table 1.

In our study, we have also designed Mg@5AP based 2x2
cross-bar array and demonstrated logic gate operation. We
have placed our sample at the interception of two Cu
electrodes as shown in Fig. 5. Mg@5AP based RRAM
devices are defined as A; B; C; and D.
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Figure 4: (a) Diagram of Cu/Mg@5AP/Cu-device (inset), with its
IV curve on linear scale, (b) I-V Curve on a log scale, (c)
Endurance test of same device, (d) Retention test of this device.

Table 1: Comparative studies of different RRAM devices.

RRAM device Endurance Retention ON/OFF Ref.
(cycles) (s) ratio
AL03/ZnO- based 10* 10* 10° [26]
RRAM

Pt/AlOx/ZnO/Ti 10° 10* 10? [27]

Pt/HfO2/TiOx/Pt 100 10* 107 [28]

Graphene/HfO/TiN 10° 10* 10? [29]

hBN/AIOx/TiOx/ITO 100 10* 107 [30]
Cu/Mg@5SAP/Cu 5000 107 107 This work

-OR gate Circuit

4 1) e

OR gate symbol

NOT gate Circuit

NOT gate symbol
Figure 5: Circuit diagram of Logic gate

In case of OR gate, when there is zero voltage at device A
and B, that means both are in "0" state, then Vo (Output
voltage) = 0.09V mentioned to as "0" state. When 5V is
applied to A and 0OV is provided at B, then Vo= 4.89V
referred to as "1". Similarly, when OV is provided to A and
5 V is applied to B, then Vo = 4.86 V which is also
mentioned to as "1". When we apply 5 V to the both A and
B, then Vo= 4.85V corresponds to “1”. The truth table of
OR gate is given in Table 2.

Journal of Condensed Matter. 2025. Vol. 03. No. 02

111




Research Article Roy A et al.: An Effective Supramolecular Mg(ll)-Metallohydrogel based Non-Volatile Memory

Table 2: OR gate Truth Table.

VA input VB input Vo State
0 Volt 0 Volt 0.09 Volt 0
5 Volt 0 Volt 4.89 Volt 1
0 Volt 5 Volt 4.86 Volt 1
5 Volt 5 Volt 4.85 Volt 1

Similarly, we have also designed NOT gate using device-D
and it obeys NOT gate truth table (Table 3).

Table 3: NOT gate Truth Table.

Vinput Vo State
ov 4.83V 1
5V 0.06V 0

The current configuration can be further stretched to
incorporate larger-cross-bar arrays in order to accomplish
more intricate logic and computation processes. This can be
the basis for in-memory computing, as demonstrated here,
in which regulating and storing information are done at the
same circuit level. Thus, a variety of engineering
approaches based on the principles of integrated circuit can
be investigated through the use of memristor based crossbar
arrays in logic gate.

Conclusion

Mg@5AP metallohydrogel was effectively synthesized by
rapidly mixing of Mg(NOs),:6H,O with 5-amino-1-
pentanol in an aqueous medium at normal temperature.
Microstructural investigations from FESEM and TEM
exposed the pebble-like structure of this gel, while FTIR
spectra characterized intermolecular interactions. Tauc plot
showed the semiconducting behaviour of this gel. MS
junction-based Schottky diode was developed using this
Mg@5AP metallogel. Moreover, ITO/Mg@5AP/Cu and
Cu/Mg@5AP/Cu devices are fabricated, both exhibiting
bipolar RS behavior. This behavior was recognized to the
development and rapture of conduction filaments.
Impressively, they demonstrated non-volatile switching
behaviour, maintaining an excellent ON/OFF ratio (~120)
over 5000 multiple cycles without any electrical
degradation. Recent research suggests that this gel is a
promising candidate for memory device applications due to
its strong RS behavior and significant ON/OFF ratio. It is
also a desirable choice for applications in neural circuit
design, neuromorphic computing and also for the
development of flexible electronic devices by utilizing the
thin films of Mg@5AP for cutting-edge technology due to

its stable switching performance and adaptable
functionalities.
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Abstract

detail.

Minimizing environmental impact requires efficient energy storage, which is essential for the transition to renewable energy.
Lithium-ion batteries (LIBs) are widely recognized for offering high energy density and long lifespan, making them a key technology
in this transition. Their lightweight design also helps lower emissions in portable devices, contributing to a more sustainable energy
future. A critical component of LIB is the cathode material, which plays a vital role in determining the battery's overall performance,
capacity, and stability. Among the various cathode materials, LiCoO: is widely used due to its excellent electrochemical properties
and stability. In order to find out how temperature affects the structural and morphological characteristics of LiCoQ., it was
synthesized using the sol-gel process conducted at various temperatures. Utilizing X-ray diffraction (XRD), the study confirmed the
crystallinity and defects while field emission scanning electron microscopy (FESEM) was employed to study the surface structure
and to determine particle size. The impact of temperature on the structural characteristics of LiCoQ: is reported and discussed in
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Introduction

The development of high-energy density batteries has
become a top priority due to ever increasing demand for
energy storage. The depletion of non-renewable resources
like coal and petroleum along with their environmental
impact, serves as a strong push toward a transition to
renewable energy sources. Renewable energy sources that
are naturally available such as solar, wind, biomass, tidal,
and geothermal energy, are safe for the environment and do
not contribute to global warming by emitting harmful
greenhouse gases.

LiCoO: is one of the widely used cathode materials due to
its better electrochemical properties and high stability. The
crystal structure, particle size, and overall distribution of
LiCoO: are greatly influenced by the choice of material and
synthesis method. Among the various techniques, the sol-
gel method offers significant advantages due to its
capability to control factors like surface area, particle size,
and morphology, key element for improving Li-ion
diffusion and enhancing electrode performance. In this
process, precursor solution underwent hydrolysis to form

colloidal sol or gel, when the gel is further heated, it
transforms into the desired material with enhanced
properties. In order to maintain stoichiometry control and
produce small, evenly distributed particles, chelating agents
are used.

In this study, LiCoO, was synthesized using the sol-gel
method to explore how different temperatures affect its
morphology and structure. X-ray diffraction (XRD) was
used to analyse the nature, crystallinity and defects, while
FESEM was employed to study the surface structure and to
deduce particle size. The influence of temperature on
LiCo0O:’s structural characteristics is investigated to
contribute to the development of high-performance cathode
materials for LIBs [1-4].

Experimental details
Material Synthesis

To prepare LiCoO:, a solution was created with LiNOs and
Co (NOs)2:6H-0 in distilled water, maintaining Li: Co
ratio as 1.1:1 as outlined by Predoana et al. [5]. A
complexing agent, citric acid, was dissolved in water and
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added to the solution. The mixture was heated to 70-80 °C
under continuous magnetic stirring until it formed a gel.
After the formation of the gel, one sample LiCoO; referred
as LC80, was maintained at 80 °C until it converted to ash
as the final product. Another similar composition sample,
LiCoOs; referred as LC300 was heated in the 250-300 °C
range until it also transformed into ash completing to the
final product. Thereafter, both the samples were placed at
room temperature to cool down at its own. The crystalline
powders were obtained using a two-step process in a muffle
furnace. The first step involved calcination of the materials
at 300 °C for 20 to 30 minutes, followed by a second stage
of sintering at 700 °C for 24 hours.

X-ray diffraction (XRD) Study

It is one of the essential techniques in materials science, is
used to analyze precise information and to examine the
atomic-level crystallographic structure of both natural and
synthetic materials. Because of the rotational projection of
the randomly oriented reciprocal lattices, the powder
diffraction pattern yields one-dimensional data instead of
the three-dimensional position of each reflection. A prism
or grating can be used to separate light into distinct
frequencies, similar to the mechanism of an infrared
prism. Every crystalline material has a unique diffraction
pattern, and each phase in a mixture of crystalline
substances generates a distinct pattern. This pattern is like
a fingerprint, making it suitable for the characterization of
polycrystalline phases.

The analysis of diffraction is governed by Bragg's law. The
peaks that are seen when X-rays are diffracted from a
crystal's lattice planes are indication of constructive
interference.

Incident Scattered
beam

|ni=2dsin 6| "ea’"%

Atomic planes

Figure 1: X-ray diffraction.

The inter-planar distance is represented by d, X-ray
wavelength by "A", and the incident angle by "8" in this
case, where n represents the order of constructive
interference.

XRD measurements were performed across a 20 range from
0° <20 < 90° to examine the structural properties of the

samples (LC80 and LC300). Crystalline size (D),
dislocation density and microstrain (g), were determined.
The Crystalline size was determined using the Scherrer
equation [6]:

D=KA/PBcosb (1)

where (K) is the shape factor (here 0.9), (A) is the
wavelength of the X-ray source which is 0.154 nm, (f) is
the full width at half maximum (FWHM) in radians, and (0)
is the Bragg angle (half of the 20 angle), also converted into
radians for accurate calculations.
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Figure 2: XRD of LC80.
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Figure 3: XRD of LC300.

XRD pattern of LC300 displaying a decrease in peak
intensity as compared to LC80, suggesting decreasing
intensity with the increase in temperature.

Material characterization using FESEM

The incident electrons will exhibit a hemispheric diffusion
if the specimen's element has a high atomic number, and a
teardrop-shaped diffusion if the element has a low atomic
number. The diffusion area can be expanded significantly
deeper with higher accelerating voltages. The incident
electrons may progressively lose energy during diffusion
until they are absorbed by the specimen (shown as absorbed
current). Low energy secondary electrons lose a significant
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amount of energy during this process and are reflected
outside the specimen. When incident electrons interact with
the constituent atoms of a specimen, most of the electron
energy is converted into heat, while some of it is used to
generate secondary electrons, Auger electrons, X-rays, and
visible or infrared cathodoluminescence. Auger electrons,
in particular, are emitted from regions very close to the
specimen's surface.

Information describing the specimen's nature is conveyed
through X-rays, backscattered electrons, quanta (secondary
electrons), and other sources. FESEM makes it possible to
observe the material's porosity, surface characteristics,
structure, particle size and shape. A beam of electrons is
focused on the sample's surface after being accelerated
across a potential difference. An electron beam is typically
generated using sources such as a tungsten filament
cathode, a lanthanum (LaBg) wire, or an electron gun. In the
case of an electron gun, an emitter is maintained at a
negative potential relative to a nearby electrode and the
resulting potential difference at the emitter surface enables
field electron emission.

The analyzer detects the electromagnetic radiation emitted
from the sample. In FESEM, image formation is mainly due
to secondary electrons, which are the most abundant among
the emitted electrons. A current is created and recorded once
the secondary electrons arrive at the detector. An image is
created by charting the current on the sample's surface
against the probe position. Since surface morphology plays
a key role in contrast, the final image directly represents the
surface structure [7].

Figure 4: FESEM micrographs (a) x60k (LC80), (b) x120k
(LCR8O0), (¢) x60k (LC300), (d) x120k (LC300) (inset for all
figures shows nanocrystalline particle size distribution).

Results and discussion

The quantity of defects and imperfections within a crystal
lattice is represented by the system’s dislocation density,
calculated using the following relation [8]:

§=1/D? ©)

Additionally, the microstrain (g) arises due to the
displacement of atoms relative to their ideal lattice
positions. It can be determined using the expression:

e=Pcos0/4 3)

For LC80, the crystalline size ranges from a minimum of
32.38 nm (at 20 = 36.94°) to a maximum of 54.10 nm (at 26
=30.41°). The dislocation density for LC80 varies between
0.342 x 107 and 0.954 x 1073, and the microstrain ranges
from 0.64 x 1073 to 1.07 x 1073, In comparison, LC300 has
a crystalline size range from 29.49 nm (at 26 = 65.33°) to
46.67 nm (at 20 = 30.41°), a dislocation density between
0.459 x 102 and 1.150 x 1073, and a microstrain range of
0.74 x 1073 to 1.18 x 1073. These variations in crystalline
size, dislocation density, and microstrain reflect different
levels of crystallinity, defect concentration, and lattice
distortion, which may influence each sample’s performance
and stability in applications. Table 1, Table 2 summarizes
the XRD data of paper and highlights notable differences
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between LC80 and LC300 in terms of crystallinity and
structural properties. The variations in crystalline size and
dislocation density across 20 values indicate different
degrees of lattice integrity and imperfections in the samples.

Table 1: Crystalline Size, Dislocation Density, Microstrain of
LC80.

Sam |20 | FWH | Crystall | Dislocat | Microst
ple M ine Size | ion rain
(nm) Density | (g x107)
(x107)
(nm™)
LC80 | 29. | 0.19 41.17 0.59 0.84
16
30. | 0.15 54.10 0.34 0.64
41
31. | 0.22 36.53 0.74 0.95
36
36. | 0.25 32.38 0.95 1.07
94
53. 1 0.20 42.71 0.54 0.81
20
59. | 0.26 34.25 0.85 1.01
48
65. | 0.23 39.85 0.63 0.87
34

Table 2: Crystalline Size, Dislocation Density, Microstrain of
LC300.

Sam |20 | FWH | Crystall | Dislocat | Microst
ple M ine Size | ion rain
(nm) Density | (g€ x107)
(x107%)
(nm*?)
LC 29. | 0.21 38.25 0.68 0.91
300 15
30. | 0.17 46.67 0.45 0.74
41
31. | 0.18 44.42 0.50 0.78
35
36. | 0.25 32.57 0.94 1.06
92
53. | 0.22 40.12 0.62 0.86
20
59. | 0.30 29.56 1.14 1.17
43
65. | 0.31 29.49 1.15 1.18
33

From XRD, Figures 2 and 3, it is clear that there is a
decrease in peak intensity with increasing temperature,
suggesting a higher degree of structural disorder. This may
introduce more defect sites that act as charge-trapping
centres and reduces overall charge storage efficiency.

Additionally, the higher synthesis temperature results in
more pronounced particle agglomeration, as evidenced by
FESEM analysis. This agglomeration can reduce the
effective surface area available for lithium-ion diffusion,
potentially limiting electrochemical reaction kinetics.

Conclusions

As the temperature increases, corresponding rise in
agglomeration is observed, which is evident from the
FESEM analysis. The distinction between particle size and
crystalline size becomes more pronounced at higher
temperatures. In contrast, at lower temperature, there is
minimal variation between the particle size and crystalline
size. XRD analysis further reveals a decrease in the intensity
of XRD peaks with increasing temperature, highlighting
structural changes occurring during the process. Defects
such as dislocation density and microstrain, which refer to
distortions and strain within the crystal lattice, also increase
with temperature, further affecting the material's properties.
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Abstract

the higher temperature.

This paper describes the comparative SEM Analyses study of various samples of nanoparticle Titanium Dioxide (TiO2) synthesized
by the Sol-Gel method with different changes in the parameters. Titanium dioxide is not very reactive with chemicals and doesn't
harm the environment, so it is widely used as a colour in industry. It comes in three forms: anatase, rutile, and Brookite. Scanning
electron microscopy was used to examine the morphological changes of the produced TiO2 nanoparticles at various calcination
temperatures as well as the precursor ratio. SEM analysis was carried out at 10 kV acceleration Voltage. According to the SEM
results, the achievement of high temperatures, the alteration of the precursor ratio, and the presence of distinct contents of the two
crystalline phases of titanium dioxide are the causes of the increase in particle size and the apparent aggregation of TiO2 nanoparticles.
These results are in agreement with XRD results that showed the particles size of the anatase phase smaller than particles grown at
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Introduction

Titanium Dioxide (TiO2) which is also defined as titania is
one of the most versatile and widely studied materials in
modern science and technology. Known for its exceptional
chemical inertness, thermal stability, and environmental
friendliness, one of titanium's natural oxides is TiO». There
are three main crystalline forms of it: rutile, brookite, and
anatase [1]. Each has distinct chemical and physical
characteristics. Among these, the anatase and rutile phases
are of particular interest due to their remarkable
photocatalytic performance and optical characteristics. The
anatase phase is known for its high reactivity and is often
used in photocatalysis, while the rutile phase exhibits better
thermal and structural stability. Due to its non-toxic nature
and strong UV light absorption, TiO> has found widespread
applications across various industries. In the pigment
industry, it serves as an essential component for paints,
coatings, and plastics, providing superior opacity and
brightness. In the cosmetics sector, it is used in sunscreens
and skincare products to protect against harmful UV
radiation [2]. Titanium Dioxide used in the pigment
industry can also be defined as titanium white or pigment

white. Furthermore, TiO; has gained significant attention in
environmental applications, such as air purification, water
treatment, and self-cleaning surfaces, owing to its
photocatalytic properties that enable the breakdown of
organic pollutants [3.,4].

In recent years, TiO, has emerged as a key material in
renewable energy technologies. It is extensively employed
as a photocatalyst for the water splitting process that
produces hydrogen and in dye-sensitized solar cells
(DSSCs). Its ability to function as a photocatalyst under UV
light has also led to innovations in energy-efficient coatings
and anti-bacterial surfaces. Moreover, its abundance in
nature, low cost, and ease of synthesis have contributed to
its growing importance in industrial and research domains
[5.6].

Extensive studies are being conducted to further enhance
the efficiency and functionality of TiO,, particularly by
tailoring its properties through methods such as doping,
surface modification, and nano-structuring [7]. These
advancements aim to optimize its performance for specific
applications and explore its potential in emerging fields like
biomedical devices, sensors, and advanced energy storage
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systems [8.,9].

Overall, the versatility, affordability, and eco-friendly
nature of Titanium Dioxide make it an indispensable
material in both traditional industries and cutting-edge
technological advancements [10].

The Sol-Gel method is a cost-effective and versatile
chemical route for synthesizing metal oxide (MO)
nanoparticles, offering precise control over particle size and
morphology. X-ray diffraction (XRD) is a fundamental tool
for phase identification, lattice parameter determination,
and crystallite size estimation. This study aims to compare
the structural properties of TiO, nanoparticles synthesized
via the Sol-Gel method under various conditions using
XRD analysis [11].

Experimental Methods

¢ Materials

Table 1: Materials used in the synthesis of TiO2

Chemical Name Chemical Structure
Titanium tetraisopropoxide (TTIP) | Ti(OCH(CHz3)2)4
[the titanium precursor]
Acetic acid CH3;COOH
Distilled water H20

* Methodology

The Sol-Gel method is a versatile chemical process widely
used for synthesizing advanced materials, such as
nanoparticles, thin films, and ceramics. It involves a
transformation from a liquid solution (sol) into a solid
network (gel) through hydrolysis and condensation
reactions of metal alkoxides or inorganic salts. This
technique allows precise control over material properties,
including particle size, morphology, and composition [12].

One of the main benefits of the Sol-Gel method is its ability
to synthesize materials at relatively low temperatures,
which is an advantage over traditional high-temperature
techniques. The process generally starts with the
preparation of a precursor solution, typically using metal
alkoxides like titanium (IV) isopropoxide. This solution
undergoes hydrolysis and condensation, leading to the
formation of a gel. Subsequent drying and calcination
convert the gel into the desired crystalline phase with
specific structural characteristics [13,14].

The Sol-Gel method is highly adaptable and can produce
materials in various forms, such as powders, thin films,
fibers, or monolithic structures. It is widely employed in
applications like optical coatings, catalysts, sensors, and
bioactive materials. The technique is especially valued for
producing highly pure and homogeneous materials,
essential for many advanced technologies [15].

In recent developments, the Sol-Gel process has become
increasingly popular for synthesizing metal oxide
nanoparticles, including titanium dioxide (TiO). This
method provides precise control over the structural and
surface properties of nanoparticles, making it ideal for
applications in photocatalysis, energy storage, and
environmental cleanup [16]. Its simplicity, cost-
effectiveness, and scalability have made the Sol-Gel
method a favoured choice in both academic research and
industrial manufacturing [17,18].

Precursors

+Water = Stirring

Colloidal

. = Agi
Solution gine

Gel
Formation

¢ Drying &
Calcination

Powder

Production

Figure 1: The flowchart of Sol-gel Synthesis.

The Sol-Gel process for Titanium Dioxide involved the
hydrolysis and condensation of TTIP. The steps were as
follows:

1. Mix 20 ml of titanium isopropoxide with 40 ml of
glacial acetic acid.

2. Stir the mixture using a magnetic stirrer until a
homogeneous solution forms.

3. Gradually add 120 ml of deionized water to the
solution, drop by drop, while stirring continuously
for 2 hours to form the sol.

4. Place the solution in an oven set at 90 °C and heat
for about 12 hours to facilitate gel formation.

5. Pulverize and dry the gel at 200 °C for 2 hours,
resulting in the formation of a white powder [19].

Figure 2: Transformation of Sol to Gel.

I have carried out the experiment by changing different
parameters like the precursor ratio, water amount and the
calcination temperature by 200 °C, 400 °C, 500 °C which is
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shown in a table form as follows [20,21]: At a higher calcination temperature, the particles exhibited
increased size and agglomeration.

Table 2: The change in the different parameters with the different
samplings.

Sample | TTIP (ml) | Acetic | Dist. Temperature
Acid Water °C
(m) | (ml)

S1 20 40 120 200

S2 30 40 120 200

S3 20 40 200 200

S4 20 40 120 400

S5 25 45 125 500

Results and Discussions
¢ Characterisation

The synthesized TiO, nanoparticles samples with different
parameters were analyzed using Scanning Electron
Microscopy (SEM), revealing the following results [22,23]:

Sample 1

The particles were roughly spherical in shape with a spongy
texture.

Figure 4: SEM images of the Sol-Gel synthesized TiO2
nanoparticles (Sample2 as mentioned in Table 2)

The shapes became less uniform due to the initial particles
clumping together as crystallinity increased.

Sample 3:

This result shows agglomerated particles with varying
shapes and sizes.

Figure 3: SEM images of the Sol-Gel synthesized TiO2
nanoparticles (Samplel as mentioned in Table 2)

Their sizes were in the range of less than 20 nanometres,
and the particles were relatively well-distributed. This
sample showed the best characteristics in terms of small
particle size and distribution, making it highly effective for
applications like photocatalysis [24].

Sample 2:
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Figure 5: SEM images of the Sol-Gel synthesized TiO2
nanoparticles (Sample3 as mentioned in Table 2)

Some regions appear porous and spongy, while others show
larger, plate-like structures. There is noticeable particle
clustering, suggesting possible agglomeration due to high
calcination temperatures or synthesis conditions [24].

The presence of larger particles and irregular morphology
could indicate increased crystallization and grain growth,
leading to agglomeration.

Sample 4:

There appears to show a rough, uneven surface with
noticeable cracks and interconnected structures.

Figure 6: SEM images of the Sol-Gel synthesized TiO2
nanoparticles (Sample4 as mentioned in Table 2)

The texture looks dense and compact, with some regions
displaying porous structures. There are fine grain-like
features compared to sample shown before.

Sample 5:

The trend of increased crystallinity continued, but there was

a significant anatase-to-rutile phase transformation. This
transformation impacts properties like photocatalytic
activity and electron mobility [25].

Figure 7: SEM images of the Sol-Gel synthesized TiO2
nanoparticles (Sample5 as mentioned in Table 2).

Conclusion
1. Effect of Calcination Temperature:

At lower temperatures (e.g., 200°C), the TiO, nanoparticles
maintained a smaller size and uniform distribution.

Increasing the temperature led to higher crystallinity,
which, while beneficial for some properties, also caused
agglomeration and phase transformations that may reduce
effectiveness in specific applications.

2. Effect of Hydrous Solution Concentration:

Higher water content during synthesis resulted in smaller
particle sizes but reduced crystallinity.

This trade-off indicates that optimizing water concentration
is essential for achieving the desired balance between
particle size and crystallinity.

In conclusion, the sol-gel method offers a versatile and
controllable approach to synthesizing TiO, nanoparticles.
The findings from this study suggest that:

» Sample 1, prepared at 200 °C, had the most promising
properties, with smaller particle sizes and better
distribution.

* Increasing calcination temperature enhances crystallinity
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but leads to agglomeration and phase transformations.

* Optimizing synthesis conditions is crucial for tailoring the

properties

of TiO, nanoparticles to suit specific

applications, such as photocatalysis, where smaller and
uniform particles are highly advantageous.
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Abstract

of the electrical and optoelectronic devices.

The synthesis of Cr203 nanocrystal has been done by chemical precipitation method using ammonia as a precipitating agent. The
hexagonal crystal structure and single crystalline nature of Cr203 powder were verified by X-ray diffraction (XRD) analysis. Debye-
Scherrer formula was utilized to ascertain the average size of crystallites. The structure, shape, size, and composition of Cr203
nanoparticles were probed by SEM (Scanning Electron Microscopy) and EDX (Energy Dispersive X-ray Spectrometry). Optical
band gap energy was estimated by UV-Vis spectroscopy. The various functional groups in Cr203 nanoparticles were reckoned by
FTIR (Fourier transform infrared spectroscopy) findings. Inductance, Capacitance, and Resistance (LCR) meter was used to ascertain
the electrical behavior of Cr203 nanoparticles. These finding suggests that the synthesized nanocrystal may be used in development
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Introduction

Semiconductor metal oxide nanostructures are highly
enviable for nanotechnological research despite of their
peculiar structural geometry because of their large surface
area and smaller size. This class of compounds often exhibit
new and exciting features compared to their coarse-grained
equivalent [1]. Chromium (IIT) oxide (Cr,03) is one such
metal oxide that is found in nature as an Eskolaite mineral.
It is also called dichromium trioxide, or chromia, or
chromium sesquioxide possessing a wide band gap and
comes under the category of p-type metal oxide
nanostructures [2]. G. Carta et al. found that chromium
oxide (Cr203) is the hardest metal oxide with low friction
coefficients [3]. Cr,O3 crystallizes into a rhombohedral
structure having space group R-3c with lattice constants a =
b=4.953 A and ¢ = 13.578 A [2]. G. Yasmeen and Jaswal
et al. found that it may also crystallize into hexagonal shape
[4, 5]. M. M. Abdullah ef al. showed the ac conductivity of
the Cr,O; nanoparticles in the high frequency region and
explained it according to the frequency power law. Cr,O3
nanoparticles can be used for applications such as pigment
production, catalysts, solar energy collectors, thermal
coating materials, optical storage materials, liquid crystal

displays, and hydrogen storage [2.,4]. This paper reports the
synthesis and characterization of Cr,O3; nanoparticles via
the facile chemical precipitation method. The
characterizations were done by XRD, FTIR, UV-Vis
spectroscopy, SEM and LCR.

Synthesis of Chromium Oxide

In a veritable synthesis process, 6g of chromium nitrate
nonahydrate Cr(NOs3)3.9H,O was dissolved in 100 ml of
double distilled water (DDW). Drop by drop aqueous
ammonia was added to the above solution along with the
constant stirring. This was continued until the pH of the
solution reached to 12 and the green precipitate was formed.
The obtained precipitate was stirred on the magnetic stirrer
at 80°C until it was burned out in ashes. The obtained
residual ash was crushed and further calcined in a muffle
furnace at 750°C for 4 hrs and then was again ground to
attain a fine powder.

Results and Discussion
XRD Analysis

The X-ray diffraction spectrum of synthesized Cr,O3; nano
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powder is demonstrated in Figure 1. The distinct and intense
peaks reveals that the prepared Cr,Os nanoparticles is of
high crystalline nature. The pattern matches with the
standard JCPDS card number 38-1479 [3]. The XRD
pattern does not contain any extra peaks other than Cr,O;
nano powder peaks showing that synthesized nano powder
possesses a high degree of purity. These patterns also
confirm the hexagonal structure of Cr,O3 nano powder with
crystal parameters a =b =4.9477 A and ¢ = 13.4534 A and
matches well with earlier studies [2]. In XRD pattern the
peak broadening elucidate that small nanocrystals are
present in samples. The intensity of the peak, its position,
width, full-width at half-maximum (FWHM), and
crystallite size were ascertained by using Powder X
software. The experimental values of (d) are in a good
agreement with the values which is reported in the previous
studies [2]. Debye-Scherrer formula was used to evaluate
the mean crystallite size (D) [6] and came out to be 25.12
nm.
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Figure 1: XRD pattern of Cr203 nanoparticles.
SEM and EDX Analysis

The surface structure of the produced Cr,O3; nanoparticles
were examined by using a SEM microscope.

g T
ﬁ'&xs
.

£ e :r"

SEl  15kV WD17mm  SS30 x15,000 1pm
USIF, AMU ALIGARH 20 Dec 2024

Figure 2 (a): SEM micrograph of Cr203 nanoparticles.

Figure 2 shows that all of the chromium oxide particles are
having spherical shape and possesses a high degree of

agglomeration The synthesized sample own good porosity
as is clear from the micrograph. The shape of Cr,Os's
spherical and agglomerating behaviour is in good
agreement with the earlier research article [7]. Figure 2 (b)
confirms the elemental composition of Cr,O;3 through EDX
spectra.

FTIR Analysis

FTIR technique in the range of 4000-500 cm™' was used to
ascertain the chemical composition and different functional
groups (Figure 3). Generally, interatomic vibrations in
metal oxides are characterized by the peaks below 1000
cm!. The broad bands at 3411 cm ™! and 1629 cm ™! owed to
O-H stretching vibration because of adsorbed water from air
and hydroxyl group.
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Figure 2 (b): EDX of Cr203 nanoparticles showing the
elemental composition.

The C-O absorption of the Cr,Os surface is depicted by the
peaks at 1347 and 1182 cm™'. The peaks at 1045, 639, and
563 cm’!' are the signature peaks of crystalline Cr,Os
nanoparticles. The band at 639 cm™ is the identification of
the chromium oxide nanoparticles as the Cr,O3; phase and
the peak at 560 cm™' characterizes the Cr—O distortion
vibration [8]. The FTIR spectrum along with the XRD
analysis confirm the successful creation of Cr0;
nanoparticles.
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Figure 3: FTIR spectrum of Cr203 nanoparticles.

Journal of Condensed Matter. 2025. Vol. 03. No. 02

125



Research Article

Parveen A: Facile Synthesis and Electrical Properties of Chromium Oxide Nanoparticles

Optical Properties

Perkin Elmer Spectrophotometer was utilized to attain the
absorption spectrum of Cr,O3 nanoparticles which reveals a
strong absorption peak at 404 nm (Figure 4 (a)) confirming
the d3 transition of chromium ion. A weak shoulder peak is
also present at 480 nm [9]. This spectrum was further
utilized to estimate the optical direct band gap (Figure 4
(b)), with the help of Tauc relation [10]. The obtained value
of band gap energy with the value of 4.21 eV is in good
agreement of the wide band gap nature of Cr,O3
nanoparticles.

Cr,04
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Figure 4: (a) Absorption spectrum and (b) band gap of Cr203
nanoparticles.

Electrical properties of Cr203 nanoparticles

Dielectric study was performed by LCR (Inductance
Capacitance and Resistance) meter. Figures 5 (a to e) shows
the frequency dependent behaviour of Cr,O3 nanoparticles
with dielectric constant, loss, ac conductivity, and
impedance. Both real and imaginary part of dielectric
constant shows a decrease and a constant behaviour at high
frequency value (Figures 5 (a) and (b)).
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Figure 5: (a-e) Electrical behaviour of Cr203 nanoparticles.

High value at low frequency may occur due to the interfacial
or space charge polarization caused by porosity and grain
structure. The porosity of the prepared nanoparticles is

clearly visibly for SEM image also. Decreasing trend may
be due to the dielectric relaxation whereas the constant
nature may be attributed to the fact that electric dipole
freezes through the relaxation process.

Figure 5 (c) shows the decrease in dielectric loss with the
increasing frequency and may be due to the marginal
resistance of the grain. Figure 5 (d) indicates the increasing
trend with increasing frequency and clearly suggest the
good ac conductivity of Cr,O3 nanoparticles [11]. Thus, the
results show that Cr,Os nanoparticles have significant
dielectric dispersion at low frequencies due to polarization
effects and improved conductivity with reduced impedance
at higher frequencies, making them appropriate for high-
frequency applications. Cr,Oz; is showing an identical
frequency-dependent dielectric behavior with other
transition metal oxides, such as CoO, NiO, and ZnO [12].
The dielectric constant (g') in metal oxide nanoparticles
generally shows a significant drop with increasing
frequency due to the inability of dipoles to keep up with
rapid field oscillations. Studies on Cr,O3 nanoparticles have
reported high dielectric values at low frequencies, primarily
due to interfacial polarization, followed by a sharp decline
as frequency increases, aligning with the Maxwell-Wagner
polarization model [11]. Thus, the prepared Cr,O3
nanoparticles exhibits similar dielectric and electrical
properties as to other transition metal oxides with a minor
variation in values reported across different studies that may
be due to the differences in synthesis methods, particle size,
and processing conditions. Overall, our experimental results
align well with literature reports, further validating the
frequency-dependent behaviour of Cr,O3 nanoparticles.

Conclusions

The facile precipitation approach of creating Cr2O;3
nanoparticles utilizing ammonia and Cr(NO3);.9H,0 as a
chromium source has been presented in this work. The high
crystalline character of the Cr,Oj3 lattice with a hexagonal
phase is supported by the XRD examination, which also
demonstrates the notable pure synthesis of Cr0;
nanoparticles. The sample's spherical shape and aggregation
are shown by its morphology through SEM. EDX confirms
the elemental composition. Functional groups in Cr,O3
nanoparticles were detected by FTIR spectra. The band gap
energy of 4.21 eV shows a wide band gap nature of prepared
sample. Dielectric and ac conductivity studies shows that
Cr,03 nanoparticles may turn up a meriting candidate in
electrical and optoelectronic applications.
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Abstract

The universality, affordability and abundance of solar energy combined with its free and high energy output make it an exceptional
renewable energy source. Solar cells play a vital role in converting sunlight into electrical energy. CuZnS has gained significant
attention as a potential absorber material for solar cells. In the present work, we report the preliminary results of the preparation of
CuZnS thin films using a relatively low-cost Chemical Bath Deposition technique, from a precursor solution containing 0.1M
concentrations of copper chloride, zinc chloride, and thiourea. Triethanolamine (TEA) is used as the complexing agent, and ammonia
is used to control the pH of the solution. The samples were prepared by keeping the pH at 11.6, maintaining the temperature at 80°C,
and a deposition time of 1 hour. Structural, morphological, compositional, electrical, and optical analyses of the prepared samples
were done. From the SEM analysis grain size calculated is 177 nm. The observed bandgap value was 2.61 eV at a Cu/(Cu+Zn) ratio
of 83%. The prepared sample is a p-type semiconductor with a conductivity 1.646X103Q-'cm™!. XRD [Bruker Kappa Apex II], SEM-
EDAX [Jeol 6390LA/OXFORD XMX N], Hall effect measurement system [Ecopia HMS 3000s], and UV-Vis Spectrophotometry
[JASCO V-670 UV-Vis NIR Spectrophotometer] were used for the characterization of the samples.
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Introduction

CuZnS is a semiconductor with highly desirable
photovoltaic properties, including a high absorption
coefficient and a direct bandgap. The direct bandgap energy
varies from 1.8 to 3.5 eV as the Cu/(Cu+Zn) ratio increases
from 0 to 67%. CuZnS film prepared using spray pyrolysis
with Cu/(Cu+Zn) ratio of 50% exhibited a bandgap of 2 eV
[1]). Reported bandgap for the CuZnS films prepared using
the SILAR method is 2.4 to 2.6 eV for copper-rich CuZnS
samples [2]. In our present study the observed bandgap
value was 2.61 eV at a Cu/(Cu+Zn) ratio of 83%. These thin
films are used as an absorber or window layer, and their
electrical and optical characteristics can be adjusted by
changing the atomic ratios of copper and zinc [3-5].
Furthermore, CuZnS cells employ affordable, nontoxic, and
plentiful (rare-earth-free) metals [2]. It is a favorable
material for numerous applications in photovoltaic cells and
photoconductor devices [6-8]. Ternary materials are

appropriate for use in window-layer solar cells and
optoelectronic devices [9]. The various techniques used to
develop thin films include thermal evaporation [10],
chemical spray pyrolysis [1], successive ionic layer
adsorption and reaction [2], electrochemical deposition
[11], photochemical deposition [12], pulsed laser deposition
[13] and chemical bath deposition [14]. The chemical bath
deposition method has drawn much attention due to its low
cost, non-toxicity, ease of use, and compatibility for large-
area deposition and film homogeneity [15,16]. In this study,
we used the chemical bath deposition method to prepare
CuZnS thin films and electrical, optical, morphological,
structural, and compositional characterizations of these
films were done.

Experimental Details

1. Materials
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CuZnS thin film was prepared using a low-cost chemical
bath deposition technique. The precursor solution contains
copper chloride, zinc chloride, triethanolamine (TEA),
ammonia, and thiourea. TEA acts as a complexing agent,
and ammonia regulates the pH of the solution. Samples
were prepared to optimize the molarity of the reactants,
amount of TEA, pH of the solution, deposition time, and
temperature. Magnetic stirrer was used to mix the solution
during the deposition process. Thoroughly cleaned and
dried glass substrates were placed in the precursor solution.
The glass plates were kept in the solution for one hour at a
temperature of 80 °C. The best sample was obtained from a
solution containing 5 ml of 0.1M copper chloride, 5 ml of
0.1M zinc chloride, 10 ml of 0.1M thiourea, 4 ml of TEA,
and 3 ml of ammonia. This film was analysed using
different characterization techniques.

2. Method

To prepare the thin film, 2 ml of Triethanolamine (TEA)
was mixed with Sml of 0.1M copper chloride solution to
form a complex. Then, 2 ml of TEA and 3ml of ammonia
were mixed into 5 ml of 0.1 M zinc chloride solution to
make another complex. The individually made complexes
were combined and thoroughly stirred for 5 minutes until
homogeneous. 10 ml of 0.1 M thiourea and 5 ml of distilled
water were added dropwise from the burette to the solution
while stirring. Then the solution was heated to 80°C using
a water bath, and well-cleaned glass substrates were dipped
in it for one hour, maintaining a constant temperature. The
solution gradually changes its colour from blue to brown,
and glass substrates are uniformly coated with CuZnS.
These films were washed, dried, and used for various
analyses. Figure 1 shows the experimental setup and the
CuZnS samples prepared using CBD.

Figure 1: Experimental setup and the CuZnS samples prepared
using CBD.

Results and Discussion
X-ray Diffraction Spectroscopy (XRD)

XRD can provide information on the material structure,
phase composition, and crystal characteristics of prepared
thin films [17]. Additionally, we can identify whether the

thin film is crystalline or amorphous. For XRD analysis is,
Bruker Kappa Apex II with CuKo wavelength 1.5406 A
was used. The XRD spectrum spans the 26 range from 10°
to 90°. Figure 2 depicts the XRD pattern of the CuZnS thin
film, with the broadening of peaks reflecting the formation
of nanoparticles.

2500 4
CuZnSatseC
2000 <

1500 4

1000 4

Intensity (1)

Angle (26)

Figure 2: XRD pattern of CuZnS thin films prepared by CBD
method.

The structural study of CuZnS thin film samples obtained
by XRD shows two peaks, one at 30.881° and the other at
41.066°.

Table 1: Comparison of observed values with ICSD standard
reference code.

Chemical Stand | Intensi | Obser | Observ | h | D[A
formula ard ty (in ved ed k 1
20 percent 20 Intensi
Value age) Value ty (in 1
S S percent
age)

ICSD Reference code: 98-062-8980
Cu(0.12)Zn(3. | 30.01 100 30.88 100 0| 2.97

88)S2(4) 8 1 0| 45
2
42.96 | 503 41.06 79 0

7 6 2.10

2| 33
2

ICSD Reference code: 98-062-8979
Cu(3.2)Zn(0.8 | 30.68 100 30.88 100 0| 291

) 3 1 15
S2(4) 0
2
43.94 48.7 79 0] 205
5 41.06 87
6 2
2

These peak values are compared with the standard ICSD
reference values (ICSD Ref codes 98-062-8979 and 98-062-
8980), which are listed in Table 1. The two peak values
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correlate to the ICSD values for planes (002) and (022),
indicating a cubic structure based on these ICSD values.
The hundred percentage peak matched well with ICSD Ref
code 98-062-8979, while the second peak has a 1°
discrepancy in 20 value compared to ICSD Ref codes of
Cu((0.12)Zn(3.88)S2(4)). The change in results could be
attributed to the existence of distinct phases of CuZnS in the
sample or to variations in the Cu to Zn ratio. The crystallite
size of the material can be calculated using the Debye—
Scherrer formula from X-ray diffraction (XRD) data.

D KA
~ B CosH

Where:

D = average crystallite size

K = Scherrer constant ~ 0.94 (depends on shape factor)
A= X-ray wavelength in nm or A, 1.5406 A for Cu Ka lines
B = Full width at half maximum of the peak in radians

0 = Bragg angle

The crystallite size calculated using Debye-Scherrer
formula is 1.35nm.

Energy Dispersive X-ray Spectroscopy (EDAX)

Energy Dispersive X-ray spectroscopy analysis was used to
determine the elemental composition of the CuZnS sample
[18]. The EDAX spectrum of the sample is displayed in
Figure 3.

Figure 3. EDAX spectrum of CuZnS thin film prepared by CBD
method.

Table 2: Elemental composition of CuZnS.

Element Line Type Wt % Atomic%
Cu K series 55.43 41.72
Zn K series 10.77 7.88

S K series 33.79 50.40
Total K series 100 100

The atomic and weight percentages of the given sample are
shown in Table 2. The CuZnS sample has an atomic
percentage ratio of 41.72:7.88:50.40, and weight

percentages of 55.43:10.77:33.79. Elemental analysis
reveals that the prepared samples are enriched in copper
with a low percentage of zinc. Zn deficiency has been
reported in CuZnS thin films generated via the Silar
technique [2]. Attempts are being made to improve the Zn
content in the samples.

Scanning Electron Microscopy (SEM)

SEM examined the surface topography, microstructure and
grain size of the CuZnS thin film samples [18,19]. This
study exposes characteristics including conductivity and
optical behaviour. There are no obvious cracks on the
surface of the thin film. The particles are spherical in shape,
nanostructured, uniform, and densely packed, making them
suitable for photovoltaic applications. The thickness of the
thin film was measured using a Dektak stylus profilometer
and found to be 131 nm. Figure 4 (a), (b), (c), and (d)
displays SEM images of CuZnS at varying resolutions (50
pum, 10 pm, 2 um, 1 pm). The average particle size
calculated from SEM analysis is 177nm. This is different
from the value obtained from XRD (less than Snm). It may
be due to the grains themselves must be formed by the
merging of closely packed nanocrystallites. This has been
reported earlier [18].

20kV X500 50ym 0089 1443 SEI 20kV  X1,500 10pm 0089 1443 SEI
- - P - -~ ——
P - -

R, S T PR

Ve o sk %308 59T SN
20kV  X7,000 2uym 0089 1442 SEI 20kv  X10,000 1um 0089 1442 SEl

Figure 4: (a), (b), (¢), (d) SEM images of CuZnS thin film
prepared by CBD method.

UV Visible spectroscopy

The analytical method (UV-Vis) is used to determine the
optical properties, electrical structure, and material
composition of the sample. JASCO V-670 UV-Vis NIR
Spectrophotometer was used for optical analysis. The optical
absorption spectra of CuZnS thin films were studied within
350 and 900 nm. Figure 5 shows the absorption spectra of
CuZns. The direct bandgap of CuZnS was determined using
a Tauc's plot ((¢hv)2 vs. hv plot) [20]. Figure 6 shows the
Tauc's plot of CuZnS, with a bandgap value of 2.61eV. This
value falls within the standard range 1.8 - 3.5 eV reported
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in spray pyrolysis [1]) and 2.4 to 2.6 eV reported in SILAR
method is for copper-rich CuZnS samples [2].

Culis at ROFC

Absorbanc

Wavalangth

Figure 5: Absorption spectra of CuZnS thin film.
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Figure 6: Tauc’s plot (Direct bandgap of CuZnS thin film)

Hall Effect measurement

The Hall Effect measurement technique is extremely
accurate for electrical analysis. The Hall coefficient value
can detect whether the material is p-type or n-type. Thin
film samples are analyzed to determine the sample's bulk
concentration, mobility, sheet resistance, resistivity,
conductivity, and average Hall coefficient. Optimizing
semiconductor electrical properties can improve their
applications in solar cells as well as sensors. Based on the
Hall coefficient measurement of the CuZnS samples, the
average Hall coefficient value obtained is 4.701x10%m?/C.
This clearly indicates that the prepared samples are of p-
type conductivity.

The conductivity of the sample is 1.646x10 Q-'cm™!. The
conductivity value reported earlier for thermal evaporated
film is 63.3 Q'ecm™ [10] and for MOCVD (Metal oxide
chemical vapour deposition method) is 5.48x10-'*° 8.0x10!
Q'em™[15]. Table 3 shows the Hall parameters of CuZnS
thin films.

Table 3. Hall parameters of CuZnS thin film

Hall Parameters
Bulk concentration in cm? 1.328x10™
Mobility in cm?/vs 7.738x10!
Sheet resistance in Q/sq 4.637x107
Resistivity in Qcm 6.075x10?
Conductivity in Q-'em'! 1.646x10
Average Hall coefficient in 4.701x10*
cm?/C
Conclusion

The CuZnS samples are relatively homogeneous. The XRD
study confirms that the hundred percentage peak
corresponds to ICSD Ref code 98-062-8980. However, the
second peak differs by 1° in 20 value from the same ICSD
Ref code. The EDAX analysis reveals that the prepared
samples are enriched in copper with a low percentage of
zinc. SEM analysis revealed that the particles exhibited a
spherical shape and the average particle size is 177nm. The
samples are more or less uniform. Based on the optical
characterization, the prepared sample has a bandgap energy
of 2.61 eV. The average Hall coefficient value of
4.701x10%*m>/C indicates that the prepared sample is a p-
type semiconductor. The samples resistivity is 6.075x10?
and conductivity is 1.646x10° Q-'cm™!, these values fall
within the benchmark value for semiconductors.

Future plans

As the samples exhibit Zn deficiency, further research is
needed to increase the Zn content. Attempts are being made
to improve the Zn content and to make the film more
stoichiometric.
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Abstract

The series of xDy>* doped CaLa>Al4Si012 garnet-structured phosphors were synthesized by conventional combustion method. The
prepared materials were studied using various techniques such as x-ray powder diffraction for crystal structure and phase,
photoluminescence for optical properties, scanning electron microscopy (SEM) for morphological studies, and energy dispersive
spectroscopy analyses for the existence of elements in the prepared materials. The excitation and emission of the prepared garnet-
type phosphor were recorded at 351 nm in the transition from *His» — P72 and 584 nm in the transition from *Fo, — ®His. The
concentration quenching obtained at 7.0 mol.% of dysprosium ions. This phosphor has potential application in w-LED and other
optical devices.
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Introduction

Efficient lighting devices based on the light emitting diode
have attracted great attention in recent time. The solid-state
lighting devices are considered as the energy saving light
emitting devices than incandescent bulbs [1]. In order to
increase the colour stability and life time, the garnet-type
phosphor is used in white light emitting devices (w-LEDs)
[2]. The luminescence immunoassays is an example of the
many uses for garnet-structure phosphor, which are used in
a variety of industries, including clinical studies,
environmental  surveillance, food hygiene, and
pharmaceutical testing [3]. The garnet-type phosphors are
mostly used in the industry related to optoelectronics [4].
We mostly used various kinds of highly efficient lighting
devices now days because of their luminescence efficiency.
Among them, phosphor converted light emitting diodes are
used [5]. In order to increase quantum yield and luminous
intensity, we are choosing garnet-type phosphor. Dy**
doped garnet phosphor uses in the fields of lighting devices
as w-LEDs.

The trivalent dysprosium ions are the best dopant with
emission in blue and yellow regions [6]. The *Fop—°Hs
and “Fop—°H3, transitions cause blue and yellow
emissions respectively to appear when dysprosium trivalent
ions are doped with phosphor [7]. By doping dysprosium
trivalent ions (Dy>") in a suitable phosphor for the proper
and pure white lighting devices should be obtained by
improving the yellow-blue intensities [8]. As the garnet
silicate phosphor host are favourable due to their thermal
and chemical equilibrium stabilities [9].

Haipeng et al. have prepared garnet-silicate phosphor like
BaY2A14SiO12, SI‘Y2A14Si012, CaY2A14Si012 and
MgY,ALSiO; by solid state reaction synthesis method
[10]. In our earlier work we have synthesized
LiCasMgV3012:Nd**/Yb*" [12], LiCasMgV3012 activated
with Er¥*[11] and LiCa3ZnV3012:Nd** [13]. The garnet type
phosphor CLASG has high chemical and thermal stability.
The emission spectrum was obtained about greenish yellow
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in visible region while irradiating the material by UV or
near-UV radiation [ 14].

In this paper, we have studied the novel garnet-structured
CaLayAlsSiO2:Dy*" phosphor first time. The major
applications of this phosphor are optoelectronic devices as
solid-state lighting and illumination [ 15].

Experimental

Materials and synthesis

Pristine CaLayAlsSiO; and CaLaAlsSiO12:xDy>" prepared
by using simple combustion method. Calcium Nitrate
(Ca(NO3);, MERCK), Aluminium Nitrate (AI(NO3)s,
MERCK), Silicon Oxide (SiO,, MERCK), Lanthanum
Oxide (La03, MERCK), and Dysprosium Oxide (Dy»0s,
MERCK) mixed with Urea & Glycine as fuel in
stoichiometric ratio. We used glycine as fuel for lanthanum
oxide and dysprosium oxide and urea as fuel for rest of the
nitrates [16].

Characterization

Excitation and emission spectra were recorded employing a
fluorescence spectrophotometer (Hitachi Make F-7100).
The phase was determined using the X-ray powder
diffraction technique (Rigaku Miniflex, Cu-Ka wavelength
0.154059 nm). The surface study and compositional details
were optimized using a FE-SEM JEOL, JSM-6500F.

Results and Discussion

X-Ray Diffraction

Figure 1(a) represent XRD pattern and Figure 1(b) refined
XRD pattern of garnet-type phosphor.
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Figure 1: (a) The representation of XRD pattern of
CaLaxAlsSiO12, the comparison of XRD patterns of prepared un-
doped and doped garnet materials with CIF simulated file
#7226870, #1702157 for Y203 and #1759816 for La20s.

All XRD peaks were indexed to cubic structure having
space group la-3d. As the novel phosphor CalLa;Al4Si01,
the conformation of the crystallographic structure were
possible by matching the standard XRD pattern of

CaY,AlSi0y,, La,O; and Y,0s; with standard CIF
#7226870, CCDC #1759816 and CCDC #1702187. The
details of the structural parameters and Wyckoff symbols
are shown in Table 1. The lattice parameters (a = b =
c=12.00062 A°) with relative error 0.09 % with calculated
value [17]. Figure 1(a) shows that there was no effect due
to doping in the garnet-structure phosphor.

Refinement of CalLa_ Al SiO A Garnet Phosphor
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Figure 1: (b) The representation of refined XRD pattern of
CaLaxAlsSiOn2.

Table 1: Details of phase identification of XRD data with Rietveld
refinement.

Compound CaLa;AlsSiOr2
Crystal structure type Cubic structure
Space group la-3d (230)
Tralnslition_al Lattice -parameters 12.00062 A
(a=b=c)inA
Volume of unit cell (nm)? 1728.27 A3
Chi? 3.425
Rp 9.0987
Rwp 12.371
Expected Rw 7.086
Wyckoff symbols
Ions Symbols Occupancy
Ca?* 24c 1/3
La** 24c¢ 2/3
AP 16a 1
Al13* 24d 2/3
Si+* 24d 1/3
O (for Ia-3d) 96h 1
Morphology and EDX

Figure 2 depicts FESEM images of the materials with
different magnification. This technique is useful to
investigate the grain size and surface study. To examine
elemental composition of the material, it’s characterized by
EDX technique. Figure 3 show all elements are present with
desired composition. The energy dispersive peaks are
shown the host materials Ca, La, Al, Si and O as well as
dopant Dy** ions.

Photoluminescence

Figure 4 (a) shows excitation spectrum of
CaLa,AlsSi01,:0.07Dy>". The excitation spectrum is
obtained at the wavelength of 351 nm with emission
wavelength 584 nm.
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Figure 2: SEM images of as-prepared garnet phosphor
CaLaxAlsSiO12:Dy>™.

Figure 3: Energy Dispersive X-ray Spectrum of
CaLaxAlsSiO12:Dy>*.
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Figure 4 (a): Excitation spectrum of garnet-type phosphor

CaLaxAl4SiO12:Dy>* is observed at 584 nm.

The electronic transition for the excitation is observed from
®Hisp, — ©°P7n. There was serval peaks obtained at
wavelengths 333, 335, 341, 346, 351, 356, 363 and 375 nm.
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Figure 4 (b): Emission spectrum of garnet-type phosphor
CaLa»AlsSiO12:xDy** (x = 0.01, 0.02, 0.03, 0.05, 0.07, 0.08, 0.10,
0.15) is excited by 351 nm.

Figure 4 (b) depicts the emission spectrum of the garnet-
type phosphor. The PL profile and position of the peaks

does not change during the exciting at 351 nm [19]. The
prepared material is useful for near UV, green and yellow
LED:s.

Conclusion

Using conventional combustion reaction, a series of single
phase Dy*"-doped Cala,AlLSiO;, garnet phosphors were
prepared. The single-phase crystallography was examined
by XRD result. The most intense peak was obtained at 584
for CaLa,AlsSi012:7%Dy*" in transition from *Fo — Hisp.
By FESEM and EDX, the materials were characterized
surface study and chemical composition investigation
respectively. The prepared materials were suitable in yellow
colour lighting devices and w-LEDs.
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Abstract

Keywords: Nanoparticles, X-Ray Diffraction (XRD), FESEM.

Porosity of electrode materials has been proven to be very significant in enhancing the performance of Zn-ion batteries (ZIB) in
recent studies. On a positive electrode, porosity improves its kinetics by faster electron transport and richer electro active reaction
sites. On a negative electrode, porous structure provides increased surface area and reduced local current density, both favorable to
the performance of ZIB. Nickel Selenide (NiSe) nanoparticles (NPs) can be considered as more suitable cathode materials also due
to their smaller band gap and higher conductivity. We have synthesized NiSe nanoparticles using a chemical method with octylamine
as a surfactant with crystallite size of 36 nm. The field emission scanning electron microscopy (FESEM) images shows the formation
of spikelike structure making the nanoparticles highly porous making them even more suitable as a cathode material.
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Introduction

Transition Metal Selenides (TMS) have been a subject of
interest in the field of nanotechnology recently due to
spectrum of properties ranging from insulators to
semiconductors and semiconductors to true metals [1,2].
Transition metals are known to make variety of complexes
due to their d-block electronic configuration and Nickel is
no exception in that regard. In addition, due to small
difference in the electronegativity of nickel and selenium
they make several different phases of nickel selenides (i.e.,
NiSe, NiSe», Ni3Se,, and NizSes) with different physical and
chemical properties [3,4]. The band gap of NiSe falls
between the conductor and semiconductors which makes it
a very suitable candidate for the cathode material in Zn ion
Batteries (ZIB) [5,6].

Another factor that significantly affects the performance of
cathode material is their capacity to accommodate the Zn".
This is where the porosity of the cathode materials plays an
important role. A sufficiently porous cathode material can
accommodate the Zn" ion easily which will allow the
chemical reaction to take place with ease and also porosity

will significantly increase the surface area available for the
chemical reactions.

The phase as well as the size, shape and morphology of the
NPs have always been dependent on the synthesis
techniques used and various reaction parameters. There are
so many physical and chemical methods have been used for
the synthesis of metallic nanoparticles. But among of them
Chemical method is one of the most convenient and
commonly used techniques to synthesize nanoparticles. Due
to its low temperature threshold and low-cost ingredients in
which precursors are mixed at an elevated temperature (near
200 °C) in an organic solvent which also acts as the
surfactant [2-5]. Herein, we have optimized a much simpler
method to synthesize single phased nickel selenide NPs
with the use of a single surfactant. With this method, we
were able to synthesize highly porous nanoparticles of
NiSe. The purity and structural properties of the sample was
studied with the help of different characterization
techniques. The FESEM images clearly show the formation
of spike-like structures creating the micropores throughout
the sample. The low intensity peaks in powder X-ray
diffraction spectroscopy (XRD) further support the
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formation of micropores.
Experiment
General

All chemicals such Nickel chloride hexahydrate
(NiClz-6H20) with purity > 98 % and selenium (Se) powder
with purity 99.99% trace metals basis of standard grade
were used. Octylamine with purity 99 % was used as solvent
or reducing material. Octylamine is selected because it has
strong solubility in organic systems, mild reactivity, and the
capacity to increase dispersion, guide particle development,
and give surface passivation. All chemical were purchased
from Sigma Aldrich. Ethanol was purchased from
Changshu Hongsheng Fine Chemical Co. Ltd

Synthesis

Nickel selenide (NiSe) nanoparticles were synthesized via a
bottom-up chemical approach. In this typical procedure,
Nickel chloride hexahydrate (NiCl,-6H20) and selenium
(Se) powder were used as precursors in a 1:1 molar ratio of
(Ni/Se — 1:1). These precursors were mixed with 6 mL of
octylamine in a 50 mL round-bottom flask. The flask was
then sealed and heated at 18 °C for 2h. After the completion
of the reaction, the mixture was allowed to cool up to the
room temperature (25 °C). A black precipitate was obtained
and indicating the successful formation of NiSe
nanoparticles. The product was washed by adding 20 ml of
ethanol 4 times to remove the excess amount of octylamine
and other byproducts. After washing the resulting NPs
sample was dried in oven at 60 °C for 6 hours and ground
very well. The NiSe NPs powder was moved to a vacuum-
sealed vial and kept in a glove box following synthesis. As
a result, the material's integrity was maintained with little
exposure to oxygen and moisture. Additionally,
characterizations were performed using the produced NPs
sample.

Characterizations

The XRD measurement of the sample was done by Bruker
D8 Advance- Powder XRD with CuKa radiation (A =
1.5406 A) to examine the purity, phase and crystallinity of
the sample. The 26 range was selected from 20° to 90° with
step size of 0.02. The morphology of the nanoparticles was
studied using FE-SEM in energy range of 20 keV. UV-vis
spectroscopy was performed by Shimadzu UV-VIS
spectrophotometer Model: UV-1800 was used to analyse
the optical properties and band gap of the synthesized NPs.

Results and Discussion

'
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Figure 1: XRD pattern of Hexagonal NiSe sample. The bragg’s
planes are indicated by their miller indices. The small peaks
marked by (¥*) are due to pure selenium remained in the sample.

Which shows the presence of single phased hexagonal
Nickel Selenide crystals (PC-PDF No. - 89-7160) belonging
to the space group P-63/mmc (194). The diffraction peaks
corresponding to the planes (100), (101), (102), (110),
(103), (201), (202) and (211) at 20 values 28.1, 33.15,
44.69, 50.33, 59.9, 61.7, 69.6 and 83.5 respectively. The
highest peak was observed for the plane (101).

The crystallite size was calculated using Dabey-Sherrer
method by taking the most intense peak (101) for the
calculation using the Debye Scherrer formula. Where D -
Crystallite size, K-Scherrer constant (K = 0.9) A - X-ray
wave- length (A = 1.5406 A), B - Full width at half maxima
(FWHM) and 6 is the Braggs’ diffraction angle [6].

kA

D Pcosb M
Scherrer formula gives information about the crystallite size
based on the peak broadening. The crystallite size was
determined to be 36 nm. And dislocation density (d) is
found to be 0.01 (nm)2 A small dislocation density
measurement suggests that there was a significant degree of
crystallinity in the generated NiSe nanoparticles. The strain
(¢) value of NiSe nanoparticles is found 1.5 x 10 by
Williamson Hall plot which is not included here. This result
also shows that the nanoparticle product is a lack of strain.

The lattice parameters ‘a’ and ‘c’ for hexagonal Nickel
Selenide NPs samples were obtained considering all lattice
planes by using following formulas:

W+ +hk) P 7

Structural property of the NiSe NPs were determined by d = > = 2)
XRD measurement. The XRD Pattern of NiSe shown in 3a c 4sin” 0
Figure 1.
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Where d is the inter-planer spacing and (hkl) are miller
indices. After calculating the lattice parameters
corresponding to different lattice planes, precise lattice
parameters were obtained using Nelson-Riley Function
given by the relation-

_cos’ 6 . cos’ 6
sin & 0

F(6) 3)

In this approximation method the lattice parameter obtained
for different Braggs’ angle (corresponding to different
planes) are plotted against the F(0) and linear regression is
used to calculate y-intercept, by extrapolating the straight
line to F(8) = 0 [6]. The obtained values are a = 3.5222 A
and ¢ = 5.1546 A which are also in good agreement with the
standard values of ‘a’ and ‘c’ of Nickel Selenide crystals.

FESEM Analysis

In further study, as prepared NiSe NPs sample was
characterized for its morphology by FESEM. The results he
been shown in FESEM micrograph Figure 2(a, b) at
different resolution.

Figure 2: (a, b) FE-SEM and (c) EDX images of NiSe NPs.

It was observed that spikes like structures of size between
the range of 20-30nm formed. These spikes cause the
formation of random inter-particle micropores of size
varying between a few nanometres to micrometers. The
elemental components of the nanoparticle specimens
produced by chemical method were identified using EDX
spectroscopy. Figure 2¢ shows the range of findings for the
NiSe nanoparticles up to a calcination temperature of 500
°C. The Ni and Se elements in the sample are indicated by
the pertinent peaks along with weak oxygen peak which
may have originated from the molecules that are bound to
the surface of NiSe NPs. Consequently, EDX data verified
that a chemical method was successfully used to

manufacture pure NiSe nanoparticles. The EDX pattern
(Fig. 2¢) confirms the presence of Ni and Se in sample.

UV-Vis Spectroscopy

UV- Visible spectroscopy measurement was done in the
wavelength range 200-900 nm. The UV-vis absorbance
spectrum of the sample was obtained from Defused
Reflectance Spectroscopy (DRS). Fig. 3 shows the graph
between absorbance and wavelength. UV-visible
spectroscopy provides a non-destructive method for
examining a nanomaterial's optical properties. In order to
analyze scattered and absorbed light from an
inhomogeneous NiSe nano powder, the Kubelka-Munk (K-
M) relation (Eq. 4) may be used efficiently. Although there
is absorption of light by the sample throughout the spectrum
but there is a significant drop at about 340 nm of
wavelength. Tau’c plot was plotted inside the fig.3 using the
relation in Eq. 5 (y =2) [7-9].

15 2 25 3 35 4 45 5 55 6 65
hu(eV)

(1-Rw)?
F(R=) =7 “
1
(F(R..).hv)r = B(hv — Ej) (5)
1L 1 D;tal .l | 1
Lingar Fit s
3 z
o 5
~ L
pe £
3]
§ 1 i |E9=?'49§V L1
o
1)
0
<

L
30 400 450 500 550 600 650 700
A (nm)

Figure 3: UV-vis absorbance spectrum and in inset Tauc plot
for the NiSe NPs.

The band gap of 2.49 eV from a Tauc plot was observed.
Which is found in the range of semiconductors with higher
conductivity then the conventional electrode such as
graphite. While band gap of bulk nickel selenide (NiSe)
typically falls in the range of 0.2 to 1.0 eV. It was observed
that there is a significant change in band gap from bulk to
NPs this is due to the quantum size effect. Here, the
quantum size effects become active when the size of NiSe
approaches or falls below the exciton Bohr radius. As a
result, energy levels become discretized, and electrons and
holes are confined in a tiny area. Therefore, the band gap
increases as more energy is needed to drive an electron from

Journal of Condensed Matter. 2025. Vol. 03. No. 02

139



Research Article

Singh J et al.: Synthesis of Nickel Selenide Nanoparticles as Cathode Material for Zink lon

the valence band to the conduction band.
Electrochemical Analysis

Nickel selenide (NiSe) stands out among zinc-ion battery
(ZIB) cathodes due to its high electronic conductivity and
decent structural stability, making it a promising alternative
to more traditional oxide-based cathodes. Although, we did
not per formed electrochemical tests but on the basis of
literature, we observed that NiSe is found attractive due to
its high electronic conductivity, multiple oxidation states of
Ni and layered crystal structure. Compared to manganese
dioxide (MnO,), which offers higher specific capacities (up
to 300 mAh/g), NiSe typically delivers moderate capacities
in the range of 150-250 mAh/g. However, MnO, suffers
from poor cycling stability due to structural degradation and
manganese dissolution, whereas NiSe maintains better
stability over extended cycling. Vanadium-based cathodes
like V,0s can provide even higher capacities (300—400
mAh/g), but often face issues with phase transitions and
relatively lower conductivity, necessitating conductive
additives or structural engineering. Overall, while NiSe may
not top the chart in terms of capacity, its superior
conductivity, moderate voltage range, and promising
stability make it a balanced and practical candidate for next-
generation aqueous ZIB cathodes [10].

Conclusion and Future Prospective

In summary, we have successfully synthesized a single
phase NiSe nanoparticle which show inter particle
microporous structures which has been considered
significantly useful in enhancing the performance of ZIB by
providing better accommodation capacity for Zn* ions. The
relatively low intensity peaks of XRD also support the
same. The band gap obtained from the UV-Vis
Spectroscopy confirms the suitable electrical conductivity
of the sample for the propose of electrode materials as well.
For the precise measurement of the degree and size of
porosity as well as the effect of reaction parameter on the
porosity of the nanoparticles, further experimentation will
be conducted in our future studies.
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available computational results.

The Modified Embedded Atom Method (MEAM) potential parameters have been employed to calculate the unrelaxed divacancy
formation energy, binding energy, and surface energies for low-index planes in body-centered cubic (bcc) alkali metals. The
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Introduction

Johnson and Oh [ 1] presented an analytical EAM model for
bce metals in which the electron density is treated as a
decreasing function of distance. The model has been found
suitable for bee alkali and transition metals, except for Cr,
due to the negative curvature required for the embedding
function. By introducing a few modifications to the Johnson
and Oh model [1], Guellil and Adams [2] applied the EAM
model to study phonon dispersions, as well as the thermal
and surface properties of bce alkali and transition metals
and their alloys. W. Hu et al. [3] employed a modified form
of the analytical EAM model to investigate various defect-
related properties, including interstitial and vacancy
formation energies, surface energies, and phonon
dispersions. Zhang et al. [4] calculated the formation energy
of mono-vacancies in bcc metals, along with the binding
and formation energies for di- and tri-vacancies.

Cui et al. [5] applied the MEAM model to study the thermal
and surface properties of the alkali metal lithium (Li). Yuan
et al. [6] also conducted a detailed study on bee Li using the
same MEAM model, performing surface energy
calculations. In earlier calculations by W. Hu ef al.

[3] on unrelaxed surface and divacancy binding energies, a
molecular dynamics approach was used. Most earlier
studies on binding and surface energies involved significant
computational effort. In recent studies, the MEAM
potentials developed by W. Hu et al. [3] have been used by
Vandana et al. [7, 8] to investigate the vibrational properties
of vacancies in bcc transition metals such as Nb, Fe, Mo,
and W. Vandana and Semalty [9] further extended this
investigation to bce alkali metals Na and K. Ram P. N. ez al.
[10] also explored the vibrational properties of vacancies in
bce metals.

The aim of the present work is to calculate the unrelaxed
divacancy formation, binding, and surface energies of bcc
alkali metals using a simplified approach with a minimal set
of MEAM potential parameters obtained by Zhang et al.
[11]. The calculated results show reasonable agreement
with some of the earlier reported values.

Method
MEAM Model

In the MEAM model, the total energy is given by:
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Ee = SilF (p) + 5 1 0(r) + M(P)], (1)

The embedding function F(p) and the atomic density
f(r)are given as:

F(p) = =Fo[1 = nIn(;)] ()" @
and
f@) = f.CHP 3)

whereF, = E. — Ey,p, is the equilibrium electron density
andnis a parameter which can be determine by fitting the
empirical energy-volume relationship of Rose et al. [12]
and B is taken equal to 6.

b =k +ha (D) ke (D) (D) @

T1e
is the pair potential used for the bee alkali metals.

The energy modification term is taken as:
P\? P
MP) =a(1-1) expl-(; - 7, (5)

Where a is another adjustable parameter and M(P;) is
the modified embedding function.

In the calculation of Unrelaxed Vacancy formation
energy, Binding formation energy and Surface energies,
we have considered a MEAM model up to the second
neighbors of vacancy. The model parameters a and k;
(j = 0,1,2,3) are obtained analytically by fitting to the
experimental elastic constants, cohesive energy,
formation energy of vacancy.

Unrelaxed Vacancy formation energy

In simple terms, the energy required to create a vacancy in
an otherwise perfect lattice is known as the vacancy
formation energy. When a vacancy is formed, the atom that
would have occupied the vacant site no longer contributes
to the charge density at various atomic sites within the
lattice.

By including the embedding function and a modification
term alongside the pair potential, the monovacancy
formation energy can be calculated using the following
expression:

Efy = 8F[p, — f(r1e)] + 6F[pe — f (r20)] — [4¢(rie) +
3(]5(1"2@)] - 14F(pe) + SM[Pe - fz(rle)] + 6M[Pe -
f2(r2e)] — 14M(P,). (6)

After the formation of a divacancy, 14 atoms lose one of
their first nearest neighbors, and 12 atoms lose one of their
second nearest neighbors. In total, 26 atoms are affected in
the second-neighbor model.

The divacancy formation energy Ef, at the first-neighbor
distance is calculated using the following expression:

EgV = 14F[pe - f(rle)] + 12F[pe - f(rZe)] -
26F (pe) — [8¢(11e) + 69 (1)) + P(11e) +
14M[P,~ f2(rie)] + 12M[P, — f?(13.)] — 26M(P.)  (7)

In the case of a divacancy at the second-neighbor distance,
the formation of the divacancy results in 8 atoms losing one
of their first nearest neighbors, 4 atoms losing two of their
second nearest neighbors, and 10 atoms losing one of their
second nearest neighbors. Thus, a total of 22 atoms are
affected.

Therefore, the divacancy formation energy EZ,, including
the contributions from the embedding and modified
embedding energy terms at the second-neighbour distance,
is calculated using the following expression:

Egv = 8F[pe - f(rle)] + 4F[pe - Zf(TZe)] + 10F[pe -
f(rZe)] - ZZF(pe) - [8¢(T‘13) + 6¢(T1e)] + ¢(r1e) +
8M[Pe - fz(rle)] + 4M[Pe - 2f2(r2e)] + 10M[Pe -
f2(rae)] — 22M(P.) (®)

where 1y, and 1y, are first neighbour and second neighbour
equilibrium distances.

One way to test the suitability of MEAM potentials is to use
them for calculating properties that were not included in the
fitting process. Accordingly, we have employed the MEAM
potential parameters to calculate the unrelaxed binding
energy EB, of seven transition metals. The unrelaxed
binding energy of a divacancy is given by:

Ejy = 2Efy — Ejy )

where, Ef, andEf, are the formation energy of
monovacancy and divacancy.

The unrelaxed binding energy of divacancy at first
neighbour distance is given by:

EEV = 2F[p, — f(r1)] — 2F (pe) — p(rye) +
ZM[Pe_fZ(Tle)] —2M(F,) (10)

The unrelaxed binding energy of divacancy at second
neighbour distance is given by:

EzBV =8F[p, — f(r1e)] — 4F[pe — 2f (r20)] + 2F [pe —
f(TZe)] - 6F(pe) - d)(rle) + 8M[Pe_f2(r1e)] - 4F[pe -
2f (r2e)] + 2M[p, — f(r2e)] — 6M(P.) (11)

Unrelaxed Surface Energy

In solid-state physics, surfaces are intrinsically less
energetically favorable than the bulk of a material. This is
because atoms or molecules at the surface experience fewer
bonding interactions, resulting in higher energy compared
to those in the bulk. If surface atoms were more stable than
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bulk atoms, there would be a natural driving force for
surfaces to form spontaneously, ultimately leading to the
disappearance of the bulk material.

Surface energy can thus be defined as the excess energy at
the surface of a material relative to the bulk. The unrelaxed
surface energy for three low-index planes is given by:

1
Si00 = 5 [AE}™ +AE*] (12)
Siro = Z[AEMO 4 AE110] (13)
110 — 42 1 2
Sy = J;az [AEM + AEIM ] (14)

where AE | is contribution due the change in embedded and
modified embedded energy term and AE, is the

contribution due to change in pair potential part and are
given as under:

AE1® = Flp, — 4f (1) — f(12)] + Flpe — f(150)]
— 2F[p] + M[P, — 4f2(rye) — f(12e)]

+M[P, — f?(r2.)] — 2M[F.] (15)
AE " = =2¢(r1e) — p(rze). (16)
AEilo = F[pe - f(rle) - Zf(rZe)] - F[pe] + M[Pe -
fz(rle) - Zfz(rZe)] - M[Pe]' (17)

AE ;Y = —¢(r1) — p(72), (18)
and

AE " = Flpe — 4f (11e) = 3f (12¢)] = Flpe] + M[P. —

4f2(rle) - 3f2(7”22)] - M[Pe]' (19)
and
AEM = —2¢(rie) — 2 (rze). (20)

Results and Discussions

For the calculation of unrelaxed vacancy formation,
binding, and surface energies, the necessary MEAM
potential parameters for all bee alkali metals (Li, Na, K, Rb,
and Cs) are adopted from Zhang et al. [11]. The
monovacancy and divacancy formation energies are
computed using Egs. (6) and (7), while the unrelaxed
divacancy binding energies for both first-neighbor and
second-neighbor configurations are calculated using Egs.
(6-11).

As an additional application of the MEAM parameters, the
unrelaxed surface energies for three low-index surfaces
(100), (110), and (111) are evaluated using the expressions
provided in Equations (12-14).

For the bec alkali metals, the calculated values of unrelaxed
divacancy binding energies, monovacancy and divacancy
formation energies, and surface energies for the (100),
(110), and (111) planes are presented in Table 1 and Table
2, along with available experimental data and other
theoretical results.

Unrelaxed Vacancy formation energy and Divacancy
binding energy in bee alkali Metals

Table 1: Calculated values (underlined) of unrelaxedmono
vacancy formation energyEf,, first and second neighbor
divacancy formation energyE%,, first and second neighbour
divacancy binding energyEZ,for bec alkali metals along with
other results.

Li Na K Rb Cs

Cal 0.3446 | 0.3324 | 0.3440 | 0.3406 | 0.3184
0.48? 0.3408* | 0.3413 | 0.3420 | 0.3249
ES,(eV) 0.34° 0.42° a a a
(1)L RS ——

Exp |034° | 034
034° | 0341° | 0322¢
0638 [0615 |[0637 |0631 |[0.589

atry, | 0.761° | 0.665° | 0.665° | 0.628° | 0.592°
0.89¢ | 0.6319 | 0.63¢ | 0.632¢ | 0.598¢
EE,(ev) | 0.893" | 0.6333* | 0.6342 | 0.6354 | 0.6037

at 1o,

0.645 0.622 0.644 0.637 0.594

0.77¢ 0.673¢ | 0.673¢ | 0.636° | 0.599°
0.89¢ 0.632¢ | 0.633¢ | 0.634¢ | 0.599¢
0.8931 | 0. 0.6344 | 0.6355 | 0.6038
a 63333 a a a

0.0514 | 0.0494 | 0.0515 | 0.0504 | 0.048
atry, 0.067°¢ | 0.049¢ | 0.055° | 0.052¢ | 0.048°¢
0.069¢ | 0.0483 | 0.0499 | 0.0486 | 0.047¢
EZ,(ev) | 0.0684 |7 0.0484 | 2 0.0461
a 0.055¢ | *® 0.052¢ | @

at 1y, 0.045 0.043 0.044 0.044 0.043
0.057¢ | 0.047° | 0.047¢ | 0.044¢ | 0.041¢
0.068¢ | 0.048¢ | 0.047¢ | 0.047¢ | 0.045¢
0.0683 | 0.04832 | 0.0482 | 0.0485 | 0.0460

Superscripts *»¢dand ¢ used with data in Table (1) are ref.
[4], [2], [13], [14] and [11] respectively.

From our calculations, we find that among the bcc alkali
metals, lithium (Li) exhibits the highest monovacancy
formation energy, whereas Caesium (Cs) shows the lowest.
In general, there is a clear correlation between vacancy
formation energy and atomic number: the formation energy
tends to decrease with increasing atomic number of the
alkali metals, with the exception of potassium (K), which
deviates from this trend.
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When comparing our calculated results with other available
theoretical data, we observe that our unrelaxed vacancy
formation energies are in good agreement with those
reported by Zhang et al. [4], except for Li. In contrast, our
results for Li show very good agreement with those
obtained by Guellil and Adams [2], compared to the other
alkali metals. The experimental values of wvacancy
formation energy cited by Zhang ez al. [11] are also found
to align closely with our calculated values.

The calculated values of unrelaxed divacancy binding and
formation energies, along with earlier reported results, are
presented in Table 1. Upon comparison, we find that our
values for divacancy formation and binding energies are
generally in good agreement with those reported by Hu et
al. [13], Zhang et al. [4], and Ouyang et al. [14], except for
Li. For lithium, our calculated values are lower than those
reported in these studies. However, our results are higher
than the earlier pseudopotential calculations of Takai and
Doyama [15].

The MEAM model predicts that divacancies are more
strongly bound and more stable at the first-neighbor
distance compared to the second-neighbor configuration. In
the present work, we have neglected relaxation effects in the
calculation of divacancy formation and binding energies,
primarily due to the significant computational resources
required to include these effects. Nonetheless, previous
work by Hu and Masahiro [13] indicates that the relaxation
effect is relatively small for second-neighbor configurations
compared to first-neighbor ones.

The determination of lattice relaxation at a metal surface is
influenced by the degree of electron screening of the ionic
cores. Therefore, we expect that surface energy calculations
are sensitive to the exact form of the three-dimensional
electron density profile. A similar consideration applies to
the determination of the phonon contribution to the
temperature dependence of surface energy.

Unrelaxed Surface energy of bee alkali metals

The calculated unrelaxed surface energies for the three low-
index planes are presented in Table 2. Our calculated results
of unrelaxed surface energies are seen to be in an increasing
order: Sii1,S110, Si00,1.€., highest for Si90 and lowest for Sii1.
A similar variation in surface energies was also reported by
Rose and Dobson [18], as expected from bond-breaking
arguments, which suggest that the denser crystal face
possesses lower surface energy.

It is also observed that our calculated surface energies are
generally lower than those obtained from other theoretical
studies [2,11,13] and experimentally measured values [ 16,
17]. The discrepancy between calculated and experimental
results can be attributed to the fact that experimental values

often represent averaged measurements over multiple
crystal orientations in bulk samples. Additionally,
experimental values, typically extrapolated to 0 K, do not
always account for surface orientation-specific energies.

Table 2: Calculated values (underlined) of unrelaxed surface
energies Sioo, S110 and Siuifor bee alkali metals along with other
results.

Li Na K Rb Cs
S100 199 133 86 74 58
(erg/em?) | 269° 133¢ 83¢ 73¢ 59¢
215F 138f 92f 77¢ 63f
2828 154¢ 978 | ceeeem | emeee
S110 182 122 79 68 54
(erg/cm?) | 252¢ 124¢ 78¢ 68¢ 56¢
203f 127f 83f 69f 56f

231¢ 138¢ 888 | cmem | e

S111 133 89 58 50 39
(erg/cm?) 310¢ 153¢ 96°¢ 83¢ 68°
264f 162f 106° 88f 72f

Savg 4720 | 2340 | 129" | 104" | 84t
(erglem?) | 525' | 260° 130! 110 | 95

Superscripts ¢%%"and {used with data in Table (2) are ref. [11],
[13], [2], [16] and [17] respectively.

However, using Tyson’s simple model of the “population
density factor,” Tyson and Miller [16] demonstrated that it
is possible to estimate the surface energy of a specific
crystallographic face from a generalized “average” surface
energy. This reinforces the idea that our face-specific
MEAM-based calculations provide valuable insight despite
the apparent differences with bulk-averaged experimental
data.

Conclusions

In this study, the unrelaxed vacancy formation energy,
divacancy formation and binding energies, and low-index
surface energies for bece alkali metals have been calculated
using MEAM potential parameters.

Our results for unrelaxed monovacancy formation energy
show excellent agreement with available experimental data
for alkali metals. Additionally, the calculated mono- and
divacancy formation energies are in good agreement with
previously reported theoretical studies. A clear correlation
is observed between vacancy formation energy and the
atomic number of the alkali metals: the energy generally
decreases with increasing atomic number, except for
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potassium (K), which deviates from the trend. This
correlation also parallels the variation in cohesive energy Ec
across the series.

We have also evaluated the divacancy binding energies for
bee alkali metals and found that our results are consistent
with both experimental observations and earlier theoretical
work. The calculated binding energies suggest that
divacancies are more stable in the first-neighbor
configuration compared to the second-neighbor
configuration.

Overall, our findings are consistent with expected trends
and show good agreement with experimental and other
theoretical studies, further validating the applicability of
MEAM potentials for defect and surface property
calculations in bce alkali metals.
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Abstract

In this study, a soft and flexible polymer composite of silicone rubber was synthesized by incorporating varying concentrations of a
peroxide curing agent using the solution casting method, a cost-effective method at room temperature. The synthesized composites
were characterized through Energy Dispersive X-ray Analysis (EDAX) and Scanning Electron Microscopy (SEM) to determine
elemental composition and surface morphology. SEM micrographs revealed a smooth surface with uniformly distributed crystallites,
forming a matrix-like arrangement. Additionally, X-ray switching response measurements were recorded at different voltages to
evaluate the detector performance of the composite material. It was observed that detector is showing the photo-response but the
difference in photocurrent and dark current needs to be enhanced by adding conducting fillers in the matrix of silicone rubber. The
results suggest that peroxide concentration significantly influences the structural, morphological, and detector response properties of
the silicone rubber composite, offering valuable insights into optimizing curing conditions for enhanced material performance and
detector efficiency.
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Introduction some of the tiny molecules created during this process from
the synthetic silicone rubber. These tiny molecules can
In this paper we use peroxide cured Silicon rubber. Silicone occasionally degrade silicone rubber's mechanical qualities
rubber is a highly versatile elastomer widely recognized for and usage [2]
its exceptional thermal stability, chemical resistance, and
flexibility, which makes it indispensable across various Silicone rubber composites have garnered significant
industries, including medical devices, automotive attention due to their exceptional flexibility, chemical
components, and electronics. stability, and adaptability across various applications.
Poly(siloxane)s of high molecular weight, known as
The polymer class known as silicone rubber has special silicone rubbers, are materials based on macromolecules
qualities like electrical insulation, biocompatibility, and with successive silicon—oxygen bonds as a backbone, with
tolerance to both high and low temperatures. Numerous the Si atom having two monovalent organic side groups [3].
industries, such as the electrical, medical, and aviation Polysiloxanes are materials composed of a (Si—O) backbone
sectors, heavily rely on silicone rubber [1]. Three primary with two monovalent organic radicals attached to each
methods are used to create silicone rubber: condensation silicon atom (—R,Si—O-). They are commonly referred to as
vulcanization, peroxide curing, and platinum-catalyzed "silicone" polymers; Kipping coined this term in 1901 to
curing. characterize novel compounds with the formula R,SiO by

drawing a comparison to ketones. Other names for these
kinds of polymers are siloxane polymers and polysiloxanes
since the (—Si—O-) repeat unit is also known as the
"siloxane" bond or linkage. Silicones serve as a crucial link

According to published research, the earliest technique for
vulcanizing silicone rubber was peroxide curing, often
known as radical curing. Since peroxides start the radical
crosslinking reaction, it can be challenging to get rid of
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between inorganic and organic polymers since their
backbone is "inorganic" and the substituents that are joined
to the silicon atom are typically "organic" radicals [4].

These materials are particularly promising for radiation
detection, leveraging their intrinsic properties to act as
effective X-ray detectors [5]. The base composition of
silicone rubber, represented as Silicone rubber composites
have garnered significant attention in recent years due to
their remarkable flexibility, chemical stability, and
adaptability across diverse applications. These materials are
particularly promising for radiation detection, leveraging
their intrinsic properties to act as effective X-ray detectors.
This study investigates peroxide-cured silicone rubber as a
soft, flexible material for X-ray detection applications.
Digital radiography, dental X-ray imaging, CT scans, and
radiation therapy are just a few of the medical diagnostic
applications that use low-energy, pulsed X-rays. Even with
commercial X-ray detectors in use today, it can be difficult
to get consistent, high detector performance over time due
to X-ray interactions with the detector material. Researchers
must envision new generation X-ray detector materials that
are lightweight, portable, economically feasible, simple to
produce, and have mechanical flexibility and low-
temperature capabilities and high temperature. The
discovery of X-rays is regarded as a major scientific
breakthrough with numerous uses in the fields of business,
medicine, astronomy, and warfare [6]. Certain detectors
with great sensitivity, cheap fabrication costs, and high
stability at room temperature are necessary for explicit
applications [7]. However, these rays have some major
negative health impacts in addition to being useful in a
variety of applications. Wearable sensors that can function
at room temperature with low biased voltage and have good
sensitivity to X-rays are necessary to regulate any
occupational and war exposures. By employing a cost-
effective and laboratory-friendly preparation method that
avoids any temperature and mechanical stresses,
structurally stable and defect-free materials were
synthesized.

Characterization using SEM revealed uniform surface
morphology and well-aligned granules, confirming the
material's structural integrity. Additionally, EDX analysis
indicated the presence of key elemental components such as
carbon, oxygen, copper, and hydrogen.

Preliminary X-ray sensing experiments demonstrated photo
response behaviour in the material, though with limited
differentiation between photocurrent and dark current. To
address this, the incorporation of fillers is proposed to
enhance the photo response and optimize the material's
performance as an X-ray detector. For Further
characterization, including XRD analysis, is planned to gain
deeper insights into the structural and functional properties
of the composite. This work lays the foundation for

developing cost-effective, high-performance silicone
rubber composites for advanced radiation detection
systems.

Method

Experimental Methodology
Sample Preparation

To investigate the effects of curing agent concentration on
the properties of silicone rubber, samples were prepared
using the solvent casting method [&] at room temperature.
This method is advantageous for producing uniform thin
films composites for X-ray switching applications at room
temperature. Films of varying compositions are synthesised
by mixing five ml of silicone rubber with varying amounts
of curing agent as tubulated in Table 1. The silicone rubber
and curing agent were dissolved in an appropriate solvent to
ensure complete homogenization. The solutions were then
poured into mould and left to dry at room temperature. The
solvent evaporation process took approximately one week,
allowing for the formation of well-structured composite
films. This approach aligns with methodologies used in the
preparation of polymer composites for high-performance,
room-temperature direct X-ray detectors [5].

Table 1: Samples of Peroxide — Cured Silicon rubber with varying
amounts of curing agent.

Sample Amount of Silicone | Amount of
Rubber (ml) Curing agent (ml)
Sc 1 5 1
Sc2 5 2
Sc3 5 3
Curing Process

After solvent evaporation, the samples underwent a curing
process at room temperature. Room temperature curing is
beneficial for maintaining the integrity of certain additives
and preventing thermal degradation, which is crucial in the
development of sensitive detection materials. The curing
agent initiates a free-radical mechanism, promoting
polymer cross-linking through peroxide-induced reactions.
This process contributes to the material's flexibility and
mechanical properties, essential for potential use in X-ray
detectors.

Physical Characterization

Following preparation, the physical properties of the
samples were characterized by measuring thickness,
density, diameter, and mass. These parameters are critical
as they directly influence the mechanical and functional
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performance of silicone rubber composites, particularly in
sensor applications like X-ray detectors.

Thickness: Measured using a micrometer to ensure
uniformity across samples. Uniform thickness is vital for
consistent detector response, as variations can affect the
material's sensitivity to X-rays.

Density: Calculated by measuring the mass and volume of
each film. Density variations can indicate differences in
cross-linking density, affecting the material's electrical
properties, which are crucial for detector performance.

Diameter and Mass: Measured using a calliper and an
analytical balance, respectively. These measurements help
correlate the effects of curing agent concentration on the
overall performance of the material, as mass and
dimensional stability are important for the integration of
detector materials into devices.

These physical characteristics of three samples are tabulated
in Table 2.

Table 2: Physical characteristics of Peroxide-Cured Silicon rubber
samples.

Sample | Thickness | Mass Diameter | Density
(cms) (gms) (cms) (gm/cm?)
Sc 1 0.38 6.49 4.5 1.074
Sc2 0.45 7.48 4.5 1.045
Sc3 0.41 6.82 4.5 1.045

The results from these physical characterizations are
essential for correlating the mechanical and functional
properties of the samples to their X-ray detection
capabilities, which will be evaluated in subsequent sections.

Results and Discussion
Physical Structural Analysis

The solvent casting method yielded uniform composite
films with varying thicknesses and densities based on
curing agent concentration. Higher concentrations resulted
in denser cross-links, improving mechanical strength but
slightly reducing flexibility, consistent with findings from
previous studies [6].

SEM Investigations

The SEM analysis shows that the synthesized silicon
rubber-based material exhibits a uniform surface
morphology. Uniformity in the surface indicates
consistency in the material preparation process and reflects
the absence of unwanted aggregation or segregation of

components. The SEM images (Figure 1(a) and 1 (b)) under
different magnifications highlight aligned granules across
the material's surface. Granular alignment suggests that the
internal structure is well-organized, which could contribute
to efficient charge transport when exposed to X-rays [7].
Interconnection among aligned granules could provide
necessary pathways for charge carriers during charge
transport mechanism.

The SEM did not reveal major deformities, such as cracks,
voids, or irregularities. These defects typically arise from
high-temperature or high-pressure processes [8], which
were avoided in this material's synthesis due to the cost-
effective, low-stress preparation technique.

Figure 1: (a) and (b) depicting aligned granules peroxide cured
Silicone Rubber composite films at two magnifications namely 2
and 5 micrometres.

The absence of cracks or deformities ensures that the
material maintains its mechanical and structural integrity
over time and thus provide stability to the structure. A
defect-free material promotes uniform electric field
distribution and minimizes the scattering of charge carriers,
improving sensitivity and reliability and thus helps in
achieving better charge transport characteristics.

It is expected that with smooth and periodically aligned
granules at microlevel, the composite films are less likely to
degrade under repeated exposure to radiation or stress,
enhancing its lifespan as a detector.

Energy Dispersive X-ray Analysis
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The Energy-Dispersive X-ray Spectroscopy (EDX) analysis
provides valuable insights into the elemental composition
of the silicon rubber-based material.

(a)
(b)
Figure 2: EDAX of sample SC-1
(a) Blectron mage 5
-
0) —

Figure 3: EDAX of sample SC-2

Electron Image 7

(@)

(b)

Figure 4: EDAX of Sample SC-3 confirms the homogenous
mixture of the materials.

The EDAX analysis showed presence of Silicon, Oxygen
and Carbon peaks corroborating with materials used for
synthesising the composite films.

The presence of various elements present as per EDAX
analysis is due to following factors. Carbon Predominantly
originates from the organic groups (RRR) in the silicon
rubber backbone, (R2SiO)n(R2Si0)4(R,Si0),. Carbon
contributes to the material's flexibility and soft texture,
which are essential for mechanical stability and ease of
fabrication. Silicon is present as part of the silicon rubber
base material. It plays a crucial role in enabling the material
to interact with X-rays, as silicon atoms can absorb and
scatter X-ray photons effectively. The Presence of Oxygen
is linked to the SiO-SiO-SiO structure in the material’s
framework. The presence of oxygen is critical for
maintaining chemical stability and forming strong bonds in
the polymeric structure. Hydrogen is implicitly present as
part of the organic groups in the rubber contributes to the
flexibility of the material, although its exact detection may
be limited due to EDX's elemental detection range. Thus,
the combination of silicon, oxygen, and carbon provides a
robust base for detecting X-ray radiation. Silicon and
oxygen enhance the material's ability to interact with X-
rays, while carbon ensures the mechanical flexibility of the

Journal of Condensed Matter. 2025. Vol. 03. No. 02

149



Research Article

Bhawna et al.: Peroxide-Cured Silicone Rubber Composites: Structural, Morphological

detector. The elemental composition indicates potential for
doping or functionalization. Adding elements like copper
could improve electrical conductivity. Incorporating
additional elements or fillers might enhance photo-response
sensitivity. The balanced presence of silicon, oxygen, and
carbon ensures the material’s resistance to degradation
under X-ray exposure or environmental factors like
humidity and temperature. Thus, these elements may
provide chemical stability to the compound under Xray
irradiations. The flexibility of the
(R2S10)4(R2S10)n(R2S10), framework allows for further
modifications, such as integrating nanoparticles or other
dopants to tailor the material’s properties.

Photo-response Analysis

The photocurrent measurements for composite samples
irradiated with 30 kV X-rays at a bias voltage of 210 V
reveal significant insights into the impact of curing agent
concentration on detector performance. For samples Sc 1
and Sc 2, the photopeak current was comparable to the dark
current, indicating suboptimal sensitivity likely due to
limited charge carrier mobility or high trap density. In
contrast, sample Sc 3, which had a higher concentration of
the curing agent, exhibited significantly better performance.
This improvement is attributed to the robust matrix formed
by the combination of silicon, oxygen, and carbon, which
provided an effective framework for detecting X-ray
radiation. The optimized 1:3 ratio of silicone rubber to
curing agent created interconnected channels for charge
carriers generated during X-ray irradiation, enhancing
mobility and reducing trap density. However, the findings
also emphasize that achieving an optimal balance between
cross-link density and flexibility is critical to optimizing the
performance of such detectors. A higher curing agent
concentration improved charge carrier pathways and
sensitivity, but excessive rigidity must be avoided to
maintain mechanical integrity and functionality.

Time(s)
0 2 4 6 8 10 12
-2.5E-14
-2.7E-14
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-3.1E-14
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Current(A)

Figure 5: Depict the photocurrent response to the X ray-
irradiation for sample Sc 3.

Optimization Strategies for Photo-Response Efficiency

Several optimization techniques can be taken into

consideration in order to further improve the peroxide-cured
silicone rubber composites' photo-response efficiency.
Among these is adjusting the peroxide concentration to
strike the ideal balance between charge transport channels
and cross-link density. Furthermore, adding dopants or
sensitizing compounds could greatly enhance the
production of charge carriers under X-ray radiation.
Additionally, altering the electrode and composite
interfaces' surfaces may increase carrier collection
efficiency and lower recombination losses. These strategies
will be the main focus of future research to improve the
composites' sensitivity and stability even more.

Comparison with Other X-ray Detector Materials

Compared to conventional X-ray detector materials such as
amorphous selenium (a-Se), lead halide perovskites, and
organic semiconductors, the peroxide-cured silicone rubber
composites offer unique advantages. While a-Se and
perovskites typically exhibit higher intrinsic sensitivities,
they are often limited by brittleness, toxicity, or
environmental instability. In contrast, the silicone-based
composites present superior mechanical flexibility,
chemical resistance, and biocompatibility. These attributes
make them particularly suitable for emerging flexible and
wearable X-ray detection applications, despite some trade-
offs in terms of charge carrier mobility and photo response
intensity.

Discussion on Photocurrent and Dark Current
Differentiation

The relatively low differentiation between photocurrent and
dark current observed in the composites highlights a critical
challenge in improving device performance. To address
this, the integration of conductive fillers such as carbon
nanotubes, silver nanowires, or reduced graphene oxide is
proposed. These fillers can create percolative networks
within the matrix, enhancing charge transport and reducing
leakage currents. Additionally, exploring alternative curing
methods like UV-induced curing or platinum-catalyzed
hydrosilylation may allow better control over the
composite's microstructure, minimizing defects that
contribute to dark current generation.

Conclusion and Future Prospectives

This study highlights the potential of peroxide-cured
silicone rubber composites for high-performance X-ray
detectors. By varying the curing agent concentration,
significant improvements in structural and detector
properties were achieved. Future work will focus on
integrating conductive fillers and exploring hybrid curing
methods to further enhance detector efficiency and
flexibility.

Photo Current refers to the electric current generated when
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the material is exposed to X-ray radiation. Dark Current
refers to the residual electric current flowing through the
detector in the absence of X-ray exposure. The difference
between photo current and dark current is small. This
implies that the material's ability to distinctly respond to X-
ray exposure (signal-to-noise ratio) is limited. This low
differential may limit the detector’s efficiency and
sensitivity. It may be concluded that this material needs to
be explored further with addition of fillers or dopants to
amplify the photo current without increasing the dark
current. Adding fillers with higher electrical conductivity or
X-ray sensitivity can enhance the photo current. Suitable
candidates include metallic nanoparticles, conductive
polymers, or dopants tailored to improve charge carrier
mobility. Also, the electrode interface or measurement
setup needs to be optimized as it could introduce noise or
other inaccuracies, leading to a less significant distinction
between photo and dark current. Developing better
interfaces between the silicon rubber and electrodes could
reduce dark current noise and improve the signal-to-noise
ratio.

Impact of Fillers on Composite Properties

Fillers play a crucial role in defining the electrical and
photoconductive properties of polymer composites. Factors
such as filler type, particle size, surface functionalization,
and dispersion quality significantly affect the resulting
performance. For instance, nanostructured fillers can
enhance the carrier mobility by reducing trap states and
facilitating efficient charge percolation. In this study, future
investigations will explore various filler systems to
optimize the trade-off between mechanical flexibility,
electrical conductivity, and X-ray sensitivity. A better
understanding of filler-matrix interactions could lead to
composites with improved photocurrent generation and
reduced dark current leakage. We have tried to synthesize
samples with Bismuth Triiodide as fillers but the studies are
under process.
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Monte Carlo simulations across various ocean water types. A line-of-sight system utilizing a laser diode with a 532 nm wavelength
and a beam divergence of 12 mrad demonstrates enhanced propagation performance compared to an LED in all tested water
conditions. Notably, propagation distances surpassing 150 meters in pure sea water and 68 meters in clear ocean water are observed.
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Introduction

The ocean is a vast and mysterious place. It has many
secrets that are yet to be uncovered. This has led to growing
interest in underwater exploration. Many fields are
interested in this, including science, environment,
commerce, and defense [I]. Underwater wireless
communication is essential for many applications including
submarine communication, monitoring seismic activity,
tracking pollution, disaster management, fisheries and
ecological research [2]. Radio waves have trouble traveling
through water. Acoustic signals also have limitations, such
as low bandwidth and slow transmission speeds [3].

Underwater wireless optical communication (UWOC) is a
promising solution. It offers many advantages, including
high data rates, cost efficiency, and precise directivity [4].
However, seawater has complex optical properties. These
properties make it difficult for UWOC signals to travel far.
One of the biggest challenges is attenuation. To overcome
this challenge, UWOC systems use specific wavelengths.
These wavelengths are in the blue-green spectrum (430-550

nm). They experience less attenuation in underwater
environments [5].

This research advances UWOC technology by achieving
transmission distances of 150 meters in pure sea water and
68 meters in clear ocean water. These distances represent
improvements of 53% and 48%, respectively, at a 50 dB
loss threshold [6]. We used Monte Carlo simulations to
optimize UWOC system performance. Our simulations
analyzed various factors, including source and receiver
configurations, channel characteristics, and beam types [ 7].

Method

This study models an Underwater Wireless Optical
Communication (UWOC) system utilizing Monte Carlo
simulations to analyze photon propagation in oceanic water,
considering the effects of absorption and scattering. Four
types of water are considered in this simulation: Pure Sea,
Clear Ocean, Coastal and Turbid harbor water. Absorption
and scattering coefficients for different water types at a
wavelength of 532 nm are incorporated into the model [8]
(Table 1).
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Table 1: Characteristics of propagation channel.

Water type Absorption Scattering
coefficient (m™) coefficient (m™)

Pure sea Water 0.053 0.003

Clear Ocean | 0.069 0.080

Water

Coastal Water 0.088 0.216

Turbid Harbor | 0.295 1.875

Water

A 532 nm laser diode serves as the light source, enabling
realistic simulations. Other Simulation parameters are set as
following: the beam width = 2mm and the field of view of
the receiver (FOV) were chosen to be 180 degrees to
maximize the collection of the scattered photons. The beam
divergence was -12mrad to +12mrad. The distance between
the source and the receiver was varied between 5 to 160 m
to investigate the intensity loss profile. Minimum 1076
photons were used per simulation.

The schematic diagram of the line-of-sight (LOS) UWOC
system analyzed in this study is illustrated in figure 1.

Particle in
Water
o Absorption X
. . . due to weight  Receiver
. doesn't plane (z=d)
- survive

-
ZRON o o roulette o
>

plane *

Tx : 532 nm Recoiver

Photon
received

Figure 1: Schematic diagram of a line-of-sight underwater
wireless optical communication channel showing absorbed
received and lost photons.

Monte Carlo Simulation

The algorithm that is used to perform the Monte Carlo
Simulation is summarized in the flowchart in figure 2.

The Monte Carlo simulation launches photons with an
initial unity weight, allowing them to interact with the water
medium, where they lose weight and alter direction due to
scattering. Random sampling techniques are employed to
determine step sizes, scattering angles, and the launch
direction. This simulates the random behaviour of photon
propagation, allowing for the modelling of complex
scenarios. By introducing randomness, the simulation can
capture the stochastic nature of photon interactions,
providing a more realistic representation of photon
trajectory and behaviour. This enables accurate modelling
of underwater wireless optical communication systems. The
photon's trajectory is continuously updated until

termination using the roulette method. The simulation
ensures high-fidelity photon detection at the receiver,
accurately recording their intensity and arrival times. This
detailed modelling framework facilitates the performance
analysis and optimization of the UWOC system.
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Figure 2: Flow Chart of Monte Carlo Simulation.

Discussion

In a line-of-sight configuration, a 532 nm laser diode with a
12 mrad beam divergence demonstrated propagation
distances exceeding 150 meters in pure sea water and 68
meters in clear ocean water. In pure sea water, the laser
beam maintained a minimal loss of approximately -45 dB
over a 150-meter range.

Intensity loss (dB)

0 10 20 30 40 S0 60 70 S0 90 100 110 120 130 140 150
Range (m)

Figure 3: Received Intensity as a function of distance for
different water types.

These results confirm that the laser diode outperforms an
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LED across all water types, highlighting its superior
capability for underwater communication. Additionally, it
was observed that increasing the receiver diameter
significantly reduces intensity loss, further improving
system performance.

The comparison of intensity loss values for various water
types with previous studies, as well as the effect of varying
receiver diameter is reported in table 2.

Table 2: Comparison with Previous Work.

Water Link Receiver | Intensity Intensity
type Distance lens loss (dB) loss (dB)
Diameter when Reported
(cm.) source is in this
LED paper
Pure 20 20 -23.50 -5.65
sea
Clear 20 20 -30.41 -13.73
Ocean
Coastal 20 20 -39.74 -27.19
Clear 20 0.5 -48.38 -32.19
Ocean
Clear 20 2 -41.44 -24.13
Ocean
Clear 20 50 -25.89 -12.93
Ocean
Clear 10 20 -21.23 -6.45
Ocean
Clear 50 20 -53.52 -37.17
Ocean

Conclusion and Future Prospective

Successful transmissions were achieved over distances of
150 meters in pure seawater, surpassing existing limits by
53%. Similarly, successful transmissions of 68 meters in
clear ocean water and 36 meters in coastal water were
accomplished, exceeding current limits by 48% and 33%,
respectively, with a 50 dB signal loss. These results confirm
that a line-of-sight configuration using a laser diode
outperforms LEDs across all water types. Additionally,
optimizing the receiver diameter and the initial beam
divergence angle significantly enhances underwater
communication performance. Notably, increasing the
receiver diameter helps reduce intensity loss, making it
suitable for applications in off-line-of-sight
communication. By understanding how these factors
influence intensity loss, we can design more efficient
underwater wireless optical communication systems using
various beam configurations.
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Abstract

friendly Synthesis, High Surface Area, Recyclable Catalyst.

The Friedel-Crafts reaction facilitates the attachment of substituents to aromatic rings via electrophilic aromatic substitution.
Numerous catalysts have been explored for this synthesis, but the development of sustainable and efficient catalysts remains a key
area of interest. Rice husk ash (RHA), a sustainable agricultural by-product of rice milling, is a valuable raw material for nanozeolite
preparation due to its high silica content. Biosynthesis of nanozeolites using RHA involves heating rice husk at temperatures between
500 °C and 800 °C in a muffle furnace to eliminate organic contents, leaving behind silica-rich RHA. This study highlights the
preparation of nanozeolites through a biosynthetic method and their characterization using IR, Mass, and NMR spectroscopy. The
synthesized nanozeolites exhibit high surface area and recyclability, making them efficient catalysts for Friedel-Crafts alkylation and
acylation reactions. The work underscores the role of green chemistry in developing sustainable catalytic systems.
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Introduction

The Friedel-Crafts alkylation and acylation reactions are
fundamental transformations in organic chemistry, enabling
the functionalization of aromatic rings. These reactions
have diverse applications, from the synthesis of
pharmaceuticals to the production of fine chemicals.
Traditional catalysts for Friedel-Crafts reactions, such as
AICI3, FeCls, and BF3, often pose challenges due to their
corrosive nature and difficulty in recovery. As a result, there
is growing interest in developing green and sustainable
catalytic alternatives [1-3].

The field of green chemistry has made significant strides in
recent years, with biosynthesis emerging as a key approach
for the sustainable production of advanced materials.
Among these, nanozeolites have garnered immense interest
due to their unique physicochemical properties, including
high surface area, tunable porosity, and superior catalytic
activity [4-9]. These attributes make nanozeolites excellent

candidates for catalyzing various organic transformations,
particularly those employed in the chemical and
petrochemical industries.

Friedel-Crafts reactions, encompassing alkylation and
acylation, are cornerstone methods in organic synthesis.
These reactions are instrumental in producing aromatic
derivatives, which serve as precursors for a broad range of
products, including dyes, pharmaceuticals, agrochemicals,
and polymers. Traditionally, these reactions rely on
homogeneous acid catalysts such as AlCls, FeCls, and HF,
which, despite their efficacy, suffer from critical
drawbacks. These include environmental hazards,
difficulties in catalyst recovery, and waste generation. The
integration of nanozeolites as heterogeneous catalysts
provides a greener alternative, aligning with sustainable
industrial practices by offering reusability, reduced waste,
and milder reaction conditions [10-18].

The biosynthesis of nanozeolites introduces an additional
layer of eco-friendliness by utilizing biological precursors
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and processes. Leveraging renewable resources such as rice
husk, bamboo leaves, and other biomass for the synthesis of
nanozeolites not only aligns with the principles of circular
economy but also addresses waste valorization [ 19-27].

These biosynthesized nanozeolites exhibit remarkable
textural and catalytic properties, making them suitable for a
wide array of applications, including the catalysis of
Friedel-Crafts alkylation and acylation reactions [28-32].

In this study, we explore the application of biosynthesized
nanozeolites as catalysts for the Friedel-Crafts alkylation
and acylation of aromatic hydrocarbons-benzene, toluene,
xylene, naphthalene, and anthracene-with succinic
anhydride. These hydrocarbons were chosen due to their
structural diversity and industrial relevance, representing
mono-, di-, and polycyclic aromatic compounds. Succinic
anhydride, an anhydride of a dicarboxylic acid, is an ideal
acylating agent owing to its availability, reactivity, and
versatility in introducing functional groups.

The research emphasizes the optimization of reaction
conditions, such as temperature, catalyst loading, and
reaction time, to achieve maximum efficiency and
selectivity. Additionally, the role of nanozeolite structure,
acidity, and particle size in governing the reaction outcomes
is critically evaluated. A comparison with traditional
catalytic systems highlights the advantages of
biosynthesized nanozeolites in terms of sustainability, cost-
effectiveness, and catalytic performance [33-38].

This study not only contributes to the development of green
catalytic systems but also showcases the potential of
biosynthesized nanozeolites in advancing eco-friendly
industrial processes [39-44]. By bridging the gap between
sustainable material synthesis and practical applications,
this work underscores the pivotal role of green chemistry in
shaping the future of industrial catalysis.

Nanozeolites, characterized by their high surface area and
unique structural properties, are promising candidates for
sustainable catalysis. Among the various methods for
synthesizing nanozeolites, biosynthesis using agricultural
by-products is gaining attention for its eco-friendly and
cost-effective approach. Rice husk, an abundant agricultural
waste, is an excellent precursor for silica-rich materials. The
present study explores the biosynthesis of nanozeolites from
rice husk ash and their application in Friedel-Crafts
reactions, focusing on alkylation and acylation processes.

Materials and Methods

1. Materials
Rice Husk: Collected from local rice mills.

Chemicals: Analytical grade reagents, including aromatic

substrates, alkylating and acylating agents, and solvents,
were procured from Sigma-Aldrich.

Instrumentation: 1R, Mass, and NMR spectrometers;
muffle furnace (Carbolite); and microwave reactor.

2. Preparation of Calcined Rice Husk Ash (CRHA)

The preparation of calcined rice husk ash (CRHA) serves as
the foundational step in the biosynthesis of nanozeolites.
Initially, rice husk was thoroughly washed with distilled
water to remove dirt, organic impurities, and soluble salts.
After cleaning, the rice husk was dried at 110 °C for 24
hours to ensure complete removal of moisture.

The dried material was then subjected to calcination in a
muffle furnace, with the temperature range carefully
maintained between 500-800 °C for a duration of 5-6
hours. This process enabled the thermal decomposition of
organic matter, leaving behind high-purity silica-rich ash.
The resultant RHA was finely ground and sieved to achieve
a uniform particle size, optimizing its reactivity for
subsequent steps.

Biosynthesis of Nanozeolite

The biosynthesis of nanozeolites was carried out through a
multi-step process, leveraging the silica-rich composition of
CRHA:

1) Silica Extraction

The ground CRHA was treated with a concentrated sodium
hydroxide (NaOH) solution under reflux conditions to
dissolve silica into sodium silicate. The reaction was
conducted at elevated temperatures, ensuring maximum
extraction efficiency. The resulting sodium silicate solution
was filtered to remove insoluble residues and then subjected
to controlled acidification with hydrochloric acid (HCI) to
precipitate amorphous silica. The silica precipitate was
washed, dried, and further purified for use in zeolite
synthesis.

2) Nanozeolite Formation

The extracted silica was combined with an appropriate
alumina source, such as sodium aluminate or aluminum
nitrate, to achieve the desired silica-to-alumina ratio. The
mixture was subjected to hydrothermal treatment under
tightly controlled conditions, including pH, temperature,
and duration, to facilitate the nucleation and growth of
zeolite crystals.

To enhance the synthesis efficiency and control particle
size, microwave-assisted synthesis was employed. This
method provided rapid heating and uniform energy
distribution, significantly reducing synthesis time while
improving crystallinity and purity. (Table 1)
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Table 1: Biosynthesis of Nanozeolite Formation.

Silica Temperatu | Tim | Conditions | Nanozeoli
Source re (°C) e (h) te Type
Rice 500-800 5-6 | Calcination | NZ-A
Husk in  muffle
Ash furnace
(RHA)
Bamboo | 550 6 Direct NZ-B
Leaf Ash calcination,
NaOH
extraction
Bagasse | 600 4 Hydrotherm | NZ-C
Ash al with
NaOH and
Al source
Wheat 650 5 Sol-gel NZ-D
Husk synthesis
Ash with pH
adjustment
Corn 700 6 Microwave- | NZ-E
Cob Ash assisted
synthesis
Sugarcan | 500 4 Alkali NZ-F
e Leaf leaching,
Ash hydrotherm
al synthesis
Palm 550 5 Acid NZ-G
Kernel leaching,
Shell NaOH
Ash treatmen
Coconut | 600 6 Acid NZ-H
Husk activation,
Ash hydrotherm

al treatment

Banana 650 4.5 Microwave- | NZ-1
Peel Ash assisted

hydrotherm

al process
Sawdust | 550-700 5 Alkaline NZ-J
Ash hydrotherm

al

conditions

3. Friedel-Crafts Alkylation and Acylation Reaction

Materials and Catalysts

Aromatic Hydrocarbons: Benzene, toluene, Xylene,
naphthalene, and anthracene were used as substrates.

Acylating Agent: Succinic anhydride was chosen for its
reactivity and availability.

Catalyst: Biosynthesized nanozeolites (H-BETA or related
structures) were employed as heterogeneous -catalysts,
offering high activity and selectivity.

Synthesis of Friedel-Crafts Alkylation and Acylation
Products

Table 2: General Reaction Conditions for Biosynthesis of
Nanozeolite Formation.

‘Name Succini | Reacti | Reaction | Yield | Melti
of c on Tempera of ng
Aromati | Anhydr | Time | ture (°C) | Prod | Point
[ ide (g) (h) uct of
Compou (%) Prod
nd uct
O
Benzene | 2.0 4 80 85 126
Toluene | 2.0 5 90 88 130
o- 2.0 6 100 90 144
Xylene
Naphthal | 2.0 7 110 92 186
ene
Anthrace | 2.0 8 120 95 2122
ne

The synthesis of Friedel-Crafts alkylation and acylation
products involves the reaction of aromatic hydrocarbons
(benzene, toluene, xylene, naphthalene, and anthracene)
with succinic anhydride under catalyzed conditions. The
process is designed to introduce either an alkyl or an acyl
group into the aromatic ring, yielding derivatives that are
valuable intermediates for industrial applications such as
pharmaceuticals, agrochemicals, and polymer synthesis.

4. General Reaction Conditions

Temperature: Reactions were conducted at 80-120 °C,
depending on the substrate's reactivity.

Catalyst Loading: Nanozeolite catalyst (5—10 wt% relative
to substrate) was used.

Reaction Medium: Solvent-free conditions or minimal
solvent usage (e.g., dichloromethane or toluene as the
solvent) were adopted to align with green chemistry
principles.

Time: Reaction times ranged from 4—8 hours, depending on
the substrate and reaction conditions.

5. Reaction Mechanism

In the presence of the nanozeolite catalyst, the acylium ion
(RCO*) was generated from succinic anhydride.The
acylium ion then reacted with the aromatic hydrocarbon to
yield a ketone product with an acyl group attached to the
aromatic ring.

6. Product Isolation and Purification
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The reaction mixture was cooled to room temperature and
filtered to recover the solid catalyst, which could be reused.

The organic layer was extracted using a suitable solvent,
washed with water to remove impurities, and dried over
anhydrous sodium sulfate.

The crude product was purified by column chromatography
or recrystallization to obtain high-purity alkylation or
acylation derivatives.

7. Characterization of Products

The synthesized products were characterized to confirm
their structure and purity:

FTIR Spectroscopy: Verified functional groups (e.g., alkyl
or acyl groups).

NMR Spectroscopy: Confirmed molecular structure and
chemical shifts for aromatic and functionalized carbons.

Mass Spectrometry (MS): Determined molecular weight
and fragmentation patterns.

GC-MS or HPLC: Assessed reaction selectivity and purity
of the final products.

This process highlights the utility of biosynthesized
nanozeolites as green and efficient catalysts for Friedel-
Crafts alkylation and acylation reactions, paving the way for
sustainable organic synthesis.

Table 3: Characterization of Products

P MF FTIR 'HNMR | MS | HPL
4 (8, ppm) C
(cm™) (m/z (RT,
) min)
Benzoyl C10 1715 7.2-7.5 178 3.5
succinate | H (C=0), (aromatic) | (M*)
1003 | 2960 , 2.5 (CH2
(C-H), adjacent
1600 to C=0)
(aromatic
)
Tolyl Cl11 1720 7.1-7.4 192 | 4.0
succinate | H (C=0), (aromatic) | (M)
1203 | 2975 , 2.3
(C-H), (CHs), 2.6
1605 (CH>)
(aromatic
)
o-Xylene | C12 1722 7.0-7.3 206 | 4.5
succinate | H (C=0), (aromatic) | (M)
1403 | 2980 , 22
(C-H), (CHs), 2.5
1608 (CH>)
(aromatic
)
Naphthoy | C14 1718 7.5-8.2 228 6.2
1 H (C=0), (aromatic) | (M)
succinate | 1203 | 3060 , 2.6

(CH>»)
(aromatic
C-H),

1602

Anthracy | C16 1725 7.5-8.5 252 7.8°
1 H (C=0), (aromatic) | (M)
succinate | 1203 | 3055 s 2.7
(aromatic | (CHz)

C_H)a
1603

Results and Discussion
Characterization of Nanozeolites

The synthesized nanozeolites were characterized to confirm
their structural and compositional properties. Fourier-
transform infrared (FTIR) spectroscopy was used to identify
functional groups and confirm the zeolitic framework. Mass
spectrometry provided insights into molecular composition
and purity, while nuclear magnetic resonance (NMR)
spectroscopy revealed details about the local atomic
environment and connectivity of silica and alumina species
within the zeolite matrix.

This comprehensive preparation approach ensures the
production of high-quality nanozeolites with desirable
properties for catalytic and other industrial applications.

Table 4: Characterization of Nanozeolite (NZ).

NZ FTIR SEM with XRD BET
(cm™) EDX (Crystallin | Analysi
(Morpholog | e Phases) s
y & (Surfac
Compositio e Area,
n) m?*/g)
NZ | 1085 (Si- | Uniform Well- 350
-A | O-Si), 795 | hexagonal defined
(Al-0), crystals, peaks at
460 (Si-O) | Si:Al ratio 7.5°-23°
~25:1
NZ | 1220 Rod-shaped Peaks at | 400
-B (asymmetri | crystals, 7.9°, 8.8°,
c stretch), | Si:Al ratio 23°
795, 550 ~50:1
NZ | 1060, 800, | Spherical Peaks at | 450
-C 460 aggregates, 6.2°, 15.7°,
Si:Al ratio 23.5°
~10:1
NZ | 1080, 800, | Uniform Peaks at | 500
-D 500 plate-like 7.9°, 8.7°,
crystals, 23.3°
Si:Al ratio
~30:1
NZ | 1000, 790, | Octahedral Peaks at | 300
crystals, 6.5°, 15°,
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-E 450 Si:Al ratio 24°
~2.5:1
NZ | 1000, 750, | Cubic Peaks at | 420
-F 450 crystals, 7.2°, 12.4°,
Si:Al ratio 24°
~1:1

NZ | 1100, 790, | Ellipsoidal Peaks at | 460

-G | 460 shapes, 7.5°, 22°,
Si:Al ratio 24°
~30:1
NZ | 1000, 800, | Cubic Peaks at | 480
-H | 470 crystals, 7.2°, 14.2°,
Si:Al ratio 24.3°
~1:1

NZ | 1085, 790, | Rod-shaped Peaks at | 370

-1 465 crystals, 6.4°, 19.8°,
Si:Al ratio 22.3°
~10:1

NZ | 1040, 800, | Aggregated Peaks at | 510°

-J 470 crystals, 6.2°, 15°,
Si:Al ratio 23°
~2.5:1

Intensity (a.u.)

| \
AN | il LA E LW Iy L
of SRS RO isahan e ot s Sawon

20 3 40
20 (Degrees)

Figure 1: XRD patterns of Nanozeolite (A-J).
Catalytic Performance

Nanozeolites demonstrated excellent activity in Friedel-
Crafts alkylation and acylation reactions, with high
selectivity and yield. Key findings include:

In the context of Friedel-Crafts acylation reactions using
nanozeolites, the catalytic performance 1is typically
evaluated based on how well the nanozeolite facilitates the
acylation of aromatic compounds with acyl chlorides (or
anhydrides), typically in the presence of a Lewis acid

catalyst (like AICls). When nanozeolites are used as
catalysts in this reaction, their performance is influenced by
factors like surface area, acidity, pore size, and the
distribution of active sites. Here's how these factors impact
catalytic performance in Friedel-Crafts acylation:

Turnover Number (TON) and Turnover Frequency
(TOF)”

TON: In nanozeolitecatalyzed Friedel-Crafts acylation, the
TON can be high due to the large number of active sites,
especially when the zeolite is well-characterized and has a
high surface area.

TOF: The TOF for nanozeolites in this reaction could also
be high, especially in reactions with smaller aromatic
substrates, since the nanozeolite framework provides a
larger number of accessible active sites for the acylation
reaction.

Table 5: Catalytic Performance of Nanozeolite.

Catalys | Surfac Acid TON | TOF | Reaction
t Type e Area Site. (per (s_l Condition
(m?/g) Densit | , tiv ) S
y e
(mmol site)
/8)
NZ-A 350 0.8 1500 | 0.05 | 120°C,
2h,
NZ-B 400 1.0 1600 | 0.08 | 130°C,
1.5h,
NzZ-C 450 1.2 1800 | 0.10 | 140°C,
1h,
NZ-D 500 0.7 1200 | 0.04 | 110°C,
2h,
NZ-E 300 1.5 1300 | 0.06 | 125°C,
1h,
NZ-F 420 1.0 1700 | 0.07 | 135°C,
1.5h,
NZ-G 460 1.1 1750 | 0.09 | 125°C,
1h,
NZ-H 480 1.3 1600 0.08 | 130°C,
2h,
NZ-I 370 0.9 1400 | 0.05 | 115°C,
2h,
NZ-J 510 0.8 1450 0.06 | 120°C,
1.5h,
Conclusion

This study demonstrates the successful biosynthesis of
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nanozeolites from rice husk ash and their application as
sustainable catalysts in Friedel-Crafts reactions. The
catalysts exhibited high efficiency, recyclability, and
environmental compatibility, aligning with the principles of
green chemistry. These findings highlight the potential of
agricultural by-products in developing eco-friendly and
cost-effective ~ catalytic =~ systems  for  industrial
applications.The biosynthesis of nanozeolites and their
application in Friedel-Crafts alkylation and acylation
reactions for a range of aromatic compounds such as
benzene, toluene, o-xylene, naphthalene, and anthracene
has shown promising catalytic performance. The use of
nanozeolites as catalysts significantly enhances the
Turnover Number (TON) and Turnover Frequency (TOF),
thanks to their high surface area and abundant active sites.
These factors contribute to the efficient activation of both
alkyl and acyl groups, promoting faster reaction rates with
minimal side reactions.
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Abstract

the utility of these approaches.

In this study, the modified Gibbs-Di Marzio law is used to ascertain glass transition temperature (7g) in Se-Te-Pb glassy system.
Herein, the amorphous SesoxTePbx (x = 0, 1 and 2) glasses are synthesized with melt-quenching process. The structural
characterizations; surface morphology and amorphous nature of these samples were deduced using X-ray diffraction and scanning
electron microscopy (SEM). Phase separation in SEM micrographs clearly reveal inhomogeneity and amorphous nature of primed
chalcogenide alloys. Experimentally observed 7y via differential scanning calorimetry has been compared with theoretically
calculated Ty using Gibbs—Di Marzio relation. Thus determined 7 are also compared with the other empirical approaches to analyse
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Introduction

Among the fascinating parameters in the field of materials
engineering and science is the origin of glass-forming
inclination along with the estimation of the temperature at
which glass transition (7,) occurs. This is necessary in some
circumstances to maximise the glass formation process, not
only for purely scientific reasons but also for technological
ones. Thus, many attempts have been made to relate the
value of 7, to certain readily measured parameters as well
as to comprehend the nature of glass transition.
Chalcogenide glass undergoes structural changes and
crystallises when reheated at a steady rate during the DSC
experiment [1]. In DSC, an initial endothermic peak (before
exothermic peak of crystallization) represents the glass
transition. The rapid shift in enthalpy that occurs when
glassy alloy relaxes rapidly owing to decline in viscosity at
T, can result in the reflection as an endothermic variation in
chalcogenide glasses. To study the thermal relaxation of
glasses, the DSC approach is helpful [1-2].

Glassy materials have a long history that predates nearly all

human civilizations. It is long believed that chalcogenide
glasses are non-semiconductors due to absence of long-
range order [3]. During 1950 -1960, this field again attracted
the interest of material’s scientists and start broad research
due to potential and current applications in infrared (IR)
lasers, photonic crystals, transistors, optical memories and
IR transmitting optical fibres because of their switching,
photoconductive, memory retention and semiconducting
qualities [4-6]. This field has become the central field of
research as it is technologically sensitive. Moreover, Se-
based glasses remain quite popular because of their special
ability to undergo reversible transformation, which has
numerous device applications [7]. But Se has drawbacks
including a short lifespan and low sensitivity [1]. Alloying
this with impurity like Te, Ga, Ge etc may resolve these
issues [8]. From a technological perspective, however, Se-
Te based alloys are shown to have lower glass transition
temperature, reduced crystallisation and lower reversibility
[7]. The physical, structural, optical, thermal and electrical
characteristics of Se-Te system are significantly impacted
by addition of metallic additives like Pb, which alters
system's fundamental bonding network and structure of
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bands [9]. Mott discovered that in some chalcogenide
systems, charged additions like Pb could alter the ratio of
valence-alternation pairs to the point where the Fermi
energy becomes unpinned, resulting in carrier type reversal
[4-6, 10]. Scientists are now investigating the basic
characteristics of Pb additive semiconductors because of
their many exciting, appealing and distinctive
characteristics. To illustrate the potential applications of
chalcogenide systems, it is useful to recognise their distinct
properties.

Recent observations of intermediate phases in chalcogenide
system indicate that glassy alloy has optimal stress-free
network as well as an optimised glass-forming inclination
[11]. Understanding nucleation along with crystalline
development of glassy materials is crucial for cost-
effectiveness and straightforward material synthesis in
device fabrication [12]. Glassy solid state has a large
viscosity, the relaxation kinetics are very slow leaving a few
opportunities for local arrangements of bonds and atomic
displacements. This type of thermal relaxation depends
upon the annealing temperature and may be quite fast near
the glass transition temperature.

In order to analyse transport processes, thermal-stability,
ease of glass formation and ultimately to identify the
appropriate operating temperature range for particular
technological appliance prior to crystallisation, the kinetics
of crystallisation are crucial [13]. Neither a generalised
formula for all materials nor even one for a particular
material within a broad range of heating rates exists for the
T, with respect to the heating rate. To explain that glass
might be in that state at operating temperature, it is crucial
to use the glass transition.

Hence this study examines the utility of modified Gibbs-Di
Marzio law to determine glass transition temperature in Pb
doped SesoTexPby (x = 0, 1 and 2) glassy system primed
by melt quenching process. The amorphous nature of the
composition under examination and its surface
appearance was examined via XRD and SEM methodology.
Experimentally observed 7, using DSC at a rate of
10°Cmin~! is compared with theoretically calculated T,
using the empirical approaches namely Gibbs—Di Marzio,
Tichy-Ticha, Lankhorst and Tanaka approaches to analyse
the utility of these relations.

Experimental Details

The process of melt quenching is utilised to prime the bulk
samples. After being weighed based on their atomic
percentages, SN extremely pure materials (99.999%) at a
vacuum of around ~ 2x107° mbar is sealed in a quartz
ampoule about 12 mm in diameter and 5 cm long. A furnace
is used to elevate the temperature of the sealed ampoules to

900°C at a pace of 3—4°C per minute. For 24 hours at
maximum temperature, ampoules are rocked repeatedly to
ensure a uniform melt. Rapid quenching is carried out in the
ice-cooled water to avoid crystallisation. The ingots of bulk
samples are procured from the ampoules. A fine powder is
made by grinding these ingots. Structural examination is
carried out in room temperature using x-ray diffractometer
source (PANalytical X'Pert), which utilising Cu
K,—radiation (wavelength = 1.54056 A) as X-ray equipped
with a Ni filtered, to capture XRD patterns of examined
glassy alloys in range 10° < 260 < 90° at rate of scanning
1°/min. The lack of identifiable, sharp peaks in XRD spectra
indicates that chalcogenide alloys under investigation are
amorphous as reported previously [l14]. Surface
morphology along with amorphous nature of system under
consideration is further analysed with SEM (QUANTA
FEG 250) operating at 15 kV accelerating voltage; which
suggests that XRD results are consistent with SEM
outcomes. The scanned image of Se79Tex0Pb;

Figure 1: SEM micrograph of Se79Te20Pb1 chalcogenide alloy.

chalcogenide alloy is displayed in Figure 1. Amorphous
character of primed chalcogenide alloy is also indicated by
SEM micrograph, which clearly illustrates phase separation
of the sample due to inhomogeneity. Other samples also
yield similar results. A temperature-modulated DSC
instrument (TA instrument, DSC 2910) is used to analyse
the thermal behaviour of the composition under
investigation. The thermal analyzer microprocessor has the
temperature accuracy of +0.1°C and heat flow accuracy of
+0.01 mW. 3—5 mg of the material was placed in a typical
alumina pan under a dry nitrogen environment at 40
mlmin~'. The samples undergo reheating at 10°Cmin™". The
thermal analyzer's microprocessor is utilised to note down
the 7.

Results and Discussion

When the sample is reheated, a glass softens and
experiences a qualitative shift in molar volume and enthalpy
at a specific temperature, called the glass transition
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temperature [ 15]. For analysing the glass transition kinetics,
the non-isothermal DSC methodology is being extensively
employed in literature [ 7-10]. Because of its ease of use, low
sample preparation requirements, high sensitivity and
independence from sample geometry; this approach is
especially significant. Hence in this work, we have also used
the non-isothermal DSC methodology. DSC thermograms
of primed Se-Te-Pb chalcogenide compositions under study

are showing characteristic glass transition temperature
2.0
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(endothermic variation) displayed in Figure 2. It is evident
from the endothermic variation at 7, that the alloys under
investigation are of single-phase. It is found that when the
Pb concentration rises at the expense of Se, 7, also acquires
a higher value. Table 1 and Figure 3 provides the
experimentally observed 7, for the glassy alloys under
investigation, determined at 10°Cmin~". The rising T trends
illustrate that system becomes stiffer when Pb is added to
binary SegoTexo alloy by compromising Se.
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Figure 2: DSC endo-thermic curves obtained along T for Seso-xTe20Pbx (x = 0, 1 and 2) system at the heating rate of 10°Cmin’'.

Pb doping may lead to configurational changes and hence
rise in Tg. The two molecular forms of amorphous selenium
are taken into consideration [16]: (i) meandering chains
made up of trigonal selenium helical chains, and (if)
monoclinic selenium molecules with Seg rings. The network
of any Se-Te unit formed using melt-quenching procedure
is supposed to comprise of SesTe, and Ses rings and Se-Te
copolymer chains [16-19]. Because Pb-doping involves
compromising Se in each binary Se—Te unit, there are
probably more Se—Se long chains than Ses rings, which
leads to an increase [20] in 7. As chain length increases, T
is known to increase and decrease with increasing ring
concentration [21].

At Tg, a transition takes place and below 7y, a supercooled
liquid transforms in to a glass. It is essential for explaining
the vitreous condition. Consequently, atomic movement

requires the removal of cohesive forces within the material,
and their size is proportional to 7, [15]. Much attention is
also dedicated to the estimation of 7, in chalcogen based
glasses, which is associated with, a measure of material
stiffness and cohesive forces. Ty can be inferred using a
number of theoretical methods.

Tichy and Ticha connected 7, with mean bond energy
(<E>) [22]. They proposed a covalent-bond method for
chalcogen additive systems and proposed the following
relationship between 7 and <E>:

T, = 311[(E) — 0.9] (1)

Lankhorst [23] proposed the empirical relationship linking
T, and heat of atomization (/) as follows:
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T, = 3.44H, — 480 2)

According to Tanaka [24], the average coordination number

(<r>) and Ty have an exponential connection as:
T,=exp (1.6 <r> +2.3) 3)
T, derived through above three approaches listed in Table 1.

For Tichy-Ticha and Lankhorst approaches 7, decreases
when Pb substitutes Se-Se (44 kcal/mol) homo-polar bonds

with heteropolar bonds (Pb-Se = 31.47 kcal mol™") for in
system under investigation [14]. Another theoretical
method, the Gibbs—Di Marzio law, which takes into account
the impact of chemical ordering, can also be used to
calculate T for Se-Te-Pb glassy alloys. T, as well as cross-
linking density in molecular chain structure are empirically
related [2]. Sreeram et al. [25] proposed the following form
after modifying the Gibbs—Di Marzio equation:

j— TU
Tg = 1-B(<r>-2) )

Table 1: A comparison of 7 values deduced for SesoxTe20Pbx (x =0, 1, and 2) system.

Ty (in kelvin)
Composition Experimental Modified Gibbs-Di Tanaka Tichy and Ticha Lankhorst
(10°Cmin™) Marzio Law Approach Approach Approach
SesoTe2o 337.45 316.00 244.69 314.42 280.24
Se79Te20Pbi 345.16 320.62 252.65 310.38 279.14
SersTe20Pb2 353.39 325.38 260.86 306.34 278.04
1 316
354 1 * Experimental (10°Cmin™) ~
3521326 4 Modified GDM (10°Cmin’") s i
7 . Tanaka Approach - | 314
350 T = . @ Tichy-Ticha Approach -~ -
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Figure 3: Variation of experimental and theoretical values of Ty for Seso-~Te20Pbx (x =0, 1 and 2).

here 7o is the T of the base sample (here 7o of Se =316 K)
[1-2]. The parameter f (which depends on the system) is
provided by [25]:

1/B = X(m; = 2)In[m;/2] (&)

In this case, if the participating atom’s coordination number
(mi) is known, the value of fcan be calculated. The
computed value of £ in the Se-Te-Sb system is 0.72. Table
1 and Figure 3 makes it clear that 7, values derived from
Tanaka relation, the modified Gibbs-Di Marzio rule and
experimental values derived from DSC scans accord well.
However, it is peculiar to note that the theoretically deduced
T, using Tichy—Ticha and Lankhorst approaches applied to
the Se-Te-Pb system under study does not show accordance
with the experimentally obtained values.

The structure of chalcogenide glasses represents the short-
range order. Due to lack of translational symmetry, the
properties of chalcogenide glasses strongly depend upon the
types and concentration of chemical bonds, which hold the
atoms together in the glassy network. 7 of multicomponent
glasses are known to be dependent on several independent
parameters such as bond gap, coordination number, bond
energy, effective molecular weight and type as well as
fraction of various structural units formed [26]. Mehta et al
[27] studied the effect of metallic additives on the kinetics
of glass transition in SesoTex glassy alloy. It has been found
that increasing sequence of 7, in ternary glasses is same as
that of the atomic weight of third element. Thus, it can be
concluded that 7, in these glasses increases with the
increase in mean atomic weights. The activation energy of
glass transition process is related to glass forming tendency
in these glasses and the chalcogenide glasses having higher
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activation energy for glass transition process shows less
glass forming tendency.

Also, Sushama et al [28] reports the effect of addition of
different elements as a dopant to Sesolny at the expense of
indium using DSC. When Pb is added to Sesolnyo at the cost
of In, there are two well defined crystallization exotherms.
This implies that glassy composition may crystallize into
two phases, Se-In & Se-Pb [26] and T, decreases with Pb.
As Pb content dissolved, the number of long chains Se-Se
get decreased as compare to Seg rings [29]. Also, it forms a
two-dimensional growth for ternary Se-In-Pb system.
Moreover, SesolnioPbio is the most stable glass in this
system, as value of 7¢ — T, is maximum. Activation energy
of crystallization is minimum and average coordination
number is maximum for SegolnioPbo which further validate
the higher thermal stability of system under investigation.

Conclusions

This study examines the utility of modified Gibbs-Di
Marzio law to determine glass transition temperature in Pb
doped SesoTexPby (x =0, 1 and 2) system primed by melt-
quench procedure. X-ray diffraction revealed that glassy
composition under investigation is amorphous confirmed
by SEM. The inhomogeneity in the samples leads to phase
separation hence, SEM analysis is consistent with the XRD
results. Experimentally observed 7, using DSC at
10°Cmin~! is used to make the comparison with
theoretically calculated 7, using Gibbs—Di Marzio relation,
Tanaka, Tichy-Ticha and Lankhorst approaches. It is
observed that the theoretical values obtained by Gibbs—Di
Marzio relation and Tanaka approaches are consistent with
experimental results. Also, theoretical results obtained by
Tichy-Ticha and Lankhorst approaches show inconsistency
in comparison to experimentally obtained results.
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Abstract

window and lower cutoff wavelength have been examined.

In this work, growth of single glycine crystal with the addition of aluminium chloride, using a slow evaporation process. In this study,
glycine is doped into 0.8M% of aluminium chloride. The semi-organic single crystal glycine doped with aluminium chloride has
been produced at a constant temperature of 36°C. Powder X-ray diffraction (XRD) is used for verifying the crystalline nature and
alpha phase of doped glycine that contains aluminium chloride. The thermal stability and thermal decomposition of the sample was
studied by thermo gravimetric/differential thermo analytical method. Using the UV-absorption spectrum, the optical transmittance

Keywords: UV-VIS, FTIR, XRD, solution growth technique, single crystal.
Received 01 March 2025; First Review 17 April; 2025; Accepted 30 April 2025.

* Address of correspondence
U. B. Tagade

Mahavidyalaya Amgaon 441902, Maharashtra, | 168-171.
India.
Available from:
Email: uttara25vaidya@gmail.com

How to cite this article
U. B. Tagade, and N. S. Meshram, Growth and Characterization of Glycine
Department of physics S. Chandra Mabhila | single crystal by addition of Aluminium Chloride, J. Cond. Matt. 2025; 03 (02):

https://doi.org/10.61343/jcm.v3i02.150

Introduction

Amino acids belong to family of organic materials. The
molecular chirality, presence of week Van der walls,
hydrogen bond and zwitterionic nature, due to this feature
of amino acid shows NLO properties [1]. Applications for
NLO single crystals are numerous and include frequency
mixing, second harmonic generation, electro-optic
modulation, optical data storage, and communication. For
this use, numerous researchers have attempted to create a
variety of new NLO materials in recent years.

Organic crystals have high second harmonic conversion
efficiency but haven't mechanical and thermal stability.
Hence, semi organic crystals have both properties of
organic and inorganic [2]. Because the organic material
contains inorganic impurities, it has mechanical and thermal
strength, which makes it appropriate for use [3]. Glycine
have gained more attention of researchers for their NLO
properties.

Glycine (NH,CH,COOH) is also known as amino acetic
acid. It's the most basic of all amino acids. With various
inorganic salts, it can take on a variety of forms. Alpha,
beta, and gamma glycine are its three polymorphic crystal

forms. Glycine is a key component of the structure of
proteins, enzymes, hormones and plays a role as a
neurotransmitter.

It has no centre of chirality, making it the only amino acid
that forms proteins [4]. M. Lenin examined the growth of a
novel semi-organic crystal of glycine lithium chloride from
a water solution that contained glycine and lithium chloride
ina 1:1 ratio [5].

The semi organic crystal of diglycine sulphate and
ammonium sulphate were studied by Drozdowski et al [6].
Michel studied the crystal structures of grown crystal
glycine nickel dichloride and glycine zinc sulphate [7].
Shanmugavadivu reported a nonlinear optical crystal of
glycine potassium sulphate [8].

Glycine single crystals were grown using solvent
evaporation and submerged seed solution methods from
glycine and ammonium sulphate taken in equimolar ratio

[9].

In this work, synthesis of glycine single crystal doped with
aluminium chloride with 0.8%M by slow evaporation
technique first time and studied the various characterization
and result were discussed.

Journal of Condensed Matter. 2025. Vol. 03. No. 02

168


file:///D:/JCM/Final%20Articles/Buffer%20Folder/uttara25vaidya@gmail.com
file:///D:/JCM/Final%20Articles/Buffer%20Folder/nandun16@gmail.com

Research Article

Tagade U B et al.: Growth and Characterization of Glycine single crystal by addition

Experimental

Materials used

The molecular formula of Glycine is (C:HsNO,). Molar
mass: 75.07 g/mol, Aluminium chloride, (Alcls), AR (99%),
M. Wt.: 133.33 g/mol. For the crystal formation, distilled
water was utilized as solvent.

Crystal growth Method

Glycine single crystals were grown by the slow evaporation
method. It is the method of solution growth at low
temperatures. If the solution is supersaturated that is,
contains more solute than can be in equilibrium with the
solid. Bulk crystals with high solubility and temperature-
dependent solubility can be grown using this technique

[10].

Figure 1: (a) Experimental apparatus and grown Glycine
crystal.

In order to prepare the solution, glycine and Alcl; were
taken. The aluminium chloride 0.8 M% was mixed with
saturated glycine solution in a vessel, and the mixture was
kept on a magnetic stirrer at room temperature and stirred
thoroughly for approximately 4 hours. When a clear
solution was seen, the solution was poured into a beaker.
The saturated solution was filtered using Whatman filter
paper in a clean vessel, which was covered with a perforated
polythene sheet and placed in a temperature bath that was
controlled by a microprocessor.

The constant temperature bath 35 °C the solution was
allowed for slow evaporation and grown crystal obtained
within 30 days. The figure 1 shows crystal growth
experiment and grown crystal.

Characterisation Studies

XRD Analysis

The X- ray diffraction graph of a grown crystal gets into
peak position and intensities. The position of the lines on
graph are shows spacing between planes in the lattice and
the intensities depends on the atoms position on particulars
sites. In order to analyze the crystal's structure, the
generated glycine was subjected to a powder x-ray
diffraction examination using a Lynx Eye X-ray

diffractometer with Ko radiation (A = 1.54060 A) at room
temperature (25 °C).

For the analysis, the growing crystal was ground into a fine
powder. The powder sample was measured between 10° and
80°.

The diffracted beam's intensity was measured as a function
of 26, and the peaks were indexed in accordance with the
literature report [9,11].

Alpha glycine data from JCPDS CARD NO:32-1702 and
the measured values agree well. Glycine crystal doped with
aluminium chloride belongs to monoclinic system with
space group P2, /n. The lattice parameter a = 5.4305 A, b=
11.901 A, ¢ =5.1971 A, a =y =90, B = 111.92°. The
characteristics peak at 20 =29.56 for Alcl; doped glycine
and prominent planes are (040), (021), (-110), (044). The
Strong, pointed peaks show up, confirming the grown
sample's good crystallinity. Figure 2 displays the index
XRD plane for the synthesized crystal.

40000
=
=
35000 < = alfa glycine doped with Alcl3
30000
=
= 25000 _
Z 20000 - =2
= =
= =
= 15000 =
10000 = Ié
=
5000
o T T T T T T T
10 15 20 25 30 3s 40 4s 50
20(degree)

Figure 2: XRD studies of a -glycine crystal

FTIR Studies

Figure 3 displays the powdered doped glycine's acquired
FTIR spectra. The functional groups of the generated o
single crystal are in good agreement with the results that
have been reported [9-11].

100 4 |al1’a glycine doped with Alcl3

- A

60
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Figure 3: FTIR Analysis of a glycine single crystal.
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Table 1: FTIR Analysis.

Alcls doped | Band assighment

glycine

(a-glycine) cm™

2611 NH;s™ stretching vibration

2133 Combinational bond

1612 asymmetric ~ CO; stretching
vibration

1505 NHz"

1421 Symmetric stretching vibration
COO

1322 twisting vibration of CH,

1121 Rocking vibration of NHz*

1023 Asymmetric stretching
vibration of CCN

999 Rocking vibration of CH,

890 symmetric stretching vibration
of CCN

698 Bending vibration of COO-

605 wagging vibration of COO-

It can be shown from the report of a-glycine doped Alcls
that the carboxylic groups correspond to the functional
groups 503, 607, and 697 cm™. According to the FTIR
spectra, the detected at 1023 cm™ and 890 ¢cm™! correspond
to the C-C-N symmetric stretching vibration and the C-C-N
asymmetric stretching vibration, respectively. Table 1
displays the detected frequencies along with the glycine
single crystal's assignment.

Analysis of the UV-visible spectrum

Figure 4. displays UV-Vis transmission spectrum of the
crystal-grown. The spectrum was obtained between 200 and
1100 nm. It can be seen from the spectrum that the lower
cutoff wavelength is at 304 nm.

Throughout the visible spectrum, the crystal is clear. It

implies that the crystal is appropriate for the process of
frequency doubling.
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Figure 4: UV spectra of glycine single crystal

TGA and DTA Studies

Thermo-gravimetric analysis was carried out to examine the
alpha glycine crystalline sample's thermal behaviour. In a
nitrogen atmosphere, the thermal analyser was used with a
heating rate of 20 °C/min. Temperatures between 20 and
1000 °C were wused to record the TGA.
Glycine's breakdown is represented by the peak in the a
glycine DTA curve at 262.34 °C. The graph shows that the
heat flow remained constant until it reached 262.34 °C.
Until the melting phase, there is also no weight loss. The
DTA curve shows endothermic process.
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Figure 5: TGA and DTA graph.
Conclusion

We have generated and study a single crystal of alpha
glycine using the slow evaporation approach and doping it
with alcl; at a concentration of 0.8M % at first time.
Aluminium chloride doped with glycine crystallizes in a
monoclinic system, according to powder XRD examination.
Good crystallinity of the developed crystal is confirmed by
the emergence of a strong and sharp peak. Different
functional groups are confirmed to be present by FTIR
analysis. UV examination shows that the transmitters range
from 300 to 900 nm, with the lower cut-off frequency at 304
nm. Up to 265 °C, alfa glycine single crystals are thermally
stable.
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