N a\1 teof Scence Communicatio andvhmewcr

Indian Journal of Engineering & Materials Sciences
Vol. 29, December 2022, pp. 738-743
DOI: 10.56042/ijems.v29i6.70245

Piezoelectric Smart Material-Based Self-Charging Supercapacitor

Ranjan Kumar, & Kaushik Kumar”
Birla Institute of Technology, Mesra, Ranchi 835 215, India

Received: 9 September 2022; Accepted: 17 October 2022

In order to meet the demand for an alternative source of energy, researchers are conducting a focused research-based
study. This is due to the ongoing growth and breakthroughs in the development of self-charging (SC) supercapacitors.
Numerous research-based studies have been published in the recent years, and numerous fabrication methods for
piezoelectric material-based self-charging supercapacitors have been used (SCPSCs). Due to their efficiency in energy
conversion, storing, and harvesting, SCPSCs are becoming more and more common. A wonderful method has been
developed that combines two devices (energy storage and energy harvesting) into a single SC supercapacitor in order to
meet the demands of the energy deficit. This is accomplished using the two separate independent units, a piezoelectric
nanogenerator and a Li-ion battery. These two are employed in the process of electrically transforming mechanical energy
into chemical energy and storing the same. This integrating technology has a wide range of applications in monitoring
devices, SC devices (i.e., wearable electronics), and at the micro- and macroscale. The present study is a modest attempt to
inform readers about recent developments in SCPSCs by reviewing these developments in SCPSCs, their mechanisms, the
piezoelectric phenomena, and their fabrication techniques. In terms of design, fabrication, and materials employed, several

difficulties, restrictions, and future research directions have also been outlined.
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1 Introduction

The continuous exploration and demands for
renewable, alternate, reliable, and environment-
friendly energy sources for sustainable development
have become prime importance and are in top priority
with involved complicated challenges to meet the
energy demands in recent decades'. The exponential
growth in environment-related concerns is motivating
research towards the quest for safe, clean, and
versatile energy resources’. In this regard, energy
harvesting and storage have become the prime
concern for having fast and sustainable development
in this field. By 2050, the world’s energy
requirements are estimated to be double as per the
"World Energy Council website™. The primary
sustainable energy sources are intermittent; hence, the
requirement for compatible and versatile energy
harvesting and storing devices is evident in their
significant applications in the electronics field**. It is
a well-known fact that most of the energy resource
depends upon climate condition. Hence, harvesting
and storing eco-friendly and cost-efficient energy
resources is the major challenge to meet today's
energy demand. The design and development of such
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systems energized the researchers towards SC devices
due to the quick exhaustion of fossil fuels. SC devices
comprise two different processes as (i) the generation
of energy, i.e., the energy harvesting, and (ii) the
storage of generated energy, i.c., the energy storage”.
Renewable energy resources such as solar energy?®,
thermal energy’, wind energy®, hydropower’,
mechanical  energy, ie., the piezoelectric
nanogenerators (NG)'’, etc., are termed as the energy
harvesting systems. as shown in Fig. 1. Whereas the
batteries, fuel cells, and supercapacitors are regarded
as the energy storage systems and employed in
fabricating the SC power systems. The hybridization
of two different processes (such as energy generation
and energy storage) was discovered by wang and
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Fig. 1 — Schematic showing the classification of energy
harvesting sources®.
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coworkers'' in the form of SC systems. Those
mentioned above two distinct processes are done
using two separate units, piezoelectric nanogenerator,
and Li-ion battery. The first one is used to convert
mechanical energy into electrical energy, and the
other store these electric energies as chemical energy.
The piezoelectricity-based devices instantly convert
mechanical energy into electrical energy'> .

Different devices exhibit different energy storage
capabilities'*. Many possible efforts have already
been employed for hybrid energy power, chemical
cells, fuel cells, etc. but, they are not fully efficient in
solving energy storage problems and possess some
limitations. However, at present most of the electrical
energy is being stored in consumable batteries. Still,
these possess many issues such as limited power-
storage, limited lifespan, replacement difficulties, that
affects the environment adversely'”. Such limitations
and unresolved issues forced the researchers to
develop such a system that possesses high-
performance self-charging capabilities having power
cells with high energy conversion efficacy. However,
the main concern of developing the SCPSCs is to
enhance the efficiency at lower manufacturing costs
for their market survival. The SCPSCs technology
alone, requires complete understanding which itself is
on developing stage. “There is a requirement for
efficient electrodes and electrolytes that boost
productivity at reduced costs.” Capital expenditure
includes cost-effective and high-quality raw materials,
optimized manufacturing process and machining
process and the wusage of “nontoxic and
environmentally friendly materials”. Therefore, the
piezo-based super capacitors possess slightly higher
costs.

The development of supercapacitor serves the
purpose efficiently, including high capacitance and
significant potentials of storing large amount of
electrical energy along with unique characteristics of
rapid charging-discharging rate. The high-power
density of supercapacitors made it possible to use as
an alternate energy source to fulfill the energy
requirement of present energy demands. Piezoelectric
materials, electromagnetic and triboelectric, are such
mechanical sources used to develop the SC
capacitors. The supercapacitors involve the
mechanical energy in vibrational form during human
interactions, their activities, and environmental events
and convert them into electrical energy”'?. Such
nanogenerators have gained their popularity in the

energy hybridization conversion (energy harvesting
and storage) process.

The piezo-materials based SC capacitors have
shown the most promising results and proved to be
the most efficient energy source. Such SC devices use
the piezoelectric effect. The energy hybridization
(conversion and storage) is done in a single step.
Generally, organic and inorganic materials are utilized
in developing the SCPSCs'®". In the subsequent
sections, the term ‘piezoelectric’ has been used as
‘piezo’ for short and suitable use with other terms.
The current work is a modest attempt to enlighten the
readers about the mechanisms and behavior of such
smart and attractive materials (piezoelectric) based
devices, their efficacy, applications, and challenges
with future research. Various progress in SCPSCs
development can be estimated through the published
documents as illustrated in Fig. 2.

2 Materials and Methods

2.1 Construction, Mechanism, and Operation
Supercapacitors have attracted the great attention
of the scientific community due to their unmatched
high performance, energy storage capability, high
power density, low maintenance cost, and
environment-friendly nature. The energy-storing
supercapacitors behave as a charge carrier that
conserves the charges by applying an external voltage
and functions like a rechargeable battery. An ordinary
capacitor is a simple charge storing device, where a
dielectric material is placed in between the two
parallel  electrodes  (plates). = Whereas  the
supercapacitor has no such dielectric material and
consists of the two plates (electrodes: cathode and
anode), electrode separator, and an electrolyte
solution. The two electrodes are separated by a thin
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Fig. 2 — Subject wise documents published in the domain of
piezo-self-charging supercapacitor.
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layer of insulating material (carbon, plastic, or paper)
immersed into an electrolyte solution. The
performance of the supercapacitor can be altered
using the chosen material for its electrodes'®.
Generally, low loading material is preferred for
electrode plates to investigate the electrochemical
properties of the materials. Also, the increment of
external loading escalates the electrode thickness, but,
due to having limitations in ionic conductivity, the
issue of mass transfer occurs across the electrode. The
material selection for SCPSCs electrode plays an
imperative role in terms of stability, efficiency, and
performance having high specific capacitance, higher
surface area, controlled porosity, etc., higher thermal
conductivity, and low cost'’. Supercapacitors can be
divided into (i) pseudo-supercapacitor and (ii) double-
layered capacitors. Further, based on the mechanism
and types of electrodes, this are further categorized
into symmetric (having two similar parallel plates) as
well as asymmetric (having two dissimilar parallel
plates)’.

2.1.1 Electrical Charge Cumulation

"The cumulation of an electrostatic charge is
necessary to store the charge traps within so-called
Helmholtz layers." The applied input voltage diffuses
the ions in electrolyte via voids developed in opposite
polarity electrodes. The accumulated charges produce
two loaded layers between an electrode and an
electrolyte, with a little interfacial separation. Thus,
the high capacitance values result from the fact that
the capacitance depends upon the surface area and the
“inverse of separation among both the layers'’. Also,
using the carbon materials like graphene as an
electrode enhances capacitive performance. These
carbon-made graphene materials possess improved
characteristics like large surface area and high and
enhanced electrical and thermal conductivity. “An
EDLC is the simplest and most commercially
available supercapacitor, where the charge is
physically stored by electrostatic charge adsorption at
the interface between electrode and electrolyte” 22,

2.1.2 Pseudo-supercapacitance

Supercapacitors are also termed as
‘electrochemical capacitors.” Pseudocapacitance is
referred to as a faradaic process known as an
electrochemical energy storage process where the
absorbed ions gather the charges. In supercapacitors, a
redox reaction occurs, and the transfer of ions is
deposited all over the two layers. “Ruthenium dioxide

(RuO2) was the first electrode material reported
to exhibit pseudocapacitive behavior”.  The
electrochemical behavior of pseudocapacitance
energy storage is midway between pure electrostatic
EDLCs and solid-state diffusion dominated by
Faradaic reactions in bulk battery-type materials. The
mechanism of energy storage for capacitive electrodes
has been illustrated showing the electrochemical
chemical features during various faradaic processes”.
The electrochemical behavior of pseudocapacitance
energy storage is midway between pure electrostatic
EDLCs and solid-state diffusion dominated by
Faradaic reactions in bulk battery-type materials.

2.2 Phenomenon of Piezoelectricity

Piezoelectric materials feature the electrical
properties of materials that produce piezoelectric
effect, as a result, the mechanical energy is converted
into electrical energy. The piezoelectric materials are
used as dielectrics that get polarized on mechanical
loading/stress. All materials do not show the unique
behavior of such energy conversion through the
piezo-effect. There are two states of piezoelectric
materials: polar and non-polar piezoelectric materials.
Polar piezoelectric materials possess “non-zero dipole
moment," whereas non-polar piezoelectric materials
possess “total null moment. Initially, the material
exhibits a neutral character. On external loading,
deformation occurs in the material that induces an
electric dipole by separating positive and negative
charges. Further, the opposite induced poles
neutralize each other, and some “definite charge is
seen” on the surface of polarized materials, termed as
“piezoelectric effect." Under influence of such effects,
an electric field occurs on the polarization of the
materials and helps “converting mechanical energy
into electrical energy”. On removal of applied
external load, the induced charges vanish, the flow of
charges takes place in reversed direction, and the
induced polarity gets reversed®. Finally, the material
gains its original state.

2.3 Self-charging Energy Storage Mechanism

The energy conversion from one form to another
and its storage is a challenging issue occurring
nowadays. In the case of SCPSCs, the energy is stored
on the interface exposed between the electrode and
electrolyte solution. During the energy storage
mechanism, self-charging process depends piezo-
effect. When a piezoelectric material experiences an
external loading, it develops an internal field
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effect”. However, the ‘Rochelle salt’ is used in
piezoelectric materials as well as in developing SC
supercapacitors’.  Figure 3  demonstrates the
mechanism of supercapacitors. Initially, the system
remains at discharged state in the absence of any
external stimuli, Fig. 3(a). Then, applying small
loading via hand, the piezo material gets polarized, and
due to ions polarization, a potential difference is
created throughout the separator on both sides of
electrode.

As a result, cations pass through the piezo-field of
an electrolyte solution, this percolates the potentials
generated across the piezo-separator, as shown in
Fig. 3(b). An electrochemical imbalance occurs when
ions flow through electrodes and electrolyte solution,
resulting the occurrence of redox reaction at both
electrode surfaces, Fig. 3(c). The free flow electrons
towards the negative electrode, ensuring charge
balance and charging. Due to this continuous process,
a state of chemical equilibrium is obtained and no
further ions polarization occur.

On removal of external loading/compression force,
the developed piezo-potential is dissipated through
the piezo-separator made up of piezoelectric materials
as delineated in Fig. 3(d), unsettles the equilibrium
state of electrochemical systems. This is compensated
by returning of ions to complete the charging after the
occurrence of the redox reaction™.

2.4 Mathematical Modelling of Piezoelectric Effect
According to the linear theory, at low mechanical
stress the piezo-material has a linear profile at the low
electric field. The piezoelectric materials exhibit
linear behavior for a particular range of electric fields

Schematic

Fig. 3 — showing the SCPSCs mechanism:
(a) discharge state, (b) piezo-effect due to external stimuli,
(c) ions movement closer to the electrode surface, and (d)
vanishing of piezo-effect on removal of external stimuli**.

and mechanical stresses. A poled piezoelectric
material becomes electrically polarized when it gets
physically stretched/strained, resulting the electrical
charges deposition on the material's surface. If the
electrodes come into contact with the surface of the
substance, the collected charges from the material
surface get accumulated on these electrodes™™.
In piezo-materials, the accumulated electric charge
density exhibits a proportional relationship with
external stress. The mathematical relation for the
same is given as:

-> -

P_I; =dxT (D

where, B, denotes polarization vector of piezo-

materials, d is the strain coefficient of piezo-

materials, and T represents the stress applied to piezo-
material. Similarly, the reverse piezo-effect is also
expressed as:

> -

gpe: dXE (2)

Where, 5, is mechanical strain under piezo-effect, Eis

the magnitude of an applied electric field. Further, both
direct and reversed piezo-effects could be structured
under the consideration of elastic properties as:

Ppe=dxT=cxS=exS§ ..(3)
Tpe=cxS, =cxdxE=exE ..(4)

2.5 Fabrication Techniques

For SCPSCs fabrication various techniques and
methods are adopted. Sometimes for energy
harvesting process, the smart piezo-materials are
employed as a separator as well as electrolytes. For a
SC  capacitor, various methods such as
electrospinning, mixed-oxide sintering, vapor induced
phase separation, etc'>***’. are being used to prepare
piezo-materials for energy harvesting purposes.
PVDF is a highly appreciated piezoelectric smart
material utilized in SCPSCs. Various literatures have
reported the PVDF films of different thicknesses, can
be directly used as piezo-separator in the fabrication
of SC supercapacitors. Besides the separator, piezo-
materials are also utilized as electrolytes.
Krishnamoorthy et al.*® reported the idea of ion gel
electrolyte made-up of piezoelectric materials for
utilization in a supercapacitor.



742 INDIAN J ENG MATER SCI, DECEMBER 2022

However, the techniques of using the piezo-
materials as a “piezo-separator and piezo-electrolyte”
are very productive and functional. The choice of
piezo-materials has proven their efficacy, high
performance, and effective uses in manufacturing of
SCPSCs and plays a vital role in their unmatched
applications.  Various piezo-materials such as
potassium “sodium niobate (KNN),” BaTiOs, ZnO, and
PVDF are used to fabricate SCPSCs. Usually,
inorganic materials like ZnO, quartz, BaTiOs;, PZT, and
organic materials like PVDF exhibits the piezoelectric
phenomenon. Among these, PZT and BaTiO; possess
highest piezo-constant and demonstrate high efficacy.
But, due to lead content in ZnO, the

BaTiO; is the only promising lead-free material
with high piezoelectricity and biocompatibility for
environmental concerns. Similarly, when compared to
other organic polymers, PVDF possess higher
piezoelectric capabilities that can be deformed
without cracking, and has higher strength. Due to the
chemical stability and inertness, it is used as a
separator. This does not react with the electrolyte

over a sizeable potential range. (Available
the in-depth study on the development of
SCPSCs)* ™.

3 Results and Discussion

3.1 Advantages and Disadvantages

In this field, the materials proposed for
manufacturing of SCPSCs are making strides.
However, they have some flaws that limit their uses
as a supercapacitor manufacturing candidate. A
notable merits and demerits of SCPSCs based
materials have been provided by Singh et al.’

3.2 Applications

Further, providing the applications perspective in
implementation benefits is one of the major
characteristics of utilization of such SCPSCs. The
development and architectural design of such systems
based on their usability are the current hour
requirements and indeed incorporates various aspects
such as human need, cost effectiveness and future
materials® etc. At a high-end applications spectrum,
the SCPSCs are being used in hybrid vehicles in order
to enhance their efficiency. Also, these are potentially
utilized in solar arrays and also in micro-energy
harvesting applications which do not require much
energy storage. Further, various MNCs are now a
days involved in developing SCPSCs with higher
efficiency that can be found in detail in*>.

3.3 Challenges

The world is suffering from an energy crisis, and
the demand alternate energy sources are
comparatively very high. The shortage of energy
sources, their reasonable distribution and utilization
is the primary concern for our researchers and
scientists in today's era. The development of
SCPSCs have grown as a demanding candidate in
energy harvesting and storage systems. However,
they possess some sort of limitations. SCPSCs also
encounter some technical issues like “electrical
parameter models, conducting consistency analysis
and creating industry standards." However, there are
many available supercapacitors, but these are
insufficient and incapable of charging the devices for
an extended time. Additionally, the low power
density, design improvement, low power output,
longevity, self-discharging, and the cycling life of
such SCPSCs are the primary technical issues and
demand high concerns.***3¢

4 Conclusion

Over the last few decades, the demand for
an alternate energy source have extensively
investigated for sustainable, environment-friendly
energy generation, storage systems and techniques.
The energy harvesting and storage methods possess
the long-term utilization of renewable energy
resources for various applications. The current work
discusses the SCPSCs construction and mechanisms
for developing SC devices and summarizes the
fabrication procedure along with challenges.
various applications of SCPSCs in domain of
“flexible/wearable technology,” advancing the ways
of adaptable display facilities, “ecosystem management,
cloud computing, military applications, and smart
wearable electronic gadgets. The present work
highlights different piezo-materials that facilitate
the SC phenomenon in supercapacitors.” Various
organic and inorganic materials with high
piezoelectric constants such as PZT, ZnO, and
BaTiOs; are used as a PVDF. Among these materials,
BaTiOsexhibits its lead-free, environment-
friendly characteristics. But, the lead content in
ZnO made this undesirable material from
environmental perspective. Still, ZnO possesses high
performance, easy fabrication, low cost, and high
piezoelectricity, made it suitable in wide range of
applications. Due to exceptional properties, it is
much advantageous towards the utilization in
supercapacitors.
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