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Piezoelectric Polymeric Foams as Flexible Energy

Harvesters: A Review

Manauwar Ali Ansari* and Patcharapon Somdee

Piezoelectric energy harvesters (PEHs) have the potential to power low-power
electronic devices and can advance, self-powered, autonomous electronics to the
next level. Conventional ceramic-based piezoelectrics have various properties
such as fragility, rigidity, toxicity, high density, and lack of design flexibility which
limit their use in more flexible environments. A ton of research has been carried
out and published on novel piezomaterials, their transduction mechanisms,
analytical models, and electrical circuits to improve various aspects of PEHs.
Among these materials, studies on polymeric cellular (or foamed) ferroelectrets or
piezoelectrets as PEHs have grown significantly since their discovery. Also, very
limited or short reviews are available covering only few aspects. There is a
necessity of recognizing their past and present advances in their various
generation technology and polymer systems. Herein, a broader review of almost
all conventional and recent polymeric foam-based piezoelectrics for PEH
applications is summarized. These cellular polymer piezoelectric systems either
in bulk, composite, layered, or film form can be fabricated, and depending on the
application and conditions, different polymers groups, mainly, polyolefins,
polyester, fluoropolymer, and others, are considered. Their applications and

which resulted in comparatively high energy
output than other piezoelectrics.”! Although
PZT is a common material, its properties
such as fragility, rigidity, toxicity, high den-
sity, and lack of design flexibility have limits
on its use. Therefore, highly compatible
piezoelectrics from material class polymers
and ceramicfiber composites could be
mainly considered. Until now, the most pop-
ular polymer-based piezoelectrics reported is
polyvinylidene fluoride (PVDF), having
more flexibility and a comparatively low
piezoelectric coefficient. Researchers have
also undertaken various efforts to enhance
the piezoresponse of PVDF and their
approaches based on either fabrication
methodology or increasing the p-phase per-
centage in the composition."**). Besides PZT
and PVDF, now, a lot of their material
systems come in the form of piezosingle crys-
tals,”®! nanostructured ceramics,'®”) ceramic—

future perspectives are also presented and discussed.

1. Introduction

Today, piezoelectric materials have increasingly become popular
due to their various engineering applications such as sensors,
actuators, and energy harvesters (EHs)."? So far, lead zirconate
titanate (PZT) has been the most popular ceramic-type piezoelectric
that has been investigated due to its large coupling coefficient (ds3)
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polymer composites, nanoparticles—polymer
composite foams,™®  molecular mono-
layers” molecularly doped polymeric
foams,['% space—charge electrets,'Y etc.

Recently, scientists have started studying the polymeric cellu-
lar (foam) piezoelectrets for PEH applications.™ The polymeric
foam piezoelectrets (or ferroelectrets) were first discovered in
Finland in the 1980s.1"*) This type of piezomaterial is a dielectric
having permanent electric charge similar to permanent magnets
having permanent magnetic fields. These are called ferroelectrets
showing piezoelectric-like properties, opposite to conventional
piezoelectric materials. Piezoelectricity is induced in these
materials by a polarization process that imparts charge which
is permanently trapped in foam voids by applying either electrical
or mechanical stimuli that make the charged voids macroscopic
diploes. Piezoelectric foams have advantage over conventional
piezopolymeric materials due their large piezoelectric coefficient
(d33 =250 pCN™Y), which is almost seven times higher com-
pared with PVDF (d33 = —33 pC N '). The foams void-cell-like
structure also gives them a low weight and great compliance.
Moreover, piezoelectric systems made from cellular polymers
either in films or bulk forms have special interests because of
their low material cost, ease of processing, the possibility to make
flexible thin films, low density, etc.'

There have been many reviews reported so far. Mohebbi
et al.’ presented a review based on ferroelectret materials, their
processing, and applications and also discussed the various
parameters affecting ds3 coefficient such as pressure, gas break-
down strength, fillers, and working temperature. Sappati et al.!"®l
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reviewed different piezoelectric papers and polymers, Kaczmarek
et al.’! reviewed various classes of piezoelectric polymers. Zhang
et al.'”! discussed ferroelectrets’ materials, manufacturing tech-
nique, and modeling. Safaei et al.”” comprehensively reviewed
piezoelectric energy harvesters (PEHs) based on various types
of materials and methods covering the research published
between 2008 and 2018. Mishra et al.l' explored polymers and
nanocomposite-based piezoelectrics in PEH applications.
Surmenev et al.'*®'®! summarized the recent accomplishments
in the advancements of novel hybrid lead-free PVDF or
PVDFTrFE-based piezoelectrics and pyroelectrics for biomedical
applications. However, currently, there are very limited or no
reviews available to broadly and separately cover the polymer foam
(or cellular)-based piezoelectrets considering recent advances in
their generation method and various polymer material groups.
Therefore, the aim of this article is to summarize the current
advancements in piezoelectric cellular polymers, based on con-
ventional and recently developed generation techniques in view
of various polymer classes. In this review, Section 2 provides the
general definition and the principle of piezoelectricity and PEHs.
Section 3 gives the division of polymeric piezoelectric foams
based on their classical and recent variants such as space—charge
piezoelectrets (single and stacked), cellular piezoelectric compo-
sites, molecularly doped piezofoams, and solid—electrolyte-filled
piezoelectrets. Further, each type of piezofoam is reviewed in
view of various polymers groups such as polyolefins (PP,
IXPP, PE), polyesters (PET, PEN), fluoropolymers (PTFE, FEP,
AF), and others (COP & COC, PC, PDMS, PVDF, PLA, and
PU) from the past available literature. Section 4 and 5 provide
a discussion on their application as PEHs and their future scope,
respectively. Finally, the main conclusions are given in Section 6.

2. Piezoelectricity: Theory and Principle for
Energy-Harvesting Devices

The ability of certain materials to convert from mechanical
(shock, vibration, etc.) energy to electrical energy without any
external energy input, or vice versa, is called piezoelectricity,
and the materials having this property are known as piezoelectric
materials or simply “piezoelectrics”. The process of converting
energy from mechanical to electric is called direct piezoelectric
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effect and the reverse process is referred to as the converse piezo-
electric effect, as depicted in Figure 1a,b. Almost all the sensors
and transducer systems are associated with direct effect, whereas,
actuators are based on converse effect. The direct relation between
the polarization density and the stress of the materials (bulk) is
responsible for the reversible process.!"” This property can be cal-
culated via a piezoelectric ds3 coefficient with the unit of pC N™'.

This piezoelectric phenomenon is mainly attributed to certain
types of crystal lattices having elemental structures. The total
charge (positive and negative) balance equilibrium within these
crystal structures stays neutral across the polar axis (virtual). This
equilibrium is unbalanced or gets disturbed whenever mechani-
cally strained or vibrated, allowing the dipoles to become irregu-
lar and producing an electrical charge.”” Imposing physical stress
either compression or tension results in charge balance disrup-
tion, also deforming the internal crystal structure. The charges
(positive and negative) are then separated by the destruction
of the molecule’s neutrality, generating surface charge density
for the electrodes to be collected.*"

The materials having no polarization and no piezoelectric effect
can be made piezoelectric by an operation called poling, in which
generally, a strong electric field is applied close to their Curie tem-
perature. This process generates polarization by enabling the
movement of the free molecule and aligning the dipoles in a sin-
gular orientation along the direction of the applied electric field.
When the temperature is lowered to normal room temperature
and the electric field is taken away, the dipoles retain their closely
aligned polarization in a continuously locked configuration, dis-
playing piezoelectric behavior. Polycrystalline materials, however,
have the ability to adjust polarization if necessary, and by changing
the poling conditions, their polarization degree can also be
adjusted easily by varying the poling conditions.[?*2’!

The direct as well as converse piezoelectric process can be well
represented by the two equations as follows.[**]

Direct piezoelectric effect
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Converse piezoelectric effect
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Figure 1. a) Direct and b) converse piezoelectric effect. Reproduced with permission.? Copyright 2018, Springer Nature.
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Figure 2. Three co-ordinate axes direction systems in piezoelectric mate-
rials. Reproduced with permission.["l Copyright 2018, Wiley-VCH GmbH.

where D; is the dielectric displacement, Ej, the electric field
vector, &, is the mechanical strain vector, o, is the mechanical
stress vector, dfm and dj?k are piezoelectric coefficients, eg is the

dielectric permittivity; and Sf_ is the elastic compliance matrix.
By considering the fact that the process of direct mainly associ-
ated energy-harvesting systems and devices and the converse
process is with actuators, the significance of subscripts and
superscripts used in Equation (1) and (2) is given in more detail.
The superscripts d and ¢ symbolically denote the direct and
converse piezoelectric equations, respectively. The subscripts

www.advenergysustres.com

i, j, and k denote the directions of the coordinate system inside
the material. The superscripts ¢ and E represent the dielectric
constant measurement under constant mechanical stress and
constant electric field, respectively.

The axes denoted as 1, 2, 3, as shown in Figure 2, are similar to
the Cartesian coordinate axes x, y, z which areused to define the
three direction indices i, j, k in piezoelectrics. The polarization
direction is defined by z-axis or direction 3. The shear motion
or rotational motion is specified by the subscript m around
the axes 1, 2, and 3 and is denoted here as 4, 5, and 6, respec-
tively. The mode of operation can also be determined via these
indices, wherein the electric field direction corresponds to the
imposed mechanical stress/strain of a PEH.[2>%¢!

3. Types of Polymeric Piezoelectric Foams

There are a broad range of cellular or foamed polymer piezoelec-
trets available in the literature. They can be divided into five main
groups such as conventional space—charge piezoelectrets, layered
or stacked piezoelectrets, cellular piezoelectric composites,
molecularly doped piezoelectric foams, and solid—electrolyte-
filled piezoelectric (Figure 3). This classification is based on
conventional and recently developed techniques to advance their
piezoelectric properties.

The conventional space (or voided)—charge polymers or ferroe-
lectrets, or piezoelectrets, are cellular—polymer films, made via the
plasma discharge of the internal void gas, and their piezoelectricity

Stacked space-
charge electrets

Solid electrolyte
filled piezo-foams

Conventional
Space-charge
electrets

Polymeric
piezo-
foams

Molecularly
doped piezo-
foams

Cellular
piezoelectric
composites

Figure 3. Different types of piezoelectric foams based on conventional and recently developed techniques. Conventional space—charge electrets.
Reproduced with permission.?”) Copyright 2015, Wiley-VCH GmbH. Stacked space-charge electrets. Reproduced with permission.”® Copyright
2016, Wiley-VCH GmbH. Solid electrolyte filled. Reproduced with permission.*! Copyright 2017, The Royal Society of Chemistry. Cellular piezoelectric
composites. Reproduced with permission.% Copyright 2016, AIP Publishing. Molecularly doped piezofoams. Reproduced with permission.I"” Copyright

2016, The Royal Society of Chemistry.
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is generated through dimensional alteration of artificial macro-
scopic dipoles. Multilayer piezoelectrets can be used to enhance
the generated voltage or current and hence the total power output
depending on whether the layers have a series connection or a
parallel connection. Polymeric cellular composites have many spe-
cific properties such as low specific weight, strong temperature
resistance, and a higher piezoelectric constant (d33), making them
the most important materials in modern electronic applications.
The molecularly doped piezofoams are new types of piezoelectric
materials in which electric polarization is not generated due to
the foam structure, unlike in conventional space—charge electrets,
but simply responsible for desirable mechanical properties,
and the highly polar foreign (dopant) molecules are responsible
for piezoelectricity phenomenon.'”! Piezoelectricity in the novel
solid polyelectrolyte-filled cellular polymer is attributed to the
strong action of intrinsic polarity and orientation of molecular
dipoles of polymer (e.g., PVDF) cells, formed when pressure
crystallized, with artificial macroscopic solid—electrolyte (e.g.,
Nafion) dipole fillers on several micrometer scale, generated via

their internal ionic mobility during the deformation of the cell
wall.**)

3.1. Space—Charge Piezoelectrets (Single and Stacked)

Cellular polymeric films can be generated either in a closed
mold®" or by thermoforming®? using many different processes.
In general, voided (space) charge electrets or cellular polymeric
film can be fabricated via two common methods: 1) stretching
or 2) foaming (Figure 4). The stretching method involves the fab-
rication of a polymer composite film (particles filled) and stretch-
ing it to initiate cells (voids) around the filler particles through
decohesion/delamination at the particles interface. The foaming

(i) Stretching method

Solid particles

- ° o
° o ° ° °
o

°

Stretched film(voids creation by

Composite film
delamination/decohesion)

(ii) Direct foaming method

Polymer film Foaming (due to gases

such as CO2)
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method comprises creation of cells via gas introduction just like
in a normal foaming process.['>! Piezoelectricity can be generated
in the cellular structures by introducing gas (e.g., Air, Ar, N,, N,0,
etc.) into the cells and its ionization with an external high-voltage
electric field. This may be created with the use of devices like
corona discharge.”® The schematic procedure is presented in
the right part of Figure 4. The inner Paschen breakdown, which
is initiated whenever charging voltage exceeds the gas breakdown
threshold voltage, is responsible for charge deposition in cells. A
sequence of dielectric barrier discharges (DBDs) is used to charge
the interior cell surfaces in this approach.?**> As a result, mac-
roscopic dipoles are created due to the separation and trapping of
opposite charges on the interior upper and lower surfaces of the
cells through the DBD process.

An effective method for enhancing mechanical-to-electrical
energy conversion using piezoelectrets could be folding and
stacking the films and hence increasing the layer numbers.
Increasing the number of layers subjected to mechanical force
is a good idea. The increased cellular electrets layered structures
generally provide enhanced surface charge density and therefore
the electromechanical properties of the piezoelectrics system.
Pondrom et al.*® presented stacks of 9 and 10-layer piezoelec-
trets. The harvesters generated power of 1.3pWg 2 when
periodically excited with 140 Hz compression. The output power
for the system of a single layer was enhanced to 5mW at a
frequency of 700 Hz. In 2015, Ray and Anton"*” made a system
with a 20-layered stack to enhance the performance, which was
previously proposed by Pondrom et al.*® The stack was excited
periodically with compression and connected to charge a capaci-
tor. The output was found around 3.8 m Wg™ with 650kQ
optimal load resistance. Also, his stack was configured for charg-
ing a 1 mF capacitor with the potential 1.2 V within 45 min, while

Process of cellular polymer
Electrode film charging

Dielectric discharge

Expanded film
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Figure 4. Method of generation for stacked space—charge electrets: i) stretching method and ii) direct foaming method. Reproduced with permission.?*!

Copyright 2010, SPIE.
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being imparted with harmonic compression at 124.4 Hz and
0.5g acceleration. An average value of dj; was found as
704 pC N~ ! for the 20-layer stack at all frequencies, which were
equivalent to ~35p CN™* for each layer.

3.1.1. Polyolefin-Based Piezoelectric Foams

Polypropylene (PP)-Based Piezoelectrets: Polypropylene (PP)-based
wearables and self-powered electronics replaced the serious
issues of batteries and can give a comfortable and sustainable
interactive service for humans. Paajanen et al.*® reported a
strong electromechanical effect, that is, dj; coefficient of
PP-based ferroelectrics via corona charging at 100-450 Wa or at
100-140 Wa in ambient nitrogen or in nitrous oxide, respectively,
with corona voltages of up to 60 kV. A maximum dj; coefficient of
790 pC N~ ! was obtained when the air within cells was replaced
with N, via successive low and highpressure treatment at temper-
atures 293 or 313°K. Hillenbrand et al.*! investigated piezoelec-
tricity in cellular PP with thickness consisting of 50-100 pm in the
structure of bilayers or multilayers composed in the solid or voided
form including an extra air layer. The quasistatic coefficients of the
cellular PP were of the order of 100350 pC N™'. The d3; of bilayer
or multilayer structured samples was significantly larger, reaching
up to 20 000 pC N™! in some cases. Also, a decrease toward larger
frequencies was noted for the single-layer sample.

Wegener et al.*”! investigated the ds; coefficient for cellular
structured PP films through controlling the cells’ inflation
pressure. An inverse trend was found among the elastic modulus
and da;3 coefficient. A ds; of 306 pC N~ for the softest cellular PP
film was achieved by inflation at 2 MPa, which was 2 times an
improvement over the previous result.[*!]

Qiu et al.*? studied the piezoproperties of a preinflated PP in
two ionizing gas conditions; first, the sample with SF4 as the
ionizing gas was charged under a pressure of 400kPa via the
corona method at a voltage of -60kV for a charging time of
15, and second, the same sample but air as the ionizing gas
was charged at atmospheric pressure via the same method at
a voltage of =32 kV for 15 s. They reported a large enhancement
in ds3 of 350 pC N~ for PP films saturated with SF; as compared
with d33 of ~215pCN~"! for the samples with air media.
However, the reported ds; of the cellular-structured PP films with
SF¢ saturation was far lower than that with N, saturation, that is,
790 pC N~ 1.8

www.advenergysustres.com

Sborikas and Wegener!*’! also reported the same inverse
trends among elastic modulus and ds; coefficient of cellular
PP piezoelectrets, as reported by Wegener et al.l*”! They demon-
strated a high piezoelectric coefficient up to 130 pCN™! for a
mechanically soft cellular structure obtained by film expansion
and electric charging. Hence, the resonance frequencies were
decreased down to ~233kHz because of increment in film
thicknesses.

Anton et al.*" reported PP foam-based vibration energy har-
vesting (VEH). They used commercial Emfit, Corp.-made foam
and fabricated a pretensioned EH of dimensions
15.24 cm x 15.24 cm x 85 pm. When energized longitudinally
(31 mode) at 60Hz excitation with a displacement of
+73 pm (p—p), that is, producing an acceleration of value
+10.38 g, 8 V peak is generated through this system. A constant
ds3 coefficient of ~175pCN™' was found at frequencies
10 Hz-1kHz. Also, when connected to a capacitor of 1mF,
the system could take 30min to charge the capacitor up to
4.67V while generating the average power of about 6.0 pW.
This value of output power was comparable with polymer
piezoelectrics and conventional piezoceramics.

Wu et al.””! produced a flexible generator made of cellular PP
with the highest peak power density of ~52.8 mWm™? for EHs
and health-monitoring uses (Figure 5a,b). The measured ds;3
coefficient was ~19 pC N~ for the multilayered PP film and this
value increased to 2205 pC N ' in case of the expanded cellular
PP. Also, this value was found to be stable for many weeks at
60 °C. Luo et al."*”) investigated the PP foams-based piezoelectret
with single-layer and multilayer stacking for the application of
EH and sensors worn by the human body. This was based on
a person’s footfall, implemented by an electrodynamic system,
applied compressive pressure, and momentum compared with
power output using an electrodynamic device. Peak strength, out-
put pulse length, and strike energy were extracted experimen-
tally. In addition, a condenser was charged by a corrective
device for the energy output of single-layer and multilayer piezo-
electrets. A ten-layer ferroelectrometer had 29.1 times the charg-
ing potential with the piezoelectret of one layer. The authors also
displayed its ability to energy generation and control a standard
low power consumption sensor.

Recently, Mohebbi et al.l*®! fabricated another PP foam-based
piezoelectret material using N as the ionizing gas and measured
a high ds3 coefficient of 550 pC N, that was two times higher

Figure 5. a) Scanning electron microscopy (SEM) image of the cross section of the cellular PP after expansion. b) Digital photo of a CPPFG and the inset
shows its flexibility. Reproduced with permission.””! Copyright 2015, Wiley-VCH GmbH.
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than the coefficients by previously reported literatures for
fabricated foams using air as the ionizing gas. Again in 2017,
the same group!*’! studied the effect of temperature, pressure,
and time (postprocessing parameters) on PP-foam piezoelectrets.
They reported the ds3 coefficients 800 and 550 pC N~ for treated
and untreated samples, respectively. In 2018, Mohebbi and
Rodrigue!*® optimized a cellular PP film with AR of 6.6 using
N, (ionizing medium) and measured ds3 of ~800 pCN~"'. The
electrode charge density was ~2.10mCm 2, capacitance
~465 pF, and higher stored energy ~1,824 p]. When air was
replaced with N,, they noted a significant improvement of
20% and 80% in the capacitance as well as stored energy of
the samples, respectively.

More recently, Samadi et al.l**! fabricated a piezo-PP foam
through the injection molding operation to be used in a possible
cost-effective bone texture scaffold. The test of biocompatibility
shows increased cell biocompatibility by foaming. They reported
that a unique peak-to-peak potential for a 2 mm-thick foam
sample was 84.02mVN~', which was 10 times higher than
the 3 mm-thick sample.

Irradiation-Crosslinked PP(IXPP)-Based Piezoelectrets: In 2009,
Zhang et al.* reported hot-pressed-treated and corona-charged
cellular piezoelectret films based on cellular irradiation cross-
linked PP (IXPP) and obtained quasistatic piezoelectric d;3 coef-
ficients up to 400pCN~' for room temperature-charged
samples. They noted slight dependence of ds; coefficients on
pressure up to 50kPa. When samples were exposed to 90 °C,
the ds; value drops to 30% for 1day. Also, an improvement in
the ds; thermal stability was noted by preaging treatment.
Again, in 2015, Zhang'’s group®! prepared a piezoelectret film
of IXPP foam, corona charged, and measured the ds3 up to
650 pCN™! at a frequency of 200 Hz. For the ds; coefficient of
400pCN~!, the figure of merit was found to be about
11.2 GPa™'. The VEH of these films is evaluated at varying load
resistances and frequencies by means of one- and two-layer
stacks. With a certain load resistance of 9 MQ and at a frequency
of 800 Hz, the maximum peak power was 120 pW obtained for
the single-layered IXPP film EH having a seismic mass 33.7 g
and an area of 3.14 cm® They reported that the power output
further increased using two-layer IXPP film stacks in the electri-
cal array. Recently, Sessler et al.’? investigated a stacked and
folded IXPP foam-based piezoelectret to study the effect of a
number of layers and seismic mass on the performance of
the EHs. The fabricated eight-layered-stacked foam showed a
power of ~80 pW under a mass of 20 g, acceleration of 1 g, with
a resistive load of 93 MQ. More recently, Tefft®®! expanded the
work by creating a more flexible foam stack of 20 layers and
composite graphene electrodes, which resulted in the charging
of a capacitor having a capacitance 1mF at 1.025V within
60 min at resonance 93 Hz and acceleration of 0.5 g. (Table 1)

Polyethylene (PE)-Based Piezoelectrets: Polyethylene (PE) is the
most used commodity polymer in the world and piezoelectric
applications of PE-based piezoelectrets would be significantly
important as these materials are very attractive for the large-
scale production of electret-based sensors and transducers due
to their low cost and easy processing. Nakayama et al.l’*! fab-
ricated a porous PE (p-PE) piezoelectret film (thickness 30 mm
with porosity 58%). ds; was 80 pC N~'. Also, they found that
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charges trapped in regions surrounding the film pores play a
significant role. In another research, Tajitsul®>”! fabricated the
p-PE film using corona discharge for polarities treatment.
They found a piezoelectric constant of 100 pC N~ in the per-
pendicular direction to their surface. Brafaa et al.’®! studied
commercial PE foams with closed cells of 480 pm using the
thermal stretching process that involved simultaneous film
heating to 100°C and mechanical stretching, resulting in
decreased film thickness and hence increased cell deforma-
tion. Further, when under corona discharge with an applied
voltage 12 kV for 5 min, we end up with 170 pC N~ piezocoef-
ficient. Rychkov et al.®”) prepared low-density polyethylene
(LDPE) based piezoelectrets via a template-based lamination
method and reported the improvement in electret charge trap-
ping, its thermal stability, and piezoelectricity when treated
with orthophosphoric acid. Consequently, the d33 decay curves
shift to a higher temperature by 40 °C.

Recently, Kaczmarek et al.*® obtained MDPE films using
extrusion and showed that cellular structures were formed
when adding a foaming agent to films (Figure 6a). This enables
build-up of electric charges, mostly at the cavity interfaces. The
measured ds; (18 and 75 pC N™?) for a range of low stresses dis-
appeared for larger stresses. For temperatures ~72 and ~82 °C,
the appropriate activation energy reached 2.67 eV for a com-
pacted sample and 3.28eV for the noncompacted one.
Hamdi et al®® produced the extrusion-blown, biaxially
stretched cellular polymer films of linear low-density PE
(LLDPE) and low-density PE (LDPE) and optimized the film cel-
lular morphology for possible applications in piezoelectrets.
They used a nucleating agent (talc) and a blowing agent (azo-
dicarbonamide). Recently, Hamdi et al.®”! prepared this using
same method,”®! followed by corona charging (Figure 6b). They
showed that samples charged under nitrogen (N,) at 100 kPa
had a better ds3 coefficient than those charged under ambient
air or N, at 20 kPa. Moreover, an optimized eye-like cellular
structure with different aspect ratios (ARs) was obtained when
imposed on two different thermal pressure treaents. They
achieved higher d;; coefficients when the cell’s structure elon-
gated in both the transverse and longitudinal directions (higher
AR). Further, the ds; coefficient of 935pC N™! was found,
which was best for AR-L (longitudinal AR) of 7.1, AR-T (trans-
versal AR) of 4.6, and 0.52 relative foam density. d;; was further
reported to increase to a maximum of 2550 pC N~ (Figure 6b)
using a multilayered structure and reverse charging. Finally, the
d33 value was much higher than for any PE and PP piezoelec-
trets reported so far. Again in 2019, the same group®"
fabricated cellular PE piezoelectrets using the same method
and obtained very good dj; coefficients of 935pCN~
They showed a possible way to increase continuous service
temperature (CST) resembling the PP-CST (i.e., 40-80°C).
Further, the d;; value was improved up to 3270 pCN™! with
a three-layered film when reverse charged. Apart from its
advantages such as ease of processibility and low price, it
has drawbacks too, for example, a significantly low CST that
limits a range of applications. This limitation can be overcome
by making piezoelectrets from other higher-CST polymers
(Table 2).
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Table 1. Summary of various polyolefin (PP)-based single- and layered-cellular piezoelectrics.

Author Polymer ds3 [PCN7] Layers Output power Highlights
Paajanen et al. (2001)P® PP 790 - The highest ds3 was achieved after replacing air
with N, gas inside the cellular structure.
Hillenbrand et al. (2003)5? PP 100-350 1-L - -
20000 2-L>
Wegener et al. (2004)% PP 306 - -
Qiu et al. (2005)1 PP 350 - SFg saturated
215 Air saturated
Sborikas and Wegener (2013)1**! PP 130 - -
Anton et al. (2014)14 PP 175 6.0 yW When EH was connected to 1 mF, it took 30 min to
charge the capacitor up to 4.67 V.
Wu et al. (2015)%7 PP 19 1-L 52.8mWm~? A high-output voltage density of 13.7Vcm ™2 ds3
205 m-L was found to be stable for many weeks at 60 °C.
Luo et al. (2015)1*! PP ~300 1-L 10.2 pW Ten-layer ferroelectrometer has 29.1 times the
_ 10-L 100 W charging potential than the piezoelectret of one
layer.
Mohebbi et al. (201 7)[46] PP 250, 550 - d33 was improved about >100% using N, in place
of air as ionizing gas.
Mohebbi et al. (2017)17! PP 550, 800 - ds coefficient of the treated PP film was improved
by 45% as compared with the untreated sample.
Mohebbi and Rodrigue (2018)!! PP 800 ~1,824 p) When the air was replaced with N, an
improvement of 20% and 80% in the capacitance
and stored energy of the samples, respectively,
was noted.
Samadi et al. (2020)19! PP - 84.02mV N Improvement in the piezoelectric performance of
the foamed sample with thickness reduction;
biocompatible and injection moldable.
Zhang et al. (2009)F7 IXPP 400 - ds3 values drop to 30% for 1 day exposed to
temperature of 90 °C
Zhang et al. (2015)F" IXPP 650 1-L 120 pW
Sessler et al. (2016)F2 IXPP 8-L 80 uW N, saturated
Tefft (2018)1% IXPP - 20-L with 1 mF capacitor charged to 1.025 V within 60 min at
composite resonance 93 Hz and 0.5 g acceleration.
graphene
electrodes

3.1.2. Polyester-Based Piezoelectric Foams

Polyethylene Terephthalate (PET)-Based Piezoelectrets: The concept
of polyolefin (PP and PE)-based piezoelectrets can be effectively
utilized in the fabrication of polyester polymers. First, polyster
piezoelectrets were made from commercially produced PET
foams, studied by Wegener et al.”l in 2005. They investigated
the piezoelectricity of the foam-structured PET film
with 160+ 10 pm thickness and a density range of 0.37 and
0.40 g cm™>. The samples were then annealed in the temperature
range of 70 and 160 °C for 16 h that resulted in a reduction in
void height and the elastic modulus and an enhancement in film
density. For example, when the film thickness reduced to
~70 um, the density enhanced from ~0.4 to ~0.66gcm>.
The samples were then charged through the application of vol-
tages in range —27 and —-60 kV for 30 s in N, saturation at 6 bars

Adv. Energy Sustainability Res. 2022, 2200063 2200063 (7 of 26)

charged further. The samples on both surfaces were metalized by
Al electrodes of 50 nm thickness. A maximum ds; of 23 pCN™!
for sample density of 0.67 gcm ™ was obtained at ~110 °C con-
stant temperature. Wirges et al.®® used the same fundamental
concepts developed for optimizing cellular PP piezoelectrets by
Wegener et al.® and investigated the piezoelectricity of PET.
The authors obtained the cellular structure via foaming using
scCO, and then biaxially stretched up to 150% at 230°C and
hence N, inflation occured for 2h at 230°C (Figure 7a). The
samples were then saturated with SF¢ and corona charged by
applying voltages ranges from —20 to —60kV for 60 s at 3 bars
of pressure. The measured ds; coefficient was up to 500 pC N™!
when a 3.0 N static force was applied followed by a 1 N dynamic
force at 2 Hz frequency (Figure 7b).

Polyethylene Naphthalate (PEN)-Based Piezoelectrets: Polyethylene
naphthalate (PEN) is a thermoplastic polyester, another
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Figure 6. a) SEM images of blown, extruded MDPE film: cross section of the MDPE film after additional compacting at 140 °C; dependence of charge
density and piezoelectric constant ds; versus stress. Reproduced with permission.*8 Copyright 2017, The Springer Nature. b) Typical structures of the
original and TPT samples (S2n-6.4). Red lines represent a 100 pm scale. Relationships between the piezoelectric coefficient (d33) and the AR in both
longitudinal (AR-L) and transversal (AR-T) directions. Reproduced with permission.l®® Copyright 2018, Wiley-VCH GmbH.

Table 2. Summary of various PE-based single- and layered cellular piezoelectrics.

Author Polymer d33(pC/N) Layers Output power Highlights
Nakayama et al. (2009)* PE 80 - - -
Tajitsu (2011)P% PE 100 - - Corona charged
Brafiaa et al. (2011)F¢ PE 170 - - Thermally stretched and corona charged
Rychkov et al. (2012)P7) LDPE ~30-38 - - Fabricated via template-based lamination method.
Treatment with orthophosphoric acid.
Reproduced good thermal stability.
Kaczmarek et al. 20175 MDPE 18-75 - -
Hamdi et al. (2018)F? LLDPE - - - Fabricated via extrusion blowing.
LDPE The cellular morphology of biaxially stretched PP
film is optimized.
Hamdi et al. (2019)!°% LLDPE LDPE 935 1-L - Sample charged in N; has better ds; than charged
2550 3L in air; ds3 value was much higher than any PE or
PP, reported so far.
Hamdi et al. (2019)" LLDPE LDPE 935 1-L - A possibility in increasing, resembling CST of PP.
2550 3-L
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Figure 7. PET: a) The SEM image of a voided, stretched, and an inflated PET film. b) ds3 (piezoelectric coefficient) (full symbols) and c;3 (elastic moduli)
(open symbols) of the voided and stretched PET film (circles) and voided, stretched, and inflated PET film (triangles). Reproduced with permission.[®*]
Copyright 2007, Wiley-VCH GmbH; PEN. c) Voided, inflated, and stretched PEN film. d) ds; as a function of film density.®” Reproduced with

permission.[*®! Copyright 2008, Walter de Gruyter GmbH.

high-performance polymer that garnered additional attention
due to its same chemical structure as PET, with the only excep-
tion being the double-ring naphthalate replacing the single-ring
terephthalate, making it have better mechanical, thermal, and
barrier characteristics in comparison with PET. PEN piezoelec-
tretss were recently created effectively and offered promising
results, such as reasonably good thermal stability for piezoelec-
tric capabilities or a comparatively strong “Curie relaxation” in
the range of 80-100 °C.1!

Fang et al.l® reported cellular PEN piezoelectrets fabricated
from commercial uniform polymer films, which were foamed
in scCO,, inflated, biaxially stretched, electrically charged, and
metalized. They measured d33 coefficients up to 140 pCN™!
and demonstrated the feasibility of these cellular PEN films to
be used as transducers. They also found that piezoelectricity
of these piezoelectrets is only partly stable at high temperatures
up to 100 °C. Further in 2008, the same group of Fang!® pro-
posed a preparation process for cellular PEN films which
involved foaming using scCO,, controlled inflation via gas diffu-
sion, expansion, and finally biaxial stretching (Figure 7c). The
PEN films were foamed by soaking them in supercritical CO,
at ambient temperature for a few hours at a pressure of up to
100 bar. Only samples with the right density range and optimum
cellular architectures have high electromechanical responses,

Adv. Energy Sustainability Res. 2022, 2200063 2200063 (9 of 26)

that is, substantial piezoelectric thickness coefficients. The high-
est dy; of ~60 pC N~' was measured for the sample density of
~1.0gcm ? (Figure 7d). Fang et al®”! prepared PEN piezoelec-
trets using process voiding, inflation, and stretching and
reported a significant increase in dj; with charging voltage
and found its saturated value of ~45pCN~' at ~85kV. The
maximum ds; of ~80 pC N~" was noted when charged at room
temperature, at 80 °C as well as at 100 °C (Table 3).

3.1.3. Fluoropolymer-Based Piezoelectric Foams

Polytetrafluoroethylene  (PTFE)-Based  Piezoelectrets:  Polytetra
fluoroethylene (PTFE)-based piezoelectrets are significant because
of their extraordinary charge storage and good thermal stability
properties. Gerhard-Multhaupt et al.l*® fabricated novel porous
PTFE films by corona charging (positively or negatively) at room
or higher temperatures and investigated the charge
storage property compared with nonporous polymer samples
using isothermal surface potential measurements. They noted
enhanced stability in surface charge for both polarities due to
porosity. They also studied both the direct and indirect piezopro-
perties of layered (single, double, and quadruple) samples
through quasistatic and acoustical-transducer measurements,
respectively, and measured d33 of 600 pC N, Finally, the value
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Table 3. Summary of various polyester-based single- and layered cellular piezoelectrics.

Author Polymer d33(pC/N) Layers Output power Highlights

Wegener et al. (2005)%4 PET 23 - - N, saturated.

Wirges et al. (2007)1%% PET 500 - - SFe saturated and corona charged

Fang et al. (2007)[¢] PEN 140 - - Partial stability of piezoelectricity at high

temperatures up to 100 °C

Fang et al. (2008)[°] PEN 60 - - Showed electromechanical response (ds;3) as a

function of film density. Highest d; found for
density 1gem ™.
Fang et al. (2010)!*”) PEN 10-80 - - ds3 increased with the charging voltage

of d3; was one order of magnitude higher than the conventional
piezopolymers, providing extra potential for many device appli-
cations. Hillenbrand et al.??! investigated piezoelectricity in cel-
lular PP with thickness from 50 to 100 pm in the structure of
bilayers or multilayers composed in the solid or voided form
including an extra air layer. The ds; of the cellular PP was of
the order of 100-350 pCN~'. The ds; of bilayer or multilayer
structured samples was significantly larger, reaching up to
20000pC N ' in some cases. Also, a decrease toward larger
frequencies was noted for the single-layer sample.

Zhang et al.*”) introduced two ways for the preparation of
cellular piezofluorocarbon polymers and prepared laminated
films of PTFE and FEP. In method I, they fused compact FEP
and PTFE layers with the application of mechanical pressure
by a metal mesh at above-FEP melting temperatures and both
polymers worked as charge storage dielectrics. However, in
method 2, compact FEP and porous PTFE layers fused at higher
temperatures by application of force without any metallic mesh
and FEP worked as the main charge storage dielectric, and
porous PTFE functioned as the cavity. A quasistatic ds3 coeffi-
cient in the range of 500 and 2200 pC N™! was measured, which
was independent of static pressure up to 20 kPa. They also noted
higher values of ds; and better thermal stability than cellular PP
piezoelectrets. In 2009, Zhang et al’® prepared voided-
structured PTFE films through a sintering procedure and corona
charge to achieve piezoelectricity. A quasistatic ds3 coefficient of
250 pC N ! resulted from a compact, layered, and biaxial-tension
porous sample. Also, the preaging treatment of samples was
studied and lowering of dj; was noted as 2% per day at
120 °C. Therefore, an improvement in the thermal stability by
preaging came out as an effective technique. Zhang et al.”" used
commercial three-layered PTFE films composed of two skin
layers of dense PTFE (=20 pm) and a film of cellular PTFE
(100-250 pm) placed in the center and the sample system corona
was charged at a —25kV potential for 60s followed by skins’
metallization by thin Al layers. They performed a quasistatic
measurement by application of a force of 1.96 N to the sample
for a long time and then the force removed and measured gen-
erated charge for 10 s using an electrometer. The ds3 coefficient
range was 1000-2700 pC N~ " and found during initial quasistatic
measurements. They also reported the stabilization of ds3 coef-
ficients and reached 75%, 40%, and 25% of their starting values
after annealing for 1500 min at temperatures of 90, 120, and
150 °C, respectively.

Adv. Energy Sustainability Res. 2022, 2200063 2200063 (10 of 26)

Fluorinated Ethylene-Propylene (FEP)-Based Piezoelectrets: The
copolymer fluorinated ethylene propylene (FEP) has better chem-
ical, physical, and electrical characteristics that make it capable of
potential applications for temperatures around or slightly
higher than 100°C."? Apart from these, while the
production of regular cellular structures with controlled shape
is technically problematic and difficult, the use of the polymer
layer system or sandwich-based piezoelectrets was proposed
for making the process of fabrication easier.*’”?! FEP is a
thermoplastic copolymer and melt processable opposite to
PTFE homopolymer.

Veronina et al.”* adopted the same procedure as used for
polyester foaming method with scCO, and fabricated the FEP
foams by generating a single big void across the thickness of
the film. A ds; coefficient up to 50 pC N~ reported the cellular
FEP piezoelectrets after charging and electrode evaporation.

Zhang et al.”*! fabricated layered electret films based on FEP
copolymer via template patterning, fusion bonding, and contact
charging. They showed ds; ranging from 1000 to 3000 pC N7},
and an improvement in thermal stability after annealing the sys-
tems at 120 °C.

In another study, Zhang et al.””’ used the same method and
fabricated the layered piezoelectret film based on FEP having a
crosstunnel structure. They measured ds; coefficient in the range
of 10003700 pC N, and after annealing at 125 °C, the system’s
sensitivity stabilized and retained 40% of its initial value. They
also created a micro-EHG (4.3 cm?) with a seismic mass of
69.5g and measured the output power of ~0.5pW when
subjected to a frequency up to 120 Hz and 1 g acceleration.

In 2016, Wang et al.”®! fabricated porous layered piezoelec-
trets comprising two dense fluorinated ethylene propylene
(dFEP) skin layers and a fibrous single inner porous PTFE
(fPTFE) layer via the hot-pressing method at temperature of
~285 °C and pressure of ~5MPa and, further, metalized and
corona poled. Electret generator based on the fabricated film
showed a maximum peak power density of ~31.4 pW cm ™2 with
a load resistance of 40 MQ. Moreover, the application of the
electret generator for a self-powered human breathing sensor
was also demonstrated. In 2017, Wang!® reported an extremely
sensitive microcellular fluorocarbon-based piezoelectret fabri-
cated via a three-step hot-pressing method using double layer
of FEP/{-PTFE with a single central layer of FEP and two stain-
less steel plates as skin layers. They measured a remarkable ds; of
7380 pC N, a lower response time of 50 ms, higher stability

[73]
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of 30000 cycles, and a considerably lower limit of detection of
~5 Pa when configured as a pressure sensor in the pressure
of <1kPa.

In 2018, Zhang et al.””) fabricated the ferroelectric nanogen-
erator based on laminated fluorinated ethylene propylene (FEP)
using laminated tunnel films having wide voids in between
them. They obtained a better voltage coefficient of
g31=3Vm N~! equivalent to dy; = 32pC N~ " in the transverse
direction. A high voltage coefficient because of the lower permit-
tivity of this material system as compared with the PVDF of
around g3; ~0.2 enables it to be the best candidate for EH appli-
cations. A lightweight EH having a dimension of 3 x 5 x 8 mm’
was developed and the output power was found as 50 pW with a
seismic mass of 0.09 g at acceleration 1g.

In another study, Shi et al.”® presented a unique and straight-
forward way to prepare a sandwich structure and used a porous
foam layered between two FEP films with aluminum electrodes
on upper and lower layers (Figure 8ab). They measured
d33~1000pC N~ and when used as the EH, generated
6.4 pW output power. The principle of generation of piezoelec-
tricity is given in Figure 8c. Also, the experimental coupling coef-
ficient was achieved as 0.107, and a capacitor of value 10 pF was
configured with the system and charged up to 0.2 V within 40s.

Recently, Ma et al.’” fabricated unipolar FEP piezoelectrets
using a three-step procedure (wavy FEP film preparation via
the template method, negative corona charging of the wavy film,
and bonding with another uncharged wavy FEP film). They
reported a maximum output a power of ~355uW for an EH
(30 mm x 10 mm) applied at frequency 22 Hz when the acceler-
ation and seismic mass was 1 x g and 3 g, respectively. The ther-
mal stability improvement using negatively charged unipolar
FEP piezoelectrets was also noted. More recently, Ben Dali
et al®% presented a VEH based on FEP piezoelectrets

www.advenergysustres.com

functioning in the d3; mode and fabricated in the form of a
parallel tunnel structure by fusing together two FEP films with
well-defined air gaps. The reported g3; was ~0.7 Vm N~ '. An air-
spaced cantilever arrangement fabricated via the additive
manufacturing technique and analyzed by exposing it to a shaker
generated sinusoidal vibrations with acceleration. They mea-
sured an output normalized power of 320 yW at ~35 Hz and
seismic mass of 4.5 g at acceleration 0.1 g. They demonstrated
a significant improvement of air-spaced VEH as compared with
previously reported polymer-based cantilever devices.

Amorphous Teflon (AF)-Based Piezoelectrets: The advantage of
using Teflon AF in creating piezoelectrets is that it can process
easily compared with other types of fluoropolymers besides easy
dissolution in a perfluorocarbon solvent, which gives the possi-
bility to produce films through the spin-coating and drop-casting
techniques. Mellinger et al.®!! produced the AF-based porous
films of 3-10 pm thickness. To get a desired average thickness,
many layers were drop cast on one another. Then, it was corona
charged, and the measurements showed that the piezoelectrets of
Teflon AF exhibited large piezoelectricity (ds3: ~600pCN™).
The stability of piezosensitivity was noted at 120 °C.

Wang et al.®%#¥I made Teflon AF piezoelectrets on a microcel-
lular PDMS structure using a microfabrication procedure. They
fabricated the sample by casting the multilayered PDMS and
stacking (Figure 9i). A photoresistive mold was formed on a
Si wafer. A thin PDMS layer was imitated using the cellular
microstructure and cast on the mold top. A closed cavity-
PDMS foam was obtained via bonding both the patterned film
and a blank thin layer. Further, by repeating both processes
(repeating the casting), a multilayered structure could be formed.
The voids may be filled with the Teflon AF solution, which was
then evaporated, depositing a thin AF film layer which gives great
charge storage after being charged. Figure 9ii shows the SEM
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Figure 8. Stacked or layered FEP porous polymer-based piezoelectrets: a) Schematic. b) Digital photograph. c) Working principle. Reproduced with

permission.l’®! Copyright 2018, IOP Publishing Ltd.
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image of the sample cross section. When the sample was elec-
trode deposited and charged, it showed a ds; coefficient greater
than 1000 pC N~ (Table 4).

3.1.4. Other Polymer-Based Piezoelectric Foams

Cyclo-Olefin Polymer (COP) and Copolymer (COC)-Based
Piezoelectrets: Cyclo-olefin polymers (COPs) present a good elec-
tret property as well as excellent charge stability.®" As a result,
they are potential piezoelectret materials. The COPs and other
olefin polymers were blended to lower glass transition tempera-
ture (Tg) to improve the elastic properties and hence the pro-
cessability of polymers. Stretching filler-loaded polymer
compounds creates cellular film formations. When compared
with cellular PP foams, the temperature window was quite lim-
ited. The cavity dimension was optimized using gas diffusion
expansion (GDE) methods. The cellular COP piezoelectrets have
piezoelectric di3 coefficient of ~15 pC N~ In comparison with
cellular PP piezoelectrets, the d3; coefficient is rather low.
Despite this, the piezoelectric sensitivity of COP piezoelectrets
is significantly superior to that of cellular PP and polyester
piezoelectrets up to 110 °C.[#>5¢!

In 2013, Li and Zeng®” proposed the scCO,-assisted COC
film fabrication for producing a regular cell structure. Because
of the powerful COC-CO, interactions, when the COC film
was exposed to scCO,, the surface glass transition temperature
dropped dramatically below that of the bulk, which resulted in
near-surface polymer chains that are substantially more mobile
and diffusive. Figure 10a depicts the sample preparation process
schematically. They used five-layer COC film stacks. Regular rect-
angular slots were carved using a CO, laser in two of the five
films. The carved slots have the same length and breadth, as well
as the spacing between them was the same. Every three films
were separated using the two films with openings, and the
pattern was then shifted by half of the total width of the opening
and the spacing, as shown in Figure 10a. The stack was then
treated in CO, with a temperature of 120 °C at 10 MPa pressure
for 12 h. Good bonding was achieved between the interfaces. In
this method, bulk deformation was prevented because the
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temperature was lower than the bulk T,. These were big advan-
tages when comparing with other methods utilizing fusion bond-
ing, where thermal degradation and deformation of the system
structures were huge concerns. They also realized the sample
compression by unit cell bending and achieved significant piezo-
electricity, noting the ds; coefficient from 100 to 1000 pC N™*
with thermal stability up to 110 °C (Figure 10b).

Polycarbonate (PC)-Based Piezoelectrets: Polycarbonate (PC) is a
hard thermoplastic with a strong creep modulus that also has an
outstanding dimensional stability heat resistance and electrical
insulating qualities. PC is frequently utilized in electrical appli-
cations due to these characteristics, such as a capacitor dielectric
with great stability.

Excellent charge stability of the PC films having additives after
thermal treatment was reported.®® In 2010, Behrendt®”! success-
fully prepared foamed PC via foaming using scCO,, as well as
stretching a composite film containing fillers, which were
removed by phase extraction.

The PC foams were corona charged with a voltage of +32kV.
However, this method cannot be used to generate piezoelectricity
in PC foams. This may be because of their thickness for effective
charging and/or the films were greatly stiffened to bend enough
when subjected to mechanical or electrical stress. In another
study, Qiu et al.’® proposed a new method for the fabrication
of PC piezoelectrets. They used the computer-controlled laser
cutting and prepared a grid of double-sided adhesive tape having
pattern-desired opening. Two PC films metalized on one surface
were then joined using the grid via their surfaces with nonme-
talized surfaces, forming a well-defined cavity around the grid
openings. A d3 coefficient up to 30 pC N™* was noted when con-
tact charged with 2kV.

In 2014, Sborikas et al.”" proposed another method in which
they prepared PC piezoelectrets via screen printing. A ds; coeffi-
cient up to 30 pCN™' which was thermally stable up to 100 °C
was measured when charged.

Polydimethylsiloxane (PDMS)-Based Piezoelectrets: In 2014,
McCall et al.? synthesized the foam based on piezoelectric poly-
mer composites using different sugar-templating techniques
with the inclusion of sugar grains directly into mixtures of
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Table 4. Summary of various fluoropolymer-based single- and layered cellular piezoelectrets.

Author Polymer ds3 [PCN7"] g3 [VmN™']  Layers  Output power Highlights

Gerhard-Multhaupt et al. (2000)® PTFE 600 - - - -

Hillenbrand et al. (2003)5° PTFE 20000 - 2-L to m-L - -

Zhang et al. (20071 FEP-cPTFE-FEP 500-2200 - 3-L - -

Zhang et al. (2009)7° PTFE 250 - - - A lowering of ds3 was noted 2% per day at 120 °C.

Zhang et al. (2013)"] dPTFE-cPTFE-dPTFE 1000-2700 - 3-L - Stabilization of ds3 coefficients and it reached
75%, 40%, and 25% of their starting values after
the annealing for 1500 min at temperatures of 90,

120, and 150 °C, respectively.

Zhang et al. (2014)% FEP 1000-3700 - 2-L ~0.5uW  Created a micro-EHG (4.3 cm?) with a secondary

Mass of 69.5 g and it was subjected to a frequency
up to 120 Hz and 1 g acceleration.

Veronina et al. 2008/ FEP 50 - - - -

Zhang et al. (2012)%! FEP 1000-3000 - 2-L - Good thermal stability at 120 °C.

Wang et al. (2016)%8! dFEP/fPTFE/dFEP - - 3L 31.4 W cem 2 Max. charge density was measured as
~9.39 nC cm™2; can be useful in the self-powered

human breathing sensor.

Wang et al. (2017)179 FEP/fPTFE-FEP- fPTFE/FEP 7380 - 5-L - The max. surface charge density of 7.54 uC m 2
was noted at applied periodic pressure of ~1 kPa.

Zhang et al. (2018)"” FEP dy ~32 231 - 50 pWw EH (3 x 5 x 8 mm’®) was developed and the

output power was found as 50 yW with a
secondary mass of 0.09 g under the acceleration of
1g.
Shi et al. (2018)7® FEP 1000 - 2-L 6.4 pW A capacitor of 10 pF was charged up to 0.2 V within
40s.

Ma et al. (2019)% w-FEP - - 2-L 355 W Output power was found comparable with the best

bipolar EHs; unipolar charging was reported as
simplest way to gain thermal stability.
Ben Dali et al. (2020)%% FEP - 0.7 2-L 320 W Demonstrated a significant improvement of
air-spaced VEH.
Mellinger et al. (2001)2" AF 600 - - - The stability of piezosensitivity was noted at
temperature 120 °C
Wang et al. (2012)%2 AF on cPDMS >300 - m-L - A thin AF film layer gave great charge storage
capacity after being charged.
Wang et al. (2013) AF >1000 10mvpa’ - - An input pressure of 1Pa resulted in voltage

output of 10 mV.

polydimethylsiloxane (PDMS) comprising carbon nanotubes and
barium titanate nanoparticle (NPs); then, sugar removal occurred
after polymer curing. The mass ratio of sugar and polymer
adjusted and tuned the elasticity and porosities. The direct rela-
tionship between piezoelectric outputs and porosity showed elec-
trical performance associated with the foams; using this, the
researcher achieved a piezoelectric coefficient of value of
~112 pC N™* and a power output of ~18 mW cm > under a load
of 10N for the sample of highest porosity. Furthermore, these
novel materials found a wide application in areas such as biosen-
sors, acoustic actuators, and energy scavenging systems.
Recently in 2016, Kachroudi et al.®?! prepared microcellular
PDMS piezoelectret via a molding process, charged with triangu-
lar voltages (1 and 4kV) at 0.5 Hz frequency, and measured a ds3
of ~350pC N~ when charged at room temperature. Further,
they reported that poling at a higher temperature increases

Adv. Energy Sustainability Res. 2022, 2200063 2200063 (13 of 26)

the ds3 thermal stability at a cost of a reduction in piezoelectric
performance.

PVDEF-Based Piezoelectrets: The fabrication of PVDF foam
having complex 3D geometry with excellent piezoelectricity with
high power density has now become a great global challenge. In
2011, Cha et al.” presented a novel nanoporous PVDF-based pie-
zoelectret fabricated via the nanowire-assisted template method
and demonstrated that porous PVDF-based nanogenerators could
produce power density of ~0.17 mW cm . The piezoelectric prop-
erties of the nanogenerator (1 cm x 1cm X 5 um) were measured
under the sonic input (100 dB and 100 Hz) and reported open cir-
cuit (OC) voltage(p—p) of 2.6V and SC current(p—p) of 0.6 pA.

More recently, in 2019, Jahan et al.’®! prepared a cellular
PVDF piezoelectret via conventional process extrusion, stretch-
ing, inflation, and corona charging. They investigated the effect
of CO, gas inflation treatment using different gas diffusion (GD)

© 2022 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

(a) (b)
o 2.5mm o 3mm
10*F * 2mm ® 3 mm (no overlap)
X 1.5mm
~ o o o
pd 3 0 g
~ 10 [e) lo) 0 o [e) 8
Q kK & % % g g9 2
~ ) XXX X X X X X X %
, =10
0.5w, 0.5w, 15 pC/N
10 " o am s " B g ®m
‘ ' loading ' :
— 0 1 1 1
—l 100 5 10 15 20

www.advenergysustres.com

Applied pressure (kPa)

Figure 10. a) The preparation method for COC film systems with the regular cavity structure is illustrated in this diagram. b) Quasistatic piezoelectric ds3
coefficient of a series of COC piezoelectret samples with different designs as shown in figure a. The horizontal line (15 pC N™") denotes the performance
level of the COC piezoelectrets reported from past literature.[##%) Reproduced with permission.®”] Copyright 2013, Wiley-VCH GmbH.

inflation or expansion processes compared with the results of N,
inflation, as reported by their previous research. The ds3 coeffi-
cient of CO,-inflated samples (327 pC N~ ') was found to be 30%
higher compared with Nj-inflated samples (251 pC N™') when
stepwise pressure was applied.

Polylactic Acid (PLA)-Based Piezoelectrets: Recently in 2020,
Zhukov et al.”® prepared new biodegradable cellular piezoelec-
tret films of PLA and presented the preliminary measured
outcomes of both its fabrication and piezoelectricity measure-
ments. They followed the classical method for piezoelectret prep-
aration such as microstructure alteration using CO,-hot
pressing—corona charging. Figure 11b,d shows the SEM images
of cross sections from the original PLA foam and hot-pressed

PLA foam. Large d3;(~44pCN~") and ds3(600 pC N~} coeffi-
cients were measured under the quasistatic mode for the
360 pm-thick film with porosity of ~60% (Figure 11a,c). Also,
after 20 days of being poled, the piezoresponse decreased to half
of its first measured value, but after a long time, it became con-
stant. The great biocompatibility features and ecofriendly nature
of PLA-based piezoelectrets open a broad range of biological
applications (micro-EHs [MEHs], biosensors, etc.) (Table 5).

3.2. Cellular Piezoelectric Composites

Polymeric cellular composites have many specific properties
such as low specific weight, strong temperature resistance,

(a) 2 m PLA
Q 600+ }E o PP
~ ] E A PETP
<’ ¢ copP
3 400 [ ]

T 1 [} L
% o x
£ 200 -
s | = =
G o ¢ 4
. —
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Figure 11. a) A comparison of the ds3 coefficients of PLA foams with varying thickness and some reported piezoelectrets in the past. c) ds; coefficient as a
function of frequency for PLA piezoelectrets’ different thicknesses under a dynamic force of 0.2 N. b,d) SEM images of cross sections from sample-1
(original PLA foam) and sample-2 (hot-pressed PLA foam). Reproduced with permission.®® Copyright 2020, AIP Publishing.
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Table 5. Summary of various other polymers-based single and layered piezoelectrets.

Author Polymer ds3 [PCN7T] g33 Layers Output power Highlights
Li and Zeng 201367 coc 100-1000 - 5-L - ds3 thermally stable upto 110°C.
Behrendt (2010) PC - - - - -
Qiu et al. 20107 PC 30 - - - Fabricated via computer-controlled laser cutting.
Sborikas et al. (2014)F" PC 30 - - - Fabricated via screen printing; Thermally stable up
to 100 °C when charged.
McCall et al. (2014)F2 PDMS 112 - - 18 mWem? Fabricated via sugar-templating techniques
Kachroudi et al. (2016)F* PDMS ~350 - - - Poling at higher temperature increases the ds;
thermal stability at a cost of reduction in
piezoelectric performance.
Cha et al. (2011)P4 npPVDF -32.5 - - ~0.17 mW cm > Piezoelectric voltage and current enhanced by 5.2
times and 6 times, respectively, as compared with
bulk PVDF film nanogenerators under the same
sonic input.
Jahan et al. (2019)F% PVDF 251, 327 - - - Excellent thermal stability.
Zhukov et al. (2020)1°9 PLA 600 44 - - After 20 days of being poled, the piezoresponse

decreased to half of its first value, but after long

time it became constant.

and higher piezoelectric constant (ds3), making them the most
important materials in modern electronics applications.

3.2.1. Polyolefin-Based Cellular Piezoelectric Composites

PP-Based Cellular Piezoelectric Composites: The PP filled with
organic and/or inorganic additives to increase charge storage
stability was also studied. The low-compatibility fillers in the
matrix should be used to assist the creation of gaps during film
stretching. PP-CaCOj3 was reported as the most used polymer
composite for cellular ferroelectrics research and the prism-
shaped CaCO; was noted as a more suitable filler for stress
concentrations and hence crack initiation.!"’

In 2006, Behrendt et al.*”! reported i-PP piezoelectrets filled
with NA11 (2, 2-methylene-bis-(4, 6-di-tert-butylphenyl)-
phosphate) particles and hollow glass spheres. An enhancement
in the stability of charge storage was noted for cellular electrets
due to the formation of cavities, which were responsible for slow-
ing down the charge drift through the film volume. Moreover,
the hollow glass sphere-filled cellular stretched sample was made
to be piezoelectric via the corona poling process. Films were
medium stretched (draw ratios 3.5: 3.5) and highly stretched
(draw ratios of 5:5) and a direct influence of this on the cavity
formations in the sample and hence piezoelectricity was noted.
The highly stretched i-PP films with 10 wt% of NA11 showed
excellent electret features and were recognized as nucleating
agent additives for i-PP. In addition, ds; of 179 pC N1 was
measured in these films. The sample with i-PP films with glass
spheres showed di3 between 17 and 170pCN™' and it was
dependent on glass concentration, size, and draw ratio.

Gilbert-Tremblay et al.®® investigated the effect of particle size
(0.7, 3.2, and 12 pm), the pressure, and the particle concentration
(5-20wt%) on the cellular structured piezoelectric PP-CaCO;
films. The twin-screw extrusion was used to stretch the films
and form cells around the filler particles. They reported an
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increase in the sample’s crystallinity with filler content for low
filler loading. However, at higher loading, crystallinity reduced
because the fillers’ agglomeration prevented the polymer chain
mobility. Also, during the stretching step, the smallest-sized filler
incapable of creating cells, and particles with 3 pm size, started to
propagate cracks around the particles in the sample.

Klimiec et al.®® presented a method to prepare cellular PP
electrets via the introduction of 5% mineral filler (a mixture
of crystalline silica, kaolin, and colloidal silica) to isotactic-
polypropylene(i-PP). Then, the film stretched to form a compos-
ite cellular structure. Afterward, electrets were generated by film
polarization using a constant electric field from 100 to
125Vpum ™' and heated up to 80°C in a climatic chamber.
The depolarization temperature (maximum density of the
discharge current noted) for cellular film electrets was found
to be 108°C and the activation energy was ~6.25eV. The
piezoconstant ds; was noted as 135 and 60 pC N for the stress
of 1-120kPa, respectively, which was three times higher as
compared with the atactic phase of the PP film and PVDF film
with no cellular structure.

Recently, Kaczmarek et al prepared a commercial silicate-
modified PP composite by extrusion and the composites were
then electrically polarized. They investigated the filler content
effect on the structural and physicochemical properties of the
sample. They found that growth in the filler content in the film
resulted in enhanced film porosity, the Young’s modulus, and
crystallinity degree reached 70% of the sample with 10% of
the filler. A ds; of ~200 pCN~* and improved thermal stability
of the sample were also noted.

PE-Based Cellular Piezoelectric Composites: Recently in 2019,
Kaczmarek et al'® studied the influence of glass beads
(GB)-shaped SiO, filler on PE composite. They prepared two
kinds of composites, the nonoriented and oriented one via extru-
sion followed by wuniaxial stretching and direct-current
charging (100Vpm™') at 85°C. Figure 12-ia,b shows the

[100]
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Figure 12. i) GB-filled PE. a,b) SEM images of oriented MDPE + 2.5% and MDPE + 10% sample, respectively. c) Plot between piezoelectric coefficients
(ds3) and stress for the oriented and nonoriented HDPE composites with 2.5, 5, and 10% GB. Reproduced with permission.!"®l Copyright 2019, Springer
Nature. ii) Aluminosilicate-filled MDPE piezoelectret. a) SEM image of MDPE + 5% sillikolloid P87 nonoriented sample. b) SEM image of its cross
section. c) Plot among g3, di3, and mechanical stress for nonoriented films HDPE +- Sillikolloid P87. Reproduced with permission.'® Copyright

2019, MDPI.

morphology-oriented ~MDPE+2.5% and MDPE + 10%
sample. The maximum value d33 of ~100 pCN ' was noted
for 5% of GB-filled oriented MDPE under lower stresses of
~10kPacm™? and ds; of ~60pCN~" was found for higher
stresses of ~120kPacm 2 (Figure 12-ic) and the coefficient
g33 was found ranging from 4 to 8 Vm N~ They also tested
the stability of stored electrets for 2-5 months. In another study,
Kaczmarek et al.’? used the previous method and produced two
HDPE- and MDPE-based piezoelectret composite films with alu-
minosilicate as fillers (SEM images in Figure 12-iia,b. The nonor-
iented samples of both PE types showed the greatest value of ds3
for 5 wt% filler contents; it attained from ~247 to ~23 pC N~ for
smaller stresses and from ~35 to =20 pC N~ for greater stresses.
The highest value of ds;; was noted for 10% sillikolloid-filled
oriented HDPE(P87) and ds3 of ~65pC N~ for smaller stresses
and 42pC N~ for higher stresses were achieved, as shown in
Figure 12-iic. d;3 for P87 films was considerably less and the high-
est values were from ~25 to ~18 pC N~ for films with 5 wt% filler
content in the matrix (Table 6).

3.2.2. PVDF-Based Cellular Piezoelectric Composites

PVDF and their related copolymers can contribute an extra func-
tionality to a piezoelectret, because of its intrinsic polar C—F
bonds and the possibility of spontaneous production of electro-
active f- or y-crystal phases. The creation and orientation of polar
crystallites can be influenced further by foaming or the insertion
of nanoparticles, which result in the self-poling effect, and hence
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the use of physical stretching or electrical poling procedures is no
longer necessary.

Ghosh et al.B%'%] ysed the above technique and realized a
simple, cheap, and scalable porous and flexible polymer compos-
ite membrane nanogenerator (PPCNG)-based wireless green EH
to power up smart electronic gadgets based without poling. They
achieved this using the self-polarized platinum (Pt) nanoparticles-
doped  porous PVDF-HFP  poly(vinylidenefluoride-co-
hexafluoropropylene) membrane. The preparation method was
a three-step procedure, as shown in Figure 13a. Step I involved
the formation of ~150 pm-thick films via the solution casting
method (Figure 13a-i). In step II, silver paint was used to make
electrode skin on both sides of the film sample and then metallic
wires were contacted using silver paste, which was finally dried at
60°C (Figure 13a-ii). Step III comprised encapsulation with
PDMS and curing (Figure 13a-iii).

In one study,’® they demonstrated a high ds; coefficient of
~686 with superior remnant polarization (P,) of ~61.7 pC cm >
and huge dielectric features such as €,= 2678 and tand = 0.79at
1kHz. They produced a new kind of ferroelectrets nanogenerator
(FTNG) with an open-circuit voltage (18 V) and short-circuit cur-
rent (17.7 pA) generated under 4 MPa stress. They showed FING
capability through self-powering 25 green LEDs, 50 blue LEDs,
and many capacitors with a high piezoconversion efficiency of
~0.2%. In another similar study,®” angular near-edge X-Ray
absorption spectroscopy was used to realize the —-CH2/-CF2
dipole orientations caused by self-polarization. A high ds; coeffi-
cient of ~836pCN " and g3 coefficient of ~—0.035 Vm N~
with huge remnant polarization (P;) of 68 nC cm™ > were noted.
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Table 6. Summary of various polyolefin-based cellular piezoelectric composites.

Author Polymer Filler ds3 [PCN7] 233 Output Highlights
[Vm N’1] power
Behrendt et al. (2006)*" PP ,2'-methylene-bis- 179 - - -
(4,6-di-tert-butylphenyl)- 17-170
phosphate)
particles hollow glass spheres
Gilbert-Tremblay et al. PP CaCO; - - - Fabricated via twin-screw extrusion.
(2012)1%8
Klimiec et al. (2015)1%%) PP Mix of Silica, Caoline 135-60 - - -
Kaczmarek et al. (2017)1'%% PP Commercial silicate 200 - - Fabricated via extrusion; an improved thermal
stability of sample was noted.
Kaczmarek et al. (2019)"  0-MDPE GB 100, 60 4.8 - -
Kaczmarek et al. (2019)"%  o-HDPE Aluminosilicate 60 - - -
no-HDPE & 47-23 under lower
no-MDPE stresses
35-20 under higher
stresses
(iii) (b)

FTM with top-bottom
silver electrodes and
electrical leads

In situ Pt-NPs
embedded porous FTM

DMS cncapsh}xlaled FTM :
Fabrication of PPCNG
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Figure 13. a) lllustration of PPCNG fabrication procedure: i) in situ Pt NPs-embedded porous FTM is shown, ii) the top and bottom silver electrode
printing process and connection of two electrical leads, and iii) the PDMS encapsulating process. b) The digital photograph of PPCNG showing the
flexibility by human fingers. c) SEM image with zoomed-in view of the selected top surface and the histogram showing Pt NP size distribution.

d) Polarization—electric field loop of porous P(VDF-HFP)-based composite.

Also, a high electrical open-circuit throughput such as open-
circuit voltage (from 2.7 to 23 V) and short-circuit current (from
2.9 to 24.7 pA) under the stress was made using a periodic
motion of the human finger. They showed a wireless transfer
of harvested electrical energy by visible and IR transmitter—
receiver systems with a power efficiency of 17% and 49%, respec-
tively. Further, Ghosh et al.'"®" fabricated a composite film of
ytterbium (Yb*>") and porous PVDF-based flexible FTNG without

Adv. Energy Sustainability Res. 2022, 2200063 2200063 (17 of 26)

Reproduced with permission.*” Copyright 2016, AIP Publishing.

any conventional poling treatment. Again, self-polarized dipoles
CH,/CF, and porous structures contributed to the extraordinary
piezo-output and dielectric properties, making it capable of cap-
turing many forms of abundant mechanical energy sources such
as movement of human finger, sound waves, and machine vibra-
tions. They reported a piezocoefficient of d33 =~ 362.9 pC N™" and
found it capable of powering up several electronic devices
instantly. In 2017, Mahanty et al.'%! followed the same process
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Table 7. Summary of various PVDF-based cellular piezoelectric composites.

Author Polymer Filler ds3s [PCN7'] g3 [VmN™']  Output power Highlights
Ghosh et al. (2015)1'%% PVDF-HFP Platinum (Pt) 686 - - FTNGs were capable of self-powering 25 green
nanoparticles LEDs, 50 blue LEDs, and many capacitors with a
high piezoconversion efficiency of ~0.2%.
Ghosh et al. (2016)B% PVDF-HFP Platinum (Pt) 836 —0.035 - A high open-circuit throughput: open-circuit
nanoparticles voltage (from 2.7 to 23 V) and short-circuit current
(from 2.9 to 24.7 pA) under the periodic human
finger stress.
Ghosh et al. (2016)1%4 PVDF Ytterbium (Yb3+) 362.9 - - Self-poled FTNG.
Mahanty et al. (2017)!'%% PVDF-HFP  ZnO nanoparticles - —0.076 - An open-circuit voltage (9V) and short-circuit
current (1.3 mA cm™?) generated under cyclic
mechanical stress of 0.36 MPa.
Rahimabady et al. (2017)['°¢! PVDF SWCNTs - - - A sound absorption coefficient greater than 50%
at 600 Hz was noted.
Jahan et al. (2018)!"%”) PVDF Montmorillonite 137-251 - - -
(MMT)-CaCO3
Xu et al. (2020)!"% PVDF MWCNTs - - - An output of 6.5V when imposed to harmonic

compression, able to lighten four LEDs.

and prepared porous membrane ZnO NPs-filled P(VDF-HFP)
films containing ferroelectric phases of ~88%, with a high d;;
of ~—15.2pCN~" and g3; ~ of —0.076 Vm N~'. They showed
that the flexible nanogenerator generates an open-circuit voltage
(9V) and short-circuit current (1.3mAcm™%) under cyclic
mechanical stress of 0.36 MPa.

Rahimabady et al."%! demonstrated a composite foam fabri-
cated from porous polar PVDF mixed with the conductive single-
walled carbon nanotube (SWCNTs) to boost airborne sound
absorption. They obtained the sound absorption coefficient
greater than 50% at 600 Hz with a sound reduction coefficient
higher than 0.58 with the composition of PVDF/5 wt% SWCNT.

Recently, Jahan et all'! produced cellular PVDF-
montmorillonite  (MMT)-CaCOs-based piezoelectret films
involving uniaxially stretched, GDE treated, and corona charged.
Recently, Jahan et al.l"”! produced cellular PVDF-montmorillon-
ite (MMT) -CaCOs-based piezoelectret films involving uniaxial
stretching, GDE treatment, and corona charging. Also, they
showed that the highest ds3 (from 137 to 251 pC N ') was gen-
erated when there was increase in the inflation pressure (from 3
to 5 MPa) at 130 °C constant temperature for a certain time.'””!

More recently, Xu et all'® fabricated a foamed PVDF/
multiwalled carbon nanotube (MWCNT) piezonanocomposite.
The foam layer was created by the bead foaming technology
utilizing supercritical carbon dioxide (scCO,). They reported dis-
persion of MWCNTSs, which enhanced heterogeneous nucleation
and effects due to MWCNT on PVDF, which resulted in unique
and denser cellular structures and the compressive strain was
~1.1 MPa greater than the pure foam. The squeezing and plasti-
cizing effect of scCO, on the PVDF matrix contributed to an
increase in the p-phase crystal of PVDF, thus responsible for good
piezoelectricity with an output of 6.5 V when imposed to harmonic
compression. The generated voltage can light four LEDs, which
can have wide applications in smart electronics (Table 7).*%®!
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3.3. Molecularly Doped Piezoelectric Foams

As the name suggests, the method of generation of piezoelectric-
ity in this type of piezofoam is based on doping a nonpolar poly-
mer foam with highly polar molecules followed by the poling
process. The molecularly doped piezofoams are new types of
piezoelectric materials in which electric polarization is not
generated due to the foam structure unlike in conventional
space—charge electrets but simply responsible for desirable
mechanical properties, and the highly polar foreign (doping)
molecules are responsible for piezoelectricity phenomenon.
Figure 14 shows a schematic of the materials system and the gen-
eration of polarization and piezoelectricity."* When a compres-
sive force is applied to these foams, the dipole moment density
increases due to fixed guest dipoles, inducing a surface charge
and hence current flow. The fabrication approach could be used
for other materials having greatly low bulk moduli for example
brush polymers.

3.3.1. Molecularly Doped Piezoelectric Polyurethane (PU)

Moody et al. in 2016 fabricated a piezoelectric system using a
process called “doped nonpolar polymers.” They used highly
polar dopant moieties such as 2-chloro-4-nitroaniline (CNA) into
the flexible nonpolar polyurethane (PU) foam (polymer matrix) to
enhance their piezooutputs multiple times higher than tradi-
tional piezoelectric ceramics or polymers. They measured mas-
sive piezoelectric coefficients di; around 244 +30pCN~"' at
400 Vm m ™" poling field. They also showed better current and
voltage output response corresponding to very low applied
pressure imparted by the human body movement. For example,
they demonstrated the output power of a sample with a piezo-
coefficient of 112pCN™' using typical finger taps and
yielded a peak current output of 5nA and peak power of
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Figure 14. Schematic of the material, in which compression of foam causes an increase in dipole moment density due to fixed guest dipoles, inducing
surface charge and current flow.'”! Reproduced with permission."® Copyright 2016, The Royal Society of Chemistry.

5nW, with the power output varying with tapping intensity.
Figure 15a shows power versus time, and Figure 15b shows
the device, emphasizing high flexibility. Further, the observed
piezocoefficient ds3 increased with poling field, as shown in
Figure 15c.1'%

3.3.2. Molecularly Doped Piezoelectric Polydimethyl Siloxane
(PDMS)

Recently, Petroff et al.l''% reported a high piezoelectric response
of 153 pC N™! in polar molecule-doped PDMS foam. They used
the same design concept reported by Moody et al.*”! except that
they used a sugar template for producing PDMS foam. They
doped polydimethylsiloxane (PDMS) foam with eight different
highly polar small organic molecules such as 2-chloro-4-
nitroaniline (CNA) and  4-nitro-1,2-phenylenediamine,
2-methyl-4-nitroaniline (MNA), 3-aminobenzoic acid, N, N-
dimethyl-4-nitroaniline,  4-nitro  acetanilide, acetanilide,
benzoic acid, acetonitrile and, 1,4-dibromobenzene as shown
in Figure 16b with varying amounts of and electrically poling at
various voltages. Figure 16a shows a graph of piezoelectric
response as a function of dopant dipole moment for samples

o
2

Power (nW)
o N A O ©

poled at 200 Vmm !

(Table 8).111%

after being doped with a 0:1 m solution

3.4. Solid Polyelectrolyte-Filled Cellular Piezoelectric Polymer

Piezoelectricity in this novel solid polyelectrolyte-filled cellular
polymer is attributed due to the strong action of intrinsic polarity
and orientation of molecular dipoles of polymer (e.g., PVDF)
cells, formed when pressure crystallized, with artificial
macroscopic solid electrolyte (Nafion) dipole fillers on several
micrometers scale, generated via their internal ionic mobility
during the deformation of the cell wall.

Xu et al.* reported a novel polymeric piezoelectret generator
without any poling requirement developed utilizing new techni-
ques of design and fabrication, which showed an outstanding
property for dynamic energy harvesting (Figure 17c,d). The
reported piezoelectret was a cellular piezopolymer filled with a
solid polyelectrolyte. In their study, they fabricated a PVDF-
Nafion composite via solution casting following high-pressure
crystallization (Figure 17a). High pressure and compositional
variation in PVDF-Nafion showed control of sample cells size
and morphology as well as their substructures and crystalline

Fit: d33 =0.517E
R%0.8072
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Figure 15. a) Power dissipated in the load versus time for a sample subjected to light finger taps, with an average power of 1.5 nW. b) The piezomaterial is
extremely flexible and flexional motion also generates electric charge. c) Graph between piezoelectric coefficient (ds3) and poling electric field for PU
foam sample doped with 0.2 M CNA (2-chloro-4-nitroaniline). Reproduced with permission.'® Copyright 2016, The Royal Society of Chemistry.
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Figure 16. a) Piezoelectric response as a function of the dopant dipole moment for samples poled at 200 V mm™" after being doped with 0:1 m solution.
X-axis error bars are 5%; Y-axis error bars represent standard error across at least four samples. b) Different highly polar small organic molecules.
Reproduced with permission.'"” Copyright 2019, American Chemical Society.

Table 8. Summary of molecularly doped piezoelectric foam.

Author Polymer Dopant ds3 [PCN"] g33 [Vm N Output power Highlights
Moody et al. (2016)!"% PU 2-chloro-4-nitroaniline (CNA) 244 - ~5nW A better V-I output response with a
low applied pressure for example
human finger touch.
Petroff et al. (2019)1"'% PDMS 2-Chloro-4-nitroaniline (CNA) 153 - - -

4-nitro-1,2-phenylenediamine2-
Methyl-4-nitroaniline (MNA),
3-aminobenzoic acid N,
N-Dimethyl-4-nitroaniline,
4-nitroacetanilide, acetanilide,
Benzoic acid,
Acetonitrile, 1,4-dibromobenzene.

forms (Figure 17b). The output open-circuit voltage density of the
generator was found as 14.6 V cm ™2 at optimized conditions and
when stimulated under dynamic deformation, exceeded the most
polymer-based piezoelectric systems in previous literature. Also,
the generator showed nice durability and stability, and the non-
decayed electrical output was observed for more than 100 000
continuous cycles of functioning. This was also reported that
the facile fabrication of these unique electret materials and their
applications in PEHs may lead to a new paradigm of piezoelec-
trets. Further in 2018, Xu et al.'*" improved the (mechanical-
electrical) conversion efficiency of the self-poled PVDF/
Nafion through the introduction of graphene-quantum-dots
(GQDs) into the matrix. The nanogenerators were stimulated
by a 60 N applied force ata 5 Hz frequency. The generated output
SC currents of 50, 20, and 60 nA and output OC voltages were
measured for GQD loading of 0, 1, and 3, respectively. These
values were much improved for NaCl-soaked nanogenerators
with output SC currents of 60, 60, and 85nA and output OC
voltages of 3.9, 3.3, and 5.0 V for the same GQD loading, respec-
tively. They achieved ~20% enhancement in output SC current
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and ~25% enhancement in output OC voltage for nanogenera-
tors based on PVDF/Nafion/GQDs as compared with its PVDF/
Nafion-based counterpart. It was found that this improvement
was due to the GQDs (Table 9).

4. Applications

Polymeric foam-based piezoelectrics have a broad range of
technological applications in a variety of fields, such as energy
harvesting, sensing, and actuation devices and systems.!''?
These piezo-based devices and systems are now revolutionizing
the technological market trend due to their greater accuracy,
lower costs, higher reliability, and multifunctionality.!***!

One of the major application areas includes the biomedical
sector where flexible polymers are used as potential materials
for artificial muscle actuators, explored as intrusive medical
robots for diagnosis and microsurgery, and used as actuator
implants for stimulating the growth of bones and tissues, thanks
to their property of high impedance matching toward the human
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Figure 17. a) Schematic diagram showing the fabrication process of the PVDF-Nafion dynamic piezoelectrets (PNDP) with a piston—cylinder high-
pressure apparatus and a digital picture showing the physical size and appearance of the as-fabricated PNDP samples. b) Cross-sectional view of
the SEM images of the PVDF-Nafion composite samples with compounding ratios of PVDF/Nafion:50/50, wt./wt., crystallized at 400 MPa, at
260°C for 10 min. c) Short-circuit current of the PNDPGs, and d) the corresponding open-circuit voltage, generated at a stimulated frequency of

5Hz and applied force of 60 N. Reproduced with permission.??! Copyright 2017, The Royal Society of Chemistry.

Table 9. Summary of solid electrolyte-filled piezoelectric foam.

Author Polymer Electrolyte Fillers Output parameters Highlights

Xu et al. (2017)2% PVDF Solid Nafion - Output voltage A novel fabrication method of self-poled polymeric
density: ~14.6Vcm ™2 piezoelectric energy generator.

Xu et al. (2018)"" PVDF Solid Nafion GQDs - Self-poled nanogenerator. They achieved an

enhancement of ~20% in output SC current and

~25% in output OC voltage for PVDF/Nafion/

GQDs-based nanogenerators as compared with
its PVDF/Nafion-based counterpart.

body fluids, tissues, and other portable devices which makes
them an ideal candidate for such applications #1412
However, apart from the biomedical sectors, broad applications
of polymeric PEH systems are found in the wireless network
sensor,["?*134 optics, robotics, environmental monitoring,"**)
underwater and electroacoustic transducers,*® ultrasonics
acoustic devices,'>”] piezoelectric roads,'3¥ etc.

Moreover, today, scientists and engineers are working on the
fabrication and development of PEH systems based on the move-
ment of the human body or muscles, which includes electroar-
tificial skin, human health monitoring patch, e-textiles,
piezoshoe, piezoelectric-based dancing floor, etc.'**~'>* These
are based on human body activities such as running, walking,
dancing, and breathing, which create vibrations and ultimately
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generate power to power miniature electronic systems and devi-
ces. The production of piezoelectric systems from lightweight
polymeric foam-based systems has become crucial and is gaining
commercial importance. The applications of PEHs in different
fields based on natural and artificial mechanical energy sources
are shown in Figure 18a,b.

5. Future Perspectives of PEHs

In the modern age, piezoelectric materials systems and devices
are considered to increase, being the most significant usable
materials for energy to minimize the excess consumption of
conventional fossil energy and renewable energy-harvesting
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Figure 18. Application of PEHs in different fields. a) Harvesting from liquid flow. Harvesting from air flow. Reproduced with permission.!"*"! Copyright
2013, Elsevier. Harvesting from animals. Reproduced with permission.l"*? Copyright 2022, Elsevier. Reproduced with permission."*] Copyright 2011,
IOP Publishing Ltd., Implantable devices. Reproduced with permission."*! Copyright 2015, Elsevier. b) Wearable devices. Reproduced with
permission.'"*® Copyright 2014, MDPI. Reproduced with permission."*”) Copyright 2012, 1OP Publishing Ltd. Harvesting in infrastructure.
Reproduced with permission."*® Copyright 2015, Elsevier. Reproduced with permission.'*? Copyright 2017, Elsevier. Multifunctional harvesting.
Reproduced with permission."®!! Copyright 2016, The Royal Society of Chemistry. Harvesting from vehicles. Reproduced with permission.'*?
Copyright 2015, Elsevier. Reproduced with permission.['>*! Copyright 2012, Elsevier.

sources."*! In addition to zero-carbon dioxide emissions and  distinguished by improved functionality for power generation
aggravative power systems, these materials have been  from unnecessary physical vibration sources.
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These materials systems are able to produce cleaner energy,
along with significant portability and considerable time savings.
In contrast, the commercialization and market development of
polymer PEHs are highly contingent on two key factors, improv-
ing the energy performance of the associated systems and
devices in line with the specifications and reducing prices, to
cope with traditional piezoceramics.

Some essential considerations also include the design and
manufacture of systems, good lifetime and fulfillment of the per-
formance parameter, and compliance with modern technologies.

Researchers expect that PEH will be taking 28.8% of the entire
energy collection market very soon, due to the rising number of
environmentally sustainable piezoelectric projects.[>”)

This will surely revolutionize the energy harvest output while
integrating creativity with technology to form next-generation
energy. PEH has become an important research area by going
forward through the continuous development and progression
of low-power electronics. Today, high-end PEH harvesters
produce total energy up to significant mW. It is expected that
in 2025, PEHs will expand internationally and reach in excess
of 800 million dollars, indicating a strong trend.[*>®!

6. Conclusion

One of the most important classes of functional materials is the
polymeric foam-based piezoelectric that can be used for various
energy-harvesting applications. It has been an incredibly wide
area of research over the past 20 years. While it is impossible
to summarize all the works conducted in this field in the last
decade, this article aims to provide a succinct overview of the
most powerful studies published in the field of polymeric
foam-type piezoelectric materials. Based on our review results
of various polymer-based piezoelectrets, several concluding
remarks can be drawn as follows: 1) The main methods used
for the production of conventional single- or multiple-layered cel-
lular polymeric piezoelectrets are generally produced by stretch-
ing and foaming; 2) The fluoropolymer-based multiple layers, for
example, two-layered FEP (one wavy layer negative corona
charged and other uncharged), are comparable with the best
bipolar EHs, while the AF-based single-layer piezoelectret gives
great charge storage capability and hence higher voltage output;
3) In the group of cellular piezoelectric composites, Pt nanopar-
ticles/ PVDF-HFP composite has the highest ds3 coefficient and
can be utilized for PEHs; 4) The molecularly doped piezoelectric
foam such as CNA-doped PU is extremely sensitive to pressure
even with a low applied pressure, for example, human finger
touch, and hence can be used in making highly sensitive
implantable devices. In these systems, unlike in conventional
space—charge electrets, highly polar foreign (doping) molecules
are responsible for piezoelectricity phenomena, while foaming
structures only provide mechanical properties; 5) In the case
of novel solid polyelectrolyte-filled cellular piezoelectrets, for
example, PVDF/Nafion, self-poled piezoelectrets in which piezo-
electricity is attributed to the strong action of intrinsic polarity
and orientation of molecular dipoles of polymer. A significant
enhancement in output current and output voltage is noted
for PVDF/Nafion/GQDs-based nanogenerators as compared
with its PVDF/Nafion-based counterpart; and 6) The facile
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fabrication of these unique and novel piezoelectret materials
and their applications in PEHs may lead to a new paradigm
of piezoelectrets.

These special piezoelectric materials can be utilized for PEH
devices and systems as a strong substitute for conventional
piezoceramics or piezopolymers. This technology may also be
the revolutionary by eliminating piezoceramics entirely due to
its compact and convenient attributes. These piezoelectric
systems have flexibility, adaptability, easy manufacturing,
and accessibility over conventional systems and can power
uninterrupted-power to low-power electronics. The research on
polymeric piezoelectret foam materials would undoubtedly
continue, and many new applications based on all these new
electret materials are envisaged in the near future.
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