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Abstract

A Study on Natural Clay Decorated Self-Poled Polymeric Membranes for

Piezocatalytic Wastewater Remediation and Piezoelectric Energy Harvesting
Dhananjoy Mondal
Index No.: 89/22/Phys./27 Registration No.: SOPHY 1208922

Abstract: In recent years, increasing population, urbanization, and industrialization
have caused an energy crisis and fatal water pollution levels, which have harmed the
ecological balance. Organic pollutants like carcinogenic dyes and pharmaceuticals are
discharged from various industries creating a deficiency of potable water and harming
the waterbodies. Researchers are putting efforts into different technologies for
combating such issues. Different nanomaterials are gaining interest owing to their
functionality in the nano regime. Conventional piezo-responsive nanomaterials have
come in the front row in the last few decades for their capability in energy generation
and wastewater remediation under mechanical stress. However, these types of
chemically derived nanomaterials are suffering from biocompatibility, toxicity, and
extraction from the medium. In order to fix these issues scientists and technologists are
trying to develop various types of membrane-based piezocatalyst exploiting the
conventional piezo-materials. However, a minimal amount of interest has been paid so
far on natural material-based piezocatalysts. Keeping this in mind the present work
focuses on the development of natural clay-based (Kaolinite, Aluminosilicate clay
namely China clay) polymeric piezocatalyst for energy generation from external
stimulus and simultaneous wastewater remediation. In this work, several techniques i.e.,
nanonization, structural modification, and foreign element incorporation have been used
to enhance the physicochemical properties of the natural clays to develop polymeric
piezocatalysts. Kaolinite poses very good surface properties i.e., high surface charge
and surface area which enhances the piezo-response of the Polyvinylidene fluoride
(PVDF, a potential fluoropolymer that is synthetic in nature), and Chitosan (a bio-
polymer). Polymer-based (PVDF & chitosan) clay nanocomposites successfully
eradicated 96 % rhodamine B (RhB), and 88 % Congo red organic dyes under
ultrasound (33 kHz) in 1 h. Piezoelectric nanogenerator device (PENG) has also been

fabricated by these nanocomposite membranes which generate the highest 6.5V, 1.5 pA




(PVDF-based), and 34.6 V, 1.9 hpA (chitosan-based) output responses, respectively
corresponding to the thrust of falling water droplets (force 4.79 N) and the impact of
hand tapping (force 14.97 N) as mechanical stress. Additionally, the catalytic behavior
of the membranes has also been used to eradicate pathogenic coliform E. coli (gram-
negative) and E. faecalis (gram-positive) bacteria which are other available pollutants of
wastewater, and found the efficiency of 100 % and 97 % under soft ultrasound (15
KHz) in less than an hour. Henceforth, these energy generation and wastewater
eradication abilities of the fabricated biocompatible, cost-effective, self-poled polymer-
based nanocomposite membranes can open up new avenues for the sustainable
development of our nation in the field of wastewater treatment and non-invasive energy

generation technologies.
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Chapter 1
Introduction & Methodology

The modern era is coined as the era of Globalization due to technological advancement,
urbanization, and industrialization, which are the key factors of modern-day
civilizations [1, 2]. But with every boon comes a bane and, in this case, it manifests as
the modern devils known as water pollution and energy deficiency. Water pollution,
especially from industries, agricultural farms, and residential areas releases large scale
of heavy metals, organic pollutants, chemicals, etc. into the environment posing a
serious threat to aquatic ecosystems and nature [3, 4]. Various diseases like cholera,
diarrhoea, carcinogenicity, dysentery, arsenicosis, fluorosis, endocrine disruption, and
various types of respiratory issues are increasing due to water pollution [5]. Moreover,
untreated sewage waste discharged directly into the nearby water bodies can cause
various life-threatening diseases to mankind due to the high load of faecal coliform
bacteria [6]. A recent study by UNESCO (United Nations Educational, Scientific and
Cultural Organization) reveals that various developing countries are discharging 90 %
of untreated sewage directly into water bodies [7]. This sewage and other effluents are
directly discharged into the world's water of about 2 million tonnes every day whereas
industries are discharging about 300-400 Megatons of waste into different water sources
i.e rivers, sea every year [8]. Statistical data on water pollution by the World Health
Organization (WHO - 2021) has been given in Table 1 [9].

Various international organizations, NGOs, environmental groups, and governments are
working on a global scale towards water pollution. Initiatives are taken to improve
water quality and raise awareness about clean water. United Nations set Sustainable
Development Goal 6 (SDG 6) to ensure sustainable management, sanitation, and

availability of clean water and reduction of water pollution [10].

Despite these various efforts to mitigate water pollution, several challenges persist due
to unorganized industrialization, inadequate infrastructure, lack of awareness, and
increasing population [11]. Thus, wastewater remediation techniques are needed to

mitigate this severe threat. From ancient civilizations to recent days wastewater
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remediation technology has been developing and trying to minimize the water pollution
level. On the other hand, widespread industrialization has elevated the demand for
consuming energy which ultimately is related to the rapid extraction of fossil fuels [12].

Thus, energy generation from non-invasive sources is
Table 1.1. Statistical data by WHO on wastewater and its effect on the environment [9].

Global Impact Around 80 % of global wastewater flows back untreated.

Approximately 1.8 million deaths annually due to waterborne

diseases.
Sources of Agriculture runoff, untreated sewage, and industrial discharges.
Pollution
Developing Water pollution challenges due to limited resources and
Nations infrastructure.
Regulatory Establishment of regulations, and challenges in enforcement.
Efforts
Impact on Oxygen depletion, habitat destruction, and contamination affect
Biodiversity aquatic life.

Economic Costs | Economic burdens from healthcare lost tourism, and damage to
fisheries.
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Figure 1.1. a) Effect of industrial toxic dyes, b) Effect of coliform bacteria [13]

gaining interest nowadays. A recent study reveals that energy demand is rising by 1%
every year and it is expected that the share of alternative energy sources in energy
consumption will grow to 63 % in 2050 from the 9.5 % share in 2015 [14]. Worldwide
researchers are trying to develop new technologies to mitigate these two major issues

through their research and findings.

1.1 History of Wastewater remediation and energy generation at the international

level

Wastewater remediation techniques have been adopted for environmental safety even
from ancient civilizations. In 2000 BCE The Indus Valley Civilization also adopted the
rudimentary forms of wastewater treatment by sophisticated drainage systems with
terra-cotta pipelines [15]. Whereas the Roman Empire (500 BCE - 476 CE) had
developed adequate sewage and aqueduct systems. Released water from households and
latrines was gone from natural filtration techniques before being released into rivers
[16]. After the collapse of the Roman Empire in the Renaissance Periods (500 - 1600
CE) sanitation practices were also destroyed over time [17]. However, rudimentary
treatment methods were in practice to treat the wastewater in some European cities by
setting up tanks and disposing of the waste for regulation [18].
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Figure 1.2. Indus Valley civilization wastewater technology: (a) Drainage system and

(b,c) sanitation systems [19].

Industrial Revolution in the 18th - 19th centuries, created serious problems with water
pollution due to the fast industrialization and urbanization [20]. Water sources were
tainted by untreated sewage and industrial discharges, which aided in the development
of diseases transmitted through the water. Chemical coagulants were used in early
treatment processes, as well as sedimentation tanks [21]. The understanding of
microbiology and the function of microorganisms in wastewater treatment improved in
the late 19" and early 20" centuries [22]. The early 20" century saw the development of
the biological treatment technique known as activated sludge, which offered a more
efficient way to treat wastewater [23]. The use of primary and secondary treatment
methods expanded between the 1930s and the 1950s. While biological mechanisms are
employed in secondary treatment to further break down organic debris, primary
treatment entails the physical removal of big solids [24]. It was at this period that
trickling filters and activated sludge systems became popular. Whereas in the late 20"
Century, the removal of contaminants and pathogens, advanced treatment technologies
were adopted, including tertiary treatment and disinfection techniques such as
ultraviolet irradiation and chlorination [25]. Additionally, efforts were made to combat
the pollution of nutrients, specifically nitrogen and phosphorus. In recent times (21°%
Century) wastewater treatment techniques have been continuously evolving and
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developed to increase treatment effectiveness, resource recovery, and overall
sustainability [26]. The field of wastewater treatment technology is constantly
developing, thanks to breakthroughs like the application of material science,

nanotechnology, and artificial intelligence.

On the other hand, the growing population, urbanization, and industrial revolution are
heavily dependent on energy. Conventionally, fossil fuels like coal and oil are the
primary source of energy which are limited [27]. The increasing energy demand creates
a shortage of energy and fluctuation in the energy supply as a result the price of
conventional energy sources is increasing day by day [28]. The Organization of Arab
Petroleum Exporting Countries (OAPEC) decreased the oil supply in several countries
to support Israel in 1973 during the Yom Kippur War [29]. As a result, oil prices and
supply disruptions occurred which was known as the first oil crisis. Whereas, the second
global oil crisis happened and the oil price also increased during the Iranian Revolution
and the Iran-lrag War in 1979 due to production disruption [30]. Subsequently in the
1980s, there was an excess of oil on the market due to the oil crises of the 1970s and
over oil production after the war. The economies of these countries that depend on oil
were impacted by the sharp decline in prices which affected their economic status [31].
In the 21% century global demand for oil and gas grew as a result of the fast
industrialization and urbanization of developing nations like China and India [32].
Energy prices fluctuated as a result of competition between the countries that were
supplying oil all over the world. On the other hand, during the COVID-19 Pandemic in
2019-2022, the economic status of several countries was affected severely which also
increased the price of conventional energy sources [33]. Whereas, when coal and oil are
burned, they emit greenhouse gases like carbon dioxide into the atmosphere, which
exacerbates climate change [34]. Sulfur dioxide, nitrogen oxides, and particulate matter
released during the burning of coal lead to air pollution and respiratory problems [34].
Heavy metal leakage from coal mining adds to water contamination [35]. Marine
ecosystems are harmed by oil exploitation and spills, with spills resulting in long-term
devastation. Because they destroy habitat, both fuels contribute to land degradation

[36]. Extraction techniques lead to biodiversity loss and resource depletion. Making the
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switch to cleaner energy sources is essential to reducing these negative effects on the

environment and promoting a more sustainable future [37].
1.2 History of wastewater remediation and energy generation at the national level

Wastewater Treatment and Wastewater Remediation in India has a long history. In the
past, water purification was done using traditional methods. However, in modern times,
wastewater treatment and wastewater remediation have been developed systematically.
Various natural substances and water purification processes were mentioned in
Ayurvedic texts of ancient India [38]. These purification methods included herbs, sand
filtering, and sun exposure. Whereas Stepwells, such as those found in Gujarat and
Rajasthan, are designed to collect rainwater and allow for natural filtration. During the
19" century, the British colonial administration set up basic sewage systems in major
cities of our country [39]. However, these systems were often inadequate and had a
limited scope. After the independence, in 1985 Ganga Action Plan had been set up
because of the falling apart water nature of the Ganges Stream, the Indian government
sent off the Ganga Activity Intend to control contamination and further develop the
waterway's water quality [40]. This initiative concentrated on sewage treatment
facilities and industrial pollution reduction. In the late 20" century rapid
industrialization increased the industrial and urban waste which directly contaminate the
water sources. Pollution Control Boards (PCB) were formed in every state to monitor
and regulate industrial discharges to the local water bodies [41]. The National River
Conservation Plan (NRCP) was also passed in 1985 to monitor the pollution level of
major rivers and improve sanitation techniques and public awareness [42]. The Namami
Ganges mission was launched by the government in 2014 to restore the health of the
Ganges by treating sewage, encouraging sustainable sanitation practices, and controlling
industrial effluents [43]. Whereas, an autonomous society National Mission for Clean
Ganga (NMCQG) is also working on the implementation of Namami Gange [43]. Swachh
Bharat Mission was also launched in 2014 to improve wastewater management and
awareness of proper sanitation all over the nation [44]. In due course, India has adopted

advanced research to develop innovative wastewater technologies like membrane
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filtration, biological treatment, nanotechnology, and other promising methods to address
diverse sources of pollution [45]. For these purposes, government organizations (UGC,
CSIR, DST) and private organizations are funding the universities and research
organizations for their innovative ideas and contributions to wastewater management

techniques.

On the other hand, the Indian energy demand profile has undergone a significant
transformation depending upon economic, technological, and changing policies [46]. In
colonial India, before 1947 conventional energy sources like animal power, human
labor, and biomass were used for energy needs [47]. After independence within the
period of 1951-1956 at first the focus was set on electrification and the formation of
energy infrastructure all over the country [48]. Fossil fuels like coal-generated energy
along with hydropower played a pivotal role in those years. The oil crisis in the 1970s
created an energy deficiency while increased industrialization in the 1990s increased
energy requirements, especially for oil and gas [49]. The privatizations of energy sectors
in the late 1990s and 2000s tried to improve the energy infrastructures. While after the
establishment of the Ministry of Non-Conventional Energy Sources in 1992 focuses
were given to generate energy by non-conventional sources [50]. As India entered into
the 21% century, rapid growth in industrialization, transportation, and urbanization
increased the energy demand. Coal-based power generation extended, but the shortage
of fossil fuel promoted renewable energy sources and nuclear power. The Jawaharlal
Nehru National Solar Mission (2010) and the National Action Plan on Climate Change
(2008) both are working together for the commitment to sustainability [51]. The
National Solar Mission aimed to increase solar capacity, and various policies and
incentives supported the integration of renewables into the energy mix [52]. The
emphasis on sustainability continued, with ongoing efforts to enhance energy efficiency
and reduce reliance on fossil fuels. In the current times, India faces the challenges of
balancing energy security with environmental sustainability. Initiatives like the Ujwal
DISCOM Assurance Yojana (UDAY) for power distribution reforms demonstrate the
commitment to addressing challenges in the power sectors [53]. India's energy history
reflects a dynamic evolution, with a growing emphasis on renewables, energy
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efficiency, and a commitment to meeting the needs of a burgeoning economy while
addressing environmental concerns on both national and global scales. Whereas the
growing inventions in material science and nanotechnology are also working to develop
energy by various non-invasive sources by their functionality. Government agencies
like DST, UGC, CSIR, and private establishments are funding research organizations to
improve their facilities and sustainable development of the energy generation profile in
India.

1.3 Nanotechnology in wastewater remediation and non-invasive energy generation

In the present era, extensive global research efforts are underway to address wastewater-
mediated pollution, employing diverse techniques. Traditional approaches relying on
adsorption-based removal have demonstrated significant promise in mitigating these
issues [54]. Nanostructures, characterized by their high aspect ratios, have proven
highly effective in eliminating both organic and inorganic contaminants from
wastewater [55]. However, it is crucial to recognize that adsorption alone may merely
relocate specific pollutants from one phase to another, potentially leading to the
generation of chemically active species and initiating secondary pollution [56].
Bioremediation methods have gained widespread adoption for wastewater treatment,
encompassing  processes  such as  hyperaccumulation,  phytoremediation,
mycoremediation, rhizoremediation, and more [57]. While these techniques offer cost-
effectiveness and environmental friendliness, they are not without limitations, including
extended reaction times, seasonal variations in microbial activities, and susceptibility to
reversibility if not handled properly [57]. As a response to the shortcomings of
conventional removal processes, photocatalysis has emerged as a viable alternative [58].
Various strategies, including band gap manipulation, formation of composite
semiconductors, and metal ion implantation, have been proposed to enhance the
photocatalytic efficacy [58]. Despite these efforts, achieving an effective charge
separation process remains a challenging aspect of these systems. Additionally,
photocatalysts may undergo corrosion under low pH conditions, posing a significant
impediment to their degradation efficiency [59]. Piezoelectric materials have emerged
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as a favorable alternative for enhancing catalytic activity, presenting a promising avenue
for cleaner and more efficient processes [60]. Traditionally employed in various
applications such as energy generation, charge storage, and sensor devices, these
functional materials facilitate advancements in catalysis utilizing clean energies such as
mechanical vibration, ultrasonic waves, and pressure [60]. Piezocatalysis harnesses
these piezo-stimulations to accelerate chemical reactions [60]. In practical terms,
piezoelectric materials exhibit superior charge center separation under mechanical
stress, leading to the formation of reactive radicals, specifically oxygen species, which
play a crucial role in initiating the catalytic process [61]. Among various inorganic
nano-systems, including Pb-based materials, MoS,, BaTiOz, and BiFeOz have
demonstrated noteworthy piezocatalytic activity in aqueous media, achieving catalytic
efficacy levels of around 100% in many cases [62]. Piezocatalysis has even proven
effective in bacterial sterilization [63]. Despite these successes, a drawback of many
powdered inorganic piezocatalytic materials is their tendency to diffuse in water,
necessitating separation to minimize secondary pollution. This limitation can be

addressed by encapsulating these materials in different polymeric systems [64].
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(NMs-MBR) technology with ahistorical timeline for wastewater management. [65]

While polymeric piezocatalysts have shown promising catalytic activity, they are still in
the early stages of development [66]. This work emphasizes the natural, biocompatible
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clay-tuned piezoelectric effect of polymeric piezocatalytic systems in the context of
combating wastewater pollution. These hybrid polymer-nanocomposites, encapsulating
piezoelectric materials, hold the potential for controlling the excessive use of hazardous
pollutants, especially carcinogenic organic dyes, and pharmaceuticals. This approach
aims to minimize their environmental impact, underlining the significance of polymeric
encapsulation in enhancing the effectiveness of piezocatalysts. Other than pollutant
degradation and bactericidal effects, energy harvesting is another crucial aspect as
conventional fuels are non-renewable and most of the alternative energy sources require
expensive instrumentation, and suitable locations, and are often hard to operate. Since
mechanical or vibrational energies that operate the piezo-response of the nanomaterial
are in abundance and easily accessible. That is why such non-invasive kinetic energy-
mediated piezoelectric energy harvesting and subsequent wastewater remediation are
gaining the interest of new-generation scientists. Such a technique is hassle-free and

restricts the generation of harmful greenhouse gases.
1.4 Piezoresponse in nanomaterials

Piezoelectricity, a wonder where certain materials create an electric charge in reaction
to mechanical stretch, includes an intriguing history. It was to begin with watched in
1880 by the brothers Pierre and Jacques Curie, who found that weight connected to
quartz precious stones may create power [67]. They named this impact
"piezoelectricity" from the Greek word "piezein,” meaning to squeeze or press [68].
Within the taking after a long time, analysts extended this revelation, investigating
different materials and applications. Amid World War |, piezoelectric gadgets were
utilized in sonar innovation, checking their viable application [69]. Since that point,
piezoelectric materials have found different applications in areas such as restorative
imaging, sensors, actuators, and indeed vitality collecting. Nowadays, piezoelectricity
proceeds to play a significant part in various mechanical progressions, from everyday
devices to cutting-edge innovations [70]. It is observed that in a wide range of
piezoelectric materials particle size and morphology are key parameters to enhance the
piezoelectric efficiency. It is found that 1-D fiber/wire-like materials exhibit better
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piezocatalytic response compared to spherical particles. On the other hand, thin sheet-
like 2-D structures also exhibit better piezoelectricity. In reality, the theoretical
piezoelectric output is directly proportional to the size of the catalyst as stated below
[71],

Vy = B [1.1]

Eoér

Where V, is the piezoelectric open circuit potential, o is applied stress in j direction, dij
is piezoelectric charge coefficient, w; is the length of piezocatalyst in i direction of
polarization, and &, is the relative permittivity in i direction and o IS permittivity in

open space. Piezoelectricity

\,_/ of any material can be
No voltage in external circuit

| N

defined by a series of

piezoelectric  coefficients

such as piezoelectric charge

constants dij (e.g., di1, ds3)

or dielectric constants (e.g.,
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Figure 1.4. Induced piezo-polarization under mechanical potential performance of

stress any given piezoelectric

material. Hence, piezoelectric polymer nanocomposites with high dj; values are quite
effective in generating high piezo-response to eliminate contaminants from wastewater
[71]]. The piezoelectric crystals are normally electrically neutral, the atoms inside them
may not be symmetrically arranged always. Despite having a non-centrosymmetric
structure, a positive charge cancels out a negative charge near it, nullifying the electric
dipole which makes the crystal neutral. Whenever the crystal is squeezed i.e.,
mechanical stress is applied across it, the structure is deformed, which in turn disrupts
not only the balance of positive and negative charges but also alters their band structure.
The electron and hole separation build up an electric field on its surface. However,

piezocatalytic composite powders are difficult to recycle in practical applications.
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Sometimes they cause secondary pollution and therefore it is necessary to prepare
piezoelectric composite films with great recyclability. On the other hand, the external
piezo-stimulation is an important parameter for achieving better catalytic activity.
Generally, ultrasound of 20-40 kHz has been widely used to ‘excite’ piezocatalysts in
bath or probe sonication systems. The acoustic pressure in these systems does not
exceed 2 bar, which might not be sufficient to exert adequate stress on piezocatalysts.
Additionally, continuous sonication for a prolonged duration causes internal heat
generation. This could be addressed by replacing the water in the bath or adding ice
cubes/water during the experiment [71]. However, such addition or alteration could
greatly influence the piezocatalytic efficacy. These drawbacks have been minimized by
collapsing the cavitation bubbles with pressures up to 10® Pa and simultaneously by

using modern temperature-controlled ultrasonic bath systems.

1.5 Mechanism of piezoelectric energy generation

The piezoelectric
energy generation
under external

mechanical  stimulus
Al electrode

can be explained in

IPressing
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Figure 1.5. Schematic diagram of piezoelectric polarization ~ researchers in last few
and energy generation decades. It has been

realized that external frequency can modulate the movement of the electrical dipoles.
Under any mechanical stress, the piezoelectric device faces some external pressure and
a dipolar polarization occurs inside the sample due to its eminent polarizability [72].
This polarization creates a charge separation and positive charges travel to one of the

electrodes, whereas, negative charges move towards the other electrode. Such charge
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separation introduces a potential difference between the two electrodes. After the
removal of the external force, the charge carriers quickly migrated toward the opposite
electrodes through the external circuit and generated an opposite potential drop [72].

1.6 Mechanism of piezocatalytic wastewater remediation

The Reactive Oxygen Species (ROS)-mediated piezocatalytic wastewater degradation is
validated through the widely adopted screening charge effect and energy band tilting
theory.

1.6.1 Screening charges effect

The non-centrosymmetric structure of piezoelectric nanomaterials poses obvious
intrinsic polarization. This intrinsic polarization of the piezocatalyst is neutralized upon
introduction to wastewater through screening charges, achieving a charge balance
condition (State 1). Upon the application of ultrasonic impulses (mechanical stress), the
piezocatalyst undergoes charge center separation, leading to the migration of charges to
the opposite surface. This results in the quenching of polarization and additional

screening charges are released from the catalyst surface [73].
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Figure 1.6. Mechanism of piezocatalytic reactive oxygen species generation: (a)
Screening charge effect, (b) Energy band tilting, [74] (c) Catalysis schematic diagram,
and (d) Nanocomposite membrane-based ROS production.

These supplementary screening charges actively engage in a redox reaction with
hydroxyl and oxygen ions within the electrolyte, generating Reactive Oxygen Species
(ROS) (State 2) until the subsequent charge balance condition is attained. The catalyst's
polarization is reinstated when the applied stress is released, and charges from the
electrolyte are once again adsorbed on both surfaces of the catalyst, participating in
redox reactions (State 3). This cyclic catalytic redox reaction persists until the catalyst
returns to its initial condition. Throughout this process, ROS is consistently generated,

contributing to the decomposition of industrial pollutants and pathogenic bacteria [74].
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1.6.2 Effect of energy band edge tilting
Conversely, the piezo potential induced by mechanical stress tilts the energy band,
initiating a redox reaction that produces Reactive Oxygen Species (ROS) [74]. In
practical terms, the polarization-induced piezo potential arises on both surfaces of the
catalyst when subjected to mechanical stress. Subsequently, electrons in the conduction
band are drawn and migrate toward the positive potential side, while holes in the
valence band move towards the negative potential side, causing the energy band to tilt
in the opposite direction and generate free charges. These electrons and holes then
engage with electrolyte ions, resulting in the generation of ROS aimed at eliminating
contaminants from wastewater. The steps involving in the contaminant’s eradication
[74],
Piezocatalysts + Ultrasonic vibration (US) - (e~ + h*)
e"+0, -0
0;"+e” +2H* = H,0, 1.2
h* + H,0 - OH*

OH* + Contaminants — Clean water

05" + Contaminants — Clean water

However, the self-poled membrane-based piezocatalysis depends upon another probable
mechanism which has been first time published by us in Nano Energy. The electron and
hole in such self-polled membranes migrate in opposite directions under the ultrasonic
stimulus, accumulate on the surfaces, and create a charge center separation. The surface
accumulated electrons and holes then produce Reactive Oxygen Species (ROS) by
screening the charge effect and decomposing the dye molecules [74].

While, under mechanical stress, the generated ROS can efficiently deactivate bacterial
cells by disrupting transmembrane electron transfer, compromising subcellular
components such as proteins and nucleic acids (DNA, RNA), inducing lipid membrane
peroxidation, and halting DNA replication. As a result, elevated ROS levels lead to a
progressive impairment of cellular functions, resulting in damage and eventual cell

death of such pathogens [74].
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1.7 Piezocatalytic wastewater remediation and piezoelectric energy generation

Initially, ZnO has emerged as a promising piezocatalyst, as demonstrated by Hong et al.
in their 2010 paper showcasing the successful conversion of mechanical energy into
chemical energy using piezoelectric ZnO microfibers. This conversion process, termed
the piezoelectrochemical effect (PZEC), resulted in the release of H> and O2 gases in a
2:1 stoichiometry, even from pure water. To address the issue of catalyst dispersion in
solution, a ZnO-embedded carbon nanotube flexible network was introduced, solving
the problem effectively. Additionally, the remarkable electrical conductivity of carbon
nanotubes served as a high-speed channel for charge transfer, amplifying the overall
piezocatalytic activity [75].

Nano-scaled perovskites have also proven themselves valuable in piezocatalytic
applications. Lead-based perovskites such as Pb (MguyaNbzz) 03.32PbTiOz and Pb
(Zros2Tioag) Oz have exhibited significant potential for energy generation and dye de-
coloration [76]. Similarly, CH3NH3zPbls nanoparticles, synthesized through the co-
precipitation method, displayed enhanced piezocatalytic activity attributed to stronger
polarization resulting from a larger displacement of the Pb atom [77]. Furthermore,
lead-free BaTiOs micro dendrites, BaTiOs nanofibers, and (Ba, Sr) TiOs nanowires,
obtained through hydrothermal and sol-gel methods, showcased notable piezocatalytic

activity, particularly in azo dye degradation [78-80].

In addition to various nanostructures, 2-D MoS: has recently emerged as a promising
piezocatalyst. Single-layer MoS», in particular, demonstrates robust polarization and
effective charge separation between the Mo2-S layers, as indicated by piezo-
electrochemical experiments highlighting promising charge mobility across these layers
[81]. This inherent piezoelectric effect initiates piezocatalytic activity within the MoS>
system. However, the double-layer MoS; system experiences a reduction in
piezoelectric activity due to the opposite polarization direction between consecutive
layers [82]. Consequently, researchers have identified that the piezoelectricity in MoS>
is highly structure-dependent, following a periodic odd-even order [83, 84].
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Wu et al. unveil a remarkable piezo-catalytic activity of MoS; nanoflowers (NFs) in
swiftly breaking down organic dyes when exposed to ultrasonic waves sans light.
Utilizing piezo force microscopy (PFM), it reveals substantial piezoelectric potential at
the edges of the MoS2 NFs, elucidating their rapid degradation mechanism.
Rhodamine-B (RB) dye degradation achieves an impressive rate of 40336 ppm L mol™
s1 (about 93 % degradation in 60 seconds), surpassing commercial MoS; bulk sheets
and TiO2-P25 nanoparticles. The extraordinary activity of MoS2 NFs stems from their
electric field induced by spontaneous polarization, attracting polar molecules like water,
thus generating highly reactive species. This study reveals the fastest degradation rate to
date, highlighting piezo-catalytic enhancement of MoS, NFs under ultrasonic waves in
darkness. [85]

Moreover, a comparative analysis by Li et al. evaluated the piezocatalytic activity of
various 2-D materials, including MoS,, WS,, and WSe,. The study revealed a direct
correlation between piezocatalytic activity and piezoelectric coefficients obtained

through calculation and Piezoresponse Force Microscopy (PFM) measurements [84].

While various nanoparticles have shown fast and efficient piezocatalytic properties,
practical feasibility concerns have arisen due to issues such as direct decomposition in
water, stability, efficacy, accumulation, toxicity, separation, and recyclability. To
address these challenges for practical applications, researchers are increasingly focusing
on polymer-based piezocatalysts. Polymers offer robust, reliable, flexible, and cost-
effective substrates that resist agglomeration or degradation in ambient environmental
conditions [84].

After the discovery of piezocatalysis by Hong et al. in 2010, various groups have started
exploring synthetic polymers for this purpose. Piezoelectric poly (vinylidene fluoride)
(PVDF) has become a favorable candidate in the field of piezocatalytic degradation of
the contaminants. This semi-crystalline polymer has five crystalline polymorphs
namely, o, B, v, 6, and €. Among them, the most common piezo-responsive stable
polymorph of PVDF is the polar B-phase [86]. Generally, B-phase is present in very low

amounts in pristine PVDF but it can be enhanced by incorporating various
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nanostructures utilizing their surface charge. Under mechanical vibration, the
piezocatalyst (B-PVDF) produces polarization, which can be harnessed as electrical
energy. This further drives the electrons through the external circuit. After the release of
the external stress, the electrons flow in the opposite direction resulting in a negative
potential. Such charge center separation drives the electron-hole pair to either direction

for effective piezocatalysis [86].

The first work on PVDF-based piezocatalysis was reported by Dong et al. in 2017. The
authors fabricated an e-skin using PVDF/TiO2 nanofiber for methyl blue degradation.
These TiO2 nanowires have been enforced inside the PVDF polymer for this purpose.
The process involves a hybrid piezo-photocatalyst, where the TiO2 performs the
photodegradation while the PVDF moiety contributes to the piezo-response. The TiO>
nanostructure herein promotes the electrons from the valence band to the conduction
band using the piezo-response leaving the holes in the valence state. These electron-hole
pairs initiate the catalytic activity tremendously [87]. According to this report, the
hybrid PVDF-based e-skin completely degraded the dye solution within 40 minutes of
external mechanical vibration. Besides, ZnSnOz (ZTO) was also recognized as an
efficient piezocatalyst that modulates the band structure of the system to manipulate dye
degradation efficacy [88]. In this case, the external ultrasonic stimulation bends the
band edges for better electron hole separation. The dye degradation efficacy was found
to be 1.5 x 102 min™ under the ultrasonic stress, which is approximately four times
higher than the absence of the ultrasonic vibration. The ZTO nanowire also exhibits
synergistic piezophotocatalytic effect that was further enhanced by encapsulating ZTO
into PVDF and polymethyl methacrylate (PMMA) matrices. It is observed that the
irregular alignment of ZTO nanowires on the ITO surface experiences uneven
polarization when mechanical stress is applied. Surprisingly, the polymer-coated ZTO
shows better polarization due to the flexibility of the polymer, which creates better
reception of the external stress resulting in a better piezoelectric effect [88]. Further, the
efficacy of PVDF- ZnSnOsz nanocomposite has been drastically improved by
incorporating hydrothermally grown Co3O4 nanoparticles [89]. The piezo-degradation
efficiency reached 100 % within 20 minutes for both methylene blue (rate constant ~43
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x 10 min?) and rhodamine-B (rate constant ~45 x 10° min™) dyes. This catalytic
enhancement is attributed to the hydroxyl radical (*OH) and superoxide radical (¢O2")
generated during ultrasonic stress plays a pivotal role in degrading the dyes. In reality,
ZnSnOs3 induces the polarizability of PVDF, whereas Co30s improves the charge
transport mechanism for efficient redox reactions, which causes generation of the

superoxide radicals under ultrasonic vibration [89].

Piezoelectric wurtzite ZnO nanocrystals have also emerged as promising piezocatalysts
in recent times. Wu et al. (2020) have introduced the novel concept of utilization of
mechanical stress generated from natural water flow accelerating piezo-response for
water pollutant degradation. Wu and group fabricated two different nanocomposites
namely, ZnO@PVDF and ZnO@PDMS for rhodamine-B degradation. The
ZnO@PVDF film exhibited 10 times better performance than that of ZnO@PDMS
which might be due to the piezoelectric effect in the case of PVDF [90]. It promotes the
migration of photogenerated carriers under the stress generated by water flow.
Moreover, the ZnO@PVDF film has more extensive ( 1 0 0 ) polar plane exposure that
creates enhancement in active catalytic sites and causes better piezocatalytic
degradation [91]. Thus, this work paved a new path for the synergistic utilization of
solar energy and natural water flow for better degradation of contaminants using
piezophotocatalytic effect. Besides dye degradation, certain research also dealt with the
degradation of other contaminants such as pharmaceutical pollutants or microbial
contaminants. A recent work by Singh et al. 2021 focuses on the piezocatalytic removal
of pharmaceutical and bacterial pollutants using a flexible PVDF membrane intercalated
by a well-known antibacterial silver nanoparticle embedded in LiNbO3 nanostructure.
This is probably the first time that pharmaceutical pollutants like tetracycline (69 %)
and ciprofloxacin (53 %) have been decomposed within 2h using piezo response.
Additionally, this work reports facile degradation of numerous pathogenic bacteria like
Escherichia coli (99.999 %) and Staphylococcus aureus (96.65 %) within 180 minutes
under vigorous ultrasound treatment. The Ag-LiNbO3z nanocomposite enhances the [3-
phase PVDF, which in turn increases the piezoelectric nature. Under mechanical stress

(from sonication) it generates free charge carriers which move opposite of the
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polarization field [92]. Some of the free charge carriers ultimately interacts with the O
and OH™ ions resulting in production of ROS (*OH and *O*") which performs the dual
application of degradation of pharmaceuticals and generation of oxidative stress and
lipid peroxidation that ultimately damages the nucleic acids and enzyme activity of
bacteria, resulting in their death. Moreover, the occurrence of band bending due to the
piezoelectric effect accelerates the migration of free charge carriers facilitating this
process. This activity of ROS for contaminant degradation was explored by Bagchi et
al. (2020), which illustrated a free-standing film made of PVDF-wrapped MoS;
nanoflowers for the degradation of rhodamine-B. The composite film has been
synthesized by using a simple solution casting method. This novel material gains
multifunctionality when a remarkable power density (47.14 mW cm) is achieved along
with a promising piezocatalytic efficiency (>90 % within 20 minutes). The primary
resource of such piezo response is attributed to the polarization of the PVDF upon MoS;
incorporation. The polar B-phase of PVDF was found to be around 80 % in this case.
Increment of B-phase radically increases the charge separation process and electron-hole
pair formation and thereby produces various reactive oxygen species (ROS). These
ROS degrade the rhodamine-B dye in water making the material suitable for industrial

effluent management [93].

Besides PVDF, MoS: nanoflowers, when encapsulated into the polydimethylsiloxane
(PDMS) matrix show excellent piezocatalytic properties as mentioned by Lin et al.
(2017). Upon external mechanical force, this polymer nanocomposite degrades
rhodamine-B dye with an efficacy of 67 % under dark conditions. The degradation
efficacy remains unaltered even after four test cycles. Thus, it can be believed that the
catalytic efficiency of this composite is entirely dependent on the external piezo-
response. This novel piezocatalyst also acts as a piezoelectric nanogenerator with an
output of 23 V, 13 mA/m? when placed under a continuous water flow (20 mL/s).
Hydrothermally grown chalcogenide (WS2) has also been incorporated inside the
PDMS polymer for piezocatalytic degradation of rhodamine-B and pathogenic E. coli
bacteria (Masimukku et al., 2018). The degradation efficacy of rhodamine-B and E. coli

are found to be ~99 % and 99.99 % (in 90 minutes) respectively under ultrasonic
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vibration. The recyclability of this reported polymer-nanocomposite is quite high (ten
cycles) as compared to other reported samples. Initially, the piezo-response of the
sample has been confirmed by tunneling atomic force microscopy and piezo-response
force microscopy. The electron paramagnetic microscopy unveils the production of the
reactive oxygen species (02, OH*), which is primarily responsible for such rapid
degradation of the contaminants in water [94]. Another highly stable PDMS-based
nanocomposite (BaTiO3:/PDMS) has been reported to be capable of reducing
rhodamine-B contamination using piezocatalytic method. The degradation efficiency of
this composite foam is around 94 % after twelve complete cycles [95]. A perovskite-
based barium strontium titanate (BST) foam in PDMS polymer was reported, which
successfully enhances the rhodamine-B degradation efficacy radically (275 %) when
compared to individual photocatalysis [96]. This piezocatalytic composite has a
degradation efficacy of 97.8 % even after ten cycles of repeated catalytic reaction. This
hybrid piezo-photocatalyst offers a higher degree of charge center separation, which

enables a promising catalytic degradation performance [97].

Roy et al. in their back-to-back two most recent articles (2022, 2024) describe the
piezocatalytic efficiency of pure bismuth ferrite (BFO) and BFO-doped PVDF-HFP
membrane. They have synthesized BFO by solvothermal synthesis procedure followed
by high-temperature sintering and degraded RhB and pathogenic E.coli bacteria [98].
On the other hand, they have investigated the rare earth doping (Gd®*) into BFO matrix
and found the efficiency is maximum in the case of 1 % Gd** doped BFO [99].
Additionally, by preparing BFO-PVDF-HFP nanocomposite they showed that 7.5 %
BFO doped PVDF poses maximum piezocatalytic efficiency against RhB under soft
ultrasound [100].

Polytetrafluoroethylene (PTFE) is known to be a useful polymer with high flexural
strength and high electrical resistance. Generally, PTFE is extremely inert even under
harsh ambient conditions below 300°C [101]. Very recently (2021) Wang et al. reported
PTFE based ROS generation method in an aqueous medium via ultrasonic vibration.
This method involves a simple sonication technique to activate PTFE electrate from the
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polymer. This permanent piezo-responsive polarization is fairly high (~600 pC/N) and
even higher than that of conventional piezoelectric polymers (~16 times). In this work
the authors have reported successful decomposition of methyl orange (~89.7 %), acid
orange-7, and methylene blue (>90 %) in 60 minutes of ultrasonic exposure. The
activated PTFE coating on the inner walls of a water pipeline has been proposed here
for drinking water disinfection. To support this, PTFE membrane mediated degradation
of E. coli has been studied. The results yield the promising bactericidal effect on E. coli

within 15 min of ultrasonication (99.7 %).

Conductive polymers have been widely used over the past two decades in electrical,
thermal, and thermoelectric applications. Various implantable medical devices have also
been made using conductive polymers. Intercalation of numerous metallic and
semiconducting nanomaterials enhances the physicochemical properties of such
polymers. Polyaniline is a conductive polymer that exhibits efficient piezoelectric and
thermoelectric activities under various circumstances. Das et al. (2017) successfully
synthesized Fe?/PANI (polyaniline) nanocomposite under the reductive decomposition
method, which successfully degrades Congo red dye under ultrasonic conditions. This
efficient piezocatalyst decomposes ~98 % of the initial dye concentration within 30
minutes of mechanical exposure. During ultrasonic irradiation, the excited electrons of
the Fe%’PANI composite are transferred to the conduction band and generate electron-
hole pairs. As a result, dissolved oxygen and water molecules in the dye solution can
react with the electron-hole pairs to produce reactive oxygen species and super-oxides.
These reactive species are responsible for the degradation of the dye molecules. Such an
excellent piezocatalyst could be a promising agent for wastewater treatment plants
[102]. Similarly, in 2023 Lin et al. shows a unique MoSz/polyaniline
(PAN1)/polyacrylonitrile (PAN)@BiFeO3 bilayer hollow nanofiber membrane (PPBM-
H) was synthesized via coaxial electrospinning. BiFeOs nanoparticles (NPs) and MoS>
nanosheets (NSs) were incorporated into the PANI/PAN composites’ middle and outer
layers, respectively, forming a type Il heterojunction with separated microtopography.
This configuration notably enhances charge separation in piezocatalysis. Additionally,

the hollow structure and abundant surface groups of PPBM-H enhance mass transfer
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efficiency and pollutant adsorption in wastewater treatment. Its piezoelectric
polarization under ultrasonic excitation boosts electron/hole separation and free radical
generation. PPBM-H exhibits outstanding self-cleaning, mechanical strength (2.95
Mpa), hydrophilicity (11.6°), water flux (1248 L-m—2-h—1), BSA rejection (98.8 %),
and superior piezo-photocatalysis (99.2 % TCH within 2 h), and E. coli disinfection
(100 % within 60 min) [103]. Biopolymers such as chitin, collagen, cellulose, starch,
keratin, and fibrin can convert mechanical energy and electrical energy as well as used
in various biological applications. In 2023, Bannerjee et al. introduces a novel bio-
compatible polymer-based nanocomposite (ZnO/Chitosan), which accelerates catalytic
processes by generating reactive oxygen species, particularly OH*, as confirmed by
Photoluminescence spectroscopy. This piezo-catalytic process exhibits potent
bactericidal effects, with nearly 96 % eradication of E. faecalis and 98 % of E. coli after

20 minutes, suggesting a promising antibacterial alternative [104].

Hence, the synthesis of efficient, green piezo-electric materials has captured widespread
attention. The piezo-electric nature in biopolymers, especially in peptide-based
biopolymers the piezo-electric nature is observed in those containing L- and D-amino
acid isomers but is absent in the DL forms. It can be attributed to the C=0...CHs
interactions in the isomers that result in piezo-response. Various reports showed that
piezo-electric properties of biopolymers vary greatly with their shape, phase, growth
orientation and water content [105]. In fact, collagen fibrils predominantly in axial
direction are much stronger piezo-electric response than those in radial direction
probably due to polarization. Among the various forms of chitosan, the a-chitin form
found in crab shells and butterfly wings can exhibit piezo-response due to their non-
centrosymmetric crystal structure having intrinsic molecular polarization. Although
various works have been reported on biopolymer-based piezo-electric material synthesis
and application in nano-generator and sensor fields, piezo-catalytic-based wastewater
treatment has yet not been much invaded [106]. A recent report by Karaca et al. shows
the generation of piezo-catalytic response in montmorillonite-loaded natural chitosan
biopolymer by using ultrasound that can efficiently degrade various dyes like Acid
Orange (AO7), Basic Red (BR4), Basic Yellow (BY2 and BY28) in aqueous solution.
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According to the report, the chitosan structure has -NHs* groups which are attracted to
the negatively charged clay moiety. Such alteration in microstructure enhances the
polarizability of the composite system and contributes toward higher piezoelectric
potential. When this polarized system is stimulated through ultrasonic vibration, an
electric field originates which further promotes the generation of free reactive OH”
radicals causing degradation of the dye. This method can even efficiently remove as
much as 82.74 % of the dye within an hour. Although various works have been done by
piezoresponsive membranes but most cases researchers have incorporated chemically
derived piezoelectric materials into the polymeric matrix and made highly polarized
film by an external electric field [107]. A minimal amount of interest has been paid on
natural nanomaterial-based self-poled polymeric matrix. In this work, the enhanced
physicochemical properties of natural clay have been used to fabricate highly efficient
self-poled piezoresponsive polymer for carcinogenic organic dye degradation and non-

invasive source-mediated piezoelectric energy generation.
1.8 Aims and Objectives

It has been found that in the last few decades, piezoelectric materials have gained
interest in energy generation by piezoelectric nanogenerators (PENG) and wastewater
remediation. But conventionally researchers incorporate chemically derived
piezoelectric materials into the polymer without taking into consideration their toxic
effects or directly using them in wastewater remediation. Such chemically derived
nanomaterials have an intrinsic toxicity along it can generate secondary pollutants after
degradation which may be harmful to the aquatic biota [108]. On the other hand,
researchers generate piezoelectric energies from mechanical sources that may consume
power. Keeping in mind the toxic effects of chemically derived piezomaterials and non-
invasive mechanical energy sources this thesis will try to develop some piezo-
responsive materials for mitigating such devil issues of society by selecting fascinating
nanocomposites and mechanical energy sources. Before the selection of materials, there

should follow some key factors in mind,

¢ Preparation of biocompatible, cost-effective, abundant nanomaterial.
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%+ Comprehensive and meticulous characterization of the nanostructured samples
using
various characterizations. Particularly, emphasis will be given to Rietveld
refinement-based crystallographic studies to validate the primary reason behind
crystal defects and physicochemical properties.

+« Fabrication of polymeric piezo-responsive materials (synthetic-polymer, bio-
polymer).

¢ Investigation of piezoresponsive properties of the membranes by various
experimental and theoretical (Density functional theory) characterization tools.

«* Investigation of piezoelectric energy generation and piezocatalytic wastewater
remediation efficacy of the membranes for fabricating a biocompatible, cost-
effective energy harvester and water remediator.

1.8.1 Selection of Materials

Material selection and cost-effective synthesis protocols are the key factors for low
production cost and mass-scale production. Aluminosilicate nanomaterials are well
known for their stability, easy phase transition, biocompatibility, and enhanced
physicochemical properties in nano regimes. By keeping these factors in mind non-
toxic, abundant, cost-effective natural layered structured aluminosilicate (kaolinite or
China clay) has been selected in this work. Kaolinite is a layered structured clay having
silica tetrahedra and alumina octahedra that have been found naturally in China,
raajmahal (India), a highly stable clay obtained by the weathered fraction of potassium
feldspar. A top-down synthesis protocol was used to nanonize the natural bulk kaolinite
by a simple ball mill grinder. The enhanced surface, and physicochemical properties of
nano-clay and its modified counterparts by structural evolution and foreign element
incorporation ware used to fabricate polymeric piezocatalyst by poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) and chitosan. These multifunctional

materials were selected for keeping mind some key factors that’s are,

¢+ High surface properties
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+«+ Non-toxic, Low-cost and biocompatible
¢+ Impressive structure-property correlation
+¢+ Structural and thermal stability

¢ Possibility of mass-scale production

1.8.2 Organization of the Thesis
Chapter 1: Introduction and Methodology.

Chapter 2: Investigation of Different Physicochemical Properties of Natural Kaolinite
Clay by Particle Size Modulation.

Chapter 3: Synergistic Impact on the Microstructure and Physicochemical Properties of
Nano-Kaolinite Upon MWCNT Incorporation and Basal Plane Intercalation.

Chapter 4: Optimizing Polarizability and Charge Storage Capacity through Varying

MWCNT Concentration in Nano-Kaolinite.

Chapter 5: Exploring Piezocatalytic Wastewater Remediation and Piezoelectric Energy
Generation in MWCNT-Integrated Kaolinite decorated poly (vinylidene fluoride-co-

hexafluoropropylene) Membranes.

Chapter 6: Development of Chitosan Biopolymeric Membranes-based Piezocatalyst and
Energy Harvester by Incorporating Structurally Modulated & 1% MWCNT-doped

Kaolinite Clay Nanoparticles.

Chapter 7: Conclusions and Outlooks.

1.9 Methodology

1.9.1 General synthesis procedure of nano kaolinite

Initially, the purchased bulk kaolinite sample was crushed with the help of a diamond
mortar manually to reduce the agglomeration. A part of the crushed sample was sieved
with the help of a 400-mesh sieve. The sample above the sieve was collected as the bulk
fraction and the sample below the sieve was kept for further mechanical milling process.
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5 gm of this sieved sample was then subjected to mechanical milling in a Fritsch
Planetary Mono mill Pulverisette 6 ball-mill machine with the help of tungsten carbide
vial and balls for 48h at 150 rpm. The milled clay sample was washed in water and then
collected and dried in a hot air oven. The dried sample was further washed in acetone to
reduce impurities and dried in a hot air oven for another 12 h at 60°C. Finally, the dried
fine sample was collected and sent for characterizations. It has been found that the
milled clay acquired particle size in 70-90 nm which is in nano regime.

1.10 Characterizations and experiments of the samples
1.10.1 Structural, morphological, and elemental characterizations

Natural materials may contain various impurities and crystallographic defects. Hence
the determination of its purity is of utmost importance. XRD is an efficient
characterization tool for detecting and quantifying such impurities that occur at the

microstructure. It can determine the crystalline structure and other important

microstructural parameters as well.

Figure 1.7. X-ray diffractogram (XRD) facility of Jadavpur University, Department of
Physics.

A Bruker D-8 advanced powder X-ray diffractometer with Cu-Kao target having a
wavelength of 1.5418 A was employed to find the X-ray diffractograms. The operating
voltage and current during the measurement were set up at 35 kV and 35 mA [109]. The

30| Page
D. Mondal, Jadavpur University



Introduction & Methodology

scan speed and increment of angle were set up at 0.5 s per step and 0.0125633°
respectively. The diffraction maxima of the clay samples corroborate with JCPDS card

no. 80-0886, which suggests the materials to be kaolinite.

The absence of any unwanted diffraction peaks is the primary evidence of its purity. The

XRD diffractograms were

—

further refined using the
Rietveld software package
MAUD v2.8 (Material
Analysis Using
Diffraction) for structural

and microstructural

investigations.  Initially,
the refinement of the
diffractometer and the
detector was done by

Sample Holder — imposing standard

Caglioti PV functions.

Instrumental ~ broadening
Figure 1.8. Fourier transform Infrared Spectroscopy

(FTIR) facility of Jadavpur University, Department of
Physics. this cycle. A standard

was also corrected during

crystallographic
information file (.cif) of pure kaolinite (AMCSD file no. 1550598) was used to refine
the experimental diffractograms. Various microstructural parameters, such as unit cell
dimension, crystal size, and microstrain were refined to get promising fitting results.
The Popa size-strain model was adopted to evaluate the crystal sizes and microstrain
values. The computed .cif files were analysed using Vesta v3.4.3 to vizualise layered
structures of alumina and silica inside the kaolinite unit cells. The diffractograms of

polymeric membranes also been collected by the XRD technique.

Phase purity at the molecular level was investigated by bonding network analysis with a
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Fourier transform infrared (FTIR) spectrophotometer. An IR Affinity 900i, Shimadzu

Infrared Spectrometer was used in this experiment. The thin membranes were placed

over the path of infrared light and the data in a region of 400-1000 cm™' wavenumbers

was recorded whereas the powder clay sample was analyzed by an ATR (attenuated total

reflectance) directly by powder sample within the range of 400-4000 cm ™! [110].
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Figure 1.9. Field Emission Scanning FElectron Microscopy facility of Jadavpur

University, Department of Physics.

Whereas, the surface and morphological properties of the natural clay and fabricated

nanocomposite membranes were visualized by a field emission scanning electron
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microscope (FESEM). An INSPECT-F50, FEI FESEM employed to collect the
micrographs. Additionally, a JEM-2100 Plus, JEOL transmission electron microscope
(TEM) was used to investigate the micrographs of the natural clay. Powdered
nanoparticles and small pieces of membranes were cast on carbon tape and coated by
gold plasma deposition to collect the micrograph under FESEM with an operating
voltage of 20 kV [111]. On the other hand, well-dispersed kaolinite nano clay in acetone
was cast on a 300-mesh carbon-coated copper grid to collect the TEM micrograph
operated at 200 kV bias voltage [112]. Whereas, investigation of the elemental
composition of the natural kaolinite and fabricated nanocomposite membranes were
analyzed by Bruker, QUANTAX EDS, and mapping techniques, which were equipped
with the said FESEM instrument [113].

1.10.2 Surface Properties Investigation of the natural kaolinite

Natural aluminosilicate clays pose promising surface properties in nano regimes due to
the enhancement of their high surface-to-volume aspect ratio. The surface area,
porosity, and surface charge play pivotal roles in any nanoparticles interacting with
another. The Brunauer—-Emmett-Teller (BET) and Barrer-Joy-ner-Halenda (BJH)
method using N> gas adsorption-desorption have been employed to study the surface
area and pore structures of the samples. A Twin Surface Area Analyzer, Quanta-chrome
Instruments, USA was employed for this purpose. Whenever a Zetasizer, Malvern was
used to determine the surface charge of the sample. To find the surface charge the
natural samples were dissolved in deionized water bay maintaining a 1mg/ml
concentration. The high negative surface charges of the clay and its modified

counterparts validate the electrostatic interaction of clay with polymeric chains [114].
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Figure 1.10. Transmission Electron Microscopy (TEM), Jadavpur University.

1.10.3 Estimation of the thermal stability of the materials

Thermal characterizations are very
much needed for any materials as
the physicochemical properties,
such as dielectric constant, specific

capacitance and conductivity, and

Sample

optical band gap are quite

)
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~
=
)
I
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vulnerable to temperature

fluctuations. Differential thermal

Figure 1.11. Thermogravimetric analysis (TGA), @analysis and  thermogravimetric

Jadavpur University, Department of Physics.
have been performed to check the
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temperature stability of the synthesized natural samples and the polymeric membranes.
A DTG-60H, Shimadzu has been employed to understand the structure—property
correlation in this aspect maintaining a heating rate of 10°C/min under a nitrogen
atmosphere. For this purpose, a very small amount of sample (10-20 mg) was taken into
the platinum pan and placed over the instrument. Natural kaolinite shows a high-
temperature stability up to 600°C whereas the polymeric membranes are also stable up
to 200°C which validates that the piezocatalyst does not alter their efficiency in a wide

temperature range [115].
1.10.4 Electrical properties investigation of the samples

The dielectric property reflects the charge storage ability of a sample. It depends on
numerous parameters, such as grain size, temperature, humidity, frequency of the
external electric field, etc. The total dielectric permittivity consists of two functions,
namely, the real part of the permittivity (¢) and an imaginary part (¢”). The real part
depicts the charge storage capacity, whereas, the imaginary part implies the electrical

dissipation factor. These two terms are associated as [116]

Where ¢ is the total dielectric permittivity of the material. Whereas, the real part of the

permittivity can be calculated by using the relation [116],

Where, Cp is the capacitance of the material, d and A are the thickness and area
respectively of the solid pellets or membranes that are used to measure the permittivity
and ¢o is the free space permittivity (8.854E-12 F/m). Herein, 100 mg of each clay
sample has been pressed by using a hydraulic press system to form solid pellets.
Whereas, in the case of the membrane sample the membranes were cut having an area
of 1cm?. Both sides of these pellets and membranes were covered by copper strips that
acted as electrical contacts. A 4294A Precision Impedance Analyzer, Agilent was used

to study the electrical properties of these samples. The frequency-dependent permittivity
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plots show a gradual reduction of electrical permittivity in the higher frequency domain.
Such reduction is visible in all the samples. This type of frequency response could be
analyzed by Maxwell-Wagner-Seller interfacial polarization. Generally, dielectric
materials have conductive grains inside insulated grain boundaries. The energy of the

external electric field at the lower frequency domain is insufficient to pull out these

conductive grains from grain boundaries and results in an electrical polarization.

Figure 1.12. LCR-meter facility of Jadavpur University, Department of Physics.

This low-frequency polarization contributes to the total dielectric constant as stated in
Koop’s theory. However, the higher field frequency is capable enough to free the
charges from the insulated boundaries and results in a lower permittivity value. The
tangent loss has also been investigated to estimate the dissipation factor of the entire
sample set. The ac conductivity of the materials has also been studied by the relation
[117],

Opge = 2TfE€Q€'tANS ..., 1.5

Where f is frequency, €o is the permittivity in free space, and € is the permittivity of the
membranes. The conduction mechanism of the clay samples has also been studied in
terms of frequency and temperature variations. The frequency responses show higher

conduction in the high-frequency domain. The charged grains escape the grain
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boundaries after getting sufficient activation energies (Ea) at high frequencies. The

activation energies have been calculated using the Arrhenius equation, as follows [118],

Eq
KpT

o = gpexp(—

where Ea is the activation energy for conduction oo is the pre-exponential factor, Ky is
the Boltzmann constant and T is the temperature is the Kelvin scale. The activation
energy tends to increase with increasing field frequencies making the grains more
transportable at higher frequencies. The dependence of ac conductivity on frequency for
the entire set of samples has also been studied through Jonscher’s universal power law

[119],
Oac =Bw" o 1.7

here, B and n are constant terms. B has the unit of conductivity and n is a dimensionless
constant term. The non-zero values of n refer to the frequency-dependent conduction
mechanism. It has been calculated for each sample by plotting Inc against Inw. The n
values of the clay samples varied between 0.51 and 0.92 suggesting the non-Debye type
conduction mechanisms for all the samples. Additionally, these n values validate the

diffusion-limited 1-D hopping of the charge carriers through the sample.

Charge transport is an essential parameter when it comes to energy harvesting.
Impedance spectroscopy can substantiate this in the microstructural proximity. Herein,
the impedance spectra of the synthesized clay samples have been investigated to
understand the role of microstructural modifications on carrier mobility. The R-X
spectra were further fitted with an equivalent circuit model using the EIS spectrum

analyzer v.1.0 program to find the charge transport phenomenon [120].

The cyclic voltammetry has been performed for further exploitation of the samples as
having promising electrochemical properties. Typically, a two-electrode Netware BTS
battery tester within certain voltage range was employed to conduct the electrochemical

measurements. The voltammograms show typical electronic hysteresis loops. The
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corresponding specific capacitances (CP) have been calculated using the following
relation [121],

R 18

vV ms(E1-E2)

here, m is the mass of the material, s is the scan rate, E1 and E2 are limiting values of
the potential window, and fEElzl(E)dE is the area under the CV curve. Moreover, to

assess the increment of storage capacity and discharge rate samples, galvanostatic

charge—discharge has been performed.

Moreover, the polarizability of the samples has been investigated theoretically by using
density functional calculations (DFT). In a typical process, the theoretical model of
nanocomposite membranes has initially been designed by Avogadro v.1.2.0 software
package. Orca v.4.2 software has been employed for frequency and geometry
optimization of the model. The simulations have been performed using the Becke, 3-
parameter, Lee-Yang-Parr (B3LYP) functional combined with 6-311 G* basis set, and
RIJCOSX auxiliary basis set. The vibrational modes have been found positive in both
cases, which validates the authenticity and stability of the models [122]. Whereas,
experimental polarizability has been done by the polarization-electric field (P-E loop)
study using precision premier-1l (Radiant technologies). The room-temperature
polarization-electric field (P-E) hysteresis loop at 10 Hz in the £ 200 kV/cm range was
taken. The area within the loop corresponds to the heterogeneous charge density and
indicates the charge storage capability of the material. The membranes show strong
remnant polarization (Pr) value which suggests the intrinsic polarization and self-poled
efficiency of the membranes.

1.10.5 Estimation of piezoelectric performance of the nanocomposite membranes

The piezoelectric energy harvesting devices are developed by polymeric membrane-
based piezo-responsive samples having a definite dimension. Conducting electrodes are
then mounted on both sides with copper wires to establish a rigid connection with the
measuring device. The entire ‘sandwiched structure’ was then covered with a robust
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polyethylene terephthalate (PET) jacket to arrest any kind of mechanical damage or
malfunction. This PET jacket also makes this device water-repellent. The mechanical
stress dependent piezoelectric open circuit voltage generation of the fabricated
membranes was investigated by a digital storage oscilloscope (X 3012 A, Keysight)
connected with the device by an Agilent N2862B 10:1 passive probe. Whereas, the short
circuit piezo current of the same has also been measured by using a DAQ6510, Keithley
data acquisition multimeter system. The piezoelectric coefficients (dsz3) have been

calculated for the membranes by using the following relation [123],

Where C, is the specific capacitance, V is open circuit piezo voltage and F is the applied

force. The force has been calculated in terms of energy conservation,

Where m is the mass of a striking object on the device, v is the velocity of the object, h
is the height of the object from where it falls, and g is the acceleration due to gravity.
Velocity has been calculated by equation 1.10 for the height of h cm.
Now, the equation of momentum is:

MV=(Fmg) At ......oviiiiiiiiiiiiiene, 1.11
Therefore, the applied force F is:

F=mV/At+g) v, 1.12

where At is the full width at half maxima of the output voltage vs the time graph.
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Figure 1.13. a) Digital Storage Oscilloscope (DSO) (X 3012 A, Keysight), b) DAQ6510,
Keithley data acquisition multimeter system, Jadavpur University, Department of

Physics.

1.10.6 Piezocatalytic wastewater remediation by optical instruments

The nanocomposite membranes, which have shown high isotropic polarizability, have a
promising piezo coefficient along with significantly high piezoelectricity under external
mechanical stimuli were selected for piezocatalytic application. An efficient charge
separation under mechanical stress paved a path to exploit this material forming reactive
oxygen species (ROS) such as e, h*, OH*, *O, - as prescribed by Hong et al. in their
revolutionary work. It is observed that these reactive radicals can decompose organic
pollutants such as dyes in an aqueous medium. Herein, the membranes have been used
to degrade Rhodamine B (RhB) and Congo Red (CR) dye under ultrasound stimulus. In
a typical catalysis experiment, 15 mL of 2.5 ppm Rhodamine B and Congo Red solution
have been taken in a glass vial and 1 cm x 1 cm membranes have been placed in the
solution. The vial was then submerged in a Telsonic ultrasonic bath sonicator having a

frequency of 30 £ 5 kHz and an ultrasonic power of 50 W.

40| Page
D. Mondal, Jadavpur University



Introduction & Methodology

i

UV-1900i

Figure 1.14. UV-Vis Spectroscopy facility of Jadavpur University, Department of
Physics.

Prior to each experiment, the sample was immersed in the dye solution for at least 30
min to ensure full adsorption. Moreover, to eliminate any photonic contact during the
experiment, the whole experiment was conducted in a dark condition. The ultrasound-
mediated heating was eliminated by using a temperature-controlled water bath system.
After each 10-minute interval, samples were taken out from the vessel, and the
absorption spectrum was measured in a UV-1900i, Simadzu, UV-Visible
spectrophotometer to ensure the catalytic activity of the membranes. It is found that the
characteristic absorption maximum of RhB and CR degrades gradually under the
external stimulus. The color of the dyes also faded with the duration of the ultrasound
treatment and finally depicts full transparency under a certain time of treatment. The
percentage piezo degradation efficiency 1 of the nanocomposites has been investigated

by using the relation [123],

M=% 100 % oo 1.13

Co

Where Co initial dye concentration and C is the final dye concentration. To verify the
catalysis mechanism, the first-order kinetics, scavenging, and trapping experiments have
been performed. In reality, piezocatalysis primarily depends on reactive radicals,
especially ROS. The reactive oxygen species (ROS) generates during the catalysis
experiment further decompose the hazardous dyes. Mainly four radicals, namely (*OH),
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holes (h*), superoxide radicals (O™ ), and electrons (") may be produced during the
catalysis to decompose the dye solution. Scavenging experiments have been carried out
to find the dominating ROS radical. Initially, 15 mL of 2.5 ppm dye solution was taken
into four separate glass containers, and 1 cm x 1 cm pieces of the membranes were
immersed in it. Later, para benzoquinone (BQ), AgNO3, ethylenediaminetetraacetic
acid (EDTA), and tertiary butyl alcohol (TBA) have been added to the solution
maintaining 0.5 mM of the concentration and exposed under the ultrasound. Further, the

first-order kinetic constant (k) has been measured by using the following relation [123],

The kinetic constant k has been measured by the slope of the plot In (C/Co) against time

to find the dominating

ROS. The presence of
hydroxyl radicals in the
piezocatalytic  reaction
mixture has been
investigated by  the
photoluminescence-

probing technique of
terephthalic acid (TPA).
Initially, 0.01 gm TPA
has been added to the 15

Source
| i

mL 2.5 ppm dye solution
and exposed to

ultrasound. 2 mL of the

solution was taken every

Figure 1.15. Photoluminescence (PL) Spectrophotometer 10 minand  the
of Jadavpur University, Department of Physics. fluorescence intensity

was measured by a Cary

Eclipse Fluorescence Spectrophotometer, Agilent Technologies. An excitation
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wavelength of 315 nm was set and the fluorescence intensity was visualized at 415 nm.
In reality, terephthalic acid reacts with OH* radical and generates fluorescent hydroxy
terephthalate (nTPA) upon hydroxylation and increases the fluorescence intensity [123].

1.10.7 Antimicrobial assessment studies of the membranes

Using a typical Gram-negative coliform bacteria Escherichia coli (E. coli) and Gram-
positive coliform bacteria Enterococcus faecalis (E. faecalis), the disinfection process
of bacteria exploiting piezocatalysis was investigated. The bacterial cells were cultured
in Luria-Bertani (LB) broth for a whole night at 37 °C with constant shaking (120 rpm).
Six clean glass vials were filled with 10 mL of the aliquots, and two rectangular films
(1cm x 1 cm) of membrane were put into two of the vials. Without any film and without
being exposed to ultrasonic treatment, the vials served as the control group. The other
four vials, two containing only the culture of E. coli or E. faecalis accordingly which
were subjected to ultrasonic vibration, and another two comprising bacterial cultures
and membranes both were subjected to ultrasonic treatment. At specific intervals of 10
minutes, 100 pl of the bacterial suspension from each vial was extracted and evenly
distributed onto agar plates that had solidified at a dilution ratio of 10%. Each one was
collected in triplicates, and the following formula was used to determine the mortality

(%) based on the colony counting method [124].

M% = (B%) X100 oo 1.15

Where M is the mortality rate (%), and B and C stand for the mean of bacterial colony
(CFU mL?Y in the control and treated samples, accordingly.
Dichlorodihydrofluorescein diacetate (2', 7") was used to measure the formation of ROS
in each case. Every time, 1 mL of aliquots were extracted, followed by a PBS solution
wash and the addition of a 10 uM DCFDA solution. A spectrophotometer was used to
detect the fluorescence intensity of the solutions after they were left in the dark for a
further 30 minutes (excitation at 404 nm and emission at 525 nm). (28) Specifically,
DCFH-DA reacts with ROS to create 2’, 7' -dichlorofluorescein (DCF), which increases
fluorescence and signals the production of ROS. The precipitates from the bottom of
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each vial were collected and twice washed with filtered PBS solution at 5000 rpm for
five minutes to perform bacterial FESEM. Subsequently, the pellets were mixed with
paraformaldehyde solution and serially diluted with ethanol at different concentrations
(5%, 20%, 50%, 75%, and 100%). Before the FESEM analysis, the solutions were

dried, drop-casted onto clean coverslips, and then sputter-coated with gold [124].
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Figure 1.16. Portrays the mechanism of ROS-mediated bacterial damage, disruption of

o 7/

the membrane integrity, and simultaneous leakage of cytosol.
1.10.8 Biocompatibility study of the nanocomposites

Using previously published methods, the in vitro hemolysis test was used to evaluate
the biocompatibility of nanocomposite membranes in red blood cells (RBCs). RBCs
were extracted from fresh Sprague Dawley (SD) rat blood, purified in sterile PBS, and
then mixed with dispersions of varying concentrations of nanocomposites. The controls
were red blood cells exposed to ultrapure water (positive control) or treated with PBS
(negative control). After an hour of incubation at 37°C, samples were centrifuged at
3000 rpm for 5 minutes, and the absorbance at 540 nm was determined. The hemolysis
ratio was calculated using the given formula while considering the sample's absorbance
values [124].
Hemolysis rate (%) = Us=Anc) o 100%......c.cuvn.... 1.16
Apc—Anc
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In contact with blood cells, the nanocomposites demonstrated a remarkable capacity to
minimize hemolysis or the rupturing of red blood cells. Hemolysis may result in
excessive bleeding and inflammation, impeding a lesion's healing ability. Because
composites prevented hemolysis, that would instigate the nanocomposites to have no
such cytotoxic effect in cells (RBCs). The red blood cells in the water completely burst,
causing the solution to turn crimson in control. The samples having hemolysis rate less
than 5 % are treated as biocompatible sample and it can be used in in-vitro or in-vivo

biological experiments.
1.11 General summery

This thesis delves on the synthesis of natural kaolinite nanoparticles and its modified
counterparts-based piezo-responsive materials. In a typical way the surface properties
and other physicochemical properties of natural kaolinite clay have been modified and
enhanced. Further these nanomaterials were characterized by conventional
catheterization tool like XRD, FESEM, TEM. Along with the conventional
characterization, surface properties, and electrical polarization of the clay and its
modified counterparts have also been investigated. The enhanced surface properties
(surface charge and surface area) and electrical properties of the clay further used to
fabricate biocompatible, self-poled, free-standing nanocomposite membranes by
incorporating them into both synthetic and bio-polymeric matrix to enhance their piezo-
responsive properties. The enhanced piezo-response of the nanocomposite membranes
further used to eradicate contaminants from wastewater along with non-invasive energy
generation. This fascinating tool of biocompatible nanocomposite-based wastewater
remediation and simultaneous energy generation may serve the society in water

technology and mitigating energy deficiency in mass-scale if properly improvised.
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Chapter 2

Investigation of Different Physicochemical Properties of Natural Kaolinite Clay by
Particle Size Modulation.

2.1 Introduction

In recent times, numerous works have been going on the synthesis and characterization
of different nanocrystals. In this regard hybrid materials having high performance
gaining interest due to the limited applicability of single metals, polymers, or ceramics
[1]. Another big issue is biocompatibility. Researchers are trying to develop
biocompatible hybrid materials after the escalated development of nanotechnology.
Natural materials are gaining attention in this field for their promising physicochemical

properties in nano regimes [2].

This chapter emphasises the effect of nanonization on the functionalization of naturally
formed kaolinite clay; one of the most abundant clay minerals on the Earth’s crust [3].
Despite the abundance of kaolinite in nature, an insufficient amount of interest is given
to studying the electrical properties of this material as a function of size, temperature,
and crystallinity. In general, kaolinite is reported to have a lower dielectric constant
value of 11 at microwave frequency and is mostly used in the ceramic and porcelain
industry. To enhance the dielectric constant and to reduce the tangent loss, various
dopants like NaF, Fe, Mn, Co, Cr, Co, Ga, Mg, and Mg-Ni are used or sintered at very
high temperatures [4]. In contrast, mechanical grinding is a facile, cost-effective
technique that not only reduces the hassles associated with firing at higher temperatures
or chances of secondary pollution from dopants but also shows a significant increment
in the dielectric permittivity value. Hence in this chapter, a facile ball-milling approach
has been followed herein to achieve kaolinite nanostructure to enhance dielectric
properties to meet the practical application [5]. Moreover, a detailed analysis of
crystallography and microstructure-mediated dielectric property variation and
temperature stability study has been performed. The analyses of the dielectric constant
and conduction mechanism of this green material show that the sample in the nano-
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domain has the lowest degree of crystallinity along with the highest charge storage
capacity compared to its other fractions [6]. This naturally available clay mineral is a
low-cost material that depicts augmented electrical permittivity in nanodomain along
with promising resistivity and nominal tangent loss, which is discussed in this chapter
for the very first time with various experimental evidence. This high electrical
permittivity value makes this nano-kaolinite sample an ameliorative agent for
fabricating the separator layer of the green capacitors, which will minimize the
manufacturing cost along with the environmental pollution [7]. Additionally, these
enhanced physicochemical properties suggest that this nano-clay is efficient in
interacting with other nanomaterials for fabricating hybrid nanocomposites for various
applications for the sustainable development of nations.

2.2 Experimental Details
2.2.1 Materials

Natural kaolinite (Al>Si>Os(OH)4) clay was obtained from Hindustan Minerals, India.
The potassium bromide and acetone used in the experiment were purchased from
Merck, India. All the purchased reagents are of analytical grades and were used without
any further purification. Millipore water used in the following experiments has a

resistivity of approximately 18 MQ-cm.
2.2.2 Synthesis method

Initially, the purchased kaolinite sample was crushed with the help of a diamond mortar
manually to reduce the agglomeration. A part of the crushed sample was sieved with the

help of a 400-mesh sieve.

(K1) Sieve (K2) 150rpm, 48h (K3)

Bulk Kaolinite | _MO°rar | Moderate Size Fraction | Ball mill Nano Kaolinite

Figure 2.1. Synthesis of different kaolinite size fractions.
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The sample above the sieve was collected as the bulk fraction (K1) and the sample
below the sieve (K2) was kept for further mechanical milling process. 5 gm of this
sieved sample (K2) was then subjected to mechanical milling in a Fritsch Planetary
Mono mill Pulverisette 6 ball-mill machine with the help of tungsten carbide vial and
balls for 48 h at 150 rpm. The milled clay sample was washed in water and then
collected and dried in a hot air oven. The dried sample was further washed in acetone to
reduce impurities and dried in a hot air oven for another 12 h at 60°C. Finally, the dried
fine sample was marked as K3 (Figure 2.1). The entire set of samples was then sent for

further characterization.
2.3 Result and Discussions
2.3.1 Purity and elemental analysis of bulk kaolinite

Table 2.1. Chemical composition (XRF-data) of bulk The elemental analysis of the

kaolinite. kaolinite samples has been done

Compound Concentration (%) by employing EDX and XRF
Si02 66.3 techniques. Initially, the XRF data
Al203 30.7 of the bulk kaolinite has been
TiO2 1.4 plotted in Table 2.1, which
K20 0.6 validates the presence of 66.3% of
Fe2O3 0.7 silicate and 30.7% of alumina in

the sample. It is quite evident
from Table 2.1 that the percentage purity of this sample is around 97.1 %. In reality, the
ratio of alumina and silica in pure kaolinite is 0.5, which is found to be 0.476 in our
sample. This ratio corroborates the fact that the natural kaolinite is quite pure with a
nominal impurity (K20 and Fe>O3) as it has been directly collected from the natural
source. Figures 2.2, and Table 2.2 show the EDX and elemental mapping of the entire

sample set.
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Table 2.2. EDAX data of all samples.
Sample Element Weight

(%)
KL Al 1458

Si 33.87

0 51.55

K2 Al 10.88

Si 24.27

0 64.85

K3 Al 20.83

Si 28.34

0 50.82

kaolinite samples sh(_)wing the presence of Al, Si, The EDX spectra confirm the traces

and O in the samples of Al, Si, and O in each case.
Elemental mapping by FESEM provides qualitative information about the distribution
of elements shown by different colors that are present in the scanned area. It is observed
that the marked elements (Al, Si, and O) are present in the scanned area in a uniform

manner confirming the purity of the samples.

2.3.2 Determination of crystalline structure and microstructural properties of

treated kaolinite samples

The diffraction maxima of the clay samples (Figure 2.3) corroborate with JCPDS card
no. 80-0886, which suggests the materials to be kaolinite. The absence of any unwanted
diffraction peaks is the primary evidence of its purity. A standard crystallographic
information file (.cif) of pure kaolinite (AMCSD file no. 1550598) was used to refine
the experimental diffractograms. Various microstructural parameters, such as unit cell

dimension, crystal size, and microstrain were refined to get promising fitting results [8].
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Figure 2.3. a—c Indexed XRD pattern (red line) of the sample K1, K2, and K3, and the
simulated Rietveld refinement plot (continuous black line) obtained by fitting the
experimental PXRD pattern using the MAUD program. The respective residue is plotted
at the bottom (blue line); d—fbond angles and bond lengths of K1, K2, and K3,
respectively, from refinement data; g—i Separation of alumina-silica layers in K1, K2,
and K3, respectively.

The anisotropic crystal size is found to be 113 nm for K1 which has been greatly
reduced to 37 nm in nano-engineered K3 sample. The enhancement of microstrain value
with decreasing crystallite size is another major outcome of this study. In reality, ball
milling reduces the particle dimension drastically by reducing the a and b sides of the
unit cells and resulting in augmented microstrain values. Fascinatingly, the ¢ side of the
unit cell increases a bit with decreasing crystallite size. This may be due to the enhanced

alumina-silica interlayer spacing (basal spacing) in this direction (Figure 2.3: g, h, i).
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Table 2.3. Structural and microstructural parameters of the samples were obtained
from various characterization techniques including refinement of the XRD
diffractograms.

Microstructural

K1

K2

K3

parameters
a(A)
b (A)
c(A)
a (%)
pC)

v (®)
Volume (A3%)
Rup (%)
Rp (%)
Crystallite size
(nm)

Micro-strain

Surface area (m?g™)

Pore size (hm)
Pore volume
(mL/g)
Alumina-Silica
basal spacing (A)
Al-O bond length
(A)

Si-O bond length
A)
Al-O-Al angle (°)
0O-Si-0 angle (°)
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5.201 + 0.002
9.006 + 0.003
7.357 +0.002
91.00
105.11
91.09
326.568
4.71
2.58
114

0.0016

123.7

5.4

0.206

3.78

1.819

1.745

1345
114.8

5.171 £ 0.001
8.958 + 0.002
7.409 + 0.002
91.61
104.87
89.96
329.610
6.74
3.00
104

0.0023

126.6

155

0.491

4.54

1.776

1.664

114.7
1131

5.142 + 0.001
8.956 + 0.002
7.430 + 0.001
92.10
104.89
90.40
331.491
6.32
4.52
38

0.0028

129.2

18.7

0.520

4.77

1.746

1.444

132.9
89.1
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The texture analyses along with the atomic positions were also refined to get reasonable
fitting data. The global reliability parameters (Rwp and Rp) are relatively low implying
the consistency of the refinements [9].

All the parameters were refined for at least fifteen cycles and corresponding refinement
results (Table 2.3) showed layered structures of alumina and silica inside the kaolinite
unit cells. The separation of these alumina-silica layers is measured confirming a
gradual increment of this basal separation with decreasing crystallite size. In the case of
K1, the basal spacing is around 3.78 A, whereas, it is found to be 4.77 A for K3. Not
only does the alumina-silica separation vary, but also the cell volume is enhanced with
decreasing crystallite size. This may be due to the bond energy minimization caused by
ball-milling, which slackens the bond structure in the ball-milled samples (especially
K3) [10]. Henceforth, bond lengths and bond angles have been calculated (Figure 2) to
justify this part. With increasing treatment time, Al-O and Si—O bond lengths have been

—~ 1.0F

slightly reduced which
further reduces the Al-
O-Al and O- Si-O
angles  (Table  2.3)

resulting in  enhanced

e
n

basal separation (Table

T ’ * : ' ! 2.3). Thus, it is observed

that external stimulation,

Normalized Transmittance(a.u

0.5
such as  ball-milling
0.0 £ ; , , : , ‘ o .
500 1000 1500 2000 2500 3000 3500 4000 Slgnlflcantly Influences
Wavenumber(cm'l) the crystal structure of
Figure 2.4. Normalized FTIR spectra of the samples K1, k2 hatural  kaolinite  clay
and K3 [11].

2.3.3 Spectroscopic study and bonding network analysis
Phase purity at the molecular level was investigated using FTIR spectrometry and it is
depicted in Figure 2.4. The absorption bands situated at 431, 460, and 520 cm™ are

65| Page
D. Mondal, Jadavpur University



Chapter 2

attributed to Si-O, Si—O-Si, and Si—O-Al bending, respectively. Absorption bands at
695 and 798 cm™ are attributed to Si—O bending. The deformation of AI-AI-OH bonds
creates its signature absorption band at 919 cm™[12]. The band corresponding to Si-O
stretching mode is observed between 940 and 1150 cm™. Such observations suggest that
the samples are kaolinite as they have signature vibrational bands in their respective
positions. The vibrational band located at 1643 cm™ corresponds to the H-O—H bond
vibration. The band related to the bending of H-OH can be observed at 3627 and 3695
cm™? due to the presence of external and internal —OH, respectively. These bands are
reduced greatly in the K3 sample depicting the fact that K3 absorbs less moisture from
the local environment than the other two size fractions. Absorption bands observed at
2334 and 2367 cm™ are caused due to the presence of adsorbed atmospheric CO, [13].

2.3.4 Morphological studies and particle size analysis

The FESEM micrographs are provided in Figure 2.5. Kaolinite generally shows basal
and edge surfaces and hexagonal plate-like structures. FESEM micrographs show that
particles of K1 are an admixture of distinctly large and heavily agglomerated, along
with the presence of a few smaller particles [14]. These plate-like structures have
diameters around 300-310 nm. This is due to the uneven grinding of natural kaolinite
by mortar. K2 on the other hand shows evenly distributed sheet-like structures of
kaolinite having diameters ranging from 200 to 220 nm. The width of the size
distribution for K2 is smaller than that of K1 as Figure 4 suggests. This evenly
distributed particle size is attributed to the sieving during size fractionation. In the case
of K3, the particle size reduces significantly. K3 sample possesses an average diameter

of 90-100 nm, which makes it a natural nano-system [15].
2.3.5 Surface area and porosity analyses

Estimation of average surface area and surface porosity of the prepared samples (K1,
K2, and K3) were done by employing the BET-BJH method. The adsorption—desorption
isotherms obtained along with pore size distributions are illustrated in Figure 2.6. The
hysteresis loop obtained from these experiments suggests the type 1V isotherm,
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presumably due to the presence of mesopores. In the case of K2 and K3, volumes of
adsorbed and desorbed N> gas are very similar to each other, unlike K1, which might be
due to the uniformity in size distributions, as seen in FESEM micrographs. The surface
area obtained for K1 is found to be 123.7 m? g%, while for K2 and K3, it is found to be
126.6 and 129.2 m? g, respectively. Thus, there is an increase in surface area with
decreasing particle size. The average pore diameter was found to be 5.4, 15.5, and 18.7
nm for K1, K2, and K3, respectively.

Similarly, the pore volume also increases with a decrease in particle size, which
suggests the nanonized K3 sample to be a promising material for various industrial

applications [16].

Count
Count
Count _

0 100 200 300 400 500 600 700 S0 100 150 200 250 300 330 400 43 U6 20 40 60 50 100 120 Ied 160 186 200
Size (nm) Size (nm) Size (nm)

Figure 2.5. FESEM micrographs of the samples a K1, b K2, and ¢ K3, corresponding
size distribution plots from the FESEM images (d—f).
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Pore size distribution data for d) K1, e) K2, and f) K3.

2.3.6 Thermal characterization of the natural materials

From DTA-TGA measurement it has been found that the overall mass loss is highest in

DTA (V)

=204

-25

-15-

(2)

100.0 4

Mass loss (%)

99.2 4

T T T T T T T T
20 40 60 80 100 120 140 160 180 200

Temperature (°C)

Temperature (°C)

Figure 2.7. (a) DTA and (b) TGA data of the samples
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the K3 sample (6
%), whereas, it is
lower in K1 (0.5
%) and K2 (0.8
%) (Figure 2.7).
This is probably

due to the release

of surface-

adsorbed moisture and CO, from the K3 sample. The enhanced surface porosity of the

K3 sample accommodates a higher amount of moisture and environmental CO; as

stated in our FT-IR result [17]. At higher temperatures, these volatile substances have

been eliminated from the surface of the K3 causing a broad endothermic peak located
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just above 50°C. There is no sign of any alternative phase formation due to heating (up

to 200°C), which makes these samples quite stable [18].
2.3.7 Estimation of dielectric constant and loss tangent of the synthesized samples

The dielectric plots by equation 1.4 were obtained over a range of varying frequencies
(from 40 Hz to 10 MHz) and temperature (30—210°C), as shown in Figure 2.8. Since the
imaginary part of the electrical permittivity has negligible value, hence not presented
here. There is a gradual reduction of permittivity values with increasing frequency is
observed in all the samples. This phenomenon is attributed to the Maxwell-Wagner
interfacial polarization which is primarily formed due to various structural
inhomogeneities, like imperfection in crystal alignment, vacancy, and other crystal
defects created during the sample preparation [19]. This observation is in good
agreement with Koop’s theory. According to this theory, the oscillating dipoles formed
by the free charge carriers are trapped in the grain boundaries [20]. Those are formed
due to structural defects in the low-frequency regime and can easily follow the external
field causing high permittivity values, whereas, at higher frequencies, the dipoles cannot
trail rapidly changing external fields resulting in reduced permittivity. The dielectric
constant observed is significantly higher in the K3 sample as compared to the other size
fractions [21].
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Figure 2.8. Variation of the dielectric constants with frequency (a—c); Variation of the
dielectric constants with temperature (d—f); Variation of the loss tangent with frequency

(g-i) of K1, K2, and K3, respectively.

Space charge polarization, which increased in the case of K3 due to lattice or crystal
defects might have contributed to such a high value of dielectric constant (g). In the

case of K3, the oxygen vacancies created from high-energy ball-milling lead to a higher

number of oscillating dipole formations. The possibility is even enhanced when the

surface area is equally enhanced in this sample due to nanonization. Thus, a higher
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surface area with a greater number of interfacial oscillating dipoles augments the
permittivity value radically, which is reflected in K3 (5.013x10% at 40 Hz) compared to
K1 (29.12 at 40 Hz). The temperature-dependent studies of dielectric constant for all
three samples have been carried out to ensure the real-life applicability of the
synthesized natural materials as dielectric separators [22]. It can be observed from the
temperature response data that the dielectric constants for the entire sample set show
promising values up to 70°C beyond which, a rapid fall has been observed. This rapid
fall of the dielectric constant is primarily due to the elimination of moisture and
adsorbed CO, gas from the porous surface of natural kaolinites. The FTIR data
previously ensured the presence of these volatile elements inside the porous surface of
kaolinite, especially in the K3 fraction due to high porosity and enhanced surface area.
It was also evident from thermal characterizations that the mass loss is quite high in K3
at the said temperature range. Thus, beyond 70°C, a sharp decrement is observed for all
the samples. Although, the dielectric value of K3 at 210°C is (30.30) higher than that of
the K1 sample at room temperature (29.12). This ensures that the nanoengineered
kaolinite is a better option even in higher temperatures. The variation of tangent loss
(Figure 7) is also following the dielectric constant values observed herein. It is observed
in K2 and K3 that the tangent loss has well-defined peaks at lower temperatures (30—
50°C). This type of tangent loss is generally caused due to the dominance of active
elements over the reactive elements in the material. The surface-adsorbed moisture and
CO: act as active elements in this regard, which are greatly removed at higher
temperatures [23]. Additionally, this peak position shifted towards lower frequencies at
higher temperatures suggesting the reduction of these polar active elements. The
presence of such active elements is higher in K3 as compared to K2 and K1 (from TGA-
DTA data). Thus, a greater amount of peak shifting is observed in the K3 sample.
Subsequent removal of adsorbed active elements, such as moisture and surface adsorbed
CO. from the K3 sample at higher temperatures lowers its dielectric constant [24]. But
the value is still higher than its other size fractions (K1 and K2) even after the removal
of active elements making K3 a potential material for charge storage applications.
Another major result obtained from this study is the effect of active elements on
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dielectric permittivity for natural kaolinite. Moisture affects dielectric constant and loss
tangent significantly. Such knowledge will help in storing and interacting with other
materials of this green and natural clay mineral for fabricating hybrid nano-systems
[25].

2.3.8 AC conductivity and conduction mechanism studies

To analyze the charge transport mechanism, temperature-dependent AC conductivity
studies have been carried out (equation 1.5). The ac conductivities of the samples have
lower values at lower frequency domains, which increased with subsequent frequency
increments due to higher electron mobility and hopping at higher frequencies [26]. The

conductivity increases with decreasing particle size (Figure 2.9).
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Figure 2.9. AC conductivities of K1, K2, and K3 respectively.

The enhanced surface area of K3 causes a simultaneous increase in the number of
mobile charge carriers that might cause an increase in AC conductivity in this size
fraction. K1 shows the lowest value as it has the lowest amount of mobile charge
carriers. The frequency response of AC conductivity has also been studied through

Jonscher’s power law [27] (equation 1.7).
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Figure 2.10. a) Jonscher’s plot for ensuring the conduction mechanism of the kaolinite
samples; b—d) Arrhenius plots for estimating the activation energies of the samples.

The estimated values of the ‘‘n’’ in this case are found to be 0.332 and 0.394 for K1 and

K2, respectively, which is increased further in K3 (0.312). These non-zero n values

corroborate that kaolinite samples do not follow perfectly Debye type (where n = 0)

conduction mechanism and diffusion-limited hopping dominates in this case (Figure

2.10) [28].
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Table 2.4. Calculated activation energies from Arrhenius Initially, charge hopping
plots at different frequencies.

starts when free charge
carriers get a sufficient

Sample Frequency Activation
amount of external energy
Energy .

(in the form of heat) to
(eV) escape from the grain
K1 100Hz 0.026 boundaries, known as
1KHz 0.016 activation energy (Ea).
100K Hz 0.029 Thus, it is necessary to
study  and estimate

1MHz 0.063
activation  energy to

K2 100Hz 0.071 . .

establish the conduction
1KHz 0.052 mechanism [29].
100KHz 0.056 Activation energies can be
1MHzZ 0.096 calculated  using  the
s e S Arrhenius equation stated
in equation 1.6. Arrhenius

1KHz 0.031
plots were calculated from
OOl =l QLo the temperature-
1MHz 0.063 dependent ac conductivity

data at field frequencies 100 Hz, 1 kHz, 100 kHz, and 1 MHz (Figure 2.10). A detailed

description of the activation energies of the entire sample set is given in Table 2.4.
2.3.9 Impedance spectroscopy for materials

The real part of the entire set of R-X data (Figure 2.12) shows a depressed semi-circular
nature at the high-frequency region followed by straight lines situated at lower-
frequency domains. The radius of semi-circles implies the total charge transfer
resistance (Rct) values, which are highest in the case of K3. The impedance curves were
further fitted using the EIS Spectrum Analyser v1.0 program with the standard Randles
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circuit containing a parallel combination of a charge transfer resistance (Rc¢t) and a
double-layer capacitance (Ca) combined with a Warburg element [30]. A series
resistance has also been provided into the circuit. The Randles circuit is widely used to
fit impedance data as it approximates the behavior of any cell/interface for very small
perturbations. Thus, the accuracy of this model is quite high. According to this theory,
Rct restricts the charge migration process through the sample. The double-layer
capacitance enhances the charge-storing capacity of the system. The total experimental
impedance sometimes does not match with the total contributing impedance of R¢t and
Cai alone [31]. Thus, one needs to consider the Warburg element to match this paradox.
Herein, the outcome of the fitting has been depicted in Figure 2.11 showing that the K3
sample has the highest Rt value (90 kQ, 205 kQ, and 1.9 MQ for K1, K2, and K3
respectively) compared to other samples. Such a gradual increment of R¢ could be
substantiated by the virtue of crystallographic data. In reality, the microstructural data
shows a gradual increment of basal spacing (distance between alumina-silica bases),
which restricts the charge migration through these basal spaces and results in higher Ret

values with reduced sample sizes.
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Figure 2.11. Impedance plots are experimental and fitted of a) K1, b) K2, and ¢) K3,
respectively, with equivalent circuits.

2.3.10 Estimation of specific capacitance and charge-discharge characteristics

It is found that the specific capacity of K3 at 100 mV S scan rate is around 185 F g2,
which is significantly higher than K1 (93 F g*) at the same scan rate (equation 1.8).

This high value of specific capacitance in a natural dielectric sample is rare and quite
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useful for multipurpose uses [32]. To assess the increment of storage capacity and
discharge rate in K3 in comparison to K1, the galvanostatic charge—discharge carried
out and the performance are illustrated in Figure 2.12. The charge—discharge curve
(Figure 2.14) shows a rapid increase of voltage during charging, which gradually
reduces due to discharging, thus exhibiting reversible and symmetrical charge—
discharge cycles and confirming the typical capacitive properties. The discharging time
is much higher (9 times) in K3 in comparison to K1.
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Figure 2.12. Cyclic voltammetry analysis of K1 and K3 showing the charge storage
capacity of the natural samples

The specific capacitance was evaluated from the curves using the following equation:
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where C denotes the specific capacitance, i represents discharge current, At represents
discharging time, the mass of the sample is represented as m and Av represents the
change in the voltage (V) [33]. The specific capacitance calculated from the charge—
discharge data are quite similar to the calculated capacitance from CV data. The specific
capacitance, in this case, is found to be 247 F g* for K3, whereas it is 83 F g* for K1

showing an augment in the charge storage capacity in nano-kaolinite clay (Figure 2.13).
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Figure 2.13. galvanostatic charge-discharge characteristics of K1 (a, b) and K3 (c, d)

2.4 Summary

Herein, the particle size reduction of the collected kaolinite clay has been performed by
a one-step ball milling technique to investigate its physicochemical properties with size
modulation. Initially, the purity of the sample has been assessed by employing XRF and

EDX techniques. Moreover, X-ray crystallography and FT-IR spectrometry of the
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samples reveal the microstructure and bonding networks, which play a pivotal role in
assessing the conduction mechanism and charge storage properties of the materials. The
FESEM images confirm the impact of ball-milling in reducing the particle size of this
clay. These micrographs also validate the K3 sample to be in the nano regime (90-100
nm). Such nano-confinement enriches the aspect ratio in this K3 sample, which is
reasonable with its high dielectric constant (5000 in 40 Hz) and higher specific
capacitance (185 F g1). Further, the charge conduction mechanism of the samples has
been characterized by standard Arrhenius and Jonscher’s equations revealing the
diffusion-limited conduction mechanism, which also corroborates the dielectric data.
Such interesting dielectric relaxation with enhanced storage capacity in the nano
dimension along with the enhanced surface properties suggests that the nano kaolinite
can enhance the properties while conjugating with other materials for the fabrication of
hybrid nanosystems by their promising physicochemical properties and high aspect

ratio.
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Chapter 3

Synergistic Impact on the Microstructure and Physicochemical Properties of
Nano-Kaolinite Upon MWCNT Incorporation and Basal Plane Intercalation

3.1 Introduction

It is evident from the previous Chapter 2 that particle size plays a significant role in
several physicochemical properties of the natural kaolinite clay. These physicochemical
properties of the size-modulated clay specifically in their nano regime could be
enhanced by modifying them by functional groups incorporation over its surfaces as
well as structural deformation and doping by foreign elements [1]. There are several
ways to incorporate the foreign elements in the NPs structures. Conventionally,
researchers just mix the foreign element by different percentages with the NPs but in the
case of the structurally stable natural clay minerals, this method does not give the
structural stability [2]. For solving this issue functionalization of the nanoparticle
surface and the foreign elements are utmost important before incorporating. Herein, the
physicochemical properties of the nano kaolinite clay have been investigated by various
modification techniques i.e. surface functionalization (A.K), structural modulation (1.K),
and 1D multiwalled carbon nanotube incorporation in different ways (CK) [3]. It has
been found from microstructural evolution in Chapter 2 that oxygen vacancies have
been created in the lattice structure owing to the high-energy ball milling of the bulk
kaolinite. These oxygen vacancies further result in active sites for the incorporation of
functional groups over their surfaces. In this chapter electro-negative NH> -group was
incorporated over the surface of the nonclay for better physicochemical properties.
Moreover, structural deformation was also introduced to enhance the properties by the
basal plane intercalation of nano-kaolinite (I1.K). The enhanced surface properties by
functional group incorporation were further utilized by interacting the nano-clay with 1-
D multiwalled carbon nanotube (MWCNT) in different methods i.e functionalized the
surface of MWCNT (CK), just mixing of MWCNT with the nano-clay (CKM) [4].

After the successful synthesis of all the nanostructures a comparative study was
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performed to find the maximum physicochemical properties of the nanocomposites and
further validated by X-ray crystallography and various electrical measurements to find a
promising natural-clay-based conjugated nanocomposites for the improvement of the
different dimensions of nanotechnology and to use them for the betterment of the
society [5]. It has been found that functionalized, structure-modulated, and foreign
particle-incorporated clay composites show higher physicochemical properties than

pristine natural nano-clay.
3.2 Experimental Details
3.2.1 Materials

Natural kaolinite [Si2Al205(OH)4] clay was purchased from Hindustan Minerals, India,
and MWCNT (purity: 95 %) was purchased from Sigma Aldrich, Germany. The
MWCNTSs have 50-90 nm widths. Hexamine [CeH12N4], hydrochloric acid [HCI, 37%],
nitric acid [HNOs, 69 %], hydrogen peroxide [H20., 30 %], Dimethyl sulfoxide
(DMSO), and dimethylformamide [CsH7NO] were purchased from Merck, India.
Acetone (HPLC grade) and ethanol (HPLC grade) were purchased from Merck, India
for analytical experiments. All the reagents are of analytical grades having purity ~99 %
and were used without any further purification. Millipore water was used throughout the

experiment having a resistivity of approximately ~18.2 MQ-cm.
3.2.2 Synthesis method
3.2.2.1 Activated nano-kaolinite synthesis (A.K)

The natural nano-clay which shows maximum physicochemical properties in chapter 2
(K3) was then activated by taking 4 gm and dissolving this in 160 ml of Millipore water
by subsequent addition of 0.096 gm of hexamine under vigorous stirring. After that 40
uL of 37 %, HCL was added dropwise to the solution and kept overnight at 80°C
temperature. The solution was then centrifuged and dried at 70°C overnight. The dried
sample was then mortared with an agate mortar and sent for further experiments by

marking it as A.K.
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3.2.2.2 Intercalated Kaolinite Synthesis (1.K)

The natural kaolinite nano-clay was modified by introducing minute structure
deformation by intercalating the basal planes from the previously reported article. In
this experiment, 2 gm of nano clay was dissolved in 12 ml DMSO and 2 ml DI water
solution. After vigorous stirring, the solution was refluxed by condensation technique at
150°C for 12h followed by another 12h at room temperature. The precipitate was then
centrifuged and washed using DI water several times, dried at 70°C in a hot air oven,

and collected after grinding by mortar and pestle.

3.2.2.3 Functionalization of multiwall carbon nanotube

A simple ultra-sonication technique was used to reduce the agglomeration of MWCNT.
50 mg of purchased MWCNT was dispersed in 15 ml of ethanol and sonicated by a bath
sonicator for 2h. After that, the solvent was evaporated by a hot air oven at 120°C. The
dried MWCNT was then dispersed in 15 ml of 3 molar HNO3z under vigorous stirring
for 15 min at 60°C. The suspension was then sonicated for another 2h. After completion
of the sonication process, the sample was rinsed with water several times and further
aged with H2O> for 15 min at 60°C. After completing the reaction time, the black
precipitate was filtered by a vacuum filtration unit. Finally, the sample was dried in a
hot air oven at 70°C and sent for further treatment.

3.2.2.4 Preparation of MWCNT-kaolinite nanocomposite (CK)

The preparation of MWCNT-Kaolinite nanocomposite was performed by a simplified
condensation technique. Initially, 1 gm of activated kaolinite was dissolved in 30 ml
DMF and sonicated for 1 h. After that functionalized MWCNT was added to the
solution maintaining the 1.0 % w/w ratio. The solution was then refluxed under
vigorous stirring by a condenser unit at 90°C for 24h. The black precipitate was then
collected and washed several times with deionized water until its pH achieved a neutral
value. The nanocomposites were then dried in a hot air oven at 70°C for 24h and
marked as CK1. Moreover, the same preparation technique was adopted with untreated

kaolinite and MWCNT and marked the final nanocomposite as CKM1. A schematic
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representation of MWCNT incorporation has been depicted in Figure 3.1. All the

synthesized NPs by their modification techniques have been depicted in Table 3.1.

Table 3.1. Synthesized nanoparticles and nanocomposites

[ SEEpeas  ekeieses

Nano-kaolinite (Chapter-2) K3

NH2- Functional group incorporated K3 AK
(activation)

Basal planes separated K3 (intercalation) LK

1%- MWCNT incorporation by both the CK1

clay and MWCNT surface modification
by functional group incorporation
1%- MWCNT incorporation by just CKM1

mixing

3.3 Result and Discussions
3.3.1 Structural, morphological, and elemental properties of the nanocomposites

The X-ray diffractograms of the nanoparticles in Figure 3.2 show that the diffraction
planes of the activated and functionalized-MWCNT incorporated kaolinite have
matched with the kaolinite JCPDS data having card no 80-0886 and found a good
agreement with the theoretical data by Rietveld refinement (AMCSD file no. 1550598;
triclinic lattice with P1 space group). Any undesired maxima that have not occurred in
the diffractogram suggest the purity of the nanocomposite samples [6]. Moreover, in the
case of intercalated kaolinite a new diffraction maximum has arisen at the 20 value
23.8° (200) which also matched with the JCPDS card no 80-0886. This new peak
generation suggested the successful structural intercalation of kaolinite in LK

nanoparticles.

In reality, the diffraction planes 111, and 1’10 are the prism planes whereas 001, 002,

and 200 are the basal planes of kaolinite. The schematic representation of the basal and
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prism plane and its interaction with the functional group has been depicted in Figure 3.3
c for hexagonal kaolinite nanoparticles. The intercalation of the nano-clay increased the
basal plane separation promisingly as a result x-rays are diffracted from the new basal
planes and
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Figure 3.1. Schematic representation of MWCNT incorporated nanoparticle synthesis
via modification and without modification of primary nanoparticles.
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generated new diffraction maxima. The structural parameters i.e. a, b, ¢, a, B, v,
macrostrain, etc of the refinement have been tabulated in Table 3.2. It has been found
that the basal space separation of kaolinite increases with the doping of MWCNT
whereas, in the case of mixed MWCNT the separation does not alter promisingly [7].
Figure 3.3 also shows that in the case of intercalated kaolinite, the basal plane
separation drastically increases which suggests the successful structural intercalation in
the LK sample. It has been found that the basal plane increases with the MWCNT
doping without deforming the structural stability but in the case of intercalated kaolinite

new diffraction maxima for the basal plane aroused [8].

The bonding networks of the nanocomposites have been analyzed by FTIR
spectroscopy and depicted in Figure 3.4. The characteristic vibrational bands located
between 430 and 700 cm™ corroborate Si—-O—Al bending [9]. Another major vibrational
maximum found at 750 cm refers to the AlOg vibration. Absorption bands at 792 and
917 cm™ are attributed to Si—O and Al-OH deformation respectively [10]. The presence
of Si-O stretching vibrations (940-1150 cm) has also been confirmed. Such vibrations
validate the presence of AlOg and SiO4 polyhedral networks in the samples. A broad IR
maximum is found between 3620 and 3700 cm™ validating the presence of hydroxyl
groups in the as-prepared samples. A low intense wide band has also been found in the
region of 1190-1240 cm™ for the N-H rocking in the activated kaolinite (Figure 3.4b)
[11]. These absorption bands for N-H are absent in pristine kaolinite, 1.K, and present in
functionalized kaol which suggests the successful attachment of functional groups
(NH?>) in the prism plane of the kaolinite (alumina facets). This electroactive NH2 group
enhanced the negative surface charge which was also validated by the zeta potential
study [12]. Additionally, two very tiny vibrations have been located at 1670 and 1658
cm? that are absent in the pristine kaolinite, activated kaolinite, and intercalated
kaolinite samples. The 1658 cm™ band occurred due to the C=C vibration and could
have originated from the MWCNT moiety, whereas, the band found at 1670 cm™ is due
to the -CONH vibration [13]. This -CONH vibration refers to the successful
incorporation of the functionalized MWCNTSs over the surface of activated kaolinite.
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Figure 3.2. XRD and theoretical Rietveld refinement data of a) activated kaolinite, b)

intercalated kaolinite, ¢) 1% functionalized MWCNT incorporated activated kaolinite,
and d) 1% bare MWCNT incorporated pristine kaolinite.

In reality, the NH2 group of A.K and the -COOH group of functionalized MWCNT
interacted with each other and formed the CONH bond by realizing a water molecule
which is schematically demonstrated in Figure 3.5 and confirms the structural stability
of the MWCNT-kaolinite nanocomposites. These -CONH bond increases the basal
plane separation in the nanocomposite (CK1) which was also validated by the XRD

refinement study without any structural deformation.

The morphological investigation of the nanoparticles and their modified counterparts
have been depicted in Figure 3.6 by the FESEM, TEM study. Herein, the pristine clay
sample (K3) shows hexagonal sheet-like 2-D structures having 70-90 nm average

length on the longer sides [14].
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Figure 3.3. Theoretical refined structures of nanoparticles by VESTA software after
refinement: a) A.K, b) I.LK, ¢) CK1, and d) CKM1.

Table 3.2. Microstructural parameters of the NPs by Rietveld refinement.

5.147 5.145 5.135 5.140 5.140
8.908 8.936 8.955 8.940 8.936
7.414 7.413 7.421 7.419 7.421
92.034 92.293 92.030 92.207 92.098

105.060 105.182 105.080 105.053 105.102
90.463 90.067 90.161 90.314 90.280
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1.058E-4  3.244E-4 2.129E-4 6.801E-4  1.773E-4

328.013 328.639 329.263 304.068 328.861

1.642 1.719 1.810 1.568 1.554
16.849 10.707 11.527 11.636 7.998
27.669 18.407 20.865 18.246 12.432

The micrographs of A.K and I.K also depicted nearly about same morphology.
Additionally, the FESEM and TEM micrographs of MWCNT-loaded kaolinite depict
the presence of long MWCNTSs attached rigidly to the kaolin surfaces, especially in
activated ones. Whereas, in the case of mixing the MWCNT does not attach properly to
the kaolin surface suggesting improper attachment and low stability of the mixing
nanocomposite [15]. The EDX and mapping data of the natural nano clay and its
nanocomposites show a uniform presence of aluminum, silicon, and oxygen in all
samples (Figure 3.6). In the case of intercalated kaolinite S has been found which
validated the successful intercalation of the kaolinite basal planes by DMSO precursor.
In reality, DMSO entered into the two congregative basal planes of the kaolinite by
forming -H bond with the oxygen moiety of the kaolinite. Additionally, the presence of
carbon has been detected in the 1 % MWCNT-incorporated clay samples (Figure 3.7),
which is in accordance with the loading percentages of MWCNT in a natural clay

matrix.
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Figure 3.4. a) FTIR spectra of the synthesized NPs, b) Magnified FTIR spectra of CK1
and K3 NPs, and c¢) Schematic representation of basal and prism planes of kaolinite
with electronegative -NH group interaction.

Figure 3.5. Schematic representation of -CONH bond formation and attachment of

functionalized MWCNT with activated nano kaolinite.
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Figure 3.6. a) FESEM of pristine kaolinite NPs, TEM (inset) b, ¢, d) FESEM of A.K,
I.K, CK1, e) TEM of CK1, and f) FESEM of CKML1.

3.3.2 Surface properties and stability of the NPs and their modified counterparts

Table 3.3. Surface charge and surface area of The zeta potentials have been

synthesized nanoparticles investigated and produced in

TS Table 3.3, which not only
substantiates the theoretical

K3 -11.8 129
assumptions but also validates
AK -17.1 Not- d -
oT-measure the structural stability of the
LK -27.6 139 natural clay nanocomposite
CK1 -37.3 139
samples [16]. It has been
CKM1 -15.2 Not-measured

found that the functional
group incorporation (-17.1
mV) and intercalation (-27.6 mV) of clay show higher negative zeta potential than the
pristine one. On the other hand, MWCNT incorporation increases the negative zeta
potential and is found -37.3 mV in the case of 1 % MWCNT doped clay (CK1) by
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surface modification whereas, in mixing one the zeta potential is less [17]. These results
suggest that the intercalation and 1 % MWCNT-doped natural clay nanoparticles exhibit

better surface properties due to the presence of more active sites.
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Figure 3.7. a, b, g) EDAX data of K3, 1.K, and CK1, c-f) mapping of I.K, and h-k)
mapping of CK1.
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The BET-BJH measurement suggests that the intercalated kaolinite and 1 % MWCNT-
doped (functionally) have been showing a greater surface area rather than a pristine one
(Figure 3.8). These results evident that the structural modification and foreign 1D

carbon incorporation show promising surface properties in the nonclay.
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Figure 3.8. a, b) Surface area and porosity of intercalated kaolinite and 1%
functionalized MWCNT incorporated kaolinite, c) Zeta potential of CK1.
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3.3.3 Thermal stability of the nanocomposites

102 T DTA-TGA of the clay
100-: ‘*k\ samples has been performed
98- > in a DTG-60H, Shimadzu to
L ; o understand the structure—
A 94" - f property  correlation  and
= 7 R ™ = thermal stability of the nano
% 90 - Temperature('C)
® g3l clays. It has been observed
> sedl /:‘f( —{ that (Figure 3.9) the samples
g4 — 1K — are structurally stable (less
g l—— e than 6 % mass loss) up to

200 400 600 _ 800 1000
Temperature(°C)

Figure 3.9. TGA-DTA of K3, AK, I.LK, and CK1. ~ 9radual drop in mass is
visible. The DTA plots show

~425°C, beyond which a

the endothermic phase transformation of the kaolinite samples at around 500°C [18].
Generally, at this high temperature kaolinite starts its transformation into meta-

kaolinite.
3.3.4 Dielectric assays of the clay samples
The dielectric constants of the nanoparticles have been investigated by relation 1.4 and

Table 3.4. Dielectric constants of nano-kaolinite depicted in Table 3.4. It has been

and its modified counterparts found that the  modified

S 40Tz 1 KHz 1 MHz nanoparticles  show better
K3 30 2% 2 dielectric constant than the

AK 188 275 10 pristine nano clay (K3) due to

LK 121 237 37 the enhanced surface properties

CK1 1850 236 15 [19]. The room temperature D.C

CKM1 510 2 19 of the K3, AK, LK, CK1, and

CKML1 are 32, 388, 421, 3850,

and 510 respectively. It has been found that the intercalated kaolinite shows better D.C
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without any foreign element incorporation due to higher exposed surface area for
intercalation [20]. Whereas, the MWCNT incorporation in the kaolinite matrix increases
the dielectric permittivity as shown in Figure 3.11. It has been observed that the
dielectric permittivity value that occurs in the natural kaolinite (K3) sample is minimum
(32 at 40 Hz). The dielectric permittivity attains a maximum value (3920 at 40 Hz) in
the CK1 sample. Whereas, this value gets quenched for the CKM1 (510 at 40 Hz)
sample.

450

——AK Lax10'1| . AK c
400
r b) 1K 1200 o LK ) ~
350 ~ 1.0x10" 5\‘
Ly . %
300 'E 8.0x10° i
© 250 £ 6.0x10° :
2004 g 4.0x10°
© 2.0x10%
150 0.0
100 - r r T 1 T - r T -2.0x10° - T r v
100 1k 10k 100k M 100 1k 10k 100k ™M 100 1k 10k 100k M
Frequency (Hz) Frequency (Hz) Frequency (Hz)

Figure 3.10. dielectric constants, tangent loss, and A.C conductivity of A.K and I.K.

In reality, this type of dielectric constant enhancement can be explained by the virtue of
structural modification of the sample. In the previous sections, it has been stated that
kaolinite nanoparticles have attached to two adjacent MWCNT surfaces. Periodic
arrangements of parallels, attached to such capacitors make the dielectric constant high
for the nanocomposites. On the other hand, just a mixed nanocomposite CKM1 sample
does not show such an increment in dielectric constant. Non-functionalized clay and

CNT have not formed any attachment and proficient structural deformation [21].
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Figure 3.11. a, d, g Frequency-dependent permittivity of the nanocomposites in
different temperatures show the maximum permittivity in CK1 sample, b, e, h
temperature-dependent dielectric constant of the nanocomposites in different

frequencies, and c, f, i tangent loss of the nanocomposites with respect to frequency
represents the nominal tangent loss.

The formation of micro-capacitors has been interrupted for this reason as a result
dielectric constant has not increased properly. The temperature-dependent dielectric
study has also been performed in a wide range of temperatures (25-200°C) shown in
Figure 3.11. The Figure shows a gradual reduction of dielectric permittivity with
increasing temperature. This type of dielectric constant reduction can be explained by
virtue of the charge transport phenomenon in the sample. In reality, the conductive grain
and insulated grain boundary bring out quite a static nature at low temperatures [22].
The M—W polarization can take place at such a low temperature. While the temperature
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increases, the conductive grain becomes free at a critical temperature value and reduces
the polarization effect [23]. Such a phenomenon reduces the dielectric permittivity of
the sample. Additionally, in Figure 3.9, it has been shown that the material is thermally
stable up to 425°C. So, it can be easily said that the storage material formed by this
sample should be thermally stable in a broad range. The dissipation factor has also been
estimated by determining the tangent loss of all sample sets. It is presented in Figure
3.11, that the tangent loss is nominal for the samples. The CK1 sample showed the
highest permittivity value with the nominal tangent loss that can be used as a promising
storage material in the near future.

3.3.5 Investigation of AC conductivity of the nanocomposites

The frequency-dependent AC conductivity of the natural clay and its modified

counterparts have been investigated and depicted in Figures 3.10 and 3.12.
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Figure 3.12. Frequency-dependent AC conductivity of the nanocomposites K3, CK1,
and CKM1 shows the maximum AC conductivity in the CK1 sample, d—f Arrhenius plots
of the nanocomposites to estimate the activation energies of the nanocomposites, g)
Jonscher’s plots of the nanocomposites show the non-zero n value of the
nanocomposites which confirms the non-Debye type conduction mechanism.

It has been found that the pristine clay, A.K, LK, CK1, and CKM1 show the room
temperature AC conductivity respectively 8.5 x 10°, 1.0 x 10* 1.2 x 104, 4.4 x 104,
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and 2.6 x 10 S/m. These data show that the activated and intercalate kaolinite show

better conduction than the pure clay which also substantiates the high aspect ratio of the

nanoparticles without any foreign particle incorporation [24]. It has also been shown

that the conductivity also increases in the MWCNT-doped nanocomposites than in the

bare clay. In reality, the conductive MWCNT increases the charge transport in the

nanocomposite. The conductivity value also proved the CK1 (functionalized one)

sample is more conductive than others (mixing one). The Arrhenius plot has been
determined by the AC conductivity data by the relation 1.6 at the 40 Hz, 1 KHz, 10
KHz, 100 KHz, and 1 MHz external field frequencies depicted in Figure 3.12 (d-f), for

the MWCNT incorporation method [25, 26].
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Figure 3.13. Arrhenius plots of the MWCNT concentration-dependent clay samples for
estimating the activation energies.
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Additionally, the frequency-dependent transport properties have been investigated by
relation 1.7. It has been found that the n value lies between 0.24 to 1.01 which suggests
the non-Debye type conduction mechanism of the nanoparticles (Figure 3.13). It has
been shown in previous sections that the CK1 sample possesses a better attachment
between clay and MWCNT. As a result, CK1 shows the most charge transport than

other nanocomposites and also possesses better ac conductivity [27].
3.4 Summary

In this chapter, natural kaolinite nano clay (K3) has been modified using surface
functionalization, basal plane intercalation, and foreign-particle (1D MWCNT)
incorporation by modification and without modification. These simplistic synthesis
processes of the abundantly available clay could be useful in industrial production on a
large scale. The experimental evidence suggests that the modification enhanced the
surface property correlation and physicochemical properties. In the case of intercalation
and 1 % MWCNT incorporation by modification show promising properties. Detailed
investigation suggests the microstructural modifications of the clay moiety, which leads
to the entrapment of free charge carriers that further help in modulating the electrical
parameters. The dielectric data depicts an enhanced charge storage capacity in 1 % w/w
MWCNT doping by surface modification nearly 93 times compared to its pristine
counterpart with very low tangent loss whereas the 1 % MWCNT mixing without
modification shows a 16-fold increased permittivity value. Moreover, the clay
nanostructures exhibit excellent thermal stability up to 500°C revealing potential
application in high-temperature devices as well. The ac conductivities and impedance
spectra suggest 1-D diffusion-limited hopping of the charge carriers and correlate
microstructural modifications associated with the clay samples. Such modified natural
clay could be utilized in batteries, electrochemical sensors, supercapacitors, and various
other fields of nanotechnology. Minimal cost, facile synthesis process, the abundance of
the kaolinite clay, and biocompatibility besides the enormous efficacy in charge
transport of the CNT-modified nano-clay make it a futuristic ‘green nanocomposite’

system.
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Chapter 4

Optimizing Polarizability and Charge Storage Capacity through Varying MWCNT
Concentration in Nano-Kaolinite.

4.1 Introduction

It is evident from the previous Chapter 3 that the surface functionalized MWCNT
conjugated activated nano-clay with functional groups (-NH2) shows maximum
physicochemical properties than the other conjugation processes and structural
deformation. Inspired by the results in this chapter percentages of functionalized
MWCNT have been varied and conjugated with activated nano kaolinite to find the
maximum effective nanocomposite system [1]. In reality, increasing the percentage of
any doping in the base material generates stress in its structure without deforming the
original one and creates active sites that enhance various physicochemical properties [2].
After a certain limit of incorporation of foreign elements, the structural properties will
disrupt and quench their properties. In order to find the maximum efficient
nanocomposite, in this work 0.5, 1.0, and 1.5 % (wt/wt) of functionalized MWCNT have
been incorporated into activated kaolinite and synthesized the nanocomposites namely
CKO0.5, CK1, and CK1.5 [3]. The synthesized nanocomposites were then characterized
by the conventional characterization tools, computed the experimental data with
theoretical Rietveld refinement technique to find microstructural deformations, and
measured various surface and electrical parameters to find the promising nanocomposite
[4]. 1t has been found that the increasing doping percentage of MWCNT increases the
physicochemical properties up to a certain limit (CK1) and decreases after excess doping
(CK1.5). Such augmented properties in 1 % MWCNT doped kaolinite clay could be
further used in the different dimensions of nanotechnology to serve society in various

issues [5].
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4.2 Experimental Details
4.2.1 Materials

Natural kaolinite [Si2Al20s(OH)4] clay was purchased from Hindustan Minerals, India,
and MWCNT (purity: 95 %) was purchased from Sigma Aldrich, Germany. The
MWCNTSs are having 50-90 nm widths. Hexamine [CsH12Na], hydrochloric acid [HCI,
37 %], nitric acid [HNOs3, 69 %], hydrogen peroxide [H202, 30 %], Dimethyl sulfoxide
(DMSO), and dimethylformamide [CsH7NO] were purchased from Merck, India.
Acetone (HPLC grade) and ethanol (HPLC grade) were purchased from Merck, India for
analytical experiments. All the reagents are of analytical grades having a purity of ~ 99
% and were used without any further purification. Millipore water was used throughout

the experiment having a resistivity of approximately ~18.2 MQ-cm.
4.2.2 Synthesis of MWCNT-kaolinite nanocomposite (CK)

The preparation of MWCNT-Kaolinite nanocomposite was performed by a simplified
condensation technique as stated in Chapter 3. Initially, 1 gm of activated kaolinite (A.K)
was dissolved in 30 ml DMF and sonicated for 1 h. After that functionalized MWCNT
was added to the solution maintaining the wt/wt ratio of 0.5, 1.0, and 1.5 %. The solution
was then refluxed under vigorous stirring by a condenser unit at 90 °C for 24 h. The black
precipitate was then collected and washed several times with deionized water until its pH
achieved a neutral value. The nanocomposites were then dried in a hot air oven at 70 °C
for 24 h and marked as CKO0.5, CK1, and CK1.5 respectively (Figure 4.1 & Table 4.1).

Table 4.1. Synthesized nanoparticles and nanocomposites

[ wmEhieEe  GeesiiEs

Nano-kaolinite (Chapter-2) K3
0.5, 1, 1.5% (w/w) MWCNT incorporated CKO0.5, CK1, CK1.5
K3 (functionalized both the components)
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0.5% (w/w)

CK 0.5
Functionalized MWCNT \

Condensation technique

Activated Kaolinite 1.0% (w/w)

(A.K)

CK1 >

Functionalized MWCNT

DMF (60°C, 24h)

1.5% (w/w)
CK15 /
Functionalized MWCNT

Concentration dependent MWCNT- Kaolinite
Nanocomposites

Figure 4.1. Schematic representation of MWCNT incorporated nanoparticle synthesis
with varying concentrations of functionalized MWCNT.

4.3 Result and Discussions
4.3.1 Structural, morphological, and elemental properties of the nanocomposites

The X-ray diffractograms of the nanoparticles in Figure 4.2 show that the diffraction
planes of the MWCNT-doped kaolinite nanocomposites have matched with the kaolinite
JCPDS data having card no 80-0886 and found a good agreement with the theoretical data
by Rietveld refinement (AMCSD file no. 1550598; triclinic lattice with P1 space group).
Any undesired maxima that have not occurred in the diffractogram suggest the purity of
the nanocomposite samples [6].
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Figure 4.2. Experimental and refined XRD of 0.5 %, 1.0 %, and 1.5% functionalized-
MWCNT incorporated activated-kaolinite.

The structural parameters i.e. a, b, ¢, a, B, Y, macrostrain, etc of the refinement have been
tabulated in Table 4.2. It has been found that the basal space separation of kaolinite
increases with the doping of MWCNT and again decreases after a certain amount of
MWOCNT incorporation (1.5% w/w) [7]. It has been found that the basal plane increases
with the MWCNT doping without deforming the structural stability and attains a
maximum value in the case of 1% dopant (CK1). In the previous Chapter 3, it was
validated that up to a certain limit of MWCNT incorporation, conducting MWCNT and
dielectric kaolinite clays creates micro-capacitors in the nanocomposite which increases
the basal plane separations and disrupts after excess doping (CK1.5) (Figure 4.3).

It is evident from the XRD result that the CK1 sample poses maximum basal space
separation, maximum microstrain, and lowest unit cell volume (Table 4.2) which can

enhance its physicochemical properties by enhancing the active sites [8].
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Table 4.2. Microstructural parameters by Rietveld-refinement of all the nanoparticles.

_ 5.147 5.158 5.140 5.149
- 8.908 8.952 8.940 8.930
- 7414 7418 7.419 7.423
- 92.034 92.122 92.207 92.185
- 105.060  105.014  105.053  105.077
_ 90.463 89.739 90.314 90.330
- 1.058E-4 4970E4  6.801E4  9.153E-5
- 328.013  330.571  304.068  329.568
- 1.642 1.457 1.568 1.529
- 16.849 10.040 11.636 15.089
- 27.669 14.633 18.246 23.072

The bonding networks of the nanocomposites have been analyzed by FTIR spectroscopy
and depicted in Figure 4.4. The characteristic vibrational bands located between 430 and
700 cm™* corroborate Si—O—Al bending [9]. Another major vibrational maximum found
at 750 cm refers to the AlOs vibration. Absorption bands at 792 and 917 cm™ are
attributed to Si—O and AI-OH deformation respectively.
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@KO.S: 5.63 AJ [CKI: 5.83%

Figure 4.3. Microstructural visualization and basal plane separation of all the
nanoparticles by VESTA software.

The presence of Si-O stretching vibrations (940-1150 cm™) has also been confirmed.
Such vibrations validate the presence of AlOs and SiOs polyhedral networks in the
samples. A broad IR maximum is found between 3620 and 3700 cm™ validating the
presence of hydroxyl groups in the as-prepared samples [10]. Additionally, two very tiny
vibrations have been located at 1670 and 1658 cm™ are absent in the pristine kaolinite

sample. The 1658 cm™ band occurred due to the C=C vibration and could have originated
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from the MWCNT moiety, whereas, the band found at 1670 cm™ is due to the -CONH
vibration [11]. This -CONH vibration refers to the successful incorporation of the

functionalized MWCNTSs over the surface of activated kaolinite.

— CK1.5

— CK1

— CKO0.5

Absorbance (a.u.)

500 1000 1500 2000 2500 3000 350Q 4000
Wave number (cm™1)

Figure 4.4. FTIR spectra of all the nanoparticles

In reality, the NH2 group of A.K (Chapter 3, Figure 3.4) and the -COOH group of
functionalized MWCNT interacted with each other and formed the CONH bond by
realizing a water molecule which is schematically demonstrated in Chapter 3, Figure 3.5

and confirms the structural stability of the MWCNT-kaolinite nanocomposites [12].

113 |Page
D. Mondal, Jadavpur University



Chapter 4

These -CONH bond increases the basal plane separation in the nanocomposite (CK1)
which was also validated by the XRD refinement study without any structural
deformation [13].

The morphological investigation of the nanocomposites has been depicted in Figure 4.5
(a-e) by the FESEM, TEM study. Herein, the pristine clay sample (K3) shows hexagonal
sheet-like 2-D structures having 70-90 nm average length on the longer sides [14]. The
FESEM and TEM micrographs of MWCNT-loaded kaolinite depict the presence of long
MWCNTSs attached rigidly to the kaolin surfaces.

The FESEM images also show the increment of MWCNTSs with increasing doping
percentages, which is in accordance with the previous XRD and FTIR analyses.
Interestingly, the micro-capacitor formation due to functionalized MWCNT
incorporation into A.K. has been found in the TEM micrograph of CK1 depicted in Figure
4.5 d [15].

The EDX and mapping data of the natural nano clay and its nanocomposites show a
uniform presence of aluminum, silicon, and oxygen in all samples (Figure 4.5, f-j). The
presence of carbon has been detected in the nanocomposite clay samples, which is in

accordance with the loading percentages of MWCNT in a natural clay matrix [16].
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Figure 4.5. a) FESEM of nano kaolinite (K3), b, ¢) FESEM of CK0.5, and CK1, d) TEM
image of 1% functionalized MWCNT-incorporated kaolinite (CK1), e) FESEM of
CKL1.5, f) EDAX of CK1, and g-j) mapping of CK1.
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4.3.2 Surface properties and stability of the nanocomposites

The zeta potentials have been investigated and produced in Table 4.3, which not only

Table 4.3. Surface charge and surface area of substantiates the theoretical
synthesized NPs

- assumptions but also validates
Zeta-Potential (mV) Surface area (m?/g)
the structural stability of the

K3 S5 129 natural clay nanocomposite
CKO0.5 -25.3 Not-measured samples [17]. It has been

incorporation increases the

RS 167 Notmeasured negative zeta potential and is
found maximum in the case of 1% MWCNT doped clay (CK1: -37.3 mV) whereas, in the
case of CK1.5 the zeta potential was found -16.7 mV [18]. These results suggest that the
1% MWCNT-doped natural clay nanoparticles exhibit better surface properties due to the
presence of more active sites. The BET-BJH measurement suggests that the 1%
MWCNT-doped nanocomposite poses a greater surface area rather than a pristine one
(Figure 4.6). These results evident that the structural modification and foreign 1D carbon

incorporation show promising surface properties in the nonclay.

Additionally, the DTA-TGA of the clay nanocomposites in Chapter 3 Figure 3.9 show
that the samples are structurally stable (less than 6% mass loss) up to ~425°C, beyond
which a gradual drop in mass is visible. The DTA plots show the endothermic phase
transformation of the kaolinite samples at around 500°C [19]. Generally, at this high-
temperature kaolinite starts its transformation into meta-kaolinite which validated the

temperature stability of the nanocomposites [20].
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Figure 4.6. a) Surface area and porosity of CK1, b) Zeta potential of CK1.

4.3.3 Dielectric assays of the clay nanocomposites

The MWCNT concentration-dependent D.C has been investigated (Figure 4.7) by relation
1.4 and found that the MWCNT incorporation increased the D.C with increasing
concentration. It can be observed that the electrical permittivity increases with increasing
percentage of MWCNT and attains a maximum value in the CK1 sample (3850 at 40 Hz)
after that, upon excess MWCNT loading it quenches significantly in the CK1.5 sample
(710 at 40 Hz) (Table 4.4). This type of dielectric relaxation could be attributed to the
structural modifications of the samples [21]. As stated earlier, the kaolinite nanoparticles
are attached between two adjacent MWCNT surfaces, which creates a periodic
arrangement of insulated kaolinite and conductive CNTs in a parallel manner. Such a
parallel arrangement leads to the formation of micro-capacitors and enhances dielectric
permittivity values with increasing MWCNT concentration. [22] However, excess CNT
loading disturbs this periodic arrangement, which results in a distorted grain-grain
boundary arrangement in this sample. Hence, in the low-frequency region, the distorted
grain boundaries are unable to hold the charges and the electrical charges get sufficient
mobility [23]. Due to the uncontrolled movement of these mobile charges, the dissipation
factor is enhanced (as shown in tangent loss data) and an abrupt nature in low-frequency

permittivity is observed. This phenomenon is known as electrical percolation and reported
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previously by various groups [24]. The temperature response of the samples has also been
studied in terms of electrical permittivity in a wide range (25-200°C) and is depicted in
Figure 4.7. The tangent loss has also been investigated to estimate the dissipation factor
of the entire sample set and presented in Figure 4.7. The loss tangents are in accordance
with high dielectric values. It can be noted that the tangent loss increases with increasing
field frequencies for all the samples. The inter-dipolar friction could be a possible reason
for this, which further dissipates heat energy. The loss tangent seems to be highest in the
CKZ1.5 sample due to the disrupted alignment of the ordered micro-capacitor structure of
the MWCNT-doped nanocomposites. Henceforth, permittivity studies suggest that the
CK1 sample has the highest permittivity with a nominal tangent loss and possibly could
be used in energy storage applications and pose promising physicochemical properties
[25].

Table 4.4. Dielectric constants of nano-kaolinite and its modified counterparts

Samples 40 Hz 1 KHz
K3 32 26 22
CKO0.5 1888 222 40
CK1 3850 236 45
CK1.5 709 83 31

4.3.4 Investigation of AC conductivity of the nanocomposites
The room temperature AC conductivities calculated by equation 1.5 have been found 8.5

x 10°, 2.4 x 104, 4.4 x 10, and 6.2 x 10 S/m at 1MHz frequency for the pristine clay,
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CKO0.5, CK1, and CK1.5 respectively. The data show that the conductivity also increases
in the MWCNT-doped nanocomposites than in the bare clay. In reality, the conductive
MWCNT increases the charge transport in the nanocomposite [26]. The conductivity
value also proved the CK1 sample is more conductive than others (Figure 4.8). It has
already been explained that the MWCNT-loaded samples possess better attachment to the
kaolinite surfaces and form prominent charge-hopping pathways [27]. Thus, increments
in ac conductivities in CNT-loaded samples have been found and reduced after a certain

concentration (CK1.5) for disruption of the arrangement.

The Arrhenius plot has been determined by the AC conductivity data by the relation 1.6
at the 40 Hz, 1 kHz, 10 kHz, 100 kHz, and 1 MHz external field frequencies depicted in
Figure 4.9 for the MWCNT concentration-dependent nanocomposites [28]. Additionally,
the frequency-dependent transport properties have been investigated by relation 1.7. It
has been found that the n value lies between 0.24 to 1.01 which suggests the non-Debye

type conduction mechanism of the nanoparticles.
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Figure 4.7. Variation of dielectric constant with frequency (a—d), temperature-
dependent dielectric response (e—h), and tangent loss (i—1) for the MWCNT-doped
kaolinites.
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Figure 4.9. Arrhenius plots of the MWCNT concentration-dependent clay samples for
estimating the activation energies.
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Table 4.5. Activation energies of % MWCNT-doped kaolinite clay samples.

K3 40Hz 0.00277
1KHz 0.19237

10KHz 0.15188

100KHz 0.13415

1MHz 0.25692

CKO0.5 40Hz 0.00612
1KHz 0.01198

10KHz 0.04067

100KHz 0.05205

1MHz 0.05575

CK1 40Hz 0.000654
1KHz 0.01677

10KHz 0.01711

100KHz 0.03561

1MHz 0.00658

CKL15 40Hz 0.00221
1KHz 0.19942

10KHz 0.15528

100KHz 0.04903

1MHz 0.03492

It has been shown in previous sections that the CK1 sample possesses a better attachment
between clay and MWCNT. As a result, CK1 shows the most charge transport than other
nanocomposites and also possesses better ac conductivity.

4.3.5 Estimation of the effect of microstructure on charge transport for percentage
MWCNT doping

The charge transport phenomenon and carrier mobility of the nanoparticle were
investigated by impedance data fitted by the EIS spectral analyzer [29]. The impedance
spectra of the samples show depressed semicircles in the high-frequency domain along
with straight lines in the low-frequency regions (Figure 4.10). The semicircle is attributed

to the charge transfer process, whereas, the straight line is attributed to the diffusion
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phenomenon [30]. The equivalent circuit comprises two separate loops consisting of

resistance (R) with a constant phase element (CPEL).
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Figure 4.10. Electrochemical impedance spectra of the MWCNT-doped samples with
corresponding equivalent circuits for estimating the charge transfer process.

These two loops are joined in series with another constant phase element (CPE2). The
first loop represents the contribution of the sample, whereas, the second loop depicts the
interfacial effects. The Warburg element represents the diffusion phenomenon [31]. The
second loop in the K3 and CK1.5 are absent as there are no abrupt interfaces formed
between MWCNT and kaolinite. It is evident from the data that the charge transfer
resistance (R2) gradually increases with increasing doping concentration (Table 4.6). The
reason behind such impedance relaxation with MWCNT doping lies in its microstructure
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[32]. The pristine sample (K3) shows a low charge transfer resistance (8.1392 x 10~° Q),
which alternatively validates the mobility of charge through the system. However, doping
of MWCNT somewhat stretches the alignment of the kaolinite crystals from various sides
and results in voids and defects, which could be a possible reason for the entrapment of
free charge carriers into the defect zones. Thus, the carrier mobility decreased
subsequently in CK0.5 (R2 = 7.6417 x 10° Q) and CK1 (R2 = 9.6442 x 10° Q) giving
rise to the charge transfer resistances. Above a critical doping limit i.e., 1.5% in CK1.5,
the permanent microstructural distortion of kaolin crystals takes place, which leads to the
highest charge transfer resistance (R2 = 9.9381 x 10° Q).

Table 4.6. Equivalent circuit parameters of the samples estimated from the impedance

fitting.

Ci(F) 9.9734x10?  2.235x10M 2.249x107 3.173x10

R1(Q) 588.84 1.272x101? 8.891x1013 4425.9

R2 (Q) 8.1392x10°  7.6417x10° 9.6442x10° 9.9381x10°

Rs (Q) - 8.0711x10%3 8.679x10° -

W1 (Q) 7.1897x10°  6.3307x10*2 9.937x10° 9.6742x10°

W2 (Q) - 5.9256x10712 1x107 -
CPE1 (F) - 4.546x10° 9.52x10° -
CPE2 (F) - 1.347x10® 1.2853x101° -

4.3.6 Estimation of the electrochemical performances of the clay samples by

percentage-dependent MWCNT doping

The cyclic voltammetry has been performed for further exploitation of the
electrochemical performance of the nanocomposites. The voltammograms show typical
electronic hysteresis loops as shown in Figure 4.11. The corresponding specific
capacitances (CP) have been calculated using the relation 1.8. The calculated specific
capacitance of the entire set of samples shows a gradual increment with MWCNT

concentration up to a critical limit (1% loading: 22F/g), thereafter, the Cv value reduces
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drastically. Such an interesting increment is related to the enriched amount of interface
formation in MWCNT-kaolinite composites [33]. The successful attachment of kaolinite
to the surface of MWCNT reduces the charge transport path length and thereby increases
the specific capacitance. Moreover, CK1.5 depicts a reduction in Cv (7.8 F/g), which is
related to the improper doping or excessive presence of MWCNT in the sample.
Additionally, CNT-doped clay samples offer redox relaxation as shown in Figure 4.11.
In reality, the conductive MWCNT introduces free charge carriers to the active sites of
the kaolinite [34]. This charge transport results in oxidation maxima in the modified clay
samples. As kaolinite has a large number of voids and defects in its crystals, these free

carriers have been entrapped by such voids resulting in a relatively lower reduction peak.

The specific capacitances have also been estimated by varying the scan rate for the CK1
sample and found 22.40, 7.17, 8.87, and 6.35 F/g for the scan rates 100, 300, 500, and
1000 mV/s respectively. It is observed that, at lower scan rates, the ions have sufficient
time to migrate deeper into the system contributing to higher feasible reactions and
conveying improved capacitive performance. Henceforth, the electrochemical assay
suggests the CK1 sample could be a promising electrode material for energy harvesting
devices [35].
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Figure 4.11. a) Cyclic voltammograms of various MWCNT-doped clay samples, b)
voltammogram of CK1 at different scan rates.
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4.4 Summary

In this chapter natural kaolinite, clay-based MWCNT nanocomposites have been
synthesized by incorporating different concentrations of MWCNT by a typical surface
modification of the clay and MWCNT followed by a condensation technique. This
simplistic synthesis process of the abundantly available clay could be useful in industrial
production on a large scale. Detailed investigation suggests the microstructural
modifications of the clay moiety, which leads to the entrapment of free charge carriers
that further help in modulating the electrical parameters. The dielectric data depicts an
enhanced charge storage capacity in 1% w/w doping (nearly 93 times compared to its
pristine counterpart) as the dielectric constant is found to be 3850 at a frequency of 40 Hz
with very low tangent loss. Moreover, the MWCNT-modified clay nanostructures exhibit
excellent thermal stability up to 500 °C revealing potential application in high-
temperature devices as well. The high ac conductivity, especially in CK1 makes them
potential candidates for large-scale electrode fabrication. The ac conductivities and
impedance spectra suggest 1-D diffusion-limited hopping of the charge carriers and
correlate microstructural modifications associated with the clay samples. This low-cost
clay material shows a redox relaxation when it comes to electrochemical analysis. Such
redox peaks are attributed to the carrier transport between CNT and kaolinite
nanoparticles. The specific capacitance (Cy) is found to be 22.4 F/g, which is particularly
important for charge storage applications. Moreover, it has also been found that the excess
incorporation of MWCNT decreases the physicochemical properties due to disruption of
the periodic arrangement of the micro-capacitors formed in the composites. Thus, this
chapter validated the maximum polarization, storage, and surface properties of 1%
MWCNT doped kaolinite clay which made it a promising alternative to use in advanced

nanotechnology.
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Chapter 5

Exploring Piezocatalytic Wastewater Remediation and Piezoelectric Energy
Generation in MWCNT-Integrated Kaolinite decorated poly (vinylidene fluoride-
co-hexafluoropropylene) Membranes

5.1 Introduction

In the previous chapter 3, it was found that the physicochemical properties enhanced
after the successful incorporation of functional groups (Zeta potential -17.1 mV) over
the nano-clay surfaces and incorporation of 1-D MWCNT (Zeta potential -37.3). In
reality, kaolinite shows a negative surface charge (-11.8 mV) for the combined effect of
its negative basal planes and positive prism planes [1]. This negative surface charge is
further enhanced by surface modification by incorporating an electronegative NH>
group and MWCNT incorporation over the prism plane to minimize the effects of this
positive moiety of kaolinite which has been validated by FTIR spectra. The surface
charge of the clay is further enhanced due to these incorporations over its surfaces.
These enhanced surface properties are further utilized to fabricate promising piezo-

responsive materials [2].

This chapter deals with synthesizing a biocompatible, cost-effective, highly robust,
efficient flexible, freestanding, and reusable membrane using modified kaolinite NPs
and Poly (vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) for effective
piezodynamic destruction of carcinogenic organic dyes and coliform bacteria [3]. In this
study, Rhodamine B, Escherichia coli (E. coli) and Enterococcus faecalis (E. faecalis)
have been used to evaluate the mechanical stimulus-responsive piezo efficiency of the
nanocomposite membranes [4][5]. To further understand the mechanism evaluation of
Reactive Oxygen Species (ROS) and bacterial FESEM was performed [6]. These
industrial effluent and pathogen degradation by the biocompatible membrane (96 %
RhB, 100 % E. coli, and 97 % E. faecalis) paved a new path for wastewater remediation
technology [7]. Further using the same nanocomposite membrane piezoelectric energy

has been harvested by simple hand tapping (about 14 N force) to minimize the energy
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deficiency of the society [8, 9]. Moreover, in this chapter energy has also been
generated from non-invasive mechanical energy sources like water flow (flow rate

4x1072 Ls™) and found a promising energy generation efficiency (50 W/m?).
5.2 Experimental section
5.2.1 Materials

Naturally formed kaolinite clay minerals have been purchased from Hindustan
Minerals, India. 2’, 7'-Dichlorodihydrofluorescein diacetate (DCFDA, purity > 97 %, 10
uM), Poly (vinylidene fluoride hexafluoropropylene) (PVDF-HFP, purity: 99.99 %,
molecular weight:455000) and multiwalled carbon nanotube have been purchased from
Sigma Aldrich, Germany. LB broth and phosphate buffer saline (PBS) have been
purchased from HiMedia Pvt. Ltd., India. The analytical-graded hydrazine hydrate
(purity > 99 %), acetone (HPLC-grade, purity > 99.5 %), and dimethylformamide
(DMF, purity > 99 %) have been purchased from Merck, India. Escherichia coli DH5a
(MTCC-1652) and Enterococcus faecalis (MTCC-441) have been purchased from the
Institute of Microbial Technology, Chandigarh, India. Millipore water having a

resistance of ~18.2 MQ-cm has been used throughout the experiment.
5.2.2 Synthesis of Nanocomposite Membranes

A facile one-step solution casting method was adopted to find the kaolinite-based free-
standing PVDF-HFP membrane. Initially, 0.5 g PVDF-HFP was taken in three different
glass vials and dissolved into 5 ml dimethylformamide (DMF) at 60°C on a magnetic
stirrer (600 rpm). The activated nano kaolinite was then added by maintaining the
weight percentage of 2.5 %, 5 %, and 7.5 % with the polymer. The vials are kept in the
same condition until a homogeneous gel-like transparent solution occurs. Then the
homogeneous solutions were taken in different clean petri dishes and kept in a dust-free
hot air oven at 60°C for 6h. The dried flexible free-standing membranes were then
peeled off from the Petri dishes carefully, collected, and named PVK2.5, PVKS5, and
PVK?7.5 respectively according to their wt%. A film of pristine PVDF-HFP was also
prepared for the comparative study by the same method without adding the activated
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natural clay in its matrix and labelled PVKO. All the prepared nanocomposite

membranes were then sent for further experiments.

On the other hand, the same protocol was adopted to obtain the flexible, composite film
of MWCNT-kaolinite-PVDF-HFP. Initially, 0.5 g of PVDF-HFP was dissolved in 10
mL of DMF under stirring conditions (600 rpm) at 60°C. The 1 % MWCNT loaded-
kaolinite nanocomposite (CK1; chapter 3) was then added at different weight
percentages (0.5 %, 1.0 %, and 1.5 %). The homogenous solutions were then poured
into clean glass Petri plates after 12 h of vigorous stirring and the plates were kept in a
dust-free hot air oven at 60°C for another 6h. The dried membranes were peeled off and
marked as PCKO0.5, PCK1, and PCK1.5. Pure PVDF membrane was also prepared using
the same protocol, excluding the addition of MWCNT-kaolinite, and marked as PCKO
(Figure 5.1, Table 5.1).

59 2.5% (w/w)
PCK 0,5% o— PVK 2.5
1% MWCNT —Kaolinite o Activated Kaolinite
(CK 1) = %" (A.K)
2 Q
=
b @
1.0% (w/w) 5.0% (w/w)
PCK 1 . | PVDE PVK 5
1% MWCNT —Kaolinite || o (PVK0/PCK0) = Activated Kaolinite
(CK 1) = = (A.K)
K J
3 2
S =
2 =
1.5% (W/w) E R 7.5% (Wiw)
PCK 1.5 (ee— PVK 7.5
1% MWCNT —Kaolinite Activated Kaolinite
(CK 1) (A.K)

Figure 5.1. Nanocomposite sample and preparation techniques.
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Table 5.1. Synthesized nanocomposite membranes and respective codes

Pure PVDF-HFP PVKO/PCKO
Functionalized kaolinite-doped PVDF- PVK2.5, PVK5, PVK7.5
HFP (2.5, 5, 7.5%: Wt/Wt-ratio)
1%-MWCNT incorporated kaolinite- PCKQ0.5, PCK1, PCK1.5
doped PVDF-HFP (0.5, 1, 1.5%: Wt/Wt-
ratio)

5.3 Results and Discussion

5.3.1 Structural and Morphological & Elemental Analyses of the Nanocomposites

The X-ray diffractograms of the activated kaolinite, MWCNT-kaolinite doped PVDF-

HFP nanocomposite membranes have been investigated and depicted in Figure 5.2 a, b.
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Figure 5.2. XRD of a) kaolinite doped PVDF b) MWCNT-kaolinite incorporated PVDF

nanocomposite membranes

The diffractograms of the nanocomposite membranes show that the non-polar a- phase
at 17.6° gets quenched whereas both polar phases of f (20.4°) and y (39.6°) get
enhanced with the natural nano-clay and MWCNT-clay incorporation in the PVDF-HFP
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matrix [10]. The diffraction maxima at 12.5, 24.8, 26.6, 13 49.5, and 67.3° have arisen
for the increased doping percentage of the kaolinite in the membranes [11, 12]. These
polar phase enhancements of the PVDF-HFP membranes help to increase their
piezoelectric effectiveness and get maximum for PVKS5 and PCKZ1. It is found that, after
reaching a certain doping limit, viz, 5wt% in kaolinite doped PVDF and 1 % in
MWCNT-kaolinite doped PVDF, the polar phase in the polymer matrix further
decreases in PVK7.5 and PCK1.5. This may be attributed to the excess presence of
negative surface charge of the modified natural clay, which further disrupts the Hz and

F2 band parity in the nanocomposite membranes [13].

The FESEM micrographs of the kaolinite doped PVDF depicted in Figure 5.3 and
MWCNT-kaolinite doped PVDF depicted in Figure 5.5 show that the big bubble-like
structure of PVKO or PCKO has been greatly reduced with the incorporation of
nanoparticles in PVK2.5, PVK5, PVK?7.5, PCKO0.5, PCK1, and PCK1.5. This validates
the formation of polar crystalline phases [14]. The clay-modified NPs-incorporated
nanocomposite membranes depicted the homogeneous distribution of nanoparticles in
the PVDF-HFP matrix which suggests the successful incorporation of the nanoparticles.
The TEM micrograph of PCK1 has also been investigated and found clay NPs in the
PVDF interior in Figure 5.5 e.
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Figure 5.3. FESEM micrographs of a) pure PVDF, b) PVK2.5, ¢) PVKS5, and d)
PVK7.5.

The EDS spectra and elemental mapping data also suggest the successful incorporation
of nanoparticles in the membranes (Figure 5.4, 5.6). However, for using carbon tape the
carbon component has been locked in the instrument as a result carbon component is
not present in the elemental table. The presence of Au in the membranes arises due to
the gold sputtering while the sample has been prepared for FESEM, EDS, and mapping.
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Figure 5.4. EDAX (a, b) and mapping (c-i) of PVK5 membrane.

The chemical states show the full XPS spectrum of the nanocomposite membrane
(PCK1) in Figure 5.7 The C 1s XPS spectrum was deconvoluted which exhibits the
contribution of different C species [15]. The deconvoluted spectrum consists of two
intense peaks suggesting major contributions of -CH2- and -CF2- while the
contributions from —C=C-, -F-C-C-H-, -H-C-F- are also reflected by three other less
intense peaks [16]. The -CH»- and -CF,- peaks are observed at 286.3eV and 291eV,
indicating a shift toward higher BE compared to pure PVDF-HFP. The peak shift of C
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1s XPS spectra indicates a strong electrostatic interaction among the PVDF and
MWCNT molecules and the formation of the B phase [17]. Figure 5.7 shows the
deconvoluted XPS spectra of F1s exhibiting the shift of —F-C-H- and —F-C-F- species
towards higher BE and is found at 688.6 eV and 687.3 eV respectively.

(033 nm)

- o T = T T 1
e a3 A Qe S A 0 1 Distance (nm) 2

Figure 5.5. a-c) FESEM micrographs of PCKO0.5, PCK1, PCK1.5 respectively, d) TEM
micrograph of PCK1,

5.3.2 Estimation of polarity and piezo-effectiveness of the nanocomposite

membranes

It has been found from the previous Chapter 3 that the activated kaolinite (-17.1 mV) and 1 %
MWCNT doped kaolinite (-37.3 mV) pose a better negative surface charge than pristine clay (-
11.8 mV) due to the incorporation of electroactive NH, groups and MWCNT over its surfaces.
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This negative surface charge of the activated clay and MWCNT -incorporated clay enhances the
polar B-phase formation probability in the nanocomposite membrane. In reality, a- phase of
PVDF-HFP has electro-positive —CH, moiety and electro-negative —CF, moiety attached in
carbon chains in TGTG' (trans-gauche-trans-gauche) configuration which is why the polarity of
the membrane is very low. In the B-phase of the PVDF-HFP —CH2 and —CF2 moieties arranged
in opposite directions of the carbon chain in TTTT configuration and enhanced the polar phase
by forming the dipole as well as the piezo response of the membranes [18]. When the
nanoparticles have a negative surface, charge entrapped into the polymer matrix the
surface charge of the nanoparticles flipped the positive moiety of the PVDF-HFP on its
side creating an all-trans conformation (TTTT), which resulted in the polar B-phase
enhancement. The schematic diagram of dipole orientation in the different phases of
PVDF-HFP has been shown in Figure 5.8 e. This enhanced polar B-phase and the
bonding networks of the nanocomposite membranes have been investigated by FTIR
spectroscopy. In Figure 5.8a, 5.9 a the FTIR spectra show that the nonpolar o- phases at
530 (CF»- bending), 614 (CF.- bending), 765 (skeletal bending), 796, and 976 (CH»-
rocking) cm™ get quenched and characteristic bands of polar B-phase at 489 (CF-
deformation), 508 CF»- stretching), 603 (CF2- wagging), and 840 (CF: stretching, CH>
rocking, and skeletal C-C stretching) cm™ enhanced with the increment of nanoparticle
incorporation in the polymer matrix and found to be maximum in PVK5 and PCK1
[19]. The polar phase decreases after the excess incorporation of nanoparticles in the
sample PVK7.5 and PCK1.5. In reality, the over-doping of nanoparticles enhances the
negative charge concentration in the nanocomposite matrix and these extra negative
surface charge tries to decrease the polar phase by attracting the positive moiety (CH»-)
PVDF-HFP polymeric chain as a result the dipolar orientation is again disrupted. A

schematic representation has been depicted in Figure 5.9b.
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Figure 5.6. a) EDS of PCK1, b-f) mapping data of PCK1 nanocomposite membrane.
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Figure 5.7. (a) Full XPS spectrum of the nanocomposite membrane (PCK1), (b), (c)
deconvoluted spectrum of the C and F, (d), (e), (f) chemical states of Si, O, and Al

respectively.

In terms of polar phase calculation, the polar B-phase has been calculated by the

Lambert-Beer law,

FB) = xpr—al——. ... [4.1]

mXA((X) +A(B)

where K(a) and K(fB) are the absorption coefficients for the a and B phase at 765 and
840 cm! respectively and have the values of 6.1 x 10* cm? mol™! and 7.7 x 10* cm?
mol ™! whereas A(o) and A(B) are the absorbance value of a and B phase respectively at
the corresponding wave number [20].

From Lambert-Beer law the polar B-phase percentages have been calculated and found
61.0 %, 82.0 %, 84.2 %, and 82.7 % for the nanocomposite membrane PVKO0, PVK2.5,
PVKS, and PVK7.5 respectively which suggest that PVKS membrane poses maximum
polar B-phase (Figure 5.8 c) which suggest that the PVKS poeses better piezoelectric
properties in kaolinite doped PVDF matrix [21]. Moreover, in the case of MWCNT-
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kaolinite incorporated PVDF matrix the polar phases vary 61.0, 84.5%, 88.7%, and
85.8% for the membranes PCKO0, PCKO0.5, PCK1, PCK1.5 (Figure 5.9 b) respectively
which validated the PCK1 having maximum polar phases can be applicable in pezo-
responsive applications.

The room-temperature polarization-electric field (P-E) hysteresis loop has also been
measured at 10 Hz in the +200 kV/cm range (Figure 5.8 d & 5.9 ¢). The area within the
loop corresponds to the heterogeneous charge density and indicates the charge storage
capability of the material [22]. It has been found that the remnant polarization (P;)
increases with the increasing doping percentage and is found to be 0.30, 0.51, 0.59, and
0.48 uC/cm? respectively for the PVKO, PVK2.5, PVKS, and PVK7.5 nanocomposite
membrane depicted in Figure 5.9 d. In the case of MWCNT-kaolinite clay-doped
membranes, the remnant polarization varies 0.72, 0.92, and 0.42 uC cm™ for PCKO.5,
PCK1, and PCK1.5 respectively (Figure 5.10 c). The remnant polarization is found to
be highest in the PVKS membrane from the group of kaolinite-doped PVDF and PCK 1
from the MWCNT-kaolinite-doped PVDF which is analogous to the FTIR, XRD, and
FESEM data and indicates the maximum polar phase contained in the PVKS5 and PCK1
membranes. This promising polarization in the PVKS and PCK1 membranes made them
suitable for any piezo-responsive applications [23].

Further, the dielectric properties of the nanocomposite membranes were also evidence
of polarization in terms of Maxwell Wagner's interfacial polarization theory [24]. The
dielectric constants of the membranes have been calculated by the equation 1.4. The
dielectric constants are 9.0, 9.4, 12.9, and 9.7 respectively for the sample PVKO or
PCKO, PVK2.5, PVKS, and PVK7.5 at 40 Hz field frequency with a nominal tangent
loss (Figure 5.8 f) whereas D.C of PCK based membranes varies 11.9, 18.0, 8.9
respectively for PCKO.5, PCK1, PCKI1.5 (Figure 5.9 e, f). The frequency-dependent
conduction mechanism (AC conductivity) of the nanocomposite membranes has also

been studied by equation 1.5.
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Figure 5.8. a) FTIR spectra of kaolinite-PVDF membranes, b) Schematic
representation of polar f-phase formation, c) percentage p-phase of the nanocomposite
membranes, d) Room temperature P-E loop data of the membranes, and e) Dipole

orientation in a. and p-phase of PVDF.
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Figure 5.9. (a) FTIR spectroscopy of PVDF-based MWCNT-kaolinite nanocomposite
films, (b) percentage [-phase of the PVDF-based nanocomposite films, (c) Zeta
potential of 1% MWCNT doped natural kaolinite, (d) P-E loop of PVDF-based
nanocomposite films, (e) Schematic diagram of p-phase formation, (f) dielectric
permittivity of the nanocomposite films, (g) variation of dielectric permittivity with
percentage doping of MWCNT-kaolinite in PVDF matrix, (h) ac conductivity data of

nanocomposite membranes, (i) dissipation factors (tand) of the nanocomposites.

It has been found that the AC conductivity increases with increasing frequency and
found 4.9E-5, 5.3E-5, 6.6E-5, 4.7E-5, 54 E-5, 9.5 E-5, and 4.6 E-5 Sm™ for
PVKO/PCKO, PVK2.5, PVK5, PVK7.5, PCKO0.5, PCKI1, and PCKI1.5 respectively
(Figure 5.8 h & 5.9 g). This data is evident that the PVKS5 and PCK1 possess the highest
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dielectric constant which is analogous to other characterizations. Although PCK1 poses
a better polarization response than PVKS membrane in all the experiments [25].
Moreover, the polarizability of the samples has been investigated theoretically by using
density functional calculations (DFT) [26]. In a typical process by the theoretical model
of PCKO/PVKO and PCK1 nanocomposite membranes have initially been designed by
Avogadro v.1.2.0 software package. The DFT simulation depicts the enhanced
polarizability, quadrupole moment, and dipole moment in the PCK1 sample compared
to its pristine counterpart (PVKO/PCKO). The dipole moment increases from 12.09
Debye to 12.26 Debye, the quadrupole moment increases from -165.25 C m? to -169.02
C m?, and the isotropic polarizability increases from 218.54 C m? V1to 222.02 C m? V-
! Such augmented values validate the enhanced B-phase polarization calculated from
FTIR spectra and indicate the samples, especially PCK1 to be a promising agent for
piezo-responsive applications.

Further, the piezoelectric coefficients (ds3) of the samples by open circuit piezo voltages
for the membranes under the mechanical force applied by simple finger tapping have
been calculated by using the capacitance values (Cp) by the relation 1.9. The d33 values
of the nanocomposites are found to be around 10 pC N! (PVK/PCKO), 16.5 pC N’!
(PVK2.5), 47.7 pC N'! (PVKS), 23.7 pC N'! (PVK7.5), 25.8 pC N'! (PCKO.5), 50.7 pC
N (PCK1) and 12.3 pC N! (PCK1.5) for PVDF-based nanocomposite membranes.
Such relaxation resembles the B-phase values and theoretical polarizabilities [27]. The
piezoelectric coefficient (ds3) of PCK-based membranes has again been calculated using
the equation d33 = -P//Y, where P;, Y is the remnant polarization and Young’s modulus
(calculated from figure 5.9 1) respectively of the nanocomposite membrane. Young’s
modulus of the nanocomposite membranes has been found 328 N/mm? for bare PVDF
and 167 N/mm? for PCK1 membrane. Therefore, by using the above equation, ds3 of
PCK1 comes out to be 55.1 pC/N. This value is higher than observed in PVDF (10.6
pC/N) showing that the nanocomposite membrane has superior piezoelectric properties

without undergoing any poling techniques (Table 5.2).

147 |Page
D. Mondal, Jadavpur University



a) T vk

A
PVK5 PVK75| 2 ¢
> .l PVK <
g.o )
g £ 4
p— =]
44
S ;2 At~0.0035 S
EN I
: :
-h .a 0
;- M 2
= )
2 4 8'2'
O 2 o i 6 8 2 14 16 1138 1139 'nfao 14 142
Time ( d Time (S)
) 7
50 c) -
- 40 61
z =
Q 30- @,
2 237 | &1
i i = 0
Q20 o r
= 10.0 ==
10 ’ -4
0 1 4 5

PVKO

PVK2.5 PVKS

PVK7.5

2 3
Time (Second)

Figure 5.10. a) Piezoelectric open circuit voltage, b) Impulsive time of force applied,

and c) dz;z of the nanocomposite membranes.

Table 5.2. Polarization, Young’s modulus, and measured piezoelectric coefficients of

the nanocomposite membranes (measured in two different IEEE standard methods)

Polarization ~ Young’s das = dss =P/Y (pCIN)

Samples (uC/cm?) modulus  CpV/F

(MPa/mm) (pC/N)
PCKO/PVKO 0.349 328 11.0 10.6
PCKO0.5 0.724 290 25.8 24.8
PCK1 0.924 167 50.7 55.1
PCK1.5 0.428 202 12.3 20.8
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5.3.3 Piezoelectric energy generation

The devices by the membranes for piezoelectric energy generation have been fabricated
in the procedure discussed in 1.10.3.2.5. It has been found that the voltages are 1.9V,
3.4V, 7.5V, 4.5V, and 8.0V, for the nanocomposite membranes PVK0/PCK0, PVK2.5,
PVKS5, PVK7.5, and PCK1 respectively depicted in Figure 5.10 a & 5.10 d (PCK1) by
the simple finger tapping (14 N force) [28].

Moreover, the non-invasive water flow-mediated piezoelectric energy has also been
generated by the PCK1 membrane for its maximum piezo efficiency. Initially, the
device (Figure 5.11 c) was exposed to water droplets (Millipore or deionized water)
from different heights (18 cm, 36 cm, 72 cm) under a constant flow rate (4x107 Ls™)
and output voltages were measured (Figure 5.11 a). It has been found that around 1.0 V,
2.0V, and 4.1 V voltages have been generated when the water droplets have fallen from

different heights of 18 cm, 36 cm, and 72 cm respectively [29].

The pressure exerted on the device enhances significantly, which results in an
augmented voltage generation with increasing height. The exerted forces on the device
have been measured and found to be 2.94 N, 4.79 N, and 7.19 N for the falling water
from different heights as 18 cm, 36 cm, and 72 cm respectively. The corresponding
short circuit currents have also been measured and depicted a similar relaxation.
Particularly, at the highest distance (72 cm) the output current attains the highest value
(1.5 pA) compared to 18 cm (0.5 pA) and 36 cm (0.8 pA) distances (Figure 5.11 d).
Such high values of open circuit voltages and short circuit currents account for a
relatively high power density of the device (50 W m). Besides, water from different
sources (drinking water, tap water) having distinct total dissolved solids (TDS) was
collected and poured on the device from a fixed height of 36 cm. The output voltages
obtained have been depicted in Figure 5.11 b showing that in the case of drinking (3.1
V) and tap water (6.5 V) the piezoelectric voltages attain higher values compared to the
deionized water (2.0 V). This phenomenon can be substantiated by the virtue of the
TDS of the water sample. The TDS of tap water (1876 ppm) is higher than that of
drinking water (152 ppm) and deionized water (3 ppm), which exerts an augmented
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force on the device and increases the output voltages. Such an interesting observation
could lead to water quality monitoring in the near future along with non-invasive energy
generation technology to serve society in the energy crisis [30]. The mechanism of

energy generation by mechanical stress has been illustrated in Chapter 1, Section 1.5.

5.3.4 Eradication Efficiency of Rhodamine B

The PCK1 and PVKS5 nanocomposite membranes have shown high isotropic
polarizability, a promising piezo coefficient along with significantly high
piezoelectricity under external mechanical stimuli and are therefore selected for
piezocatalytic application [31]. Herein, the PCK1 and PVK5 membranes have been
used to degrade Rhodamine B (RhB) dye under ultrasound stimulus by the catalysis
experiment as stated in Chapter 1 Section 1.10.6. It has been found that the
characteristic absorption maximum of RhB (554 nm) degrades gradually under the
external stimulus [32]. The pink color of the dye also faded with the duration of the
ultrasound treatment and finally depicted full transparency under 60 min of treatment
(Figure 5.12 i). The absorbance spectra in Figure 5.12 a, b show the degradation
kinetics of the piezocatalysts (PCK1, PVK5). The percentage piezo degradation
efficiency n of the nanocomposites has been investigated by using the relation 1.13. It
has been found that the degradation efficiency reaches about ~ 96 % for PCK1 and 79
% for PVKS5, which is found to be 2.1 % in the absence of the catalyst under the piezo
stimulation (Figure 5.12 h). Thus, it can be noted that the piezocatalyst (PCK1) offers
enormous catalytic activity under mechanical stress. The mechanism of catalysis has
been illustrated in Chapter 1 Section 1.6. In addition, the recyclability of the catalyst has
been estimated by re-using it in a cyclic manner. Herein, the same membrane was used
in five different cycles of application and found to have a consistent degradation
efficacy (95.4 %) even after five cycles (Figure 5.12 g). There are several reasons for
this type of alteration of the membrane efficiency i.e. accumulation of degraded
contaminants or by-products over the membrane surface, distortion of the polymeric

chain by ROS, and loss of active catalytic site of membrane for chemical changes [33].
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Figure 5.11. Piezoelectric output voltages: (a) voltages when the device is exposed to
DI-water from different heights, (b) voltages from 36 cm height of different water
sample, (c) PCK1 nanocomposite film-based device for piezoelectric water energy
harvesting, (d) piezoelectric currents when DI-water droplets fall from a different

height on the device.

To verify the catalysis mechanism, the first-order reaction kinetics, scavenging, and
trapping experiments have been performed. The scavenging experiment was performed
by adding scavenger chemicals to the organic dye-containing solution before
performing the catalysis experiment [34]. It has been found that in the case of AgNOs3,
BQ, EDTA, and TBA the piezo degradation efficiency has been found 68.7 %, 52.6 %,
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72.2 %, and 14.4 % respectively, which confirms the minimum scavenging for TBA
(Figure 5.12 d, e). Further, the first-order kinetic constant (k) has been measured by

using the relation 1.14.

The kinetic constants k have been measured and found to be 4.02 x102 min?t (No
scavenger), 0.4 x102 mint (TBA), 2.97 x102 min* (EDTA), 2.90 x10 min** (BQ), and
1.81 x102 mint (AgNOs). The lowest k value of TBA confirms the dominance of the
OH* radicals in our case. The presence of hydroxyl radicals in the piezocatalytic
reaction mixture has been investigated by the photoluminescence-probing technique of
terephthalic acid (TPA). Herein, a radical increment in fluorescence intensity over time
has been found that confirms the production of OH” radicals and validates the ROS-

mediated damage to the RhB solution (Figure 5.12 f).

5.3.5 Inhibition of pathogenic bacteria

A substantial bactericidal effect has been found when the bacterial cells are exposed to
ultrasound with the polymeric membranes. The mortality reaches nearly 99 % and 100
% in E. coli bacterium for PVK5 and PCK1 respectively and 97 % in E. faecalis
bacterium (PVKD5) after 40 min of ultrasound treatment which has been calculated from
the colony counting technique, equation 1.15 (Figure 5.13, 5.14). A slight enhancement
in the mortality rate in the negative controls, i.e., bacteria exposed to ultrasonic
vibrations only is due to physical factors like micromechanical shocks, cavitation, and
mechanical effects [35]. The movement of compression and rarefaction waves through
the media during ultrasonication and the collapse of rapid oscillating bubbles have a
deleterious effect on the bacterial cell membrane. In the control sample, the cellular
membrane is smooth and undamaged whereas after piezodynamic therapy the bacterial
cell ruptured which has been confirmed by the FESEM micrograph and depicted in
Figure 5.13 d, e and 5.14 d, e. In The case of negative control by only ultrasound, the
bacterial mortality was found at 74.8 % and 71.9 % suggesting the piezodynamic ROS
enhances bacterial eradication efficiency.
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Figure 5.12. (a) Organic Rhodamine-B dye degradation with time under ultrasound
(PCK1), (b) Degradation of RhB by PVKS5, (c) investigation of scavenger by PCK1, (d)
the reaction rate constant for different scavengers by PCK1, (e) effect of different free
radicals for the Rhodamine-B degradation, (f) trapping experiment to investigate the
presence of OH* radical, (g) recyclability experiment of the nanocomposite film up to

five cycles h) comparison with only US data (i) pictorial representation of dye color
with time.

The fundamental cause for piezocatalysis is ROS creation, primarily OH* which has
been confirmed by the photoluminescence study using DCFDA stated in Chapter 1
section 1.10.7. It has been found that the formation of ROS is negligible in the control
group, it is gradually increased in the PVK5/PCK1-mediated treatment group (Figure
5.13, 5.14, 5.16) which validated the ROS-mediated piezocatalytic mechanism [36].
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The time-dependent kinetic study has been depicted in Figure 5.15 for both the negative
control and piezocatalysis. Moreover, the antibacterial test of the PVDF-HFP membrane

without ultrasound and with ultrasound has been investigated.
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Figure 5.13. (a) Photographs representing surviving E. coli colonies on the solid agar
plates (after 24 of incubation); (b, ¢) lllustrates the amount of ROS generation and
mortality percentage of E. coli as calculated using colony counting technique (d, e) FE-
SEM images.

It has been found that the antibacterial efficiency was 8 % without US and around 35 %
with ultrasound. The 35 % eradication was found due to nominal piezocatalytic
efficiency in bare PVDF-HFP membrane [37]. Therefore, this work validates that the
piezo-responsive PVK5/PCK1 membrane can be effectively utilized for the elimination

of both Gram-positive and Gram-negative bacteria under mechanical stimulus.
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Figure 5.14. (a) Photographs representing surviving E. faecalis colonies on the solid
agar plates (after 24 of incubation); (b,c) lllustrates the amount of ROS generation and
mortality percentage of E. faecalis as calculated using colony counting technique (d, e)

FE-SEM images.
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Figure 5.15. Time-dependent kinetic study of bacterial degradation by PVK5

membrane and only US
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Figure 5.16. (a) Investigation of bacterial ROS with increasing time, (b) MWCNT-
kaolinite-PVDF nanocomposite assisted mortality percentage of pathogenic bacteria
under ultrasound, (c) agar plate data for investigating bacterial decomposition with

time, (e), (f), (g) FESEM images of healthy, ultrasound-assisted E. coli, and PCK1 and

ultrasound-based degraded E. coli.

Moreover, the recyclability test of the membranes has been investigated up to 4 cycles
and found negligible efficiency loss suggesting the applicability of the membrane for
multiple uses (Figure 5.17 a-d). The statistical validation of bacterial eradication data
has been investigated with a one-way ANOVA test for membranes by the GraphPad

Prism 9 software package. The statistical significance value (p-value) has been found
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0.0001 for PVKS5 and 0.0002 for PCK1 with a significant R? value of 0.9995 and 0.9989

respectively which suggests the statistical correctness of the data (Figure 5.17 e, f).
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Figure 5.17. (a, b) Recyclability test of PVK5 membrane for E. coli bacteria, (c, d)
Recyclability test of PCK1 membrane for E. coli bacteria, e, f) one-way ANOVA test for

PVKS5 and PCK1 respectively for E. coli bacteria degradation.

Moreover, the hemolysis rate was less than 2 % among the experimental groups of
samples. The hemolysis rate was only 0.13 % at PCK1, whereas the kaolinite NPs,
PVKO/PCKO, and PVKS5 were respectively 1.6 %, 1.1 %, and 0.39 %, which were far

less than the 5 % allowed limit (Figure 5.18). Hence, the nanocomposites membranes
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(PVK5/PCK1) are considered as biocompatible membranes which can be further used

for in vivo experiments as these have no such toxicity effect in cells [38].
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Figure 5.18: Biocompatibility of the nanocomposite membranes via hemolysis assay.

5.4 Summary

In this chapter, the surface-modified naturally formed kaolinite nano clay and 1 %
MWCNT doped clay have been incorporated into the PVDF-HFP polymer matrix for
the successful preparation of self-poled polymeric piezocatalyst. The fabricated natural
clay-based free-standing nanocomposite membranes show promising piezo-responsive
properties. This piezo-response has been confirmed by the XRD, FTIR, dielectric, P-E
loop, and d33 measurements along with theoretical density functional calculation. It has
been found that the 5 % activated clay and 1 % MWCNT doped clay incorporated
PVDF polymeric membranes show maximum piezo-response. The PCKI1
nanocomposite membrane shows the highest piezo-responsive efficiency and generates

promising piezo voltage with a power of 50 W/m? by the non-invasive waste-water
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flow-mediated mechanical stimuli. These highly piezoresponsive membranes have been
used further to decompose carcinogenic RhB dye [79 % (PVKS5) and 96 % (PCK1) in
1h], Gram-negative (E. coli) [99 % (PVKS5) and 100 % (PCK1) in 40 min] and Gram-
positive [E. faecalis, 97 % (PVKS)] coliform bacteria, and found promising degradation
efficacy only in 40 min of soft ultrasound. The reactive oxygen species-mediated
bacterial degradation mechanism has been investigated further and found OH" radical
generation under soft ultrasound. The FESEM study was also performed to investigate
the cell death of bacteria and found the ruptured cell wall confirms the bacterial death. It
has been found that the 1 % MWCNT doped clay-based polymeric membrane shows
maximum piezo effectiveness both in energy generation and wastewater remediation.
This highly piezoresponsive eco-friendly, low-cost, natural clay-based nanocomposite
membrane can be produced on a mass scale to get rid of water-borne diseases and

energy deficiency if properly improvised.
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Chapter 6

Development of Chitosan Biopolymeric Membranes-based Piezocatalyst and
Energy Harvester by Incorporating Structurally Modulated & 1% MWCNT-
doped Kaolinite Clay Nanoparticles.

6.1 Introduction

In Chapter 3 it has been found that the surface functionalized nano kaolinite and
intercalated kaolinite show promising physicochemical properties. Inspiring from their
promising surface property correlation this work demonstrated piezo-responsive
biopolymeric composites which have been fabricated by incorporating functional and
intercalated kaolinite in the chitosan polymer matrix [1]. In reality, Chitosan (CS) is
made from the deacetylation of chitin, which is widely found in nature [2]. Owing to its
excellent properties and biocompatibility over synthetic polymers, CS has been widely
used in water treatment, biomedical purposes, and non-invasive energy generation by
fabricating nanoparticle-modulated devices [3]. In reality, the intrinsic polarization and
piezoelectric performances of pristine chitosan are very low (d33 <5 pC/N) but the
modification by incorporation of different high surface properties nanomaterials into its
interior can enhance its polarization and piezoelectric performances [4]. Recently
scientists have been focussing on the tunability of piezo-tribo coupling performances of
CS by incorporating several nanomaterials but catalytic performances of CS-based
polymeric membranes are in their infancy [5]. Keeping in mind the versatility of this
bio-polymer, in this chapter a biopolymeric membrane modified by naturally found
kaolinite clay and its modified counterparts by 1D MWCNT incorporation to enhance
the functionality of the clay has been developed for simultaneous wastewater
degradation and energy generation without harming the environment. The d33 value has
been enhanced up to 33.56 pC/N by incorporating functional clays into the
biopolymeric matrix. This multifunctional biocompatible, natural membrane can
generate a new avenue for water technology and a non-invasive energy source for
scientists and technologists if properly improvised.
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6.2 Experimental Details
6.2.1 Materials

Naturally found bulk kaolinite clay was purchased from Hindustan Minerals, India, and
activated and intercalated which is depicted in Chapter 3. Hydrochloric acid, nitric acid,
acetic acid, Hexamine, dimethyl sulfoxide (DMSO), 2’, 7'-Dichlorodihydrofluorescein
diacetate (DCFDA), MWCNT, and hydrogen peroxide were purchased from Sigma
Aldrich, Germany. Phosphate buffer saline (PBS) and LB broth were purchased from
HiMedia Pvt. Ltd., India. Rhodamine B and Congo red organic dyes were purchased
from Sigma Aldrich, Germany. E.coli bacteria having MTCC no-1652 were obtained
from the Institute of Microbial Technology, Chandigarh, India. HPLC-graded ethanol
and acetone were purchased from Merck, Germany. No further purification has not done
with the purchased chemicals. Millipore water was used throughout the whole

experiment which has a resistivity of about 18.2 MQ cm.
6.2.2 Synthesis of modified-kaolinite and chitosan nanocomposite membranes

As synthesized functionalized, intercalated, and 1 % MWCNT doped kaolinite
nanoparticles (chapter 3) were further incorporated into chitosan biopolymer to find bio-
nanocomposite membranes. In this experiment at first 50 ml 1M acetic acid was taken
and heated at 50°C. After that 0.5 gm of chitosan powder was added to find a
homogeneous gel-like solution. When the homogeneous solution was obtained the
functionalized and intercalated kaolinite powder was added to the solution maintaining
the w/w mass ratio of 2.5 %, 5 %, and 7.5 %. Whereas, 1 % MWCNT doped clay has
been incorporated by the mass ratio of 0.5 %, 1 %, and 1.5 %.

Table 6.1. Synthesisez bio-nanocomposites membranes and their codes
Pure chitosan membrane CKF0, CKI0, CNKCO
Activated kaolinite doped chitosan CKF2.5, CKF5, CKF7.5

membranes (2.5%, 5%, 7.5%: Wt/Wt-ratio)
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Intercalated kaolinite doped chitosan CKI2.5, CKI5, CKI7.5
membranes (2.5%, 5%, 7.5%: Wt/Wt-ratio)

1% MWCNT incorporated kaolinite doped CNKCO0.5, CNKC1, CNKC1.5
chitosan membranes (0.5%, 1%, 1.5%:

Wt/Wt-ratio)

Chitosan
Activated | Kaolinite (4.K) Intercalated | Kaolinite (1.K) CK1
= 2 =
e ~ ) e < — -

o "
CKF2.5 CKF5 [ckr7s] ICK' 25 | [cxis] CKI75 [cnkcos ] [cnket | [enkC 15

Figure 6.1. Synthesis protocol of nanocomposite membranes

The solutions were then stirred overnight to find the gel-like nanocomposites. On the
next day, the homogeneous solutions were taken in separate clean plastic petri dishes
and dried at 50°C in a dust-free hot air oven for 6h. The dried flexible, free-standing
membranes were then marked as CKF2.5, CKFS5, and CKF7.5 for the functionalized
kaolinite nanoparticle-incorporated membranes whereas the intercalated nanoparticle
incorporated membranes were marked as CKI2.5, CKI5, and CKI7.5. On the other
hand, the 1 % MWCNT-doped kaolinite incorporated bio-nanocomposite membranes
were marked as CNKCO0.5, CNKC1, and CNKC1.5. A pristine chitosan film was also
prepared by the same procedure without adding any nanoparticles to it and marked as

CKFO0/CKIO/CNKCO for the respective sets (Table 6.1, Figure 6.1).

6.3 Result and Discussion

6.3.1 Determination of the physicochemical features of the bio-polymeric
membranes

The functionalized, intercalated, and 1 % MWCNT-doped kaolinite incorporated
chitosan nanocomposite membrane’s XRD patterns are depicted in Figure 6.2. It has
been found that the peaks of bare chitosan corresponding to the hkl planes 020 and 110
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are decreasing with increasing concentration of the clay nanoparticles in its matrix.
These decrements of diffraction maxima happened due to both the molecular level
formation of the -H bond and the steric effect in the clay and polymeric interface by the

ordered packing of the polymeric chain [6].

+ Kaolinite — CKF7.5 b + Kaolinite ___ CKI7.5 . + Kaolinite
R 'a) : — CKF5 ) ) | — (KI5 8 0™ ¢)
3§ i —CKFS & .11 —CKRs| 2| T/ \
3 ] —CREL Ll =y g CNKC1.5
Al ] £l S W | ———]
z o > 2
e z 2|z A
g = @ b CNKC1
E e 1 g 2° rE CNKC0.5
- 2 E E y'w \ o
= CNKC0
0 20 30 4 s 6 T 8 10 20 3 4 0 6 1 s 10 20 302e 410) 50 60 70 80
26 (Degree) 20 (Degree) (Degree)

Figure 6.2. XRD of a) Functionalized-kaolinite, b) Intercalated kaolinite, and c) 1%-

MWCNT loaded kaolinite doped chitosan bio-polymeric membranes.

It also has been found the diffraction maximus of kaolinite NPs is absent in pristine
chitosan and increases with the incorporation percentage increase depicted by the star
marks in the diffraction graph [7]. These results suggest the successful incorporation of
the nano-clay into the bio-polymeric matrix and the formation of an ordered polymeric
interface between NPs and chitosan.

The morphologies of fabricated biopolymeric nanocomposite membranes depicted in
Figure 6.3 are observed by the FESEM. It has been found that a smooth surface
morphology was observed in pristine chitosan which became rough with the
incorporation of kaolinite clay and its modified counterparts and found a homogeneous
surface morphology up to CKF5 and CKI5 with clay NPs in the polymeric matrix. The
over-doping in the case of CKF7.5 (Figure 5.2d) and CKI7.5 (Figure 5.2g) has been
observed and the NPs are exposed to the polymeric surfaces which validated the
maximum incorporation limit of up to 5 % (wt/wt). Moreover, in the case of MWCNT-
doped chitosan, the biopolymeric membranes (CNKC) surface is almost homogeneous

due to low doping concentration (Figure 5.2h-j).
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Besides structural and morphological investigations elemental compositional studies of
the nanocomposite membranes have been investigated by the EDAX and mapping
techniques and depicted in Figure 6.4. In Figure 6.4 the EDAX spectra of the CKF5
(a,b), CKI5 (c,d), and CNKC1 (e,f) represent the incorporation of intercalated clay NPs
into the polymeric matrix in the proper stoichiometric ratio which suggests the

successful incorporation of the clay and its modified NPs into the biopolymeric matrix.

a) CKF/CKIO/CNKCO

CNKC1.5

Figure 6.3. FESEM micrographs of a) bare chitosan, b-d) functionalized kaolinite
doped chitosan, e-g) Intercalated kaolinite doped chitosan, and h-j) 1%-MWCNT doped

kaolinite incorporated chitosan membranes.

Additionally, the homogeneous elemental spreading in mapping data of CKI5 and
CNKC1 also suggests successful polymeric membrane fabrication. It has been found
that the Al, Si, and O contents are lower in the case of CNKC1 than CKI5 (Figure 6.5)
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which validated the lower incorporation percentage and is analogous to the EDAX data
in Figure 6.4. The XRD and FESEM data suggest the successful fabrication of the NPs

incorporated biopolymeric membranes.

Blement | Weght%

a) C 80.25
0 2.13
S 1T N 14.72
l l Al 1.84
o AR e S 1.06

17T
C 80.72
0 2.19
1Rt il N 14.16
Al 1.88
BEEESEEG
C 87.45
o) 0.52
| : . N 11.51
Al 0.29
Si 0.23

e

Figure 6.4. EDAX spectra and elemental tables of a, b) CKF5, ¢, d) CKI5, and e, f)
CNKC1

The bonding networks of the fabricated membranes were investigated by FTIR in the
region of 500-4000 cm™* and depicted in Figure 5.6. Figure 5.6 suggests almost the same
vibrational spectra for CKF (5.5 a) and CKI (5.5 b) nanocomposites. The intense
vibrational bands correspond to chitosan biopolymer at 1010 and 1065 cm™ due to 5'-
OH and 3'-OH respectively. The vibrational bands at 1157, 1313 and 1396 cm™ are
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N-KA
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SE _MAG: 8000x HV: 20kV WD: 14.5mm

SIKA
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Si-KA
SE MAG: 10000x HV: 20kV WD: 12.5mm

SE_MAG: 10000x_HV: 20kV WD: 12.5mm SE MAG: 10000x HV: 20KV WD: 12.5mm

Figure 6.5. Elemental mapping of a-f) CKI5, and g-I) CNKC1 nanocomposite
membranes suggest the proper stoichiometric incorporation of clay into the
biopolymeric matrix.
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respectively for the C-O-C, C-N, and -CH, asymmetric vibrations [6, 8]. Whereas the
bands at 1543 and 1635 cm™ are attributed to the -NH, bending and NH stretching
vibrations. The absorption bands at higher wave numbers at 2904 cm™ arose due to
asymmetric stretching of the -CH bond whereas the band at 3694 cm™ was observed for
-NH and -OH symmetric stretching [8]. Besides these vibrational bands of chitosan,
intense vibrations occurred at 540, 760 and 913 cm™ in CKF5 and CKI5 which are
increasing with the increasing percentage of kaolinite nanoparticles into the
biopolymeric matrix. These absorption bands correspond to the Si-O-Si, AlOs, and Si-O
respectively [9]. This type of increment in vibrational bands suggests the successful
incorporation of clay NPs in the biopolymeric matrix. Moreover, in the case of CNKC
samples, the percentage doping of NPs in the polymeric matrix is lower, as a result, the
peaks corresponding to the kaolinite which are present in CKF and CKI membranes are
not intense (Figure 6.7 c). In summary, all the conventional characterization techniques
suggest the successful fabrication of clay NPs incorporated bio-polymeric

nanocomposite membranes.

» b) R
& ~h A A CNKC1.5
=) = "\\' N 0 B AN R
é é 4 \\_,/\/\ KI7S . z
> - - CNKC1
= = Z
w @ CKI3 -
g 5 \f/ § el CNKC0.5
- 2 ] ~ ——
= VAN ks , = \\/V\\ ckns | *_E

CNKCO0

CKF0 CKI0

500 thU 15'00 2()'00 25‘['0 30’00 35‘00 4000 5'."0 10'00 15'00 ZU'UU 25‘00 31;00 35‘00 4000 500 10‘0“ 15'00 20‘00 ZSIUO 3“‘00 135‘00 4000
Wave number (em-1) Wave number (cm-1) Wave number (cm™!)

Figure 6.6. FTIR spectra of a) functionalized, b) intercalated, and c) 1% MWCNT-
doped kaolinite incorporated nanocomposite membranes

6.3.2 Electrical and piezoelectric properties of the bio-nanocomposites

The polarization and storage efficiency of the nanocomposite membranes reflect on
their real part of permittivity values and imaginary parts are associated with the loss
factor which has been illustrated in previous chapters. The polarization is directly
associated with the piezoelectric effectiveness of any nanocomposite matrix [10,11].
Thus, the permittivity values of the biopolymeric nanocomposite membranes have been
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calculated by equation 1.4 and produced in Table 6.2 and Figure 6.7. It has been found
that the dielectric constant increases with increasing concentration of clay and accrued a
maximum value at 5 % doping in both functionalized and intercalated kaolinite
although the rate of increment of D.C is higher in the case of intercalated kaolinite
incorporation. This result may arise due to the maximum surface area in intercalated
kaolinite by separating the layer which creates more Maxwell Wagner Interfacial
polarization and enhances the polarization properties [12,13].

Table 6.2. Dielectric constants of the membranes Moreover, the lower doping

concentration of 1 % MWCNT
incorporated kaolinite enhanced

CKFO/CKIO/CNKCO  10.7 the dielectric constant more than
CKF2.5 12.3 the greater incorporation of clays
AN TRl and accrued maximum D.C in the
CKF7.5 11.3

sample CNKC1 (19.5) may be
CKI2.5 15.5 .

happened for the maximum
CKI5 18.7 ]

surface properties of 1 %
CKI7.5 16.9 _
CNKCO.5 14.3 MWCNT doped clay (i.e. surface
CNKC1 195 charge, surface area in Chapter
CNKC15 75 3). It has also been found that

after a certain limit of
incorporation, D.C quenched (CKF7.5, CKI7.5, and CNKC1.5) which may result due to
the dis-alignment of extra nanofillers due to increment of extra surfaces and

agglomeration in the polymeric matrix.
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Figure 6.7. Electrical properties of the membranes: a, d, i) Dielectric constants, b, e, j)

tangent losses, and c, f, k) AC conductivities

Moreover, the AC conductivity calculated by equation 1.5 also changed and found that
in the case of CNKC membranes, it is lower (Figure 6.7 k) than clay-incorporated
nanocomposites which validated the maximum polarization in CNKC1. The dissipation
factor is low in all the cases (Figure 6.7 b, e, j). This type of electrical properties
enhancement suggests that the CKF5, CKI5, and CNKC1 pose maximum polarization
properties in the case of functionalized, intercalated, and MWCNT-doped clay-

incorporated chitosan and makes these membranes suitable for piezo-responsive
applications.
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Table 6.3. Piezoelectric effectiveness i.e. piezoelectric voltages, short-circuit currents,

and piezoelectric coefficients dsz of the nanocomposite membranes

CKFO/CKIO/CNKCO 6.4 0.9 3.75

CKF2.5 9.9 - 14.07
CKF5 16.4 0 17.89
CKF7.5 10.9 - 11.00
CKI2.5 12.6 1.2 16.10
CKI5 25.7 1.7 26.46
CKI7.5 19.8 1.4 12.53
CNKCO0.5 115 1.5 23.14
CNKC1 30.5 1.9 33.56
CNKC1.5 18.2 1.6 22.03

The piezoelectric open-circuit voltages and short-circuit currents have been measured
for all the bio-nanocomposites and depicted in Table 6.3 and Figure 6.8. It has been
found that the piezoelectric voltages and currents also vary in the same way as D.C and

found maximum voltage and current for CKIS (25.7 V, 1.7 uA), CKFS shows 16.4 V
whereas, in CNKCI1 the voltages and current are 30.51 V, 1.9 UA. The piezoelectric

coefficients for all the nanocomposite membranes have also been measured depicted in
Figure 6.8 f. It has been found that the low piezoelectric constant (d33) for pure chitosan
(3.75 pC/N) increases with the % doping of clay NPs and is found maximum in CKF5
(17.89 pC/N), CKI5(26.46 pC/N), and CNKC1 (33.56 pC/N). This experimental
evidence proves that CKF5 is most piezo-active from functionalized clay-incorporated
membranes and CKIS5 is most piezo-active from intercalated clay-incorporated
nanocomposites whereas, CNKCI1 poses maximum piezo-response from MWCNT-
doped clay incorporated bio-nanocomposites and it also poses maximum than other two
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groups. Thus, these three membranes have been further used for wastewater treatment

by piezocatalysis technique.
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Figure 6.8. Piezoelectric open-circuit voltages a) functionalized, b) intercalated, and c)
1% MWCNT doped kaolinite incorporated membranes. Short-circuit currents d)
intercalated and e) 1% MWCNT-doped clay-based membranes. f) piezoelectric

coefficients

6.3.3 Degradation of organic dyes

In the previous sections, it has been found that CKF5, CKI5, and CNKC1 show the
highest D.C, AC conductivity, piezoelectric voltage, piezoelectric current, and piezo-
coefficient (dss) from the activated, intercalated, and 1 % MWCNT-doped clay
incorporated chitosan matrix respectively. Thus, these three samples have been adopted
to degrade organic contaminants from wastewater. Herein, RhB and Congo-red dyes
have been degraded by the typical piezocatalysis experiment described in Chapter 1
Section 1.10.6. It has been observed that the characteristic peaks of RhB (554 nm) and
Congo-red (496 nm) reduce with time in UV-vis data and a visual colour change is also
observed in the naked eye. The degradation kinetics of the RhB (Figure 6.9: a, d, g) and
Congo-red by (Figure 6.9: b, e, h) CKF5, CKI5, and CNKC1 have been depicted in

Figure 6.9. The percentage piezo degradation efficiencies n have been calculated by the
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relation 1.13. It has been found that CKF5 degraded 65 % RhB and 59 % Congo-red,
CKI5 degraded 96 % RhB and 88 % Congo-red whereas CNKC1 degraded 97 % RhB
and 89 % CR, in 100 min of ultrasound impulse (33 KHz, 50 W). To evaluate the
degradation happening due to piezocatalysis a control set of dyes was also degraded by
only ultrasound and found an efficiency of only 11 % for RhB and 13 % for Congo-red.
These high degradation percentages of the CKI5 and CNKC1 catalysts suggest the non-
toxic, cost-effective fabricated bio-nanocomposite membranes may be used in mass-

scale wastewater remediation technology.
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Figure 6.9. Degradation of RhB (a, d, g), Congo red (b, e, h) for CKF5, CKI5, and
CNKCL1. C, f, i) C/Co graph of degradations.

The piezocatalytic degradation mechanism of the membrane has been illustrated in

Chapter 1 Section 1.6. To evaluate the piezocatalytic activity of produced ROS during
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the catalysis scavenger experiment has been performed by TBA and EDTA were to
trace the OH* and O2~ by the RhB dye (Figure 6.10) [14]. It has been found that TBA

and EDTA containing RhB solution show degradation percentages of 13 %, 25 % for
CKF5, 17 %, 35 % for CKI5, and 9 % and 28 % for CNKC1. The low degradation
percentage for the TBA validated the OH* radical generation during the catalysis
process [15]. It has been observed that in the case of CNKC1, the degradation by the
scavenger TBA is minimal (9 %) which suggests that this catalyst produced more OH*
into the solution during catalysis than other catalysts. Moreover, the first-order reaction
kinetics constant k has also been calculated by the relation 1.14. It has been found that
the reaction constants of degradation by CKF5 are 10.6 x 10~ (No scavenger), 1.0 x 10°
3 (TBA), and 2.7 x 10 mint (BQ). In the case of CKI5, the constants are 28.8 x 1073
(no scavenger), 1.5 x 103 (TBA), and 4.1 x 10 min (BQ). On the other hand, in the
case of CNKC1, the first-order kinetic constants are 32.0 x 10" (No scavenger), 0.8 x
103 (TBA), and 3.3 x 10° min?® (BQ). The high value of the first-order reaction
constant in the case of CKI5 and CNKC1 made them promising piezocatalysts.
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Figure 6.10. Scavenger experiments of and first-order reaction kinetics of the
nanocomposite membranes: a, b) CKF5, ¢, d) CKI5, and e, f) CNKC1
179 |Page

D. Mondal, Jadavpur University



Chapter 6

6.3.4 Pathogenic E. coli decomposition

The piezocatalytic effectiveness of the CKI5 and CNKC1 nanocomposite membranes
and their ROS generation ability was further used to degrade pathogenic E. coli bacteria
by the experimental protocol depicted in section 1.10.7. It has been observed by the
colony counting technique the bacterial colony almost diminished in the 1h of soft

ultrasound (15 KHz, 50 W) with the CKI5 and CNKC1 membranes in Figure 6.11, 6.12.
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Figure 6.11. Pathogenic E. coli bacteria decontamination by CKI5 membrane within 60
min of soft ultrasound (15 kHz, 50 W): a) distribution of bacterial colonies in solid agar
plates and b) decontamination kinetics with time: found that the bio-polymeric
membrane has a promising antibacterial efficacy which enhanced with piezocatalytic

impulse

The mortality percentage of the bacteria has been calculated by equation 1.15 and
found 96 % (CKI5) and 97 % (CNKC1) decontamination in 60 min. Moreover, it has
been found that in the case of only sample-treated bacteria, the mortality percentage was
around 75 % which validated the antibacterial effectiveness of the bio-nanocomposites.
The combined effect of the sample's antibacterial property and its piezo effectiveness
enhanced the bacterial killing and found such a promising decontamination of harmful

pathogens [16]. The mechanism of the destruction of these pathogenic bacteria has been
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illustrated in Chapter 1 section 1.10.7 and Figure 1.16.

(a (0 min 20 min 40 min 60 min

100 | —= Control (b)

—e—US
—4—CNKC1
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T T T T

0 10 210 30 40 50 60
Time (min)
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Figure 6.12. Pathogenic E. coli bacteria decontamination by CNKC1 membrane within
60 min of soft ultrasound (15 kHz, 50 W): a) distribution of bacterial colonies in solid
agar plates and b) decontamination kinetics with time: found that the bio-polymeric
membrane has a promising antibacterial efficacy which enhanced with piezocatalytic

impulse

6.4 Summary

This chapter delves into the successful fabrication of the surface functionalized,
structurally modified, and 1D MWCNT-doped natural kaolinite clay-based chitosan
bio-nanocomposite membranes for wastewater remediation and non-invasive energy
generation. The fabricated biopolymeric nanocomposites were first characterized by
XRD, FERSEM, FTIR, EDAX, and mapping for verifying the successful fabrication
free standing biocompatible membranes. The polarization properties were then
investigated by electrical measurements like dielectric constants, AC conductivities, and
piezoelectric coefficient measurements. It has been found that the nominal piezoelectric
coefficient (d33) of the bare chitosan (3.75 pC/N) modulated in the nanocomposite
acquires a promising value (33.56 pC/N) which may be the highest findings in such
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biopolymeric membrane. The 5 % functionalized (D.C: 16, d3;3: 17.89 pC/N) and
intercalated clay-doped (D.C: 18.7, ds33: 26.46 pC/N) bio-polymeric membranes sow
maximum polarization properties whereas, the 1 % doping of MWCNT-modulated
kaolinite (D.C: 19.5, d33: 33.56 pC/N) acquires a maximum value of polarization than
the functionalized and intercalated doped clay membranes. These three maximum
piezo-efficient samples pose piezoelectric voltages of 16.4 (CKF5), 25.7 (CKIS), and
30.5 V (CNKC1). CKF5 degraded 65 % RhB (10.6 x 10 min™), and 59 % Congo red
dye in 100 min of US whereas, CKI5 degraded 96 % RhB (28.8 x 10° min™), and 88 %
Congo red. The maximum piezo-active membrane CNKC1 degraded 97% RhB (32.0 x
10 min™), and 89 % Congo red dye in 100 min of US. Additionally, CKI5 and CNKC1
decompose pathogenic coliform E. coli bacteria respectively 96 %, and 97 % within 60
min of soft US. The mechanism of the catalysis was further validated by the scavenger
experiment which found that OH* ROS is most dominating to degrade the organic dye
and pathogen by these bio-nanocomposite membranes. Fabrication of such
biocompatible, freestanding, highly robust, low-cost, natural bio-nanocomposite for
decontamination of wastewater and energy generation by non-invasive mechanical
sources like water flow, sea wave, wind flow, etc. can pave a new avenue to the
nanotechnology for successful treatment of wastewater and mitigating the energy

shortage to developing the nations.
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Chapter 6
Conclusions and outlooks

Nowadays, our world is going through several issues due to rapid industrialization,
urbanization, technological advancement, and uncontrolled population. The energy crisis
Is one of the major issues among them. Due to escalated technological advancement and
industrialization use of fossil fuels is increasing day-by-day. Thus, the limited source of
fossil fuels creates a loom of energy crisis worldwide especially in developing countries
like India.

Water pollution is one of the modern devils which hinders the overall development and
sustainability of nations. Especially industrial organic pollutants like carcinogenic dyes
and pharmaceuticals along with various harmful pathogens directly fall into the local
water sources and create harmful effects on waterbodies and mankind which affects the
ecological balance. These wastewaters are creating several waterborne diseases like

cholera, diarrhoea, liver and kidney problems along with various skin infections.

Numerous nanomaterials and nanocomposites have been developed by researchers over
time to overcome these issues. Conventionally, researchers adopt chemically derived
nanomaterials to challenge this type of problem, but the nanomaterials are suffering from
low biocompatibility, high reaction time, high power consumption, complicated

procedures, and secondary pollution.

This work has been designed to fabricate piezo-responsive polymeric membrane-based
nanocomposite systems by enhancing the physicochemical properties of naturally found
low-cost, abundant, and biocompatible kaolinite clay to face both challenges
simultaneously. The physicochemical properties of bulk natural kaolinite have been
enhanced by various synthesis techniques like nanonization, surface functionalization,

structural modulation, and foreign element incorporation.

In Chapter 2 the natural bulk kaolinite was fractionated by top-down synthesis method by

simple grinding and ball-milling to find several sized clays and categorize them as bulk
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(K1), moderate size (K2), and nano-clay (K3) and investigated their physicochemical
properties by various conventional characterization tools. It has been found that the purity
of the clay enhanced with decreasing particle size and the K3 sample falls in the nano
regime with a diameter of 70-80 nm. The microstructural evaluation by the theoretical
refinement of XRD data depicted the basal plane separation and oxygen vacancies of clay
increased with decreasing particle size which increases the active sites and enhances the
surface properties (surface area 123.7 to 129.2 m? g'1) due to its high aspect ratio in nano-
dimension. The electrical properties of the different-sized clay have also been
investigated and found that the nano-clay (K3) poses maximum electrical properties like
dielectric permittivity, AC conductivity, specific capacitance, and charging-discharging
capabilities with promising temperature stability (up to 500 °C). These results suggest
that the natural clay poses the highest physicochemical properties in the nano-dimension.

In Chapter 3 the physicochemical properties of nano-kaolinite are further modulated by
surface functionalization (A.K), basal plane intercalation (I.K), and 1 % 1D conducting
MWCNT incorporation in different methods. Electronegative NH. functional groups
have been attached to the positive prism plane of kaolinite NPs and enhanced its overall
negative surface charge. The structural modulation by basal plane intercalation also
enhanced the surface properties of the clay NPs. Additionally, MWCNT has been
incorporated into the kaolinite NPs matrixes by condensation technique with (CK1) and
without (CKML) surface functionalization of both components. It has been found that all
the modulated clay NPs pose better physicochemical properties than pristine nano-
kaolinite and maximum in CK1 (1 % MWCNT incorporation by functionalizing both the
clay and MWCNT surfaces) sample. It has been found that CK1 poses the highest surface
properties (surface charge: -11.8 to -37.3 mV, surface area: 129 to 139 m?/g), basal plane
separation (5.41 A to 5.83 A), electrical permittivity (32 to 3850), and AC conductivity
(8.5 x 10 to 4.4 x 10 S/m). These results suggest that the modulated clay NPs pose
better physicochemical properties than pristine clay NPs, especially the CK1 sample.

In Chapter 3 it was found that the activated clay and functionalized MWCNT conjugated

NPs pose better physicochemical properties. Thus, in Chapter 4 the concentrations of
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functionalized MWCNT have been varied (0.5, 1.0. 1.5 % wt/wt: CK0.5, CK1, CK1.5)
into activated kaolinite nano-clay to find the maximum efficient nanocomposite sample.
It has been found that the physicochemical properties increase with the percentage doping
of MWCNT and attain maximum in CK1 NPs and again reduce after excess doping of
MWCNT in CKL1.5. Additionally, the specific capacitance of the CK1 sample has
obtained a value of 22 F/g with a redox peak in electrochemical measurement which
validated that CK1 NPs pose maximum surface, electrical, and polarization properties

which is very crucial to fabricating piezo-responsive nanocomposite.

In Chapter 5 piezo-responsive fluoropolymer, PVVDF-based nanocomposite membranes
have been prepared by CK1 (high physicochemical property) and A.K for the comparative
study of their piezoelectric energy generation and piezocatalytic wastewater remediation
capability. It has been found that the A.K. incorporation in PVDF at 2.5, 5, and 7.5 %
(PVK2.5, PVKS5, and PVK?7.5) increases the piezo response and attains a maximum value
in PVK5. Whereas, CK1 NPs increase the piezo response with the doping percentage of
0.5, 1, and 1.5 % (PCKO0.5, PCK1, PCK1.5) and found a maximum piezo response in the
PCK1 nanocomposite membrane. PVKS5 and PCK1 show percentage B-phases (polar
phase responsible for piezo-response) of 84.2 and 88.7 % whereas, bare PVDF (PVKO)
has a -phase of 61.0 %. Additionally, these two membranes show other properties that
facilitate the piezo response like remnant polarization (PVK5: 0.59 uC/cm?, PCK1: 0.92
nC/cm?, PVKO: 0.30 pC/ecm?), dielectric permittivity (PVK5: 12.9, PCK1: 18.0, PVKO:
9.0), and piezoelectric coefficient (ds3) (PVKS5: 47.7 pC N1, PCK1: 50.7 pC N, PVKO:
10 pC N1). These results suggest that the PVK5 and PCK1 pose maximum piezo-
response. These two samples were further used to fabricate piezoelectric nano generators
(PENG) to generate energy from mechanical stress and piezocatalytic wastewater
remediation (carcinogenic dye and pathogenic bacteria). It has been found that PVVK5 and
PCK1 generate 7.5 and 8.0 V energy respectively by 14.0 N force. Whereas, the PCK1
sample was further used to generate energy from water thrust and found 6.5 V energy
with a power of 50 W/m? by the water flow of 4x107 Ls™. Moreover, PVK5 degraded 79
% RhB, and PCK1 degraded 96 % RhB just in 1 h of ultrasound impulse (33 KHz, 50
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W). The dominating ROS has also been investigated and found that the OH* has been
generated maximum during the catalysis which was also further confirmed by the
trapping experiment. Additionally, the piezo-responsive membranes eradicate pathogenic
bacteria (E. coli: 100 %, and E. faecalis: 97 %) in just 40 min of soft ultrasound (15 KHz,
50 W).

In Chapter 6 A.K, LK, and CK1 have been incorporated in bio-polymer (chitosan) to
fabricate more biocompatible piezo-responsive membranes. It has been found that 5 %
A.K (CKF5), I1.K (CKI5) incorporated membrane shows maximum piezo-response along
with 1 % CK1 (CNKC1) incorporated chitosan matrix. It has been found that the CKF5,
CKI5, and CNKC1 show dielectric constants 16.0, 18.7, and 19.5 respectively, where
bare chitosan poses D.C of 10.7. The piezoelectric coefficients of bare chitosan, CKF5,
CKI5, and CNKC1 have been found 3.75, 17.89, 26.46, and 33.56 pC/N respectively
which validated their piezo-responsiveness. The piezoelectric voltages were found 6.4,
16.4, 25.7, and 30.5 for chitosan, CKF5, CKI5, and CNKC1 respectively at 14 N force.
Whereas CKF5 (rate constant: 10.6 x 102 m™) degraded 65 % RhB and 59 % Congo-red,
CKI5 (rate constant: 28.8 x 10° m™) degraded 96 % RhB and 88 % Congo-red and
CNKC1 (rate constant: 32.0 x 10 m™*) degraded 97 % RhB and 89 % CR, in 100 min of
ultrasound impulse (33 KHz, 50 W) for the OH* dominating ROS. It has been found that
CKI5 and CNKC1 pose better piezo-response than CKF5. Thus, CKI5 and CNKC1 were
further used to eradicate pathogenic E. coli bacteria and found 96 % and 97 %

decomposition just in 60 min of ultrasound.

Thus, this thesis has validated that besides chemically derived piezoelectric NPs, natural
NPs having high physicochemical properties can fabricate cost-effective, biocompatible,
self-poled, free-standing piezo-responsive nanocomposite if properly improvised. These
highly robust nanocomposite membranes can be produced on a mass scale in non-invasive

energy generation and wastewater management technologies.
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Appendix 1
Supporting Information of Chapter 2
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K3:

Al1_Al Al 1.0 0.38317323 0.5161154 0.55914927 2.0(2) .
Al2_Al Al 1.0 0.8886791 0.0616021 0.46674994 2.0(3) .
Al3_Al Al 1.0 0.76844186 0.36652 0.42891902 2.0(3) .
Al4_Al Al 1.0 0.30898088 0.7932564 0.46596026 2.0(4) .
Si1_Si Si 1.0 0.0317228 0.34970883 0.029511383 2.0(4) .
Si2_Si Si 1.0 0.5548957 0.82888126 0.10696704 2.0(4) .
Si3_Si Si 1.0 0.47606033 0.15564834 0.06127408 2.0(5) .
Si4_Si Si 1.0 0.01053329 0.70145327 0.013623475 2.0(5) .
01_0 01.00.024969049 0.2785292 0.30620947 2.0(5) .
02_001.00.5260547 0.75632936 0.31413788 2.0(8) .
03_001.00.11255689 0.67371523 0.40703255 2.0(8) .
04_0 01.00.71252525 0.20579118 0.3597132 2.0(7) .
05_0 01.00.9985261 0.45795685 0.9913853 2.0(14) .
06_0 01.00.3110778 0.9996806 0.99447006 2.0(6) .
07_0 0 1.00.4064837 0.1635885 0.028171409 2.0(12) .
08_0 0 1.0 0.69724405 0.67222595 0.014957482 2.0(7) .
09 00 1.00.2593392 0.7937512 0.9894567 2.0(8) .
010_0 0 1.0 0.88774145 0.2540447 0.99469155 2.0(9) .
011 00 1.00.16211386 0.99311346 0.34626856 2.0(5) .
012_0 01.00.619278 0.51880914 0.26009658 2.0(13) .
013 _0 0 1.0 0.0808656 0.21061577 0.5105567 2.0(7) .
014_001.00.49671918 0.671721 0.59584475 2.0(6) .
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015_0 O 1.0 0.04739986 0.45180643 0.39664876 2.0(8) .
016_0 O 1.0 0.43142655 0.9642096 0.53029835 2.0(7) .
017_0 0O 1.0 0.019666325 0.8057842 0.58303124 2.0(12) .
018 0 O 1.0 0.6968128 0.28929973 0.6602452 2.0(7) .
H1 HH 1.0 0.23320617 0.15370275 0.39575428 2.0(92) .
H2_H H 1.0 0.5791665 0.5672374 0.2584563 2.0(228) .
H3_H H 1.0 0.08203103 0.06722663 0.09636757 2.0(110) .
H4_H H 1.0 0.98526996 0.8581545 0.5509887 2.0(78) .
H5_H H 1.0 0.068996824 0.66708297 0.7671907 2.0(82) .
H6_H H 1.0 0.9643237 0.002555874 0.64704597 2.0(88) .
H7 H H 1.0 0.7623855 0.6370096 0.26863536 2.0(139) .
H8_H H 1.0 0.060517807 0.7967227 0.6459735 2.0(205) .

CKO0.5

Al1_Al Al 1.0 0.2424504 0.506227 0.51658636 0.001(2) .

Al2_Al Al 1.0 0.7282424 0.0207535 0.4488429 9.885973E-4 .
AI3_Al Al 1.0 0.69474757 0.37059045 0.40081728 9.885973E-4 .
Al4_Al Al 1.0 0.33807832 0.847998 0.49032414 9.885973E-4 .
Si1_Si Si 1.0 0.9612332 0.3931519 0.034755155 9.885973E-4 .
Si2_Si Si 1.0 0.45823574 0.87352645 0.11007698 9.885973E-4 .
Si3_Si Si 1.0 0.35919827 0.17320412 0.07168061 9.885973E-4 .
Si4_Si Si 1.0 0.008061439 0.71818405 0.05160182 9.885973E-4 .
01_0 0 1.00.036988232 0.36577597 0.3006795 9.885973E-4 .
02_001.00.6891704 0.8647042 0.32816744 9.885973E-4 .
03_0 0 1.00.055950142 0.6868748 0.39691865 9.885973E-4 .
04_001.00.5673766 0.21644606 0.3040821 9.885973E-4 .
05_0 0 1.00.9990212 0.51855636 0.9925938 9.885973E-4 .
06_0 0 1.0 0.8331225 0.9997737 0.98356855 9.885973E-4 .
07_001.00.14279911 0.14120722 0.013894152 9.885973E-4 .
08_0 0 1.00.6482531 0.7582563 0.007965953 9.885973E-4 .
09_001.00.21226414 0.7371807 0.997852 9.885973E-4 .
010_0 0 1.00.74186444 0.27581275 0.9976532 9.885973E-4 .
011 00 1.00.026122881 0.9704586 0.36151293 9.885973E-4 .
012_0 0 1.0 0.7294005 0.58716124 0.34630775 9.885973E-4 .
013_0 0 1.0 0.0131326 0.2244965 0.48675948 9.885973E-4 .
014_0 0 1.0 0.45486346 0.71594477 0.6569813 9.885973E-4 .
015_0 0 1.00.029601723 0.43477896 0.50847864 9.885973E-4 .
016_0 0 1.0 0.41765848 0.0705237 0.5649849 9.885973E-4 .
017_0 0 1.00.018358411 0.8852974 0.60523456 9.885973E-4 .
018_0 0 1.00.5231744 0.3582374 0.6777364 9.885973E-4 .
H1_HH 1.0 0.27538148 0.09800221 0.55664223 9.885973E-4 .
H2_H H 1.0 0.6073164 0.8133373 0.33083996 9.885973E-4 .
H3_H H 1.0 0.06962955 0.39602607 0.4552584 9.885973E-4 .
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H4_H H 1.0 0.52866054 0.0050951 0.75459874 9.885973E-4 .
H5_H H 1.0 0.04269174 0.33764714 0.24013199 9.885973E-4 .
H6_H H 1.0 0.3166569 0.0017120416 0.15116543 9.885973E-4 .
H7_H H 1.0 0.59418344 0.05390921 0.74877787 9.885973E-4 .
H8_H H 1.0 0.054705326 0.57585293 0.67806363 9.885973E-4 .

CK1:

Al1_Al Al 1.0 0.29940924 0.48710656 0.5219036 -0.3(9) .
Al2_Al Al 1.0 0.8460531 0.0160549 0.4708763 -0.3127206 .
AI3_Al Al 1.0 0.74175787 0.3424238 0.42978293 -0.3127206 .
Al4_Al Al 1.0 0.29914743 0.83610725 0.5024757 -0.3127206 .
Sil1_Si Si 1.0 0.9636575 0.35764608 0.04807195 -0.3127206 .
Si2_Si Si 1.0 0.5389995 0.81933296 0.12775318 -0.3127206 .
Si3_Si Si 1.0 0.4344 0.14406449 0.05605527 -0.3127206 .
Si4_Si Si 1.0 0.006014709 0.67593193 0.009386675 -0.3127206 .
01.001.00.017150696 0.30785233 0.34303477 -0.3127206 .
02_001.00.5723813 0.6866613 0.27500832 -0.3127206 .
03_0 0 1.0 0.06425058 0.6506406 0.3771015 -0.3127206 .
04_001.00.7287963 0.18869391 0.37316132 -0.3127206 .
05_0 01.00.9983941 0.41571835 0.9919857 -0.3127206 .
06_0 0 1.00.16670106 0.99964064 0.98948604 -0.3127206 .
07_001.00.26094067 0.15170756 0.050951038 -0.3127206 .
08_0 0 1.00.64449114 0.83513314 0.011009776 -0.3127206 .
09_0 01.00.35096654 0.76700026 5.774271E-4 -0.3127206 .
010_0 0 1.0 0.831698 0.23345225 5.9239485E-4 -0.3127206 .
011_001.00.17797767 0.9602685 0.3441483 -0.3127206 .
012_0 01.00.7520216 0.5621161 0.3481709 -0.3127206 .
013_0 0 1.0 0.0486541 0.17058459 0.49930912 -0.3127206 .
014_0 0 1.00.57707745 0.6808054 0.59578246 -0.3127206 .
015_0 0 1.0 0.025224004 0.45711228 0.40967545 -0.3127206 .
016_0 0 1.0 0.5046273 0.1532208 0.63776666 -0.3127206 .
017_0 0 1.0 0.021657035 0.8333441 0.55397564 -0.3127206 .
018_0 0 1.0 0.6090752 0.32118994 0.6740456 -0.3127206 .
H1_H H 1.0 0.32034934 0.059507906 0.40616655 -0.3127206 .
H2_H H 1.0 0.5029095 0.78846043 0.50213057 -0.3127206 .
H3_H H 1.0 0.12266754 0.15083203 0.50770915 -0.3127206 .
H4_H H 1.0 0.3154314 0.18394727 0.48545745 -0.3127206 .
H5_H H 1.0 0.04106723 0.2935526 0.33909282 -0.3127206 .
H6_H H 1.0 0.4744874 0.0024170144 0.2448625 -0.3127206 .
H7_H H 1.0 0.371451 0.8863668 0.41516837 -0.3127206 .
H8_H H 1.0 0.09458593 0.7696729 0.14963444 -0.3127206 .

CK15:

All_Al Al 1.0 0.27942175 0.5013718 0.4237931 0.0(1) .

glPage
D. Mondal, Jadavpur University



Appendices

Al2_Al Al 1.0 0.81640345 0.9936886 0.4884106 -0.6190006 .
AI3_Al Al 1.0 0.7679932 0.31764904 0.44392738 -0.6190006 .
Al4_Al Al 1.0 0.38650775 0.8715398 0.4794476 -0.6190006 .
Si1_Si Si 1.0 0.0509852 0.34213907 0.077850014 -0.6190006 .
Si2_Si Si 1.0 0.63599783 0.85258144 0.062227458 -0.6190006 .
Si3_Si Si 1.0 0.48281062 0.20682566 0.014391364 -0.6190006 .
Si4_Si Si 1.0 0.014250215 0.6427231 0.07183558 -0.6190006 .
01_0 0 1.00.100536436 0.33691064 0.31084162 -0.6190006 .
02_0 0 1.00.6063237 0.83281267 0.32672963 -0.6190006 .
03_001.00.21369341 0.68447006 0.3513173 -0.6190006 .
04_001.00.5121027 0.15464032 0.3420862 -0.6190006 .
05_0 01.00.9983449 0.4976311 0.99713737 -0.6190006 .
06_0 O 1.0 0.4209668 0.99963653 0.96984076 -0.6190006 .
07_001.00.37616473 0.18301159 0.99785995 -0.6190006 .
08_0 0 1.00.6643379 0.6353402 0.99838054 -0.6190006 .
09_001.00.4246741 0.8308101 0.0036918905 -0.6190006 .
010_0 0 1.00.7158716 0.32032365 0.0041052294 -0.6190006 .
011_0 0 1.00.17644921 0.9864512 0.3158387 -0.6190006 .
012_001.00.8125776 0.48687336 0.4338475 -0.6190006 .
013_0 0 1.0 0.0464709 0.1826093 0.57063353 -0.6190006 .
014 _0 0 1.0 0.44329503 0.6776364 0.46532518 -0.6190006 .
015_0 0 1.0 0.0136506725 0.4891983 0.6585577 -0.6190006 .
016_0 0 1.0 0.57151055 0.94931847 0.49296987 -0.6190006 .
017_0 0 1.00.026337173 0.8242018 0.6124862 -0.6190006 .
018_0 0 1.0 0.64096403 0.34558165 0.6214532 -0.6190006 .
H1_H H 1.0 0.20530826 0.07270002 0.0813619 -0.6190006 .
H2_H H 1.0 0.85951036 0.9201022 0.08360418 -0.6190006 .
H3_H H 1.0 0.08951544 0.33122995 0.32328016 -0.6190006 .
H4_H H 1.0 0.9509409 0.85257316 0.27062064 -0.6190006 .
H5_H H 1.0 0.053848967 0.9766224 0.16319267 -0.6190006 .
H6_H H 1.0 0.34958243 0.0027728525 0.24465767 -0.6190006 .
H7_H H 1.0 0.0790311 0.09945745 0.20783998 -0.6190006 .
H8_H H 1.0 0.06829589 0.9341115 0.217201 -0.6190006 .
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’a’ %

, ‘ #.¢
Map data 990 Map data 1022

MAG: 62.8Kx HV: 10KV WD: 136mm . MAG: 20,0k HV: 5k W14 Bimmi

R 21.2k¢ HVY: 10KV WD: 13.6Mmm

A2.3 Mapping data of a) K3, b) CKO0.5, c) CK1, and d) CK1.5.
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Appendix 3

Supplementary Information of Chapter 5

A3.1 Optimize structures of composite membranes from

Density Functional Theory

CARTESIAN COORDINATES (A) (a-phase)

r r 6O 6 T T O O T T O O T T O O T T O O O

-9.604845
-8.171328
-7.872182
-1.497825
-7.998497
-6.519612
-5.277704
-6.534198
-6.450123
-3.915004
-3.599121
-3.838339
-3.161962
-2.270547
-0.995922
-2.337426
-2.196308

0.265317

1.620826

0.255427

0.234422
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-0.334903
0.076427
1.494025

-0.610372

-0.017070
2.112838
1.407896
3.133248
2.175578
1.961270
3.394009
1.878026
1.300438
3.997380
3.203517
4.175354
4.971180
3.990055
3.370937
4.196804
4.950558

0.057709
-0.239105
0.232015
0.275093
-1.316034
-0.124882
0.408635
0.262676
-1.215549
-0.028688
0.387342
-1.116843
0.406531
-0.086248
0.188881
-1.163607
0.407958
-0.161024
0.202440
-1.235472
0.362692
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C

m mM m T M M T T T O T T O O IT T O O T T O O T T O

Tn

1.930110 1.960122 -0.309164

3.415320
1.579101
1.372925
4.298524
5.774687
3.929309
4.228627
6.546680
7.870783
5.937527
6.749018
8.877116
9.987848
8.370774
9.331902
10.735927
11.503316
11.215420
10.057623
-10.462515
-9.691435
-0.944581
-8.820152
-8.042763
-5.285277
-5.327329
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1.577374
1.841445
1.252935
2.091198
2.320992
3.054058
1.373511
1.172218
1.549306
0.700436
0.426516
2.379977
3.010656
3.198884
1.736339
2.136517
2.747759
1.302941
1.741982
0.210734

-1.697811

-0.048847
2.344701
1.535045
0.093962
1.349291

-0.237556
-1.338646
0.309766
-1.381158
-1.040290
-1.738614
-2.203321
-0.395697
0.280131
0.377643
-1.169129
-0.508624
0.338487
-1.022114
-1.266898
1.324035
1.808107
0.803787
2.082022
-0.853923
-0.054732
1.057228
-0.294760
1.597280
-0.037117
1.771212
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mM MM M M m M M M M M M M M M

CARTESIAN COORDINATES (A) (B-phase)

-4.568752
-3.679523
-0.961350
-1.026049
2.559722
1.760450
3.924294
3.474599
5.868557
6.388377
8.471054
7.591854
10.903899
9.457117

O m m O I T I O O

T

-4.031887
-2.728409
-4.786040
-3.906539
-4.374770
-1.551880
-2.949808
-2.403743
-0.207068
-1.821007
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4.241444
3.506159
2.795110
2.041660
4.256198
3.397030
1.962297
0.195361
3.447401
2.632117
0.344290
2.172318
3.528242
4.088817

1.377173
2.123541
2.096840
0.616474
0.898044
1.244178
3.109922
2.755762
1.968697
0.778178

-0.130925
1.744968
1.493168

-0.572071

-0.302846
1.558936
0.972715

-0.248128

-0.267974

-2.245642
0.613553
1.469945
-0.558599
1.006222

1.159271
0.934379
1.489889
1.934743
0.237804
0.477664
0.004458
2.110150
0.309990
-0.475765

D. Mondal, Jadavpur University



Appendices

T o o m m T T O X T O M M O T T OO M M T T O M M O T

-1.417852
0.930477
0.137288
-0.351559
2.324025
0.673980
0.988151
2.660395
2.274603
3.420463
4.851468
3.172982
3.410977
5.927281
5.160251
4.925863
7.329028
5.742354
5.836024
8.469192
7.374146
7.523793
8.764430
8.140746
9.770879

10.933437 -0.538794

0.444729
1.044935
2.524284
2.989568
1.698574
0.670469
0.186546
2.131932
2.799214
0.738253
1.296001
0.417896
-0.148792
0.282732
1.746025
2.389910
0.897422
-0.052912
-0.587648
-0.110348
1.423594
1.633830
-0.533089
-1.235085
0.453422

1.212880
-0.168782
1.508917
-0.585701
-0.227886
-1.164986
0.508192
1.024141
-1.038201
-0.729502
-0.731171
-1.746844
-0.088779
-1.143613
0.531344
-1.558235
-0.990872
-2.169811
-0.488128
-1.000120
-0.036296
-1.774420
-2.272341
-0.278373
-0.381964

-0.355141

10.090197 1.568168 -1.101911
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F
C
H
H
C
C
H
H
C
C
H
H
C
C
H
H
=
=
=
=
=
=
F
F
H

9.453337 0.857888 0.884461

12.228310
11.137221
10.604286
13.340492
14.728713
13.436168
13.024069
15.746303
17.101471
15.910927
15.316563
18.151901
19.506829
18.296677
17.794248
12.657061
11.962590
15.189027
14.629424
17.574696
16.931490
20.084863
20.315470
19.464425
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-0.000627
-0.855838
-1.415661
-1.061324
-0.537763
-1.541755
-1.824158
-1.667409
-1.236556
-2.170170
-2.401074
-2.347514
-1.911854
-2.709127
-3.182744
1.085988
0.424810
0.288006
0.207035
-0.140514
-0.855852
-1.029543
-3.015534
-1.448440

0.273152
-1.381564
0.208627
0.330858
0.735705
-0.648246
1.048970
0.957502
1.534123
-0.001420
1.647303
1.507022
2.042431
0.483479
2.117569
-0.435798
1.547191
0.253924
1.878015
0.870086
2.847901
1.180907
2.118438
3.032059
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) Check for updates. Recent advances in piezocatalytic polymer
nanocomposites for wastewater remediation

Cite this: DOI: 10.1039/d1dt02653d
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Among several forms of water pollutants, common pesticides, herbicides, organic dyes and heavy metals
present serious and persistent threats to human health due to their severe toxicity. Recently, piezocatalysis
based removal of pollutants has become a promising field of research to combat such pollutions by virtue
of the piezoelectric effect. In reality, piezoelectric materials can produce electron—hole separation upon
external vibration, which greatly enhances the production of various reactive oxygen species (ROS) and
further increases the pollutant degradation rate. Piezocatalysis does not alter the quality or composition
of water, like several other conventional techniques (adsorption and photocatalysis), which makes this
technique non-invasive. The simplicity and tremendously high efficacy of piezocatalysis have attracted
Received 10th August 2021, researchers worldwide and thus various functional materials are employed for piezocatalytic wastewater
Accepted 16th November 2021 remediation. In this frontier, we highlight and demonstrate recent developments on polymer based piezo-
DOI: 10.1039/d1dt02653d catalytic nanocomposites to treat industrial wastewater in a facile manner that holds strong potential to
rsc.li/dalton be translated into a clean and green technology.

1. Introduction

Nowadays, numerous research studies are ongoing worldwide
and various techniques have been developed to combat waste-
water mediated pollutions. Traditionally, adsorption-based
“Department of Physics, Jadavpur University, Kolkata-700032, India. removal teChniques showed great pOtential againSt such
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showed remarkable efficacy in removing organic and inorganic
contaminants from wastewater.'* However, adsorption may
simply transfer the specific pollutants from one phase to
another and result in the formation of chemically active
species, which can initiate secondary pollution.”™*°
Bioremediation methods have also been adopted widely for
wastewater treatment. These methods involve processes like
hyperaccumulation, phytoremediation, mycoremediation, rhi-
zoremediation, etc.''® Although these techniques are cost
effective and ecofriendly, they still suffer from various draw-
backs such as high reaction time, seasonal alteration in
microbial activities and reversibility if improperly handled.
Therefore, photocatalysis has emerged to resolve the draw-
backs of conventional removal processes.''” Although numer-
ous methods have been proposed to enhance the photo-
catalytic efficacy by band gap maneuvering, the formation of
composite semiconductors, metal ion implantation, etc., it is
still challenging to achieve an effective charge separation
process in these systems.'? In fact, photocatalysts may corrode
under low pH conditions and could restrict the degradation
efficacy tremendously."

This is where piezoelectric materials have become a favor-
able alternative to acquiring better catalytic activity. Normally,
piezoelectric materials have been widely used in various appli-
cations, such as energy generation, charge storage, sensor
devices, etc. These functional materials enable new advances
in catalytic processes using clean energies, like mechanical
vibration, ultrasonic waves and pressure.”> Piezocatalysis
exploits such piezo-stimulations for accelerating chemical reac-
tions. In reality, piezoelectric materials possess better charge
center separation under mechanical stress. Such separation
leads to the formation of reactive radicals (oxygen species) that
are responsible for initiating the catalysis process. Besides
several other inorganic nano-systems, MoS,, BaTiO;z;, and
BiFeO; show promising piezocatalytic activity in aqueous
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media."* In some cases, the catalytic efficacy is found to be
around 100%. In fact, bacterial sterilization has also been
achieved through piezocatalysis. However, most of these pow-
dered inorganic piezocatalytic materials have a tendency to
diffuse in water. Thus, it is extremely necessary to separate
them from the aqueous media and minimize secondary pol-
lution. Such disadvantages of inorganic piezo-materials can be
curtailed by encapsulating them into different polymeric
systems.’>*® Though polymeric piezocatalysts are showing
promising catalytic activity, these systems are still in their
infancy. Henceforth, this frontier article highlights the
recent advances of polymeric piezocatalytic systems for com-
bating wastewater pollution. These hybrid and versatile
polymer-nanocomposites would eventually contribute to the
control of the excessive use of hazardous pollutants, minimiz-
ing their effects on the environment and definitely would
reveal the importance of polymeric encapsulation of
piezocatalysts.'**°

2. Piezocatalysis: mechanism and
discussion
2.1 Discovery and recent progress

Among various crystal point groups, researchers are focusing
on mainly three types of piezo-crystals such as ZnO based com-
posites, perovskites and 2D ultrathin materials. Initially, ZnO
emerged as a promising piezocatalyst. Hong et al. in their 2010
paper showed the successful conversion of mechanical energy
to chemical energy using piezo-electric ZnO microfibers."”
They named the conversion process the piezoelectrochemical
effect (PZEC). The release of H, and O, gases in a 2 : 1 stoichio-
metry has also been demonstrated from pure water.
Furthermore, the problem of dispersion of catalysts in solution
was solved by the ZnO embedded carbon nanotube flexible
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network. Also carbon nanotubes with outstanding electrical
conductivity could act as high-speed channels for charge trans-
fer and boost the piezocatalytic activity.>">

Nanoscale perovskites can also be used in piezocatalytic
applications. Lead based perovskites Pb(Mg;;; Nbys)
03-32PbTiO; and Pb(Zry 5,Tip.45)O3 showed great potential in
generating H, gas and dye de-coloration.”® Similarly,
CH;3;NH;PbI; nanoparticles prepared by the co-precipitation
method have stronger polarization resulting from a larger
displacement of the Pb atom, demonstrating excellent
piezocatalytic activity.>* In fact, lead-free BaTiO; microden-
drites, BaTiO; nanofibers and (Ba,Sr)TiO; nanowires,
obtained by hydrothermal and sol gel methods, depicted
pronounced  piezocatalytic activity besides azo dye
degradation.>>*’

Besides several nanostructures, 2-D MoS, has been used as
a potential piezocatalyst in recent years. It is observed that
single layer MoS, exhibits strong polarization and charge sep-
aration between the bases of Mo,-S layers. Piezo-electro-
chemical experiments suggest promising charge mobility
through these layers. Such a piezoelectric effect would defi-
nitely initiate piezocatalytic activity in a MoS, system.*® In
reality, a double layer MoS, system suffers from a reduction in
piezoelectric activity due to the opposite polarization direction
between two consecutive layers. Therefore, researchers have
determined the fact that the piezoelectricity in MoS, is highly
structure-dependent and periodically follows the odd-even
order.”**° Moreover, Li et al. performed a comparative analysis
between the piezocatalytic activity of numerous 2-D materials
including MoS,, WS,, and WSe,, which revealed that the piezo-
catalytic activity was directly correlated with piezoelectric
coefficients =~ obtained by  calculations and PFM
measurements.”'
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2.2 Mechanism of action

Piezoelectric crystals are normally electrically neutral, and the
atoms inside them may not always be symmetrically arranged.
Despite having a non-centrosymmetric structure, a positive
charge cancels out a negative charge near it, nullifying the
electric dipole which makes the crystal neutral. Whenever the
crystal is squeezed i.e., mechanical stress is applied across it,
the structure is deformed, which in turn disrupts not only the
balance of positive and negative charges, but also alters their
band structures (Fig. 1). The electrons and holes thus move to
opposite sides of the crystal, building up an electric field on
its surface. Additionally, the piezo-potential modifies the elec-
tronic energy levels of the HOMO and LUMO within the
materials.** It lowers the conduction band (CB) to a degree
below the highest occupied molecular orbital (HOMO) of the
material. So the electrons will transfer from the HOMOs to the
CB. On the opposite side, electrons will leave the valence band
(VB) and transfer to the lowest unoccupied molecular orbital
(LUMO).32%P

Piezocatalysis is an approach towards augmenting electro-
chemical processes using such a strain state of a piezoelectric
material. Piezocatalysis is the product of an interaction
between the native electronic state of the piezoelectric
material, the composition of the surrounding medium and a
strain induced piezoelectric potential. The action of mechani-
cally deforming a piezoelectric material induces a steep elec-
tric field which builds up the energetics of both free and
bound charges throughout the material. The thermodynamic
feasibility and kinetics of electrochemical processes occurring
at the surface of the piezoelectric material sensitively depend
upon the electrochemical potential difference between the
charges on its surface and in the surrounding medium.
Additionally, the electron-hole pairs that originated from the
strained catalysts migrate (in the opposite direction) and
accumulate at the surface of the catalysts.>® External piezoelec-
tric stimulation accumulates enough electron-hole pairs at the
surface to initiate redox reactions (Fig. 2).
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Fig. 1 The mechanical energy mediated generation of electrical energy in the external circuit showing the mechanism of piezoelectric energy

generation.

At the anode, the piezo-induced electrons on the surface of
the catalyst entrap the H, from water to produce hydrogen rad-
icals (H*), thereby forming H, gas and OH*. Whereas at the
cathode, these hydroxyl radicals (OH*) are released through
the holes and trap electrons on the hydroxyl groups. The
degradation of pollutants is primarily caused by such OH* rad-
icals in aqueous media."®

Piezocatalyst + mechanical energy — Piezocatalyst (e~ +h')
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Anodic reactions:
4e” + 4H,0 — 40H ™~ + 4Hx
4Hx* — 2H,
Cathodic reactions:

40H™ — 4e” + 40Hx
2(OH % +OHx*) — 2H,0 + 20%
20% — 02

Pollutant degradation:

OH * +pollutant — degradation product of the pollutant
e~ + pollutant — degradation product of the pollutant

h™ + pollutant — degradation product of the pollutant

2.3 Design and fabrication

It is observed that in a wide range of piezoelectric materials
the particle size and morphology are key parameters enhan-
cing the piezoelectric efficiency. It is found that 1-D fiber/wire
like materials exhibit a better piezocatalytic response com-
pared to spherical particles. On the other hand, thin sheet-like
2-D structures also exhibit better piezoelectricity. In reality, a
theoretical piezoelectric output is directly proportional to the
size of the catalyst as stated below,*

Vp = dgoja)i/soerj

where V}, is the piezoelectric open circuit potential, o; is the
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Fig. 2 The mechanism of the piezocatalytic degradation of hazardous dye molecules depicting the generation of piezo-response mediated ROS.

applied stress in the j direction, dj; is the piezoelectric charge
coefficient, w; is the length of the piezocatalyst in the i direction
of polarization and &, is the relative permittivity in the 7 direc-
tion and ¢, is the permittivity in the open space. Piezoelectricity
of any material can be defined by a series of piezoelectric coeffi-
cients such as piezoelectric charge constants d;; (e.g., di1, d33) or
dielectric constants (e.g., 11", OF €5,"), which are among the best
indicators of the potential performance of any given piezoelec-
tric material. Hence, piezoelectric polymer nanocomposites
with high dj values are quite effective in generating a high
piezo-response in order to eliminate contaminants from waste-
water. The catalysis generally occurs in both the electrodes upon
external piezo-stimulation.

However, piezocatalytic composite powders are difficult to
recycle in practical applications. Sometimes they cause second-
ary pollution and therefore it is necessary to prepare piezoelec-
tric composite films with great recyclability.*?

On the other hand, external piezo-stimulation is an impor-
tant parameter for achieving better catalytic activity. Generally,
ultrasound of 20-40 kHz has been widely used to ‘excite’ piezo-
catalysts in bath or probe sonication systems. The acoustic
pressure in these systems does not exceed 2 bar, which might
not be sufficient to exert adequate stress on piezocatalysts.
Additionally, continuous sonication for a prolonged duration
causes internal heat generation. This could be addressed by
replacing the water in the bath or adding ice cubes/water
during the experiment. However, such addition or alteration
could greatly influence the piezocatalytic efficacy. These draw-
backs have been minimized by collapsing the -cavitation
bubbles with pressures up to 10° Pa and simultaneously using
modern temperature controlled ultrasonic bath systems.?’

This journal is © The Royal Society of Chemistry 2021

3. Recent advances in polymer based
piezocatalysts

Although various nanoparticles have emerged as fast and
efficient piezocatalysts, most of them suffer from practical
feasibility due to their direct decomposition in water, creating
several problems in terms of stability, efficacy, accumulation,
toxicity, separation and recyclability. Nowadays, researchers
are focusing on polymer based piezocatalysts to overcome such
drawbacks for practical applicability. Polymers offer robust,
reliable, flexible, and cost-effective substrates that can be
extensively used and do not agglomerate or degrade due to
ambient environmental conditions.

3.1 Synthetic polymers

After the discovery of piezocatalysis by Hong et al. in 2010,
various groups have started exploring synthetic polymers for
this purpose. Piezoelectric poly(vinylidene fluoride) (PVDF)
has become a favorable candidate in the field of piezocatalytic
degradation of contaminants. This semicrystalline polymer
has five crystalline polymorphs, namely, «, B, y, & and e.
Among them, the most common piezo-responsive stable poly-
morph of PVDF is the polar f-phase.’® Generally, the f-phase
is present in a very low amount in pristine PVDF but it can be
enhanced by incorporating various nanostructures by means
of their surface charges. Under mechanical vibration, the
piezocatalyst (B-PVDF) produces polarization, which can be
harnessed as electrical energy. This further drives electrons
through an external circuit. After the release of the external
stress, the electrons flow in the opposite direction, which
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results in the generation of a negative potential. Such charge
center separation drives the electron-hole pairs to either direc-
tion for effective piezocatalysis."?

The first work on PVDF based piezocatalysis was reported
by Dong et al. in 2017. The authors fabricated an e-skin using
PVDF/TiO, nanofibers for methylene blue degradation.®®
These electrospun TiO, nanowires were enforced inside the
PVDF polymer for this purpose. The process involves a hybrid
piezo-photocatalyst, where the TiO, performs the photodegra-
dation while the PVDF moiety contributes to the piezo-
response. The TiO, nanostructure herein promotes the elec-
trons from the valence band to the conduction band using the
piezo-response leaving the holes in the valence state. These
electron-hole pairs initiate the catalytic activity tremendously.
According to this report the hybrid PVDF based e-skin comple-
tely degraded the dye solution within 40 minutes of external
mechanical vibration. Besides, ZnSnO; (ZTO) was also recog-
nized as an efficient piezocatalyst that modulates the band
structure of the system to manipulate the dye degradation
efficacy.’® In this case, the external ultrasonic stimulation
bends the band edges for better electron-hole separation. The
dye degradation efficacy was found to be 1.5 x 107> min™"
under the ultrasonic stress, which is approximately four times
higher than that in the absence of the ultrasonic vibration.
The ZTO nanowire also exhibits a synergistic piezophotocataly-
tic effect that was further enhanced by encapsulating ZTO into
PVDF and polymethyl methacrylate (PMMA) matrices.*® It is
observed that an irregular alignment of ZTO nanowires on the
ITO surface experiences uneven polarization when the
mechanical stress is applied. Surprisingly, the polymer coated
ZTO shows better polarization due to the flexibility of the
polymer, which causes better reception of the external stress,
resulting in a better piezoelectric effect. Furthermore, the
efficacy of the PVDF-ZnSnO; nanocomposite has been drasti-
cally improved by incorporating hydrothermally grown Coz;0,
nanoparticles.”” The piezo-degradation efficiency reached
100% within 20 minutes for both methylene blue (rate con-
stant~43 x 107> min™") and rhodamine-B (rate constant~45 x
10~* min~") dyes. This catalytic enhancement is attributed to
the fact that the hydroxyl radical ("fOH) and superoxide radical
(f0,7) generated during ultrasonic stress play a pivotal role in
degrading the dyes. In reality, ZnSnOj; induces the polarizabil-
ity of PVDF, whereas Co;O, improves the charge transport
mechanism for efficient redox reactions, which causes the
generation of the superoxide radicals under ultrasonic
vibrations.

Piezoelectric wurtzite ZnO nanocrystals have also emerged
as promising piezocatalysts in recent times. Wu et al. (2020)*®
have introduced the novel concept that the utilization of
mechanical stress generated from natural water flow acceler-
ates the piezo-response for water pollutant degradation. Wu
and group fabricated two different nanocomposites, namely,
ZnO@PVDF and ZnO@PDMS, for rhodamine-B degradation.
The ZnO@PVDF film exhibited 10 times better performance
than ZnO@PDMS which might be due to the piezoelectric
effect in the case of PVDF. It promotes the migration of photo-

Dalton Trans.

View Article Online

Dalton Transactions

generated carriers under the stress generated from water flow.
Moreover, the ZnO@PVDF film having more extensive (1 0 0)
polar plane exposure shows an enhancement in active catalytic
sites and causes better piezocatalytic degradation. Thus, this
work paved a new path for the synergistic utilization of solar
energy and natural water flow for better degradation of con-
taminants using the piezophotocatalytic effect. Besides dye
degradation, certain research studies also dealt with the degra-
dation of other contaminants such as pharmaceutical pollu-
tants or microbial contaminants.’® A recent work by Singh
et al. 2021*° focusses on the piezocatalytic removal of pharma-
ceutical and bacterial pollutants using a flexible PVDF mem-
brane intercalated by the well-known antibacterial silver nano-
particles embedded in the LiNbO; nanostructure. This is prob-
ably the first time when pharmaceutical pollutants like tetra-
cycline (69%) and ciprofloxacin (53%) have been decomposed
within 2 h using a piezoresponse (Fig. 3). Additionally, this
work reports the facile degradation of numerous pathogenic
bacteria like Escherichia coli (99.999%) and Staphylococcus
aureus (96.65%) within 180 minutes under vigorous ultrasound
treatment (Fig. 4).*° The Ag-LiNbO; nanocomposite enhances
the f-phase PVDF, which in turn increases the piezoelectric
nature. Under mechanical stress (from sonication) it generates
free charge carriers which move opposite of the polarization
field. Some of the free charge carriers ultimately interact with
the O, and OH™ ions, resulting in the production of ROS ("OH
and "O*7) which performs the dual application of the degra-
dation of pharmaceuticals and the generation of oxidative
stress and lipid peroxidation that ultimately damages the
nucleic acids and enzyme activity of bacteria, resulting in their
death. Moreover, the occurrence of band bending due to the
piezoelectric effect accelerates the migration of free charge car-
riers facilitating this process. This activity of ROS for contami-
nant degradation was explored by Bagchi et al. (2020), who
illustrated a free-standing film made of PVDF wrapped MoS,
nanoflowers for the degradation of rhodamine-B."* The com-
posite film was synthesized using a simple solution casting
method. This novel material gains multifunctionality when a
remarkable power density (47.14 mW cm ™) is achieved along
with a promising piezocatalytic efficiency (>90% within
20 minutes). The primary resource of such a piezoresponse is
attributed to the polarization of the PVDF upon MoS, incor-
poration. The polar f-phase of PVDF was found to be around
80% in this case. The increment of the f-phase radically
increases the charge separation process and electron-hole pair
formation, thereby producing various reactive oxygen species
(ROS). These ROS degrade the rhodamine-B dye in water,
making the material suitable for industrial effluent
management.

Besides PVDF, MoS, nanoflowers, when encapsulated into a
polydimethylsiloxane (PDMS) matrix, show excellent piezocata-
lytic properties as mentioned by Lin et al (2017).*" Upon
applying external mechanical force this polymer nano-
composite degrades the rhodamine-B dye with an efficacy of
67% under dark conditions. The degradation efficacy remains
unaltered even after four test cycles. Thus, it can be believed
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Fig. 3 UV-visible spectra illustrating the piezocatalytic degradation of the MB dye solution recorded at different vibration times using LN-PVDF (a)
and Ag/LN-PVDF composite films (b); variation in (c) dye concentration in terms of C/Co and (d) dye degradation rate with vibration time; (e) effect
of scavengers on percent dye degradation through piezocatalysis; (f) piezocatalytic dye degradation percentage in various dyes using Ag/LN-PVDF
composite films. Adapted with permission from ref. 40 copyright (2021) American Chemical Society.

that the catalytic efficiency of this composite is entirely depen-
dent on the external piezo-response. This novel piezocatalyst
also acts as a piezoelectric nanogenerator with an output of 23
V, 13 mA m~> when placed under a continuous water flow
(20 mL s™"). Hydrothermally grown chalcogenide (WS,) has
also been incorporated inside the PDMS polymer for the piezo-
catalytic degradation of rhodamine-B and pathogenic E. coli
bacteria (Masimukku et al., 2018).*> The degradation efficacies
of rhodamine-B and E. coli are found to be ~99% and 99.99%

This journal is © The Royal Society of Chemistry 2021

(in 90 minutes), respectively, under ultrasonic vibration. The
recyclability of this reported polymer-nanocomposite is quite
high (ten cycles) as compared to those of other reported
samples. Initially, the piezo-response of the sample was con-
firmed by tunneling atomic force microscopy and piezo-
response force microscopy. Electron paramagnetic microscopy
unveils the production of reactive oxygen species (O,” and
OH*), which are primarily responsible for such rapid degra-
dation of the contaminants in water. Another highly stable
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Fig. 4 (a) Time-dependent log reduction of CFUs mL™* of E. coli in various films; (b) illustration of CFUs of E. coli on agar plates (1/10 dilution) at
various times demonstrating piezocatalytic bacterial disinfection; (c) log reduction of S. aureus for various films; (d) CFUs of S. aureus on agar plates
(1/1000 dilution) before and after 3 h sonication demonstrating piezocatalytic bacterial disinfection. Adapted with permission from ref. 40 copyright

(2021) American Chemical Society.

PDMS based nanocomposite (BaTiO3;/PDMS) has been
reported to be capable of reducing rhodamine-B contami-
nation using the piezocatalytic method.*> The degradation
efficiency of this composite foam is around 94% after twelve
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complete cycles. Perovskite-based barium strontium titanate
(BST) foam in a PDMS polymer was reported, which success-
fully enhances the rhodamine-B degradation efficacy radically
(275%) when compared to individual photocatalysis.** This
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piezocatalytic composite has a degradation efficacy of 97.8%
even after ten cycles of repeated catalytic reactions. This
hybrid piezo-photocatalyst offers a higher degree of charge
center separation, which renders promising catalytic degra-
dation performance.

Polytetrafluroethylene (PTFE) is known to be a useful
polymer with high flexural strength and high electrical resis-
tance. Generally, PTFE is extremely inert even under harsh
ambient conditions below 300 °C. Very recently (2021) Wang
et al. reported a PTFE based ROS generation method in
aqueous medium via ultrasonic vibration.”> This method
involves a simple sonication technique to activate the PTFE
electret from the polymer. This permanent piezo-responsive
polarization is fairly high (~600 pC/N) and even higher than
those of conventional piezoelectric polymers (~16 times). In
this work the authors have reported the successful decompo-
sition of methyl orange (~89.7%), acid orange-7 and methyl-
ene blue (>90%) within 60 minutes of ultrasonic exposure. The
activated PTFE coating on the inner walls of a water pipeline
has been proposed here for drinking water disinfection. To
support this, PTFE membrane mediated degradation of E. coli
has been studied. The results show a promising bactericidal
effect on E. coli within 15 min of ultrasonication (99.7%).

Conductive polymers have been widely used over the past
two decades in electrical, thermal and thermoelectric appli-
cations.*® In fact, various implantable medical devices have
also been made using conductive polymers. Intercalation of
numerous metallic and semiconducting nanomaterials
enhances the physicochemical properties of such polymers.
Polyaniline is a conductive polymer that exhibits efficient
piezoelectric and thermoelectric activities under various cir-
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cumstances. Das et al. (2017) successfully synthesized an Fe0/
PANI (polyaniline) nanocomposite by the reductive decompo-
sition method, which successfully degrades Congo red dye
under ultrasonic conditions.”” This efficient piezocatalyst
decomposes ~98% of the initial dye concentration within
30 minutes of mechanical exposure. During ultrasonic
irradiation, the excited electrons of the Fe’/PANI composite are
transferred to the conduction band and generate electron-hole
pairs. As a result, the dissolved oxygen and water molecules in
the dye solution can react with the electron-hole pairs to
produce reactive oxygen species and super-oxides. These reac-
tive species are responsible for the degradation of the dye
molecules. Such an excellent piezocatalyst could be a promis-
ing agent for wastewater treatment plants.

Though the use of conductive polymers in piezocatalytic
dye degradation seems to be a newer concept, the efficacy of
these conductive polymers would definitely unlock new
avenues in the near future.*$*’

3.3 Biopolymers

Biopolymers such as chitin, collagen, cellulose, starch, keratin,
and fibrin have the ability to convert mechanical energy and
electrical energy.’® Hence, the synthesis of efficient, green
piezo-electric materials has captured widespread attention.>®
The piezo-electric nature is observed in biopolymers,
especially in peptide-based biopolymers, containing 1- and
p-amino acid isomers but is absent in the pi-forms. This can
be attributed to the C=0---CH; interactions in the isomers
that result in the piezo-response.”® Various reports showed
that the piezoelectric properties of biopolymers vary greatly
with their shape, phase, growth orientation and water content.

A
-0 ° /V/S"?t

WO
0/7/ 0 S
Clay modified chitosan biopolymer

Fig. 5 Clay nanoparticle intercalation mechanism inside the bio-polymeric matrix of a chitosan biopolymer showing the contribution of the surface

charge of the clay moiety.
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Table 1 Comparison between various piezocatalysts and their catalytic efficacies

Degradation time

Type Polymer Targeted effluent Efficiency (%) (minutes) Reference
Synthetic ~ MoS, nano flower/PVDF Rhodamine-B >90 20 Bagchi et al.®
Synthetic TiO,/PVDF Methylene blue 100 40 Dong et al.*
Synthetic PVDF/PMMA-ZnSnO; Methylene blue 71 120 Lin et al.*®
Synthetic Ag loaded LiNbO;/PVDF Tetracycline, ciprofloxacin, E. coli ~ 69(TC) 53(CF) 99.999 120(TC, CF) and 180  Sing et al.*®
and S. aureus (EC) 96.65(SA) (EC, sA)
Synthetic PVDF/ZnSn0;-Co30, Methylene blue, rhodamine-B 100 20 Raju et al.*’
Synthetic ~ ZnO/PVDF, ZnO/PDMS Rhodamine-B ~35(PDMS) ~90(PVDF) 100 Wu et al.*®
Synthetic Barium strontium Rhodamine-B 97.8 90 Xu et al.**
titanate/PDMS
Synthetic PDMS/WS, nanoflower Rhodamine-B, E. coli 99 (RB) 99.99(EC) 90 Masiglukku
etal.
Synthetic PDMS/MoS, Rhodamine-B 67 200 Lin et al.™
Synthetic ~ BaTiO;/PDMS Rhodamine-B 94 120 Qian et al.®
Synthetic PTFE Methyl orange, acid orange-7, 89.7 (MO) >90 (MB, 60 (MO, MB, AO7) Wang et al.*®
methylene blue, E. coli AO7) 99.7 (EC) 15 (EC)
Synthetic Fe®/PANI Congo red 98 30 Das et al.”’
Biopolymer Chitosan modified Acid orange-7, basic red, basic 82.74 60 Karaca et al.>*
montmorillonite yellow

In fact, collagen fibrils predominantly in the axial direction
exhibit a much stronger piezo-electric response than those in
the radial direction probably due to polarization.>®> Among the
various forms of chitosan, the a-chitin form found in crab
shells and butterfly wings can exhibit a piezo-response due to
their non-centrosymmetric crystal structure having intrinsic
molecular polarization.>® Although various works have been
reported on biopolymer based piezo-electric material synthesis
and application in nano-generators and sensor fields, piezo-
catalyst based wastewater treatment is yet not much invaded. A
recent report by Karaca et al. shows the generation of a piezo-
catalytic response in a montmorillonite loaded natural chito-
san biopolymer using ultrasound that can efficiently degrade
various dyes like Acid Orange (AO7), Basic Red (BR4), and
Basic Yellow (BY2 and BY28) in aqueous solutions.>
According to the report, the chitosan structure has -NH;"
groups which are attracted towards the negatively charged clay
moiety. Such alteration in the microstructure enhances the
polarizability of the composite system and contributes to a
higher piezoelectric potential (Fig. 5). When this polarized
system is stimulated through ultrasonic vibration, an electric
field originates which further promotes the generation of free
reactive OH* radicals, causing the degradation of the dye. This
method can even efficiently remove as much as 82.74% of the
dye within an hour. This study paved the path for more such
industrially feasible piezo-catalytic biopolymers that can be
significant for pollutant removal.

4. Conclusion and outlook

Environmental degradation by toxic effluents from various
industrial discharges is utmost essential to combat. Thus,
numerous strategies have been implemented to restrict the use
of such toxic chemicals and dyes in industries. But global
industrialization and the need for technological advancement
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enhance the use of carcinogenic precursors exponentially.
These toxic effluents discharged from the industries cause
enormous harm to the environment. Currently, numerous
adsorbents and other chemical catalysts are being used in
industries for removing such toxic dyes and pigments. But
their limited efficacy and huge cost are unbearable for small
scale industries (Table 1). In fact, these conventional catalysts
and adsorbents are causing secondary pollution in some
cases, which also needs rigorous attention. Piezocatalysis is
one of the most promising and efficient ways to combat such a
crisis. Polymer-based piezocatalysts have been gaining impor-
tance very recently due to their ease of use. These flexible
membranes are capable of degrading toxic dyes and heavy
metals completely within a few minutes. In fact, polymeric
piezocatalysts have been recently used in minimizing bacterial
contamination, making them more sustainable and multifunc-
tional. Such multifunctional and effective materials are
needed in real life wastewater treatment systems. In some
studies, water flow mediated catalytic removal has been
achieved successfully. This implies the rise of purely green
piezocatalytic systems in near future. Besides various organic
and synthetic polymers, biopolymers are gaining importance
due to their low-cost and biocompatibility. To date, biopoly-
mers have not been explored in a rigorous way in piezocatalytic
systems, as polymer based piezocatalysis is itself a very new
approach to degrade dyes and pigments. Although piezocata-
lysts are showing enormous potential for future applications,
there are several challenges that needs to be faced before
deploying such systems in real life. It is quite challenging to
perform piezocatalysis on a large scale and in stable waterbo-
dies like ponds and reservoirs due to the size of the catalyst.
The piezo-response generation in these cases are difficult and
will certainly need external mechanical stimuli to drive the
system that may reduce the efficacy of the piezocatalytic system
by increasing the cost. Therefore, further research on employ-
ing piezocatalysts in real life is much needed for better cata-
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lytic activity. Moreover, the catalyst takes a long time to decom-
pose the dyes. Thus, a wide area of research is open in this
field to fabricate more versatile and multifunctional piezocata-
lysts that can degrade the effluents rapidly. Another major
aspect of piezocatalysis is hydrogen gas generation. During the
experiment, H, gas releases in a moderate amount and could
be used for fuel cell and other energy generation applications,
if suitably improvised.
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1 Introduction

Traditional ways of energy harvesting involve bat-
teries and capacitors having harmful materials like
lead, mercury and various acids that can harm the
local environment [1, 2]. These traditional devices are
costly due to their complicated fabrication process
and high-cost ingredients. Additionally, proper
management of such industrial discharge from these
traditional battery and capacitor industries put
additional costs to the manufacturers. Thus, scientists
and technologists are working on alternative energy
harvesting devices, such as green capacitors and
green batteries [3]. Although these green energy
harvesting technologies cause less harm to the envi-
ronment, the manufacturing cost of these green
technologies is higher than the traditional ones in
some cases.

In the present scenario, naturally formed minerals
are gaining interest among material scientists and
industries due to their biocompatibility, less toxicity
and availability [4, 5]. These cost-effective green
materials are having enormous potential in various
research fields, including energy harvesting and
energy generation for their remarkable physico-
chemical properties [6, 7]. A few recent reports
established the fact that these natural materials can be
exceptionally functional if properly engineered
[8-12]. Controlled incorporation of foreign elements,
size fractionation via different routes, composite for-
mations is some of the techniques that have been
reported recently [13, 14].

In reality, particle size and crystallinity play a
pivotal role [15] when it comes to the physicochem-
ical properties of a material. Materials having finer
particles show prominent surface properties com-
pared to their bulk counterparts [16]. Various
physicochemical properties, such as optical, chemi-
cal, electrical, magnetic, and catalytic activities can be
modulated by varying the surface to volume ratio
[17-20]. Thus, proper modification of these naturally
formed minerals could be highly beneficial to achieve
greater functionality.

The emphasis of this work is given to study the
effect of nanonization on the functionalization of
naturally formed kaolinite clay; one of the most
abundant clay minerals on the Earth’s crust [21].
Despite the abundance of kaolinite in nature, an
insufficient amount of interest is given to study the
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electrical properties of this material as a function of
size, temperature and crystallinity. In general,
kaolinite is reported to have a lower dielectric con-
stant value of ~ 11 at microwave frequency [22] and
is mostly used in the ceramic and porcelain industry
[23]. To enhance the dielectric constant and to reduce
the tangent loss, various dopants like NaF, Fe, Mn,
Co, Cr, Co, Ga, Mg and Mg-Ni are used or sintered at
very high temperatures [24, 25]. In contrast,
mechanical grinding is a facile, cost-effective tech-
nique that not only reduces the hassles associated
with firing at higher temperatures or chances of sec-
ondary pollution from dopants but also shows a
significant increment in the dielectric permittivity
value. Hence in this paper, a facile ball-milling
approach has been followed herein to achieve
kaolinite nanostructure to enhance dielectric proper-
ties to meet the practical application. Moreover, a
detailed analysis of crystallography and microstruc-
ture mediated dielectric property variation and tem-
perature stability study has been performed. The
analyses of the dielectric constant and conduction
mechanism of this green material show that the
sample in the nano-domain has the lowest degree of
crystallinity along with the highest charge storage
capacity compared to its other fractions. This natu-
rally available clay mineral is a low-cost material that
depicts augmented electrical permittivity in nano-
domain along with promising resistivity and nominal
tangent loss, which is reported herein for the very
first time. This high electrical permittivity value
makes this nano-kaolinite sample an ameliorative
agent for fabricating the separator layer of the green
capacitors, which will minimize the manufacturing
cost along with the environmental pollution.

2 Experimental section
2.1 Materials

Natural kaolinite (Al,5i,05(OH)4) clay was obtained
from Hindustan Minerals, India. The potassium
bromide and acetone used in the experiment were
purchased from Merck, India. All the purchased
reagents are of analytical grades and were used
without any further purification. Millipore water
used in the following experiments has a resistivity of
approximately 18 MQ-cm.
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2.2 Top-down synthesis of natural
kaolinite in different sizes

Initially, the purchased kaolinite sample was crushed
with the help of a diamond mortar manually to
reduce the agglomeration. A part of the crushed
sample was sieved with the help of a 400 mesh sieve.
The sample above the sieve was collected as the bulk
fraction (K1) and the sample below the sieve (K2) was
kept for further mechanical milling process. 5 gm of
this sieved sample (K2) was then subjected to
mechanical milling in a Fritsch Planetary Mono mill
Pulverisette 6 ball-mill machine with the help of
tungsten carbide vial and balls for 12 h at 300 rpm.
The milled clay sample was washed in water and
then collected and dried in a hot air oven. The dried
sample was further washed in acetone to reduce
impurities and dried in a hot air oven for another
12 h at 60 °C. Finally, the dried fine sample was
marked as K3. The entire set of samples were then
sent for further characterizations.

3 Results and discussion

3.1 Purity and elemental analysis of bulk
kaolinite

The elemental analysis of the kaolinite samples has
been done by employing EDX and XRF techniques.

Initially, the XRF data of the bulk kaolinite has
been plotted in Table 1, which validates the presence
of 66.3% of silicate and 30.7% of alumina in the
sample. It is quite evident from Table 1 that the
percentage purity of this sample is around 97.1%. In
reality, the ratio of alumina and silica in pure
kaolinite is 0.5, which is found to be 0.476 in our
sample. This ratio corroborates the fact that the nat-
ural kaolinite is quite pure with a nominal impurity
(K50 and Fe;O3) as it has been directly collected from
the natural source.

Table 1 Chemical composition (XRF data) of bulk kaolinite

Compound Concentration (%)
SiO, 66.3
Al O; 30.7
TiO, 14
K,0 0.6
FeZO3 0.7

Figures S1 and S2, and Table S1 show the EDX and
elemental mapping of the entire sample set. The EDX
spectra confirm the traces of Al, Si and O in each case.
Elemental mapping by FESEM provides qualitative
information about the distribution of elements shown
by different colors that are present in the scanned
area. It is observed that the marked elements (Al, Si
and O) are present in the scanned area in a uniform
manner confirming the purity of the samples.

3.2 Determination of crystalline structure
and microstructural properties
of treated kaolinite samples

Natural materials may contain various impurities
and crystallographic defects. Hence the determina-
tion of its purity is of utmost importance. XRD is an
efficient characterization tool for detecting and
quantifying such impurities that occurred at the
microstructure. It can determine the crystalline
structure and other important microstructural
parameters as well [26, 27]. Diffraction maxima of the
clay samples (Fig. 1) corroborate with JCPDS card no.
80-0886, which suggests the materials to be kaolinite.
The absence of any unwanted diffraction peaks is the
primary evidence of its purity [28]. The XRD
diffractograms were further refined using the Riet-
veld-based software package MAUD v2.8 (Material
Analysis Using Diffraction) for structural and
microstructural investigations. Initially, the refine-
ment of the diffractometer and the detector was done
by imposing standard Caglioti PV functions [29].
Instrumental broadening was also corrected during
this cycle. A standard crystallographic information
file (.cif) of pure kaolinite (AMCSD file no. 1550598)
was used to refine the experimental diffractograms.
Various microstructural parameters, such as unit cell
dimension, crystal size, microstrain was refined to get
promising fitting results. The Popa size-strain model
was adopted to evaluate the crystal sizes and
microstrain values [30]. The anisotropic crystal size is
found to be 113 nm for K1 which has been greatly
reduced to 37 nm in nano-engineered K3 sample. The
enhancement of microstrain value with decreasing
crystallite size is another major outcome of this study
(Fig. S4). Unit cell dimensions (a, b, ¢) have been
altered significantly with size (Fig. 54). In reality, ball-
milling reduces the particle dimension drastically by
reducing the a and b sides of the unit cells and
resulting in augmented microstrain values [31].

@ Springer
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Fig. 1 a—c Indexed XRD pattern (red line) of the sample K1, K2
and K3, and the simulated Rietveld refinement plot (continuous
black line) obtained by fitting the experimental PXRD pattern
using MAUD program. The respective residue is plotted at the

Fascinatingly, the c side of the unit cell increases a bit
with decreasing crystallite size. This may be due to
the enhanced alumina-silica interlayer spacing (basal
spacing) in this direction [8]. The texture analyses
along with the atomic positions were also refined to
get reasonable fitting data. The global reliability
parameters (R, and R;,) are relatively low implying
the consistency of the refinements. All the parameters
were refined for at least fifteen cycles and corre-
sponding refinement results (Table 2) were collected
as.cif files for further investigations.

The computed.cif files were analyzed using Vesta
v3.4.3 (Visualization for Electronic and Structural
Analysis) (Fig. S3) showing layered structures of

@ Springer

bottom (blue line); d—f bond angles and bond lengths of K1, K2
and K3, respectively, from refinement data; g—i Separation of
alumina-silica layers in K1, K2, and K3, respectively (Color
figure online)

alumina and silica inside the kaolinite unit cells. The
separation of these alumina-silica layers is measured
(Fig. 1) confirming a gradual increment of this basal
separation with decreasing crystallite size. In the case
of K1, the basal spacing is around 3.78 A, whereas, it
is found to be 4.77 A for K3. Not only the alumina-
silica separation varies, but also the cell volume is
enhanced with decreasing crystallite size. This may
be due to the bond energy minimization caused by
ball-milling [32], which slackens the bond structure in
the ball-milled samples (especially K3). Henceforth,
bond lengths and bond angles have been calculated
(Fig. 1) to justify this part. With increasing treatment
time, AI-O and Si-O bond lengths have been slightly
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Table 2 Structural and

microstructural parameters of Microstructural parameters K1 K2 K3
tj;;ii‘:if;r:zz‘g:goiom a(A) 5201 + 0.002 5.171 + 0.001 5.142 + 0.001
techniques including b (A) 9.006 + 0.003 8.958 + 0.002 8.956 £+ 0.002
refinement of the XRD c(A) 7.357 £ 0.002 7.409 + 0.002 7.430 £ 0.001
diffractograms o (%) 91.00 91.61 92.10

B () 105.11 104.87 104.89

v () 91.09 89.96 90.40

Volume (A?) 326.568 329.610 331.491

Ryyp (%) 4.71 6.74 6.32

R, (%) 2.58 3.00 4.52

Crystallite size (nm) 114 104 38

microstrain 0.0016 0.0023 0.0028

Surface area (m? g™ ) 123.7 126.6 129.2

Pore size (nm) 54 15.5 18.7

Pore volume (ml g™ ") 0.206 0.491 0.520

Alumina-silica basal spacing (A) 3.78 4.54 4.77

Al-O bond length (A) 1.819 1.776 1.746

Si-O bond length (A) 1.745 1.664 1.444

Al-O-Al angle (°) 134.5 114.7 132.9

0-Si-O angle (°) 114.8 113.1 89.1

reduced which further reduces the Al-O-Al and O-
5i-O angles (Table 2) resulting in enhanced basal
separation (Table 2). Thus, it is observed that external
stimulation, such as ball-milling significantly influ-
ences the crystal structure of natural kaolinite clay.

3.3 Spectroscopic study and bonding
network analysis

Phase purity at the molecular level was investigated
using FTIR spectrometry and it is depicted in Fig. 2.
The absorption bands situated at 431, 460 and
520 cm ™! are attributed to Si-O, Si—-O-5i and Si—-O-Al
bending, respectively. Absorption bands at 695 and

o

e
n

o2

oo

e
n

Normalized Transmittance(a.u)

e
=

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber(cm‘l)

Fig. 2 Normalized FTIR spectra of the samples K1, K2 and K3

798 cm ™! are attributed to Si-O bending. Deforma-
tion of Al-Al-OH bonds creates its signature
absorption band at 919 cm™' [33]. The band corre-
sponding to Si-O stretching mode is observed
between 940 and 1150 cm™'. Such observations sug-
gest that the samples are kaolinite as they have sig-
nature vibrational bands in their respective positions.
The vibrational band located at 1643 cm™' corre-
sponds to H-O-H bond vibration. The band related
to bending of H-OH can be observed at 3627 and
3695 cm ™' due to the presence of external and inter-
nal —OH, respectively [34]. These bands are reduced
greatly in the K3 sample depicting the fact that K3
absorbs less moisture from the local environment
than the other two size fractions. Absorption bands
observed at 2334 and 2367 cm ™' are caused due to the
presence of adsorbed atmospheric CO, [35]. The
enhanced aspect ratio (S/V) significantly advances
the surface porosity and adsorption capacity of K3,
which further enhances the CO, adsorption capacity
of this sample. A similar phenomenon has been
reported elsewhere [36].

3.4 Morphological studies and particle size
analysis

The alteration in morphology due to ball-milling and
reduction in particle size has been ascertained using
Field Emission Scanning Electron Microscopy

@ Springer
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(FESEM). The micrographs are provided in Fig. 3.
kaolinite generally shows basal and edge surfaces
and hexagonal plate-like structures [37, 38]. FESEM
micrographs show that particles of K1 are an
admixture of distinctly large and heavily agglomer-
ated, along with the presence of few smaller particles.
These plate-like structures are having diameters
around 300-310 nm. This is due to the uneven
grinding of natural kaolinite. K2 on the other hand
shows evenly distributed sheet-like structures of
kaolinite having diameters ranging from 200 to
220 nm. The width of the size distribution for K2 is
smaller than that of K1 as Fig. 3 suggests. This evenly
distributed particle size is attributed to the sieving
during size fractionation. Although K1 and K2 depict
2D plate-like structures, K3 shows completely dif-
ferent morphological aspects. Due to high-energy
mechanical ball-milling, this size fraction of kaolinite
depicts a mixture of spherical and rhomboidal par-
ticles. This type of morphological evolution occurred
due to the continuous friction between the sample
and the balls during the ball-milling process [28]. In
this case, not only does the morphology change but
also the particle size reduces significantly. K3 sample
possesses an average diameter of 90-100 nm, which
makes it a natural nano-system.

3.5 Surface area and porosity analyses

Estimation of average surface area and surface
porosity of the prepared samples (K1, K2 and K3)
were done by employing Brunauer-Emmett-Teller
(BET) and Barrer-Joyner-Halenda (BJH) methods.
The adsorption—desorption isotherms obtained along
with pore size distributions are illustrated in Fig. 4.
The hysteresis loop obtained from these experiments
suggests the type IV isotherm, presumably due to the
presence of mesopores [39, 40]. In the case of K2 and
K3, volumes of adsorbed and desorbed N2 gas are
very similar to each other, unlike K1, which might be
due to the uniformity in size distributions, as seen in
FESEM micrographs [41]. The surface area obtained
for K1 is found to be 123.7 m* g™, while for K2 and
K3, it is found to be 126.6 and 1292 m®g ',
respectively. Thus, there is an increase in surface area
with decreasing particle size. The average pore
diameter was found to be 5.4, 15.5 and 18.7 nm for
K1, K2 and K3, respectively. Similarly, the pore vol-
ume also increases with a decrease in particle size
(Table 2), which suggests the nanonized K3 sample to
be a promising material for various industrial
applications.

Count
Count

0 100 200 300 400 500 600 700
Size (nm)

S0 100 150 200 250 300 350 400 450
Size (nm)

0 2‘0 4’0 6’0 80 100 |io Iv‘ll) l(‘»ﬂ II'W 200
Size (nm)

Fig. 3 FESEM micrographs of the samples a K1, b K2, and ¢ K3, corresponding size distribution plots from the FESEM images (d—f)
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Fig. 4 N, adsorption/desorption isotherms of the samples a K1, b K2, and ¢ K3; Pore size distribution data for d K1, e K2, and f K3

3.6 Thermal characterization of the natural
materials

Thermal characterizations are very much needed for
electronic materials as electrical properties, such as
dielectric constant, specific capacitance and conduc-
tivity are quite vulnerable to temperature fluctuations
[36]. DTA-TGA measurements have been performed
to check the temperature stability of the synthesized
natural samples (Fig. S5). It is found that the overall
mass loss is highest in the K3 sample (~ 6%),
whereas, it is lower in K1 (0.5%) and K2 (0.8%). This
is probably due to the release of surface adsorbed
moisture and CO, from the K3 sample. The enhanced
surface porosity of the K3 sample accommodates a
higher amount of moisture and environmental CO,
as stated in our FT-IR result. At higher temperatures,
these volatile substances have been eliminated from
the surface of the K3 causing a broad endothermic
peak located just above 50 °C. There is no sign of any
alternative phase formation due to heating (up to
200 °C), which makes these samples quite stable.

3.7 Estimation of dielectric constant
and loss tangent of the synthesized
samples

Dielectric constant and dielectric loss are very
important physical parameters for energy harvesting
applications as they reflect the net electrical charge
storage capacity of a material. The chemical

composition, thermal stability, surface properties and
morphology along with the external applied electric
field influences the dielectric properties of a sample.
The dielectric response of a material can be described
using the following relation [42],

(1)

where ¢ and ¢” are the real and imaginary parts of the
relative dielectric constants, respectively, and ¢ con-
tributes to the quantity of energy stored in the
material due to polarization and also known as
dielectric constant, whereas the imaginary part (¢”) is
related to the energy dissipated by the material [43].
The real part of the dielectric constant can be calcu-
lated using the following relation [44]:

G
SoA’

828,=—|—j8//,

- @
where C is the capacitance of the sample, d and A are
the thickness and surface area of the sample,
respectively, and gy is the permittivity of the free
space (8.85 x 107> F m™"). The dielectric plots were
obtained over a range of varying frequencies (from
40 Hz to 10 MHz) and temperature (30-210 °C), as
shown in Fig. 5. Since the imaginary part of the
electrical permittivity has negligible value, hence not
presented here. There is a gradual reduction of per-
mittivity values with increasing frequency is
observed in all the samples. This phenomenon is
attributed to the Maxwell-Wagner interfacial polar-
ization [45, 46] which is primarily formed due to
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Fig. 5 Variation of the dielectric constants with frequency (a—c); Variation of the dielectric constants with temperature (d—f); Variation of
the loss tangent with frequency (g—i) of K1, K2 and K3, respectively,

various structural inhomogeneities, like imperfection
in crystal alignment, vacancy and other crystal
defects created during the sample preparation. This
observation is in good agreement with Koop’s theory
[47]. According to this theory, the oscillating dipoles
formed by the free charge carriers are trapped into
the grain boundaries. Those are formed due to
structural defects in the low-frequency regime and
can easily follow the external field causing high
permittivity values, whereas, at higher frequencies,
the dipoles cannot trail rapidly changing external
fields resulting in reduced permittivity.

The dielectric constant observed is significantly
higher in the K3 sample as compared to the other size
fractions. Space charge polarization, which increased

@ Springer

in the case of K3 due to lattice or crystal defects might
have contributed to such a high value of dielectric
constant (¢/). In the case of K3, the oxygen vacancies
created from high-energy ball-milling lead to a higher
number of oscillating dipoles formation [13]. The
possibility even enhances when the surface area is
equally enhanced in this sample due to nanonization.
Thus, a higher surface area with a greater number of
interfacial oscillating dipoles augments the permit-
tivity value radically, which is reflected in K3
(5.013 x 10° at 40 Hz) compared to K1 (29.12 at
40 Hz). Table S2 shows a comparison of dielectric
values obtained from previous works of literature
implying that K3 in our case has the highest per-
mittivity value in both low and high-frequency
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regions depicting the novelty of this natural nano-
kaolinite system. The temperature-dependent studies
of dielectric constant for all three samples have been
carried out to ensure the real-life applicability of the
synthesized natural materials as dielectric separators.
It can be observed from the temperature response
data that the dielectric constants for the entire sample
set show promising values up to 70 °C beyond
which, a rapid fall has been observed. This rapid fall
of the dielectric constant is primarily due to the
elimination of moisture and adsorbed CO, gas from
the porous surface of natural kaolinites. The FTIR
data previously ensured the presence of these volatile
elements inside the porous surface of kaolinite,
especially in the K3 fraction due to high porosity and
enhanced surface area. It was also evident from
thermal characterizations that the mass loss is quite
high in K3 at the said temperature range. Thus,
beyond 70 °C, a sharp decrement is observed for all
the samples. Although, the dielectric value of K3 at
210 °C is (30.30) higher than that of the K1 sample at
room temperature (29.12). This ensures that the
nanoengineered kaolinite is a better option even in
higher temperatures.

The variation of tangent loss (Fig. 5) is also fol-
lowing the dielectric constant values observed herein.
It is observed in K2 and K3 that the tangent loss has
well-defined peaks at lower temperatures (30-50 °C).
This type of tangent loss is generally caused due to
the dominance of active elements over the reactive
elements in the material. The surface adsorbed
moisture and CO, act as active elements in this
regard, which are greatly removed at higher tem-
peratures (> 70 °C). Additionally, this peak position
shifted towards lower frequencies at higher temper-
atures suggesting the reduction of these polar active
elements. The presence of such active elements is
higher in K3 as compared to K2 and K1 (from TGA-
DTA data). Thus, a greater amount of peak shifting is
observed in the K3 sample.

Subsequent removal of adsorbed active elements,
such as moisture and surface adsorbed CO, from K3
sample at higher temperatures lower its dielectric
constant. But the value is still higher than its other
size fractions (K1 and K2) even after the removal of
active elements making K3 a potential material for
charge storage applications. Another major result
obtained from this study is the effect of active

elements on dielectric permittivity for natural kaoli-
nite. Moisture affects dielectric constant and loss
tangent significantly. Such knowledge will help in
storing and fabricating capacitors using this green
and natural clay mineral.

3.8 AC conductivity and conduction
mechanism studies

To analyze the charge transport mechanism, tem-
perature-dependent ac conductivity studies have
been carried out. The ac conductivities of the samples
have lower values at lower frequency domains,
which increased with subsequent frequency incre-
ments due to higher electron mobility and hopping at
higher frequencies [48, 49]. The conductivity increa-
ses with decreasing particle size (Fig. 56). The
enhanced surface area of K3 causes a simultaneous
increase in the number of mobile charge carriers that
might cause the increase in ac conductivity in this
size fraction [28]. K1 shows the lowest value as it has
the lowest amount of mobile charge carriers. Fre-
quency response of ac conductivity has also been
studied through Jonscher’s power law relation
(Fig. 6) [45],

Oac = Bwn7 (3)

where “B” and “n” are constants. In this case, n is a
dimensionless constant, whereas B has the unit of
conductivity. The value of “n” has been estimated for
each sample by plotting In ¢ vs In @ graph and then
taking the slope after properly fitting the experi-
mental graphs with the mentioned equation (Eq. 4) in
Fig. 6. The estimated values of the “n” in this case are
found to be 0.332 and 0.394 for K1 and K2, respec-
tively, which is increased further in K3 (0.312). These
non-zero #n values corroborate that kaolinite samples
do not follow perfectly Debye type (where n =0)
conduction mechanism and diffusion-limited hop-
ping dominates in this case [50].

Initially, charge hopping starts when free charge
carriers get a sufficient amount of external energy (in
the form of heat) to escape from the grain boundaries,
known as activation energy (E,). Thus, it is necessary
to study estimate activation energy to establish the
conduction mechanism. Activation energies can be
calculated using the Arrhenius equation stated as
follows [51],
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Fig. 6 a Jonscher’s plot for

ensuring the conduction
mechanism of the kaolinite
samples; b—d Arrhenius plots
for estimating the activation
energies of the samples
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Fig. 7 Impedance plots of a K1, b K2 and ¢ K3, respectively, with equivalent circuits

0 = ooefeT, 4)

where o6y be the pre-exponential factor, E, is the
activation energy, Kg is the Boltzmann constant and
T is the absolute temperature. Arrhenius plots were
calculated from the temperature-dependent ac con-
ductivity data at field frequencies 100 Hz, 1 kHz,
100 kHz and 1 MHz (Fig. 6). A detailed description
of activation energies of the entire sample set is given
in Table S3.
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3.9 Impedance spectroscopy for electrode-
material interface analysis

Impedance spectroscopy is a useful tool to under-
stand the charge migration process at the electrode—
electrolyte/separator interfaces. This also provides a
brief idea about the overall resistivity of the sample,
which is essential for electrode and dielectric sepa-
rator applications. Figure 7 shows the impedance
plots of different kaolinite samples. The real part of
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Table 3 Internal circuit

parameters of different Sample Charge transfer resistance Warburg element Double layer capacitance (LLF)
E:?hm:ﬁ sgmplzs obtalnedt by K1 90 kQ 90 kQ 0.7

fltlﬁg e 11‘;1pe ance spectra K2 205 kQ 100 kO 1.2
of the samples K3 1.9 MQ 350 kQ 2.39

Fig. 8 Cyclic voltammetry
analysis of K1 and K3
showing the charge storage
capacity of the natural samples

12 100 mV/s,
i 300 mV/s Kl
10 500 mV/s
¥
< 3
£ 6]
N’
= 44
5
=]
= 01
O 2]
44
-6
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-6 =4 2 2 4 6 4 500 mV/s
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Table 4 Comparative specific capacitances at different scan rates
for K1 and K3

Sample Scan rate (mV s™") Specific capacitance (F g™")

K1 100 93.4
300 14.5
500 9.3
700 5.4
900 0.7

K3 100 184.6
300 36.9
500 22.6
700 16.2
900 10.1

the impedance is plotted in the x-axis whereas, the y-
axis contains the negative of the imaginary part of
complex impedance [52].

900 mV/s

6 4 2 0 2 4 6

Potential (V

The entire set of data shows depressed semi-cir-
cular nature at the high-frequency region followed by
straight lines situated at lower frequency domains.
The radius of semi-circles implies the total charge
transfer resistance (R ;) values, which are highest in
the case of K3 [52, 53]. The impedance curves were
further fitted using the EIS Spectrum Analyser v1.0
program with the standard Randles circuit containing
a parallel combination of a charge transfer resistance
(Re) and a double layer capacitance (Cq;) combined
with a Warburg element (Zy). A series resistance (Rs)
has also been provided into the circuit. The Randles
circuit is widely used to fit impedance data as it
approximates the behavior of any cell/interface for
very small perturbations. Thus, the accuracy of this
model is quite high. According to this theory, R
restricts the charge migration process through the
sample. The double layer capacitance enhances the
charge storing capacity of the system. The total
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experimental impedance sometimes does not match
with the total contributing impedance of R.; and Cg;
alone. Thus, one needs to consider the Warburg ele-
ment to match this paradox.

Herein, the outcome of the fitting has been depic-
ted in Fig. 7 showing that the K3 sample has the
highest R, value compared to other samples
(Table 3). Such a gradual increment of R could be
substantiated by the virtue of crystallographic data.
In reality, the microstructural data shows a gradual
increment of basal spacing (distance between alu-
mina-silica bases), which restricts the charge migra-
tion through these basal spaces and results in higher
Rt values with reduced sample sizes.

3.10 Estimation of specific capacitance
and charge-discharge characteristics

Dielectric permittivity and impedance studies
already showed the nanonized K3 is having a decent
potential for energy storage applications. Herein,
cyclic voltammetry (CV) measurements (Fig. 8) for
K3 and K1 have been carried out to understand the
alteration of charge storage capacity due to nanon-
ization. The CV curves were obtained between volt-
ages ranging between + 5V and — 5V at different

] Mater Sci: Mater Electron

scan rates. The absence of any redox peak in the CV
curves ensures the applicability of these materials as
separators [54]. The specific capacitance (C,) has been
calculated for both the samples at different scan rates
using Eq. (5) and depicted in Table 4 [54].

c _ Jal(E)AE

~ mk(E1 - E2)° )

where m be the mass of the material, k is the scan rate,
E1 and E2 are maximum voltages at both ends of the

E2
curve and [ I(E)dE is the area under the CV curve.
E1

It is found that the specific capacity of K3 at
100 mV s~ scan rate is around 185 F g~', which is
significantly higher than K1 (93 F g™') at the same
scan rate. This high value of specific capacitance in a
natural dielectric sample is rare and quite useful for
fabricating the separator array for a capacitor.

To assess the increment of storage capacity and
discharge rate in K3 in comparison to K1, galvanos-
tatic charge—-discharge and the performance is illus-
trated in Fig. 9. The charge-discharge curve shows a
rapid increase of voltage during charging, which
gradually reduces due to discharging, thus exhibiting
reversible and symmetrical charge-discharge cycles
and confirming the typical capacitive properties. The

Fig. 9 galvanostatic charge— 55 b
. . 250 LA/ —
discharge characteristics of K1 (@) 5.0 = (b) 54 igg M:ﬁ:
— 300 p.
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discharging time is much higher (~ 9 times) in K3 in
comparison to Kl. The specific capacitance was
evaluated from the curves using the following
equation [55]:
2iAt
— 6
o (6)

where C denotes the specific capacitance, i represents
discharge current, At represents discharging time, the
mass of the sample is represented as m and Av rep-
resents the change in the voltage (V). The specific
capacitance calculated from the charge-discharge
data are quite similar to the calculated capacitance
from CV data. The specific capacitance, in this case, is
found to be 247 F g~ for K3, whereas itis 83 F g™ for
K1 showing an augmented in the charge storage
capacity in nano-kaolinite clay.

4 Conclusions

Herein, the particle size reduction of the collected
kaolinite clay has been performed by a one-step ball-
milling technique for fabricating a separator material
for new-generation energy harvesting devices. Ini-
tially, the purity of the sample has been assessed by
employing XRF and EDX techniques. Moreover,
X-ray crystallography and FT-IR spectrometry of the
samples reveal the microstructure and bonding net-
works, which play a pivotal role in assessing the
conduction mechanism and charge storage properties
of the materials. The FESEM images confirm the
impact of ball-milling in reducing the particle size of
this clay. These micrographs also validate the K3
sample to be in the nano regime (90-100 nm). Such
nano-confinement enriches the aspect ratio in this K3
sample, which is reasonable with its high dielectric
constant (~ 5000 in 40 Hz) and higher specific
capacitance (185 F g™ '). Further, the charge conduc-
tion mechanism of the samples has been character-
ized by standard Arrhenius and Jonscher’s equations
revealing the diffusion-limited conduction mecha-
nism, which also corroborates the dielectric data.
Such interesting dielectric relaxation with enhanced
storage capacity makes this nano-kaolinite clay a
promising  alternative in energy harvesting
applications.
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1 Introduction

Nowadays, due to escalated technological advance-
ment, electrode materials have gained enormous
scientific interest. Electrodes have become essential in
developing sensors, batteries, capacitors, solar cells,
and many other electrical devices [1-3]. The con-
ventional metal-based electrode systems [4] are thus
insufficient to reach such technological developments
in terms of efficacy. Recently, various ongoing
research focuses on semiconductor and nanomate-
rial-based electrodes due to their significant physic-
ochemical properties [5-7]. Such systems are
relatively costlier and need dedicated synthesis pro-
cesses. Some of these nanomaterial-based electrodes
[6, 8] are quite harmful to using toxic chemicals and
could be dangerous if handled incautiously.

In the present scenario, material scientists are
paying interest in natural clays and minerals [9-11]
due to their excellent biocompatibility, less toxicity,
chemical and mechanical stability, high cation
exchange capacities, large specific surface area, and
abundance in nature. These natural materials are
cost-effective besides have significant potential in
numerous fields of study. In fact, natural mineral-
mediated sensors and separators [12-15] are opening
new dimensions in materials science. Previously,
various natural clays like montmorillonite, smectite,
halloysite, palygorskite, and ripidolite gained
importance in electrical and electrochemical applica-
tions, yet most of them suffer from various draw-
backs like very low dielectric permittivity,
conductivity, or charge storage capacity (Table 1).
The natural clays generally exhibit a low dielectric
constant due to the dominance of SiO, and Al,Oj
[16], hence they are mostly used in semiconductor
and microelectronic devices fabrication. As per the
U.S. Geological Survey report [17], the dielectric
constant of kaolinite at 1 MHz is 11.8.

It is evident from certain previous reports that
particle size plays a significant role in several elec-
trical characteristics of a material [18, 19]. Herein,
MWCNT-loaded nanostructured kaolinite clay has
been used to fabricate a ‘green electrode’ system for
energy harvesting devices. MWCNT has a very good
conductivity besides other physicochemical proper-
ties, which greatly influences the electrical properties
of nanoparticles. This is probably the first report on
MWCNT loading in the low dielectric kaolinite
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structure. Kaolinite (AlSi,O5(OH),) is primarily a
weathered fraction of potassium feldspar and is
abundant in our environment [20]. It consists of a
periodic arrangement of alumina-silica layers [21].
Such periodicity makes it structurally stable up to a
high temperature [22] threshold (~ 500 °C).
Impregnated kaolinite over the MWCNT surface
makes the composite more electrically active, which
has been substantiated here using x-ray crystallog-
raphy and other electrical characterization tech-
niques. The crystallographic parameters of the
sample have been determined by the Rietveld
refinement technique. It is an incredibly powerful
tool to demonstrate the structural information of the
powder diffraction than any other refinement tech-
nique. This refinement method was a step forward in
line profile analysis of composite structures due to its
reliability with strongly overlapping reflections.
Interestingly, an electrical percolation threshold has
been reached when an excessive amount of doping
has been performed. Such percolation not only
decays its dielectric permittivity but also reduces the
microstructural periodicity of the sample. Electro-
chemical analyses show the augmented charge
transport between the CNT-kaolinite active inter-
faces, which could be a possible reason for the pres-
ence of redox relaxations in the modified clay
samples. These redox peaks further substantiate the
applicability of the CNT-loaded samples as elec-
trodes. It is observed that the 1% (w/w) MWCNT
loaded clay sample exhibits the highest electrical
permittivity along with improved redox relaxation
among the entire sample set, which makes this sam-
ple a futuristic ‘green electrode’ material.

2 Materials and methods
2.1 Materials used

Natural kaolinite [Si,AlL,O5(OH)4] clay was pur-
chased from Hindustan minerals, India, and
MWCNT (purity > 95%) was purchased from Sigma-
Aldrich, Germany. The MWCNTs are having
50-90 nm widths. Hexamine [C¢H1,N,4], hydrochloric
acid [HCI, 37%], nitric acid [HNO;, 69%], hydrogen
peroxide [H,O, 30%], and dimethylformamide
[C3H;NO] were purchased from Merck, India. Ace-
tone (HPLC grade) and ethanol (HPLC grade) were
purchased from Merck, India for analytical
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Table 1 Previous reports on clay-based dielectric performances

S1  Material name Material type Dielectric AC conductivity Year References
no constant (Sm™h
1 Epoxy-clay (montmorillonite) Clay-resin composite 5.35 N.M 2013 [47]
2 Polyester-metakaolinite composite Clay-polymer composite 14 N.M 2021 [48]
3 K + smectite Natural clay 3-78 N.M 2020 [49]
4 Modified montmorillonites suspensions in Polymeric organosilicate- 20 1078-1077 2018 [50]
polydimethylsiloxane clay composite
5 Mullite and cordierite Ceramic 20-40 N.M 2019 [51]
6 Nontronite Clay 1100 N.M 2021 [52]
7 Poly methyl methacrylate and acrylonitrile ~ Polymer—clay 10 N.M 2021 [53]
butadiene nanocomposite
styrene-montmorillonite
8 PVDF/6A Clay Polymer—clay composite 230 N.M 2021 [54]
9 Ripidolite Chloride clay 14 N.M 1986 [55]
10  Soil (Clay, Clay Loam, Loam, Clay 23.26 N.M 2020 [56]
and Loamy Sand)
11~ MWCNT-kaolinite nanocomposite CNT-clay nanocomposite 3850 107* - This report

*N.M = Not mentioned

experiments. All the reagents are of analytical grades
having purity > 99% and were used without any
further purification. Millipore water (NW ultra-pure
water system) was used throughout the experiment
having a resistivity of approximately ~ 18.2 MQ-cm.

2.2 Fractionation and activation of natural
kaolinite

Initially, the natural kaolinite was ground in a dia-
mond mortar manually to reduce the agglomeration.
After that, the clay was sieved by using a 400 mesh
(37 pm) sieve. 0.01 kg of the sieved clay was then
taken and milled in a ball-milling instrument (Fritsch
Planetary Mono Mill Pulverisette-6) for 48 h with a
ball to sample mass ratio of 20:1 at 150 rpm using
tungsten carbide vials and balls. The milled sample
was sent for further modifications.

Activation of the as-prepared nano-kaolinite was
performed by dissolving 0.004 kg kaolinite in 160 ml
Millipore water and subsequent addition of
9.6 x 107° kg hexamine under vigorous stirring
conditions. 40 pl HCI solution (37%) was then added
drop-wise and kept overnight at 80 °C temperature.
The precipitate was collected from the bottom of the
container by filtering the solution, which was dried in
a hot air oven at 70 °C for another 24 h. The dried
sample was then ground in an agate mortar.

2.3 Functionalization of multiwalled-CNT
(MWCNT)

Agglomeration of the MWCNT (5 x 107° kg) was
reduced by dispersing it in 15 ml ethanol followed by
an ultrasonication process (Telsonic ultrasonic clea-
ner 20 kHz). The solvent was then evaporated at 120
°C in a hot air oven. The dried MWCNT was again
dispersed in 15 ml HNO; (3 M) under stirring (Remi
2MLH magnetic stirrer) for 15 min at 60 °C and then
re-sonicated in a bath sonicator for another 2 h. After
completion of the sonication process, the sample was
rinsed several times with water and further aged
with H,O, at 60 °C for 15 min. The black precipitate
was then washed using water and collected by vac-
uum filtration. Finally, the dried sample was sent for
further treatment.

2.4 Preparation of MWCNT-kaolinite
nanocomposite (CNTK)

The MWCNT-kaolinite nanocomposites were pre-
pared by a simple condensation technique. In a typ-
ical synthesis process, 0.001 kg of activated kaolinite
was added in 30 ml DMF and sonicated for 1 h.
Different weight percentages of functionalized CNTs
(0.5%, 1.0%, 1.5% w/w) were added separately into
the solutions. The solutions were then stirred
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vigorously under reflux condensers for 24 h at 90 °C.
The precipitates were collected and washed sepa-
rately after the complete reaction with deionized
water till the neutral pH was achieved. The
nanocomposites were then oven-dried at 70 °C for
24 h and marked as CNTKO0.5, CNTK1.0, and
CNTK1.5 respectively for increasing percentages of
MWCNT. A separate unmodified fraction of nano-
kaolinite was taken for comparative analyses without
any modification and marked as CNTKO. A sche-
matic diagram of the synthesis mechanism is given in
scheme 1.

3 Results and discussion

3.1 Structure and morphological analyses
of the nanocomposite

Crystallographic parameters are essential to deter-
mine the structure and purity of any natural sample.
Herein, x-ray diffraction (XRD) has been employed to
estimate structural and microstructural parameters of
the natural kaolinite and its modified counterparts
[23]. A D-8 Advanced, Bruker x-ray diffractometer
equipped with Cu-K,, target (1.54 A) was operated at
35 kV, 35 mA with a scan speed of 5 s/step to collect
the diffractograms (Fig. 1). It can be observed that the
diffraction planes are in accordance with the JCPDS

4
NH,
\

Activated

Kaolinite

COOH COOH

Refluxed

card no 80-0886 of kaolinite. The absence of any
undesired diffraction maxima in the diffractograms
suggests the purity of the clay samples [24]. Although
kaolinite nanoparticles have been modified by
incorporating functionalized MWCNT, no shift of
diffraction lines occurred. Such unaltered diffraction
lines suggest successful MWCNT-kaolinite composite
formation. Further, the Rietveld refinement has been
carried out by superposing the standard crystallo-
graphic data of kaolinite (AMCSD file no. 1550598)
over the experimental data. It shows a promising
superposition having reasonable fitting coefficients
(Table 2). The microstructural study shows the per-
turbation of the periodic polyhedral alignment of
alumina-silica due to the nanonization of the pristine
kaolinite. This could be ascribed to the high-energy
ball-milling of the sample. Additionally, MWCNT
incorporation leads to an increment in the interlayer
separation between the two adjacent basal planes of
nano-kaolinite (Fig. 2). Such basal separation would
create entrapment zones and affect various physico-
chemical properties.

In order to assess the bonding networks of the
synthesized samples, FTIR spectroscopy has been
performed. The samples were mixed with KBr (1:50
mass ratio) to form solid pellets. A FTIR-8400s, Shi-
madzu spectrophotometer was employed in a vary-
ing wavenumber range (400-4000 cm ™) to collect the

MWCNT doped kaolinite NP’s

Scheme 1 A flow chart on synthesis of MWCNT-kaolinite nanocomposite
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Fig. 1 Refined XRD patterns of the samples

Table 2 Refined microstructural parameters of clay samples

Parameters ~CNTKO ~ CNTK0.5 CNTK1  CNTKI.5
a(A) 5.142 5.158 5.140 5.149
b (A) 8.930 8.952 8.936 8.930
c (A) 7.421 7.418 7.424 7.423
« (%) 92.169 92.122 92.208 92.185
B 105.023  105.014 105.017  105.077
7 (%) 90.323 89.739 90.265 90.330
V (A% 328.933  330.571 329.157  329.568
i 1.487 1.457 1.519 1.529
R, (%) 13.274 10.040 11.323 15.089
Ry (%) 19.747 14.633 17.204 23.072

IR spectra, which is depicted in Fig. 3. The charac-
teristic vibrational bands located between 430 and
700 cm™' are corroborate Si-O-Al bending [25].

CNTKO.5 o Experimental data
' Refined data
]
(b) H
—
o
S

Intensity (a.u.)

20 (degree)

CNTK1.5 ’ o Experimental data

—— Refined data

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Another major vibrational maximum found at
750 cm™ ! refers to the AlOg vibration. Absorption
bands at 792 and 917 cm ™" are attributed to Si-O and
Al-OH deformation respectively [26]. The presence
of Si-O stretching vibrations (940-1150 cm™') has
also been confirmed. Such vibrations validate the
presence of AlOy and SiO4 polyhedral networks in
the samples. A broad IR maximum is found between
3620 and 3700 cm™' validating the presence of
hydroxyl groups in the as-prepared samples [27, 28].
Additionally, two very tiny vibrations have been
located at 1670 and 1658 cm™" that are absent in the
pristine kaolinite sample. The 1658 cm™' band
occurred due to the C=C vibration [29] and could be
originated from the MWCNT moiety, whereas, the
band found at 1670 cm™" [30] is due to the -CONH
vibration. This -CONH vibration refers to the
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CNTKO0.5

Fig. 2 Pictorials representation of the microstructures showing
basal spacings, the dots in blue (silicon), red (oxygen), white
(hydrogen), and grey (aluminum) colour represent specific atoms
in the structure

successful incorporation of the functionalized
MWCNTs over the surface of activated kaolinite.
Morphological features along with particle sizes of
the entire sample set have been examined by Field
Emission Scanning Electron Microscopy (FESEM)
and Transmission electron microscopy (TEM)
(Fig. 4). The samples were initially dispersed in ace-
tone and sonicated in a bath sonicator to reduce the
agglomeration. The sonicated sample was then cast
on carbon-coated grids followed by sputter coating
with gold plasma for microscopy. The accelerating
voltages were set at 10-20 kV for FESEM microgra-
phy (Inspect F-50, FEI, Netherlands), whereas, it is set
at 200 kV for TEM (JEOL, JEM-2000). Herein, the
pristine clay sample (CNTKO) is showing hexagonal

@ Springer
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Fig. 3 FTIR spectra of clay samples

sheet-like 2-D structures having 70-90 nm average
length on the longer sides. Additionally, the TEM
micrographs depict the presence of long MWCNTSs
attached rigidly to the kaolin surfaces. This attach-
ment implies the suitable formation of MWCNT-
kaolinite nanocomposites. The FESEM images also
show the increment of MWCNTs with increasing
doping percentages, which is in accordance with the
previous XRD and FTIR analyses.

The elemental analyses of the samples have been
performed by using the EDX mapping technique.
A Bruker Quantax EDS analyzer was employed for
this purpose. The EDX spectra of the samples are
showing a uniform presence of aluminum, silicon,
and oxygen in all samples (Fig. 5). Additionally, the
presence of carbon has been detected in the modified
clay samples, which is in accordance with the loading
percentages of MWCNT.

3.2 Investigation of surface properties
of natural nanocomposite

The Brunauer-Emmett-Teller (BET) and Barrer-Joy-
ner-Halenda (BJH) method using N, gas adsorption—
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fmm e ————
o

Fig. 4 a TEM micrograph of a single kaolinite particle; b TEM
image of MWCNT modified CNTK1 sample; ¢ EDX-mapping of
the CNTK1 sample showing uniform distribution of the elements;

desorption have been employed to study the surface
area and pore structures of the samples. A Twin
Surface Area Analyzer, Quanta-chrome Instruments,
USA was employed for this purpose. The BET-BJH
isotherm shows (Fig. S1) nearly equal adsorption-
desorption of the gas, which suggests a type-IV iso-
therm. These isotherms are generally associated with
capillary condensation of the adsorbate making the
adsorbent promising for industrial applications
[31, 32]. The pore structure has been analyzed on the
basis of adsorption-desorption hysteresis loops. The
study shows H1 type hysteresis [33] in both samples.
In reality, such hysteresis occurs when the adsorbent
consists of agglomerates or compacts of approxi-
mately uniform spheres in a fairly regular array. The
surface areas of both pristine and MWCNT loaded
clays are found to be 139 m?/g. This fairly high sur-
face area of pristine clay is having an average pore
diameter of 18.9 nm, which gets reduced in CNTK1.5
(15.5 nm) due to the incorporation of MWCNTs.

3.3 Mechanism of MWCNT-kaolinite
nanocomposite formation

In reality, kaolinite has two negatively charged basal
planes with positively charged edges. These basal
planes consist of hydroxylated alumina (aluminum
octahedral layer) and siloxane (silica tetrahedral

] -
SENE | OF _‘ -
Map data 989 Ve . ‘
MAG: 60.0kx HV: 10KV WD: 13.6mm

d-g corresponds to the FESEM images of the CNTKO (d),
CNTKO.5 (e), CNTK1 (f) and CNTK1.5 (g)

layer) facets [34]. Usually, these basal planes are
assumed to carry a constant structural charge due to
the isomorphous substitution of AI** for Si** in the
siloxane facet and Fe** or Mg** for AI’* in the alu-
mina facet making the facets negative [35]. Herein,
the surface charge of the pristine kaolinite sample has
been measured by using zeta-potential (Fig. S1). The
sample was suspended in water prior to the ultra-
sonication to reduce agglomeration. A Zetasizer,
Malvern was used to study the zeta-potential of the
natural clay. A highly negative (— 25.3 mV) zeta-
potential has been found, which not only substanti-
ates the theoretical assumptions but also validates the
structural stability of the natural clay sample.

Activation of nano-kaolinite further incorporates —
NH, functional groups over the surface of the clay
making the surface hydrophilic. Similarly, the func-
tionalization of MWCNT with -COOH makes its
surface hydrophobic. This hydrophilic-hydrophobic
interaction plays a pivotal role in making the
nanocomposite. FTIR spectra of modified clay sam-
ples show a -CONH vibration band, which could be
ascribed to this -NH,-COOH interaction. Such an
interaction rigidly binds the MWCNT with kaolinite.
TEM and FESEM micrographs also validate this
phenomenon.

Increasing doping percentages of MWCNT in the
kaolin matrix show a gradual increment in the

@ Springer



J Mater Sci: Mater Electron

Fig. 5 EDX-mapping data of
a CNTKO, b CNTKO.5,
¢ CNTK1 and d CNTK1.5

interlayer separation between two adjacent basal
planes in crystallographic studies. This could be
substantiated by the virtue of the attractive forces
that play between functionalized MWCNT and acti-
vated kaolinite. In reality, the —CONH moieties
between MWCNT and kaolinite pull the kaolinite
particles from different directions, which is sufficient
to perturb the internal structure of the clay particle
(Fig. 6) and results in an increased basal spacing as
found in crystallographic data. Although, the basal
spacing reduces greatly in CNTK1.5 due to excess
CNT loading.

The total pore volume of the kaolinite is seemed to
be quenched upon MWCNT doping in BET-BJH
studies. Typically, MWCNT accommodates nano-
kaolinite particles over its surface. Thus, the porosity
of the attached side of the clay particles gets occupied
and results in a reduction in total pore volume. This
also validates proper attachment between MWCNT
and nano kaolinite particles.

@ Springer
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3.4 Dielectric assays of the clay samples

The dielectric property reflects the charge storage
ability of a sample. It depends on numerous param-
eters, such as grain size, temperature, humidity, fre-
quency of the external electric field, etc. The total
dielectric permittivity consists of two functions,

s

MWCNT

CNTKO

Fig. 6 Pictorial representation of the perturbed microstructure of
kaolinite due to MWCNT doping that leads to increased basal
spacing and formation of -CONH bonds
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namely, the real part of the permittivity (¢') and an
imaginary part (¢”). The real part depicts the charge
storage capacity, whereas, the imaginary part implies
the electrical dissipation factor. These two terms are
associated as ¢ = ¢ + j&”. Where ¢ is the total dielec-
tric permittivity of the material [36].

The real part of the permittivity can be calculated
by using the relation [37], ¢ = (C.d)/(sp A). Where,
C is the capacitance of the material, d and A are the
thickness and area respectively of the solid pellet that
is used to measure the permittivity and ¢ is the free
space permittivity (8.85 x 107> F/m). Herein,
100 mg of each clay sample has been pressed by
using a hydraulic press system to form solid pellets.
Both sides of these pellets were covered by copper
strips those are acted as electrical contacts. A 4294A
Precision Impedance Analyzer, Agilent was used to
study the electrical properties of these samples.

The frequency-dependent permittivity plots show
a gradual reduction of electrical permittivity in the
higher frequency domain (Fig. 7). In fact, such
reduction is visible in all the samples. This type of
frequency response could be analyzed by Maxwell-
Wagner interfacial polarization [38]. Generally,
dielectric materials have conductive grains inside
insulated grain boundaries. The energy of the exter-
nal electric field at the lower frequency domain is
insufficient to pull out these conductive grains from
grain boundaries and results in an electrical polar-
ization. This low-frequency polarization contributes
to the total dielectric constant as stated in Koop’s
theory [39]. Although, the higher field frequency is
capable enough to free the charges from the insulated
boundaries and results in a lower permittivity value.

The MWCNT incorporation influences the dielec-
tric permittivity as shown in Table S1. It can be
observed that the electrical permittivity attains a
maximum in the CNTK1 sample (3850 at 40 Hz)
upon MWCNT loading and quenches significantly
when an excess amount of doping is performed in the
CNTK1.5 sample (710 at 40 Hz). The pristine clay
sample (CNTKO) shows a very low permittivity (41 at
40 Hz) value as stated in Table S1. This type of
dielectric relaxation could be attributed to the struc-
tural modifications of the samples. As stated earlier,
the kaolinite nanoparticles are attached between two
adjacent MWCNT surfaces, which creates a periodic
arrangement of insulated kaolinite and conductive
CNTs in a parallel manner. Such a parallel arrange-
ment leads to the formation of nano-capacitors and

enhances dielectric permittivity values with increas-
ing MWCNT concentration. However, excess CNT
loading disturbs this periodic arrangement, which
results in a distorted grain-grain boundary arrange-
ment in this sample. Hence, in the low-frequency
region, the distorted grain boundaries are unable to
hold the charges and the electrical charges get suffi-
cient mobility [40]. Due to the uncontrolled move-
ment of these mobile charges, the dissipation factor
enhances (as shown in tangent loss data) and an
abrupt nature in low-frequency permittivity is
observed. This phenomenon is known as electrical
percolation and reported previously by various
groups [37, 38, 41].

The temperature response of the samples has also
been studied in terms of electrical permittivity in a
wide range (25-200 °C) and is depicted in Fig. 7.
Figure 7 shows a gradual reduction in dielectric val-
ues with increasing temperature for the entire sample
set. This type of relaxation is quite common and
could be ascribed to the subsequent charge transport.
In reality, temperature above a critical limit activates
the bound grain and makes them free from the
insulated grain boundary [42]. This activation redu-
ces the M-W polarization and a radical quenching in
permittivity can occur in the higher temperature
domain. Additionally, DTA-TGA of the clay samples
has been performed in a DTG-60H, Shimadzu to
understand the structure—property correlation in this
aspect. It has been observed that (Fig. S2) the samples
are structurally stable (less than 6% mass loss) up
to ~ 425 °C, beyond which a gradual drop in mass is
visible. The DTA plots show the phase transforma-
tion of the kaolinite samples at around 500 °C. Gen-
erally, at this high-temperature kaolinite starts its
transformation into meta-kaolinite. DTA-TGA results
thus validate the fact that the electrical permittivity
values do not associate with any structural or phase
transformation mediated change and purely imply
the grain transport phenomenon.

The tangent loss has also been investigated to
estimate the dissipation factor of the entire sample set
and presented in Fig. 7. The loss tangents are in
accordance with high dielectric values. It can be
noted that the tangent loss increases with increasing
field frequencies for all the samples. The inter-dipolar
friction could be a possible reason for this, which
further dissipates as heat energy. The loss tangent
seems to be highest in the CNTK1.5 sample due to the
disrupted alignment of the ordered nano-capacitor
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Fig. 7 Variation of dielectric constant with frequency (a—d), temperature dependent dielectric response (e-h), and tangent loss (i-1) for

the samples

structure of the MWCNT doped nanocomposites.
Henceforth, permittivity studies suggest that the
CNTK1 sample is having the highest permittivity
with a nominal tangent loss and possibly could be
used in energy storage applications (Fig. 7).

@ Springer

3.5 Ac conductivities of the samples

The conduction mechanism of the clay samples has
been studied in terms of frequency and temperature
variations (Fig. 8). The frequency responses show
higher conduction in the high-frequency domain. The
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charged grains escape the grain boundaries after
getting sufficient activation energies (E,) at high fre-
quencies. The activation energies have been calcu-
lated using the Arrhenius equation [43], as follows,

o = opexp (—E,/KgT)

where E, is the activation energy for conduction and
oy is the pre-exponential factor. Arrhenius plots were
obtained from the conductivity data calculated at
frequencies 40 Hz, 1 kHz, 10 kHz, 100 kHz, and
1 MHz of the external electric field and have been
shown in Fig. 9. The activation energy tends to
increase with increasing field frequencies making the
grains more transportable at higher frequencies
(Table S2).

The dependence of ac conductivity on frequency
for the entire set of samples has also been studied
through Jonscher’s universal power law [44],

Oac = Ba"

here, B and n are constant terms. B has the unit of
conductivity and 7 is a dimensionless constant term.
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The non-zero values then refer to the frequency-de-
pendent conduction mechanism. It has been calcu-
lated for each sample by plotting Inc against Inw
(Fig. 10). The n values of the clay samples varied
between 0.51 and 0.92 suggesting the non-Debye type
conduction mechanisms for all the samples. Addi-
tionally, these n values validate the diffusion-limited
1-D hopping of the charge carriers through the
sample.

It has already been explained that the MWCNT
loaded samples possess better attachment to the
kaolinite surfaces and form prominent charge hop-
ping pathways. Thus, increment in ac conductivities
in CNT-loaded samples have been found.

3.6 Estimation of the effect
of microstructure on charge transport

The charge transport is an essential parameter when
it comes to energy harvesting. Impedance spec-
troscopy can substantiate this in the microstructural
proximity. Herein, the impedance spectra of the
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Fig. 8 Temperature-dependent ac conductivities with varying frequencies of clay samples
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Fig. 10 Joncher’s plot to evaluate the diffusion limited hopping
mechanism of the samples

synthesized clay samples have been investigated to
understand the role of microstructural modifications
on carrier mobility. The impedance spectra of the
samples show depressed semicircles in the high-fre-
quency domain along with straight lines in the low-

@ Springer

1/T)x103 (K-1)

frequency regions. The semicircle is attributed to the
charge transfer process, whereas, the straight line is
attributed to the diffusion phenomenon. The spectra
were further fitted with an equivalent circuit model
using the EIS spectrum analyzer v.1.0 program
(Fig. 11). The equivalent circuit comprises two sepa-
rate loops consisting of resistance (R) with a constant
phase element (CPE1). These two loops are joined in
series with another constant phase element (CPE2)
[45]. The first loop represents the contribution of the
sample, whereas, the second loop depicts the inter-
facial effects. The Warburg element represents the
diffusion phenomenon. The second loop in the
CNTKO and CNTK1.5 are absent as there are no
abrupt interfaces formed between MWCNT and
kaolinite.

It is evident from the data that the charge transfer
resistance (Ry) gradually increases with increasing
doping concentration (Table S3). The reason behind
such impedance relaxation with MWCNT doping lies
in its microstructure. The pristine sample (CNTKO)
shows a low charge transfer resistance (8.1392 x 10~
Q), which alternatively validates the mobility of
charge through the system. But, doping of MWCNT
somewhat stretches the alignment of the kaolinite
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Fig. 11 Electrochemical impedance spectra of the samples with corresponding equivalent circuits for estimating the charge transfer

process

crystals from various sides and results in voids and
defects, which could be a possible reason for the
entrapment of free charge carriers into the defect
zones. Thus, the carrier mobility gets decreased
subsequently in CNTKO.5 (R, = 7.6417 x 10° Q) and
CNTK1 (R, = 9.6442 x 10° Q) giving rise to the
charge transfer resistances. Above a critical doping
limit ie, 15% in CNTKIL.5, the permanent
microstructural distortion of kaolin crystals takes
place, which leads to the highest charge transfer
resistance (R, = 9.9381 x 10° Q).

3.7 Estimation of the electrochemical
performances of the clay samples

The cyclic voltammetry has been performed for fur-
ther exploitation of the samples as promising elec-
trode candidates in the energy harvesting systems.
Typically, a two-electrode Netware BTS battery tester
within the range of 0 to 4+ 2 V at the scan rates of 100,
300, 500, and 1000 mV/s was employed to conduct

the electrochemical measurements. The voltammo-
grams show typical electronic hysteresis loops as
shown in Fig. 12.

The corresponding specific capacitances (Cp) have
been calculated using the following relation [46],

_ " I(E)dE
ms(E1 — E2)

here, m is the mass of the material, s is the scan rate,
E1 and E2 are limiting values of the potential win-
dow, and [ gf] (E)dE is the area under the CV curve.

The calculated specific capacitance of the entire set
of samples shows a gradual increment with MWCNT
concentration up to a critical limit (1% loading),
thereafter, the Cy value reduces drastically. Such an
interesting increment is related to the enriched
amount of interface formation in MWCNT-kaolinite
composites. The successful attachment of kaolinite to
the surface of MWCNT reduces the charge transport
path length and thereby increases the specific

@ Springer
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Fig. 12 a Cyclic voltammograms of various MWCNT-doped clay samples, b voltammogram of CNTK1 at different scan rates

capacitance. A detailed description of the calculated
C, values has been incorporated in Table S4. More-
over, the CNTK1.5 depicts a reduction in Cy, which is
related to the improper doping or excessive presence
of MWCNT in the sample.

Additionally, CNT-doped clay samples offer redox
relaxation as shown in Fig. 8. In reality, the conduc-
tive MWCNT introduces free charge carriers to the
active sites of the kaolinite. This charge transport
results in oxidation maxima in the modified clay
samples. As the kaolinite has a large number of voids
and defects in its crystals, these free carriers have
been entrapped by such voids and resulting in a
relatively lower reduction peak.

The specific capacitances have also been estimated
by varying the scan rate for the CNTKI1 sample
(Table S5). It is observed that, at lower scan rates, the
ions have sufficient time to migrate deeper into the
system contributing to higher feasible reactions and
conveying improved capacitive performance.
Henceforth, electrochemical assay suggests the
CNTK1 sample could be a promising electrode
material for energy harvesting devices.

4 Conclusion

Herein, natural kaolinite clay has been modified
using multi-walled CNT. A top-down synthesis of
the clay followed by a chemical modification has
been executed to attach the clay nanoparticles over
the CNT surface. This simplistic synthesis process of

@ Springer

the abundantly available clay could be useful in
industrial production on a large scale. Detailed
investigation suggests the microstructural modifica-
tions of the clay moiety, which leads to the entrap-
ment of free charge carriers that further helps in
modulating the electrical parameters. The dielectric
data depicts an enhanced charge storage capacity in
1% w/w doping (nearly 93 times compared to its
pristine counterpart) as the dielectric constant is
found to be 3850 at a frequency of 40 Hz with very
low tangent loss. Moreover, the MWCNT modified
clay nanostructures exhibit excellent thermal stability
up to 500 °C revealing potential application in high-
temperature devices as well. The high ac conductiv-
ity, especially in CNTK1 makes them potential can-
didates for large-scale electrode fabrication. The ac
conductivities and impedance spectra suggest 1-D
diffusion-limited hopping of the charge carriers and
correlate microstructural modifications associated
with the clay samples. This low-cost clay material
shows a redox relaxation when it comes to electro-
chemical analysis. Such redox peaks are attributed to
the carrier transport between CNT and kaolinite
nanoparticles. The specific capacitance (C,) is found
to be 22.4 F/g, which is particularly important for
charge storage applications. Such modified natural
clay could be utilized in batteries, electrochemical
sensors, and supercapacitors. Minimal cost, facile
synthesis process, the abundance of the kaolinite clay,
and biocompatibility besides the enormous efficacy
in charge transport of the CNT modified nano-clay
make it a futuristic ‘green electrode’ system.
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ABSTRACT

This study delves into the structural and morphological characteristics of
MWCNT-doped natural kaolinite nano clays, leading to significant changes in
their electrical and electrochemical properties through the doping processes.
Specifically, MWCNT has been doped using two different methods, resulting in
distinct physicochemical properties. In one approach, a chemical route has been
employed to modify the surface of MWCNT and kaolinite, creating an align-
ment that forms “micro capacitors” with enhanced electrical polarizability.
Conversely, the uncontrolled growth of the nanocomposite results in a random
arrangement, exhibiting lower charge storage efficiency. The characterization of
naturally formed kaolinite and its conjugated counterparts have been investi-
gated via conventional characterization tools like XRD, FESEM, TEM, EDS, Zeta,
etc. The XRD refinement has been adopted to investigate the microstructural
evaluation of the nanocomposites by the MAUD software package. The findings
indicate that natural kaolinite-MWCNT nanocomposite shows promise as a
“green alternative” and has the potential to replace conventional storage
materials effectively if appropriately refined.

Address correspondence to E-mail: sdasphysics@gmail.com

https:/ /doi.org/10.1007 /s10854-023-11007-3 @ Springer

Published online: 27 July 2023


http://orcid.org/0000-0001-5975-6089
http://orcid.org/0000-0001-5245-3229
http://orcid.org/0000-0003-0944-2940
http://orcid.org/0000-0001-8372-3076
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-023-11007-3&amp;domain=pdf
https://doi.org/10.1007/s10854-023-11007-3

1597 Page 2 of 13

1 Introduction

The generation of energy and its storage is very
essential for today’s modern lifestyle. Conventional
battery-based energy storage devices are losing
interest for their complicated design procedure, high
cost, and toxic nature [1, 2].Thus scientists and tech-
nologists are paying their interest to fabricate such
devices from noninvasive sources. Semiconducting
materials and various nanomaterials are gaining the
interest of the researcher in this purpose for their
interesting physicochemical properties [3]. [4] But
complicated synthesis procedures from several
harmful chemicals affect the biocompatibility of this
type of device [5]. [6] Thus it is important to intro-
duce such systems which can store energy without
infecting the environment.

In the present scenario, material scientists are try-
ing to develop this type of energy storage device by
using natural clay and minerals for their high
mechanochemical stability, biocompatibility, non-
toxic nature, low cost, and availability [7].[8] These
types of cost-effective natural materials are able to
pave a new path in various applications of material
science for their promising physicochemical proper-
ties. In the last few decades, natural clays such as
montmorillonite, palygorskite, smectite, halloysite,
and ripidolite have been used in energy storage
applications, yet most of such clay materials are
suffering from various drawbacks like nominal
dielectric constant, conductivity, and energy storage
efficacy [9].[10] A table has been shown (Table 1) here
with the data such as dielectric constant (charge
storage efficacy) and AC conductivity of the previ-
ously reported natural nanosystems.

It is evident from previous research that the
physicochemical properties of any material enhance
its nanodomain for increasing the surface-to-volume
ratio. The storage efficacy of the natural materials
also increases with the deduction of size and shows a
promising result in nano dimension. This enhanced
storage efficacy of the nanoparticles can also be
increased by incorporating foreign elements by dop-
ing or composite formation. In reality, the incorpo-
ration of any foreign element in the nanomaterials
creates mechanical stress in its interior and can also
create oxygen vacancy-like active sites. This type of
deformation in the crystal enhances the storage effi-
cacy as well as other physicochemical properties of
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the nanoparticles. Herein, MWCNT has been incor-
porated into the kaolinite nano matrix and estimated
the energy storage properties [11]. Basically, kaolinite
is a natural clay formed by weathering of potassium
feldspar having a layered structure of the periodic
arrangement of octahedral alumina and tetrahedral
silica. This periodic arrangement makes the clay
highly stable in structural and thermal properties.
MWCNT is a one-dimensional rod-like carbon
nanoparticle having a high electrical conductivity
[12]. The incorporation of MWCNT in the kaolinite
nano matrix enhanced its physicochemical properties
along with high electrical permittivity. These incre-
ments in physicochemical properties are further
substantiated by X-ray crystallography and various
electrical measurement. Interestingly, the electrical
properties of the MWCNT-loaded nano kaolinite
varied with different incorporation methods. Herein,
we have incorporated MWCNT by two different
methods in the nano clay. Direct incorporation of
MWCNT shows lower electrical properties than
functionalized nanoparticles [13]. In this method,
kaolinite and MWCNT have been activated sepa-
rately by incorporating functional groups over their
surfaces and conjugated via a simple condensation
technique. The functionalized nanosystems show a
promising electrical energy storage efficacy with 1%
w/w incorporation of MWCNT in natural clay
[14, 15]. These increments of electrical properties can
pave a new directional path for fabricating “Green
Capacitors” by modifying natural materials in the
near future. Technological advancement and indus-
trialization as well as increasing demand for energy
with the increasing population can get rid of the
energy deficiency by modulating this type of natural
nanosystems in the future.

2 Materials and methods
2.1 Material used

The china clay (kaolinite) [Si,Al,Os(OH),] was pur-
chased from Hindustan Minerals, India, and Multi-
wall Carbon Nanotube was purchased from Sigma-
Aldrich, Germany. Hexamine [CsH;2N4], hydrochlo-
ric acid, nitric acid, hydrogen peroxide, and
dimethylformamide [C;H;NO] were purchased from
Merck, India. For performing the analytical experi-
ments, HPLC-graded acetone and ethanol have been
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Table 1 Comparison of energy storage efficacy with previously reported articles (N.M- Not Mentioned)

S1 Material name Dielectric AC conductivity Year References
No. permittivity (Sm™h
1 Epoxy-clay (montmorillonite) 5.35 N.M 2013 [16]
2 Ripidolite 14 N.M 2014 [17]
3 Montmorillonites suspensions in polydimethylsiloxane 20 1078 — 1077 2018 [18]
4 Mullite and cordierite 20-40 N.A 2018 [19]
5 K+smectite 3-78 N.M 2020 [20]
6 Nontronite 1100 N.A 2020 [21]
7 Poly methyl methacrylate and acrylonitrile butadiene styrene- 10 N.M 2020 [22]
montmorillonite
Soil (Clay, Clay Loam, Loam, and Loamy Sand) 23.26 N.M 2020 [23]
9 Polyester-meta kaolinite composite 14 N.M 2021 [24]
10 PVDF/6A Clay 230 N.M 2021 [25]
11 Finely Disperse Kaolinite Masses with Different Humidification 10.0 N.M 2022 [26]
12 mullite ceramics 16.7 N.M 2022 [27]
13 MWCNT-kaolinite 3920 3.0 x 107* - This report

purchased from Merck, Germany. Any further
purifications have not been performed while using
the purchased reagents. Millipore water having a
resistivity of approximately ~ 18.2 MQ-cm has been
used throughout the experiment.

2.2 Synthesis of the nanocomposite

2.2.1 Nanonization and activation of naturally formed
kaolinite clay

Initially, the purchased natural clay has been pul-
verized with the help of a diamond mortar to mini-
mize the agglomeration and has been sieved by a
mesh having a diameter of 37 um. 10 g of that sieved
clay was then taken and milled by top-down syn-
thesis mechanism by using a ball milling instrument
(Fritsch Planetary Mono Mill Pulverisette-6) for 48 h.
The tungsten carbide balls and vials were used dur-
ing this process by the 20:1 ball and sample mass
ratio. The milled clay (namely KO) was then sent for
further modifications.

The activation of the prepared natural nano clay
was then performed by taking 4 gm of KO and dis-
solving this in 160 ml of Millipore water by subse-
quent addition of 0.096 gm of hexamine under
vigorous stirring. After that 40 pL of 37%, HCL was
added dropwise to the solution and kept overnight at
80 °C temperature. The solution was then cen-
trifuged and dried at 70 °C overnight. The dried
sample was then mortared with an agate mortar and
sent for further experiments.

2.2.2  Functionalization of multiwall carbon nanotube

A simple ultra-sonication technique was used to
reduce the agglomeration of MWCNT. 50 mg of
purchased MWCNT was dispersed in 15 ml of etha-
nol and sonicated by a bath sonicator for 2 h. After
that, the solvent was evaporated by a hot air oven at
120 °C. The dried MWCNT was then dispersed in 15
ml of 3 molar HNOj; under vigorous stirring for
15 min at 60 °C. The suspension was then sonicated
for another 2 h. After completion of the sonication
process, the sample was rinsed with water several
times and further aged with H,O, for 15 min at
60 °C. After completing the reaction time, the black
precipitate was filtered by a vacuum filtration unit.
Finally, the sample was dried in a hot air oven at
70 °C and sent for further treatment.

2.2.3 Preparation of MWCNT-kaolinite nanocomposite
(CK)

The preparation of MWCNT-Kaolinite nanocompos-
ite was performed by a simplified condensation
technique. Initially, 1 gm of activated kaolinite was
dissolved in 30 ml DMF and sonicated for 1 h. After
that functionalized MWCNT was added to the solu-
tion maintaining the 1.0% w/w ratio. The solution
was then refluxed under vigorous stirring by a con-
denser unit at 90 °C for 24 h. The black precipitate
was then collected and washed several times with
deionized water until its pH achieved a neutral value.
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The nanocomposites were then dried in a hot air oven
at 70 °C for 24 h and marked as CKI.

Moreover, the same preparation technique was
adopted with untreated kaolinite and MWCNT and
marked the final nanocomposite as CKM1. After that,
the samples KO, CK1, and CKM1 were sent for fur-
ther experiments. The synthesis mechanism of the
nanocomposites has been illustrated in Fig. 1.

2.3 Characterization techniques

Purity and structural properties are the most impor-
tant issues of the natural sample that can be deter-
mined by the crystallographic information of the
sample. Here X-ray diffraction (XRD) has been used
to determine crystallographic information of natural
kaolinite clay and its modified counterparts. A D-8
Advanced X-ray diffractometer (Cu-K, target, 1.54
Ao), Bruker operated at 35 kV, 35 mA has been used to
collect the diffractograms of the samples (scan speed
5 s/step) [28].

The interatomic bonding network is one of the best
characterization tools of the sample. Here FTIR
spectroscopy has been performed to distinguish the
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bond vibrations. An IR-Affinity-1 S, Shimadzu spec-
trophotometer has been used to perform the bonding
network analysis of the nanocomposite in a varying
wavenumber range (400-4000 cm™ ).

Particle size and surface morphology are the other
important phenomenon. Field Emission Scanning
Electron Microscopy (FESEM) (Inspect F-50, FEI,
Netherlands) and Transmission Electron Microscopy
(TEM) (JEOL, JEM-2000) have been used to observe
the characteristics [29]. Initially, the samples were
dispersed in acetone followed by sonication to reduce
the agglomeration. After that, the samples were cast
on the carbon-coated grids and sputtered coating on
the surface of the material with gold plasma for
microscopy. The accelerating voltage was set at
10-20 kV  for FESEM and 200kV for TEM
micrography.

The EDX and mapping technique has been adopted
to perform the elemental composition analysis of the
sample by a Bruker Quantax EDS analyzer.

Thermal analysis of any material is one of the most
important characterization tools to investigate the
stability as well as the thermal phase information of
the sample. Herein, DTA-TGA analysis of the clay
and clay-MWCNT nanocomposite has been investi-
gated by a DTG-60 H, Shimadzu thermal analyzer
[30].

Zeta potential measurement has been carried out to
get the surface charge of the samples [31]. Initially,
the samples were sonicated in deionized water to
reduce agglomeration. After that, a Zetasizer, Mal-
vern instrument has been employed to measure the
surface charge of the pristine kaolinite as well as the
modified counterparts.

The electrical measurement at varying tempera-
tures and frequencies has been performed by a
4294 A Precision Impedance Analyzer, Agilent.

3 Result and discussion

3.1 Structural, bonding network
and morphological analysis
of nanocomposite

The X-ray diffractograms of the samples in Fig. 2
show that the diffraction planes of the sample have
matched with the kaolinite JCPDS data having card
no 80-0886.
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Fig. 2 XRD pattern and
crystallographic visualization (a)
of MWCNT-kaolinite
nanocomposite a—¢ XRD of
nano kaolinite, surface
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Any undesired maxima that have not occurred in
the diffractogram suggest the purity of the natural
kaolinite sample. The incorporation of functionalized
MWCNT in the kaolinite matrix has not shown any
undesired peak, as well as no shifting of the planes,
which suggests the successful MWCNT-kaolinite
nanocomposite formation. After that, the Rietveld
refinement have been performed by the superposi-
tion of the experimental data of the nanocomposites
with the standard crystallographic data of pristine
kaolinite (AMCSD file no. 1550598). The refinement
has shown a promising superposition with reason-
able fitting coefficients [32]. The micrographs of the
samples have shown perturbation of the periodic
polyhedral structure of pristine kaolinite in the nano
regime (Fig. 2). This phenomenon can occur through
the high-energy top-down synthesis procedure of the
bulk clay [33, 34]. Additionally, MWCNT incorpora-
tion creates an increment in the interlayer separation
between the silica and alumina layers. In reality,
natural kaolinite nanoparticles are attached to two
the surface of two functionalized MWCNTs as a
result the basal space separation increases (Fig. 2).
Such separation can create entrapment zones and can
affect various physicochemical properties. All the

microstructural parameters of the nanocomposites
have been shown in Table 2.

In Fig. 3 the FTIR analysis of the nanocomposites
shows bands between 430 and 700 cm™' which are
validating Si-O-Al bending and the vibrational
maximum at 750 cm ™' refers to the vibration of the
AlOg bond [35]. Another two vibrational bands at 790
and 920 cm™! are related to Si-O and Al-OH defor-
mation, respectively. The band due to S5i-O stretching
has also occurred in the region of 940-1150 cm ™.
These vibrational bands proved the presence of AlOg
and SiO4 polyhedral in the natural clay sample and
its modified counterparts. Another broad IR maxi-
mum has been occurring in the region of
3620-3700 cm ™' validating the existence of —OH
groups in the nanocomposites [36]. The vibrational
band in the region of 2340-2360 cm™' has been
occurring by the atmospheric CO,. Additionally, a
few tiny bands appear at 1466, 1645, and 1670 cm ™'
which are missing in the pristine kaolinite sample.
The bands at 1466 and 1645 appeared due to C=C
vibration which may be originated from the MWCNT
moiety of the nanocomposite [37]. On the other hand,
the band at 1670 cm ™' occurs due to ~-CONH bond
vibration which is missing in the pure kaolinite and
very low in the CKM1 sample. This -CONH bond

@ Springer
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Table 2 Crystallographic parameters of different nanocomposites

Parameters KO CK1 CKM1
a(A) 5.1472473 5.1402044 5.14049

b (A) 8.907626 8.940447 8.936471
c (A) 7.4144506 7.41872 7.4211307
o () 92.03356 92.20726 92.09829
B () 105.06041 105.05344 105.10188
16 90.46312 90.31439 90.27981
Size 561.7322 997.80084 1568.4888
Micro strain 1.0578E-4 6.801E-4 1.7731E-4
V (A% 328.013 304.068 328.861
$? 1.642 1.568 1.554

R, (%) 16.849 11.636 7.998

Ryp (%) 27.669 18.246 12.432

refers to the successful composite formation between
kaolinite and MWCNT. The -CONH bond also vali-
dates that the preparation of nanocomposites by
surface modification is the right way to perform the
synthesis procedure. This bond also validates the
increasing basal space separation in the CK1 sample.
In reality, the pulling clay particle towards MWCNT
by -CONH bond increases the basal space separation
which changes the physicochemical properties of the
nanocomposite.

The FESEM micrograph of the pure kaolinite (KO0)
shows a hexagonal sheet-like 2D structure (Fig. 4)
having an average dimension of 60-80 nm. Addi-
tionally, the TEM micrograph has shown the stacking
of MWCNT on the surface of the kaolinite nano clay
depicted in Fig. 4. This conveys the proper attach-
ment of MWCNT to the clay surface and proved the
successful nanocomposite formation which is analo-
gous to XRD and FTIR analysis. The TEM image also
shows that the natural clay formed an arrangement

Mater Sci: Mater Electron (2023)34:1597

between two consecutive MWCNTs which conveys
the basal space separation in X-ray crystallography.
This attachment also validates the proper function-
alization of the kaolinite clay and MWCNT. The ele-
mental composition analysis by EDX shows a
uniform distribution of aluminum, silicon, and oxy-
gen which depicts the purity of the natural kaolinite
has been shown in Fig. 4. On the other hand, map-
ping spectra show the presence of all the elements of
kaolinite along with it also shows the presence of
carbon which has proved the successful MWXCNT-
kaolinite nanocomposite formation which is analo-
gous to the XRD and FTIR data.

3.2 Thermal analysis of the synthesized
samples

The thermogravimetric analysis of the clay and clay-
modified nanocomposites show that the samples are
stable up to 400 °C from room temperature which is
depicted in Fig. 3. The mass loss for the samples KO0,
CK1, and CKM1 are taking place, respectively, 8%,
5%, and 6%. It is observed that the CK1 sample is
most thermally stable than another two. From the
differential thermal analysis (DTA) it has been
observed that there is no phase change in the sample
up to 400 °C which suggest that the nanocomposites
are stable and do not change their phase into any
other forms up to this temperature [38].

3.3 Surface properties of the samples

Normally, kaolinite has negatively charged basals
and positively charged edges. Here basal planes
consist of an alumina octahedral layer and a silica
tetrahedral layer. Usually, constant structural charge
due to isomorphs substitution of AI** for Si** in the

Fig. 3 a FTIR spectroscopy
of the nanocomposites
confirms the presence of —
CONH bond in the modified
nanocomposite, b TGA-DTA
of the nanocomposites
represents the percentage mass
loss with the temperature of

the nanocomposites — CKM1

— CK1
—Ko0

~
Transmittance (a.u) &

(b) 120
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Fig. 4 FESEM micrograph of (a) nano kaolinite represents the
hexagonal 2D structure of clay with the particle size in nano
regime, b CK1 shows the presence of MWCNT and attachment of
MWCNT with natural clay, ¢ in CKM1 presence of MWCNT
reduces because of improper attachment with nano clay, d TEM

siloxane (silica octahedral layer) facets and Fe*" or
Mg>* for AI’* in the alumina (alumina octahedral
layer) facets is making the basal planes negative. Pure
kaolinite shows a surface charge of around — 8.11
mV, which is analogous to the theoretical explana-
tion. The negative surface charge increases for the
sample CK1 (— 38.2 mV), whereas it gets quenched
for the sample CKM1 (— 8.72 mV). This phenomenon
conveys that synthesized nanocomposite in the
functionalized route has better stability than the non-
functionalized one. In Fig. 5, the Zeta potential of the
nanocomposites has been depicted.

3.4 Formation mechanism of MWCNT-
kaolinite nanocomposite

During the activation process of kaolinite, the -NH,
functional group incorporates over its surface and
makes the surface hydrophilic. Similarly, the -COOH
group makes the surface of MWCNT hydrophobic in
nature. The probability of formation of the
nanocomposite was boosted due to this hydrophilic-
hydrophobic interaction. The FTIR spectra of the
modified natural clay show the —-CONH bond
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and EDS of CKI1 represents the homogeneous distribution of
elements in the nanocomposites

vibration which may be occurred by this —-NH>-
COOH interaction [39]. The formation of the bond
between the nano clay and MWCNT rigidly binds the
MWCNT over the surface of kaolinite and validates
the nanocomposite formation. The FESEM and TEM
micrographs of the sample also validate this inter-
pretation [40].

MWCNT incorporation in the kaolinite matrix
increases the basal spacing between the silica and
alumina layer studied by the crystallographic studies
by VESTA 4.3.0 [41]. The attraction force between
activated kaolinite and functionalized CNT plays a
pivotal role in this increment of interlayer separation.
In reality, MWCNT pulls the kaolinite particle from a
different direction through the -CONH bond, which
is sufficient to increase the interlayer separation.
Although the basal spacing increases for the
nanocomposite CK1 but remains almost unchanged
for the sample CKM1. There is no modification of
MWCNT or kaolinite taking place to prepare the
sample CKM1. For this reason, the -CONH bond
formation may not occur in this case and interlayer
separation remain unchanged. A schematic

@ Springer
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Zeta Potential Distribution

Fig. 5 Zeta potential of the
nanocomposites (a) KO,

(b) CK1 shows the highest
negative zeta potential, and
(c) CKM1

Apparent Zeta Potental ()

Zeta Potential Distrbution

Total Counts

Apparent Zeta Potential (mV)

representation of the formation mechanism of the
nanocomposites has been depicted in Fig. 1.

3.5 Investigation of dielectric properties
of the nanocomposite

The dielectric property plays a pivotal role in the
energy storage application of any sample [41]. It
depends on various parameters like humidity, tem-
perature, and frequency of the external electric field.
Chemical compounds, thermal stability, morphology,
surface property, and the grain size of the sample
also play an important role in this property. The total
dielectric permittivity of any sample depends upon
two functions one is the real part of the permittivity
(¢') and another one is the imaginary part (¢”) [42, 43].
The real part is related to the charge storage capacity
and the imaginary part is related to the electrical
dissipation factor. These two important components
of the sample are related to each other as
e=¢ +j¢’, [44, 45]. Where ¢ is the total dielectric
permittivity of the sample. The real part of the
dielectric constant can be determined by the follow-
ing relation, [46, 47]

¢ = (Cd)/(aA),

where C is the capacitance of the material, d and A is
the thickness and area of the solid pellet used during
the measurement and g, denotes the free space per-
mittivity having a constant value of 8.85 x 10~'* F/
m. Here, a hydraulic press has been employed to
make the solid pellet of the materials using 100 mg of
each sample. A copper strip was used as the electrode
material on both sides of the solid pellet [48]. Initially,
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the measurement started at 25 °C and the reading
was noted by increasing the temperature step by step.
The dielectric permittivity has been examined in a
varying frequency (40 Hz-1 MHz) and varying tem-
perature (25 °C-200 °C) region depicted in Fig. 6.

Figure 6 shows a gradual reduction in permittivity
value with increasing frequency. This phenomenon
can be explained by the virtue of Maxwell-Wagner—
Sillars interfacial polarization [49]. Normally, any
dielectric material has conductive grains, separated
by a thin layer of insulated grain boundaries. This
grain boundary could be formed by various struc-
tural deformation, vacancy, and crystal defects that
are created during the sample preparation. When the
frequency is low the energy of the external electric
field is insufficient to pull out the grains from the
insulated grain boundaries as a result polarisation
takes place. This phenomenon is quite analogous to
Koop’s phenomenological theory [50]. In the higher
frequency domain, the charges are getting free from
the grain boundary as a result lower permittivity
value is observed.

The MWCNT incorporation in the kaolinite matrix
increases the dielectric permittivity as shown in
Fig. 6. It has been observed that the dielectric per-
mittivity value that occurs in the natural kaolinite
(K0) sample is minimum (32 at 40 Hz). The dielectric
permittivity attains a maximum value (3920 at 40 Hz)
in the CK1 sample. Whereas, this value gets quen-
ched for the CKM1 (510 at 40 Hz) sample. In reality,
this type of dielectric constant enhancement can be
explained by the virtue of structural modification of
the sample. In the previous sections, it has been
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Fig. 6 a, d, g Frequency-dependent permittivity of the
nanocomposites in different temperatures shows the maximum
permittivity in CKI1 sample, b, e, h temperature-dependent

stated that kaolinite nanoparticle has attached to two
adjacent MWCNT surfaces [51]. Periodic arrange-
ments of parallels, attached to such capacitors make
the dielectric constant high for the nanocomposites.
On the other hand, just a mixed nanocomposite
CKM1 sample does not show such an increment in
dielectric constant. Non-functionalized clay and CNT
have not formed any attachment and proficient
structural deformation. The formation of micro-ca-
pacitors has been interrupted for this reason as a
result dielectric constant has not increased properly.

The temperature-dependent dielectric study has
also been performed in a wide range of temperatures
(25200 °C) shown in Fig. 6. The Figure shows a
gradual reduction of dielectric permittivity with
increasing temperature. This type of dielectric con-
stant reduction can be explained by virtue of the

20 40 60 80 100 120 140 160 180 200 22(
Temperature(°C)

Ilk l(llk H]I()k
Frequency(Hz)
dielectric constant of the nanocomposites in different
frequencies, and c, f, i tangent loss of the nanocomposites with
respect to frequency represents the nominal tangent loss

charge transport phenomenon in the sample [52]. In
reality, the conductive grain and insulated grain
boundary bring out quite static nature at low tem-
peratures [53]. The M-W polarization can take place
at such a low temperature. While the temperature
increases, the conductive grain becomes free at a
critical temperature value and reduces the polariza-
tion effect. Such a phenomenon reduces the dielectric
permittivity of the sample. Additionally, in Fig. 3, it
has been shown that the material is thermally
stable up to 400 °C. So, it can be easily said that the
storage material formed by this sample should be
thermally stable in a broad range.

The dissipation factor has also been estimated by
determining the tangent loss of all sample sets. It is
presented in Fig. 6, that the tangent loss is nominal
for the samples. The CK1 sample showed the highest
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permittivity value with the nominal tangent loss that
can be used as a promising storage material in the
near future [54].

3.6 Investigation of AC conductivity
of the nanocomposites

The conduction mechanism of the MWCNT-kaolinite
nanocomposite has been studied in varying fre-
quencies region at different temperatures (Fig. 7). It
has been found that AC conductivity increases when
the frequency of the field increases. It can be vali-
dated by virtue of the charge transport mechanism of
the nanocomposite [55]. In reality, in the higher fre-
quency region, conductive grains acquired enough
activation energy to get free. This activation energy
can be calculated by the following equation called the
Arrhenius equation. [56, 57]

g =agexp(—E,/KgT),

here E, is the activation energy, oy is the pre-expo-
nential factor and T is the temperature on an absolute
scale. The Arrhenius plot has been determined by the
AC conductivity data at the 40 Hz, 1 kHz, 10 kHz,
100 kHz, and 1 MHz external field frequencies
depicted in Fig. 7.

J Mater Sci: Mater Electron (2023)34:1597

It has been shown that the activation energy
increases with increasing field frequencies. In reality,
at a higher frequency region, the conductive grains
get more translation energy and move freely. It has
been shown that the conductivity also increases in the
MWCNT-doped nanocomposites than in the bare
clay. Figure 7 showed the AC conductivity for the
samples KO, CK1, and CKMI1 are, respectively,
85 x 107°,3.0 x 107* and 2.6 x 10~* at 1 MHz fre-
quency. In reality, the conductive MWCNT increases
the charge transport in the nanocomposite. The con-
ductivity value also proved the CK1 sample is more
conductive than others.

Jonscher’s universal power law has been adopted
here to investigate the dependence of AC conduc-
tivity on the frequency which is stated below.

0o = Bo",

here, B is a constant having unit of conductivity and n
is another constant that is dimensionless. The fre-
quency-dependent conduction mechanism has been
referred by the non-zero value of n. It has been cal-
culated by plotting Inc against Ino for all the samples
depicted in Fig. 8. The n value of the nanocomposites
varied between 0.24 and 1.01 suggesting the non-
Debye type conduction mechanism. It has been

"
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Fig. 7 a—c Frequency-dependent AC conductivity of the nanocomposites KO, CK1, and CKM1 shows the maximum AC conductivity in
the CK1 sample, d—f Arrhenius plots of the nanocomposites to estimate the activation energies of the nanocomposites
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Fig. 8 Jonscher’s plots of the nanocomposites show the non-zero
n value of the nanocomposites which confirms the non-Debye type
conduction mechanism

shown in previous sections that the CK1 sample
possesses a better attachment between clay and
MWCNT. As a result, CK1 shows the most charge
transport than other nanocomposites and also pos-
sesses better ac conductivity.

4 Conclusion

In this study, we have successfully modified natu-
rally occurring kaolinite clay to achieve proper sur-
face attachment with multi-walled carbon nanotubes
(MWCNTs). A straightforward top-down synthesis
mechanism, followed by surface modification using
commonly used chemicals, has been employed to
produce a functionalized nanosystem. This simple
synthesis protocol allows for large-scale production,
making it suitable for industrial applications.

The purity of the natural clay has been confirmed
through conventional characterization techniques
such as XRD (X-ray diffraction) and EDS (Energy
Dispersive Spectroscopy). Microstructural evalua-
tions using theoretical XRD refinement have revealed
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an increased basal space separation, leading to
enhanced oxygen vacancy and entrapment zones in
the modified clay. These modifications further con-
tribute to the modulation of electrical properties.

The incorporation of MWCNTs (1% w/w) in the
kaolinite clay matrix has shown an improvement in
energy storage properties and AC conductivity of the
nano clay. The modified nano clay exhibits enhanced
electrical properties and a negligible loss tangent,
making it a promising material for energy storage
applications. This nanosystem also holds potential as
a separator material for the mass-scale fabrication of
capacitors in industrial settings.

Experimental evidence suggests that the clay-me-
diated composite demonstrates superior temperature
stability (up to 400 °C) and structural integrity. The
combination of its easy and scalable synthesis pro-
cedure, stability, biocompatibility, abundance in
nature, and promising charge storage capacity posi-
tions this nanocomposite as a strong candidate for the
development of “green capacitors” in the near future.
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ARTICLE INFO ABSTRACT

Keywords: Nowadays, scientists have paid attention to utilizing natural and biocompatible materials for combating global
Piezoelectric device challenges such as water pollution and the energy crisis. Moreover, pathogenic bacteria have also posed a severe
Piezocatalysis threat to human health and the overuse of conventional antibiotics makes this situation even worse by evolving
ma\l/tlucrlil”rday multidrug-resistant strains (MDR). Herein, we developed a natural clay (kaolinite) and multi-walled CNT
Kaolinite (MWCNT) based nanocomposite, which has been encapsulated in the polymeric matrix of Poly (vinylidene

fluoride-hexafluoropropylene) (PVDF-HFP) to achieve a multifunctional piezo-responsive membrane. This
membrane is capable to generate piezoelectric energy under the perpendicular flow of water droplets. Such
stimulus generates a 4.1 V voltage and 1.5 pA current maintaining a piezoelectric power density of 50 Wm S, It is
worth noting that this membrane can eliminate around 96% Rhodamine-B concentration in only 60 min in water
under ultrasound. A closer look suggests that the generation of reactive oxygen species (ROS), especially OH*
accelerates the catalytic process under ultrasonic vibration. Such an interesting result motivated us to implement
this piezocatalytic process to eradicate pathogenic bacteria, which shows a radical bactericidal effect (almost
99% killing) and evolves as an alternative antibacterial technique.

1. Introduction

In the current world, technological advancements and moderniza-
tion are resulting in the release of various organic, inorganic, and bio-
logical contaminants in water resources at an alarming rate, thus posing
a serious threat to aquatic life and the environment [1,2]. On the other
hand, widespread industrialization has elevated the demand for
consuming energy which ultimately is related to the rapid extraction of
fossil fuels [3,4]. Hence, the present scenario seeks an immediate
requirement of a biocompatible, efficient, cost-effective, and easily
synthesizable system that can simultaneously be useful to combat both
these issues. Traditional adsorption-based removal of pollutants has
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emerged as one of the most efficient techniques to handle water-borne
pollutants, but the transfer of the pollutants from one phase to
another often results in secondary pollution [5-7]. Although the biore-
mediation methods have emerged as an eco-friendly alternative, it suf-
fers drawbacks like high reaction time, seasonal alternation, and
reversibility. Recently, piezocatalysis-based pollutant degradation has
been widely reported as one of the most promising and effective tech-
niques for water remediation [8,9]. Application of physical stimuli such
as mechanical stress or ultrasound on a piezoelectric material can
instantly create surface piezo potential and a built-in electric field.
Various semiconductor-based nanosystems and metal ion-implanted
nanocomposites have been gaining interest and researchers are
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focusing on band gap tuning and suppression of charge carrier recom-
bination to enhance catalytic performance [10,11]. Nevertheless, the
potential of using such a piezocatalytic effect for bacterial inhibition has
been largely overlooked [12]. The piezocatalysis process generally in-
volves the production of various reactive oxygen species (ROS) like
hydroxyl radicals (OH*), singlet oxygen (102), and superoxide (*O32)
radicals in the surrounding under any mechanical stimulation, that can
further decompose the water contaminants, dyes, and pathogenic bac-
teria present in wastewater [13]. Thus the exogenous ultrasonic waves
used in this study are useful to excite piezoelectric nanocomposites for
organic dye degradation and bacterial disinfection of water. Moreover,
such a piezocatalytic technique along with photothermal and photody-
namic therapy (PTT/ PDT) has proved to be superior in the domain of
bacteriology and oncology [14,15].

Other than pollutant degradation and bactericidal effects, energy
harvesting is another crucial aspect as conventional fuels are non-
renewable and most of the alternative energy sources require expen-
sive instrumentation, and suitable locations, and are often hard to
operate [16]. Moreover, energy demand is rising by 1% every year and it
is expected that the share of alternative energy sources in energy con-
sumption will grow to 63% in 2050 from the 9.5% share in 2015 [17].
Since mechanical or vibrational energies are in abundance and easily
accessible, harvesting such kinetic energy and converting it into subse-
quent electrical energy is gaining popularity [18]. Such a technique is
hassle-free and restricts the generation of harmful greenhouse gases.
Hence, this study intends to the development of a natural material-based
nanocomposite that can be useful for solving the issues of energy gen-
eration and wastewater remediation along with bacterial disinfection
[19].

In this report multi-walled carbon nanotube (MWCNT) doped natu-
ral kaolinite has been incorporated in a polyvinylidene fluoride (PVDF)
polymer matrix to develop a flexible polymer film. Kaolinite is an eco-
friendly, natural, economical, and highly stable alumino-silicate
(AlySisO5(0OH)4) clay [20]. The nanonization of which enhances its
aspect ratio and various physicochemical activities [21]. In reality,
kaolinite has negatively charged basal planes along with positively
charged edges. This negative surface charge is further enhanced due to
the MWCNT doping and the final nanocomposite can create sufficient
polarization in the PVDF matrix forming an efficient piezocatalyst
membrane [20,22]. The incorporation of MWCNT-kaolinite composite
in the PVDF matrix enhances its electrical properties as well as other
physicochemical properties. The surface charge also increases which
triggers the polar B-phase formation and ensures the stability of the
PVDF-HFP matrix. Although the MWCNT is a costly material, the
amount of MWCNT in the MWCNT-kaolinite nanocomposite is nearly
1% (w/w) and this nanocomposite is loaded in the PVDF-HFP matrices
in very low amounts (0-1.5% w/w), which not only lowers the cost but
also triggers the physicochemical properties of these membrane
samples.

Previously, various groups have achieved efficient energy harvest-
ing, dye removal, and bacterial eradication by using such piezo-
responsive systems but their applicability has been restricted due to
their bio- and cytocompatibility [23]. Herein, this natural clay-based
piezo material shows enormous potential in generating clean energy
from water waves. Additionally, this material is providing a new
approach to be used in organic contaminant removal and bacterial
eradication under piezo-response, which paved its path to be used in the
multidimensional field, if properly improvised.

2. Experimental section
2.1. Materials
Natural kaolinite clay was obtained from Hindustan minerals, India.

Multi-walled carbon nanotube (MWCNT), Poly (vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP), Para Benzoquinone (BQ), AgNOs,
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ethylenediaminetetraacetic acid (EDTA), terephthalic acid (TPA) and
tertiary butyl alcohol (TBA) were purchased from Sigma-Aldrich, Ger-
many. Phosphate buffer saline (PBS), LB broth was obtained from
HiMedia Pvt. Ltd., India. Hexamethylenetetramine, hydrochloric acid
(HCL), ethanol (HPLC-grade), nitric acid, hydrogen peroxide, dime-
thylformamide (DMF), acetone (HPLC-grade), and hydrazine hydrate
were purchased from Merck, India and all the reagents used were of
analytical grade. Escherichia coli DH50 (MTCC-1652) was purchased
from the Institute of Microbial Technology, Chandigarh, India. Millipore
water of resistance ~18.2 MQ-cm was used for synthesis and rinsing
purposes.

2.2. Synthesis of natural kaolinite-MWCNT nanocomposite

Initially, the raw clay was crushed and purified by the sedimentation
method using Millipore water and dried for 24 h at 95 °C. The clay was
then sieved to pass through 400 mesh (0.037 mm) and pulverized using
Fritsch Planetary Mono Mill Pulverisette 6 for 48 h at 150 rpm main-
taining tungsten carbide balls to sample mass ratio of 20:1. Nano-
kaolinite was activated by dissolving 2 g of nano-kaolinite in 80 mL
Millipore water. 0.048 g hexamine and 20 pL hydrochloric acid (37%)
were subsequently added to the clay solution under stirring conditions
(300 rpm) and kept overnight at 80 °C. The solution was then filtered
and activated nano-kaolinite was obtained by drying at 70 °C.

MWCNT was functionalized prior to loading in nano-kaolinite. In a
typical process, 50 mg MWCNT was dispersed in 15 mL of ethanol to
reduce the agglomeration. The solution was then dried and the MWCNT
powder was collected and dissolved in 15 mL of 3 M HNOj3 solution and
stirred for 15 min at 60 °C. The sample was then rinsed with Millipore
water and dissolved in 15 mL of H2O3 at 60 °C under vigorous stirring.
The precipitate obtained was further washed with Millipore water till
neutral pH was achieved and functionalized MWCNT was obtained after
washing and drying.

Functionalized MWCNT was loaded in the nano-kaolinite matrix
through the condensation technique. 1 g activated kaolinite was
dispersed in 30 mL of DMF under ultrasound. MWCNT was added to the
solution (1% w/w) and the whole solution was then refluxed at 90 °C for
24 h. Finally, it was centrifuged, and dried at 60 °C and the MWCNT-
kaolinite nanocomposite was collected for further use.

2.3. Preparation of the nano kaolinite-MWCNT/PVDF composite film

A facile, one-step solution casting method was adopted to obtain the
flexible, composite film of MWCNT-kaolinite-PVDF. Initially, 0.5 g of
Poly (vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) was dis-
solved in 10 mL of DMF under stirring conditions (600 rpm) at 60 °C. The
MWCNT-kaolinite nanocomposite was then added at different weight
percentages (0.5%, 1.0%, and 1.5%). The homogenous solutions were
then poured into clean Petri plates after 12 h of vigorous stirring and the
plates were kept in a dust-free hot air oven at 60 °C for another 6 h. The
dried membranes were peeled off and marked as PCKO0.5, PCK1, and
PCK1.5. Pure PVDF membrane was also prepared using the same pro-
tocol, excluding the addition of MWCNT-kaolinite and marked as PCKO.

2.4. Experimental characterization techniques

The phase identification of all the samples was done by using X-ray
powder diffractometer (D8, Bruker AXS, WI, USA) from 10° to 70° 26
values operating at 35 kV, and 35 mA external field. The scan speed of
0.5 s per step was set employing a Cu-Ka target having a wavelength of
1.5418 A.

The confirmation of various phases and the vibrational modes were
analyzed using an IR Affinity, Shimadzu Infrared spectrometer in the
region between 400 and 1000 cm™! wavenumbers. The samples were
cut into small pieces and placed under the attenuated total reflection
(ATR) attachment for the spectroscopy.
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Fig. 1. X-ray diffractograms of (a) natural kaolinite, (b) MWCNT, (c) XRD crystallographic fitted data of MWCNT-kaolinite nanocomposite, (d) PVDF-based MWCNT-
kaolinite nanocomposites, (e) visualization of the structure of MWCNT-kaolinite from the Rietveld refinement.
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Table 1
Crystallographic parameters of MWCNT-kaolinite nanocomposite.

Parameters MWCNT-kaolinite nanocomposite
a(A) 5.142466 + 5.17929E-4

b (A) 8.940503 + 9.6038403E-4

c (;\) 7.422964 + 8.8799564E-4

a (o) 92.19153 + 0.00899891

B (o) 105.081 + 0.008500257

y () 90.28371 + 0.008146647

v (A% 329.2675

$ 1.502

Rp 10.354423

Rwp 15.549485

Macrostrain 7.6238753E-6 + 4.2253095E-9

Crystallite size 2100.1086 + 91.06433

Determination of the morphological features of the clay mineral and
its nanocomposites have been investigated by Transmission Electron
Microscopy (TEM) and Field Emission Scanning Electron Microscopy
(FESEM) and. A JEM-2100 Plus, JEOL transmission electron microscope
operating at 200 kV has been employed to get the TEM micrographs.
Nano-kaolinite clay was well-dispersed in acetone and casted on the
copper grid (300 mesh) drop-wise prior to drying under vacuum.
Further, the nanocomposite films were placed over carbon mesh and
sputtered with gold to obtain the FESEM images in a INSPECT-F50,
Netherlands equipped with Bruker Quantax EDS analyzer operating at
10-30 kV bias voltages. The elemental compositions and elemental
distribution were confirmed by the EDS mapping technique.

The chemical states of each element existing in the nanocomposite
membrane have been examined by X-ray photoelectron spectroscopy
(XPS) study with an Omicron nanotechnology emitting Al K, X-ray
source operated at 15 kV.

The electrical properties of the samples (1 cm? dimension) have been
measured in the frequency ranging between 20 Hz and 1 MHz at room
temperature using a HIOKI, IM 3536 LCR meter maintaining a bias
voltage of 0.5 V.

In order to obtain the surface charge of the powder sample for
determining the interaction between PVDF and MWCNT-kaolinite, zeta
potential measurements were done in a Zetasizer, Malvern.

The polarization-electric field (P-E loop) has been measured using
precision premier-II (Radiant technologies).

The transient piezo voltage of the fabricated PCK1 device has been

20 pm
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measured by using an X 3012 A, Keysight digital storage oscilloscope
equipped with an Agilent N2862B 10:1 passive probe. Whereas, the
piezo current of the same has also been measured by using a DAQ6510,
Keithley data acquisition multimeter system.

3. Results and discussion
3.1. Determination of the physicochemical features of the sample

Phase purity and structural features of Kaolinite, MWCNT, and
MWCNT-kaolinite composite were initially investigated by employing
the X-ray diffractogram. Fig. 1 depicts a well-matched pattern of the
diffraction, which corroborates the JCPDS card no. 80-0886 and the
absence of any undesired maxima suggest the purity of the natural
kaolinite-MWCNT nanocomposite [20,24]. Further, detailed informa-
tion regarding the microstructural and crystallographic parameters was
acquired by conducting the Rietveld refinement-based curve fitting
technique. The refinement of the collected diffractograms was per-
formed by using a MAUD v2.94 software package. The refined param-
eters obtained after the final cycle has been illustrated in Table 1. VESTA
v3.5.2 software was used to visualize the refined microstructure and its
bonding networks (Fig. 1) [25]. It is observed from the crystal structure
that, the basal planes carry the SiO, and Al,O3 facets, which might be
responsible for its negative surface charge.

Moreover, the MWCNT-kaolinite doped PVDF membranes offer
semi-crystalline XRD patterns. These membranes show broad 26 values
at 17.7° (100) corresponding to the a-phase, 18.2° (020) corresponding
to both a and y phases, and 39.3° (211) for the y-phase of PVDF [26].
There is a significant enhancement of p-phase found at 20.3° (110) due
to kaolinite-MWCNT loading, especially in PCK1. The 26 values at 12.1°,
25.0°, 26.1°and 49.5° peaks are arising for the kaolinite phases, which
have been marked in the diffractograms [27].

The TEM micrographs (Fig. 2) depict the particle sizes lying between
60 and 80 nm of natural kaolinite. MWCNT has perfectly attached to the
hexagonal sheet-like structure of nano-kaolinite. It is found that the
condensation process significantly introduces the hexagonal sheets of
the natural kaolinite on the surface of MWCNTs. Such attachment is
much needed in achieving a higher degree of polarizability in the
sample. The high-resolution TEM was obtained to confirm the presence
of kaolinite in the PCK1 nanocomposite membrane which is shown in
the inset of Fig. 2. The lattice spacing was obtained from the highlighted

Fluorine  [EREY

Oxygen 2.46

143

 Aluminium _JRER

Fig. 2. Morphology investigation of the nanocomposites: (a) TEM micrograph of MWCNT-kaolinite nanocomposite, (b) TEM micrograph of natural pristine kaolinite,
(c) TEM micrograph of PCK1 nanocomposite membrane with the intensity profile (d) Detail elemental composition of PCK1 membrane (e) FESEM of bare PVDF, (f)
FESEM of 0.5% MWCNT-kaolinite doped PVDF, (g) FESEM of 1% MWCNT-kaolinite doped PVDF, (h) FESEM of 1.5% MWCNT-kaolinite doped PVDF, the arrowhead

in the figures denote the presence of the nanocomposite in PVDF polymer matrix.
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Fig. 3. (a) Full XPS spectrum of the nanocomposite membrane (PCK1), (b), (c) deconvoluted spectrum of the C and F, (d), (e), (f) chemical states of Si, O and Al

respectively.

portion and the corresponding intensity profile is represented in the
figure. The intensity profile (obtained using the ImageJ software (v.
1.53e)) was employed to find the p-spacing and was found to be 0.33 nm
corresponding to the (111) plane of the kaolinite [27].

Besides, the FESEM micrographs of the membranes (Fig. 2) confirm
the increase of roughness and spherulite morphology in kaolinite-
MWCNT doped PVDF membranes, which has otherwise a homoge-
nous, smooth surface in pristine PVDF membrane (PCKO) [28]. This
spherulite morphology assures the formation of a polar p-phase in the
sample. The p-phase of the PVDF depends on its crystallinity and is
called the crystallite f-phase. The partial alignment of the molecular
chain is associated with the crystallinity of the polymer. This molecular
chain folds together in an arranged manner and formed an ordered re-
gion which is called lamellae when it cooled from its melting condition.
These lamellae compose a larger spheroidal structure which is called
spherulite confirming the crystallinity and p-phase formation of the
PVDF polymer matrix.

The elemental mapping using EDS (Fig. S1) shows uniform distri-
bution of clay-MWCNT nanocomposite into the PVDF matrix, thus
indicating the presence of the nanocomposite in the PVDF regime. The
detailed elemental composition has also been depicted in Fig. 2.

The chemical states of the membrane have been investigated by
using the XPS spectrum of the nanocomposite membrane (PCK1)
(Fig. 3). The C 1 s XPS spectrum was deconvoluted which exhibits the
contribution of different C species. The deconvoluted spectrum consists
of two intense peaks suggesting major contributions of -CH2- and -CF2-
while the contributions from —-C—=C-, -F-C-C-H-, -H-C-F- are also re-
flected by three other less intense peaks. The -CH2- and -CF2- peaks are
observed at 286.3 eV and 291 eV, indicating a shift towards higher
binding energy (BE) compared to pure PVDF [28]. The peak shiftof C1 s
XPS spectra indicates a strong electrostatic interaction among the PVDF
and MWCNT molecules and the formation of the polar p phase. Fig. 3
shows the deconvoluted XPS spectra of Fls exhibiting the shift of
-F-C-H- and -F-C-F- species towards higher BE and is found at 688.6 eV
and 687.3 eV respectively. Additionally, the existence of Si, O, and Al in

the nanocomposite sample has been confirmed from the XPS investi-
gation which is shown in Fig. 3(d), (e), and (f) respectively and the inset
of Fig. 3(d) show the 2 s spectra of Si [28].

3.2. Estimation of polarizability and piezoelectric coefficient of the
samples

Piezoelectricity depends on various parameters related to the po-
larization and surface effect of the samples. Herein, both surface charge
and piezoelectric coefficient along with the theoretical polarizability
have been measured. It is observed that the MWCNT-kaolinite offers a
high negative surface charge of — 37.3 mV (Fig. 4). In reality, kaolinite
has two negatively charged basal planes along with positively charges
edges. These basal planes consist of hydroxylated aluminum octahedral
(alumina) layer and a silica tetrahedral layer (siloxane). The isomor-
phous substitution of Al** for Si** in the siloxane facet and Fe?* or Mg?*
for A>T in the alumina facet have been take place in the kaolinite ma-
trix. This isomorphous substitution creates a charge imbalance in the
basal planes of the kaolinite as a result a net negative surface charge
occurs. Previously, from the crystallographic assessment, it was found
that the negatively charged basal planes (i.e. SiO2 and Al,0O3) face an
outward inclination, which might cause a negative surface charge of the
composite [29]. Moreover, the high value of zeta potential corroborates
the stability of the system. Such negative surface charge facilitated the
surface attachment of the nanocomposite to PVDF and simultaneously
contributes to the proliferation of the polar p-phase of the composite
film. In reality, the negative surface of the clay attracts the positive -CHy
moiety of the PVDF to form the MWCNT-kaolinite-PVDF composite
(PCK1). A schematic diagram is attached herein (Scheme 1) to convey
the formation mechanism and p phase enhancement of the composite.

In order to substantiate such attachment between MWCNT-kaolinite
and PVDF, an FTIR study of the composite membranes has been carried
out. The o-phase absorbance bands are found at 533 em ™! (CFy
bending), 615 cm ! (CF; bending), 762 em ! (skeletal bending), and
796, 976 cm ! (CH;y rocking). While the p-phase absorbance bands
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Fig. 4. (a) FTIR spectroscopy of PVDF-based MWCNT-kaolinite nanocomposite films, (b) percentage p-phase of the PVDF-based nanocomposite films, (c) Zeta
potential of 1% MWCNT doped natural kaolinite, (d) P-E loop of PVDF-based nanocomposite films, (e) Schematic diagram of p-phase formation, (f) dielectric
permittivity of the nanocomposite films, (g) variation of dielectric permittivity with percentage doping of MWCNT-kaolinite in PVDF matrix, (h) ac conductivity data

of nanocomposite membranes, (i) dissipation factors (tand) of the nanocomposites.

appear at 485 cm ! (CF, deformation) 510 cm ! (CFy stretching),
600 cm ! (CF, wagging) and 840 cm™! (CH, rocking, CF2 stretching
and skeletal C-C stretching). Another absorption band due to p and y
phases appear at 434 cm™! for CF, rocking [30]. Previously, it is sug-
gested that the B-phase increment could reveal the polarizability of the
PVDF. The fraction of p-phase [F(B)] of the film nanocomposite has been
calculated using the Lambert-Beer law [30],

A(p)
F) =t ey
®) % * Aa) +A(p)

Where A(x) and A(B) are the absorbance bands for the a phase at
764 cm ™! and p phase at 840 cm ™}, respectively. K(a) (6.1 x 10* cm?
mol™1) and KB) (7.7 x 10* cm?® mol ™) are the absorption coefficients at
the respective wavenumber [31].

Herein, around 88.7% of polar p-phase has been achieved in the
PCK1 sample suggesting a higher degree of polarizability. Surprisingly,
at lower as well as higher doping concentrations the percentage -phase
lacks radically. This could be due to the minimal and excess doping of

the negatively charged MWCNT-kaolinite respectively.

Moreover, the polarizability of the samples has been investigated
theoretically by using density functional calculations (DFT) [32]. In a
typical process, the theoretical model of PCKO and PCK1 nanocomposite
membranes have initially been designed by Avogadro v.1.2.0 software
package. Orca v.4.2 software has been employed for frequency and ge-
ometry optimization of the model. The simulations have been performed
using the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional com-
bined with 6-311 G* basis set, and RIJCOSX auxiliary basis set. The
vibrational modes have been found positive in both cases, which vali-
dates the authenticity and stability of the models. The DFT simulation
depicts the enhanced polarizability, quadrupole moment, and dipole
moment in the PCK1 sample compared to its pristine counterpart
(PCKO). The dipole moment increases from 12.09 Debye to 12.26 Debye,
the quadrupole moment increases from — 165.25C m? to
—169.02Cm? and the isotropic polarizability increases from
218.54 Cm? V! to 222.02Cm? V! [33]. Such augmented values
validate the enhanced p-phase polarization calculated from FTIR spectra
and indicate the samples, especially PCK1 to be a promising agent for
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piezo-responsive applications.

Further, the piezoelectric coefficients (dsg) of the samples have been
calculated by using the capacitance values (Cp) by the following relation
[31,34],

Ve,

d33: F

(2)

Here, F is the applied force during the piezoelectric experiment and V is
the output piezoelectric voltage. The d33 values of the nanocomposites
are found to be 11.0 pC N~! for pristine (PCKO), 25.8 pC N~! for 0.5%
doped (PCKO0.5), 50.7 pC N~ for 1% doping (PCK1) and 12.3 pC N~ for
1.5% doped (PCK1.5) PVDF membranes. Such relaxation resembles the
B-phase values and theoretical polarizabilities. The room-temperature
polarization-electric field (P-E) hysteresis loop has also been measured
at 10 Hz in the + 200 kV/cm range (Fig. 4). The area within the loop
corresponds to the heterogeneous charge density and indicates the
charge storage capability of the material. As can be seen from Fig. 4, the
PCK1 membrane shows a strong remnant polarization (P;) value of 0.92
pC cm 2 compared to pure PVDF-HFP (0.34 pC cm™~2). The piezoelectric
coefficient (d33) has again been calculated using the equation ds3 = -P,/
Y, where P,, Y is the remnant polarization and Young’s modulus
respectively of the nanocomposite membrane.

Young’s modulus of the nanocomposite membranes has been found
to be 328 N/mm? for bare PVDF and 167 N/mm? for PCK1 membrane
(Fig. S3). Therefore, by using the above equation, d33 of PCK1 comes out
to be 55.1 pC/N. This value is higher than observed in PVDF (10.6 pC/N)
showing that the nanocomposite membrane has superior piezoelectric
properties without undergoing any poling techniques [34].

Herein, the capacitance of the samples has been further exploited to
investigate the dielectric permittivity (¢') of the membranes using the
following relation [35],

¢ = (C-d)/(epA) 3)

Where C, d, and A denotes the capacitance, thickness, and area of the
film sample respectively. The gy denotes the free space permittivity
having a constant value of 8.85 x 1072 Fm™! [32]. The dielectric
permittivity (¢/) and dissipation factor (tand) have been depicted in
Fig. 4. It is worth noting that the dielectric constant increases with the
doping percentage of MWCNT-kaolinite nanofillers in the PVDF matrix
and attain a maximum value (18.0 at 20 Hz) for the PCK1 sample
(Fig. 4), otherwise it is found to be quite low (8.8) for the pristine PVDF

(PCKO). The decrease in the permittivity values with the increasing
frequency for all the samples can be attributed to the Maxwell-Wagner
interfacial polarization [36]. Normally, the dielectric material consists
of conductive grains separated by a thin layer of insulated grain
boundaries. In the low-frequency region, the energy of the external
electric field is low. This low energy is insufficient to pull out the grains
from the grain boundaries as a result polarisation occurs. This phe-
nomenon is in good agreement with Koop’s phenomenological theory.
In the higher frequency region, the charges are capable to be free as a
result lower permittivity value occurs [37]. The conduction mechanism
of the nanocomposites has been studied at varying frequencies and
temperatures (Fig. 4). It has been shown that the a.c. conductivity in-
creases with increasing field frequency. It can be examined by the virtue
of the charge transport phenomenon. In reality, the conductive grains
acquire activation energy and get free at a higher frequency [37].
Moreover, low dissipating factors (tand) as illustrated in Fig. 4 can be
beneficial for long-term commercial use of the synthesized membrane.
Such high polarizability along with nominal dielectric tangent loss and
enhanced piezoelectric coefficient value make this PCK1 sample a
promising candidate for piezo-responsive applications.

3.3. Piezoelectric energy harvesting from water droplets

3.3.1. Fabrication of the energy harvesting device

The piezoelectric energy harvesting device was developed from the
PCK1 membrane as it has the highest piezo coefficient and polarizability
among all the samples. A 2 cm x 2 cm section from the PCK1 was cut to
form the internal piezoelectric layer of the device. Aluminum electrodes
(1.5 cm x 1.5 cm) were then mounted on both sides with copper wires
to establish a rigid connection with the measuring device. The entire
‘sandwiched structure’ was then covered with a robust polyethylene
terephthalate (PET) jacket to arrest any kind of mechanical damage or
malfunction (Fig. 5). This PET jacket also makes this device water
repellent.

3.3.2. Experimental setup of water energy harvesting

Initially, the device has been exposed to water droplets (Millipore or
deionized water) from different heights (18 cm, 36 cm, 72 cm) under a
constant flow rate (4 %1073 Ls_l) and output voltages were measured
(Fig. 5). It has been found that around 1.0 V, 2.0 V, and 4.1 V voltages
have been generated when the water droplets have fallen from different
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heights of 18 cm, 36 cm, and 72 cm respectively (Fig. 5). The pressure
exerted on the device enhances significantly, which results in an
augmented voltage generation with increasing height. The exerted
forces on the device have been measured and found to be 2.94 N, 4.79 N,
and 7.19 N for the falling water from different heights as 18 cm, 36 cm,
and 72 cm respectively [37]. The corresponding short circuit currents
have also been measured and depicted a similar relaxation. Particularly,
at the highest distance (72 cm) the output current attains the highest
value (1.5 pA) compared to 18 cm (0.5 pA) and 36 cm (0.8 pA) distances
(Fig. 5) [38]. Such high values of open circuit voltages and short circuit
currents account for a relatively high power density of the device
(50 Wm™3).

Besides, water from different sources (drinking water, tap water)
having distinct total dissolved solids (TDS) was collected and poured on
the device from a fixed height of 36 cm. The output voltages obtained
have been depicted in Fig. 5 showing that in the case of drinking (3.1 V)
and tap water (6.5 V) the piezoelectric voltages attain higher values
compared to the deionized water (2.0 V). This phenomenon can be
substantiated by the virtue of the TDS of the water sample. The TDS of
tap water (1876 ppm) is higher than that of drinking water (152 ppm)
and deionized water (3 ppm), which exerts an augmented force on the
device and increases the output voltages [39]. Such an interesting
observation could lead to water quality monitoring in near future.

3.3.3. Mechanism of piezo-energy generation under the water droplet
pressure

The piezoelectric signal generation under external mechanical
stimulus can be explained in terms of dipolar polarization of the piezo-
active PCK1 sample. It has been realized that external frequency can

modulate the movement of the electrical dipoles. Under the water flow,
the device faces some external pressure and a dipolar polarization occurs
inside the sample due to its eminent polarizability. This polarization
creates a charge separation and positive charges travel to one of the
electrodes, whereas, negative charges move towards the other electrode.
Such charge separation introduces a potential difference between the
two electrodes. After removal of the external force, the charge carriers
quickly migrated toward the opposite electrodes through the external
circuit and generate an opposite potential drop [31,39]. This
piezo-responsive mechanism of energy generation has been illustrated in
Fig. 6 for convenience.

3.4. Degradation of organic dye by the piezocatalytic efficacy of the
nanocomposite

The PCK1 nanocomposite membrane has shown high isotropic
polarizability, a promising piezo coefficient along with significantly
high piezoelectricity under external mechanical stimuli and is therefore
selected for piezocatalytic application. An efficient charge separation
under mechanical stress paved a path to exploit this material is forming
reactive oxygen species (ROS) such as e, h*, OH*, *Oj as prescribed by
Hong et al. in their revolutionary work [40]. It is observed that these
reactive radicals can decompose organic pollutants such as dyes in an
aqueous medium [41]. Herein, the PCK1 membrane has been used to
degrade Rhodamine B (RhB) dye under ultrasound stimulus.

In a typical catalysis experiment, 15 mL of 2.5 ppm Rhodamine B
solution has been taken in a glass vial and a 1 cm x 1 cm PCK1 mem-
brane has been placed in the solution. The vial was then submerged in a
Telsonic ultrasonic bath sonicator having a frequency of 30 &+ 5 kHz and
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an ultrasonic power of 50 W. Prior to each experiment, the sample was
immersed in the RhB solution for at least 30 min to ensure full adsorp-
tion. Moreover, to eliminate any photonic contact during the experi-
ment, the whole experiment was conducted in a dark condition. The
ultrasound-mediated heating was eliminated by using a temperature-
controlled water bath system. After each 10 min interval, samples
were taken out from the vessel and the absorption spectrum was
measured in a Lambda 25 UV-Visible spectrophotometer to ensure the
catalytic activity of the PCK1. It is found that the characteristic ab-
sorption maximum of RhB (554 nm) degrades gradually under the
external stimulus (Fig. 6). The pink color of the dye also faded with the
duration of the ultrasound treatment and finally depicts full trans-
parency under 60 min of treatment (Fig. 7).

The absorbance spectra in Fig. 6 show the degradation kinetics of the
piezocatalyst (PCK1). The percentage piezo degradation efficiency n of
the nanocomposite has been investigated by using the relation [42],

Cy-C
n=

0

x100%

4

Where Cy initial dye concentration and C is the final dye concentration.
It is found that the degradation efficiency reaches about ~ 96% for
PCK1, which is found to be 2.1% in the absence of the catalyst under the
piezo stimulation (Fig. S6). Thus, it can be noted that the piezocatalyst
(PCK1) offers enormous catalytic activity under mechanical stress. In the
FTIR section, it has been observed that the polar B-phase fraction in-
creases with the doping percentage of natural kaolinite-MWCNT com-
posite and reaches its maximum value (88.7%) for 1% doping. Such a
high value of B-phase reveals that the nanocomposite membrane is self-
polled. Additionally, the P-E loop measurement shows the highest
remnant polarization in the piezo-active PCK1 membrane also a
confirmation of the self-polling of the membrane. The electron and hole
in such self-polled material migrate in opposite directions under the
ultrasonic stimulus, accumulate on the surfaces, and create a charge
center separation. The surface accumulated electrons then produce
reactive oxygen species (ROS) by reacting with negative hydroxyl ions
present in the solution and decomposing the dye molecules (Fig. 8). In
addition, the recyclability of the catalyst has been estimated by re-using
it in a cyclic manner. Herein, the same membrane was used in five
different cycles of application and found to have a consistent degrada-
tion efficacy (95.4%) even after five cycles (Fig. 7).

In order to verify the catalysis mechanism, the first-order kinetics,
scavenging, and trapping experiment have been performed. In reality,
piezocatalysis primarily depends on reactive radicals, especially ROS.
The reactive oxygen species (ROS) generates during the catalysis
experiment further decompose the hazardous dyes (Fig. 8). Mainly four
radicals, namely (eOH), holes (h™M), superoxide radicals (002’), and
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electrons (e) may be produced during the catalysis to decompose the
dye solution. Scavenging experiments have been carried out to find the
dominating ROS radical. Initially, 15 mL of 2.5 ppm RhB dye solution
was taken into four separate glass containers, and 1 cm x 1 cm pieces of
the PCK1 membranes were immersed in it. Later, para benzoquinone
(BQ), AgNOg, ethylenediaminetetraacetic acid (EDTA), and tertiary
butyl alcohol (TBA) have been added to the solution maintaining
0.5 mM of the concentration and exposed under the ultrasound [43].
The dye degradation efficacy in each case is depicted in Fig. 6. The
scavengers BQ, AgNO3 EDTA, and TBA scavenged respectively *O3, €',
h" and OH* radicals respectively. It has been found that in the case of
AgNO3 EDTA, and TBA the piezo degradation efficiency has been found
68.7%, 52.6%, 72.2%, and 14.4% respectively, which confirms the
minimum scavenging for TBA (Fig. 7). Further, the first-order kinetic
constant (k) has been measured by using the following relation [43],

C = CyeH &)

The kinetic constant k has been measured by the slope of the plot In
(C/Cp) against time and found to be 4.02 x 10 2min! (Fig. 7) and thus
confirming the dominance of the ¢OH radicals in our case (Fig. 7).

The presence of hydroxyl radicals in the piezocatalytic reaction
mixture has been investigated by the photoluminescence-probing tech-
nique of terephthalic acid (TPA). Initially, 0.01 gm TPA has been added
to the 15 mL 2.5 ppm RhB solution and exposed to ultrasound. 2 mL of
the solution was taken every 10 min and the fluorescence intensity was
measured by a Cary Eclipse Fluorescence Spectrophotometer, Agilent
Technologies. An excitation wavelength of 315 nm was set and the
fluorescence intensity was visualized at 415 nm. In reality, terephthalic
acid reacts with OH* radical and generates fluorescent hydroxy tere-
phthalate (hTPA) upon hydroxylation and increases the fluorescence
intensity [44]. Herein, a radical increment in fluorescence intensity has
been found that confirms the production of OH* radicals and validates
the ROS-mediated damage to the RhB solution (Fig. 7).

3.5. Determination of pathogenic E. coli eradication using piezocatalysis

In order to utilize such ROS for bacterial inhibition, the piezocata-
lytic disinfection of bacteria has been studied using a commonly found
Gram-negative, coliform bacteria Escherichia coli (E. coli). The bacterial
cells were grown overnight in a Luria-Bertani (LB) broth solution in an
incubator at 37 °C under a continuous shaking condition (120 rpm).
5 mL of the bacterial suspensions were taken in three clean glass vials
and a rectangular film (1 cm x 1 cm) of PCK1 was placed into one of the
vials. The vial which was not subjected to ultrasonic treatment and
contained no film has been taken as control. The other two vials, one
containing only the culture and another containing culture and film,
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and ultrasound-based degraded E. coli.

were subjected to ultrasound (US). The time-dependent inactivation of
the cells under ultrasound treatment has been illustrated in Fig. 9.
100 pL of the bacterial suspension from each vial was fetched at definite
time intervals (15 min) and spread on solidified agar plates after the
execution of suitable dilution. Triplicates were taken in each case and
the mortality (%) was calculated from the colony counting technique
using the following equation [45]:

Mo ="25 <00 ©)
Where M represents the mortality rate (%), B and C represents the mean
number of bacteria in the control and treated samples (CFU rnL’l)
respectively.

The ROS generation in each case was measured by using 2/, 7'-
dichlorofluorescein diacetate (DCFH-DA) [46]. In reality, 1 mL of ali-
quots were extracted each time and were washed with PBS solution and
a DCFDA solution of 10 uM was added. The solutions were kept in dark
for another 30 min and the fluorescence intensity was measured using a
spectrophotometer (excitation at 404 nm and emission at 529 nm).
Precisely, after interacting with ROS, DCFH-DA forms 2/, 7'-dichloro-

fluorescein (DCF), which intensifies the fluorescence and indicates the
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ROS generation. Bacterial FESEM was performed by collecting the pre-
cipitates from the bottom of each vial and washing them with filtered
PBS solution at 2000 rpm for 2 min several times. Later 2% glutaral-
dehyde solution was added to the pellets, which were further subjected
to dehydration using a serial dilution of ethanol. The solutions were then
drop-casted on clean coverslips, dried, and sputter-coated with gold
prior to the FESEM analysis.

As already mentioned above, ROS generation (mainly OH*) is the
primary factor for piezocatalysis, such ROS production can also
contribute to the disinfection of bacteria [47]. As observed from the
colony counting technique, there is a significant bactericidal effect oc-
curs when the bacterial cells are subjected to ultrasound [48]. The
mortality is nearly 99% after 60 min of ultrasound treatment.
Conversely, cell proliferation was observed in the control sample.
Moreover, insignificant ROS production has been observed in control,
while it is amplified with time in the case of PCK1-mediated treatment
[49]. This signifies that the ROS generated under mechanical stress can
successfully inactive the bacterial cells as the free radicals can interrupt
the trans-membrane electron transfer, deteriorate the subcellular com-
ponents like protein and nucleic acids, prevent DNA replication and
promote lipid membrane peroxidation [50]. Such processes ultimately
result in cellular damage and cell death. The slight amount of oxidative
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Table 2
Previous reports on piezocatalysts and their degradation efficacies.
Catalyst Type of Frequency and Degradation of Piezo voltage Time of Degradation year Reference
catalyst power of ultrasound  hazardous material generated reaction efficacy
Nag 5 Ko.sNbO3 synthetic 40 kHz, 300 W RhB, MB, MO N.A 100 min 91, 83, 77 2020 [53]
respectively

BaTiO3 nanocubes- Ag  synthetic Not mentioned MO N.A 60 99.5 2021 [54]
nanoparticles

LiNbO3 synthetic 40 kHz, 70 W MB N.A 200 929 2020 [23]

BaTiO3 synthetic 40 kHz, 100 W RhB N.A 150 97.6 2020 [55]

Bi,WOg nanosheets synthetic 40 kHz, 80 W Rhb N.A 80 80 2020 [56]

BTO NWs synthetic 40 kHz, 120 W MO N.A 160 95 2019 [57]

sodium niobate synthetic 40 kHz RhB N.A 120 80 2019 [45]
nanowires

BaTiO3/C hybrid synthetic 40 kHz, 150 W RhB N.A 40 75.5 [58]

Ag@LiNbO3/PVDF synthetic 40 kHz, 70 W MB, Staphylococcus N.A 180 89, 99, 96.6 2021 [59]

aureus

heat-treated cellulose Natural 40 kHz, 180 W RhB N.A 180 96.6 2022 [60]
nanocrystal

MoS; nanoflower/ Synthetic 100 W RhB The voltage generated 30 20 2020 [41]
PVDF through tapping

MWCNT-kaolinite- Natural 33 kHz, 50 W RhB, The voltage generated 45 96, 99 This This
PVDF from water droplets report report

stress due to ultrasonic vibration is also bacteriostatic, but it is
approximately 50% lesser and ineffective compared to the synergistic
effect of the film in presence of ultrasound. Furthermore, the FESEM
micrographs reveal that the PCK1 film under ultrasonic stress causes
serious distortion and perforations in the bacterial cells, which ulti-
mately results in membrane rupture and irreversible damage to the
cellular membrane. This further facilitates the leakage of intracellular
components and release of cytoplasmic materials, thus causing loss of
cell membrane integrity [51,52]. The cellular membrane is otherwise
intact and smooth in the control, although slight wrinkling occurs due to
ultrasonic stress without the catalyst. Henceforth, this study confirms
that the piezo-responsive PCK1 membrane can be used for successful
bacterial eradication under the mechanical stimulus.

4. Conclusion

Herein, natural kaolinite clay has been ground by a facile top-down
method to obtain its nanonized fraction. After performing certain
chemical modifications, both nano-kaolinite clay and MWCNT have
been surface modified and a nanocomposite has been formed by estab-
lishing a hydrophobic-hydrophilic interaction between these two.
Further, this nanocomposite has been incorporated into the PVDF matrix
in different weight percentages, among which a 1% doped PCK1 sample
show exhibits excellent piezoelectric coefficient and polarizability. The
structural and morphological characteristics of the membrane sample
(PCK1) substantiate such enhanced polarizability and piezoelectric co-
efficient from both theoretical and experimental viewpoints. Such
enhanced piezo-responsive properties influenced us to design a piezo-
electric energy harvesting device to harness the energy from falling
water droplets. The device is found to have pronounced sensitivity to
such a minimal mechanical response and delivers an open circuit output
voltage of 4.1 V with a 1.5 pA short circuit current (A comparison table
of piezocatalysts efficacy has been given in Table 2). Moreover, this
piezo-responsive membrane (PCK1) has been exploited in catalytic ap-
plications. Typically, Rhodamine-B dye has been almost fully degraded
(96%) under external ultrasonic vibration by generating reactive species
(particularly eOH). Such ROS have been further used to eradicate
pathogenic bacteria making this multifunctional clay-based nano-
composite membrane a futuristic solution against numerous water-
borne problems.
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ABSTRACT: In the modern era, water pollution, especially from
industries, agricultural farms, and residential areas, is caused by the release
of a large scale of heavy metals, organic pollutants, chemicals, etc., into the
environment, posing a serious threat to aquatic ecosystems and nature.
Moreover, untreated sewage waste discharged directly into nearby water
bodies can cause various diseases to mankind due to the high load of fecal
coliform bacteria. This work demonstrates the development of a
biocompatible, cost-effective, highly robust, efficient, flexible, freestanding,
and reusable membrane using naturally formed biocompatible kaolinite
clay-doped poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HEP) for
effective piezodynamic destruction of coliform bacteria. In this study,
Escherichia coli (E. coli) and Enterococcus faecalis (E. faecalis) have been used
to evaluate the mechanical stimulus-responsive antibacterial efficacy of the
nanocomposite membrane. The membrane can effectively eradicate nearly 99% viable E. coli and 97% E. faecalis within a span of 40
min under mechanical stimulation (soft ultrasound ~15 kHz). To further understand the mechanism, an evaluation of reactive
oxygen species and bacterial FESEM was performed. These studies revealed that bacterial cells suffered severe visible cell damage
after 40 min of piezocatalysis, elucidating the fact that the synthesized membrane is capable of producing a superior piezodynamic
antibacterial effect.
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1. INTRODUCTION

In the current scenario, water pollution is increasing at an
alarming rate, which destroys aquatic life and the environment.
Statistical data from the World Health Organization (WHO-
2021) states that around 80% of global wastewater flows back
untreated into the world’s water. As a result, approximately 1.8
million deaths happen annually due to waterborne diseases.
These wastewaters are coming from uncontrolled industrializa-
tion, agriculture runoff, and untreated sewage. Although
various developing countries are trying to develop proper
wastewater treatment profiles, due to limited resources and
infrastructure, these technologies are in their infancy." Water
pollutants are not only responsible for the spread of a wide
range of ailments but also have toxic impacts on aquatic
habitats and human beings. Hazardous chemicals, pesticides,
and herbicides from industries, farms, homes, and commercial
areas can cause acute toxicity and immediate death or chronic
toxicity that can lead to neurological problems or even
cancers.” Solid wastes discharged into the water are
comparatively easier to treat or remove, whereas it is a difficult
challenge for scientists and the government to deal with liquid
waste.” Moreover, the proper treatment and removal of
pathogenic contamination are currently a matter of concern.
In reality, water samples collected from various sources like

© 2024 American Chemical Society
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wastewater effluents, sewage-mixed water from canals, sedi-
ments, and swimming pools indicated the presence of a diverse
set of microbial profiles, predominantly Enterococcus faecalis or
E. faecalis, E. durans, E. raffinosus, and Escherichia coli. Poorly
treated or untreated sewage laden with bacteria and parasites
are regularly discarded in nearby canals or water bodies,
enhancing the chances of faecal matter-based diseases.” Such
pathogens also enter into drinking water supplies and cause
digestive problems such as cholera and diarrhea. Indeed,
disinfection is a primary concern for protecting public health
and improving sanitation.”

Hence, to deal with such dire issues, various upcoming
techniques are being popularized to tackle the situation.
Currently, water treatment and disinfection techniques involve
UV—C irradiation, heat or radiation treatment, anaerobic
treatment, ultrafiltration, electrochemical treatment, or the use
of chemical disinfectants, like chlorine, iodine, and alcohol.®
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Nevertheless, most of the approaches suffer from various
drawbacks like the requirement of expert personnel, high
energy consumption, the tendency for bacterial reactivation,
chances for reduction of dissolved oxygen, or lack of sufficient
bactericidal effect required for handling the contaminated
water. Hence, there is an immediate requirement for the
development of a biocompatible, efficient, cost-effective, and
easily synthesizable system for combating the alarming increase
in water pollution, along with efficient disinfection capability.7

Nowadays, piezodynamic therapy-assisted wastewater reme-
diation is widely used.® In this therapeutic approach, the piezo-
responsive materials create inbuilt piezo potential in its interior
by applying mechanical stress.* The surface electrons and holes
generated by this process react with the hydroxyl ions present
in the wastewater sample and produce reactive oxygen species
(ROS—OH*, ;0% and *O*). These ROS further decompose
the contaminants like organic dye, pharmaceuticals, bacteria,
and viruses those are present in the wastewater sample.” Some
key factors made piezodynamic therapies superior for bacterial
disinfection. First of all, these samples use green mechanical
energies to eradicate pathogens without using any chemicals,
whereas in the case of other antibacterial tools, the pathogens
can evolve themselves by improving their resistance against
those chemicals over time. The mechanical impales can be
used long-term and do not have any harmful effects on the
environment. That is why scientists and technologists are
trying to develop efficient biocompatible and cost-effective
piezocatalysts to degrade pathogens and organic contaminants
via their versatility.

In this report, natural kaolinite-incorporated polyvinylidene
(fluoride-hexafluoropropylene) (PVDF-HFP)-based flexible,
free-standing polymeric nanocomposite membranes have
been developed for piezodynamic antimicrobial assessment.
Kaolinite is a highly stable, eco-friendly, natural, abundant, and
economical aluminosilicate (AL Si,O5 (OH),) clay.” Various
physicochemical activities of this natural kaolinite are
enhanced in its nano-regime due to its high surface-to-volume
aspect ratio.'” Among all these physicochemical properties,
surface charge is a key factor. In reality, kaolinite shows a
negative surface charge for the combined effect of its negative
basal planes and positive prism planes. This negative surface
charge is further enhanced by surface modification by
incorporating an electronegative NH, group over the prism
plane to minimize the effects of this positive moiety of
kaolinite."" The polarization of the piezoelectric PVDE-HFP
polymer has been enhanced by incorporating this highly
surface-charged nanocomposite to find a promising piezocata-
lyst.'” Nominal (5% w/w) incorporation of this surface-
activated nano-kaolinite in the polymer matrix enhanced its
physicochemical properties and lowered the cost of produc-
tion. Various works have been reported earlier with regard to
this type of system for energy generation and wastewater
remediation, but their applicability in terms of the cytotoxicity
of the synthesized nanocomposite was restricted.”~"> Conven-
tionally, the researchers incorporate as-synthesized chemically
derived piezo-responsive nanomaterials into the polymer
matrix to fabricate such piezocatalysts, which can lose their
effects over time if the chemically derived nanomaterials do not
have significant physicochemical stability, which can also have
toxic side effects.'®™'® But in this study, natural nano-clay
(kaolinite) has been incorporated into the PVDF-HFP
polymeric matrix, which has high structural and thermal
stability and cannot degrade over time. Herein, this natural
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clay-based piezo material shows a high piezoresponse under
mechanical stimuli, which indicates an enormous potential to
generate clean energy. Additionally, this cost-effective, natural,
and biocompatible nanosystem has been used to eradicate
harmful pathogenic bacteria from wastewater to make it
potable, and it can restrict waterborne diseases. This versatile
nanosystem can be produced on a mass scale to serve society if
properly improvised.

2. EXPERIMENTAL SECTION

2.1. Materials. Naturally formed kaolinite clay minerals have been
purchased from Hindustan Minerals, India. 2’,7'-Dichlorodihydro-
fluorescein diacetate (DCFDA, purity >97%, 10 uM) and poly-
(vinylidene fluoride hexafluoropropylene) (PVDEF-HFP, purity:
99.99%, molecular weight: 455,000) have been purchased from
Sigma-Aldrich, Germany. LB broth and phosphate-buffered saline
(PBS) were purchased from HiMedia Pvt. Ltd., India. The analytical-
grade hydrazine hydrate (purity >99%), acetone (HPLC-grade, purity
>99.5%), and dimethylformamide (DMF, purity >99) have been
purchased from Merck, India. E. coli DHSa (MTCC-1652) and E.
faecalis (MTCC-441) have been purchased from the Institute of
Microbial Technology, Chandigarh, India. Millipore water with a
resistance of ~18.2 MQ-cm was used throughout the experiment.

2.2. Nanonization of Kaolinite Clay and its Surface
Activation. Initially, the bulk-purchased natural kaolinite was
crushed by using a diamond mortar and pestle. After that, the
sedimentation technique was adopted, using Millipore water to purify
the crushed clay. Further, the top-down synthesis technique was
adopted to find nanoparticles, using a ball mill grinder operating at
150 rpm for 48 h. In this experimental procedure, tungsten carbide
balls were used by maintaining a ball-to-mass ratio of 20:1. After that,
1 g of nano-kaolinite was dissolved in 20 mL of deionized water and
20 mL of hydrazine hydrate and left for vigorous stirring for 6 h at
room temperature so as to activate the surface of the natural clay.

2.3. Fabrication of the Activated Natural Nano-Kaolinite-
Based PVDF-HFP Membrane. A facile one-step solution casting
method was adopted to find the kaolinite-based free-standing PVDF-
HFP membrane. Initially, 0.5 g of PVDF-HFP was taken in three
different glass vials and dissolved into 5 mL of dimethylformamide
(DMF) at 60 °C on a magnetic stirrer (600 rpm). The activated
nano-kaolinite was then added by maintaining a weight percentage of
2.5, 5, and 7.5% with the polymer. The vials were kept in the same
condition until a homogeneous gel-like transparent solution occurred.
Then the homogeneous solutions were placed in different clean petri
dishes and kept in a dust-free hot-air oven at 60 °C for 6 h. The dried
flexible free-standing membranes were then peeled off the petri dishes
carefully, collected, and named PVK2.5, PVKS, and PVK7.S,
respectively, according to their wt %. A film of pristine PVDF-HFP
was also prepared for the comparative study by the same method but
without adding the activated natural clay in its matrix and labeled
PVKO. All the prepared nanocomposite membranes were then sent for
further experiments.

2.4, Characterization Techniques and Measurement Param-
eters. The purity, phase identification, and unit cell parameters of the
nanonized natural clay minerals of nanocomposite membranes were
investigated by using a Bruker D-8 advanced powder X-ray
diffractometer with a Cu Ka target with a wavelength of 1.5418 A.
The operating voltage and current during the measurement were set
up at 35 kV and 35 mA. The scan speed and increment of angle were
set up at 0.5 s per step and 0.0125633°, respectively.

The surface and morphological properties of the natural clay and
fabricated nanocomposite membranes were visualized with a field
emission scanning electron microscope. An INSPECT-F50 FEI
FESEM instrument was employed to collect the micrographs.
Additionally, a JEM-2100 Plus JEOL transmission electron micro-
scope was used to investigate the micrographs of the natural clay.
Powdered nanoparticles and small pieces of membranes were cast on
carbon tape and coated by gold plasma deposition to collect the
micrograph under the field emission scanning electron microscope
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Figure 1. (a) Experimental and computed XRD data of nano-kaolinite, (b) X-ray diffractogram of activated nano-kaolinite, (c) schematic
representation of the triclinic kaolinite unit cell and hexagonal kaolinite nanoparticle, (d) schematic diagram of the planes of kaolinite NPs, (e) unit
cell structure of kaolinite NPs by Vesta software, and (f) XRD of kaolinite-PVDF-HFP nanocomposite membranes.

with an operating voltage of 20 kV. On the other hand, a well-
dispersed kaolinite nanocandle in acetone was cast on a 300-mesh
carbon-coated copper grid to collect the transmission electron
microscopy (TEM) micrograph at a bias voltage of 200 kV.

Investigation of the elemental composition of the natural kaolinite
and fabricated nanocomposite membranes were carried out by a
Bruker instrument, QUANTAX EDS, and mapping techniques, which
were equipped with the field emission scanning electron microscope.

The surface charges of the nano-kaolinite and activated nano-
kaolinite were investigated by the zeta potential technique. A Malvern
Zetasizer was used to collect the data by dissolving the nanoparticles
in deionized water.

A Fourier transform infrared (FTIR) spectroscopy measurement
tool was adopted to investigate the bonding networks and percentage
P-phases of the fabricated nanocomposite membranes. An IR Affinity
900i Shimadzu Infrared Spectrometer was used in this experiment.
The thin membranes were placed over the path of infrared light and
the data were taken in a region of 400—1000 cm™ wavenumbers,
whereas the powder clay was analyzed by ATR (attenuated total
reflectance) directly by powder sample within the range of 400—4000
cm™,

The electrical properties of the fabricated nanocomposite
membranes were measured by using an LCR meter (4294 A
Precision Impedance Analyzer, Agilent). All the membranes were cut
into pieces measuring 2 X 2 cm and sandwiched between two
aluminum electrodes and wires on both sides for measurement.

Investigation of the polarization properties of the fabricated
membranes was performed by polarization-electric field (PE-loop)
study. The devices were prepared by the PVKO, PVK2.5, PVKS, and
PVK?7.5 membranes.

Piezoelectric open-circuit voltage generation under mechanical
stress of the fabricated membranes was investigated by a digital
storage oscilloscope (X 3012 A, Keysight) connected to the device by
an Agilent N2862B 10:1 passive probe.

The generation of ROS while the piezocatalytic bacterial
eradication took place was measured by a fluorescence measurement
technique using a Carry Eclipse Fluorescence Spectrophotometer
(Agilent Technologies).

2.5. Antimicrobial Assessment Study. Using a typical Gram-
negative coliform bacteria E. coli and a typical Gram-positive coliform
bacteria E. faecalis, the disinfection process of bacteria via exploiting
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piezocatalysis was investigated. The bacterial cells were cultured in
Luria—Bertani (LB) broth overnight at 37 °C with constant shaking
(120 rpm). Six clean glass vials were filled with 10 mL of the aliquots,
and two rectangular films (1 cm X 1 cm) of PVKS were put into two
of the vials. Without any film and without being exposed to ultrasonic
treatment, the vials served as the control group, which had been
marked as group 1. Of the other four vials, two containing only the
culture of E. coli and E. faecalis, respectively, were subjected to
ultrasonic vibration and were marked as group 2, and another two
comprising both bacterial cultures and PVKS film were subjected to
ultrasonic treatment (US) and marked as group 3. At specific intervals
of 10 min, 100 uL of the bacterial suspension from each vial was
extracted and evenly distributed onto agar plates that had solidified at
a dilution ratio of 10* Each one was collected in triplicate, and the
following formula was used to determine the mortality (%) based on
the colony counting method."”

(B-0

M % = X 100

where M is the mortality rate (%) and B and C stand for the mean of
the bacterial colony (CFU mL™) in the control and treated samples,
respectively. Dichlorodihydrofluorescein diacetate (2,7') was used to
measure the formation of ROS in each case. Every time, 1 mL aliquots
were extracted, followed by a PBS solution wash and the addition of a
10 uM DCEFDA solution. A spectrophotometer was used to detect the
fluorescence intensity of the solutions after they were left in the dark
for a further 30 min (excitation at 404 nm and emission at 525 nm).>®
Specifically, DCFH-DA reacts with ROS to create 2',7’-dichloro-
fluorescein (DCF), which increases fluorescence and signals the
production of ROS.*® The precipitates from the bottom of each vial
were collected and washed twice with filtered PBS solution at 5000
rpm for five min to perform bacterial field emission scanning electron
microscopy (FESEM). Subsequently, the pellets were mixed with
paraformaldehyde solution and serially diluted with ethanol at
different concentrations (5, 20, 50, 75, and 100%). Before the
FESEM analysis, the solutions were dried, drop-cast onto clean
coverslips, and then sputter-coated with gold.

Using previously published methods, the in vitro hemolysis test was
used to evaluate the biocompatibility of nanocomposite membranes in
red blood cells (RBCs).*' RBCs were extracted from fresh Sprague—

https://doi.org/10.1021/acs.langmuir.3c03560
Langmuir 2024, 40, 5785—-5798


https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03560?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03560?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03560?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03560?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c03560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Dawley rat blood, purified in sterile PBS, and then mixed with
dispersions of varying concentrations of nanocomposites (PVKO,
PVK2.5, PVKS, and PVK7.5). The controls were RBCs exposed to
ultrapure water (positive control) or treated with PBS (negative
control). After 1 h of incubation at 37 °C, samples were centrifuged at
3000 rpm for S min, and the absorbance at 540 nm was determined.
The hemolysis ratio was calculated using the given formula while
considering the sample’s absorbance values.

(4s — Axc)

Hemolysis rate (%) = X 100%

PC NC

In contact with blood cells, the nanocomposites demonstrated a
remarkable capacity to minimize hemolysis or rupturing of RBCs.
Hemolysis may result in excessive bleeding and inflammation,
impeding a lesion’s healing ability. Because composites prevented
hemolysis, this would instigate the PVK nanocomposites to have no
such cytotoxic effect in cells (RBCs). The RBCs in the water
completely burst, causing the solution to turn crimson in the control.

3. RESULTS AND DISCUSSION

3.1. Investigation of the Physicochemical Properties
of the Synthesized Materials. The structural information
and phase purity of the adopted natural nano-kaolinite were
initially investigated by the X-ray diffractometer depicted in
Figure la. The diffractogram was further compared with the
data from the crystallographic open database having the
JCPDS card no. 80—0886 with the triclinic lattice with the P1
space group. The absence of any undesired diffraction maxima
of the compared diffractogram suggests that the natural
kaolinite has been found in its purest form. The (001) plane
situated at 12.39° and the (002) plane at 24.99° suggest the
highly ordered kaolinite structure used in the work. The X-ray
diffractogram of this natural nano-kaolinite has been refined
further by using the MAUD software package (version
2.996).>> A well-matched refinement with a promising
goodness of fitting experimental data (Figure la) over
theoretical data further confirms the purity of natural kaolinite.
The crystallographic information such as unit cell parameters,
cell volume microstrain, etc., have been found and depicted in
Table 1. The visualization of refined unit cells has been
acquired by VESTA software and depicted in Figure le.”

It has been found from microstructural visualization (Figure
le) that oxygen vacancies have been created in the lattice
structure, which may have arisen owing to the high-energy ball
milling of the bulk kaolinite.”* These oxygen vacancies further
result in active sites for the incorporation of functional groups
over its surfaces. The X-ray diffraction (XRD) of the activated

Table 1. Microstructural Parameters of Natural Nano-
Kaolinite Clay

parameters kaolinite nanoparticle
a (A) 5.14370 + 0.00016
b (A) 8.93381 + 0.00076
c (A) 7.42187 + 0.00013
a (deg) 92.2375 + 0.00446
B (deg) 105.0010 + 0.00458
7 (deg) 90.27046 + 0.00524
V (A% 329.144366
b 2287
Rp 13.555053
Ryp 20.509154
macrostrain 9.519805 X 107° + 1.0625224 X 107°

crystallite size 1596.4071 + 32.8414
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nano-kaolinite was also performed, and it was found that there
were no extra diffraction maxima, which suggests that the
incorporated functional groups do not alter the structural
properties of the pristine nano-kaolinite. In reality, the
diffraction planes 111, 1’10 are the prism planes, whereas
001, 002 are the basal planes of kaolinite.”> The schematic
representation of the basal and prism planes and their
interaction with the functional group has been depicted in
Figure 1c,d for hexagonal kaolinite nanoparticles. The X-ray
diffractograms of the activated kaolinite-based PVDF-HFP
nanocomposite membranes have also been investigated and are
depicted in Figure 1f. The diffractograms of the nano-
composite membranes show that the nonpolar a-phase at
17.6° gets quenched, whereas both the polar phases of S
(20.4°) and y (39.6°) get enhanced with the natural nanoclay
incorporation in the PVDE-HFP matrix.”® The diffraction
maxima at 12.5, 24.8, 26.6, 49.5, and 67.3° have arisen due to
the increased doping percentage of the kaolinite in the
membranes. These polar phase enhancements of the PVDF-
HFP membranes help to increase their piezoelectric effective-
ness and get maxima for PVKS.

It is found that after reaching a certain doping limit, viz.,, 5
wt % in our case of the nanoclay, the polar phase in the
polymer matrix further decreases in PVK7.S. This may be
attributed to the excess presence of the negative surface charge
of the activated natural clay, which further disrupts the H, and
F, band parity in the nanocomposite membrane.”’

Investigation of the surface morphology of the natural
kaolinite depicted the fact that the homogeneous distribution
of particles with an average diameter between 80 and 90 nm,
which lie in the nano-regime, confirms the nanoparticle
formation by the facile ball milling synthesis technique (Figure
2a,b). The TEM micrograph also depicted the particles in the
nano-regime as having a hexagonal particle shape. The FESEM
micrographs of the polymer membranes depicted in Figure
2d—g show that the big bubble-like structure, PVKO, has been
greatly reduced with the incorporation of nanoparticles in
PVK2.5, PVKS, and PVK?7.5. This validates the formation of
polar crystalline phases. The clay-incorporated nanocomposite
membranes depicted the homogeneous distribution of nano-
particles in the PVDF-HFP matrix, which suggests the
successful incorporation of the nanoparticles.”®

The EDS spectra and elemental mapping data also suggest
the successful incorporation of nanoparticles into the
membranes (Figure 3). However, for using carbon tape, the
carbon component has been locked in the instrument; as a
result, the carbon component is not present in the elemental
table. The presence of Au in the membranes arises due to the
gold sputtering while the sample was prepared for FESEM,
EDS, and mapping.

3.2. Estimation of Polarity and Piezo-Effectiveness of
the Nanocomposite Membranes. Piezoelectric properties
depend on several properties of the nanocomposite. Herein,
the negative surface charge of the natural clay enhances the
polar phase of the PVDF-HFP, which is a key factor that
enhances the piezo-effectiveness.”” In reality, kaolinite is a
layered aluminosilicate clay of alumina (AlOg4) octahedrons
and silica (SiO,) tetrahedrons where the isomorphous
substitution of AI*" and Si*'" creates a negative charge over
the basal planes and a positive charge over the prism planes
(faces) of kaolinite.'’ The basal plane of kaolinite is greater in
length than the prism plane; therefore, a combined negative
surface charge was found in kaolinite (—7.9 mV). The
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Figure 2. (a) FESEM micrograph of kaolinite NPs, (b) particle size distribution of kaolinite NPs, (c¢) TEM micrograph of kaolinite NPs, (d)
FESEM of PVKO actual image and EDS in S2, (e—g) FESEM micrograph of kaolinite-incorporated PVDF-HFP membranes PVK2.S, PVKS, and

PVK?7.S, respectively.

incorporation of electro-negative functional groups attached to
the positive prism planes further influences the negative surface
charge (—11.1 mV, Figure S1) of the nano-clay, as depicted in
a schematic diagram in Figure 1d.

These electro-active functional groups incorporated on the
kaolinite nanoparticle surface were further investigated by the
FTIR measurement technique. The bonding network graphs
for pristine kaolinite and surface-activated kaolinite have been
depicted in Figure 4a. In Figure 4a, the characteristics of
vibrational bands between 430 and 700 cm ™" have occurred for
the bending of the Si—O—Al bond. Another vibrational
maximum at 750 cm™' has been observed for the AlOq
vibration. Absorption bands at 792 and 917 cm™ have been
found for the Si—O and Al-OH deformations, respectively.
The vibration band of Si—O stretching has also been found in
the region of 940—1150 cm™ in both pristine and function-
alized nano-kaolinite. The absorption band in the region of
3620—3700 cm™" has arisen for the present hydroxyl groups in
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the as-prepared nanoparticles.”® Additionally, a low-intensity
wide band has also been found in the region of 1190—1240
ecm™' for the N—H rocking (inset, Figure 4a).*"*? These
absorption bands for N—H are absent in pristine kaolinite and
present in functionalized kaol, which suggests the successful
attachment of functional groups (NH,) in the prism plane of
the kaolinite (alumina facets). This electro-active NH, group
enhanced the negative surface charge, which was also validated
by the zeta potential study.*

This negative surface charge of the activated clay enhances
the probability of polar p-phase formation in the nano-
composite membrane. In reality, the a-phase of PVDF-HFP
has an electro-positive —CH, moiety and an electro-negative
—CF, moiety attached in carbon chains in the TGTG' (trans—
gauche—trans—gauche) configuration, which is why the
polarity of the membrane is very low.”* In the f-phase of
the PVDF-HFP, the —CH, and —CF, moieties arranged
themselves in opposite directions of the carbon chain in the

https://doi.org/10.1021/acs.langmuir.3c03560
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Figure 3. (a) EDS spectra PVKS nanocomposite membrane. (b) Elemental composition of PVKS. (c—i) Elemental distribution of the PVKS

membrane by mapping.

TTTT configuration and enhanced the polar phase by forming
the dipole as well as the piezoresponse of the membranes.
When the nanoparticles with a negative surface charge were
entrapped into the polymer matrix, the surface charge of the
nanoparticles flipped the positive moiety of the PVDF-HFP on
its side, creating an all-trans conformation (TTTT), which
resulted in the polar f-phase enhancement. The schematic
diagram of dipole orientation in the different phases of PVDEF-
HFP has been shown in Figure 4e.”* This enhanced polar -
phase and the bonding networks of the nanocomposite
membranes have been investigated by FTIR spectroscopy. In
Figure 4b, the FTIR spectra show that the nonpolar a-phases
at 530 (CF,— bending), 614 (CF,— bending), 765 (skeletal
bending), 796, and 976 (CH,— rocking) cm™" get quenched
and the characteristic bands of the polar f-phase at 489 (CF,—
deformation), 508 (CF,— stretching), 603 (CF,— wagging),
and 840 (CF, stretching, CH, rocking, and skeletal C—C
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! were enhanced with the increment of

stretching) cm™
nanoparticle incorporation in the polymer matrix and were
found to be maximum in PVKS.>* The polar phase decreases
after the excess incorporation of nanoparticles in sample
PVK7.5. In reality, the overdoping of nanoparticles enhances
the negative charge concentration in the nanocomposite matrix
and this extra negative surface charge tries to decrease the
polar phase by attracting the positive moiety (CH,—) PVDEF-
HFP polymeric chain; as a result, the dipolar orientation is
again disrupted. A schematic representation is depicted in
Figure 4c. In terms of polar phase calculation, the polar f-
phase has been calculated by the Lambert—Beer law™*

A(p)
x Ala) + A(B)

F(p) =

K(p)

K(a)

(1)
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where K(a) and K(f3) are the absorption coefficients for the &
and /3 phases at 765 and 840 cm ™', respectively, and have the
values of 6.1 X 10* and 7.7 X 10* cm® mol™’, whereas A(a) and
A(p) are the absorbance values of the @ and f phases,
respectively, at the corresponding wavenumbers. From the
Lambert—Beer law, the polar f-phase percentages have been
calculated and found to be 61.0, 82.0, 84.2, and 82.7% for the
nanocomposite membranes PVKO, PVK2.5, PVKS, and
PVK?7.5, respectively, which suggests that the PVKS membrane
poses the maximum polar f-phase (Figure 4d).

The dielectric property of the nanocomposite membranes is
also evidence of polarization, in terms of the Maxwell-Wagner
interfacial polarization theory. The electrical storage efficiency
of the nanocomposite membranes has been calculated in terms
of electrical permittivity &’ by the relation™

C
L5

€A )
where ¢’ is the real part of the permittivity (dielectric constant:
DC) that implies the storage efficiency, C, is the specific
capacitance, d and A denote the thickness and area of the
membrane, and & is the free space permittivity with a value of
8.85 X 1072 F m™". It has been found that the dielectric
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constant increases with the increasing doping percentage, and
it is found to be maximum in the PVKS sample. The dielectric
constants are 9.0, 9.4, 12.9, and 9.7, respectively, for the
samples PVKO, PVK2.5, PVKS, and PVK7.5 at a field
frequency of 40 Hz (Figure Sa). It has been found that the
DC is max1mum at 40 Hz and decreases with increasing
frequency.’® In reality, any semiconductive sample has
conductive grains surrounded by insulating grain boundaries.
In the low-frequency domain, the applied electric field is
insufficient to pull out the conductive grains from the grain
boundaries, resulting in a higher degree of polarization and
further contributing to the higher DC. According to the M—W
theory, when the external frequency reaches a critical value, the
conductive grains are capable of being free and start hopping,
and thus, the DC gets lowered. The maximum DC of the
PVKS nanocomposite membrane implies that the polarization
is maximum in it, and it is capable of acting as a promising
piezo-responsive sample. The frequency-dependent conduc-
tion mechanism (AC conductivity) of the nanocomposite
membranes has also been studied by the relation

0,. = 2mfe e’ tan &

where fis frequency, & is the permittivity in free space, and € is
the permittivity of the membranes. It has been found that the
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AC conductivity increases with increasing frequency, and it is
49 x 1075 53 X 107, 6.6 X 107°, and 4.7 X 107> Sm™" for
PVKO, PVK2.5, PVKS, and PVK?7.S, respectively (Figure 5¢).
In reality, with increasing frequency, the conductive grains
become free from the insulating 6grain boundary and enhance
the conductivity of the samples.’

The room-temperature polarization—electric field hysteresis
loop (PE-loop) was also used to investigate the polarization
efficiency of the nanocomposite membranes. Devices have
been fabricated by using PVKO, PVK2.5, PVKS, and PVK7.5
membranes by attaching Cu wires to both sides with aluminum
electrodes.”” The P—E hysteresis loop was then measured at 10
Hz in a voltage region of +200 V. The area within the loop
indicates the heterogeneous charge density and storage
efficiency of the membranes. It has been found that the
remnant polarization (P,) increases with the increasing doping
percentage, and it is found to be 0.30, 0.51, 0.59, and 0.48 uC/
cm’, respectively, for the PVKO, PVK2.5, PVKS, and PVK7.S
nanocomposite membranes depicted in Figure 5d. The
remnant polarization is found to be highest in the PVKS
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membrane, which is analogous to the dielectric data and
indicates the maximum polar phase contained in the PVKS
membrane. This promising polarization in the PVKS
membrane made it suitable for any piezo-responsive
applications.

In order to calculate the piezoelectric coefficient (dy;), the
open-circuit piezo-voltages for the membranes have been
calculated under the mechanical force applied by simple finger-
tapping. At first, simple sandwich devices were prepared using
the nanocomposite membranes by attaching single-stranded
Cu wires on both sides of the membranes with aluminum
electrodes. The entire device was then coated with the
polymeric coating (PET jacket) for protection from any
external damage. The open-circuit output voltages were then
recorded by applying a force of approximately 10 N. The
calculation of the applied force has been demonstrated in
Supporting Information Section S4.*° It has been found that
the voltages are 1.9, 3.4, 7.5, and 4.5 V for the nanocomposite
membranes PVKO, PVK2.5, PVKS, and PVK?7.5, respectively,
as depicted in Figure Se. The open-circuit voltage without a
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Table 2. Comparison of the Piezoelectric Effectiveness of Synthesized Membranes with That of Other Reported Works (N.M.:

Not Mentioned)

P-phase dielectric remnant polarization piezoelectric coefficient
composite name %) constant (uC/cm?) (ds3 pC/N) reference
hematite-doped PVDE-HFP 80.2 17 N.M. 46.9 39
MoS, nanoflower-doped PVDF 80.0 N.M. N.M. 36.4 40
ZnCoO-doped PVDF 63.7 N.M. N.M. 44.7 41
ZnO/CQDs/PVDE 70.3 N.M. N.M. 49.5 42
rGO/PVDF-HFP 67.2 N.M. N.M. N.M. 43
hydroxyapatite/PVDF-HFP fiber-film 80.0 N.M. N.M. 30.2 44
nanogenerator
E-MoS, nanosheets 85.3 25.0 N.M. N.M. 12
gram-scale Y-doped ZnO and PVDF 72.0 N.M. N.M. N.M. 45
natural kaolinite-doped PVDF-HFP 84.2 12.9 0.59 47.7 this report
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Figure 6. (a) Photographs representing surviving E. coli colonies on the solid agar plates (after 24 h of incubation); (b,c) illustration of the amount
of ROS generation and mortality percentage of E. colj, as calculated using the colony counting technique; (d,e) FESEM images.

PET jacket has also been investigated for the PVKS membrane
and is depicted in Figure SS. The piezoelectric coeflicients
(d33) have been calculated for the membranes by using the
following relation™®
G XV

BF ®)
where C, is the specific capacitance, V is the open-circuit
piezo-voltage, and F is the applied force. The calculated dy3s
are 8.5, 16.5, 47.7, and 23.7 pC/N, respectively, for the
nanocomposite membranes PVKO, PVK2.5, PVKS, and
PVK7.5 (Figure S5f). The open-circuit piezo-voltage and
piezoelectric coefficients of the nanocomposite membranes
elucidate the fact that PVKS could be exploited as a potential
agent for further piezoelectric applications. A comparison table
of the piezoelectric effectiveness of the nanocomposite
membrane with that of other reported piezoelectric materials
is given in Table 2.
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3.3. Eradication Efficiency of Pathogenic E. coli and E.
faecalis Using Piezocatalysis. A substantial bactericidal
effect was found when the bacterial cells are exposed to
ultrasound with the polymeric membrane. The mortality
reaches nearly 99% in E. coli bacteria and 97% in E. faecalis
bacteria after 40 min of ultrasound treatment, which has been
calculated from the colony counting technique (Figures 6a and
7a). Conversely, cell proliferations were observed in the
control samples. A slight enhancement in the mortality rate in
the negative controls, ie., bacteria exposed to ultrasonic
vibrations, is only due to physical factors like micromechanical
shocks, cavitation, and mechanical effects.*® The movement of
compression and rarefaction waves through the media during
ultrasonication and the collapse of rapid oscillating bubbles
have a deleterious effect on the bacterial cell membrane.

However, the piezocatalytic effect due to the presence of the
membrane has an instantaneous lethal impact on the bacterial
load. In reality, the induced potential difference on both sides
of any piezo-responsive membrane under the mechanical
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Figure 7. (a) Photographs representing surviving E. faecalis colonies on the solid agar plates (after 24 h of incubation); (b,c) illustration of the
amount of ROS generation and mortality percentage of E. faecalis, as calculated using the colony counting technique; (d,e) FESEM images.

stimulus arranges the electron over the surface of the
membrane.® These electrons further react with the hydroxyl
radicals of water and produce ROS such as hydroxyl radicals
(OH*), singlet oxygen (;0%), and superoxide (*O*). These
generated ROS play a pivotal role in inactivating bacterial cells.
The reaction of ROS generation is given below”

PVKS membrane + mechanical stress (US) = e~ + h

h* + H,0 = OH* + H*

Furthermore, the PVKS film under ultrasonic stress induces
major distortion and holes in the bacterial cells, which
eventually lead to membrane bursts and severe damage to
the cellular membrane, as shown by the FESEM micrographs.
This makes it easier for intracellular components to seep out
and for cytoplasmic materials to be released, which
compromises the integrity of the cell membrane. In the
control sample, the cellular membrane is smooth and
undamaged, whereas after piezodynamic therapy, the bacterial
cell ruptured and destroyed about 99% E. coli and 97% E
faecalis. In the case of the negative control with only
ultrasound, the bacterial mortality was found to be 74.8 and
71.9%, suggesting that the piezodynamic ROS enhances
bacterial eradication efficiency. The time-dependent kinetic
study is depicted in Figure S6 for both the negative control and
piezocatalysis. Moreover, the antibacterial test of the PVDEF-
HFP membrane without ultrasound and with ultrasound has
been investigated and is given in Figure S7. It has been found
that the antibacterial efficiency was 8% without ultrasound and
around 35% with ultrasound. The 35% eradication was found
to be due to the nominal piezocatalytic efficiency in the bare
PVDE-HFP membrane.
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The fundamental cause of piezocatalysis is ROS creation,
primarily OH*, as was previously stated. This ROS production
can also aid in the disinfection of bacteria. Furthermore,
whereas the formation of ROS is negligible in the control
group, it is gradually increased in the PVKS-mediated
treatment group (Figures 6b and 7b).

The fact that free radicals can damage subcellular
components like protein and nucleic acids, disrupt trans-
membrane electron transfer, stop DNA replication, and
encourage lipid membrane peroxidation suggests that the
ROS produced under mechanical stress can effectively render
bacterial cells inactive (Figure 8).” FESEM micrographs
further demonstrated that these processes finally lead to
cellular damage and cell demise (Figures 6d,e and 7d,e). As
demonstrated after a 40 min treatment, the small amount of
oxidative stress caused by ultrasonic vibration is likewise
bacteriostatic, although it is about 50% lower and ineffectual

/ Leakage of cellular \
i\i ! )l e \‘\\.
g
o8 &

w:’,

Ultrasound

Membranal’nphjrs .

Figure 8. Mechanism of ROS-mediated bacterial damage, disruption
of the membrane integrity, and simultaneous leakage of cytosol.

B
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Table 3. Comparison of Bacterial Eradication Effectiveness of the Nanocomposite Membranes with That of Other Reported

Works (N.M.: Not Mentioned)

name of the bacterial degradation  required time

type of the sample stimulus used bacteria efficiency (%) (min) reference
PVDF/tea polyphenol (TPs)/Ag N.M. E. coli 85.56% N.M. 48
PVDF composite film embedding LiNbO; ceramics decorated with silver  ultrasonication  E. coli, 99.99% 180 min 49
nanoparticles (Ag NPs) S. aureus (3h)
96.65%
tea polyphenols (TPs) PVDF/TPs composite thin films N.M. E. coli 97.22% N.M. 48
Ag-NP-decorated PVDE-BaTiO; composites N.M. E. coli 81% 1440 min S0
(24 h)
poly(vinylidene fluoride) (PVDF)/sphere@TiO,(CST) composite photocatalysis E. coli, N.M. 40 min S1
S. aureus
kaolinite clay-doped poly(vinylidene fluoride-hexafluoropropylene) soft ultrasound E. coli 99% 40 min this
(PVDF-HFP) report
E. faecalis 97%
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Figure 9. (a,b) Recyclability test of the PVKS membrane for E. coli bacteria, (c,d) recyclability test of the PVKS membrane for E. faecalis bacteria,

and (e,f) one-way ANOVA test for E. coli and E. faecalis, respectively.

compared to the synergistic action of the film in the event of
ultrasonic vibration. A comparison table of bacterial degrada-
tion using different samples is given below (Table 3).
Therefore, this work validates the fact that the piezo-responsive
PVKS membrane can be effectively utilized for the elimination
of both Gram-positive and Gram-negative bacteria under
mechanical stimuli. Moreover, the recyclability test of the
membrane has been investigated for up to 4 cycles and
negligible efficiency loss was found, suggesting the applicability
of the membrane for multiple uses (Figure 9a—d). The
statistical validation of bacterial eradication data has been
investigated with one-way ANOVA test for both the bacteria
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by GraphPad Prism 9 software. The statistical significance
value (p-value) has been found to be 0.0001 for E. coli and
0.0002 for E. faecalis, with a significant R* value of 0.9995 and
0.9989, respectively, which suggests the statistical correctness
of the data (Figure 9e,f). Moreover, the hemolysis rate was less
than 2% among the experimental groups of samples at various
doses. The hemolysis rate was only 0.13% at PVKS, whereas
those at PVKO, PVK2.5, and PVK7.5 were, respectively, 1.6,
1.1, and 0.39%, which were far less than the 5% allowed limit
(Figure 10). Hence, the PVK nanocomposites are considered
to be biocompatible membranes, which can be further used for
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in vivo experiments as these have no such toxicity effect on

cells.
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Figure 10. Biocompatibility of the nanocomposite membranes via
hemolysis assay.

4. CONCLUSIONS

In this report, naturally formed kaolinite clay has been ground
in a facile top-down synthesis method to find nano-clay. The
surface of this nano-clay was then modified successfully to
enhance its physicochemical properties, and it was incorpo-
rated into the PVDF-HFP polymer matrix. The fabricated
natural clay-based free-standing nanocomposite membranes
show promising piezo-responsive properties. This piezo-
response has been confirmed by XRD, FTIR, dielectric, P—E
loop, and d;; measurements. It has been found that the 5%
activated clay-incorporated membrane shows maximum piezo-
response. This highly piezo-responsive membrane has been
used further to decompose Gram-negative (E. coli) and Gram-
positive (E. faecalis) coliform bacteria, with a promising
degradation efficacy of 99 and 97%, respectively, in only 40
min of soft ultrasound. The ROS-mediated bacterial
degradation mechanism has been investigated further and
has been found to generate OH* radicals under soft
ultrasound. FESEM study was also performed to investigate
the cell death of bacteria and found that the ruptured cell wall
confirms the bacterial death. This highly piezo-responsive, eco-
friendly, low-cost, and natural clay-based nanocomposite
membrane can be produced on a mass scale to get rid of
waterborne diseases, if properly improvised.
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