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Abstract: Halide perovskites have emerged as a class of materials with exceptional optoelectronic properties.
While most research has focused on their semiconducting nature, the exploration of metallic states in these ma-
terials is a burgeoning field. This study investigates the electronic properties of the halide perovskite CsAsBrs
for the first time, which is predicted to exhibit a metallic character. Using first-principles calculations based on
Density Functional Theory (DFT), we analyze the stability of this metallic state under the application of uniaxial
external strain along [100] crystallographic directions. Our results demonstrate that the metallic nature of CsAsBr3
is remarkably robust, persisting under both compressive and tensile strains of up to 10%. The band structure and
density of states (DOS) show that the states crossing the Fermi level, primarily composed of As 4p and Br 4p
orbitals, are not significantly perturbed by the applied strain. This intrinsic stability suggests that CsAsBrs is a
promising candidate for flexible and strain-tolerant electronic applications where a stable metallic conductivity is
required.

Keywords: Halide-Perovskites; Strain-engineering; Electronic properties

PACS: 71.15.Mb, 71.20.-b, 68.35.Gy

1 Introduction

Over the last two decades, halide perovskites, materials adopting the ABX3 crystal structure, have transitioned
from a niche academic curiosity to the forefront of materials science research [1, 2]. Their rise to prominence
was ignited by the pioneering work of Kojima et al. in 2009, which demonstrated their potential in photovoltaics
[3], leading to a rapid surge in power conversion efficiencies that now exceed 25% for single-junction solar cells
[4]. This remarkable performance stems from a unique combination of exceptional optoelectronic properties,
including strong panchromatic light absorption, long charge-carrier diffusion lengths, and high defect tolerance
[5, 6]. These attributes have also made them leading candidates for a wide range of other applications, such as
light-emitting diodes (LEDs), photodetectors, and thermoelectric devices [7, 8].

The archetypal halide perovskite, methylammonium lead iodide (CH3NH3Pbl3), and its inorganic counterpart,
CsPbls, have been the most extensively studied [9]. However, the presence of lead (Pb) in these high-performance
materials raises significant concerns regarding environmental toxicity and long-term stability, hindering their path
toward widespread commercialization [10, 11]. The inherent instability of these materials in the presence of
moisture, oxygen, and heat further complicates their practical application [12]. Consequently, a major thrust of
current research is the exploration of lead-free halide perovskites. Several strategies have been proposed, including
the use of aliovalent cation substitution to create double perovskites (A2B’B”Xg) or the replacement of the divalent
Pb2+ with other non-toxic, isoelectronic group 14 cations like Tin (Sn?*) or Germanium (Ge?*) [13, 14].

An alternative and compelling strategy involves replacing the divalent group 14 cation with a trivalent group
15 cation, such as Bismuth (Bi®*) or Arsenic (As3*) [15]. This substitution fundamentally alters the electronic
configuration from a B-site ns? to ns”, which can result in novel and unexpected electronic structures. While many
of these trivalent cation-based systems are predicted to be semiconductors, this theoretical study have intriguingly
suggested that CsAsBrs possess a metallic ground state. The emergence of metallicity in a halide perovskite is
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a significant departure from their conventional semiconducting character and opens a new design paradigm for
this class of materials. A stable, solution-processable, and transparent metallic perovskite could find applications
as a transparent conductor, potentially replacing indium tin oxide (ITO), or as a novel catalyst or thermoelectric
material.

For any material to be considered for practical implementation, particularly in modern technologies like flex-
ible or wearable electronics, its functional properties must be stable against mechanical stress and strain [16].
Strain engineering has become a powerful tool to tune the electronic properties of materials, often used to modify
band gaps or induce phase transitions. However, in the context of a metallic material, it is crucial that the metallic
state persists under operational strain. An unintended strain-induced metal-insulator transition would be detri-
mental to device performance and reliability. Therefore, understanding the response of the electronic structure of
metallic CsAsBrj; to mechanical deformation is of both fundamental and technological importance.

This paper presents a comprehensive theoretical investigation into the stability of the metallic state in CsAsBrs3.
Using first-principles calculations, we systematically analyze the evolution of its electronic band structure and
density of states under the application of uniaxial external strain. We demonstrate that the metallic nature is
exceptionally robust, withstanding significant compressive and tensile strains. This finding underscores the po-
tential of As-based perovskites as a new family of resilient metallic materials suitable for demanding electronic
applications.

2 Computational Method

All first-principles calculations were performed using Density Functional Theory (DFT) [17], a powerful quantum
mechanical modeling method for investigating the electronic structure of materials. We employed the Quantum
ESPRESSO (version 6.8) software suite for all simulations [18, 19]. The interactions between the core and va-
lence electrons were modeled using projector augmented-wave (PAW) pseudopotentials, which provide a balance
between computational efficiency and accuracy [20]. The specific valence electron configurations considered in
the pseudopotentials were Cs (5s2, 5p°, 6s'), As (4s2, 4p*), and Br (4s2, 4p°). The exchange-correlation effects
were described using the Perdew-Burke-Ernzerhof (PBE) functional, which is based on the generalized gradient
approximation (GGA) [21]. This functional was chosen as it has been shown to provide reliable predictions for
the structural and electronic properties of a wide range of halide perovskite systems. A kinetic energy cutoff of
50 Ry (approximately 680 eV) was applied for the plane-wave basis set to ensure convergence of the total energy.
The Brillouin zone was sampled using a Monkhorst-Pack scheme with a dense 8 x 8 x 8 k-point grid for structural
relaxations and self-consistent calculations [22]. To handle the occupation of electronic states near the Fermi level
in this metallic system, a Gaussian smearing of 0.02 Ry was applied.

The initial crystal structure of CsAsBrs was assumed to be the ideal cubic perovskite phase (space group Pm-
3m, No. 221). A full geometry optimization was first performed on this unit cell, where both the lattice constant
and the internal atomic positions were allowed to relax until the forces on each atom were less than 0.01 eV/Aand
the total energy change between successive steps was below 1075 eV. Uniaxial strain (€) was subsequently applied
along the [100] crystallographic direction, a common method to simulate mechanical deformation in theoretical
studies. The strain is defined as € = (a — ag)/ag, where ’a’ is the strained lattice constant along the applied
direction and ’ay’ is the fully relaxed equilibrium lattice constant from our initial optimization. The external
uniaxial strain was applied to the x-direction of the unit cell at -10 % (compressive strain) to +10% (tensile strain).
Finally, the electronic band structure and projected density of states (PDOS) were calculated for each relaxed,
strained structure to systematically track the evolution of the electronic properties.

3 Results and Discussion

3.1 Electronic Properties of Unstrained CsAsBr;

First, we optimized the crystal structure of CsAsBrj in its cubic perovskite phase (space group Pm-3m). The stable
structure was predicted by energy minimization technique i.e. computing the lowest energy state as a function of
equilibrium volume. The calculated equilibrium lattice constant was found to be 6.75 A.

The electronic band structure and projected density of states (PDOS) for the unstrained, fully relaxed CsAsBrs
are shown in Figure 1 and Figure 2. The band structure clearly shows that several bands cross the Fermi level,
which is a definitive signature of metallic behavior. Unlike typical semiconducting perovskites which have a
distinct band gap, CsAsBr3 exhibits no gap, allowing for electronic conduction.
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Figure 1: Bandstructure of pristine CsAsBr3
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Figure 2: (a-c) PDOS and (d) DOS of pristine CsAsBrs3.

Analysis of the PDOS reveals the orbital contributions to the electronic states around the Fermi level. The
states responsible for the metallic character arise primarily from the hybridization of As 4p and Br 4p orbitals.
The conduction and valence bands are not separated, but rather overlap significantly, forming the metallic state.
The Cs ions are found to have a negligible contribution to the states near the Fermi level, acting primarily as
charge-donating species that stabilize the crystal structure.

3.2 Effect of Uniaxial Strain

To investigate the stability of this metallic state, we applied uniaxial strain along the [100] direction. The electronic
band structures were calculated for compressive strains of -10% and tensile strains of +10%. Remarkably, the
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Figure 3: Bandstructure of 10% compressive strained Figure 4: Bandstructure of 10% tensile strained
CsAsBr3 CsAsBr3

metallic character of CsAsBr3 is preserved across the entire range of applied strain as shown in Figure 3 and
Figure 4. In all cases, the bands continue to cross the Fermi level, indicating that a strain-induced metal-insulator
transition does not occur within this range. While the applied strain does cause minor shifts in the band energies
and alters their dispersion, these changes are not significant enough to open up a band gap.

Under compressive strain, the lattice constant in the applied direction is reduced, leading to increased overlap
between the As 4p and Br 4p orbitals as shown in Figure 5. This slightly broadens the bands, but the fundamental
metallic nature remains unchanged. Conversely, under tensile strain, the lattice is elongated, slightly reducing the
orbital overlap as shown in Figure 6. This leads to a minor narrowing of the bands, but again, the overlap at the
Fermi level is maintained.

The metallic conductivity arises from the strong overlap and mixing (hybridization) of the As 4p orbitals and
the Br 4p orbitals.These hybridized p-orbitals form a continuous, three-dimensional (3D) framework throughout
the crystal lattice. This 3D connectivity allows electrons to move freely in all directions, creating the material’s
metallic band structure (specifically, the Fermi level is crossed by these bands, indicating no band gap).

The robustness of the metallic state can be attributed to the intrinsic electronic structure of CsAsBrs. The
states at the Fermi level are derived from strong covalent interactions within the [AsBrs]~ framework. The
three-dimensional nature of the perovskite structure and the p-orbital character of the relevant bands provide
sufficient electronic pathways for conduction. When uniaxial strain (stretching or compression) is applied, the
lattice dimensions change. However, because the electron-conducting orbitals are connected in three dimensions,
the deformation along [100] axis is effectively compensated or distributed throughout the entire lattice. This strong
3D connectivity prevents the moderate lattice distortion from significantly altering the orbital overlap needed for
hybridization. The p-orbital energy levels and their crossing of the Fermi level remain largely intact. Our DFT
calculations essentially show that even under 10% strain, the metallic bands around the Fermi level do not separate
to form a band gap. This confirms that the structural integrity of the electron-conducting channels is maintained,
ensuring that the material remains metallic.

A stable, transparent, and strain-tolerant metallic perovskite like CsAsBrs is uniquely positioned for applica-
tions that require high electrical conductivity combined with mechanical flexibility and environmental durability.
The most direct and high-impact application will be as a transparent conductive electrode (TCE) or charge trans-
port layer in photovoltaic devices, addressing the limitations of existing materials like Indium Tin Oxide (ITO).
Traditional ITO is brittle and cracks under strain, limiting the lifetime of flexible solar cells. CsAsBrs’s sta-
ble metallic nature and strain tolerance (up to 10%) ensures the TCE maintains low resistance even when bent or
stretched. It’s transparency allows light to reach the active layer, crucial for high-efficiency tandem cells and trans-
parent devices. It can also serve as the transparent, conductive layer in flexible OLEDs (Organic Light-Emitting
Diodes) or capacitive touchscreens.

Published by the Physics Academy of the North East 4



©)

PANE
PANE Journal of Physics P. J. Phys. 02 (01), 001 (April 2026)
(a)Cs b)As
5 30 (b)
— C&5 — As-s
P Cs-p 254 - Asp
20 1
u 3 | u
o} 0 151 i
A % fa) H
2 = A
g 10 - i
o
14 E
g >
0 T e .'m'”"' S - 0+— - .\-“ — f ==
-15 -13 -11 =09 =07 =05 =03 -5 -13 -11 -09 -=0.7 -0
Energy (eV) Energy (eV)
(c)Br (d)Total DOS
30 40
— Brs —— Total P-DOS
254 — Brp
30
20 A
w W a
o 154 o 20 1 o
fa) = fa) g
10 g
"E’ 10 -
ST B PR A £
puEe—— — 0 r y . Y y
-15 -1.3 -11 -88 =07 -05 -0.3 -15 ~-13 -11 -08 -0 -05 -03

Energy (eV)

Energy (eV)

Figure 5: (a-c) pDOS and (d) DOS of 10 % compressive strained CsAsBrs.
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4 Conclusions

In summary, this study demonstrates through first-principles DFT calculations that the halide perovskite CsAsBr3
possesses a stable metallic ground state. This metallic character, which arises from the hybridization of As 4p
and Br 4p orbitals, is shown to be exceptionally robust against external uniaxial strain. The material maintains
its metallic nature under both compressive and tensile strains of up to 10% applied along the [100] crystallo-
graphic direction. The resilience of the metallic state is attributed to the strong covalent framework and the
three-dimensional connectivity of the electron-conducting orbitals, which are not easily disrupted by moderate
lattice distortions.

The intrinsic and stable metallic nature of CsAsBrs, a lead-free and relatively simple compound, makes it a
highly promising material for novel electronic applications. Its robustness against mechanical strain is particu-
larly advantageous for flexible electronics, strain sensors, and durable conductive films. This work broadens the
potential functional scope of halide perovskites beyond their traditional semiconducting applications and moti-
vates further experimental investigation into the synthesis and characterization of this intriguing class of metallic
perovskites.

References

[1] M. A. Green, A. Ho-Baillie, and H. J. Snaith, Nature Photonics 8, 506 (2014).
[2] H.J. Snaith, The Journal of Physical Chemistry Letters 4, 3623 (2013).

[3] A. Kojima, K. Teshima, Y. Shirai, and T. Miyasaka, Journal of the American Chemical Society 131, 6050
(2009).

[4] National Renewable Energy Laboratory (NREL), Best research-cell efficiency chart (2024).

[5] S.D. Stranks et al., Science 342, 341 (2013).

[6] R.E. Brandt, V. Stevanovié, D. S. Ginley, and T. Buonassisi, MRS Communications §, 265 (2015).

[7] Z.-K. Tan et al., Nature Nanotechnology 9, 687 (2014).

[8] L. Dou, Y. M. Yang, J. You, and Y. Yang, Nature Communications 8, 1470 (2017).

[9] C. C. Stoumpos, C. D. Malliakas, and M. G. Kanatzidis, Inorganic Chemistry 52, 9019 (2013).
[10] A. Babayigit, A. Ethirajan, M. Muller, and B. Conings, Nature Materials 15, 247 (2016).
[11] F. Giustino and H. J. Snaith, ACS Energy Letters 1, 1233 (2016).

[12] T. Leijtens, G. E. Eperon, S. Pathak, A. Abate, M. M. Lee, and H. J. Snaith, Nature Communications 4, 2885
(2013).

[13] Z. Xiao and Y. Yan, Advanced Energy Materials 7, 1701136 (2017).
[14] C. C. Stoumpos et al., Journal of the American Chemical Society 137, 6804 (2015).

[15] M. R. Filip, S. Hillman, A. A. Haghighirad, H. J. Snaith, and F. Giustino, The Journal of Physical Chemistry
Letters 7, 2579 (2016).

[16] J. A. Rogers, T. Someya, and Y. Huang, Science 327, 1603 (2010).

[17] W. Kohn and L. J. Sham, Physical Review 140, A1133 (1965).

[18] P. Giannozzi et al., Journal of Physics: Condensed Matter 21, 395502 (2009).

[19] P. Giannozzi et al., Journal of Physics: Condensed Matter 29, 465901 (2017).

[20] P. E. Blochl, Physical Review B 50, 17953 (1994).

[21] J. P. Perdew, K. Burke, and M. Ernzerhof, Physical Review Letters 77, 3865 (1996).
[22] H.J. Monkhorst and J. D. Pack, Physical Review B 13, 5188 (1976).

Published by the Physics Academy of the North East 6



©)

PANE
PANE Journal of Physics P. J. Phys. 02 (01), 007 (April 2026)

SYNTHESIS AND CHARACTERIZATION OF OXIDE
NANOPARTICLES FOR ITS APPLICATION IN
MEMRISTIVE DEVICES

Jyoti Prasad Roy Choudhury*®, Barnali Pathak?, Nayan Mani Nath®, and Bikash Borah®

aDepartment of Physics, B.H.College, Howly, 781316, Assam, India
®Department of Physics, Assam Don Bosco University, Sonapur, 784028, Assam, India
“Department of Physics, Barnagar College, Sorbhog, 781317, Assam, India

* Corresponding Author: jyotirc62@gmail.com

(Received 6 September 2025; revised 12 November 2025; accepted 17 November 2025; published 6 April 2026)

Abstract: Zinc and lead oxide (ZnO & PbO) nanoparticles synthesis was carried out using a low-cost chemical
precipitation technique with polyvinylpyrrolidone (PVP) as the stabilizer. These semiconducting metal oxides
were chosen because of their distinct electronic characteristics and their wide applications in upcoming generation
as memory devices. Structural and morphological analyses were carried out using XRD and HRTEM study,
verifying the formation of crystalline ZnO with a hexagonal wurtzite structure and PbO with an orthorhombic
phase. The average crystallite sizes were calculated and found to be approximately 28.93 and 63.11 nm for ZnO
and PbO respectively, indicating successful nanoscale synthesis. Electrical characterization was performed using
a planar electrode configuration and a Keithley 2450 SourceMeter to evaluate the current-voltage (VI) behavior.
Both samples exhibited a prominent zero-crossing pinched hysteresis loop in their VI curves which is a hallmark of
a pure memristive behavior. The switching between High and Low Resistance State i.e. HRS and LRS respectively
is governed by SET and RESET voltages, was stable and repeatable across multiple cycles, demonstrating strong
potential for non-volatile memory applications. The results suggest that ZnO and PbO thin films can act as
reliable memristive elements capable of storing and retaining binary information. Their stable resistive switching
behavior makes them promising candidates for use in resistive random-access memory (RRAM) and neuromorphic
computing systems. This work not only validates the memristive properties of these materials but also paves the
way for their integration into low-cost, high-performance electronic devices.

Keywords: Zinc Oxide, Lead Oxide nanoparticles, opto-electronics behavior, memristivity, pinched hysteresis
curve.

PACS: 81.05.Hd

1 Introduction

For the past several years, metal oxide semiconductor nanoparticles have attracted significant research interest
due to their remarkable physicochemical properties. These include tunable electrical conductivity, a high surface
area with respect to its volume, and pronounced quantum confinement effects, which make them highly suitable
for various advanced applications in almost every field. Among several nanoparticles, zinc oxide (ZnO) and lead
oxide (PbO) stand out due to their distinct electronic characteristics. ZnO possesses a wide band gap of approx 3.37
eV and also exhibits a high exciton binding energy of nearly 60 MeV, which makes it particularly advantageous
for optoelectronic and photonic devices [1]. On the other hand, the band gap of PbO is comparatively narrower
which is about 2.59 eV [2] at room temperature, making it suitable for different applications that require lower
energy thresholds. ZnO, in particular, is extensively utilized in biomedical and environmental fields because of its
non-toxic, biocompatible, and eco-friendly nature, making it a widely available and versatile material [3].

Published by the Physics Academy of the North East 7
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The concept of memristive behavior in semiconducting materials was first introduced by Leon Chua in 1971,
who theoretically proposed the presence of a fourth essential circuit element known as memristor alongside the
well-established resistor, capacitor, and inductor [4]. The memiristor, short for “memory resistor,” is a device
with two terminals that directly relates electric charge with magnetic flux [5]. Its key feature is its ability to
retain information about the amount of electrical current that has previously passed through it. This non-volatile
memory behavior helps the memristor to “remember” the most recent resistance that passed through it even after
the power is turned off, making it a promising candidate for future memory storage and neuromorphic computing
technologies [6, 7].

A significant breakthrough in this area came in 2008 as the scientists at HP Labs perform their first experiment
that validate Chua’s theoretical model by demonstrating memristive behavior in a thin film of titanium dioxide
(TiOy) [6]. Since then, the field has witnessed a surge in studies exploring memristive effects in various nano-
materials and metal oxide-based systems. In particular, oxide-based nanocomposites have been the subject of
extensive investigation due to their stable and reproducible electrical switching characteristics. The VI character-
istic of these materials shows a zero crossing pinched hysteresis curve, which is a signature of memristive behavior
[8, 9]. In our study, the fabricated samples also demonstrated such a loop, indicating the presence of memristive
properties.

Numerous researchers have explored similar findings across different material systems [10]. For example, in a
study conducted by Barnes et.al and colleagues during 2018, a ZnO-based memristor exhibited a clear hysteresis
loop within a voltage sweep range of +20V to -20V, further confirming the suitability of ZnO in memristive
device applications [11]. These findings highlight the potential of metal oxide nanostructures, particularly ZnO,
as promising candidates for next-generation memory and logic devices, paving the way for advancements in
nanoelectronics and artificial intelligence hardware.

In recent years, extensive research has been carried out on ZnO and PbO nanoparticles across various fields.
However, the available studies remain inadequate for developing memristive devices that effectively utilize their
promising optoelectronic properties. To bridge this research gap, ZnO and PbO nanoparticles were prepared
by a simple and inexpensive chemical bath deposition technique, employing a PVP matrix to regulate particle
growth. Although numerous studies have explored oxide-based nanocomposites, reports focusing specifically on
the memristive behavior and its sensitivity ¢.e. the Roff/Ron ratio of ZnO and PbO nanoparticles are lacking.

Unlike previous works that utilized complex and expensive synthesis methods for other oxide nanomateri-
als, this study demonstrates that ZnO and PbO nanoparticles, prepared through a straightforward and low-cost
process, exhibit notable memristive properties. The structural, electrical, and morphological characteristics of
these samples are analyzed and correlated with their mem-behavior, offering valuable insights for the design and
development of next-generation mem-devices.

2 Synthesis of ZnO and PbO Nanoparticles

All the chemical reagents required for our experimental procedures were procured from Merck to ensure analytical-
grade purity. The primary chemicals utilized in the synthesis process included Zinc Acetate Di-hydrate having
chemical formula Zn(CH3COO)s - 2H50, Lead Acetate i.e. Pb(CH3COO)s - 4H20, Sodium Hydroxide i.e.
NaOH & Polyvinylpyrrolidone which is PVP, which was used as a stabilizing and capping agent. To prepare the
necessary reaction medium, a 3% PVP liquid solution was first made by adding an appropriate amount of PVP
powder mixed in distilled water under constant magnetic stirring to ensure complete homogenization.

2.1 Production of ZnO Nanoparticles

To synthesize ZnO nanoparticles, a 0.3 M solution of Zn(CH3COO), - 2H,O was made by dissolving Zn-salt
into 50 mL of the preprepared 3% PVP solution at room temperature. The solution was stirred continuously until
the Zinc Acetate was completely dissolved and uniformly dispersed in the polymer matrix. Once a clear and ho-
mogenous solution was obtained, 1 M of NaOH (50 mL) is added in drops to the solution maintaining the reaction
temperature at approximately 90°C. This addition was performed under continuous stirring to ensure controlled
formation and development of the nanoparticles. After about 45 to 50 minutes of reaction time, the solution
gradually turned milky white, which is a visual indication of the successful formation of ZnO nanoparticles. The
resulting colloidal solution was then subjected to filtration to separate the solid product. The collected precipitate
was subsequently dried in a hot air oven to remove residual moisture and obtain the dry ZnO nanopowder.
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2.2 Production of PbO Nanoparticles

PbO nanoparticles were also prepared following a similar process. A solution of 0.3 M of Pb(CH3COO)s - 4H50
was made by mixing the appropriate amount of Pb-salt in 50 mL PVP (3%) at ambient temperature. The solution
was stirred until the salt was completely dissolved and uniformly incorporated into the PVP medium. Now, 50 mL.
of 1 M NaOH solution is introduced slowly in the reaction medium in a dropwise manner, while maintaining the
system at 90°C' under vigorous stirring. Over a period of approximately 60 to 70 minutes, the solution began to
change color from colorless to a pale yellow hue, signifying the formation of PbO nanoparticles. Following this
color change, the reaction mixture was filtered to isolate the solid PbO product. The filtered nanoparticles were
then dried in a hot air oven to remove any remaining moisture, yielding the final PbO nanopowder.

This synthesis approach, utilizing PVP as a stabilizing agent, helps in controlling the particle size and prevent-
ing agglomeration during the formation process. Both ZnO and PbO nanoparticles produced through this method
were later used for further characterization and device fabrication studies.

2.3 Characterization Techniques

A variety of advanced techniques for characterization were employed that analyze the properties such as: structural
properties, morphological properties, and electrical properties of the synthesized semiconducting nanomaterials.
These techniques play a crucial role in determining key parameters such as crystal structure, particle size, sur-
face morphology, elemental composition, and optical and electrical behavior. Among the methods used, XRD,
HRTEM, and electrical characterization done using precision electrometers were central to our study.

The investigation of the crystallographic structure and also to study the purity phase of the prepared nanoparti-
cles, XRD analysis was done using an ULTIMA IV X-Ray diffractometer. This technique gives all the information
about the crystal system, lattice parameters, and average crystallite size through analysis of diffraction patterns.
The XRD peaks also confirm the crystalline nature and formation of ZnO and PbO nanoparticles by studying the
sharpness and intensity of the peaks.

For further insights into the microstructure and morphology study, HRTEM was utilized. This technique
enabled visualization of the shape, size distribution, and particle boundaries with high spatial resolution. HRTEM
also provided detailed lattice fringe images that is use to support the crystalline structure and to measure interplanar
spacing, thereby validating the results obtained from XRD analysis.

2.4 Electrical Characterization

The electrical behaviors of the synthesized samples were analyzed using a Source-Meter, which allowed precise
VI measurements. A planar electrode configuration with a defined gap was utilized for I-V measurement. The
prepared sample is placed between two silver electrodes (Ag paste) which is finally placed in a glass substrate.
Both the electrodes are then connected to a computer interfaced Keithley-2450 electrometer source for the mea-
surement of required electrical data. The electrical response of the samples was measured by sweeping the voltage
between —10V +10V. These VI measurements were critical in evaluating the memristive behavior of the samples
and in identifying non-linear and hysteretic behavior in the current-voltage relationship, which is indicative of
memory-resistance character.

Thus all these techniques gives a detail comprehensive understanding of all the structural and functional prop-
erties of the prepared ZnO and PbO nanomaterials, enabling further evaluation of their potential in memristive and
other electronic applications.

3 Results and Discussion

Structural analysis of the as prepared ZnO and PbO semiconductor nanoparticles were thoroughly investigated
with the help of X-ray Diffraction (XRD) analysis. This technique is essential for determining the crystallographic
structure, lattice parameters, and average crystallite size of nanomaterials. The famous Bragg’s Law is the basic
principle behind XRD analysis, that relates the angle of diffraction to the interplanar spacing in a crystalline
material [12, 13]. The Bragg equation is expressed as:

2dsind = nA N

Where,
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X known is wavelength of the X-ray beam used whose value is 1.5406 A,

0 known as angle of diffraction,

d is called interplanar spacing, and

The diffraction order is used as n (taken as 1 for simplicity).

Upon analyzing the XRD spectra of the prepared samples Fig. 1, distinctive diffraction patterns were observed,
confirming the crystalline nature of both ZnO and PbO nanoparticles. According to standard reference data from
the JCPDS- 00 001 1136 and JCPDS- 00 003 0599, the diffraction peaks for ZnO correspond well with a hexagonal
wurtzite crystal structure, while those for PbO match an orthorhombic structure respectively.

For ZnO nanoparticles, characteristic peaks were identified at the planes (100), (002), (101), and (110), indica-
tive of a hexagonal phase. For PbO nanoparticles, the diffraction peaks observed at (002), (201), (003), and (131)
confirm the orthorhombic crystalline phase. These observations validate the successful formation of the desired
crystalline structures for both materials.

Using the peak positions from the XRD patterns, the lattice constants were calculated. Lattice parameters of
ZnO were found to be 3.238 & 5.200Awhich are consistent with standard values for hexagonal ZnO structures.
Whereas for PbO nanoparticles, the parameters were found to be 5.49, 4.73 & 5.86Aconﬁrming orthorhombic
phase of PbO. To estimate the crystallite dimension, Debye—Scherrer formula was applied:

K\
- [ cosf @)

Where,
D known as crystallite dimension,
K is known as the shape factor whose value is 0.9,
X known as X-ray wavelength (1.5406 A),
B known as FWHM of diffraction peak (in radians), &
0 is known as the Bragg angle.
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Figure 1: XRD pattern observed for prepared ZnO and PbO

Using this equation, the crystallite sizes of the synthesized nanoparticles were calculated. The crystallite
dimension (size) was found to be approximately 28.93 and 63.11 nm for ZnO and PbO respectively, suggesting
that the ZnO nanoparticles are finer and more narrowly distributed compared to PbO. These structural findings
derived from XRD analysis established the successful formation of the crystalline ZnO and PbO nanomaterials

10 Published by the Physics Academy of the North East



©)

PANE
PANE Journal of Physics P. J. Phys. 02 (01), 007 (April 2026)

with their respective lattice structures and nanoscale dimensions. Detailed XRD data, including diffraction angles,
FWHM, and size, are summarized in the table below.

Sample 26 (degree) FWHM Size (nm) Average size (nm)

33 0.307  26.38243
35.79 0.358  22.79518
Zn0 38.1 0.409  20.08757 28.934

56.705 0.170 46.4701
30.69 0.1535  52.00127
36.343 0.1023  76.57744
PoO 46.535 0.1279  61.45046 63.110

63.204 0.1223  62.41900

Table 1: Data obtained from XRD study

The structural and surface morphological features of the synthesized ZnO and PbO nanoparticle samples were
thoroughly investigated using HRTEM. The micrographs, are shown in Fig. 2, clearly reveal that the ZnO nanopar-
ticles exhibit a well-defined structure. This is evident from the uniform and periodic lattice fringes observed in
the images. On the other hand, the PbO particles demonstrate a distinct morphology. These morphological fea-
tures are consistent with the structural patterns observed in the XRD analysis, confirming the phase purity and
crystallinity of the synthesized materials.

Figure 2: HRTEM images for ZnO and for PbO nanomaterials of different magnifications

A planar electrode configuration with a defined gap was utilized to investigate the VI graph of the thin film.
This geometry allows for precise measurement of electrical behavior across the sample. The VI measurements
are done by using a Keithley 2450 Source-Meter electrometer, which is well-suited for sourcing voltage and
measuring the resulting current with high accuracy and sensitivity. This instrument enabled detailed analysis of
the electrical response of the material under study. To aid in understanding the experimental setup, a simplified
schematic diagram illustrating the measurement arrangement with the Keithley 2450 electrometer is presented
below in Fig. 3. This setup ensures a good and reproducible technique for characterizing the electrical properties
of thin films using the gap-type planar electrode structure.

The VI characteristic graph for both nanoparticles were plotted over a voltage range from -10V — +10V as
shown in Fig. 4(a&b). These curves provide insight into the electrical behavior and conduction mechanisms of
the materials under the applied voltage. The resulting plots, shows zero crossing hysteresis graph which is the
prime characteristic of a memristor. This confirms that our prepare device can acts as a memristor.

4 Memristive Behavior of prepared nanoparticles

The VI characteristics obtained from the prepared samples demonstrate a distinct zero-crossing pinched hysteresis
loop, a well-known and defining feature of memristive systems [14]. This pinched hysteresis behavior, where
the I-V curve intersects the origin: is considered a key indicator of memristive functionality. In the context of
our study, the loops observed clearly confirm the memristive nature of the devices, with the point of intersection
(pinching) occurring precisely at the origin of the current-voltage plane.
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Figure 3: Electrical measurement done using source meter
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Figure 4: (a) VI graph of ZnO & (b) PbO

As shown in Fig. 5, the measurement sequence was carefully designed to observe this behavior. The voltage
was swept in four stages: from 0 Vt— +10 V—- 0V — -10 V — 0 V. During the initial increase from 0 V
— +10 V, the current in the device gradually increased, indicating that the device initially to be at in a High
Resistance State (HRS). As the voltage reached around +10 V, a transition occurred that shift the device into the
Low Resistance State (LRS), also referred to as the ON state. This voltage threshold at which the device goes
from HRS to LRS is known as the SET voltage [15].

Once in the LRS, the device maintained this state as the voltage was swept toward the negative range. Upon
reaching approximately -10 V, another transition was observed—this time from LRS back to HRS—marking the
device’s return to the OFF state. The voltage at which this transition occurs is termed the RESET voltage [16].

To give a clear picture of this resistive switching behavior, a representative I-V plot is included in Fig. 5,
illustrating the change between HRS and LRS states. Multiple measurements were conducted to ensure the relia-
bility of the obtained results. Across several cycles, the same pinched hysteresis pattern was consistently observed
in both ZnO and PbO thin film-based memristive devices. This repeatability strongly suggests stable switching
characteristics and reliable memristive behavior in the fabricated devices.

The zero-crossing pinched hysteresis loop typically consists of two distinct states: the LRS and the HRS.
This state gives the fundamental switching behavior of memristive devices. The transition from HRS to LRS
and from LRS back to HRS is crucial for memory-related applications, as it enables the storage and retrieval of
binary information. This switching capability forms the basis for employing memristors in non-volatile memory
technologies, where the two resistance states correspond to logical ”0” and 17, thereby highlighting their potential
in next-generation memory and neuromorphic computing systems.
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Figure 5: Zero crossing behavior of memristor with arrow indicating the direction of current.

5 Conclusion

Thus this study explains the preparation, characterization, and electrical behavior of ZnO and PbO nanoparticles,
with a particular focus on their memristive properties. Using a straightforward chemical precipitation method
aided by polyvinylpyrrolidone (PVP) as a stabilizing agent, both ZnO and PbO nanoparticles were synthesized
under controlled conditions. The synthesis route proved effective in producing nanomaterials with desired phase
purity, morphology, and crystallinity. Structural and morphological analysis confirmed the successful formation
of the respective crystal structures—hexagonal wurtzite for ZnO and orthorhombic for PbO—as evidenced XRD
and HRTEM. The crystallite dimension, calculated using the D-S equation, was found to be in the nanoscale
range, approximately 28.93 and 63.11 nm for ZnO and PbO respectively. These findings affirm that the synthe-
sis method employed was suitable for producing well-defined, nanosized semiconducting metal oxide particles.
Electrical characterization was conducted using a gap-type planar electrode configuration in combination with
a Keithley 2450 Source-Meter, allowing accurate VI measurements. Both ZnO and PbO thin films exhibited
a clear zero-crossing pinched hysteresis loop in their I-V curves, which is a hallmark of memristive behavior.
These loops indicate a reversible transition between a HRS and LRS, governed by SET and RESET voltages.
The observed resistive switching behavior confirms the potential of these materials for application in non-volatile
memory devices. Furthermore, the memristive characteristics showed good repeatability over multiple voltage cy-
cles, demonstrating the devices’ stability and consistency. This repeatable hysteresis loop implies that both ZnO
and PbO thin films possess the essential features required for use in resistive random-access memory (RRAM)
and neuromorphic systems, where the ability to switch and retain resistance states is critical. In summary, this
work highlights the feasibility of using chemically synthesized ZnO and PbO nanoparticles in memristive device
applications. Their favorable electrical behavior, combined with structural and morphological integrity, opens up
promising avenues for their integration into future memory storage technologies and next-generation intelligent
computing architectures.
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Abstract: This study reports measurements of the angular distribution of the scattering matrix elements d;; and
d15 for randomly oriented sub-micron Black turmeric (Curcuma caesia) particles using a light scattering technique
with a He—Ne laser at 632.8 nm. The volume scattering function and depolarization effects were experimentally in-
vestigated at room temperature (25°C). Theoretical predictions of d1; and d12 were obtained using Philip Laven’s
software, based on Mie theory, which describes light scattering by spherical or randomly oriented non-spherical
particles. A significant deviation was observed between experimental results and theoretical profiles, indicating
the strong influence of particle size, shape, and their distributions on scattering behavior. Given the organic nature
of Black Turmeric, external factors such as temperature, humidity, and moisture can further alter scattering char-
acteristics. While experiments can be extended to different temperatures, theoretical modeling remains restricted,
as widely used light scattering codes do not account for temperature effects or distributions in size and shape.
These findings highlight both the practical importance of experimental investigation for organic samples and the
limitations of Mie theory in fully capturing the scattering behavior of Black Turmeric particles under varying
conditions.

Keywords: Light scattering; Mie theory; Volume scattering function; Depolarization; Black Turmeric
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1 Introduction

Among the many ways light interacts with matter, scattering stands out as a phenomenon that shapes both the
subtle hues of the natural world and the intricate visual signatures of living systems. Emerging wherever electro-
magnetic waves encounter structural irregularities, it serves as a window into the morphology and optical nature
of particles [1-3]. The interaction of light with matter not only enriches our understanding of fundamental physics
but also drives innovation across diverse domains such as Biomedical Imaging, Material Characterization, Atmo-
spheric Science, Optical Biosensing and Point-of-Care Diagnostics, Drug Delivery and Nanomedicine, Food and
Agricultural Sciences, Environmental Monitoring and Remote Sensing, Nanotechnology etc. Light scattering,
although conceptually simple, is governed by complex parameters including particle size, morphology, chemical
composition, and refractive index [3, 4]. Upon striking a particle, photons may undergo absorption, refraction,
or directional redistribution, generating scattering profiles that carry distinct imprints of the material’s structural
properties [5-8].

Among various theoretical approaches, Mie theory provides a rigorous solution for the scattering of elec-
tromagnetic waves by homogeneous, isotropic spherical particles and randomly oriented non-spherical particles
[9, 10]. While widely used due to its analytical nature and broad applicability, Mie theory assumes idealized con-
ditions that may not accurately represent the complexities of real-world samples, especially those with irregular

Published by the Physics Academy of the North East 15



©)

PANE
P.J. Phys. 02 (01), 015 (April 2026) PANE Journal of Physics

geometries or heterogeneous compositions [9-11]. Mie theory offers an accessible way to explore theoretical
scattering behavior under controlled parameters, making it valuable for comparison with experimental results. It
enables users to calculate and visualize various scattering parameters, including intensity patterns, polarization
effects, and angular distributions etc [12, 13]. Mie Plot supports a wide range of input parameters such as particle
size, refractive index, angular resolution, and wavelength, allowing for detailed and customizable simulations [11—
13]. However, most widely used light scattering software lacks the capability to incorporate parameters such as
size distribution, shape distribution, temperature, and other environmental factors [14, 15]. Its intuitive interface
and flexible simulation options make it particularly useful for modeling how light interacts with spherical particles
[16, 17].

In recent years, bio-organic materials have attracted growing interest due to their distinctive structural and
optical properties. One such material, Black Turmeric (BT), contained sub-micron-sized particles and showed
promising potential in fields such as medicine, cosmetics, and material science [18-20]. However, despite its
relevance, minimal research was carried out to understand how this material scatters light, especially under well-
controlled experimental conditions.

In this study, we examined the angular distribution of the scattering matrix elements d1; and dy5 for randomly
oriented sub-micron BT particles. We used a He-Ne laser with a wavelength of 632.8 nm to measure the volume
scattering function, 3(#), and analyzed depolarization effects through the degree of linear polarization, P(6), at
room temperature [20-22]. In light scattering, 5(6) represents the volume scattering function, quantifying the
scattered light intensity at angle 6, while P(6) accounts for the degree of polarization change as light is scattered
at angle 6.

MiePlot simulations provided valuable insights and served as baseline predictions, notable deviations emerged
when compared to the measured scattering behavior of sub-micron BT particles. These differences underscore the
limitations of Mie theory, especially when applied to complex biological samples with irregular shapes, internal
inhomogeneities, and a range of particle sizes, conditions that deviate from the ideal assumptions of the model.

In this study, we investigated the angular distribution of scattering matrix elements d;; and d;5 for sub-micron
BT particles using a He-Ne laser at 632.8 nm. Experimental measurements of the 5(6) and P(6) at room tem-
perature were compared with theoretical predictions generated using Philip Laven’s Mie Plot software. While
Mie theory provided useful insights, significant discrepancies highlighted its limitations in modeling complex,
irregular biological particles.

2 Methodological details
2.1 Scanning Electron Microscopy (SEM) of BT

- -

20KV _X10,000 4yim 0000 40 38 SEI

Figure 1: SEM image of BT

SEM images provided high-resolution insights into the morphology of the BT sample. The BT particles were
observed to be nearly spherical, with a modal radius of approximately 0.25um [14, 20]. The SEM image enabled
us to find the parameters required to generate the theoretical scattering profile Mieplot. Accurate knowledge of
particle size and shape is crucial for light scattering studies, as these parameters directly influence the scattering
behavior. It is supported by Laven’s software, though with limitations in parameters such as temperature, size
distributions, and shape distributions, and the imaginary component of the refractive index.
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Figure 2: Laboratory-based static light scattering setup

2.2 Experimental Light Scattering Analysis

During the light scattering experiments, the detector was first placed at 0° and then rotated in 1° increments from
10° to 170° to measure the angular distribution of the scattered light. Fig. 2 shows the laboratory-based light
scattering setup used for the experimentation and analysis. The intensity of the scattered light, corresponding to
the dq; and dy- elements of the Mueller matrix, was recorded using the light scattering setup. These measurements
were then used to calculate the 5(0) and P(6). For ease of comparison, the resulting 3(#) and P(0) curves were
normalized to a value of 1 at 10°. All measurements were conducted at room temperature [14, 15, 20-22].

2.3 Theoretical light scattering analysis

Philip Laven’s software based on scattering (MiePlot v4621) was used to generate theoretical Volume scatter-
ing function and Degree of linear polarization plots for BT. Key input parameters included the refractive indices
of the particles and the surrounding medium, the modal particle radius, the angular resolution, and the incident
wavelength. These values were manually input into the software, which calculates the angular scattering behavior
based on Mie theory [12, 17]. While effective for idealized spherical particles, the software does not account for
temperature effects or irregular particle shapes, limiting its ability to fully replicate the complexities observed in
experimental BT data. Table 1 outlines the vital inputs of BT employed in the theoretical calculations for data
analysis. Fig. 2 and Fig. 3 present a comparison between the Mie plot and the experimental results for BT,
highlighting differences in the angular distribution of 5(6) and P(6).

Table 1: Parameters used in the theoretical analysis of BT particles.

Parameter Value
Modal radius 0.250 pm
Refractive index 1.42
Wavelength 632.8 nm
Angular resolution 1°

3 Results and Discussion

3.1 Observed 5(6) for Black Turmeric

The graph compares 5(6) corresponds to BT using experimental data (blue line) with a theoretical Mie scattering
model (red line) at a wavelength of 632.8 nm at room temperature. Table 2 below compares the experimental
volume scattering function of BT and the theoretical predictions based on Mie scattering. Key characteristics
such as peak location, sharpness, tail behavior, and symmetry are evaluated to highlight the differences between
practical observations and idealized modeling. The graph in Fig. 3 illustrates how the scattering behavior of BT
particles diverges from theoretical expectations derived from Mie theory. Although both the experimental and Mie
curves peak near 90°, the BT data reveals more abrupt and uneven variations around this angle. Mie theory, which
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Figure 3: Comparison of measured 3(6) for BT: Experimental vs. Mie plot

assumes uniform, spherical particles, predicts a smooth and gradual scattering profile, but the BT plot exhibits
a sharper maximum and steeper intensity drop-off on either side. These sharper features in the BT profile point
to more complex interactions, likely caused by the irregular morphology of BT. Notably, the rapid decrease in
scattering intensity beyond 90° in the BT curve contrasts with the gentler decline suggested by the Mie model.
This discrepancy can be attributed to factors such as surface morphology, size distribution in the sample, and
the porous or “fluffy” texture of the BT sample, all of which influence light scattering in ways that simplified
models cannot replicate. Furthermore, Mie theory computations typically involve a single particle radius that is
modal radius, whereas real-world experiments involve a diverse mix of particle sizes and shapes. This difference
contributes to the observed mismatch between theory and experiment. Consequently, the BT curve underscores the
inherent limitations of applying Mie theory to organic systems, which often defy the assumptions of homogeneity
and uniformity.

3.2 Observed P(0) for Black Turmeric

The graph illustrates a comparison between the experimentally measured P(6) of BT (blue line) and the cor-
responding theoretical prediction derived from Mie scattering theory (red line). Both datasets correspond to a
wavelength of 632.8 nm under room temperature conditions. Complementing the visual comparison, Table 2
presents a side-by-side evaluation of key features of the experimental and theoretical P(f), including peak po-
sition, sharpness, symmetry, and tail characteristics. This comparison sheds light on the discrepancies between
real-world behavior and the idealized Mie model.
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Figure 4: Comparison of Measured P(6) for BT: Experimental vs. Mie plot
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Feature Experimental Theoretical (Mie Plot)
Peak Location Prominent peak around 60° Peak occurs gradually near 90°
Sharpness Sharp and well-defined peaks with | Smooth and broad peak with grad-

local fluctuations

ual transitions

Tail Behavior

Steep decline beyond 120°, even
turning negative (polarization rever-
sal)

Gradual descent with values staying
positive throughout

Profile distribution

Asymmetric with multiple irregular
features

Fairly symmetric around the peak,
typical of ideal spherical scattering

Table 2: Comparison of P(f) Characteristics: Experimental vs. Theoretical

The graph in Fig. 4 compares the P(f) of BT using experimental data and theoretical predictions based on
Mie scattering. The experimental curve (blue line) shows a non-linear variation of P(f) with a scattering angle,
characterized by multiple peaks. A prominent peak appears around 60°-70°, followed by a dip and a smaller
peak near 110°, after which the P(#) gradually decreases and exhibits slight fluctuations beyond 120°. This
curve is asymmetric and irregular, reflecting the complexities that might have arisen due to temperature, size
distribution, shape distribution, etc. [14, 15]. In contrast, the theoretical Mie plot (red line) exhibits a smooth and
symmetrical profile, peaking broadly near 90° and gradually decreasing on either side of the angle range. Unlike
the experimental data, it lacks sharp features or oscillations. These deviations arise because:

1. Inclusion of a single size parameter that is modal radius in the MiePlot software.
2. Size dependence of polarization and depolarization effects.

3. Possible alignment or organic particles due to gravity settling.

The 3(0) and P(6) results emphasize the limitations of applying classical scattering models like Mie theory to
biologically derived or structurally complex materials. These findings highlight the necessity for more advanced
and flexible modeling tools that can account for real-world factors such as particle size and shape distributions.
Notably, all experiments were performed at room temperature; however, the Mie plotting software used for theo-
retical predictions lacks the ability to incorporate temperature as a variable. Since temperature can influence the
morphological characteristics of the particles in a medium, its exclusion may contribute to discrepancies between
theoretical and experimental results. Therefore, integrating size and size distribution, shape and shape distribution,
temperature control, or adjustment features into Mie modeling software would enhance its accuracy and relevance
for experimental comparisons. Furthermore, environmental influences and measurement uncertainties, such as
detector sensitivity, alignment errors, and ambient light, can also play a role in the observed deviations. This
enables a relative assessment of the reported scattering matrix elements of BT from experimental measurements
and theoretical predictions.

4 Conclusion

This study demonstrates the limitations of classical Mie theory in accurately modeling the light scattering behavior
of randomly oriented sub-micron BT particles. Experimental measurements of the scattering matrix elements
dyi; and dj9, obtained using a He-Ne laser at 632.8 nm, revealed notable deviations from theoretical predictions.
These discrepancies are primarily attributed to the complex particle size, shape, and distribution inherent in the BT
samples, factors not accounted for in the idealized assumptions of Mie theory. While experimental investigations
can be extended to varying temperature conditions, current theoretical models lack the flexibility to incorporate
such variations. Overall, the comparative analysis offers valuable insights into the optical properties of BT and
underscores the need for more advanced scattering models to better represent biologically complex materials. The
experimental database can be created for different sizes, size distributions, temperatures, etc which will serve as a
tool for better classification.
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Abstract: Polyvinyl alcohol/Polyvinyl pyrrolidone/Zinc oxide (PVA/PVP/ZnO) polymer blend nanocomposites
has been prepared to explore their optical and transport properties. The prepared sample are characterized by X-
ray diffraction, Atomic force microscope, Energy-dispersive X-ray analysis, UV-visible spectroscopy and Fourier
transform infra-red for structural, morphological, elemental and optical properties. The gradual reduction in the
optical band gap energy from 5.30 eV to 2.10 eV is observed when the ZnO content in the PVA/PVP blend matrix
increases. The nanocomposites also exhibit negligible transmittance in the UV region, indicating their potential
for UV-shielding applications. The dielectric constant values of these nanocomposites are found in the range 14-
23 with dielectric loss value of 0.06. The conduction mechanism observed in AC conductivity for all samples is
governed by small polaron tunnelling model (SPTM). These results suggest that PVA/PVP/ZnO nanocomposites
are suitable candidates for use as an insulator in the development of microelectronic device applications.

Keywords: Polymer blend, Optical properties, dielectric constant, dielectric loss, AC conductivity

PACS: 78.67.Sc, 77.84.1d, 72.80.Le, 82.35.Np

1 Introduction

Polymer characteristics can be enhanced by blending two or more polymers and incorporating inorganic nanoparti-
cles (NPs) as fillers, enabling their application in areas such as biomedical, thermal conductor, optoelectronics, and
electrical insulation [1, 2]. Hydrophilic polymer blends, particularly PVA and PVP, are widely explored for fab-
ricating functional polymer nanocomposites due to their miscible nature. This strong miscibility originates from
hydrogen bond formation between the -OH groups of PVA and the C=0 groups of PVP. These functional groups
effectively interact with various nanofillers, resulting in the development of polymer nanocomposites (PNCs) and
complexes with enhanced properties. Such materials are highly desirable for fabricating both current and future
biodegradable optoelectronic, microelectronic, and energy storage devices [3, 4]. To optimize the desired thermo-
physical, dielectric, and electrical properties in flexible nanodielectric polymer matrices, ZnO NPs is often used as
filler in the formation of polymer blend nanocomposites (NCs) due to its wide bandgap energy (3.3 eV) and large
exciton binding energy (60 meV) [5]. ZnO has been widely utilised in various applications including luminescent
and lasing devices, transparent conducting electrodes, ultraviolet blockers, photocatalysts, thin-film transistors,
and light-emitting devices [6, 7]. S. H. Zyoud et al. [8] studied on the dielectric and optical parameters of the
PVA/PVP/ZnO blend nanocomposite films with different concentration of ZnO (0-5.5 wt%). The results showed
that these materials are promising potential in electronic devices and nonlinear optics. S. Jambaladinni et al. [9]
investigated the role of ZnO nanofillers (0-15 wt%) on the optical and frequency dependent dielectric and dc con-
ductivity properties of PVA/PVP/ZnO blend polymer, favouring the nanocomposite for potential application in
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electromagnetic-induction (EMI). In the present work, optical, dielectric and AC conductivity characteristics of
PVA/PVP blend based PNC films with higher loading percentages of ZnO (0, 5, 10, 15 and 20 wt%) has been stud-
ied which have been scarcely explored in earlier reports to evaluate their potential in optoelectronic and electronic
device applications.

PVA/PVP/ZnO NCs containing varying concentrations of ZnO nanoparticles were synthesized using a simple
and economical solution casting method. X-ray diffraction (XRD), Atomic force microscope (AFM), Energy
dispersive X-ray analysis (EDX) and UV-visible spectroscopy (UV-Vis) are used to characterize the structural,
morphological, elemental composition and optical behaviour of the nanocomposites. Dielectric response and
AC conductivity of the samples were examined over a temperature range of 303K-393K and frequency range of
100Hz-1MHz.

2 Experimental

2.1 Materials required

Zinc nitrate tetrahydrate (Zn(NOjs)z - 4H20), sodium hydroxide (NaOH) procured from MERCK are used as
precursor and precipitating agent respectively. Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) obtained
from Sigma Aldrich are used as polymer for the preparation of NCs. Distilled water is employed as the solvent
throughout the synthesis procedure.

2.2 Preparation of PVA/PVP/ZnO nanocomposites (PPZ NCs)

ZnO nanoparticles used in this work were synthesized as reported in our previous study [10]. PVA/PVP/ZnO NCs
with different ZnO nanoparticle loadings were obtained through solution casting method. In a typical process,
3g of PVA and 3g of PVP were dissolved in 100ml of distilled water under continuously stirring until clear
solution were obtained. The two polymer solutions were then combined and stirred for 2hr to form a homogenous
blend. This mixture was divided into five equal portions, after which ZnO nanoparticles were incorporated at
concentrations 0, 5, 10, 15 and 20 wt% respectively. Each suspension was ultrasonicated for lhr and further
stirred for 24hr to obtain an even dispersion of nanoparticles within the polymer blend matrix. The resulting
solutions were placed in Petri dish and dried at 50°C for 5 hr in an oven. The PVA/PVP/ZnO NCs were labelled
as PPZ0, PPZ5, PPZ10, PPZ15, and PPZ20 representing the pure PVA/PVP blend and nanocomposites with 5,
10, 15 and 20 wt% of ZnO NPs content respectively. The films showed an average thickness of approximately
45pum £ 1pm. Fig. 1 depicts the schematic representation of the fabrication procedure.

-
“““- = J ] | ZnO NPs
PVA solution PVP solution j' g
1 ', Stirred until complete ! 7 Stirred for Dried at 50°C for
. dissolution 3 24 hrs ’.\ 5 hrs
v 0 pecedofl
PVA/PVP blend polymer Casted onto petridish PVA/PYVP/Zn0O NCs film

Figure 1: Schematic representation for the preparation of PVA/PVP/ZnO nanocomposites.

3 Characterization

The crystalline structure of the synthesized nanocomposites was analyzed using Phillip’s PANanalytical
X’ Pert PRO diffractometer equipped with a Cu target (A=1.5405A) operating over a 26 range of 10° —80°. Sur-
face morphology was characterized by atomic force microscope (AFM). Elemental composition was determined
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Figure 2: XRD spectra for (a) ZnO NPs and (b) PPZ nanocomposites

using energy dispersive X-ray analysis (EDX) with an Apollo SDD detector attached to a SEM FEI QUANTA
250. Optical absorption measurement was carried out using UV-visible spectrophotometer (PerkinElmer
Lambda 365). Fourier transform infra-red (FTIR) spectroscopy analysis was carried out on PerkinElmer Spec-
trum Two spectrometer over 400cm~! — 4000cm~! while the dielectric response and AC conductivity of the
samples were studied from 303K-393K and 100Hz-1MHz using Agilent 42842 LCR meter.

4 Results and discussion

4.1 X-ray diffraction (XRD) study

Fig. 2(a) and (b) shows the XRD spectra for ZnO NPs and PPZ NCs with various concentration of ZnO nanoparti-
cles. Crystallite size of ZnO NPs calculated using the Scherrer formula was 20 nm [11]. In PVA/PVP blend NCs,
the presence of two broad and intense peaks observed at angles 26 = 19.57° and 40.43° is attributed to the pres-
ence of PVA molecules [12] while the PVP exhibits two diffused halos peaks at angles 20 = 12.87° and 21.80°
confirming its amorphous structure [13]. Upon incorporation of ZnO nanoparticles into the polymer blend matrix,
characteristics ZnO diffraction peaks appear together with those of PVA and PVP. The enhancement of ZnO peak
intensities as the filler concentration rises indicates the successful formation of PVA/PVP/ZnO nanocomposites.

4.2 Atomic force microscope (AFM) analysis

Fig. 3 shows the 2D and 3D AFM surface topographical images of PPZ NCs. The corresponding surface roughness
values of the nanocomposites expressed as arithmetic mean roughness Ra and the root mean square roughness
Rrms determine through AFM analysis using Gwyddion software are summarised in Table 1. It is observed
from the Table 1, that the surface roughness of the PPZ0 increases with the increase in concentration of ZnO
nanoparticles. This rise in surface roughness serves as evidence that ZnO has been effectively incorporated into
PPZO0 but also confirms the presence of some agglomeration among the dispersed nanofillers in the blend matrix.

Table 1: Surface topography values for the PVA/PVP/ZnO NCs films

Samples | R, (nm) | R,ys (nm)
PPZ0 1.51 2.01
PPZ5 2.83 3.98
PPZ15 3.99 5.35
PPZ20 4.81 6.14

4.3 Energy dispersive X-ray (EDX) analysis

The EDX spectra for PPZ NCs are presented in Fig. 4(a-e). The PPZ0 sample present only carbon (C) and oxygen
(O) as the constituent element whereas PPZ NCs observed the presence of Zn in addition to carbon and oxygen
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Figure 3: 2D (left side) and 3D (right side) AFM images for PPZ NCs: (a) PPZ0, (b) PPZS, (c) PPZ15, (d) PPZ20

confirming the successful incorporation of ZnO into the polymer blend matrix. The appearance of two peaks
corresponding to Zn in the EDX spectrum arises from the characteristic X-ray emission lines of zinc. The peak
observed around 1.02 keV corresponds to the Lo emission lines of Zn, while the peaks observed approximately
at 8.63 keV are associated with the K« emission lines of Zn.

4.4 UV-visible absorbance spectra

Fig. 5 presented the UV-Vis absorbance spectra for PPZ nanocomposites. The PPZ NCs showed the absorption
within the wavelength range of 225-454 nm. With increasing ZnO NPs content in the PVA/PVP blend matrix,
an absorption peaks shift toward longer wavelength with varying absorption intensities. In the UV region of the
PPZ NCs, there is noticeable light scattering which might be attributed to the increased surface roughness as also
evident from the AFM images.

The optical band gap energy is determined using the Tauc’s equation (1) from the absorbance spectra

(ahv)" = B(hv — Ey) (1)

where « denotes the absorption co-efficient, hv represents the photon energy, E, correspond to the band gap
energy, [ is the proportionality constant. The exponent n is determined by the nature of the electronic transition
with a value of % for direct allowed transition and 2 for indirect allowed transition.

The optical band gap energy for direct allowed transition for each sample determined by extrapolating the
linear portion of the (ahv)? versus (hv) curve to its interaction with the photon energy axis as shown in Fig.
6. From the Tauc’s plot, the direct band gap energy for PPZ0, PPZ5, PPZ10, PPZ15 and PPZ20 are 5.30eV,
2.66eV, 2.39¢eV, 2.19eV and 2.10eV respectively. The introduction of ZnO nanoparticles into the PVA/PVP matrix
induces a decrease in band gap energy. This reduction is attributed to the formation of structural defects in the
polymer blend matrix caused by the presence of ZnO [14, 15]. The structural defect produces localized state
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Figure 4: EDX spectra for PPZ NCs: (a) PPZ0, (b) PPZ5, (c) PPZ10, (d) PPZ15, (e) PPZ20
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Figure 5: UV-visible absorbance spectra for PPZ nanocomposites: (a) PPZ0, (b) PPZ5, (c) PPZ10, (d) PPZ15 and
(e) PPZ20

between highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the polymers. As the concentration of ZnO rises within the polymer blend matrix, the number of localized states
also increases. These localized states create opportunities for electrons to transition from the valence band to these
localized states, or from the localized states to the conduction band, all at energy levels lower than the material’s
band gap energy. This interplay gives rise to the absorption or emission of photons with energies lower than the
band gap energy, effectively causing a reduction in the material’s optical band gap [16, 17].

4.5 UV-visible transmittance spectra

Fig. 7 illustrates the UV-visible transmittance spectra of PPZ NCs recorded over the wavelength range of 200
nm-1100nm. As the loading of ZnO nanoparticles within the PVA/PVP blend increases, a gradual decline in trans-
mittance is observed in the visible region, while the ultraviolet region exhibits nearly complete absorption. The
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Figure 6: Tauc’s plot of [(ozhy)2 vs. (hv)] for PPZ NCs: (a) PPZ0 and (b) PPZ5, PPZ10, PPZ15, PPZ20 NCs.

negligible UV transmittance can be explained by the strong absorption of short-wavelength radiation by electrons
in the outer energy levels of ZnO nanoparticles, which become excited to higher energy states and consequently
prevent a portion of the incident radiation from passing through the material. Conversely, the pure PVA/PVP
polymer blend contains no free charge carriers or intermediate energy states between the HOMO and LUMO
levels, and therefore requires photons of higher energy for electronic excitation, resulting in higher transparency.
These results demonstrate that the synthesized PPZ NCs possess strong UV-shielding characteristics, making them
suitable for UV-protective applications [15, 18].

% Transmittance

la)——FFz0
(b):——PP2Z5
(c)=——PPZ10

200 400 600 800 1000
Wavelength (nm)

Figure 7: UV-visible transmittance spectra for PPZ nanocomposites: (a) PPZ0, (b) PPZ5, (¢) PPZ10, (d) PPZ15,
(e) PPZ20

4.6 Fourier transform infra-red analysis

Fig. 8 shows the FTIR spectra for PPZ nanocomposites. A broad and intense absorption band appeared in all
samples in the range of 3000 cm~1-3600 cm~! is attributed to the stretching vibration of hydroxyl group (-OH)
and slight shifted towards the higher wavenumber with the increasing ZnO nanoparticles content. A band at 2941
cm ! corresponds to the -CH stretching vibration of PVA and PVP. The C=0 stretching mode is ascribed at 1658
cm™~!. The combination band of (CH+CC) group is identified at 1245 cm~'. The band at 1283 cm ™! is attributed
to C-N bending vibration. The stretching mode of C-C group are seen at 917cm ™! and 852cm~!. The band at
570cm ™! is assigned to N-C=0 bending vibration. The band at 1080cm ' - arises from the stretching vibration of
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Figure 8: FTIR spectra for PPZ nanocomposites: (a) PPZO0, (b): PPZ5, (c) PPZ10, (d) PPZ15, (e):PPZ20

C-O groups of PVA and a strong band at 1658cm ™! is attributed to the C=O stretching vibration of PVP. All the
characteristic absorption band observed in the nanocomposites are agrees well with the previous reports [19-21].
As the concentration of ZnO nanoparticles increase, the intensities of some bands are decreased, becomes wider
as well as slightly shifted to longer wavelength. This indicates the strong interfacial interaction between the ZnO
and miscible chain structure of PVA/PVP.

5 Dielectric properties

5.1 Dielectric constant

For each sample the dielectric constant is evaluated using the expression, € = E%‘f‘ , where C' denotes the capac-

itance, d signifies film thickness, A represent film area, ¢ is the permittivity of free space. Fig. 9 depicts the
dependence of dielectric constant on frequency at various temperature and variation of dielectric constant with
temperature at fixed frequency (inset) for PPZ NCs. The dielectric permittivity of all samples exhibits high val-
ues in the low frequency region and gradually declines as the frequency increases. The low frequency response is
predominantly controlled by the interfacial polarization commonly referred to as Maxwell-Wagner-Sillars (MWS)
mechanism, which is the characteristic feature of polymer-based nanocomposite. In the present samples, semi-
conducting fillers dispersed within the PVA/PVP polymer blend promotes the charge build up at the filler-polymer
interfaces. Variations in charge distribution across these interfaces lead to the formation of large number of
micro-capacitors like regions throughout the material which effectively behave as dipoles [10, 22, 23]. At low
frequencies, these dipoles can easily orient in response to the applied electric field, resulting in strong polarization
and high dielectric permittivity. With increasing frequency, dipole orientation becomes progressively hindered,
leading to a decrease in the dielectric constant.

In addition, it can be observed that the dielectric constant of all samples rises with the increasing temperature
at a given frequency. At lower temperature, the polymer films exhibit smaller dielectric constant values because
limited thermal energy restricts dipole motion, rendering the dipoles associated with the micro-capacitive regions
and the polar PVA/PVP matrix relatively immobile and less responsive to the applied electric field. As the tem-
perature increases, the flexibility of polymer chain, polar functional groups and dipolar species within the system
improves. This increased molecular mobility shortens the relaxation time of both polymer segments and dipoles,
allowing them to respond more readily to variations in the external electric field. As a result, an enhancement in
dielectric constant is observed [15, 24, 25]. Fig. 9(f) shows the variation of dielectric constant with frequency for
different concentration of ZnO nanoparticles at 393K. From the graph, it is observed that the dielectric constant
value of PPZ0, PPZ5, PPZ10, PPZ15 and PPZ20 does not vary much with values of 14, 15, 13, 16 and 23 respec-
tively. Such PPZ NCs which has lower dielectric constant value suggests their suitability for use as an insulator in
the fabrication of micro electronic device applications.
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Figure 9: Frequency variation of dielectric constant at different temperatures and temperature-dependent dielectric
constant (inset) at a fixed frequency for PPZ nanocomposites: (a) PPZO0, (b) PPZ5, (c)PPZ10, (d) PPZ15, (e) PPZ20
and (f) frequency-dependent dielectric behaviour for different PPZ NC loadings.

5.2 Dielectric loss

Fig. 10(a-e) illustrate the frequency-dependent dielectric loss of PPZ nanocomposites measured at different tem-
perature, along with the temperature variation of dielectric loss at a chosen frequency shown in inset graph. The
samples exhibit relatively high dielectric loss in the low-frequency region, which is mainly attributed to interfacial
polarization effect. As the frequency increases, the dipoles are unable to keep pace with the rapid oscillations
of the applied electric field, leading to a gradual reduction in the dielectric loss. The inset plot further reveals
that dielectric loss increases with the increasing temperature. This behaviour can be explained by the forma-
tion of additional free volume within the polymer blend matrix at elevated temperature, which facilitates dipolar
reorientation and thereby enhances dielectric loss [26-29]. Moreover, the dielectric loss values decrease from
approximately 0.9 at low frequencies to about 0.06 at frequencies above 100 kHz for all samples, as shown in Fig.
10(f). The observed low dielectric loss at higher frequencies indicates that these nanocomposites are promising
candidates for low-loss dielectric applications.

5.3 AC Conductivity

The AC conductivity for each sample is evaluated using Eq. (2) by utilizing the dielectric constant and dielectric
loss data derived from dielectric measurements over the temperature range of 303K-393 K and the frequency range
of 100Hz -1MHz to further understand the electrical conduction mechanism.

(@)

Oge = 27 feeg tan §

Here, f represents the frequency of the applied electric field, ¢y denotes the permittivity of free space, € corre-
sponds to the dielectric constant, and tan § refers to the dielectric loss tangent.

Fig. 11(a-e) displays AC conductivity varies with frequency for all samples at specific temperature. It is
observed from the graph that the AC conductivity for all the samples shows a linear behaviour upto a frequency
of 10kHz and then increased non-linearly at higher frequency. The linear response in the low frequency region
indicates that charge transport is dominated by the localized motion of charge carrier associated with interfacial
polarization arising from Maxwell-Wagner-Sillars effect. Whereas the non-linear dispersion at higher frequency
over the frequency range 10kHz to 1MHz is attributed to the motion of localized charge carrier over the shorter
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path. The AC conductivity values for all samples at 100Hz for 313K are around 10~%(S/m) and at 393K are around
10~7(S/m). The values of AC conductivity increase with the increase in frequency and found to be 10~°(S/m) at
1MHz. Such low conductivity value indicates that these NCs are promising materials for use as flexible dielectric
substrates and insulating layers in biodegradable electronic devices. The conductivity data is evaluated using the
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Figure 11: Frequency variation of AC conductivity for PPZ nanocomposites at selected temperature: (a) PPZ0 (b)
PPZ5 (c) PPZ10 (d) PPZ15 (e)PPZ20 and (f) Variation of the fit parameter ‘n’ with temperature.
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Jonscher’s power law relation expressed as, o(f) = og+ Af™. In this relation o ( f) denotes the total conductivity,
oy represents the dc component of the conductivity, A is the constant related to the strength of the polarizability
and n is the frequency exponent that describes the extent of interaction between charge carriers and the lattice.
Several theoretical models have been proposed to describe charge transport based on the behavior of n, including
the Quantum Mechanical Tunnelling (QMT) model, where n depends on frequency but remains independent of
temperature; the Correlated Barrier Hopping (CBH) model, in which n decreases with increasing temperature; the
Small Polaron Tunnelling (SPT) model, where n increases with temperature; and the Large Polaron Quantum
Mechanical Tunnelling (LPQMT) model, in which n initially decreases to a minimum and then increases as
temperature rises. As shown in Fig. 11(f), the value of n increases with temperature, indicating that charge
transport in PPZ NCs follows the small polaron tunnelling mechanism [30].

6 Conclusion

PVA/PVP/ZnO nanocomposites containing different ZnO loadings (0, 5, 10, 15, and 20wt%) were synthesized
using the solution casting technique. The formation of polymer nanocomposites and the purity of the samples
were confirmed through XRD and EDX analyses. AFM images indicate that incorporating ZnO nanoparticles
leads to an increase in surface roughness. The band gap energy of the nanocomposites decreases with the in-
creasing concentration of ZnO from 5.30eV to 2.10eV. UV-visible transmittance studies revealed a decrease in
transmittance with increasing ZnO concentration, effectively blocking UV radiation, rendering them suitable for
UV-shielding applications. FTIR results demonstrate physical interactions between ZnO nanoparticles and the
hydroxyl groups of PVA as well as the carbonyl groups of PVP. The dielectric constant values at 393K for PPZ0,
PPZ5, PPZ10, PPZ15, and PPZ20 are 14, 15, 13, 16, and 23 respectively. The value of dielectric loss for all sam-
ples at lower frequency is of the order of around 0.9 which reduces to 0.06 at higher frequency (above 100 kHz).
The values of AC conductivity increase with the increase in frequency and found to be 1072(S/m) at IMHz. The
frequency-dependent conductivity behaviour follows Jonscher’s power law, and the dominant conduction process
is attributed to the small polaron tunnelling model. The combination of low dielectric constant, low dielectric
loss, and AC conductivity suggests that these nanocomposites are promising candidates as flexible nanodielectric
substrates and insulating materials for microelectronic device fabrication.
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Abstract: In this study, the photocatalytic performance of Metal-Organic Framework (MOF) derived ZnO has
been shown to be more efficient than the pure ZnO for Malachite Green (MG) dye degradation, a commonly used
organic dye having considerable environmental influence. ZnO in pure form was prepared by chemical coprecip-
itation method and MOF-derived ZnO was prepared by self-assembly process. X-ray diffraction (XRD), energy
dispersive X-ray spectroscopy (EDX), Field emission scanning electron microscope (FESEM), Fourier-transform
infrared spectroscopy (FTIR), and UV-visible spectroscopy (UV-vis) were utilized to characterize the materials.
XRD established that the two materials crystallize in the hexagonal wurtzite form, and FESEM established that
pure ZnO was made up of both spherical and spindle-like particles, and MOF-derived ZnO consisted of mostly
spherical particles. The UV-visible absorption spectra showed that both samples had bandgap energies of 3.32 eV.
The photocatalytic performance (under UV light irradiation) of MOF-derived ZnO was excellent, as it was able
to degrade MG dye by 98% in 3 hours. Such enhancement may be ascribed to the increased effective surface area
and increased porosity of the MOF-derived structure which allows more effective photocatalysis.

Keywords: Metal-Organic Framework (MOF), Malachite Green, photocatalytic activity

PACS: 78.67.Bf, 61.46.-w, 78.67.-n, 78.40.-q

1 Introduction

Over the past century, the global demand of freshwater has increased owing to economic growth, population
escalation and change in usage patterns. On the other hand, domestic, industrial, agricultural, and municipal
activities, are exhausting the water resources increasing the water shortage and pollution, thereby making access
to clean water one of the most pressing issues of modern society [1]. Among various pollutants, the wastewater
of industrial productions like textiles, dye manufacturing, apparel, paper pulp, tanneries and printing is one of the
major source of contamination [2]. Heavy metals (Zn, Ni, Cd, Cu, Pb, Hg, etc.), organic dyes (e.g., methylene
blue, Rhodamine B, malachite green), toxic chemicals, pesticides, herbicides, hydrocarbons, pharmaceuticals,
etc. are some of the harmful pollutants found in this industrial wastewater [3, 4]. Some of these chemicals are
harmful, mutagenic, persistent in nature, and possess carcinogenic properties, creating a serious threat to both
human health and environment [3, 5]. As per the World Health Organization (WHO), the textile industry accounts
for approximately 17-20% of industrial wastewater pollution worldwide [6]. In the dyeing process, dyes are
released into wastewater by 10-15%, which further degrades the quality of water [1, 6]. It is thus of much essence
to manage the dye waste effectively before it is released to the environment to avoid the environmental pollution
caused by the decomposition of dyes into forms that are non-toxic to the environment, reduction of contamination
in the major water bodies, and effective elimination of the dyes in the aquatic environments.

The removal of dyes in wastewater has been done by applying various methods such as chemical precipitation,
solvent extraction, coagulation-flocculation, biological treatments, and membrane filtration. Nevertheless, these
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methods only transfer pollutants into sludge rather than completely eliminating them [4, 6]. To overcome these
challenges, it is also requisite to have innovative, cost-effective, sustainable and energy efficient water purifica-
tion process that can effectively remove contaminants with minimizing energy consumption and chemical usage
[1, 7]. Advanced oxidation processes (AOPs) is an effective method of oxidizing and mineralizing diverse organic
pollutants, which rely on highly reactive and strongly oxidizing radicals [7]. The high levels of efficacy in decon-
taminating pollutants to form less harmful byproducts and the high rates of degradation, as well as non-selective
oxidation have made AOPs highly recognizable in wastewater treatment [4]. Semiconductor photocatalysis is one
of the many AOPs that are highly effective in degrading toxic metal ions and organic pollutants [1, 2].

Photocatalysis, which is a process in which a semiconducting material produces electron-hole pairs in the
presence of light of suitable wavelength. These charge carriers form reactive oxygen species (ROS), including
superoxide anions (Oz-~) and hydroxyl radicals (-OH), when in contact with water and oxygen and have strong
oxidizing capabilities [4, 8]. These ROS are effective in the degradation of organic pollutants into harmless
byproducts [5, 7, 9-11]. Photocatalysis is a renewable and environmentally friendly technology, therefore, it can
be used to effectively degrade persistent hazardous contaminants with the use of sunlight [5, 12]. Additionally,
it operates at room temperature, which not only makes the elimination for the need of high energy input but
ensures that the pollutants are effectively degraded [2, 13]. Different metal oxide semiconductors, which are
TiO2, Zn0, Bis O3, FesO4, WO3, Cuz O, SnOo, etc., are highly active photocatalytic materials that facilitate the
mineralization of organic pollutants [1, 2, 14-16]. Among the various metal-oxide semiconductors, ZnO and TiO5
are most prospective materials used in degrading organic pollutants because of their high chemical robustness,
non-toxicity, and strong oxidative potential [1, 15, 17-19]. Nevertheless, TiO5 has low quantum efficiency and a
small surface area when compared to ZnO, which is emerging to be a superior alternative as it has greater surface
area, better quantum yield, and increased photoluminescence [16, 20, 21].

Moreover, Metal-Organic Frameworks (MOFs) have become a focal point of research due to their exception-
ally large surface areas as well as highly tunable structures [8]. By self-assembly of metal ions and multidentate
linkers, these three-dimensional and highly porous organic-inorganic frameworks are formed. They are highly
versatile with regards to chemical and structural properties due to their large surface area, substantial pore vol-
ume, and tunable composition. The porosity of the MOFs is inherent in ion storage and transport [21, 22]. They
can be integrated with metal oxides, which opens the potential for energy storage, catalysis, and remediation of
the environment [8, 22]. Pure ZnO and MOF-derived ZnO have been prepared in this study through chemical co-
precipitation method and self-assembly method, respectively. The resulting photocatalyst were characterized by
X-ray diffraction (XRD), Field emission scanning electron microscope (FESEM), energy-dispersive X-ray spec-
troscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), and UV-visible spectroscopy (UV-vis). Their
photocatalytic performance was subsequently evaluated for the degradation of Malachite Green dye.

2 Materials and Methods

2.1 Materials Required

In this study, analytical grade Zinc Nitrate Hexahydrate (Zn(NOjs)s - 6H2O, Sigma-Aldrich), 2-Methylimidazole
(CsHgNy, Sigma-Aldrich), Sodium Hydroxide (NaOH, Merck) and Malachite Green (Co3Ho5CIN5, Hi-Media)
were used as reagent without further treatment. Distilled water (DI) is used as a solvent for the entire experiment.

2.2 Synthesis of pure ZnO

Pure ZnO nanoparticles were synthesized by the facile chemical co-precipitation method. Initially, 0.1 M of
Zn(NOj3)s - 6H50 was dispersed in 200 mL of deionised (DI) water and magnetically stirred for 30 min at room
temperature (27°C). Similarly, 0.5 M NaOH solution in 300 ml of DI water was prepared with continuous stirring
for 30 min. The NaOH solution was then introduced gradually into the Zn(NOjs)s - 6H2O solution until the pH
reached 12 and kept stirring for another 2 hours. The resulting precipitate was washed numerous times with DI
water, dried in an oven at 80°C for about 2 days until it was completely dry and ground to obtain ZnO powder.

2.3 Synthesis of MOF-derived ZnO

MOF-derived ZnO nanoparticles were synthesized via a self-assembly process. The starting materials, Zn(NO3)o-
6H2O and 2-Methylimidazole, were used in a 1:4 molar ratio. 0.594g of Zn(NOs)s - 6HoO was dissolved in
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50mL of DI water and magnetically agitated at 300 rpm at room temperature for 30min. Separately, 0.656g of
2-Methylimidazole was dissolved in 50ml of DI water. The Zn(NO3)s - 6H2O solution was then introduced to the
2-Methylimidazole solution, and the mixture was continuously stirred overnight on a hot plate. The precipitate so
formed was washed and collected by centrifugation, dried in an oven at 80°C and then finely ground into powder.
Finally, the finely powdered sample was subjected to calcination at S00°C for 6 hours to obtain MOF-derived
ZnO.

2.4 Characterization

Powder X-Ray diffraction (XRD) was used to determine the phase composition of pure ZnO and MOF-derived
ZnO with the X’ Pert Pro PANalytical diffractometer equipped with Cu Ko radiation. The Field emission scanning
electron microscopy (FESEM) was used alongside EDX spectroscopy to analyze its morphological characteris-
tics, as well as its elemental constitution. The UV-visible spectra of the materials were taken on a Perkin Elmer
Lambda-365 UV-Vis Spectrophotometer. The functional group and the chemical bond of the particles were deter-
mined by the Perkin Elmer FTIR Spectrum 2 IR spectrometer.

2.5 Photocatalytic activity test

Photodegradation experiment was conducted by using Malachite Green dye as the model pollutant and irradiated
by UV-C light from an 8W mercury lamp. In a typical photocatalytic procedure, the catalyst was dispersed into
the dye solution and subjected to ultrasonication. To achieve a state of adsorption-desorption equilibrium, the
catalyst-loaded dye suspension was stirred in the dark for 1 hour and thereafter it was irradiated with the light
source. Aliquots of the irradiated solution were then taken at regular interval of time and their absorbance was
recorded with the help Ocean Optics HR 4000 UV-Vis Spectrophotometer. The photocatalytic efficiency of the
synthesized samples was assessed based on percentage degradation, calculated using the following Eq. (1) [23].
Co—-C Ao — A

%100 = 29~ 2« 100 )
0 Ay

% of Degradation =

where Cj represents the initial dye concentration, C' represents the concentration after irradiation, A, denotes the
initial absorbance, and A denotes the absorbance of the solution measured after irradiation.

3 Results and Discussion

3.1 Structural characterization

Fig. 1(a), 1(b) and 1(c) illustrate the XRD patterns of pure ZnO nanoparticles, pure MOF and MOF-derived ZnO
nanoparticles, respectively. The diffracted patterns in Fig. 1(a) and 1(c) exhibit characteristic Bragg reflections
corresponding to the crystallographic planes: (202), (004), (201), (112), (200), (103), (110), (102), (101), (002),
and (100), along with their corresponding 26 values. The peaks of the diffraction confirm the existence of hexag-
onal wurtzite phase of ZnO (ICSD card number: 01-075-0576). Scherrer’s formula (Eq. (2)) was used to estimate
the crystallite size, which was calculated to be 18 nm and 24 nm for pure ZnO and MOF-derived ZnO respectively.

kA
~ Bcosh

where g denotes the crystallite size (nm), A is the wavelength of the X-ray (nm), k is the shape factor or Scherrer
constant (0.9), 0 is the Bragg angle (radians), and [ is the full width at half maximum of the diffraction peaks
(radians) [24].

The XRD pattern of the synthesized MOF, as shown in Fig. 1(b), exhibits distinct diffraction peaks corre-
sponding to the characteristic planes of its crystalline framework, confirming its successful formation [25].

The measured positions and intensities of the observed peaks are comparable with those of the MOF structures
which crystallized in the hexagonal phase and is highly similar to the reference pattern indexed in the JCPDS card
no. 00-062-1030, thus confirming the high purity and crystallinity of the phase in the obtained material [26-29].

The controlled growing environment of the MOF precursor, which facilitates uniform nucleation and growth
of the crystal is the reason behind the slightly larger size of the MOF-derived ZnO [22]. The intense, sharp peaks
suggest high levels of crystallinity, which facilitates rapid electron transport and slow down recombination and
contribute to the high photocatalytic activity of MOF-derived ZnO in MG dye degradation [30].
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Figure 1: XRD patterns of the synthesized samples (a) pure ZnO, (b) ZIF-8 MOF, and (c) MOF-derived ZnO.

3.2 Morphological and compositional analysis

FESEM was used to study the surface morphology of the synthesized samples. As shown in Fig. 2(a), the pure
ZnO nanoparticles exhibit a mixture of spherical and spindle-like structures. In contrast, Fig. 2(c) reveals that
the MOF-derived ZnO crystals predominantly exhibit an agglomerated spherical morphology. The corresponding
particle size distribution histograms, presented in Fig. 2(b) and 2(d), were fitted using a log-normal distribution
function [31]: ,
1 (Ind — p)
fa= o exp[— —

where d is the particle diameter, o is the standard deviation of Ind, u is the mean of Ind.
Average particle size was estimated from the fitted parameters according to the standard expression for a

log-normally distributed variable [32]:

s 3)

p+o®

| @
Using this relation, the average particle sizes of the pure ZnO and MOF-derived ZnO were estimated to be 175
nm and 92 nm, respectively. The significantly smaller and more uniform particle size of the MOF-derived sample
highlights the structural templating of the MOF precursor, which promotes the formation of finer ZnO nanoparti-
cles with enhanced surface area and improved physiochemical properties, including photocatalytic performance.

Fig. 3(a) and 3(b), respectively display the elemental composition of pure ZnO and MOF-derived ZnO. The
presence of emission peaks corresponding to Zn and O atoms only are observed in the EDX spectra, with no
additional peaks, which confirms the sample purity.

davg = exp[

3.3 UV-Vis Absorption Spectroscopy

Fig. 4(a) and 4(b) depict the UV-Vis absorption results of pure ZnO and MOF-derived ZnO nanoparticles, respec-
tively, with 367 nm and 373 nm as the absorption peaks. The optical band gap (Eg) was also estimated using the
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Figure 2: Surface morphology observed by FESEM and particle size distribution histograms of (a) FESEM image
of pure ZnO and (b) particle size distribution of pure ZnO fitted with a log-normal distribution (c) FESEM image
of MOF-derived ZnO (d) particle size distribution of MOF-derived ZnO fitted with a log-normal distribution.
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Figure 3: EDX spectra of the synthesized samples (a) pure ZnO and (b) MOF-derived ZnO.

following relation [33]:
B, = 5)

where c represents the speed of light, i denotes Planck’s constant, and A corresponds to the wavelength of the
respective absorption peak.
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The band gap energy of pure ZnO and MOF-derived ZnO was determined to be 3.32 eV.
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Figure 4: UV-vis absorption spectra of the synthesized samples (a) pure ZnO and (b) MOF-derived ZnO.

3.4 Fourier Transform Infrared (FTIR) Spectra

The Fourier transform infrared (FTIR) spectrum of pure ZnO and MOF-derived ZnO, are presented in Fig. 5(a)
and 5(b), respectively. For pure ZnO, a prominent absorption band corresponding to the Zn—O stretching vibration
is observed at 410 cm~!. In the case of MOF-derived ZnO, this band is slightly shifted to 416 cm™—!, which may be
attributed to lattice distortions, altered crystallite size, or structural modifications induced during the MOF-to-ZnO
transformation [34].
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Figure 5: FTIR spectra of synthesized samples (a) pure ZnO and (b) MOF-derived ZnO.

3.5 Evaluation of the photocatalytic activity on MG dye

Fig. 6(a) and 6(b) show the photocatalytic degradation curves of pure ZnO and MOF-derived ZnO upon UV
light irradiation. Pure ZnO achieves 76% degradation of MG under 3 hours of irradiation, whereas MOF-derived
ZnO reaches 98% degradation in just 3 hours. This enhanced photocatalytic performance is ascribed to the MOF-
derived architecture, which provides increased surface area and porosity, thereby facilitating more efficient dye
degradation [22].
Kinetics of the photocatalytic reaction was studied by applying the Langmuir-Hinshelwood model, which
reveals that the reaction followed the pseudo-first-order kinetics. This relationship is expressed as Eq. (4) [35]
Co
In o= kt ©6)
where Cy and C' denote the initial and final concentration of dye prior to and following irradiation, respectively,
k is the pseudo first order rate constant, ¢ is the irradiation time. Table 1 indicates the values of the rate constants
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Figure 6: Photocatalytic degradation curves for (a) pure ZnO and (b) MOF-derived ZnO.

calculated. The two distinct linear areas in the kinetic plot may be explained as follows:

Organic Dye — Adsorption 51, Intermediate Product ~2» Colourless Product

Photocatalyst Rate constant, k; (102 per min) | Rate constant, k- (1072 per min)
MOF — derived ZnO 1.7 3.2
Pure ZnO 1.2 0.8

Table 1: Reaction rate constants calculated for the synthesized samples.
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Figure 7: Plot of In(Cy/C') vs. irradiation time for (a) pure ZnO and (b) MOF-derived ZnO.

4 Conclusions

In conclusion, pure ZnO nanoparticles and MOF-derived ZnO nanoparticles were prepared using chemical co-
precipitation method and self-assembly technique, respectively. XRD analysis confirmed that both samples were
in the hexagonal wurtzite structure. FESEM micrographs proves that pure ZnO was a composite of both spherical
and spindle-like particles, but the MOF-derived ZnO was more likely to have the morphology of a sphere. The
use of energy-dispersive X-ray (EDX) spectroscopy technique established that the samples only contained zinc
and oxygen. The UV-visible absorption spectra were used to estimate the optical bandgap energies, which means
that both samples can be applied in the UV region. The photocatalytic efficiency of MOF-derived ZnO was found
to be better degrading 98% of MG dye under the UV light in 3 hours. These findings highlight the possibility of
MOF-derived ZnO to be an efficient photocatalyst in eliminating organic pollutants.
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Abstract: We investigate the etching characteristics of environment-exposed LR-115 film (cellulose nitrate) solid
state nuclear track detector (SSNTD), which is commonly used for the detection of terrestrial ionizing radiation,
particularly in indoor and soil gas environments. The percentage-track density in exposed LR-115 detectors is
used as a proxy for bulk etching and examined under different etching conditions. Expectedly, results reveal that
the track density increases with temperatures and normality. Linear regression coefficients as well as multiple
linear regression coefficients are estimated.

Keywords: SSNTD; Etching; LR-115, Regression
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1 Introduction

Solid State Nuclear Track Detectors (SSNTDs) are widely used for detecting and measuring properties of fast-
moving charged particles, including alpha particles, fission fragments, and heavy ions, owing to their remarkable
sensitivity, durability, and affordability [1]. Among SSNTDs, polymeric detectors stand out due to their sensitiv-
ity, and among polymeric detectors, the cellulose nitrate polymer film, commonly known as LR-115 (type II), is
the most favoured for monitoring environmental radioactivity, especially in studies on radon and thoron concen-
tration [2-5]. These detectors capture ionizing radiation by creating latent tracks, which can be uncovered via an
appropriate chemical etching process [1].

The etching process is vital for visualizing and analysing these tracks. Factors like etching time, temperature,
and the concentration of the etchant greatly influence track geometry, etch rate, and consequently, track density
measurements [1, 6, 7]. Therefore, a comprehensive understanding of etching characteristics is crucial for pre-
cise particle identification as well as dosimetric calculations. Although morphology of etch pits conveys details
about the energy and charge of the incident particle, it is the simpler quantity — track density — that is useful
for measurement of environmental radioactivity [8—10]. Several researchers have focused on optimizing etching
conditions to enhance the resolution and accuracy of the LR-115 detector response. For instance, Durrani and
Bull [1] provided foundational insights into track formation and etching mechanisms, while later studies have
explored variations in chemical etchants and etching protocols to improve track contrast and reduce background
noise [7, 11, 12]. These advancements also warrant corresponding investigations to corroborate the etching be-
haviour of LR-115 films under different controlled exposures and chemical conditions.

The present study focuses on examining the etching properties of exposed LR-115 film, particularly how
various etching parameters affect track revelation. It is usually the bulk etch rate of detectors that is measured
against etching parameters, but during use in the field, it is the track density that is directly measured and hence
its adoption in the present study. Such investigations are essential for enhancing the accuracy of SSNTD-derived
measurements, particularly in situations involving low-level radiation monitoring.
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2 Materials and method

In the present study, LR-115 type II SSNTD manufactured by DOSIRAD, France, with an active layer of 12 ym
and polyester base of thickness 100 um was used. The water-bath used had a thermostat with control of £2°C. A
typical microscope (Labomed) with magnification 40x was used for counting and measurement of track proper-
ties. For etching, laboratory-grade NaOH was used. For radiation source, we used the ubiquitous environmental
radioactivity — the detectors were hung from threads for a period of 90 days, similar to the method of bare-mode
exposure for the measurement of indoor radon concentration [13, 14].

The primary objective of the study is to determine etching characteristics in terms of track densities observed in
the etched LR-115 film by varying etching duration, etchant concentration and etching temperature. Two etchant
concentrations were identified for the experiment, viz., 2N and 2.5N of NaOH; three temperature values were
identified, viz., 40°C, 50°C and 60°C, while the track densities were measured at four etching durations, viz.,
60, 70, 80 and 90 minutes. These values of the parameters were chosen keeping in mind the upper limits of
standard procedure of etching LR-115 films, which are 2.5N, 60°C and 90 minutes [10, 15, 16]. The raw values
of track density are not conducive for direct calculation as they are highly dependent on the exposure duration and
the concentration of alpha-emitting radon atoms in air. Therefore, with the assumed standard values of etching
parameters, we represent track density in percentage terms with respect to the track density obtained for 90 minutes
of etching at 60°C and 2.5N etchant solution.

The exposed detectors were selected randomly and placed into six groups labelled with a specific normality
value and temperature. Successive etching was carried out, keeping step with the time interval chosen for the
study. The etching process is carried out by placing a conical beaker with the etchant of a specific concentration
in the thermostatically controlled water bath at specific temperature. When the temperature of the etching solution
reaches equilibrium with the temperature of the water bath, the LR-115 films are introduced in the beaker so as
to completely submerge them in the etchant. At specified intervals, the LR-115 films are extracted from the water
bath and dried. The track densities in the etched films are then determined by manually counting the tracks with
the help of the microscope.

Linear regression as well as multiple linear regression were carried out to estimate a linear relationship be-
tween the response (or dependent) variable, viz., the track density, and three explanatory (or independent) vari-
ables — etchant normality, etchant temperature and etching time. The linear regression was done using the
scikit—-learn package [17], while the multiple regression was done using the R programming language [18].

A simple linear regression consists of a single response as well as a single explanatory variable and entails the
estimation of the coefficients of the linear equation (usually called the prediction equation) of the form [19],

y=PBo+ Bz +e (D

where ¢ is the predicted value for a given value of the explanatory variable x (the cap over a variable indicates
predicted or estimated value); BO and Bl are respectively the intercept and slope of the linear relationship, and € is
the error (the unpredictable part of the data).

Multiple linear regression extends linear regression to accommodate multiple explanatory variables (z1, T2, - - -
for a single response variable (y) and is mathematically expressed as [19],

y=Po+ Prx1 + Pexa + - + Brxy + €. )

The other symbols in the above equation have meanings similar to those used in equation (1).
We do realise that the results of this study have limited generality due to the limited range of variables consid-
ered; however, this study can pave the way for more detailed experimental setup and analysis.

3 Results and Discussions

The obtained experimental values of percentage track density are plotted as a function of etching time for different
values of etching temperature in the two subplots given in figure 1. Each subplot in the figure represents data
corresponding to a specific etchant normality — 2N and 2.5N. We have kept the y-axis of both the subplots the
same to facilitate comparison at the cost of some detail. Expectedly, track densities increase with time as well as
temperature. It is also seen that the general trend indicates higher slopes for higher temperatures. Track densities
are also higher for higher normality for a given etching time, thus indicating throughout a positive correlation
between track density and all three explanatory variables.
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Figure 1: Track density in LR-115 as a function of etching time for various etching temperatures for two
different normalities of etchant concentration. Solid lines of corresponding colour indicate linear-fit line.
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Figure 2: Track density in LR-115 as a function of etching temperature for different etching times for two
different normalities of etchant concentration. Solid lines of corresponding colour indicate linear-fit line.

To highlight the effect of etching temperature, we have replotted the data in figure 2, but with the temperature
on the z-axis. This is to visually show the effect of temperature on track density at various etching times.

To quantify the trend across the various variables, we have provided the values of linear regression in table 1,
along with corresponding goodness-of-fit parameters.

Table 2 provides the value of coefficients for the various explanatory variables obtained from a multiple re-
gression exercise carried out on the experimental data. The Sum of Squared Errors (SSE) for the regression is
found to be 1779.188 and the multiple R? value is 0.8719. We can see that the R? value of the multiple regression
is noticeably lesser than the R? value of direct linear regression (table 1), indicating that the generalization of the
fit to multiple variables reduces the goodness-of-fit observed in individual regressions.

Based on the coefficients given in table 2, the percentage track density (p) as a function of time of etching in
minutes (), the temperature in °C (¢) and the normality of etchant () can be written as ! (c.f., equation 2),

p=—250.38+1.05¢+ 1.410 + 61.29 N. 3)

Based on the value of coefficients obtained, we find that, in terms of numerical value (with the specific units
used here), the normality has the highest impact (as it has the highest value of slope, thus providing a large
increase in the value of dependent variable for a specified increase in its value), followed by temperature and then

'Rounded to two decimal digits
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Normality Time Temperature Slope Intercept SSE 2
2 60 o 0.65 -17.1 022 0.997
2 70 o 0.93 -27.8 1.69  0.990
2 80 o 0.99 -27.2 3.80 0.981
2 90 ok 1.53 -47.8 38.64 0.924
2.5 60 ok 0.84 -16.5 0.86  0.994
2.5 70 woE 2.03 -55.6 9.38  0.989
2.5 80 o 1.93 -36.4 9.95 0.987
2.5 90 o 2.35 -41.6 1.04  0.999
2 * 40°C 0.26 -71.3 0.84 0975
2 * 50°C 0.27 -1.1 0.35 0991
2 * 60°C 0.80 -27.5 19.15 0.944
2.5 * 40°C 1.19 -54.9 394  0.994
25 * 50°C 1.70 -76.2 12.45  0.992
2.5 * 60°C 2.07 -85.6 92.47 0.959

* indicates all values of etching time variable, viz., 60, 70, 80 and 90 minutes.

** indicates all values of etching temperature variable, viz., 40°C, 50°C and 60°C.

Table 1: Coefficients of linear regression between normality—etching time and normality—temperature along with
goodness-of-fit statistics.

Coefficients Estimate  Std. Error p-value

Constant term (or intercept) -250.3835  24.6930 2.50 x 1079
Time (minutes) 1.05 0.1722 5.85 x 1076
Temperature (°C) 1.4077 0.2358 7.74 x 1076
Normality 61.2879 7.7011 1.260 x 1077

Table 2: Coefficients of multiple linear regression for the response variable of track density and the three etching
parameters.

the time of etching. For example, equation (3) predicts that an increase in normality by AN would produce about
(60 AN)% more tracks compared to a Af increase in temperature.

It is hoped that the calculations and regression values provided here might prove useful in numerical simulation
exercises and facilitate comparison even under different etching conditions.

Conclusions

Experimental values of percentage track densities for the solid-state nuclear track detector LR-115 type II for
various etching conditions are presented. The observed trends are consistent with those reported in literature [1, 8].
Linear and multiple linear regression coefficient values are estimated.

References

[1] S. A. Durrani and R. K. Bull, Solid State Nuclear Track Detection: Principles, Methods and Applications,
International Series in Natural Philosophy, Vol. 111 (Pergamon Press, Oxford, 1987).

[2] A.Pyngrope, P. Sangma, and R. K. Kakati, Journal of Physics: Conference Series 2919, 012039 (2024).
[3] L. A. S. Pereira and C. A. T. Sdenz, Physics 7, 56 (2025).

[4] P. Pereyra, C. J. Guevara-Pillaca, R. Liza, B. Pérez, J. Rojas, L. Vilcapoma L., S. Gonzales, L. Sajo-Bohus,
M. E. Lopez-Herrera, and D. Palacios Fernandez, Atmosphere 14 (2023).

[5] A.S. Hussein, Radiation Environment and Medicine 10, 26 (2021).

[6] S. Durrani and P. Green, Nuclear Tracks and Radiation Measurements (1982) 8, 21 (1984).

Published by the Physics Academy of the North East 45



©)

PANE
P. J. Phys. 02 (01), 042 (April 2026) PANE Journal of Physics

[7] M. Caresana, F. Campi, and M. Ferrarini, Radiation Protection Dosimetry 113, 354 (2005).

[8] D. Nikezic, F. Ng, and K. Yu, Applied Radiation and Isotopes 61, 1431 (2004).

[9] V. Mehta, C. Kapil, D. Shikha, and S. Kanse, Environmental Monitoring and Assessment 196, 128 (2024).
[10] K. Eappen and Y. Mayya, Radiation Measurements 38, 5 (2004).
[11] D. Palacios, L. Sajo-Bohus, H. Barros, E. Greaves, and F. Palacios, Revista Mexicana de Fisica 56, 22 (2010).
[12] M. D. Salim, N. F. Kadhim, and A. A. Ridha, AIP Conference Proceedings 2290, 030039 (2020).
[13] M. S. Khan, Journal of Nuclear and Radiation Sciences 1, 19 (2022).

[14] D. Maibam, Y. Sharma, A. K. Dewsaw, A. Kenye, D. Walia, and A. Saxena, Journal of Applied and Funda-
mental Sciences 1, 130 (2015).

[15] J. Virk and H. S. Virk, Research Reviews: A Journal of Toxicology 11, 7 (2021).

[16] M. Prasad, M. Rawat, A. Dangwal, M. Yadav, G. S. Gusain, R. Mishra, and R. C. Ramola, Radiation Protec-
tion Dosimetry 167, 102 (2015).

[17] F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B. Thirion, O. Grisel, M. Blondel, P. Prettenhofer,
R. Weiss, V. Dubourg, J. Vanderplas, A. Passos, D. Cournapeau, M. Brucher, M. Perrot, and Edouard Duch-
esnay, Journal of Machine Learning Research 12, 2825 (2011).

[18] R Core Team, R: A Language and Environment for Statistical Computing, R Foundation for Statistical Com-
puting, Vienna, Austria (2025).

[19] L. Ott and M. Longnecker, An Introduction to Statistical Methods and Data Analysis, Tth ed. (Cengage
Learning, 2016).

46 Published by the Physics Academy of the North East



©)

PANE
PANE Journal of Physics P. J. Phys. 02 (01), 047 (April 2026)

EXPLORING PATTERNS IN NUCLEAR BINDING ENERGY:
ISOTOPIC, ISOTONIC AND ISOBARIC VARIATIONS

Yubaraj Sharma™!

'Department of Physics, Don Bosco College, Tura, Meghalaya, India

*Corresponding Author: yubaraj.physics @donboscocollege.ac.in

(Received 22 September 2025; revised 12 December 2025; accepted 28 December 2025; published 6 April 2026)

Abstract: We explore patterns in the nuclear binding energy data and seek their explanation in the Semi-Empirical
Mass Formula (SEMF). The variations in the binding energy across isotopic, isotonic and isobaric sequences is
analysed via standard deviation; the result shows a general decreasing trend, with the steepest decline for isotopic
sequence and the gentlest decline for isobaric sequence. We have also analysed the correlation between the number
of nuclides and the standard deviation. Transformation of the data into a time-series by arranging it in specific
order in terms of the associated proton, neutron and atomic mass numbers reveal interesting patterns. Differencing
of the generated time-series is found to have similarities and strong correlation with nucleon separation energies.

Keywords: Binding Energy per Nucleon; Isobars; Isotopes; Isotones; time-series
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1 Introduction

Nature and consequently real-world data are unruly, far from the elegant mathematical portraits drawn on uni-
versity blackboards. The nuclear binding energy (BE) data may debatably be a good example of this familiar
observation, and the simple and elegant formula used to model this data, called the Semi-Empirical Mass Formula
(SEMF), although impressive, has limitations. Currently, there exists BE data of more than 3500 nuclides [1, 2],
although not huge by the “big data” standards of today, still substantial enough to permit data and statistical
analysis attempted in the current article.

The chronological journey of the nuclear binding energy concept starts arguably with the laying of the foun-
dations of atomic theory by John Dalton. Observations at the time revealed that atomic masses were very close to
whole numbers !, but small deviations were also noticed, initially attributed to lack of experimental precision [3].
After the discovery of the atomic nucleus by Rutherford, it became abundantly clear that most of the mass of the
atom was concentrated in the very small region of the nucleus [4]. With more precise measurements, particularly
using high-precision mass-spectrographs, the “mass defect” or the deviation from whole numbers became undeni-
able [5]. Explanations were provided for this apparent deviation, but were not entirely satisfactory, as the structure
of the nucleus was unclear at that time [6, 7], which only settled with the discovery of the neutron [8]. Bethe
and Backer [9] clearly indicated the direct correspondence between the mass defect and the binding energy and
even calculated the conversion factor from atomic mass units to MeV as 931.05 & 0.15 MeV?2. They redefined
packing fraction as the ratio of the mass defect to the mass number® and formulated what is now known as the
Semi-Empirical Mass Formula (SEMF) based on an earlier work by Weizsicker*.

Since the current state of knowledge of the nuclear structure places only protons and neutrons as constituents
of the nucleus, it is obvious that the identity of a nuclide and therefore its binding energy is tied to the number of

!For example, see Prout’s hypothesis or Aston’s whole number rule.

2The notation used in the original publication was MV.

3This is slightly different from the definition of Aston [6], who had an additional factor of 10,000.

4Some literature cite this as the Bethe—Weizsicker formula, crediting Weizsicker also for the discovery, but the unfamiliarity of the author
with the language of the original article [10] has prevented further comments.
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these “elementary” constituents of the nucleus. It is, however, customary to set aside the neutron number (N') and
use the proton number 3 (Z) and the mass number (A) to represent a nuclide. Consequently, in this representation,
the binding energy BE(A, Z) of a nuclide is defined as a function of the mass number A and proton number Z
with the defining equation [4, 11], given by

BE(A, Z) = Zmy, + (A — Z)m,, — M(A, Z) (1)

where m,,, m,, and M (A, Z) represent the mass of a free proton, a free neutron and the actual mass of the
nuclide respectively. All masses are expressed in energy units (usually MeV or keV), or they can be converted to
MeV units from mass units (amu) using the more recent conversion factor from the CODATA 2022 [12] values:

031.49410372 V.
amu

The SEMF is given by [11, 13, 14],

Z? (A—27)2
CAI/S — Qqgs A

where a,, as, a. and a,s are constant coefficients of the volume term, the surface term, the Coulomb term, and
the asymmetry term respectively, while the pairing term § has two general formulations with A=3/4 or A~1/2;
the sign of the associated constant depends on proton—neutron pairing. The first three terms of SEMF correspond
to an aspect of the liquid drop model of the nucleus, while the other two are quantum mechanical corrections;
however, all the coefficients are derived empirically from data. These five coefficients are updated regularly as
more experimental data becomes available, still, differences 6 persist [13, 15, 16]. These differences between
the SEMF predictions and the experimental results, though small, have been the cause of some investigation [17,
18]. The reason for the nomenclature “Semi-Empirical Mass Formula” is historical, as the formula was used to
determine the mass of nuclides 7. However, to facilitate comparison between different nuclides, it is conventional
to use the ratio of BE to the mass number (A), i.e., the binding energyper nucleon; we will hereafter use the
shorter notation BE /A for binding energy per nucleon.

In the present paper, we explore patterns in the BE data made evident by data analysis techniques and seek
explanations from the SEMF. Time-series analysis [19, 20] has a unique set of tools to extract patterns from
data. While it is far more prevalent in the fields of finance and meteorology, it has had some applications in
physics [21, 22]. Our approach is marginally different from traditional usage — the nuclear binding energy
requires two independent variables, usually A and Z (see equations (1) and (2)). We flattened these two dimensions
into a single dimension by ordering/sorting one variable followed by the other variable. This allows us to apply
traditional methods of time-series analysis to the transformed data.

BE(A, Z) = a,A — a,A*3 —a +6 2)

2 Computational aspect

To carry out the calculations and visualizations, two updated data sources were identified: the AME2020 [1, 23]
and NuDat3 [2]; since NuDat3 also sources most of its data from AME2020, we opted for the more user-friendly
NuDat3 dataset. For computation, we used the open-source Python programming language, with the Pandas
and SciPy libraries/packages for most of the data analysis tasks, and the matplotlib package for drawing
graphs [24-27].

To calculate ® the theoretical values from the semi-empirical mass formula, we have used the coefficients
and consequently the formula used by Benzaid et al. [13]; note that these authors have used Z2 instead of the
theoretically more palatable Z(Z — 1) for the Coulomb term. Minor data cleaning was carried out before actual
analysis, viz., removal of zero and negative BE values.

Primarily, we have a dependent variable (BE/A) and a set of three variables (Z, N, A), only two of which
are independent due to the relation/definition A = Z + N. To make it shorter and easier to refer to them, we shall
call this collection of three variables the ‘nuktriads’ °. Each set of (BE/A) values with a common nuktriad value

5The number of protons in a nucleus is generally called atomic number, but we use proton number in consonance with the term neutron
number

6See LDM disparity graph (defined later in the article) in Figs. 4-9 for an indication of the discrepancy

7Substituting equation 1 in equation 2 to get the formula for mass

8NuDat3 also provides their own SEMF values, however, we choose to calculate values directly

9Short for nuclear-triads (collection of three nuclear variables)
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Figure 1: Plot of standard deviation of BE/A variation across isobaric, isotopic and isotonic sequences along with
regression fit. Other plots include: Scatter-plot of actual BE/A; bar-graph of number of nuclides for each nuktriad
value; correlation between and number of nuclides in the corresponding sequence. All plots have common x-axis.

will be called a sequence. Thus, an isotopic sequence is the set of nuclides with the same value of Z, an isotonic
sequence is the set of nuclides with the same N value, and an isobaric sequence is the set of nuclides with the
same A value.

3 Results and Discussion

We first look at the variations in the binding energy data within the isotopic, isotonic and isobaric sequences,
quantified using the standard deviation (o) as a measure; these are plotted in Fig. 1. We have used the sample
standard deviation, defined as [28]:

o= 7]\71—1 Z(xi—ir)Q 3)

=1

where z; represents the i*” value of the variable = having N data points, and Z is its mean value. This basic
definition is specified here for easy reference and reproducibility.

To make optimum use of space and to substantiate the relationships between different groupings, we have
included multiple graphs (five sets) in Fig. 1. The common z-axis in the figure represents the value of the nuktriad
variables — for example, in the figure of (BE/A) and other associated data plotted against Z, the x-axis represents
the corresponding Z values. Similarly, when the same set of data is plotted against /V, the x-axis represents the
corresponding /N values and so on. The colours in the figure are matched to corresponding groupings (one specific
colour for a specific nuktriad variable). The primary data of our interest are the standard deviations, for which the
y-scale is given on the left side of the graph. To corroborate the nature of the standard deviation curves obtained,
we have included scatter plots of the (BE/A), arranged as per the three nuktriad sequences (y-scale attached to
the right side of the graph).

We have also included bar graphs showing the number of nuclides within each nuktriad sequence. We observe
that these bar graphs expectedly show broadly a Gaussian/bell-shaped pattern. This is expected because at lower
values of the nuktriad variables there are not many stable combinations possible, while nuclides with high nuktriad
values have fewer reported data due to their unstable nature and experimental difficulties.

Another aspect that we have packed into the figure is the Pearson correlation coefficient. This statistic (r)
gives us a measure of the linear association between two time-series; it is given by [28]:

D > 70 [Ty )
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Figure 3: Variation of each term of the semi-empirical mass formula with values (range: 0 to 100) for four specific
values of the atomic mass . Volume term is not included as it is a constant.

where z; and y; represent the i*" value of two correlated variables 2 and y respectively; Z and 7 are the mean
values of the respective variables.

The correlation plots given in Fig. 1 represent the coefficients of the Pearson correlation between standard
deviation values and the number of nuclides; each point (say at x-axis or nuktriad value n) of the graph represents
the correlation between the two variables from the beginning, i.e., nuktriad value 1, of the dataset up to nuktriad
value n. Only points with statistically significant correlations, with p-value < 0.05, are plotted. We find that these
curves broadly exhibit a U shape. This shape can broadly be explained as follows. The first part of a bell curve,
where it is increasing, correlates negatively with the decreasing standard deviation curve; the other part of the bell
curve (beyond the peak), where it is also decreasing, gives positive correlation — cumulatively and in conjunction
with finer variations, they produce the U curve.

It is not straightforward to find a simple explanation from SEMF for the decreasing trend of the standard
deviation (o) in all the three nuktriad sequences. We employ the graphical route for explanation. In Fig. 2, we
have shown !° the standard deviation curves of partial SEMF values, i.e., SEMF calculated without a particular
term, to observe the impact of the absent term on o. The figure clearly shows that the Coulomb and the Asymmetry
terms contribute the most to the overall o, the latter showing significant drop during the initial part of the curve,
and then (about 1/6th of the way) it rises above the overall BE/A curve.

The remaining SEMF terms — the Pairing term and to a lesser extent the Surface term — have a barely
noticeable individual contribution, as seen in the figure. To explain these observed behaviours of the SEMF terms,
we have drawn a representative graph of these terms in Fig. 3: the explanation can be found in the relatively
high variation of the Coulomb and the Asymmetry terms with Z (as well as with A) compared to the Pairing and
Surface terms. The high fluctuations in the Pairing term at low values of A '! show up in Fig. 2, around the first
few points of the z-axis, but require close scrutiny.

Another pattern that emerges out of Fig. 1 relates to the grouping: isotopic sequences have generally the
lowest o values, followed by isotonic and isobaric sequences. To quantify this behaviour, we decided to perform
a statistical fit/regression with some function of known characteristics. The shape of the ¢ curves shows some
similarity to a power-law function; finally, we settled on the following function (after some hit-and-trial '?):

fz)=az"t+b 6))

10We have not included the Volume term in the plot as it a constant and therefore will not contribute to o (see Eq. (4))

In Fig. 3d, in the subplot for Pairing term, see the curve for A=10

12The choice of function was based on regression with several values for the power of x, leading to the subjective conclusion that taking a
square root had the best combination of ‘r-squared’ goodness of fit values, optimum number of parameters and elegance of the fitting function
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Time-series a b r-squared
Isotopic (Z) 3.588 -0.342 0.956267
Isotonic (V) 4.251 -0.303 091717
Isobaric (4) 6.016 -0.375 0.97079

Table 1: Coefficients of a regression model (Eq. (5)) of standard deviation in BE/A data as a function of corre-
sponding nuktriad variables.

where a and b are parameters to be determined from the fit. The values of the fit for different sequences are given
in table 1. Now, the parameter a in the fitting function controls the gentleness of bending in the decreasing curve;
higher the value of a, the gentler (or less steep) is the decrease of f(x), and obviously the parameter b controls
the vertical location of the curve. Values obtained for parameter a (table 1) show that the sharpest decrease is for
isotopic sequence, while the isobaric sequence has the gentlest decrease. Fit lines are also plotted alongside the o
curves.

The various aspects of BE/A data as well as the SEMF appear prominently when we try to reimagine the
data as time-series (instead of a scatter plot, c.f. Fig. 1) by sorting the entire dataset, first by one of the nuktriad
variables, followed by another. The independent variable, or the x-axis, thus represents simply the order of
arrangement of the dataset. Out of the six permutations possible for ordering any two of the nuktriad variables,
we have chosen, for economy, three arrangements to represent isotopic, isotonic and isobaric sequences: (Z, N),
(N, Z) and (A, Z). The choice stemmed from the assumed order of importance of the nuktriad variables in respect
of nuclear binding energy: Z > N > A 3. For brevity, we shall continue with the same notation but with bold
font, i.e., we shall denote as (Z, IN) the sorting of data first along increasing Z values followed by increasing N
values. This order of sorting, viz., (Z, N), leads to BE/A graph being arranged in segments, where each segment
represents an isotopic sequence (a set of constant Z values) within which the neutron number (N) increases
monotonically. The other two orders of arrangement, viz., (N, Z) and (A, Z), have similar interpretations —
isotonic and isobaric sequences respectively — within which Z increases monotonically. Each segment in all
of the three BE/A time-series analysed can be identified visually by their distinct downward-opening parabolic
portions.

The time-series of BE/A data with different orders of sorting are shown in Figs. 4-6. Within the same subplot,
we have included predictions from SEMF as well as the difference between the two. For reference, we shall call
the plot of the difference between SEMF and data as the LDM disparity curve'* (represented as (SEMF — data)
in the figure).

We have included a zoomed section of the time-series (z-axis value from 2700 to 3000) to show detailed
structures present in the plotted data. Corresponding nuktriad variables for the figures are plotted in the lower
subplots. We have also included similarly transformed time-series of the various individual terms of the SEMF, so
that the nature of their contribution to the total value can be appreciated. We have inset in the SEMF figure itself,
a zoomed section of the plot.

The shapes of the A, Z and N scatter plots are trivial to explain, arising out of the time-series ordering and
their simple relationship A = Z + N. Fig. 4a containing plots of the (Z, N) sorting clearly shows that it is
the interplay between the Coulomb and the Asymmetry terms that gives rise to the parabolic segments in the
time-series. We also see that the Surface term (see inset of Fig. 4a) strengthens the Coulomb term due to their
co-directional trend. Obviously, they have a direct correspondence with Fig. 3. For (Z, N) time-series (Fig. 4b),
each segment implies constant Z and increasing IV, which leads to increasing A, and in Fig. 3, increasing A for a
constant value of Z for Surface and Coulomb terms clearly indicates increasing energy values, which explains the
corresponding increasing trend of these terms in Fig. 4a.

The Asymmetry term in Fig. 3¢ shows parabolas for constant A, the vertex of which occurs at Z = N. Before
the vertex (Z < N), on looking along a constant value of Z, the energy associated with the Asymmetry term
increases with increasing A; and beyond the vertex (Z > N), the energy starts decreasing — this results in a
parabola for constant Z and increasing A also. These A-parabolas can be observed in the asymmetry term in
Fig. 4a roughly before 700 units of the z-axis.

The parabolic segments in BE/A time-series in (N, Z) and (A, Z) sorting are also caused by the interplay
between the Coulomb and the Asymmetry terms (Figs. 5a & 6a); the Surface term however changes affiliations
here, acting collaboratively with the Asymmetry term and against the Coulomb term for (N, Z) sorting, while

13See table 1 and accompanying discussion; higher variation of BE/A within a nuktriad is assumed to imply more impact
14LDM for Liquid Drop Model
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remaining non-aligned/constant for the (A, Z) sorting. The necessity for shell correction in the SEMF clearly
shows up in the LDM disparity curve patterns for all the three time-series (Figs. 4b, 5b & 6b), where we observe
significant dips around the nuclear magic numbers 2, 8, 20, 28, 50, 82, and 126 [29]. These are much more clearly
visible in the zoomed plots (Figs. 4c, 5¢ & 6¢). In the zoomed plot with (Z, N) sorting as well as the (N, Z)
sorting (Figs. 4c & 5c¢), we see that the dips in the LDM disparity curve occur at magic numbers, with the deepest
dip occurring for a doubly magic nuclide. The parabolic segments of BE/A plots are clearly not smooth; however,
for these two orders of sorting, it appears as if two different curves are joined to form each segment '3, and the
magic number appears at the point of joining.

For the (A, Z) sorting also, the deepest dip is a double magic number and beyond it, the dips in the LDM
disparity curve also correspond to magic numbers. But, prior to the double magic number, the dips do not occur
at magic numbers. In all three cases, the BE/A plots and the LDM disparity curve have a mirrored relation with
respect to a horizontal line, i.e., the peaks of one occur at the trough of the other (reminiscent of sine and cosine
curves). There is a slight systematic shift of this mirrored relationship (the peaks and troughs get misaligned) on
one side as we move away from the double magic number.

We now explore one more tool in the time-series arsenal: differencing. We have plotted differencing for the
aforementioned three arrangements of BE/A time-series in Figs. 7, 8 & 9, along with the corresponding proton
and neutron separation energies (single and double) as subplots for comparison. The subplot for BE/A also
includes the LDM disparity curve for comparison. A zoomed section of the figure (from serial number 2700 to
3000) is also given. Since our focus in this figure is the differencing curve, we have attached the markers for magic
numbers to it instead of the LDM disparity curve as was done previously.

Differencing (Az) is the simple process of taking the difference between successive terms of a time series,
ie.,

Al‘i =T; — Tj—1. (6)
Differencing with higher lags can also be taken; however, we confine ourselves to the first—order differencing. For
the (Z, N) sorting, differencing will give (for each segment)
BE(Z,N) BE(Z,N-1)
A A-1

)

Azzn) =

At the boundary, Z jumps to the next higher value (increases by 1), while /N drops by an uncertain amount,
obstructing a precise formula at the boundary. The above equation looks very similar to the formula for neutron
separation energy (S5,,) written in terms of binding energy [30]:

Sn(Z,N)=BE(Z,N)— BE(Z,N —1). ®)
Similarly, the differencing of (N, Z) time-series resembles proton separation energy (.S,,) [31]:

BE(N,Z) BE(N,Z-1)
A A-1

S,(N,Z) = BE(N,Z) — BE(N, Z —1). (10)

€))

Ax(N,Z) =

These similarities can be verified in Figs. 7 and 8.

For the differencing of (A, Z) time-series, each segment consists of a constant A and increasing Z. Thus, we
obtain
1
A
Thus, for a segment with even A, both Z and N will be either odd or even, alternating between the two possibilities
as they move forward. This causes sharp changes in the binding energy, producing the zigzag behaviour for even
A observed in Fig. 9b. For odd A, both Z and N will have opposite even—odd character, and therefore a smoother
change is observed for the differencing. For the other two time-series, (Z, N) and (N, Z), no matter the nature
of the first variable (odd or even), the other variable alternates between odd and even when moving forward,
thus causing the observed zigzag behaviour for all segments. The (A, Z) differencing has a relation to S-decay
energetics [30]. Clearly, if we had taken only BE instead of BE/A, the connection between differencing and
separation energies would have been more direct.

With respect to magic numbers, we find that in (Z,IN) and (N, Z) time-series (Figs. 7b & 8b), there is a
comparatively larger dip in the differencing plot at the position of the magic number that is also mimicked in the

Azaz)= - [BE(A, Z) - BE(A, Z - 1)]. (11)

15This behaviour is much more prominent for (Z,NN) graphs.
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magic numbers is given in Fig. 10.
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magic numbers is given in Fig. 10.
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Figure 9: Time-series plots with (A, Z) sorting. Part (a) shows differencing and LDM disparity curves, along with
magic numbers, and part (b) is a zoomed version of part (a), from 2700 and 3000 on the x-axis. A detailed legend

for magic numbers is given in Fig. 10.
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Figure 10: Plot legend for different magic numbers used in Figs. 4-9.

S,, and Sy, curves (and the S, and Sy, for (N, Z)); we have highlighted a single example in the corresponding
figures for easy identification. Behavior of (A, Z) in relation to the magic numbers is discernibly without any
pattern.

As mentioned previously, there is a correspondence between differencing and nucleon separation energies;
we have tried to quantify this using the Pearson correlation. We have also calculated the correlation between
differencing and the LDM disparity curve to estimate the linear relationship between them. Although correlation
is a cruder tool that compresses the rich interplay in a pair of variables to a single number, it can be useful for
summarizing. Table 2 lists the values of the correlation coefficients; all the reported coefficients have extremely
low p-values indicating the correlations are statistically significant (not surprising given the substantial number of
data points).

For each nuktriad variable, we see a pair of positive and a pair of negative correlations with the separation
energies. The correlation with the LDM disparity curve (i.e., (SEMF —data)) is found to be positive and relatively
high across all three sorting arrangements. This indicates that there exists systematic variation in the data that is
not accounted for by the SEMF; otherwise, it would have been nearer zero, implying no correlation. It is tempting
to hypothesise that there might be more terms than just the shell corrections that might be contributing to the
correlation, but a coherent supporting argument is beyond the expertise of the author; hence, we leave it at that.

Variable Z N A

(SEMF — data) 0.232 0369 0.289
Sp -0.162  0.577 0.523
Sap -0.142 0.622  0.559
Shn 0.535 -0.164 -0.327
Son 0.542  -0.144 -0.343

Table 2: Coefficient values for Pearson Correlation of BE/A time-series differencing with LDM disparity curve
and single and double nucleon separation energies.

Besides the features discussed above, these time series have a host of other interesting features, investigation
of which may take up more room than traditionally delimited for a journal article; hence, we also leave it for now.
To quote an example of the interesting features not enumerated, we observe that for z-axis values roughly between
2000 and 2500 (Figs. 4b, 5b & 6b), high-frequency dips in the LDM disparity curve for all three sets of BE/A
time-series do not have any associated magic numbers — this inconsistency may lead to interesting discussions.

The other aspect of the current paper is appreciation of visual approaches to understanding data, which can also
be helpful in clarifying the connections to the underlying equations; these kinds of visual and sensory approaches
to learning have also been explored by a few authors [32].

4 Conclusion

We have explored patterns in BE/A from the NuDat3/AME2020 dataset. On analysing the standard deviations of
isotopic, isotonic and isobaric sequences, we found that variation within isotopic sequence is largest compared to
the others, while isobaric sequence has the least variation. Time-series transformation of the BE/A data revealed
interesting pattern and connection with other variables; some of which were identified and discussed in the light

60 Published by the Physics Academy of the North East



©)

PANE
PANE Journal of Physics P. J. Phys. 02 (01), 047 (April 2026)

of the semi-empirical mass formula. We found that differencing of the time-series can be related to proton/neutron
separation energies; computed correlations indicate paired responses. Besides exploration, these transformation

and visualization tools can be useful in pedagogy.
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Abstract:  Polythiophene nanoparticles were synthesized using a cationic surfactant-assisted chemical oxida-
tive polymerization technique. Morphological, dielectric relaxation, and AC conductivity analyses were carried
out with systematically varying CTAB concentrations. HRTEM images show well-ordered nanoparticles. X-ray
diffraction patterns reveal a new diffraction peak at 260 = 26.6° at higher CTAB concentrations, indicating an
enhancement of the conjugation length. Dielectric permittivity studies show that at lower frequencies (< 10° Hz),
the relaxation is dominated by the electrode polarization effect. AC conductivity analysis suggests the presence of
a correlated barrier hopping mechanism. In the scaling approach, the AC conductivity data obtained at different
temperatures superimpose on one another, suggesting a temperature-invariant conduction process.

Keywords: polythiophene. Nanoparticles. dielectric permittivity. AC conductivity. electric modulus.

PACS: 61.10.Nz, 68.37.Lp, 77.22.Ch

1 Introduction

Polymers with heteroaromatic rings have received an enormous deal of interest among researchers in the last two
decades [1, 2]. Electronic properties of conjugated conducting polymers can be manipulated through changing
doping level and modifying its structure from insulating to metal [3]. Conducting polymers are widely used in dif-
ferent technological applications such as electrodes, sensors, actuators, light emitting diodes, etc. [4, 5]. Among
the diversity of intrinsically conducting polymers polythiophene (PTh) is widely studied because its promising
electronic and optical properties, natural constancy against oxygen and moisture, structural versatility, high con-
ductivity and wide commercial applications [6]. Polythiophene can be obtained from the polymerization of thio-
phene through chemically, photo-chemically, electrochemically [7, 8]. Some notable applications of typical PTh
derivatives are molecule-based devices, rechargeable battery electrodes, light-emitting diodes, chemical and op-
tical sensors etc. [9, 10]. Among the family of conjugated conducting polymers, Polythiophene and its deriva-
tives have received significant interest among scientist owing to their superior stability, ease of structural change,
flexible optical and electrochemical behaviors [11]. The dielectric and modulus formalism can be employed to
understand the charge transport process in disordered systems. The movement of charge carriers and orientations
of dipoles in polymer determines AC conductivity and dielectric relaxation. Interfacial polymerization in dis-
ordered polymeric materials or in polymeric composite materials arises because of dopant ions, fillers, or other
impurities present in the system. At low frequencies the interfacial polarization is covered by the conductivity and
high permittivity values [12]. The charge carriers relaxation process and different polarization mechanism present
in a system can be understood through modulus formalism and dielectric formalism, respectively. The presence
of charge carrier hopping mechanism in conducting polymers, results the conductivity relaxation which is differ-
ent from the dielectric relaxation in common polymers. The electrode polarization outcomes the high values of
permittivity at lower frequencies which get concealed in the modulus formalism [13].

Dielectric and AC conductivity of Polyaniline, Polypyrrole and PEDOT nanostructures have been widely stud-
ied by many research groups in recent years [ 14—16] but synthesis and dielectric properties study of polythiophene
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nanostructured systems are limited. The present paper investigates the dielectric and charge transport properties
of PTh nanoparticles. Further, the effect of CTAB concentrations on structural, dielectric and transport properties
has also been studied.

2 Experimental

2.1 Materials

Sigma Aldrich company prepared thiophene monomer has been used for synthesis of polythiophene. The oxi-
dant ferric chloride (FeCls), chloroform, surfactant N, N, N-Trimethyl-1-hexadecanaminium bromide (CTAB),
methanol and acetone were purchased from Merck.

2.2 Preparation of polythiophene nanoparticles

Cationic surfactant-assisted chemical oxidative polymerization procedure has been employed to synthesis Poly-
thiophene (PTh) nanoparticles. In present synthesis procedure thiophene monomer (0.024 mol) and surfactant
CTAB (0.003 mol) were dissolved in CHCl3 (20 ml) and kept under stirring for 15 m. FeCls (0.0055 mol) was
added in CHCl3 (70 ml) and poured drop wise to the monomer-surfactant solution under stirred conditions [17].
The synthesis process was being carried out at room temperature and kept stirring for 24 h. The obtained dark-
brown precipitates were first subjected to centrifugation to separate the solid product from the reaction medium.
The supernatant containing unreacted species was carefully removed, and the collected final product was repeat-
edly washed with deionized water and ethanol to ensure effective removal of residual reactants and by-products.
Each washing step was followed by centrifugation. Finally, the purified nanoparticles were dried under vacuum
at 70°C for 6 h to remove physically adsorbed moisture and residual solvents, yielding the final purified product.
For CTAB concentrations 1 mmol, 2 mmol, 3 mmol, 4 mmol and 5 mmol the samples are named as C1, C2, C3,
C4 and CS5, respectively. Block diagrams of the synthesis and purification steps are depicted in Fig. 1(a) and Fig.
1(b), respectively.

(b)

(a) [ Dark-brown precipitate ]

i Thiophene monomer + 4 S
= FeCl; + CHClL
l Surfactant CTAB + CHCl, ] [ 0 4 ]

Under stirring for 15 min

[ FeCl, solution was added dropwise to the monomer- |
surfactant solution

1 Allowed to react for 24 h with 1

stirring

Q Centrifigation

After the centrifugation the supernatant 1.e.. unreacted monomers.
surfactants. solvents. and other impurities have been removed

[ precipitate was washed with deionized water }

[ Dark-brown precipitate ]

The precipitate was filtered and ; s
washed several times with distilled l Filtration
water and methanol. and finally i .

| dried i a vacuum oven at 70 °C [ Repeated centrifugation ]

+ for 6 I to obtain the final product.
[ Polvthiophene Nanoparticles

Filtration
[ The purified product was dried in vacuum oven at 70 °C ]
for 6 b to obtain the final product.

Figure 1: Block diagram of (a) synthesis of polythiophene nanoparticles and (b) purification steps of obtained
dark-brown polythiophene nanoparticles precipitates.

2.3 Characterization

The shape and size of the PTh nanoparticles were observed with high-resolution transmission electron microscope
(HRTEM, JEM-2100, 200 kV, Jeol). Bruker D8 Advance X-ray diffractometer was employed for X-ray diffraction
analysis. Nicolet Impact I-410 FTIR spectrometer was being used to study FTIR spectra between 400 cm™! to
4000 cm™!. The thermal measurement was carried out by employing the Perkin Elmer thermal analyzer TGA
6000 in nitrogen environment from room temperature to ~ 900°C at heating rate of 10°C min~'. HIOKI-LCR
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meter (frequency range: 42 Hz - 5 MHz) was being used for Dielectric measurements within temperature of 303
K-363 K.

3 Results and Discussion

3.1 HRTEM study

HRTEM images of PTh samples C1 and C5 are depicted in Fig. 2(a & b) The HRTEM micrographs show the
formation of fairly well-ordered spherical PTh nanoparticles. The diameter of the nanoparticles varies from 10
to 20 nm for sample C1 (Fig. 2(a)) and 2 to 6 nm for sample C5 (2(b)). From the HRTEM micrographs, it is
seen that there is a reduction of particle size with increasing CTAB concentration. At high concentrations, the
surfactant CTAB molecules surround the PTh nanoparticle which prevents the access of thiophene monomers
to nanoparticles inhibiting the secondary growth during polymerization resulting in a smaller diameter of PTh
nanoparticles [18].

Figure 2: HRTEM micrographs of PTh nanoparticles (a) C1 and (b) C5

3.2 XRD study

Fig. 3(a) depicts XRD patterns of synthesized PTh nanoparticles. Broad diffraction peak in the 26 range of
15° — 25° is observed for all the samples. The amorphous diffraction hump is attributed to the intermolecular
m — m stacking energies [19]. From the figure, it is observed that at higher CTAB concentration (C5) a new peak
at around 20 = 26.6° appears, which can be ascribed to the enhancement of 7-conjugation length of the PTh
nanoparticles [20].

3.2.1 Estimation of crystallite size (D) and lattice strain (¢) by using single-line approximation method

Crystallite size and strain results peak broadening and XRD patterns can be used to determine these parameters
[21]. Instrumental and sample-dependent effects results the width of diffraction peak. Well annealed Cu powder
was used to eliminate the instrumental broadening [22]. The single-line approximation method has been carried
out ems 1 . h . . . . f. . f

ploying the Voigt function considering that the Cauchy component 3. is due to size effect, whereas 3, is
solely due to micro-strain [23]. According to the method, the crystallite size or domain size and the maximum
value of the strain can be expressed as [24],

A
= (1)
B¢ cost
and ;
e
€= 4tan6 )

In this report, although the peaks appear broad due to the amorphous nature of polythiophene, a discernible
hump within the 260 values of 15° to 30° becomes more defined upon doping, suggesting the onset of short-range
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Figure 3: (a) XRD patterns of PTh nanoparticles with varying CTAB concentration and (b) FTIR spectra of PTh
nanoparticles for different CTAB concentrations.

ordering of polymer chains Crystallite size and strain can be obtained from the single-line approximation method.
Crystallite size (D) and strain (e) values obtained from X-ray diffraction analysis is presented in Table 1. With
increasing CTAB concentration, crystallite size decreases and it can be ascribed to a decrease in nanoparticles
size as confirmed by the HRTEM micrograph. Dislocations and point defects may results in strain in the PTh
nanoparticles [25], which are found to increase with increasing CTAB concentration. The increase of strain with
increasing CTAB concentration results due to a decrease of particle size as confirmed by HRTEM.

Sample name  D(A) € Ioym/Iasym
Cl 8.32 0.00813 0.96
C2 8.12 0.00934 0.89
C3 6.75 0.01101 0.68
C4 461 0.01223 0.65
C5 2.12  0.01342 0.62

Table 1: Structural parameters for the samples C1, C2, C3, C4 and C5

3.3 FTIR analysis

Fig. 3(b) represents the FTIR spectra of PTh nanoparticles for different CTAB concentrations. The O-H stretching
absorption band arises at 3420 cm~! and 2926 ~! result from of water in KBr [26] and aliphatic C-H stretching
vibration [27]. The C=C asymmetric and symmetric stretching vibration modes of the thiophene ring are observed
at 1631 and 1428 cm™1, respectively. The bands at 1016, 787, 694 and 552 cm~! are attributed to the C-H in-plane
deformation, C-H out-of-plane deformation, C-S bending and C-S-C ring deformation, respectively [17, 27]. The
area intensity ratio, Isym/Iasym of the bands at 1428 —! and 1631 cm~! give information about the chain length of
the polymer. The lower value of the intensity ratio indicates the longer chain length [28]. From the calculated in-
tensity ratio (Zsym /Iasym) of PTh nanoparticles, it has been observed that the intensity ratio (Isym /Isym) shows
a decreasing trend at higher CTAB concentration, suggesting an increase in conjugation length. The obtained val-
ues are listed in Table 1. The sharp asymmetric band at 1631 cm ™! signifies that PTh nanoparticles are composed
of long coplanar conjugated segments [28]. The increasing sharpness of the asymmetric band with increasing
CTAB concentration indicates the increase of coplanar conjugated segments.
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3.4 Thermal analysis

The degradation behavior of the PTh nanopartices were studied using thermogravimetric analysis (TGA). The
thermogravimetric plots of PTh nanoparticles is presented in Fig. 4. The TGA studies indicate three steps of
degradation. Evaporation of physically adsorbed water molecules in the polymer chains results the first step weight
losses in the temperature range 30 — 150°C. The weight loss observed in the temperature range of 330 — 495°C
is ascribed to the elimination of surfactant from the polymer shackle. The third step of weight loss begins at
495°C due to the degradation of polymer backbone [29]. From the thermogram spectra, an enhancement of
thermal stability with increasing CTAB concentration is observed. For sample C1 the weight loss is 17% up to
the temperature of 495°C whereas for sample CS5 it is decreased to 11%. As confirmed by XRD analysis, the
enhancement of thermal stability for higher CTAB concentration may be due to the increased crystallinity and
crystallite size of the PTh nanoparticles.

110
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60 |
50 |
40|
30/
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o L 1 " 1 N 1 " 1 " 1 " 1 " 1
0 100 200 300 400 500 600 700
Temperature (°C)

Figure 4: TGA plots of PTh nanoparticles for different CTAB concentration.

3.5 Dielectric properties analysis

The alternating electric field can polarize an electrical medium and which can be understood through the study of
dielectric properties. Under the application of alternating electric field to a dielectric the polarization occurs be-
cause of displacement of electrical charges from their equilibrium. Eq. (3) describes how the dielectric parameter
changes with frequency [22],

€ (w) = € (w) — i€’ (w). 3)

here €’(w) and €”(w) represents the real and imaginary components of the complex dielectric permittivity €*(w),
respectively. Here €’(w) measured the energy stored and the amount of energy dissipated can be obtained from
€”(w). The values of €/ (w) and €’ (w) can be obtained from the expressions,

_Cd
A

“)

€'(w)

and the imaginary part €’ (w) as,
€' (w) = €' (w) tan 6 (w) (5)
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where d and A represents thickness and area of the pellet, respectively. €, and tan d(w) are the permittivity in free
space and loss tangent, respectively. Fig. 5(a) shows the plot of ¢ as a function of frequency for PTh nanoparticles
synthesized with varying CTAB concentrations at ambient temperature. The enhanced €’(w) at low frequencies
(< 10° Hz) due to the space-charge polarization resulting from interfacial charge buildup at the sample—electrode
interfaces [30].
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Figure 5: (a) Frequency dependence real permittivity (¢') of PTh nanoparticles for different CTAB concentrations
at ambient temperature and (b) €’ vs. w for C5 in the temperature range 303 K-363 K.

Fig. 5(b) depicts the frequency-dependent variation of € (w) for sample C5 at different temperatures. An
increase in ¢ (w) with rising temperature is observed, which is ascribed to enhanced dipolar orientation induced
by greater thermal energy at elevated temperatures [31]. At higher temperatures, a pronounced increase in the
dielectric constant is evident, resulting from enhanced total polarization within the system. This enhancement
is attributed to the activation of both induced dipoles and thermally stimulated trapped charge carriers. With
increasing temperature, the thermal energy imparted to the system facilitates polymer chain mobility, thereby
reducing pinning effects that otherwise restrict charge carrier transport. The enhanced mobility promotes greater
charge carrier participation in relaxation processes at a given frequency. Accordingly, the combined effects of
improved dipolar orientation and increased charge carrier contribution lead to an overall rise in the dielectric
constant with temperature. Conversely, at lower temperatures, restricted thermal energy suppresses both charge
carrier mobility and polarization, yielding a reduced dielectric constant (¢") [32, 33].

3.6 Charge carriers’ relaxation analysis

The dielectric permittivity only cannot explain the charge carriers’ relaxation process for dielectric materials
having considerable DC conductivity contribution. Charge carriers’ relaxation and conduction mechanisms can
be studied through the framework of Modulus formalism [34]. The complex modulus (M *) can be articulated as,

M* () = — = M'(w) + M"(w) ©)

€

Real (M’) and imaginary (M"") parts of modulus can be written as follows,

()
M'(w) 2(w) + €2 (w) (7a)
M) — ) )

€2 (w) + €2 (w)

Fig. 6 shows the M’ vs. w plot for different CTAB concentrations at ambient temperatures. From the figure, it has
been observed a very low value of M’ towards lower frequency region and almost approaches zero values. For all
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Figure 6: Frequency dependence real modulus (M) for different CTAB concentrations at ambient temperature.

the different CTAB concentrations M’ shows a increasing trend with frequency and reach a maximum constant
value of M, for frequencies > 107 rad/s. The presence of such behavior indicates that the charge transport
is taking place through long-range motion of charge carriers. The frequency dependent imaginary moduli M”
for different CTAB concentrations and for different temperatrures for sample C5 are depicted in Figs. 7(a) and
7(b). From figures 7(a & b) it is observed a distinct charge carriers’ relaxation peak has been observed for all the
CTAB concentrations and at different temperatures for sample C5 and the relaxation peak shifts towards higher
frequency for both the cases. The increase of dc conductivity may be the reason of shifting the relaxation peak
towards higher frequency and it can be explained according to the relation [35],

6O(“}C
RV

®)

where w, is the relaxation frequency. In modulus formalism, the relaxation peaks corresponding to the switching
of DC to AC conductivity under an alternating electric field [36]. The transition from long-range to short-range
motion of the charge carriers is represented by the relaxation frequency (w.) according to relation w,.7, = 1, where
T, is the conductivity relaxation time [37]. The relaxation peak shift toward high frequency side with increasing
temperature or dopant concentration suggests a decrease in relaxation time. This indicates the faster response to
the external electric field, resulting the enhanced mobility or rapid polarization processes. With increasing tem-
perature, thermal energy facilitates charge-carrier hopping between localized states by reducing potential barriers,
thereby improving charge transport. Similarly, increasing CTAB concentration may lead to improved particle dis-
persion, reduced interfacial polarization, and creation of additional conducting pathways, all of which contribute
to higher conductivity and faster relaxation dynamics.

The scaling analysis was carried out for the sample C5 in the measured temperature range of 303-363 K from
the plot (M"/M]! ...) vs. log(w/w.) as shown in Fig. 8. Formation of single master curve suggests that the

max
conductivity relaxation mechanism is temperature independent [38].
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Figure 7: Frequency dependence (a) Imaginary modulus (M) at ambient temperature for different CTAB con-
centration and (b) Imaginary modulus (M") at different temperature for the sample C5.
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Figure 8: Scaling behavior of imaginary modulus (M) at different temperature for the sample C5.
3.7 AC conductivity analysis
The ac conductivity can be calculated from the following expression [39],

o(w) = G(w)z )
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Figure 9: Plot of AC conductivity (a) for different CTAB concentration at ambient temperature and (b) for sample
CS5 at different temperatures (303 K - 363 K).

Here, G(w) represents conductance. Thickness and cross-sectional area of the sample represented by d and A,
respectively. Fig.9(a) depict the room temperature frequency-dependent total conductivity for different CTAB
concentrations. The AC conductivity shows increasing trend frequency as well as with increasing CTAB concen-
trations. The total conductivity shows a increasing trend with CTAB concentrations which can be attributed to the
enhanced structural ordering in the nanoparticles. Fig.9(b) shows the temperature dependent AC conductivity for
sample CS. The frequency independent plateau observed in the lower frequency region arises because of DC con-
ductivity. The shifting of plateau region towards higher frequency suggests the enhancement of DC conductivity
[40].
For a particular temperature the 0,:(w), can be presented as follows,

Otot(W) = 0o + (W) (10)

here o, denotes the frequency independent conductivity. o(w) increases with frequency for amorphous semicon-
ductor and disordered system, and follows a power law

o(w) = Aw® 1D
_dlno(w)
 dhw (12)

where the constant A depends on temperature. The value of frequency exponent s lies within the limit of 0
to 1. The slope logo(w) versus logw plot gives the value of s [40]. For the sample C5 the values of s lie
between 0.62 — 0.37. The conduction mechanisms in disordered systems can be explained with the help of
different proposed theoretical models. The behavior of frequency exponent with temperature established the type
of conduction mechanism present. The decrease of s with temperature (Fig. 10(a)) implies that the charge transport
is taking place through CBH mechanism. This indicates that higher temperatures facilitate carrier hopping between
localized states, reducing the effective barrier height. The similar decreasing trends with temperature have been
observed for the other samples as well. According to CBH model variation s with temperature is expressed as

[41, 42],
Wy — kT In (ﬁ)

Here W), and 7, represents polaron binding energy and characteristic relaxation time, respectively. In the first
approximation, Eq. (13) leads to the form,
6kT

1= —2
s Wir

(14)
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Figure 10: (a) Frequency exponent (s) vs. temperature (7") for the samples C1, C2, C3, C4 and CS5 and (b) Scaling
behavior of (0/04.) vs. (w/w,) at various temperature for the sample C5.

The calculated values of polaron binding energy (WWj,) are tabulated in Table 2. From the obtained values of
binding energy it can be ascribed that polarons are the major charge carriers [42]. With increasing temperature,
thermally activated carriers hop more easily between localized states due to the reduction of the effective barrier
height. The structural modifications caused during synthesis greatly influenced on binding energy. Nanoparticles
having higher structural order exhibit lower W), values. This reduction in W}, suggest the improved of connec-
tivity between the polymer chain networks, which results smaller separation between localized states and reduces
the Coulombic interaction barriers. As a result, charge carriers require less activation energy to hop between
energetically correlated sites.

Sample name Wy, (eV)

Cl1 0.41
C2 0.39
C3 0.37
C4 0.35
C5 0.33

Table 2: Values of W), calculated from the ac conductivity data at 303 K for 100 Hz.

The AC conductivity is a powerful tool for understanding the dynamic processes occurring in solids, partic-
ularly in disordered materials. The time-temperature superposition principle (TTSP) plays a key role in under-
standing these dynamics. The single master curve obtained at different temperature leads to a scaling law known
as the time temperature superposition principle [43]. The principle is based on the idea that the system behaves
similarly at different temperatures but at different characteristic timescales.

The ac conductivity o(w) follows a scaling relation which can be described by the relation [37],

oW _q (“) (15)

Odc We

where, exponent s is a constant and w, is the characteristic frequency. This equation predicts that o (w) starts to
increase as the applied frequency crosses the characteristic frequency w,. The values of o4, w. and s have been
obtained from the best fitted curves at different temperatures.

Fig. 10(b) depicts the conductivity master plot of the sample C5 for different temperatures. Here conductivity
axis is scaled with respect to o4, and the frequency axis with respect to the characteristic frequency w.. The for-
mation of single master curve (Fig. 10(b)) at different temperatures suggests that conduction mechanism of charge
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carriers in the material is independent of temperature, and that the material is governed by universal relaxation
processes [44].

4 Conclusions

In summary, we have synthesized PTh nanoparticles by the chemical oxidative polymerization method and di-
electric properties are studied with varying frequency and temperature. HRTEM images confirm the formation
of well-ordered nanoparticles. The new diffraction peak at 20 = 26.6° in the XRD pattern at higher CTAB
concentration suggest the enhancement of polymer chains ordering. In FTIR spectra the decrease of intensity
ratio (Lsym /Iosym) of the band 1428 and 1631 cm~! for higher CTAB concentration results due to enhancement
of conjugation length. The plateau region shift towards higher frequency in the ac conductivity with increasing
CTAB concentration and temperature suggest the enhancement of DC conductivity contribution. Imaginary mod-
ulus peak shifts towards higher frequency suggest the increase of conductivity. The obtained values of binding
energy suggest that polarons are the major charge carriers in this system. The temperature dependent behav-
ior of frequency exponent suggests that the charge transport is taking place through a correlated barrier hopping
mechanism
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