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Piezoelectric Materials for Energy Harvesting and Sensing
Applications: Roadmap for Future Smart Materials
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Graham Christie, Yogendra Kumar Mishra,* Stephan Hofmann,*

and Vijay Kumar Thakur*

Piezoelectric materials are widely referred to as “smart” materials because
they can transduce mechanical pressure acting on them to electrical signals
and vice versa. They are extensively utilized in harvesting mechanical energy
from vibrations, human motion, mechanical loads, etc., and converting them
into electrical energy for low power devices. Piezoelectric transduction offers
high scalability, simple device designs, and high-power densities compared to
electro-magnetic/static and triboelectric transducers. This review aims to give
a holistic overview of recent developments in piezoelectric nanostructured
materials, polymers, polymer nanocomposites, and piezoelectric films for
implementation in energy harvesting. The progress in fabrication techniques,
morphology, piezoelectric properties, energy harvesting performance, and
underpinning fundamental mechanisms for each class of materials, including

1. Introduction

Anthropogenic environmental pollution
and climate change-related to energy pro-
duction and consumption present a key
challenge to humanity and our technologi-
cal future. The development of renewable,
environmentally friendly, and cost-effective
energy sources has increasingly become
important to meet the energy demands of
the future.l!! There are various renewable
energy types present in our environment
ranging from kinetic energy to solar energy
and bioenergy, and extensive research has
been conducted on energy harvesting tech-

polymer nanocomposites using conducting, non-conducting, and hybrid
fillers are discussed. The emergent application horizon of piezoelectric energy
harvesters particularly for wireless devices and self-powered sensors is
highlighted, and the current challenges and future prospects are critically

discussed.

nologies to scavenge energy from readily
available sources like vibration, human
motion, water, air, heat, light, chemical
reactions into useful electrical energy for
powering small scale devices.>) While
there remain many challenges for such en-
ergy harvesting methods including variable
and unpredictable ambient conditions,
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excellent progress in wireless communication, and low power
integrated circuits (ICs) have decreased power consumption re-
quirements and further attracted portable energy harvesting
approaches.[?! For example, the power requirement of the latest
generation of personal wireless communication devices is of the
order of tens of mW.I%” Advanced wireless technologies and mi-
croelectronics have facilitated the development of a new genera-
tion of wearable devices such as, body-mounted sensors, fitness
trackers, smart clothing, augmented reality sensors, etc. In addi-
tion, the concept of the Internet of Things (IoT) has led to placing
smart equipment in remote areas such as, health care devices in-
side the human body, where itis difficult and sometimes impossi-
ble to charge batteries. Therefore, energy harvesting has become
necessary to sustain such self-powered systems.

Among ambient energy sources, low-intensity kinetic en-
ergy from random displacements, human activities such as,
finger tapping, running, walking, heartbeat, respiration; struc-
tural vibrations from manufacturing equipment and trans-
portation vehicles; low Reynolds-number flow of fluids like
wind, water are abundantly available. Recent research has fo-
cused on kinetic energy harvesting based on three main trans-
duction mechanisms: Electromagnetic, piezoelectric, and tri-
boelectric. The advantages and disadvantages of these en-
ergy harvesting methods have been widely discussed in the
literature,®! with most studies focusing on piezoelectric trans-
duction motivated by its superior power densities, high en-
ergy conversion efficiency, simpler architectures, and high
scalability.>!% As a result, applications of piezoelectric materi-
als have increased tremendously across numerous fields includ-
ing sensors,1"18] actuators,['*2!] nanogenerators, 2201 MEMS
devices, 31731 portable electronics,***! and biomedicine. 34!

Currently, the most widely used classes of piezoelectric ma-
terials range from lithium niobate (LiNDO;),[*! lead magne-
sium niobate-lead titanate (PMN-PT),[*?] zinc oxide (ZnO),!*!
lead zirconate titanate (PZT),** barium titanate (BaTiO,),*’!
to polyvinylidene fluoride (PVDF), and its copolymers.[2>#8:49] Al
though lead (Pb) based ceramics such as, PZT exhibit high piezo-
electric coefficients, their rigidity, brittleness, and toxicity limit
their applications in flexible and stretchable devices.['*] Due to Pb
toxicity, there is increasing concern about the use of PZT based
devices in consumer products such as various smart systems,
medical imaging devices, automobiles, and sound generators.!3
PZT based ceramics are also unsuitable for high-temperature ap-
plications. On the contrary, Pb free ceramics such as, KNbO;,
NaNbO;, etc., are biocompatible which allows their versatile uti-
lization in sensors and actuators transplanted directly into liv-
ing bodies. Additionally, their properties can be easily tailored
which make them the best alternative in contrast to Pb based
PZT ceramics. Polymers possess high flexibility, excellent stabil-
ity, and biocompatibility, which makes them favorable for inte-
gration into flexible devices. The peak power density values of
piezoelectric energy harvesters (PEHs) made using zinc oxide
(ZnO) nanowires is up to 11 mW c¢m3,5%) PZT nanowires up
to 2.8 mW cm,’!] BaTiO,/P(VDF-HFP) nanocomposites up to
0.48 Wcm™.521 For the complete list of power density values,
readers can refer to Tables 1-3.

This paper aims to present a holistic review of the recent de-
velopments in piezoelectric nanostructured materials, polymers,
polymer nanocomposites, and piezoelectric films for implemen-
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tation in energy harvesting. The paper is structured into nine sec-
tions. Following the introduction, the second section covers the
theory and mechanism of piezoelectricity. The third section cov-
ers fabrication methods, piezoelectric properties, energy harvest-
ing performance, and mechanisms of piezoelectric nanogenera-
tors (PENGs) built using nanostructured materials. In the fourth
section, the piezoelectric properties of PVDF based polymers and
their copolymers along with other polymers such as, polylactic
acid (PLA), polyureas, polyamides, polyacrylonitrile (PAN) are
outlined. The fifth section is dedicated to the synthesis, piezo-
electric properties, mechanisms, and energy harvesting capabili-
ties of PVDF and polydimethylsiloxane (PDMS) based polymer
nanocomposites prepared using different types of fillers. The
sixth section discusses the piezoelectric performance of PVDF
films doped with inorganic salts such as magnesium chloride,
nickel chloride, iron nitrate, and zinc nitrate. The seventh section
is a brief overview of energy harvesting using piezoelectric films.
The eighth section describes some examples of the application
of PEHs for wireless devices and self-powered sensors. The last
section summarizes the paper and provides insight into the cur-
rent challenges and future perspectives of piezoelectric energy
harvesting.

2. Piezoelectric Effect: Theory and Mechanism

Pierre Curie and Jacques Curie were the pioneers who discov-
ered the phenomenon of piezoelectricity in 1880 while conduct-
ing studies in crystals of quartz, tourmaline, and Rochelle salt.[>*]
There are two distinct piezoelectric effects, namely, the direct ef-
fect and inverse effect. In the direct piezoelectric effect, a mate-
rial is polarized and produces voltage under an applied tensile
or compressive stress. In the inverse effect, the application of
electric potential induces mechanical displacement in the mate-
rial. The constitutive Equations (1) and (2) for both the effects are
given below.>4%%]

Direct Effect: S; = 55 T, + d,,E, (1)

Inverse Effect: D, = d;, T, + e E, (2)

where T = stress, d = piezoelectric constant, S = strain, D = elec-
tric displacement, and E = electric field. s is the mechanical com-
pliance at constant electric field E, €T is the permittivity of the
material at constant stress T. The subscripts i, j, and k refers to
the different directions in the material coordinate system. They
are analogous to the Cartesian coordinate axes (x, y, z) and have
a value of 1 to 3. The rotational motion around the three axes (1,
2, and 3) is denoted by subscript “m,” hence it has a value of 1 to
6. A piezoelectric energy harvesting device has two primary oper-
ating modes: mode 33, in which applied stress is in the direction
of polarization (Figure 1a) and mode 31, in which applied stress
is perpendicular to the direction of polarization®**°! (Figure 1b).
The shear mode denoted by 14 is less commonly used.

The piezoelectric effect originates from the distribution of ions
in the crystalline structure of certain materials. In the absence
of an external force, there exists a steady-state equilibrium be-
tween the positive and negative electric charges in the material,
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Table 2. Piezoelectric properties of polymers.

www.advancedscience.com

Polymer Piezoelectric coefficients d;; [pC N7 Electromechanical coupling Relative
coefficients Permittivity [e,]
d3 ds; diy ks ks
PVDF —24 to —34014 82211441 - 0211461 0.120136] 6-120147]
6011451
P(VDF-TrFE) 24 to 401148.149] 1211300 to 250148 - 0.291146] 0.16l142] 1811511
P(VDF-CTFE) 1401152] - - 0.361153) - 131154]
P(VDF-HFP) 240155 3011561 to 4311571 - 03618 0.18711371 1101981
Polyamide 11 40139 1417601 (at 100-200 °C) - - 0.049(136] 501591
Polyimide 2.5-16.51311 - - 0.048-0.15131 - 41611
Polylactic acid (PLA) - 1.58(161] 9.82(142] - - 3-40162]
Cellulose 5.7 + 1.2 (cellulose 1.88-30.611%4] —35-601165.166] - - -
nanofibril)[163]
Polyurethane - 27.2067] - - - 481871 to
681681
Polyurea 19 at 60 °Cl'%°] 101421 - - 0.08[142] -
21 at 180 °Cl'®]
Polyacrylonitrile (PAN) - 21136] - - - -
Parylene-C 20371 _ _ 0.0231] _ _

Liquid crystal polymers —7016%] -

therefore it remains neutral. When a square-shaped structure is
subjected to compressive stress (Figure 2a), the equivalent center
of charge is still at the same point, hence there is no change in po-
larization. For a 2 D hexagon (Figure 2b), when stress is applied,
a change is triggered in the center of charge of the cations and
anions that induces a change in polarization. There are 32 crys-
tallographic classes, out of which 21 are non-centrosymmetric
(lacking center of symmetry) and 20 of them exhibit direct piezo-
electricity; the 21st being the cubic class.’’] In these materials,
due to the absence of symmetry in the ion distribution, electrical
dipoles are present, resulting in a piezoelectric response. This
behavior is seen in materials such as aluminum nitride and zinc
oxide (ZnO).

In most other materials, the molecular dipoles are randomly
oriented within their crystal structure. To obtain an effective
piezoelectric response from such materials, an important op-
eration called “poling” is done. In the process of poling, the
molecular dipoles in a material are re-oriented by exerting a high
electric field at high temperature, followed by subsequent cool-
ing keeping the same electric field to sustain the orientation
state. The two well-known methods of poling are electrode pol-
ing and corona poling. A high voltage is applied to the piezo-
electric material in electrode poling by pressing conductive elec-
trodes on two sides of the materiall®®! (Figure 3a). An electric
field in the range of 5-100 MV m™ is usually applied.’>®?] In
the corona poling process (Figure 3b), a needle with high con-
ductivity is maintained at extremely high voltage (8-20 kV) and
is located on a grid at a lower voltage (0.2-3 kV). The piezoelec-
tric material is situated beneath the grid and is kept in an atmo-
sphere of dry air or inert gas.[>>6163] Due to ionization around
the corona tip, the gas molecules get accelerated toward the
piezoelectric material surface. The bottom side of the material
is covered with an electrode, which is in contact with a hot sub-

Adv. Sci. 2021, 2100864

strate to achieve better control over poling. The poling temper-

ature does not exceed 300 °C for both methods in all material
[31]

cases.

2.1. Piezoelectric Effect: Utilization in Energy Harvesting

In energy harvesting, the direct piezoelectric effect is utilized,
wherein an applied force leads to electrical charge generation.
Figure 4 schematically shows the working mechanism of an en-
ergy harvester. Initially, in the absence of poling, the dipoles
present in the piezoelectric material align randomly between two
electrodes!® (Figure 4a). Upon application of an electrical field
to the energy harvester, the dipoles align in the same direction
as the applied field (Figure 4b). In the absence of external force,
zero electric signal is acquired by the device because it remains
in a state of equilibrium. Under the application of compressive
force in the vertical direction, the material is polarized due to
compressive strain, inducing piezoelectric potential between the
electrodes. In the course of this process, an output signal is ac-
quired (Figure 4c). On releasing the applied force, a slight tensile
force develops that induces a reverse piezoelectric potential (Fig-
ure 4d.e).

For energy harvesting, when mechanical stress (Ao) is applied,
the charge (Q) generated across the opposite faces of a piezoelec-
tric material of area (A) is defined by Equation (3).1°]

Q=dy;xAXAc (3)

The material’s piezoelectric coefficient (pC N7!) in 33-mode is
denoted by d;;. Load impedance is infinite under open-circuit
conditions, hence the equation Q = CV is used, where C is the

2100864 (6 0f73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Open Access,

www.advancedscience.com

www.advancedsciencenews.com

(panunuod)
a3eyjon
NSz ae sapiedoueu fo1 kg [EERIN
logzl W W g8 v gL 9 N 00£ Buijod oN - Suiuuidsouyoa|3 %M 07 wu §9°0ZL =a payipow auiwedopA|od -4aA)d
4 404D, 001 wrl oy =17
les7] - - - - e _ww AY G¢ 7Ll Buiuuidsoia)3 %|0A 0€ wdgo=a siaqy fo11eq 41aAd
%M 9L uo11d3ap
[827] - - 1®8Y°0 21140 wiw 9 YLIojAg - Suiuuidsoia) %M 9L-0 wu 00z =3 sapiuedoueu fo1 eg 41aAd
1Y 1€
lee7] w80 vu 8¢ %W QLB T, O 00L uiw 0g 10§ A L - Sunsedjuanos 9% QL-L - sapiuedoueu f01)eg 1aAd
%M 0T M §€-0T 1€ wu 005=1 (3340
losz mr sz - 1’706 Buiddey ua3ui4 3ujod oN - Suiuuidsoids|y %M 070 ‘ooL-0L =a sapiedoueu fo1 g -4aA)d
duelsisal
O YlL4oj Ly wu 005=1 [EENTY
[szzl Liemdgzo v g0~ X Suiddey 123uly 18 _wd AN 0SL - UOIIBDILOS-BIYN %M 070 ‘ooL-0L=a sapiuedoueu f01)eg -4aA)d
ulw
0€ 404 D, 0L uoieu|ed
[esad - - - - 1B W A § 14 pue Buissaid 104 9%]oA O wd | =g sapiuedoueu f01)eg 1aAd
uolresodens
[Lszl - vl gL 0SL edIN OL Y840y _Wd A Z - juanjos %M € wu oSl =g sapiedoueu fo1 g 4aAd
M 8L e [EERIN
[ye2] Fuwomigzz  Lwoyrl 90 %msLIe ST N 009 Buijod oN - Suiuuidsoia) %M 5e-0 wu oL =3 sapiedoueu f01)eg -4aAd
2wy i) Y9 o)1y 3unseo uids (3441
4 _w L v 6N O _wiw —w AN 00L - ue uljjiw |jeg 6N O~ wu 0oL =3 2 ueu fo1)eqg -4aAd
[ec2] wo i gg 1690 %M OF 18 8°6 z NS0 1 W AN 00 pue 3 e %W 0v—0 00 sapiuedoueu fo1)e A
Sunuud
ag paisisse
uolresodens
[Lezl - - 14 N LT~ Buijod oN 3l JUaA|0S %M 0L wueoL =a sapiedoueu fo1 g 4aAd
yoz
1043, 00L uoijesodens (d4H
[zdl W2 M 8%°0 v zz oLL BdIN €2°0 e | _wd A Q0L 08l juaAj0S %W € wupoz =ad sapiuedoueu f01)eg -4aA)d
yoz
104 D, 00L uoljesodens (441
lozal - v 5L St edIN £2°0 38 _Wd A 00L - juanj0S %M 0€ wuooz = a sapiuedoueu f01)eg -41aNd
s49||y Suidnpuod-uou uo paseq saysodwodoueu 4QAd
[l sy
Aisuap Ajisuap Jo ssawpiyy/[al
Jamod/1amoq  juaund/juaiindy [A] 98e3j0A 23U sapwelq/[7] yiua awieu Ja||14
ERISEEY [-N Dd]
peo|/9urens tip/tp poyisw
/ainssaid/peo) suolIpuod Ua1D1Y20d sIsayluAhs X11e N
[ERIEIETEN| sduewiopad ndino paijddy 3uijod ouP3R0zZald  ausodwiodoueN s19||14 Jawkjod

‘suonedijdde 3unsaniey AS1aus 1oy sanisodwodoueu JawA|od d1193|20z31d Jo Alewuwing *¢ a|qeL

2100864 (7 of 73)  © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



Open Access,

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuuod)
saijedoueu
[867] w211 VU ST VT N §Z 3uijod oN Y76 3unsed uonn|os %M T wrl 7' & azs Je3g Quz padop a4 41aAd
sapinedoueu (d4H
[z67] - vu L6l %M G0 1€ | NST Buijod oN %M G018 0z  Bunsed uonnios %M 50 - ouz padop-IN -4aA)d
M Tl e (d4H
[962] - - %IM 7 1B QT NSz 3uijod oN - Buiuuidsourda|g %M 7-6°0 - spoioueu Quz padop-0D) -1aA)d
wrdgz=17
[s67] - VU 0€ v'0 uleNs %7°¢ WD AN T'L - Buneod uids - wr ' 0=qa S2.IMOUBU QUZ 4aAd
Bunseo
doup pue
[vezl ~wo i 1zo v 250 181 ed) Sl Buijod oN L1 UOI3BD|UOS-BI3 N %W G| - spoioueu Quz 1aAd
mlrcu
[e67] MW §zE v 2L 374 N 8 Buijod oN 0S ssadoud nys U] 9% °|OA 80 wu 0§1-0S ~ d sapdiedoueu ouz 4aAd
uiw
S 404 A HL Buxw (3340
lo67] - - - - 18 Buyjod euoI0) 76l dluosen|n %M 0L wu 09-02 =a sapedouru Quz -4aAd
ouz ouz
%IM G/ %IM G/ %M §TL (3340
[3:4d - - 1AL peo| 8¢9 Buijod oN 1'7TE Bunses uids =Sl wu oL F0£=a sajpisedoueu Quz -4aAd
INEIEL
[3g2] - - 1L - Suijod oN - Buiuuidsoudsg %M G| wugL=g sajpiuedouru Quz 4dAd
wnnoeA ul wz_u__._r_uww
[ogzl - - 14 2-W N 009L Yzdoy _WANS 006 [28~|0s %’10W 7°0 - sapedoueu Quz 41aAd
[sg2] md yo VU 0S 74 ed) €48 Buijod oN v'9- Bunses uonnjos %M | wuoL=a sa|oiedoueu Quz 41aAd
2,09
[4:4d - - - - e | _wd A 0§ - Suxiw uonn|os %W 6L wu 0oL =a sapedoueu Quz 4aAd
3 0L = uonesajadde ‘4 940} 2,08
[ysel cwo mi yrz v 211 %|0N G 1e G/ O 7T 1w AY 0T - 3uissaid10H  %JOAQZ-§T  SUOIIW M3y =] spoJoueu SO eg 41aAd
y L 403D, 00L uolresodens
[eszl] - vl gz oL NZ 1 W AN SL - JUBA|0S %M §§ wu oL =3 sapiuedoueu f01)eg 1aAd
%M 07 (3340
[4:d w2zt v €0 'zl edIN §°0 -W AN 0§ £5¢ uonEdIUOS-BIIN %M 050 wu 00z =a sapiuedoueu f01)eg -4aA)d
L] ssa1y
Kysusp Kusuap Jo ssawypdiyl/[al
Jamod/1amod  juaund/uaiind [A] @8e3j0A uUaU0D) sa19welg/[7] yrdua Qweu J9||14
aoue)SISal [[-N 2d]
peo|/gsuiens tep/Etp poysw
/ainssaid/peo) SuoI}Ipuod JU31D20d sIsayluhs XIIB N
EERIEIETEN] souewlopiad inding paljddy Buijod JuP3R0zald  aysodwiodoueN SEE] Jawik|od

“(panunuod) ¢ a|qeL

2100864 (8 0f73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



ADVANCED
SCIENCE NEWS

Open Access,

www.advancedscience.com

www.advancedsciencenews.com

(panuiuoD)
uoljesodens
Y 604043, 08 jusAjos pue
[ozgl - - - - 1e 3uijod euoio) I3 UOI1EDIUOS-BIH N %IM § wu /-0 =3 sapiuedoueu Ygla4o) 41aAd
(3441
l6L€] - - b4 Suiddey 4a8u14 Suijod oN %M Z 18 69—  3unsed uonnjos %M 8—0 wu g > g sajpisedoueu O3 -4an)d
sajpiiedoueu
[gL¢l oW M 689 wo yrl o~ €S edN €0 Buijod oN - Sunses uonnjos %M G| wrd¢=qg O!N pa1e0d ‘Ol 1aAd
lz1¢] - - - - 3uijod oN - Bunsed uonn|os %M =520 wu yy =@ sa|diedoueu OIN 4aAd
‘o1s
%M G0 adejjon AYgL 18
leLe] - - 1’9V N 6°€L Suijod oN - Suuuidsoda)y %M 750 wu 0e-0z =4 sapiuedoueu OIS 4aAd
a3e1joA A §L
Yyum D, 08 Suiuuids 3aw
[z1€] - v 9z¢0 %M 1B £°¢ Suiddey 4a8u14 1e 3uljod euoio) - pue uxiw 3p %M 9—Q - spoJoueu NN 4aAd
Yieq
__O wCOu___w
urd, 08 %|0n 0€
[90¢] - - - - e _ww A) oL 104 48 Sunsed uonn|os  9%|oA 0£-0L - sispmod 174 41aAd
[so¢] - vu ¥ %M 0 1€ - 3uijod oN - 3unSEd A0S %M 0£-0L - sapiedoueu fFoagen 41and
spoJ-oueu
cwiw %M ¢ Suissaid joy ?|1|-pod pue
[vog] mi o6z - 10§ |1'6€ Suiddey 4a8u14 Buijod oN pue 3unses doig %M [—| - 21qn2 ‘salayds a11419) duIZ 4adAd
Buissaid Joy Nid
[c0¢] - - %M 7L 1B 8| Suiddey 4a8u14 Suijod oN - pue Sunseodoiq %M ZL-T wuops=a Y3IM PayIpoLU 3}14id) dUlZ 4dAd
%M §°| pedwi Buissaid joy SO3L
[zo¢] - - 10477 s28uy uewny YZI0A €L - pue Sunseo doig %M §'1-§°0 wuze=a L2IM payIpow 911413) duIZ 4and
s9ijedoueu
[Log] ~wo mi zz'g vzl %N T8 7T ed) 6oL 3uijod oN - 3unsed uonnos %M 750 wuzL~da 9JEUE}] JEUODIIZ 4aAd
NI SL e
[oog] - vz %IM G 1B €9 Jawiwey Aq 92404 Suijod oN - SBuiuuidsoiday  9m g g | - s|eyskidoueu 3so|n||ad 4aAd
%M T wdz| =7 ouz padop-24 (d4H
l662] cud oy Lwd el 4! NST Burjod oN - Buluudsoia)3 %M T wu i = M pue DN 3so|n|j2D -4aA)d
[l siapy
Kysusp Ksuap Jo ssawypiyl/[al
Jamod/1amod  juaund/uaiind [A] a8e3j0A UaU0D) sa19wel@/[7] yrduan aweu J9||14
adue)SISal [[-N Dd]
peoj/guteis tp/ftp poyiew
/ainssaid/peo) SuoIIpUod JU31D20d sIsayuAhs XIIB N
[ERIVEIETEN] souewlopiad inding paljddy Buijod JuP9R0zald  aysodwodoueN si9||14 Jawik|od

“(panunuo)d) “g s|qeL

2100864 (9 of 73)  © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



Open Access,

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panuiuod)
NI TL e
[Lyel - - - - 3uijod oN %M G’ 18 0 Suiuuidsonda|g %M €0 wu oy =@ saiimoueu 3y 4aAd
aduelsISal
lovsl - vz %W 01T PEO| BN L Buijod oN - Buiuudsoia|3 %W | -0 wu oy-s7=3a sapiyedoueu Sy 4aAd
SMN
8V %M T'L wuge‘ozl =a SaJlmoueu (3340
[6€¢l - - 1® 00 - Buijod oN - UOIIBDILOSEIYN %M Z'L—1'0 wu oz =a 8y pue sapiedoueu 3y -4aA)d
%|0A S00°0 Bunses adey %I0A | (3340
[oge] - - - - Buijod oN 1 €207 pue uonesiuos ~500°0 - sapiuedoueu 8y -4aAd
s43]|y Sunpnpuod uo paseq saysodwodoueu 4qAd
[seel - yu g ¥l yonoy sadui4 3uijod oN - Buiuuidsourda|g - - S199YSouBU ¢SO 4aAd
UOoISJIaAUL
aseyd %M §
[reel - - %M G I8 TR N € 3uijod oN - ein uises uids pue ¢z wu6zZL F 0Ly =0 sapryedoueu igSpn 1aAd
el M 8L e
[eeel TRy AN YU §9L %M G0 L6 N g€ Buijod oN - Suuuidsois|3 %M [-SZ°0 wu 0oL >d sao1uedoueu djeL 1aAd
a3ejjon
indino N 0Z e
[zeel - - 159y3IH - - - Buiuuidsourda|g %M QL - sagnjoueu a3iskojjeH 41aAd
NI GTL e wu
[Leg] 2-Wd MW 89 VU 07X %M S 18 0L Buiddey s23u14 3uijod oN - Suiuuidsoia|y %M OZ-0  0¢ F0€E = 42q!4 Aep-oueN 41aAd
uoljesodens
logsl - YU 0L %M G018 9 N 00¢ Suijod oN - juanj0S %W §0-L°0 - Kejp-oueu ajuoder 4aAd
N %M €
uiw Q| 4oy pue £0oeD) 3uiyozans
1wl A 06 %W O puE UOISNIIX® %W €-0 sopued
lezsl - - - N 860 1€ uijod euoio) 189°0€ M3IDS UIML %W 07—0€ - N puE f0DED-0IN 4aAd
) (d4H
[gz¢] - YU 0§ S s198uy Aq Buissaid Buijod oN %W Gl 1e Gy unsed uonnjos %M 0G—/ - a1uo||iowiuow padop I -4aN)d
D sapiedoueu
v 6Epee 2w st INEARE wuez=a 'Ofo) padop-2)
lezel ¥9°00L vr §00°0 0100 0z N ST Buijod oN - Suiuuidsoipalg %W T wuge =g 0% padop-2 4aAd
Y 1 404 2,09
lLzgl ’LWANSE %M ZIELE  Buiw uonnos  9IM =50 wug=g sapiuedoueu "o oy 4aAd
[l i1y
Kysuap Ansuap Jo ssawpiyy/[al
Jamod/1amoq  juaind/juaiindy [A] 98e3j00 U3U0D) spwelq/[7] yiua awieu Ja||14
DUB)SISAI [-N Dd]
peoj/gsurens t5p/Etp poyiew
/aanssaud/peo) suoIHIpUod U310 sisayuAs XUIeN
[ERIEIETEN| 9duewiopad ndino paijddy 3uijod ouP3R0zZald  ausoduwiodoueN s19||14 Jawkjod

‘(panunuod) ¢ s|qel

2100864 (10 0‘F73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



ADVANCED
SCIENCE NEWS

Open Access,

www.advancedscience.com

www.advancedsciencenews.com

(panuiuoD)

ulw 0z LINDAS
1o} %M 50°0 SLNDAS pue (%)
[ss¢l - - - N 970 D, 0818 A 0T 159 UOIBDIUOSBIYN %M §Z'0-0 - S3URJ3||N} Ja3sulUPNg 4aAd
Yz'L404D, 0L wrl g1—¢ ‘oL
[psel - - - - —wir Aozl %M 018 [y Bunsed uonnjos %M |0 =7 Wu09-0y =3 UHM pa1e0d S| NDMIN 4aAd
uoiengeod wdoL =7
[zsel - - - - 3uijod oN '8¢ uonn|os %M €0 wuog =3 SINDMIN paddizun 41aAd
SIND-8v Al SLIE siaqy SIND-8Y 3 SIND
[Lsel - - - - Suijod oN J04 _Awd g Bujuuidsoiids|3 %W | jouwrgl-¢1=a pazijeuolpuny HOOD 4aAd
sdnou3 |AxoipAy
wr | &7 23 oulwe ‘|Axoqied yum
los¢l - - - - - - Supaw 3oy %M G—G'| wuge=qa pazijeuondpuny s|NJMIN 4aAd
Buipualq
How pue wr 0050 =1 11 yum
324 - - - - - - 3unISed A0S %M |-50°0 wu 0¢-0z =ad pazijeuonouny sNDMIN 4aAd
%W 00 W AN 09 2e 00L < ¥V
[z97] - - ®’LE - 3uijod asimdalg - 3unsed> uounjos %M £0-0 wu 06-0¥ =a SLNDMIN 1aAd
[8¥¢l - vuLL 681 N 0S¢ Bujod oN €L Buruurdsou3)3 %W 8L wuoz-0L =a SIND 4aAd
M 8L 1e
[zys] MU 818 - %W G1E 9 edi\ ¥ Buijod oN - Suuuidsoids|y  9moL—¢ - SLNDMIN 4aAd
|- A 00ZL Buiuuidsosy
[coz'svel - - - - 1e Buijod nyis u| 9°L5— -23|3 PRy JBIN %M §0°0-0 - SLNDMIN 1aAd
Yieq
|10 auod||is
ul uiw oz
104 2,021 INEZR
[eoz'seel - - - - 18 |_Wd AY 00§ - Buiuuidsonddy %M L-50°0 wu §L-0L =3 SLNDMIN 41aAd
wi
[evel W M006r  wdyrlszg 44 edN €0 Buijod oN 75°9¢ Bunises uonnjos %M § S F00L ~ ssawpiyL s1eaysoueu ‘Qus 41aAd
WA 061 1e 4N 4aAd/d
[zyel wo i zz -Wd yw 9 (0] edN €0 Burjod oN a4 Bujuuidsoia)3 %W §'L Jowu 009 =qa sajoiuedoueu id 4aAd
L] a1y
Kysuap Kisuap Jo ssawypiyl/[al
Jamod/1amod  juaund/juaind [A] 28e3j0A U2U0D) sa1owel@/[7] yrduan aweu J3||14
aoue)sIsal [[-N Dd]
peo|/96uIens tep/Eep poysw
[ainssaid/peo| suonIpuod JU31D20d sisayjuhs XLje|N
FERIVEIETEN] souewlopiad inding paljddy 3uijod 5l1P990Zald  dsodwodoueN si9||14 Jawik|od

“(panunuo)d) “¢ s|qeL

2100864 (11 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



Open Access,

www.advancedscience.com

SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED

(panuiuod)
%W L0 wu00g =1 (334
lzog] NZ 80 %M L0 38 ¥'T mrze Buijod oN ®€T— Bunses doig %W 7°0-0 wu 08 =M apixo auaydes3 paonpay -4dA)d
Suipjow
uoissaidwod
oA pue
[99¢] c-wd A 1 visLo %W | 18 G770 3005 - - uoneduosellN %M =10 wugl-oL =g apixo ausydesd paonpay 4aAd
DUB)SISAI ulw ¢ 4o} Buissaud
(&1 %W 1°0 2,09 ‘M ZL oy pue wu 009-00L =1
[sog'poel 0L 1€ \U 9¢ - BACL - 1e 3uijod euoio) - uonesluoselln %M €'0-L°0 wul =1 apixo auaydesd pasnpay 4AAd
s|eAsaqul
ulw g 3e
%M S0°0 zH W AN 09 38 (0n4)
[g¢¢] - - 18 Q7€ 0¢ 18159 uoneuqiA  3urjod asimdars - Bunseo uonnos  9M Z'0-0 - apixo auayde.d paonpay 4adAd
INEIR ajozexozuaqA|od
[eo€] - - 09 - 3uijod oN - Suiuuidsouyoa|3 %M €0 wrigg =@ pue auaydein 1and
uoljesodens
JUdA[OS suaydesd
lLoz] - - - - Sujod oN - pUE UOREDILOS %M G—G0 wu gy =1 pazijeuoouny YNNG 4aAd
SdN s199ysoueu
[z9tl - YU L0 Lo ed) 'S 3uijod oN - Bunses uonnjos - Sylopwuss=a padop 8y-ausydein 4and
N TL e %M | s1aqyoueu
[Log] -wo i 960 v 200 LL ed} 99 Buijod oN - Buiuudsoia|3 %W 0 jouwuog=a suaydesn padop ;3D 4aAd
D, 0¢€L
1B ulw o¢
[o9¢] - - - - J0j _WW A0S W9/ Sunses uonnjos qw /- wu 00z > 1 s1paysoueu aydesn 4and
[65¢] - - - - Suijod oN - Bunses uonnjos %IM G—7 wrdgl-z=17 s19|91e|doueu auaydesn 41aAd
M0z e
[g5¢] - vigy %M 018 6L - 3uijod oN - Buiuuidsourda|g %IM G—0 - s19|9re|doueu auaydesn 4aAd
dass sad —w
AN OL ‘-w
%W SL°0 AN 09 031 0L [EERIN
[£sel W M 90°8YL vl 90 'yl OIN LE0C woly asimdarg TLFEYE 3unsed UoNN|OS %M §1°0-0 - auaydeln -4aAd
[l 51y
Aisuap Kisuap Jo ssawpiyy/[al
Jamod/1amoq  juaiind/juaiindy [A] 98e3j0A Ud3U0D) srpwelq/[7] yiua awieu Ja||14
2DUB)SISAI [-N Dd]
peo|/9%uteas t5p/tp poyiew
/ainssaid/peo) suoiIpuod Ua1D1Y20d sIsayluAhs X11e N
[ERIIEIETEN| sduewiopad ndino paijddy 3uijod ouP3R0zZald  ausodwiodoueN s19||14 Jawkjod

“(panunuod) -¢ 9|qel

2100864 (12 0‘F73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



ADVANCED
SCIENCE NEWS

Open Access,

www.advancedscience.com

www.advancedsciencenews.com

(panunuod)
folLeg
%M L
INDMIN wrl 0§01 =7
ystL %M 70 %W 70 wu gl-g=@ SLNDMIN
l6z¢] - YU 60 €70 N 08 105 L WANYS  ieglo='*p Bunuud g wad %W gL wu 00/ =d pue sapiedoueu o1 eg 41aAd
uoleuIquiod 43||y Suanpuod-uou pue SuldNpUod uo paseq sayisodwodoueu JAd
914 daysuad |_w
%M 20°0 AN OL ‘|- (514)
pue g> AW 06 01 0T %M £0°0-0 wus-§0=a auaydess 1ake| may (d4H
[s9z] WM ELS vz %W G0 LY [$]\4 wouyy asimdais - UONEDIUOSEIYN %M 8'0—0 wu 00L—0S§ =a pue (gD) 3de|q uoqsed -4aNd
%IM G0 W sapinedoueu (d4H
[vozl WA €L - 1®89°¢ - AW 06 38 8uljod - 3unsed uonnjos %M 800 wu9grQg ’Pe|q Uogied -4aAd
0D apixo
pajeunony INEIRL auaydesd pajeuniony
[8£¢] - - - - Buijod oN 10} €9 Suiuuidsoda|3 %M | wu 00£~009 =d pue pajejixoqued 4aAd
uoijesedas
%M G0 aseyd pasnpul wrl ooL-§ =7
logzl - - 1 %97 - Suijod oN - JUBA|OS-UON %W G0 wu ' ~£0=1 apixo auaydein 4aAd
wrd g0~ T
[z2€] - - - - Buijod oN - 3unseo doiq %M T wu gL~ apixo auaydein 4adAd
wu 008—00L ~ 7 s}oaysoueu
[peel - - - - 3uijod oN - 3unses uonn|os %M Z-50°0 wu L~ apixo suaydesn 1aAd
v €0 SIND 404 Z'L
[e€] - vl 20 0D440 §°Z uo3edxe Ja3ul 3uijod oN - - - - SIND pue OD4-24 41aAd
[zesl - - 4 Buredwi sa3ul4 Buijod oN - Buruuidsoua|3 %W ST°0 - 0OD4 padop spD 4aAd
m\Eu
[Le] mi 1622 vi g0 9¢ ed 6LLE 3uijod oN Sy 3unsed uonn|os %M | wu 0y—0€ # g 0D padop Oy 4aAd
[
‘LiL ones
lozsl - - - - Suijod oN - Bunses uonnjos  Quz/0D! - 004 padop Quz 1aAd
uonednjuiuad
0n4-8y RN pue
[69¢] W M 8T v 0L %W | 1B 8L peo N L Burjod oN - UOIIBDILOSEIIN %M Z-1°0 - OD4 padop 3y 4aAd
0D4-24
[89¢] - v ¥52°0 %M Z 1B 'S ed) ZL 3uijod oN - UONEDIUOSEIN %M Z-L'0 - 0D padop 24 41aAd
] ssa1y
Kysuap Ksuap Jo ssawpiyl/[@l
Jamod/1amod  juaund/juaiindy [A] 98e3j0A U23U0D) spwelq/[7] yi8ua awieu Ja||14
0UB)SISAI _TZ od]
peo|/osuresls Lep/tep poyaw
[aanssaid/peo) suonIpuod JU31dLY20D sisayjuhs XUEN
FERIVEIETEN| 9ouewiopad inding paijddy Buijod Jl1990Zald  dusodwodoueN s19||14 JawAk|od

‘(panunuod) ¢ s|qel

2100864 (13 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



Open Access,

www.advancedscience.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(panunuod)
JuaLIIeaI}
jeay pue %|OA | SIND
l68¢] - YU 0g ¥ - - - BuuunsonauBeiN  9%|0A 0 - sopied 1d-NINd 4aAd
wr ¢-7
=7'wuo/0e=4d sagnjoueu
ansho|jey asho|jey %M '€ wugl-z=a a1skojjey ‘auayde.d
8¢l - v o 8040410 N 670 Sujod oN 8040} § Suiuuidsoia|3 -50'0 wu/~y'e=a ‘opixo auaydein 4aAd
pPUgAY
3uijjou pue LNDMIN/2uaydesd/coun
[897] - - - - W AN 0805 €e-LL Sunses uonnjos %M |-Z°0 wu 00£-0vZ =a 1aAd
%M T ML e sagnjoueu
[og¢] - - %M T 18 89°0 NZEL Buijod oN 1’ TYLS Buiuuidsounda3 %W 70 wr oz = @ 9q14 LNDMIN-"O%e4-01L 4aAd
M
z1 e Sujuuids s199Ysoueu
-01129|3 pue wuQL/~£LL -sajoiedoueu
[sge] - - %W T 18 £2°0 NZEL Buijod oN %W ZIE S Buiwiuonnos %M Z—0 ke RENTE apixo susyden-o oy 4aAd
Suixiw s19ke| Moy & | ond
looz] - vl €ge0 91T ed) L - - duosen|n %W L0  wWuQEs=Q‘00z=7 Puespoioueu FOqNEN 4aAd
foluis
%I T
oD-folL sapipedoueu fO1 1S (d4H
[297] - - z - 3uijod euoio) st Burses Juan|os %M | wu 0oL > g fO!14S  puE sagniouru ODI-“OlL -4aA)d
S L0 N8
[e8¢] - - %M | 1B €L NST 1e Buljod euoio) - Sunses uonnjos 9% G| - LND pue sagnioueu ‘Ol 41aAd
yoea wu g =g
[zg¢] - - - - Buijod oN - Buixiw UoAN|OS  JO %M G'T wugl =@ OD4 pue siakejoueu ZO1L 41and
%M §°| sjop wnjuenb
[Lg¢l cud izl pwdvdely 9Y NW 597 Burjod oN - Bunses uids %W T wu 0oL > a suaydeis puetorleg 4aAd
Na-y
%M | s1akejoueu dpLIU
folleg uoJoq [euoJexay (d4H
loge] - - vz - - - Buxiuwi uonnjos %W € - pue sdN folLegd -4aNd
[l 131y
Kysuap Knsuap Jo ssawpiyy/[al
Jamod/1amod  juaund/juaiindy [A] 93e3j00 U23U0D) spwelq/[7] yi8ua awieu Ja||14
0UB)SISAI [[-N Dd]
peo|/osuresls Lep/tep poyiaw
[ainssaid/peo| suonIpuod U300 sisayjuhs XUEN
FERIVEIETEN| souewlopad inding paijddy 3uijod JuP3R0zZald  ausodwiodoueN s19||14 JawAk|od

“(panunuo)) ¢ 9|qer

2100864 (14 0‘F73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



ADVANCED
SCIENCE NEWS

Open Access,

www.advancedscience.com

www.advancedsciencenews.com

(panuiuod)

Buuannds
uoJoudew
w2y 500 ¢ pue
[zov] - un vy 770 9 ureas %5¢y°0 3uijod oN - uoiysodap g1 - wrioL =@ sasaydsiway 17d 10 Quz SNad
NISL onel wu
[p¥] =W MU L€ YU §'yS L |-W N 086 1e 3uljod euoio) - Suxiny ‘oA 00L:L Olz=Qq wwes=1 saqnjoueu | 7d SWdad
saJimoueu
14 Kol Nty Suneod wrl og = 7
[Ly] - 6000 90 S9[242 ujenss (0L ¥ _Wd A 00L 104 67 uids pue Sumxipy %|oA | wu 057-00L # @ saimouru EFOGNI swad
-2 yu 9| 1 wrd oL &7
[Lov] W MW 90 vuzL e Ulesls %¢7°0 1B WD A 08~ - Buneod uids %|ON | wuooc~a sasmoueu FOqNEN SWad
Y0z 404 D, 59 Buun>
l66¢] - v 0§ 08L UIBIIS 9%16°0 e | _Wd A SOL - pue Sunses uids %M 0L - sauimoueu Quz padop 17 SINad
%M OF Suixiw wu
[86¢] - 1, W yrleg'0 9Oy 2E ZL uens %160 Buijod oN - [e8njrauad %W 09-0L  00Z-00L = 3z!s 33p3 saqnooueu fosuz swad
y z1 404 Suund pue
[z6€] - YU 00¢ 9 - 2. 0€L AT - 3unsed uonn|os %M 0T wuooL-0s=a s[easkoueu f0o1 g SWad
OGN 0oL e %W G| Y
[o6¢] WD pwir pwdyd gy 18 €971 ed ¥1°886 YT 10} 14 1B AY 8 - Sunsed uonnjos %M 5Z-0L wu 00¥—00L =ad sagnooueu Q11 eg SWad
4
7L 1042, 0ZL 8uund pue ww =7
[s6€] M LP8L 0 YU '19¢ L9T BdIN 2000 1B _WWAYGS - uonesiuosesdn %N LE wue0-L0=0d siaqyoueu £O1 eg SWdad
Yzl Joj 'dway
Fwoyuose=/ jusIqe wd p=7
lreel - YU 0S¢ 3 edIN L 1e | _wo AY 08 - Bunses uids %W 1L wugLL=a saqnioueu O] eg swad
Bunseo
ONW Suipuaqun Yzl oy uids pue SUOIDIW M3y =17 Sallmoueu
[e6¢] 00§ 18 M oy vl 09 pue Suipuag 2. 0CL ¥ A L - BuuinsonaudeN %M gL wuozL =a pue sapiuedoueu fo1Leg Swad
4
[/ Buipuaqun 7L 404 D, 0¥l wu gL g
[z6¢] oz Mz~ VU 09¢ L pue Suipuag ’MSL-S0=13 - Bunses uds %W 02§ wry &7 sanmoueu fO11eq Swad
sJ49||y Sudnpuod-uou uo paseq saysodwodoueu SNAd
wizi=qa
‘wrl ¢—7 sapinedoueu
=7wuos-0L=a Kepd ay1uijoey
‘wr 00v—b2ZL S2qnJouBU UOGIED
los€] - - - - 3uijod oN - Sunseouonnjos  %mz-g0  =7wdog-sL=a spol aso|n||2d 4aAd
] ssopy
Ajisuap Ansuap jo ssawypiyy/[al
Jamod/iamod  juaund/juaiind [A] 28e3j0A jusjU0) sa19welq/[7] y1dua Swieu J9||14
9DUBISISAI _TZ od]
peo|/urens Lep/Etp poyiaw
/ainssaid/peo) SuoIIpuod FETLIITET R sIsayuAhs XLIJBIN
[ERIEIETEN| aduewJopad nding paijddy Buijod J13939]202z3ld  dysodwodouep SENE| Jawik|od

“(panunuod) *g ajqeL

2100864 (15 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



Open Access,

www.advancedscience.com

wrl gL

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

uoneyde %M G0 =7‘wuge=a SLNDMIN
l6Lv] cwd Ml 6 VU 005 (0] edd O 3uijod oN St [ed1ueyYRIN %M § wrdoL=q pue Jaqyoddiw 3so|n||a) SNad
Buuno
J0j0W Je3Ul| + 3uneod wr g~
£q Buipuaq-un Yzl doy uids ‘Buiuns 7 ‘WU 00¥—00Z = a spoJoueu
[gL] - vzl 4} pue 3uipuag 2. 05L1IBAYT - onaudey - wr ¢-| =@ n> pue sapied NN SIWad
wird Jaqqnu
Buissaud 2, 0LL Suuno oL~ T'wuozZ~ra auodI|is
[ov] - VU 00§ 4 ‘Buipjoy ‘Bunsimi ' _Wd A 0§ - pue 3uipua|g %3 07 wrl |~ g SLNDMIN PUe 1d-NINd xa|} 003
wi
Jojow Jeaul| yzi \_Om w:_\_\__am %I | oL~1 .E:m_. ~d
[sLv] - oL 0oL ekqssannsopoad D, OVLIBAN T - pue Sulj|i |eg %M 71 wrd | ~qg SINDMIN pue 17d SINad
wr og
O ¥9°S Suxiw %M | =7‘wugl-g=qa SLNDMIN
[yLy] e mi gz-8L YU 0052 SL - 3uijod oN - [e21UBYIIN %M L wuog =3 pue sapiedoueu Quz Swad
Yy
DU TE Jojeiqia 02 404 D, 00L Buxw %M 870 wuog =3 )2e|q uogued
[eLy] ~wo mr ge'L €Ls 'YL Aq Buneaqolpouad 1B _wiwi AY Of €61 pue 3uljjiw ||eg %M 0€ wrlgoF gL =g  puesspiuedoueu fo1)eg Sad
SIND
-z/*olLeg
-0% 10} €£°¢€ yreq wrl oz-0L
SIND __O UODI|IS wc_“mmu C_&w =1 ‘wu SL—0L
mi g€ v ze1 -5'0/f0!1eq uryzt pue Buixiw %M =0 wu | pSE SLNDMIN
[a1v] mriyLo vi 280 -0€ 104 € ed) Z 1o) _ww AY § - sluosesyn %W 0S—0L A QWW /L EERT pue siaqyoueu fQ1]eq SIWad
y 3Bunseo uids wr oL
z 0z 404 D, 0SL pue Buixiw %M | ~TWUQZ-S=a  OD!I0 SINDMIN/MS
[szL] - VU 0S€ e ed £§ 38 _Wd A 00L - dluosen|n %M ZL wu 0oL =3 ‘sdN folLeg SWad
uoljeuIquIod J3||y 3uonpuod-uou pue 3u1IdNpuod uo paseq sajisodwodoueu SINAd
Yreq
10 uodi|is wwi | =4 [Sto"1nged]
[LLv] W MW 60°L vu 58 %M 1B €7 GIN 00€ ury Loy A T - 3unsed uonunjos M Z(-1 ww oL =g 3pIXO Paseq-snifjIALNy SNad
CRAPCINNEL
aJaydsowie ay;
o 008 1e hip
[zov] -wo mr z1 wd vyl gg 53 edIN S0 ur_wd A 05§ - [eSnyLauad %M G wu 08-0§ =ad sapiuedoueu figqdyA SINad
[sov] WD MW €9 v Lol z°09 edIN 500 3uijod oN 6l 3uneod uidg %M $8°0 - [liqyoueu 3so|n||3D Sad
Y
%M OF 0L 404 D, 0SL Sunses
[yo] - 1y 570 %W OF 18 ¢ ed) 0L e | _Wd AY 00T - uids pue SuIN %M Op—0L - sapipedoueu f0a4ig SIWad
Y ¥ 10} yieq
__O QUO0DI|IS w:::u
urd, 051 pue Buixiw
[cov] - v 67z 8/ - 1 _WW A § - [B21uEBY2I N %M 0L wrligL =7 salimoueu |d-NINd Sad
[l sy
Aisuap Aisuap Jo ssawpiyy/[al
Jamod/iamod  juaund/juaiind [A] 98e3j00 jusju0) spwelq/[7] yiSua Swieu J9||14
2oUB)SISAI [-N Dd]
peo|/9%uteas t¥p/ttp poyiew
/ainssaid/peo) SuolIpuod Ua1D1Y20d sIsayluAhs X11e N
[ERIEIETEN| sduewlopiad ndino paijddy 3uijod ouP3R0zald  ausodwiodoueN s19||14 Jawk|od

“(panunuo)d) “¢ 9|qeL

2100864 (16 0‘F73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH

Adv. Sci. 2021, 2100864



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

Poling Direction

3

Figure 1. Operating modes of a piezoelectric material a) 33 mode and b) 31 mode.
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Figure 2. Schematic of 2 D crystal structures. a) Non-piezoelectric square.
b) Piezoelectric hexagon.

ET
capacitance of the material (C = A-*) and is used to calculate
voltage (V) from Equation (4).
V= dss h
=2 xhxXAc “)

€33

where “h” is material thickness and £, is the permittivity at a con-
stant stress value in 33-mode. By substituting “V” from Equation
(4) in the expression 1 CV?, the energy E due to applied stress is
defined by Equation (5).

1 d%S 2
E=3XCZ XAxtX(Ac) 5)
33

Therefore, for a certain thickness and area, the energy obtained
from a piezoelectric device can be maximized by choosing piezo-

. . . a2, . .
electric materials with large-2; it is known as harvesting Figure
£33
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of merit. Under short circuit conditions, the current (I) is given
byI= AT?(Equaltion (3)) and can be written as Equation (6).

I=d;; XxAX AA—(Z (6)

In energy harvesting applications, open and closed-circuit
measurements are frequently performed. However, there is no
effective power at these conditions because the current is zero at
the open circuit and there is no potential difference at the closed
circuit. The instantaneous power density is calculated using the
formulap = %A [66-68] where A is the effective area of the elec-
trodes and the voltage across load resistance R is denoted by V.

There is a coupling coefficient, k, which denotes the efficiency
of energy conversion in generator mode and is given by Equation
(7).[54,69]

t £ d
kz _ ransitormed energy (7)

incoming energy

The coupling coefficient in 33-mode and 31-mode is denoted

by ky; = d’; - andk;; = —%1_ The greater the coupling coeffi-

33533 33531
cient k, the higher the mechanical energy that can be scavenged.

3. Piezoelectric Nanostructured Materials

In the last decade, piezoelectric nanostructured materials for en-
ergy harvesting applications have expanded rapidly.”*”!] The ma-
jority of the reported work is on ZnO because its nanostruc-
tures form easily at low temperatures and are crystallographically
aligned.l”?] Recently, other materials such as PZT, BaTiO;, and
PMN-PT have been explored as well for nanostructured energy
harvesters motivated by their high piezoelectric coefficients. This
section summarizes the synthesis techniques, piezoelectric prop-
erties, and energy harvesting performance of nanostructured ma-
terials.

3.1. 1D ZnO Nanostructures

ZnO has diverse nanostructures and exhibits both semi-
conducting and piezoelectric properties because of its

2100864 (17 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Schematic diagram showing the poling systems. a) Electrode poling. b) Corona poling.
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Figure 4. Diagram showing the working mechanism of an energy harvester. Reproduced with permission.[®4] Copyright 2016, American Chemical Society.

non-centrosymmetric crystal structure,”>”7¢ comprising alter-
nating planes of O~ and Zn** ions in tetrahedral coordination
piled up along the c-axis.”*! For ZnO, the piezoelectric constant
d;; has been reported in the range of 10-12 pC N-1.I"778] The
first study was reported by Z. L. Wang et al., in 2006,I7%) wherein
aligned ZnO nanowire (NW) arrays were grown on Al, O, sup-
port via a vapor-liquid-solid based process, utilizing gold (Au)
as a catalyst.[”>”°1 Atomic force microscopy (AFM) using a-Si tip
coated with Pt was used to conduct piezoelectricity measure-
ments. The majority of the Au particles on the NW tips either
evaporated during the growth or dropped off when deflected by
the AFM tip. The grown NW arrays had smaller lengths ranging
between 0.2 and 0.5 pm and comparatively lower densities,
enabling the AFM tip to solely reach a single NW without inter-
fering with another. The mechanism of power generation was
attributed to two factors- first, strain field generation and charge

Adv. Sci. 2021, 2100864

detachment throughout the NWs due to bending by AFM tip and
second, Schottky barrier formed between the AFM tip and the
ZnO NWs. Similarly, Lu et al. synthesized phosphorus-doped
ZnO NWs on Si substrates that produced electricity when bent
by an AFM tip.2% A voltage of up to 50-90 mV was generated by
the p-type ZnO NWs, whereas the n-type ZnO NWs generated
negative output in the range of —5 to —10 mV.

Yang et al. demonstrated the transformation of biomechani-
cal energy from the movement of a human finger and live ham-
ster into electrical energy with the help of a ZnO NW based
nanogenerator (NG).[8!l A single wire nanogenerator (SWG) was
fabricated by firmly attaching the two ends of a ZnO NW to
metal electrodes packaged on a flexible polyimide substrate.[82%]
A higher output voltage was obtained by integrating multiple
SWGs, resulting in a voltage of ~0.1-0.15 V using four SWGs in
series.

2100864 (18 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Flexible plastic top film
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Figure 5. Schematic diagram of the PENG and FE-SEM image of ZnO NR
arrays grown on ITO coated PES substrate (scale bar: 300 nm). Repro-
duced with permission.[34] Copyright 2009, Wiley-VCH.

Choi et al., in 2009, reported a ZnO nanostructure-based com-
pletely flexible PENG for applications in self-powered sensors for
the first time.® ZnO nanorods (NRs) were synthesized from a
solution of zinc nitrate hexahydrate [Zn(NO,),.6H,0] and hex-
amethylenetetramine (HMTA) at 95 °C. A flexible polyethersul-
fone (PES) substrate coated with indium tin oxide (ITO) was uti-
lized to grow the NR arrays (Figure 5). Top electrodes comprising
of ITO coated PES with and without palladium gold (PdAu) film
were located on top of the ZnO NR arrays as shown in Figure 5.
An output current density of j % 1 pA cm was obtained from the
PENG of dimensions 3 cm x 3 cm, when compressed by a force of
0.9 kgf. It was inferred that the Schottky contact between the ZnO
NRs and top electrodes helped in the high current generation as
proposed in previous studies.[”®] In the next year, the same group
reported a transparent, flexible PENG using single-walled carbon
nanotube (SWCNT) as the top electrode,®S! with a current den-
sity of about five times that of ITO based PENG.[®* The surface of
CNT films had a nanosized network with a pore size greater than
100 nm, which favored the growth of ZnO NRs and increased
current generation from the PENG. Later they used graphene
sheets as transparent electrodes that were synthesized via chem-
ical vapor deposition (CVD) for a fully rollable and transparent
PENG.®% Vertically aligned ZnO NRs were grown on graphene
sheets via low-temperature hydrothermal technique as described
above. The diameter of the ZnO NRs was <100 nm, the length
was ~2 pm and growth density was about 20 pm=2. The PENG
produced a j value = 2 pA cm™ and it was illustrated to be stable
and reliable under external loads such as rolling and bending.

A five-layered PENG structure was fabricated by Hu et al.,
consisting of ZnO NW films on the top and bottom surfaces of
flexible polymer substrate and electrodes attached to the ZnO
NWs.l¥l When the PENG was strained to 0.12% at a strain rate
of 3.56% s7!, the outputs obtained were 10 V and 0.6 pA. It
was shown to drive an autonomous wireless system for long-
distance data transmission. Later on, he improved the PENG’s
performance significantly by pre-treating ZnO NWs with oxy-
gen plasma, annealing in the presence of air and passivating
their surface with specific polymers.®] A maximum output of
20 V and 6 pA was achieved from a single layer of NWs, which
drove an electronic part without a battery. Zhu et al., grew ZnO
NWs selectively on ITO coated silicon substrate followed by spin-
coating a layer of poly(methyl methacrylate) (PMMA) to cover
them and then deposited aluminum electrodes.l®] An extremely

Adv. Sci. 2021, 2100864
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high output (58 V, 134 pA) was obtained by connecting 9 NGs in
parallel. The enhanced output was attributed to the presence of
PMMA preventing current leakage in the internal structure. Hu
etal. assembled a PENG by dispersing conical-shaped ZnO NWs
onto a flat PMMA film.[*”) Upon mechanical deformation, the
conical NWs generated macroscopic piezo potential along with
its thickness. Under a compressive strain of 0.11% at a 3.67%
s7! strain rate, the PENG yielded an output of 2 V and 50 nA,
which was sufficient to operate an liquid crystal display (LCD)
screen.

Briscoe et al. fabricated a ZnO  NR/poly(3,4-
ethylenedioxythiophene):  poly(styrenesulfonate)  (PEDOT:
PSS) diode on an ITO coated polyethylene terephthalate (PET)
substrate.®»?2] A p-n junction was created between the p-type
polymer, PEDOT: PSS, and n-type ZnO. The NRs had an aspect
ratio of 20:1 and formed a dense array. The device had a low
energy conversion efficiency (1 = 0.0067%) at a maximum bend-
ing rate of 500 mm min~'. Later, Jalali et al. used a p-type copper
thiocyanate (CuSCN) as the passivating film on the surface of
ZnO NRs and modified the device structure to improve the en-
ergy density of the NG by a factor of 10.’] The PENG produced
a peak open-circuit voltage (V) of 1.07 V with a corresponding
power density of 434 pW cm™ at a release acceleration of 50 g.

Xu et al., synthesized ZnO NWs aligned parallel to the sub-
strate using a lithographic masking technique involving a se-
ries of complicated steps.[**] First, a seed layer was deposited by
covering ZnO stripes partially with a chromium layer. This was
followed by growing ZnO NW arrays via the solvent chemical
method at 80 °C for 12 h. The PENG comprising of seven hun-
dred rows of ZnO NWs, generated a peak V__ of 1.26 V and I
of 26 nA at a 2.13% s! strain rate. This was much higher com-
paredtoa V_ of 100 mV reported from a PENG oriented vertically
in the same article. Later, Zhu et al. utilized a simple approach
called “sweeping-printing-method,” in which vertically oriented
ZnO NWs were relocated to a flexible substrate to form horizon-
tally oriented arrays that were crystallographically aligned.’® The
vertical ZnO NWs were grown on Si substrate and mounted on
stage 1 as shown in Figure 6a. They were then separated from
the Si substrate and oriented on the host substrate due to the
shear force applied by sweeping. The vertical NWs are shown in
Figure 6b and the as-transferred NWs are shown in Figure 6c.
The flexible PENG produced a V. of 2.03 V, I of 107 nA, and a
corresponding power density of ~#11 mW c¢m™ when bent (Fig-
ure 6d,e).

All the flexible devices described so far were fabricated on plas-
tic substrates like PES, PET, Kapton film. Qin et al. presented a
piezoelectric device with ZnO NWs grown radially on Kevlar fiber
using a hydrothermal approach.[®*] A coating of tetraethoxysilane
(TEOS) was used as a binding agent to attach the ZnO NWs to
the fiber surface and each other. The ZnO NWs were single crys-
talline with diameters ranging between 50-200 nm and charac-
teristic lengths of 3.5 pm. Two fibers, one with 300 nm Au coating
and the other as grown were entangled and electricity was gener-
ated by brushing the NWs with respect to each other. The textile
fiber-based NG was able to produce a V,. of 1 mV and a very low
current of 5 pA due to a large loss in the fiber because of im-
mensely high inner resistance. Similarly, Bai et al., developed a
woven NG using two types of fibers—one with ZnO NWs and the
other with Pd coated ZnO NWs.[! However, this also yielded a

2100864 (19 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) Experimental setup for transferring vertically grown ZnO NWs to a flexible substrate to make horizontally aligned ZnO NW arrays. b) SEM
image of vertically aligned ZnO NWs grown on Si substrate by a physical vapor deposition method. c) SEM image of the as-transferred horizontal ZnO
NWs on a flexible substrate. d) V. and e) I,. measured from the PENG at a strain of 0.1% and a strain rate of 5% s~ with a deformation frequency
of 0.33 Hz. The insets are an enlarged view of the boxed area for one cycle of deformation. Reproduced with permission.[°°] Copyright 2010, American

Chemical Society.

poor short circuit current of 17 pA due to the same reason men-
tioned above.

Eventually, Qiu et al. proposed an ultra-high flexible NG by
growing ZnO NRs on a paper substrate.””] A small output of
10 mV and 10 nA was generated by the NG and it was demon-
strated that electric output could be improved by increasing the
device size. Similar work on paper substrates was reported by Lei
et al., afterward.?®] Kim et al. illustrated a hybrid NG on a wo-
ven textile substrate by the integration of a dielectric layer and
ZnO NWs in between textile substrates as shown in Figure 7a.[%]
The ZnO NWs were uniformly grown on the textile substrate as
shown by SEM images in Figure 7b,c. Figure 7d demonstrates ex-
cellent flexibility of the rolled textile substrate. The textile-based
NG yielded an improved output voltage of 8 V and a current of
2.5 pA by utilizing sonic waves of 100 dB at 100 Hz as input. The
higher output was ascribed to the synergistic piezoelectric effect
of ZnO NWs and electrostatic effect of a dielectric film on the
textile substrate.

Tamvakos et al., grew large arrays of ZnO NRs with high
aspect ratio and excellent crystallinity by template-free electro-
chemical deposition approach.®”! The mean value of the d;; co-
efficient measured over many individual NRs was 11.8 pC N7,

Adv. Sci. 2021, 2100864

which is ~18% higher than 9.93 pC N! measured for ZnO
bulk material.[19-192] The d,; value was higher by a factor rang-
ing between 28-167%, compared to ZnO nanostructures syn-
thesized by the aqueous chemical method,['] hydrothermal,[1%4]
and template-assisted vapor deposition.[1%]

The literature suggests that the hydrothermal process using an
aqueous solution of Zn(NO;),.6H,0 and HMTA has been most
commonly used for synthesizing ZnO NWs. The other synthesis
methods included thermal vapor deposition, physical vapor depo-
sition, and template-free electrochemical deposition. The length
of ZnO NWs was in the range of 1-500 pm and their diameter
between 50-300 nm. Poling treatment was not done in any of the
research reported. The highest output voltage of 58 V and current
of 134 pA was obtained by connecting nine PENGs in parallel
upon punching by human palm.®!

3.2. 2D ZnO Nanostructures

This section briefly discusses the piezoelectric properties and
energy harvesting capabilities of 2D ZnO nanostructures such

2100864 (20 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. a) Schematic diagram of the textile-based hybrid NG. b,c) Large-area SEM images of ZnO NWs grown on textile substrate. d) Photographic
image of textile substrate post rolling. Adapted with permission.[®8] Copyright 2012, The Royal Society of Chemistry.

as nanosheets and nanowalls, combined with reported synthesis
techniques along with PENG fabrication methods.

Kim etal., illustrated the use of 2D ZnO nanosheets and an an-
ionic nanoclay layer on an aluminum (Al) electrode to generate
piezoelectric power.['%] The ZnO nanosheet/anionic layer net-
work was synthesized via an aqueous solution of zinc nitrate—
HMT at 95 °C and their surface morphology was uneven as
shown in Figure 8a. The PENG was constructed by using gold
plated PES as a top electrode, Al coated PES as bottom electrode
and sandwiching the ZnO nanosheet network/anionic nanoclay
heterojunction between them. Figure 8b displays a schematic of
the PENG; the layered double hydroxide acted as an anionic nan-
oclay in this work. The voltage and current density obtained from
the PENG was ~0.7 V and 17 pA cm~ when a compressive force
of 4 kgt was applied (Figure 8c). It was proposed that the com-
bined effect of deformation behavior in ZnO nanosheets, coupled
semiconducting and piezoelectric properties of ZnO and self-
formation of anionic nanoclay layer was responsible for power
generation. Gupta et al. synthesized ZnO nanosheets by dop-
ing ZnO NRs with vanadium for application in DC powered
PENG.!"7] [t generated an output j ~ 1.0 pA cm when the same
value of compressive force was applied.

The synthesis of ZnO nanowall and nanowall-nanowire hybrid
structure on a graphene substrate was reported by Kumar et al.
using CVD at 900 °C by precisely controlling the thickness of Au
catalyst.l1%8] Despite the higher sheet resistance of graphene (400
Q) compared to ITO (60 Q),18%% the hybrid nanowall-nanowire
NG generated a DC output voltage of 20 mV and j ~ 500 nA
cm™ on applying 0.5 kgf compression force. Saravanakumar and
Kim assembled a PENG consisting of a ZnO nanowall structure

Adv. Sci. 2021, 2100864

on two surfaces of the PMMA coated flexible substrate.'®! The
nanowall had a wall thickness of 60-80 nm, length of about 2—
3 pm and showed a higher response to UV light due to vacancies
being present in the nanowall structure. The PENG produced a
maximum of 2.5 V output voltage and 80 nA current when de-
formed by a human finger.

Fortunato et al. compared the piezoelectric properties of ZnO-
NRs vertically grown over ITO substrate and ZnO nanowalls over
the aluminum substrate.['1] Both nanostructures were synthe-
sized via chemical bath deposition. The obtained d,; values were
7.01 + 0.33 pC N! for ZnO-NRs and 2.63 + 0.49 pC N! for
ZnO nanowall films, indicating better piezoelectric properties of
NRs compared to nanowalls. This was due to better orientation
along the c-axis and a lower defect rate of ZnO NRs compared to
nanowalls.

From the discussed literature in this section, it can be in-
ferred that 2D ZnO nanostructures exhibit lower piezoelectric
outputs compared to 1D ZnO nanostructures. A maximum out-
put of 2.5 V and 80 nA was generated by a PENG built using
ZnO nanowalls when folded by a human finger.!®! The synthe-
sis methods of these 2D nanostructures were hydrothermal pro-
cess using an aqueous solution of Zn(NO;),.6H,0 and HMTA
and CVD without any poling treatment.

3.3. Nanostructures of Other Piezoelectric Materials
This section focuses on other nanostructured piezoelectric mate-

rials like PZT and PMN-PT. Analogous to Sections 3.1 and 3.2,
we review their synthesis methods, piezoelectric properties,
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Figure 8. a) FE-SEM image of the ZnO nanosheets network grown on Al. b) Schematic image of 2D ZnO nanosheet-based NG. c) Output voltage and
current density of the NG obtained by varying the applied pushing force. Reproduced with permission.l'%] Copyright 2013, Springer Nature.

fabrication techniques of PENGs along with their energy harvest-
ing performance.

Lead zirconate titanate (PbZr, ;Ti,;O;), commonly known as
PZT is a well-known piezoelectric material due to its high d.;
coefficient of 500-600 pC N71,1-15] which helps in generat-
ing much higher outputs compared to ZnO based materials.
PZT nanofibers synthesized by electrospinning display high flex-
ibility, mechanical strength and piezoelectric voltage constant
(853 = 0.079 Vm N7)(16] compared to the bulk, thin films or
microfibers. In the electrospinning process, high voltage is ap-
plied to generate an electrically charged jet of precursor solu-
tion, which is squeezed through a small diameter needle and
deposited on a collecting plate.l''”] Chen et al. electrospun PZT
nanofibers of ~#500 pm length and 60 nm diameter by blending
polyvinyl pyrrolidone (PVP) in the PZT precursor solution (Fig-
ure 9b).[1"®] Subsequently, PVP was removed by annealing the
PZT/PVP fibers at 650 °C to obtain a pure perovskite phase of
PZT. The PENG was integrated by depositing electrospun PZT
nanofibers on interdigitated platinum electrodes set up on a sil-
icon substrate and then enclosing it in soft PDMS matrix (Fig-
ure 9a,c). Then, poling was done by applying an electric field of
4 Vpum™ for 24 h at a temperature above 140 °C. The PENG was
tested extensively across a wide range of loads and excitation fre-
quencies. It generated a peak output voltage and power of 1.63 V
and 0.03 pW, respectively, across a load resistance of 6 MQ.

Electrospun PZT nanofiber arrays were produced by Wu et al.
from PZT/PVP on multiple rows of parallel electrodes.!'*) The
power density of the flexible NG was 200 pW ¢cm™ and it yielded
amaximum V,_of 6 Vand I of 45 nA when stretched. The gen-
erated power was sufficient to illuminate a LCD. Cui et al. placed
electro spun PZT NWs onto magnetite (Fe;0,), connected them
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with silver electrodes and packaged them with PDMS to assem-
ble a contactless NG.[''>] The NWs were deformed with the help
of a magnet, generating a maximum current of 50 nA, the voltage
of 3.2V, corresponding to a power density of 170 pW cm™. Gu
etal., built an NG using arrays of electrospun PZT NWs cut from
a film, rotating them by 90° and stacking several layers perpen-
dicular to the substrate (Figure 10a).112%1 A very high peak volt-
age of 209 V and j = 23.5 pA cm was achieved under 0.53 MPa
impact pressure (Figure 10b), much higher than previously re-
ported values.[®! Vertically aligned PZT NWs were also grown
hydrothermally using polymer surfactants on titanium oxidel'?!]
and conductive Nb-doped SrTiO, substrates.®!] The PZT NWs
were grown epitaxially at 230 °C. A mono-layer of PZT NWs were
utilized to build the NG and it generated a peak V. of 0.7 V,
j ~ 4 pA cm™ and power density of 2.8 mW cm™ on applying
impact force.’! No et al. synthesized ZnO NWs via hydrother-
mal process and then deposited PZT thin films on them by mag-
netron sputtering.!'??) The ZnO/PZT heterojunction structure
(Figure 10c) was subjected to corona poling at 11 kV for 30 min.
The NG revealed an improved current of 270 nA, compared to
0.5 nA from NG with only ZnO and 9 nA with the only PZT due
to synergistic piezoelectric effects of both PZT and ZnO NWs.
Xu et al, synthesized 0.72Pb(Mg;;Nb,;)0;-0.28PbTiO;
(PMN-PT) nanowires via the hydrothermal method and reported
an extremely high d;; value of 381 pCN~! without poling.['?3]
The morphology of PMN-PT NWs consisted of wire-like nanos-
tructures with typical lengths between 200 and 800 nm as shown
in Figure 10d. The width of these NWs was about 400 nm.
Manganese (Mn) doped (Na,sK,s)NbO; (NKN) electrospun
nanofibers were produced by Kang et al. utilizing acetic acid as
a chelating agent at an annealing temperature of 750 °C.['?* The
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Figure 9. a) Schematic of the PZT nanofiber NG, b) SEM image of the electrospun PZT nanofibers. c) Cross-sectional SEM image of the PZT nanofibers
embedded in PDMS matrix. Reproduced with permission.l"'8] Copyright 2010, American Chemical Society.

3 mol% Mn-doped NKN nanofibers exhibited an enhanced ds;
value of 40.06 pC N1, which is five times greater than un-doped
nanofibers. The doped nanofibers were relocated to a PDMS
coated PES substrate with interdigitated Pt electrodes to assem-
ble the flexible PENG. Under bending strain, the PENG displayed
an output performance of ~0.3 V voltage and ~50 nA current.
BaTiO; nanostructures have also been commonly used for en-
ergy harvesting applications. The piezoelectric strain constant,
d;;, of BaTiO; is ~#90 pC NL.I!%] Koka et al., produced verti-
cally aligned BaTiO; NWs of ~1 pm length via hydrothermal
process on conductive fluorine-doped tin oxide (FTO) substrate
(Figure 11a).1'2) The PEH was fabricated by using indium as the
top electrode, FTO as the bottom electrode and BaTiO; NW ar-
rays were sandwiched between them as shown in Figure 11b. Af-
ter that, it was poled by applying a high electric field of ~120 kV
cm™ for 24 h. Peak power of #125.5 pW and power density of
6.27 pW cm™ was generated by accelerating the PENG to 1 g at
a load resistance of 120 MQ (Figure 11c,d). This was nearly 16
times greater than ZnO NW based PENG reported in the same
work. The enhanced performance was attributed to the larger
electromechanical coupling coefficients of BaTiO, in comparison
to ZnO. Later on, the same group reported the growth of ultra-
long (up to 45 pm) BaTiO; NWs on oxidized Ti substrate using
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a two-step hydrothermal process.['?”] Sodium titanate NW arrays

were first grown as precursors followed by converting them to
BaTiO; NW arrays as a result of their active ion exchanging prop-
erty. The BaTiO; NWs were placed on a conductive glass substrate
using a Ti foil coated with PEDOT: PSS as the top electrode to con-
struct an energy harvester. At 0.25 g acceleration, a large peak-to-
peak voltage (Vp-p) of 345 mV was obtained from the PENG due
to the ultra-long BaTiO; NWs.

Liu et al, constructed a flexible PENG based on
0.93(Nay sBiy5)TiO,-0.07BaTiO;  (NBT-0.07BT)  nanofibers,
synthesized by sol-gel electrospinning.['”®! The NBT-0.07BT
nanofibers have a perovskite structure with a d,; value up to
~109 pC N7! for a single NBT-0.07BT nanofiber. When the
dynamic load was applied using a human finger, the PENG
produced a V,. of %30 V and I ~ 80 nA, which powered a
commercial LED.

Energy harvesting using gallium nitride (GaN) nanostructures
has also been reported."®-131] Gogneau et al., studied the piezo-
electric properties of GaN NWs synthesized via plasma-assisted
molecular beam epitaxy.3°] When external deformation was ap-
plied to the NWs via AFM, Schottky contact was generated be-
tween the AFM-tip and GaN NWs that was inversed with respect
to the ZnO NW system.['*2] This showed that the piezoelectricity
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Figure 10. a) The fabrication process of the NG using oriented electrospun nanofibers. b) The output voltage of the NG under a periodic pressure of
0.53 MPa. a,b) Reproduced with permission.['2°] Copyright 2012, American Chemical Society. ) SEM image showing the hetero-junction structure of
ZnO NWs/PZT. Reproduced with permission.['22] Copyright 2013, Elsevier B.V. d) SEM image of PMN-PT nanowires. Reproduced with permission.[123]

Copyright 2012, American Chemical Society.

generation mechanism is dependent on the structural character-
istics of the NWs. Jamond et al., synthesized a vertical array of
GaN NWs that yielded a maximum voltage of 350 mV and a mean
of 228 mV per NW, with a power density of #12.7 mW cm=3.[131]
The mechanism of energy generation in both cases was the same
as proposed for ZnO NWs.[7374132133]

Based on discussed literature in this section, it can be
summarized that the dominant synthesis methods for PZT,
BaTiO;, PMN-PT are electrospinning, hydrothermal processing
and plasma-assisted molecular beam epitaxy. Except for PMN-PT
NWs, poling was done on all materials. The highest d;; value of
500-600 pC N~! was reported for PZT NWs.[18] Also, the highest
output voltage of 209V, j = 23.5 pAcm 2 was obtained from PZT
NWs based PENG under stress of 0.53 MPa.l'?] Table 1 sum-
marizes the works on piezoelectric nanostructured materials for
energy harvesting applications.

4. Piezoelectric Polymers

Polymers are carbon-based materials that exhibit a piezoelectric
effect because of their molecular structure and orientation. They
are much softer than ceramics and display moderate values of
strain coefficients (d;;) and voltage coefficients (g;;). However,
their unique properties such as, design flexibility, low density,
and simple processing make them appropriate for various energy
harvesting applications. Polymers with semi-crystalline structure
have microscopic crystals randomly distributed within an amor-
phous bulk. These include PVDF,!13* polyvinylidene fluoride-
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trifluoro ethylene P(VDF-TYFE),1%] liquid crystal polymers, 13!
polyamides,!'3] cellulose and its derivatives,[!3313166] parylene
G0 PLA,['*] etc. Piezoelectricity is observed in amorphous
or non-crystalline polymers when its molecular structure con-
tains dipoles. The dipoles are aligned by poling at temperatures
higher than the polymer’s glass transition temperature (T,). Such
polymers consist of polyimide,[®14 nylons,[1*1 polyurea,!'#?!
polyurethanes,!'39] etc. Table 2 compares the piezoelectric prop-
erties of these polymers. Fukudal'*! and Ramadan et al. 3!l wrote
detailed reviews on the piezoelectric properties of these poly-
mers.

4.1. Polyvinylidene Fluoride Homopolymer

PVDF is a semi-crystalline, thermoplastic polymer synthesized
by the polymerization of vinylidene difluoride (VDF).['70-173]
Kawai discovered piezoelectricity in PVDF in 1969.11*!1 PVDF
consists of 3 wt% hydrogens, 59.4 wi% fluorine and ex-
hibits higher piezoelectric coefficients compared to other
polymers.[*174] Tt has 50-70% crystallinity and displays five
polymorphs: a, f, v, 6, and ¢, although «, f, and y are seen
more frequently.'>* The larger van der Waals radius of fluorine
atoms (1.35 A) compared to hydrogen atoms (1.2 A) is the rea-
son behind the existence of polymorphism in PVDF.['**] The
a phase (form II) has a trans-gauche configuration, in which
the polymeric chains are in nonpolar conformation (TGTG'),
with alternating H, and F, atoms on two sides of the chain
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Figure 11. a) Cross-sectional SEM image of the as-synthesized BaTiO; NW arrays with inset showing the top view. b) Schematic of the energy harvester
constructed using BaTiO; NW arrays. c) Power and d) power density of the BaTiO; NW based PEH at various load resistances displaying a peak power
of ~125.5 pW and a peak power density of ~6.27 yW cm™ at an optimal resistance of 120 MQ from 1 g acceleration. These peak power levels are much
greater than the peak power from ZnO NW based PEH. Reproduced with permission.['26] Copyright 2014, The Royal Society of Chemistry.

ten by Martins et al. on various phases present in PVDF/PVDF

« Hydrogen copolymers.[15]
* Fluorine Fourier transform infrared spectroscopy (FTIR) results have
® Carbon been commonly utilized to evaluate the content of electroactive

phases in PVDF. In a sample consisting of @ and p-PVDF, the
relative fraction of f-phase, [F(f)], is given by Beer-Lambert law

a-phase (Equation (8)).1*77]
B-phase
A
F (f) = ————— x 100% 8)
y-phase (K—ﬂ) At Ay

Figure 12. Schematic representation of the chain conformation for the
a, f, and y phases of PVDF. Reproduced with permission.[">®! Copyright
2014, Elsevier Ltd. where A, and A, are the absorbances of a« and p phases at 766

and 840 cm™'; K, and K, are the absorption coefficients at the re-
spective wavenumbers with values of 6.1 x 10* and 7.7 x 10* cm?
mol-1.[150]

The polar y phase content in a material containing « and y
phases is given by Equation (9):

(Figure 12).[1Y The polar § phase (form I), has zigzag all-trans
conformation (TTT) of polymeric chains and possesses the max-
imum dipolar moment per unit cell (8 X 103° C m) in com-
parison to other phases.'”] The polar y phase (form III) and

5 phase have TTTGTTTG’ and TGTG’ conformations, respec- A,
tively, that enable PVDF to exhibit piezoelectric properties along ~ F (v) = <N X 100% )
with the f phase.['**176] An exhaustive review has been writ- (K_Z) A+ A
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Figure 13. a) Near-field electrospinning (NFES) to create PVDF nanofibers onto a substrate. b) Output voltage and c) current measured with respect to
time under applied strain at 2 Hz. a-c) Reproduced with permission.[2° Copyright 2010, American Chemical Society. d) Schematic depiction of PVDF
nano porous arrays grown by the template-assisted method. e) Piezoelectric potential and f) current obtained from porous PVDF and bulk films under
the same force. d-f) Reproduced with permission.[2%8] Copyright 2011, American Chemical Society. g) Schematic diagram of mesoporous PVDF film. h)
The voltage and i) current output of the PENG under perpetual surface oscillation. Insets show the output curve in the course of one oscillation cycle.

g-i) Reproduced with permission.[2%] Copyright 2014, Wiley-VCH.

where A, and A, are the absorbances of a and y phases at 762
and 845 cm™; K, and K, are the absorption coefficients at the
respective wavenumbers with values of 0.365 and 0.150 pm™.[178]

Among all phases, the f-phase particularly exhibits exceptional
ferroelectric, piezoelectric and pyroelectric properties.[17%-181]
B-PVDF is usually formed by stretching of the « phase,180:182:183]
melt crystallization under high pressure,!818] external
electric field,!'¥71%2] and fast cooling rates;!*3] from solvent
casting,[1%#19] electrospinning,[*17) and by the addition of
different nucleating agents (described in Section 5).

During stretching, the applied stress aligns the PVDF chains,
which induces p phase formation. A maximum d,; value of 60
pC N7 was reported under a poling field of 0.55 MV cm™, at
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a temperature of 80 °C and stretching ratio, R, of 4.5 by Kaura
et al.'*] In a similar study done by Salimi and Yousefi, 74% f-
phase was achieved by stretching at 90 °C, for R between 4.5 and

5.1180] The largest amount of f-phase and ds; value of 34 pC N
for R =5 at 80 °C was obtained by Gomes et al.'**] Panigrahi
et al., showed a higher piezoelectric response with a poled PVDF
device compared to an unpoled one. The PVDF film was prepared
via solution casting and the ds, value was reported as —5 pC N!
after poling at an electric field of 20 kV cm™.[1%8

Chang et al. used near field electrospinning (NFES)[19:290] in
combination with in situ stretching and poling to direct-write
PVDF nanofibers as shown in Figure 13a.?°!l The stretching
forces and high electric fields (>107 V m™!) from electrospinning
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aligned the dipoles in the nanofibers which facilitated a-p phase
transformation. The reported d;; value was —63.25 pC N for
single fiber!?2l and —57.6 pC N~! for PVDF fiber mats,?%3] which
is about four times of PVDF films (~15 pC N7'). The outputs
were in the range of 5-30 mV and 0.5-3 nA under stretching and
releasing of more than 50 NGs (Figure 13b,c). A peak voltage of
0.2 mV and current of 35 nA was obtained from 500 nanofibers
connected in parallel, under repeated mechanical straining.[2*¥]
Liu et al. used a hollow cylindrical NFES process to produce ori-
ented PVDF fibers with a high # phase.?] A maximum voltage
and current of 76 mV and 39 nA were produced on continuous
stretching and releasing the nanofibers at 0.05% strain at 7 Hz
frequency. Pan et al. used the same process to fabricate PVDF
hollow fibers and obtained a voltage and power of 71.66 mV and
856.07 pW respectively, which was higher than solid PVDF fibers
(45.66 mV, 347.61 pW) due to higher elongation and Young'’s
modulus.?%] Kanik et al. synthesized kilometer long, micro-and
nanoribbons of PVDF based on thermal fiber drawing without
electrical poling.>””) The polar y phase was obtained due to the
combined effect of high temperature and stress applied during
the thermal drawing process. The effective d;; value measured
from an individual 80 nm thick nanoribbon was —58.5 pC N1,
For energy harvesting and as tapping sensor, two devices were
built that displayed a peak voltage of 60 V and a current of 10 pA.

Cha et al. fabricated nanoporous arrays of PVDF using a
template-assisted method via strain confinement approach as
shown in Figure 13d.[2%] Sound waves of 100 dB at 100 Hz were
used as the input source for energy harvesting. The PENG ex-
hibited an enhanced V, /I, of 2.6 V/0.6 pA compared to the film
system (0.5 V/0.1 pA) on applying identical force (Figure 13e,f).
The porous PVDF nanostructure showed a d,; value —32.5 pC
N1, which is the same as bulk PVDF. A PENG was designed by
Mao et al. using spongy mesoporous PVDF films, with an av-
erage pore size of 35-45 nm, as shown in Figure 13g.2%) The
peak V,_increased from 3.5 to 11.0 V with porosity increase from
6.5% to 32.6% as a result of the increase in § phase amount
from 10% to 50% and sponge-like properties of the porous films.
The PENG generated a peak V. of 11 V and I, of 9.8 pA (Fig-
ure 13h,i), which is about two times higher than peak V,_of 3.7—
5.3 V obtained from solid PVDF film. Chen et al. conducted a
similar study on mesoporous PVDF films, showing an improved
output performance of over 100% in comparison to solid PVDF
films.[210]

Chen et al. showed direct § phase formation in PVDF ultra-
thin films with the alignment of dipoles perpendicular to the sub-
strate using the Langmuir-Blodgett (LB) deposition process.[*!]
The LB film had a d;; coefficient of 49.4 pC N~! compared to 20.7
pC N~! for the spin-coated film of 400 nm thickness. Hydrogen
bond formation between PVDF and water molecules via LB de-
position was the mechanism of § phase formation in PVDF.

Jin et al. developed B-PVDF based PENG as an acceleration
sensor with high sensitivity (2.405 nA s m™) and stability (97%
output current after 10 000 cycles at 4 Hz).[12l The PENG’s out-
standing performance (I, up to 145 nA cm™) was due to melt
crystallization of PVDF at high temperature and pressure, result-
ing in high g-phase content of 86.48%. The self-powered sensor
was integrated with three PENGs for acceleration measurement
along the three axes and vehicle safety monitoring system. Zhang
et al. reported an energy harvester for scavenging wind energy
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from PVDF beams.[21*] A maximum voltage of 160.2 V and power
of 2566.4 pW was generated at a wind speed of 14 ms™'. Bera and
Sarkar prepared a PVDF based NG for harvesting energy from re-
newable sources like ocean waves, rain, and wind.2* The output
power was primarily dependent on the crystallinity and content
of g phase-PVDF. The highest f-phase amount of 97% and out-
put voltage of 2.3 V has been reported from a textile-based energy
harvester, made from PVDF fibers by melt spinning.[**] Simi-
larly, a voltage of 2.2 V was obtained from PVDF fibers tested un-
der the application of 1.02 kgf impact force by Hadimani et al.[*’]
These fibers were produced by melt extrusion and in situ poling
at a temperature of 80 °C and an extension ratio of 4:1. In the
following section, we will discuss the piezoelectric properties of
PVDEF-based copolymers that are extensively used as well.

4.2. Polyvinylidene Fluoride-Trifluoro Ethylene Copolymers

P(VDEF-TYFE) is a semi-crystalline, thermoplastic copolymer in
which VDF can copolymerize in any amount with trifluoroethy-
lene (TrFE)(216219] (Figure 14a). The incorporation of TrFE into
PVDF in any amount induces « to § phase transition and change
in conformation from trans-gauche to all-trans.[20221] The piezo-
electric properties in P(VDE-TtFE) arises below its Curie tem-
perature due to the orientation of the crystalline phase under a
strong poling field. It exhibits high piezoelectric coefficients (d;
~ —30 to —40 pC N! and d;; ~ 25 pC N7)[!8151 and has been
explored in several energy harvesting applications.[???]

Pi et al. reported a V. of 7 V, I. of 58 nA, and j = 0.56 pA
cm™ from a PENG using spin-coated P(VDF-TrFE) (75/25 mol%)
film.[?23] The impact of strain rate variation on the electrical out-
put of the PENG was studied and an analytical model was es-
tablished that correlated well to experimental results. Bae and
Chang. showed that a consecutive treatment of “annealing and
cooling-pressing-poling” resulted in a maximum F(f) of 66.33%
and voltage of 1.10 V for P(VDF-TYFE) films.[*®] Similar work was
done by Oliveira et al. showing an increase in crystallinity by 19%
after annealing at 130 °C for 48 h.[22*] The transition from « to §
phase happened after annealing, leading to an F(f) of 94% and
an increase in d;; value from 13 to 18 pC N7,

Lee et al. used micropatterning to create pyramid-shaped and
trigonal line-shaped morphologies on P(VDF-TrFE).12%] The mi-
cropatterned P(VDF-TrFE) based PENG generated higher output
(4.4 V and 3.4 pA) than the flat film PENG (1 V and 0.1 pA) un-
der vertical compressive force. The enhanced output was due to
higher strain developed in micropatterned films under the same
force. Cauda et al. prepared nanowires of PVDF and P(VDF-
TrFE) (70/30) by template-wetting into 200 nm-sized channels
of anodic porous alumina (APA) membranes.??°! It was shown
that nanoconfinement led to the crystallization of f phase in
both polymers; the reference PVDF thin film crystallized in
the nonpolar a phase. The maximum d;; values for P(VDF-
TrFE) and PVDF templated nanowires were —8.2 and —6.5 pC
N, Non-poled PVDF film possessed a d;; value of —15 pC
N-!, whereas poled and bulk films of P(VDF-TtFE) and PVDF
possessed d;; values between —20 and —30 pC NL. Similarly,
Lutkenhaus et al. reported a significant change in crystallization
behavior of P(VDF-TrFE) when confined within APA template
with pores <40 nm diameter.'*] Crystallization of f-phase was
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Figure 14. Schematic representation of the a) P(VDF-TrFE), b) P(VDF-HFP), and c) P(VDF-CTFE) repeat units. Reproduced with permission.!">%! Copy-

right 2014, Elsevier Ltd.

enhanced and a phase formation was suppressed. This suggests
that nano-confinement increases the piezoelectric response of
P(VDEF-TrFE) because of the oriented crystallization of ferroelec-
tric domains. Bhavanasi et al. showed enhanced piezoelectric
properties of P(VDF-TrFE) nanotubes prepared with nanocon-
finement effect.[?””] The poled 200 nm nanotubes at 40% reduced
poling field showed a higher d,; value of 44 pC N!' compared
to 20 pC N7 for fully poled films. The P(VDF-TrFE) nanotubes
displayed superior output (voltage ~ 4.8 V, power =~ 2.2 pW
cm~2) compared to bulk films, under application of 0.075 MPa
compressive pressure at 1 Hz frequency. Chen et al. fabricated
P(VDEF-TrFE) (75/25) films with tunable micro-porous structures
that displayed a maximum d,; value of 25.4 pC N71.[228] The
porous structures increased power generation by five-fold as
compared to solid films under 0.5 N periodic bending force.
Aliane et al. showed that in case of P(VDF-TrFE) composition of
72.2/27.8 mol%, a higher f phase was obtained for a shorter poly-
mer chain length with a larger grain size.[?””] Moreover, the ds;
value increased to —58 pC N~! by reducing the molecular weight
of P(VDF-TrFE) to 470 kg mol!. This study proved that TrFE com-
position and the crystallization of P(VDF-TrFE) exerts a strong
influence on piezoelectric properties.

P(VDE-TrFE) fiber nanogenerators have also shown promise.
A maximum output voltage of ~1 V and power of 0.6 nW
was generated from electrospun P(VDF-TrFE) (70/30) nanofiber-
based PEH.[2%] Persano et al. demonstrated ultra-high sensitiv-
ity for measuring pressures as low as 0.1 Pa using P(VDF-TrFE)
(75/25 wt%) nanofibers. The PENG exhibited a voltage of 1.5 V
and currents up to 40 nA under bending conditions.[?3!]

4.3. Polyvinylidene Fluoride-Chlorotrifluoroethylene Copolymers
The incorporation of chlorotrifluoroethylene (CTFE) into PVDF

chains formulates P(VDF-CTFE) with a chemical structure

Adv. Sci. 2021, 2100864

[(CH,CF,)x(CF,CECl)yln) (51154 (Figure 14b). P(VDF-CTFE)
copolymer with little amounts of VDF is semi-crystalline, while
those containing 25-70 mol% VDF are amorphous.[?*?] At higher
VDF amounts of greater than 70% thermoplastic copolymers are
obtained, known as flexible PVDF.[233] This copolymer exhibits
a higher strain response than PVDF but requires a higher elec-
tric field. At 12 mol% CTFE content, the copolymer exhibits an
electrostrictive strain response of more than 5% and ds; value of
140 pC N~ when poled at an electric field of 70 MV m™".[152]

4.4. Polyvinylidene Fluoride-Hexafluoropropylene Copolymers

The introduction of hexafluoropropylene (HFP) into PVDF leads
to the formation of P(VDF-HFP) copolymer with various proper-
ties depending on the content of HFP (Figure 14c). The copoly-
mer exhibits thermoplastic properties at low HFP contents of
15-19 mol% and elastomeric properties at higher HFP content
(greater than 19-20 mol%).[32%7] A high d;, value of 30 pC N~!
has been reported for P(VDF-HFP) uniaxially drawn films.['5¢]
Another study reported a d,; value of 43.1 pC N! and k;; of 0.187
for 10 wt% P(VDF-HFP).'>”] P(VDF-HFP) films produced via ex-
trusion, followed by simultaneous stretching and poling showed
a maximum d;; value of 24 pC N-1.[15]

4.5. Other Piezoelectric Polymers
4.5.1. Polylactic Acid

PLA is emerging as a popular option in energy harvesting due to
its superior piezoelectric properties. In PLA, the carbonyl groups
induce polarity and it exhibits a d,, value of 10 pC N7! in the
absence of poling.''M238] For the first time, Zhao et al. used a
poly-L-lactic acid (PLLA) based cantilever device for energy har-
vesting applications.[?**) A maximum power of 14.17 pW and V.
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0f 9.05 V was generated by the device which was used to charge
a 3.2V battery. The PLLA film showed a d,, value of 9.57 pC N-!
after poling at 140 °C for 24 h. Zhu et al. synthesized electrospun
PLLA nanofibers for strain sensing and energy harvesting via hu-
man joint motion.[**"! The nanofibers displayed a V,. and I of
0.55 V and 230 pA, respectively, at a strain angle of 28.9° and peak
power of 19.5 nW from joint motion. Similarly, Lee et al. built a
piezoelectric sensor using electrospun PLLA nanofiber webs that
were used to operate LEDs.[21]

4.5.2. Polyureas

Polyureas is a type of elastomer produced from di-isocyanates
and diamines, that exhibits piezoelectric and pyroelectric prop-
erties after poling. The first piezoelectric polyurea, namely, aro-
matic polyurea exhibited a d;; value of 10 pC N' with stability
up to 200 °C.19M 12381 A d value of 1.7 pC N! was reported for
poled polyurea-9.1*?! When an odd number of methyl groups are
present, aliphatic polyureas display ferroelectric hysteresis while
being piezoelectric. Their piezoelectric coefficients are lower than
aromatic polyureas and are heavily dependent on poling temper-
ature (70-150 °C).[1¢] Koyama et al. reported power generation
using a polyurea thin film attached to a cantilever.[>*?] At a load
resistance of 1 MQ, optimum output was obtained at an efficiency
of 0.233% using a cantilever of length 4 mm. Hattori et al. pre-
pared aliphatic polyurea-5 films by vapor deposition and reported

piezoelectric stress constant (e;;) of 10 mC m™ and d;; = 4 pC
N-1.[243]

4.5.3. Polyurethanes

Polyurethanes are a class of alternating copolymers that are usu-
ally formed by reacting a di- or tri-isocyanate with a polyol!7168,
In 1999, Fukada et al. reported d;; of 38 pC N! and k;, of 0.14
in isotropic polyurethane films post poling at a DC field of 5 MV
m~L.[2#] The d,, value was nearly twice and k;; was similar to
that of poled PVDF film. Later in 2016, Moody et al. showed
high d;; coeflicients up to 244 + 30 pC N! on polyurethane
foams by adding polar dopant molecule 2-chloro-4-nitroaniline
into the polymer matrix.[>*! Under the application of force, the
polymer foams experienced substantial volume changes and the
dipole-doped polymers increased piezo responsiveness multifold
in comparison to conventional polymers and ceramics.

4.5.4. Polyamides

Polyamides or nylons are a class of semi-crystalline polymers that
exhibit a low degree of piezoelectricity. A d;; value of 0.5 pC N-!
was reported for the first time by Kawai for a stretched, poled film
of Nylon-11.["*"1 The odd-numbered polyamides such as Nylon-5,
Nylon-11 show piezoelectric and pyroelectric properties as a re-
sult of their polar structure. This is because, in odd polyamides, a
3.7D dipole moment exists between the even-numbered methy-
lene group and amide group resulting in a net dipole moment,
whereas in even polyamides the amide dipole counterbalances
each other.[?3®] Takase et al. reported d,; = 14 pC N1, k;; = 0.054
for Nylon-11, and d;; = 17 pC N7, k;; = 0.049 for Nylon-7 in the
temperature range of 100-200 °C.[1%]
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4.5.5. Polyacrylonitrile, Polyimides, Polypropylene

Apart from the polymers listed in previous sections, polymers
such as PAN, polyimides (PI), and polypropylene (PP) also dis-
play piezoelectric properties and can be utilized for energy har-
vesting applications. Recently, Wang et al. reported surprisingly
high piezoelectric properties in electrospun PAN nanofibers,
which was attributed to the high amount of planar Sawtooth PAN
conformation within nanofibers.[?**) When subjected to com-
pressive stress, a small piece of PAN nanofibers (5 cm?) produced
up to 2.0V, which was higher than PVDF nanofibers at the same
conditions. Cai et al. showed that voltage output from PAN thin
films was improved by controlling the poling temperature.[2*’]
The PENG generated the highest output of ~0.9 V when poling
temperature was 80 °C.

Polyimides (PI) are a class of amorphous polymers that are
suitable for piezoelectric applications because of their high T,
value.[1¢] Their properties were studied extensively by Harri-
son and Ounaies.['*] Gonzalo et al. synthesized PI for high-
temperature applications and showed that piezoelectric coeffi-
cients are dependent on the quantity of nitrile dipoles present in
the PI backbone in addition to the imidization process and poling
parameters.[28]

Polypropylene (PP) is a thermoplastic polymer synthesized via
chain-growth polymerization from the monomer propylene. Wu
et al,, in 2015, fabricated a cellular PP based flexible PENG with
a peak power density of ~52.8 mW m™ that was used for energy
harvesting and self-powered health monitoring systems.*] The
multilayered PP film exhibited a d,; value of ~#19 pC N-! which
increased to ~205 pC N! for the expanded cellular PP.

5. Piezoelectric Polymer Nanocomposites

In piezoelectric polymer composites, a filler with high piezo-
electricity is impregnated in a polymer matrix. This helps to
combine the advantages of both materials, that is, high piezo-
electric constant and coupling factor of fillers and flexibility of
polymers. The addition of fillers impacts the all-inclusive prop-
erties of the resulting piezoelectric nanocomposites. The ef-
fect of polymer/filler interfaces in polymer nanocomposites has
been discussed by Prateek et al.[>] The type and concentration
of fillers used, their shapes and morphology play a consider-
able part in enhancing the piezoelectric properties of nanocom-
posites. We have classified the fillers into three categories—
conducting, non-conducting, and hybrid fillers. Non conduct-

ing fillers include materials such as, BaTiO, 12531 barium diti-

tanate (BaTi,0s),I*] ZnQ,[#3255-257] PZT[ZSS] potassium sodium
niobate (KNN),[25% etc., and are known to have the highest piezo-

electric coefficients. Conducting fillers such as graphene,260.261]
MWCNT;,[262263] carbon black,!26426%] etc., have been used sub-
stantially as well. Hybrid fillers comprise two or more compo-
nents at the nanometer/micron scale, out of which at least one
is conducting and the other is non-conducting in nature. Exam-
ples of hybrid fillers include NaNbO;-reduced graphene oxide
(rG0),12%! titanium oxide (TiO,)-rGO nanotubes,?’l manganese
oxide (MnO,)/graphene/MWCNT hybrid,[2®] etc. In this section,
we will perform an in-depth review of piezoelectric properties of
nanocomposites synthesized using the fillers mentioned above
in PVDF and PDMS-based polymer matrix.
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5.1. Polyvinylidene Fluoride Based Nanocomposites

Among all-polymer composites, PVDF based composites have
been researched thoroughly in the past two decades and are con-
sidered to be the best option because of the greater piezoelec-
tric coefficients of PVDF when compared to other polymers.[2%°!
This section summarizes the synthesis, piezoelectric behavior,
and energy harnessing abilities of PVDF and PVDF copolymer-
based nanocomposites. There are three Sub-sections—Sections
5.1.1. and 5.1.2. focus on nanocomposites prepared using non-
conducting and conducting fillers respectively. Section 5.1.3. fo-
cuses on nanocomposites prepared using hybrid fillers, as well
as, the mixture of non-conducting and conducting fillers.

5.1.1. Nanocomposites Based on Non-Conducting Fillers

This section gives an overview of nanocomposites synthesized
using non conducting fillers such as BaTiO,,/1-%3] barium di-
titanate (BaTi,Os),?* ZnO,!**255-271 PZT[?%¥ and potassium
sodium niobate (KNN).[?*] It focuses on the synthesis, piezo-
electric properties, PENG fabrication methods, and energy har-
vesting performance of non-conducting fillers/PVDF and PVDF
copolymers-based nanocomposites.

Among different non-conducting fillers, BaTiO; has been
commonly used. Shin et al. prepared a nanocomposite film of
hemispherically aggregated BaTiO; NPs and P(VDF-HFP) to
construct a PENG.[?%1 A solution was first prepared by infus-
ing BaTiO; NPs, P(VDF-HFP), dimethylformamide (DMF) and
acetone, followed by spin-coating onto a Si substrate and cur-
ing at 80 °C. In the course of the curing process, hemispheri-
cal BaTiO; clusters originated as a result of the evaporation of
solvents, that is, acetone and DMF (Figure 15a). To fabricate
the PENG, the composite films were attached to PDMS-coated
Al electrodes on a polyimide substrate (Figure 15a). The forma-
tion of aggregated BaTiO;-P(VDF-HFP) clusters improved the
piezoelectric output of the PENG by amplifying the entire dipole
moment within the cluster and fostering an efficient structure
for harvesting external stress. When the applied pressure was
~0.23 MPa, V. of 75V, and I of 15 pA was generated by
the PENG (Figure 15b), which provided sufficient power to op-
erate a commercial LED. Later, they adjusted the ratio of acetone
to DMF in the nanocomposite solution to obtain optimal BaTiO,
cluster formation with increased density.l>?) These optimizations
contributed to substantially higher output of the NG, display-
ing the highest V. of #110 V and I of ~22 pA correspond-
ing to a power density of ~0.48 W cm™ under identical pressure
application.

Bodkhe et al. leveraged a unique 3D printing process to pre-
pare PVDF/BaTiO; NPs-10 wt% nanocomposites in the absence
of poling.[?!?721 The obtained d;; value (18 pC N7!) was com-
parable to poled and stretched PVDF films. Figure 15c sum-
marizes the formation process of aligned f-phase chains in the
course of 3D printing. Ball-milling increased the activation sites
on BaTiO; NPs, that acted as nucleating sites for g-phase due to
strong O—H---F—C hydrogen interactions at BaTiO,/PVDF inter-
faces. The large pressure of ~1 MPa exerted on the solution dur-
ing extrusion resulted in crystallization of f-phase in PVDF. The
NP agglomerates prevented the reversion to a-phase, leading to
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enhanced piezoelectric properties. A fully functional sensor was
fabricated that produced the highest output voltage of 4 V upon
finger tapping.

Siddiqui et al. embedded BaTiO; NPs with high loading up
to 40 wt% into P(VDF-TrFE) using solution processing.?”3! The
PENG produced a voltage 0f 9.8 V and j = 1.4 pA cm™ when bent
periodically due to the large effective piezoelectricity of P(VDEF-
TrFE)/BaTiO, nanocomposite. It also displayed high stability at
different frequencies, without any notable drop in output af-
ter multiple bending cycles. The PENG was shown to scavenge
energy from body movements and the energy was stored in a
rechargeable micro battery. Later, he fabricated a PENG using
electrospun P(VDF-TrFE)/BaTiO; nanofibers and demonstrated
energy harvesting while walking when the PENG was situated
inside a shoe.[?”*] The PENG with 15 wt% BaTiO, NPs gener-
ated 25 V voltage at 0.6 Hz walking frequency and 600 N load.
Zhao et al. obtained a V. of 150 V and I of 1500 nA by applying
10 MPa stress to the PENG.[2!] The high output was attributed
to the well dispersed BaTiO; NPs in the PVDF matrix, which in-
creased piezoelectric potential and reinforced local stresses com-
pared to pure PVDF. Li et al. showed that calcining BaTiO, pow-
ders at 950°C increase the d,; value of the composites to a max-
imum of 25 pC N7, compared to 5 pC N7' with un-calcined
BaTiO,.[°3] The calcination process accelerated the transforma-
tion of BaTiO, from rhombohedral phase (no piezoelectric prop-
erties) to tetragonal (piezoelectric properties) which helped in po-
larization.

Pereira et al. investigated the energy harnessing efficiency of
P(VDF-TrFE)/BaTiO; nanocomposites synthesized by solution
castingl?”®] and electrospinning.!?’¢! BaTiO, nanoparticles with
a mean size of 10, 100, and 500 nm were used at a loading of
0-20 wt% in the P(VDF-TrFE) matrix. For the solution cast sam-
ples, the highest output of ~0.28 pW was obtained with 10 nm
BaTiO; particles at 20 wt% loading and with 100 and 500 nm
particles at 5 wt% loadings.[?”>] The output power decreased for
larger BaTiO, particle sizes at contents above 5 wt% as a result
of increased mechanical stiffness possessed by the composites.
For the nanofibers, interestingly, the inclusion of BaTiO,; NPs did
not influence their diameter, distribution or power output. Sahu
et al. reported an output voltage of 7.2 V, current of 38 nA, and
power density of 0.8 pW cm™ from a PENG containing 10 wt%
BaTiO,/PVDF composite film prepared by solvent casting.[?’]
The PENG was used to harvest energy from activities like finger
tapping, dropping of coin and air blowing.

Lee et al. synthesized highly-aligned PVDF/BaTiO, nanofibers
with diameters of %200 nm by electrospinning.[?’®! The compos-
ite nanofibers with 16 wt% BaTiO; NPs exhibited the highest out-
put of 0.48 V; 1.7 times greater than pristine PVDF fibers. Kaki-
moto et al. prepared fibrous BaTiO,/PVDF (30/70 v%) compos-
ites by drawing, annealing and uniaxially stretching, followed by
poling to form the g phase.[?’”] The induced strain in the 31 di-
rection was enhanced up to 0.35% in the composites having an
83% orientation ratio of BaTiO, fibers, compared to the reference
specimens using spherical BaTiO, particles. Due to a higher as-
pect ratio of fibers than powders, they were more likely to contact
one another to form connected passages which resulted in en-
hanced power output.

Guan et al. developed a high-performance PENG us-
ing an electrospun nanocomposite of polydopamine (Pdop)
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Figure 15. a) Schematic diagram of the PENG, showing the nanocomposite film consisting of BaTiOj; clusters. b) Rectified V. of the PENG with a full-

wave rectifier under periodic finger impartation. The inset is an enlarged view of a voltage pulse in the dashed line. a,b) Reproduced with permissio

n.[270]

Copyright 2014, American Chemical Society. c) Schematic of the proposed process leading to increased f-phase content in PVDF due to BaTiO; filler
addition. Reproduced with permission.[?”'] Copyright 2017, American Chemical Society.

modified BaTiO; NPs and P(VDF-TrFE).?8 To increase interac-
tion and compatibility between BaTiO; NPs and P(VDF-TrFE),
the BaTiO; NPs were functionalized with Pdop via in situ
polymerization.?8!] In contrast with previous approaches (Fig-
ure 16a), the Pdop modified BaTiO; NPs were anchored onto
the outer surface of P(VDF-TrFE) fibers (Figure 16b) to prevent
agglomeration and to augment the interfacial density in the
nanocomposites. A significantly higher output of 6 V and 1.5
A was exhibited by the PENG in comparison to the PENG with
only P(VDF-TrFE) membrane (1.25 V and 0.6 pA) under 700 N

Adv. Sci. 2021, 2100864

applied force and 3 Hz impact frequency. This was attributed
to increased polarization caused by high density of interfaces in
the microstructure.

Chen et al. built a high-performance PENG from a micropillar
array of P(VDF-TrFE)/BaTiO,; nanocomposite, synthesized us-
ing BaTiO; NPs of ~#200 nm diameter at an optimized content
of 20 wt%.[%82] The d,; values of P(VDF-TtFE) film was 14.6 pC
N~ and P(VDF-TrFE)/BaTiO; composites was 35.3 pC N7'. The
PENG exhibited an enhanced voltage of 13.2 V and j = 0.33 pA
cm~? in comparison to bulk P(VDF-TYFE) film due to enhanced
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Pdop, and P(VDF-TrFE). Reproduced with permission.[22%] Copyright 2020, Elsevier Ltd.

piezoelectricity and mechanical flexibility of the compressed mi-
cropillar arrays.

Yaqoob et al. assembled a PENG using PVDF/BaTiO;-55 wt%
nanocomposite and surface functionalized n-type graphene (n-
Gr).12] Graphene was modified using an amino compound,
that oriented the negatively charged carboxylate groups over the
graphene surface. The tri-layered PENG structure was achieved
by placing PVDF/BaTiO; nanocomposite films, one on either
side of the n-Gr layer. Under the application of 2 N force, the
PENG provided a maximum Vp-p of 10 V and current of 2.5 pA
due to the critical role of n-Gr in aligning the dipoles unidirec-
tionally.

Fu et al., constructed an energy harvester using a nanocom-
posite of PVDF and oriented BaTi,O5 (BT2) nanorods.[* Un-
like BaTiO, which has a perovskite structure, the three Ti sites in
BT2 forms two [TiO] octahedrons: [TilO;] (blue), [Ti, O] (yellow)
and one [Ti;O;] pentahedron (green); these units are attached
to form a monoclinic lattice (Figure 17a). Hot pressing aligned
the BT2 nanorods horizontally in the PVDF matrix and rendered
a textured structure to them that ensured an increase in power
generation. The energy harvester with 5 vol% BT2/PVDF gen-
erated the highest output corresponding to a power density of
27.4 W cm™ and high stability even after 330 000 vibration
cycles (Figure 17D). To harvest energy from wheel motion, the
PENG was affixed to a bicycle (Figure 17c) and could potentially

Adv. Sci. 2021, 2100864

power sensors for detecting travel speed, atmospheric tempera-
ture, and humidity.

Indolia and Gaur showed that ZnO NPs of 1-9 wt% loading
were uniformly dispersed in the PVDF matrix.[?®¥] The highest
crystallinity of 54.4% was obtained for ZnO-9 wt% composites
due to rapid crystallization caused by the nucleating effect of ZnO
fillers. Jana etal. used ZnO NPs to induce an entirely y-crystalline
phase in PVDF without poling.?®) The ZnO/PVDF composite
films with 1 wt% ZnO NPs produced the highest amount of y-
phase of ~92% and d,; value of —6.4 pC N~'. The PENG pro-
duced a V. of 28 V and I of 450 nA by repeated human finger
imparting, which was enough to turn on 48 blue LEDs instantly.

Bhunia et al. made flexible ZnO/PVDF composite films by the
sol—gel technique, followed by poling them in a vacuum.[?%¢ A
ten-times increase in output voltage was observed upon poling
the ZnO/PVDF nanocomposites. The composites with 0.2 mol%
ZnO concentration exhibited a voltage of ~4 V and much higher
value d;; value of 900 pC N, compared to 20-28 pC N! for
PVDFI31136] and 12.3 pC N7! for ZnO.?¥”] Bafqi et al. prepared
15 wt% ZnO/PVDF fibers with optimized electrospinning con-
ditions and obtained a higher output of 1.1 V in comparison to
0.351 V for neat PVDF due to higher g phase formation.[88

Han et al. prepared an extremely sensitive impact sensor us-
ing P(VDF-TrFE)/ZnO nanocomposite films with different ZnO
contents (1.5-12.5 wt%).1®") When hit by a ball of 65 g, the
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Figure 17. a) Crystalline structure diagram of BaTi,Os with the A2/m spacing group. The 5 vol% BT2/PVDF PENG showing b) stability and durability
under vibration condition and c) voltage generation by the beating of bicycle spokes. Reproduced with permission.[2>4] Copyright 2018, Elsevier Ltd.

sensor containing 7.5 wt% ZnO NPs generated the highest volt-
age, that is, 5.5 times of pristine P(VDF-TtFE). The d;; value
was also highest (32.2 pC N7') at 7.5 wt% ZnO loading, beyond
which it decreased due to agglomeration of ZnO NPs. Nguyen
et al. showed that nanocomposites with 10 wt% ZnO NPs dis-
played a high d;; value of 19-22 pC N irrespective of the type
of ZnO used, indicating that there was no impact of surface
functionalization.??*! P(VDF-TrFE) nanocomposites containing
AL 0,1 and LiNbO,[?%2I NPs also showed similar behavior.

Thakur et al. assembled a self-poled energy harvester
(Figure 18a) by incorporating ZnO NPs in the PVDF matrix via
the in situ process.?”3] ZnO NPs had a negative surface charge,
therefore it interacted with the positive -CH, dipoles in PVDF
via ion-dipole or electrostatic attraction. These interactions and
charge carrier aggregation at ZnO/PVDF interfaces led to ~84%
B phase amountand ~50 pC N! d;; value in the nanocomposites.
The PENG revealed a high-power density of #32.5 mW cm™ with
long durability when touched periodically by a human finger. It
also generated uninterrupted power due to vibration from blood
circulation in the human body (Figure 18b—d). The PENG was
shown to operate 15 blue LEDs connected serially (Figure 18e)
and 1 pF charging capacitor within a short period as a result of
repeated finger impartation.

Singh et al. showed that the polar g phase of PVDF can be
improved from 48.2% to 76.1% by embedding ZnO NRs into
the PVDF matrix in the absence of any mechanical or electri-
cal treatment.?*! The ds; value of the 15 wt% ZnO/PVDF film
was ~—1.17 pC N! and a maximum V. of 1.81 V, I__ of 0.57 pA

7 7sc

were obtained when hit by a cylinder with a force of 15 kPa. The
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power density was calculated as 0.21 pW cm™ across a load resis-
tance of 7 MQ, which demonstrates the feasibility of using it for
small-scale electronic devices. The piezo potential was generated
due to g phase nucleation in PVDF upon application of external
force. Choi et al. reported power enhancement of the PENG by
~17 times using a nanocomposite of ZnO NWs/PVDF compared
to pristine PVDF.I2] ZnO NWs were synthesized by the HMTA
method with a growth density of 10 pum~2. The maximum volt-
age and current were 0.4 V and 30 nA, respectively at a strain rate
of 3.2%.

Parangusan et al. studied P(VDF-HFP)/Co doped-ZnO
nanofiber composites, synthesized via electrospinning.[?! The
Co-doped ZnO NRs were prepared by hydrothermal method
and had hexagonal cross-sections, as opposed to flower-like
morphology of undoped ZnO NRs (Figure 19a,b). The highest
output voltage obtained was 2.8 V for 2 wt% Co-ZnO/PVDF-HFP
nanofibers. The incorporation of these fillers in P(VDF-HFP) im-
proved f-phase nucleation and stabilization due to interactions
of oppositely charged fillers with —CF,—/-CH,— dipoles present
in P(VDF-HFP). The same group achieved exceptional piezo-
electric performance in 0.5 wt% Ni-doped ZnO/P(VDF-HFP)
nanocomposites with a d;; value of 20 pC N-1.2%7]

Parangusan et al. illustrated the usage of y-irradiation in im-
parting desired piezoelectric properties to Fe-doped ZnO/PVDF
nanocomposites.[?®! The y-irradiated nanocomposites contain-
ing 2 wt% Fe-ZnO NPs exhibited 55% f-phase crystallinity and
d;; = 9.44 pC N', which was much higher than neat PVDF (Fp)
=32%, d;; = 6.15 pC N!) and non-y irradiated composites. This
was due to the influence of star-like morphology (Figure 19c)
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Figure 18. a) Schematic diagram of the fabricated PENG. b) Photograph of attachment of the PENG on the hand. c,d) Output voltage and current under
the touching condition of the device on hand. e) Snapshot of the lighting of blue LEDs driven using PENG under periodic finger impartation. Reproduced

with permission.[2%3] Copyright 2018, Elsevier Ltd.

and dispersion of Fe-ZnO, improved interactions with PVDF
and crosslink creation induced by the y-irradiation process. The
PENG generated a maximum voltage of 2.4 V and power density
of 1.17 pW cm during stretching, bending and rolling motions
of the nanocomposites, indicating their potential use in flexible
electronics.

Ponnamma et al. designed a PENG from electrospun
nanofibers of P(VDF-HFP), cellulose nanocrystals (CNC, 2 wt%)
and Fe-doped ZnO (2 wt%).[*"! The nanocomposite had two lay-
ers; the first layer consisted of CNC/P(VDF-HFP) and the second
layer consisted of Fe-doped ZnO/P(VDF-HFP) (Figure 19d). The
hybrid nanocomposite produced a maximum of 12 V from me-
chanical vibrations, 5.5 V from the movement of the human el-
bow, and 1.1 V from cloth folding motions. The numerous ~OH
groups present on a CNC chain forms H bonds with O, atoms of
adjacent chains; this bonding generates spontaneous electrical
dipoles in CNC and results in polarization upon stress applica-
tion (Figure 19¢). Similar bonding takes place in Fe-doped ZnO,
creating dipole moment as shown in Figure 19e. Fashandi et al.
developed a PENG from electrospun PVDF/CNCs with various
CNC loadings (1-5 wt%).2%] The 3 and 5 wt% nanocomposites
charged a 33-pF capacitor and lit up a commercial LED for 30 s
due to B phase nucleation and suppression of the a phase.

Si et al. added zinc titanate (ZTO) NPs in PVDF, which acted
as an agent for heterogeneous nucleation, provided an enormous
surface area for PVDF adsorption and enabled accelerated y-
phase nucleation.*!! The PENG containing 2 wt% ZTO pro-
duced a stable voltage of ~25.7 V, current of 1.2 pA, correspond-
ing to a power density of ~8.22 pW cm™, when a pressure of
~16.5 kPa was applied by finger. It could harvest energy from sev-
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eral energy sources like human body movement and mechanical
vibrations.

Chinya and Sen reported enhanced f phase content of ~88%
in nanocomposites of PVDF and ascorbic acid assisted zinc fer-
rite (ZF(ASC)).3%") Zinc Ferrite NPs were synthesized by utiliz-
ing ascorbic acid as a chelating agent followed by its surface
modification with tetraethyl orthosilicate (TEOS). After poling,
the PVDF/1.5 wt% ZF(ASC) nanocomposites displayed ~2.20 V
output voltage on single finger touch due to improved interac-
tion between TEOS modified ZF particles and PVDF matrix. In a
later work, they modified ZF NPs with polyethylene glycol (PEG)
and showed a maximum f phase of ~92% and Voc of 18 V for
PVDF/ZF(PEG)-12 wt% nanocomposites!*®*] (Figure 20a). Coins
of different weights were dropped on PVDF/ZF-PEG film and
the sensitivity response of each was plotted (Figure 20b). The
PEG layer helped to prevent agglomeration of NPs and entrapped
more surface negative charge; higher negative charge helped in
the orientation of more —CH, dipoles in PVDF, resulting in a
higher f phase fraction (Figure 20c). Recently, Chinya et al. stud-
ied the influence of different ZF architectures, that is, nearly
spherical, nearly cubic and rod-like, added to PVDF with differ-
ent contents.?* It was observed that nano-rods with 3 wt% load-
ings were more favorable for # phase formation and stabilization.
Thus, they exhibited a maximum piezoresponse of %#39.10 V and
a power density of 2.96 pW mm=. This was attributed to the de-
sirable ‘in-plane orientation of the nanorod structure in PVDF
that helped to gather the all-trans (TTTT) conformation and cre-
ate an extended TTTT conformation corresponding to f-phase.
Similar work was done by Mishra et al. using gallium ferrite
(GaFeO;) NPs of 10-30 wt% loading.’®! Characterization of the
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Figure 19. a) SEM images of undoped ZnO and b) Co-doped ZnO nanorods. a,b) Reproduced with permission.[2%¢] Copyright 2018, Springer Nature.
¢) TEM image of Fe-doped ZnO particles. Reproduced with permission.[28] Copyright 2018, The Royal Society of Chemistry. d) Sample flexibility and
schematic of bending experiment. e) Interaction mechanism in the nanocomposites consisting of dual layers of P(VDF-HFP)/Fe-ZnO and P(VDF-

HFP)/CNC. Reproduced with permission.[2°°] Copyright 2019, Elsevier Ltd.

30 wt% GaFeO,/PVDF nanocomposites showed that «, g, and
7 phases were present. They exhibited a maximum voltage and
current of 4 V and 4 nA.

Tiwari and Srivastava synthesized highly flexible PZT/PVDF
nanocomposite films and showed enhanced piezoelectric prop-
erties due to an increase in f§ phase with PZT addition.?%! The
composite films with 10-30 v% PZT showed an increase in d;;
from 60 to 84 pC N7!, compared to -32 pC N7! for neat PVDF
films. Similar studies were done by several researchers on 0-3
PZT/PVDF composites, showing an increase in d;; compared to
neat PVDF films [24117.258,307-311]

Bairagi et al. demonstrated a flexible PENG composed of KNN
nanorods (0-6 wt%) in the PVDF matrix followed by corona
poling.*12l The PENG made with PVDF/KNN NRs- 4 wt% exhib-
ited the highest F(B) of 26% and generated ~3.7 V voltage, 0.326
PA current when tapped by finger. The -OH groups present on
the surface of KNN NRs helped to nucleate and stabilize the po-

Adv. Sci. 2021, 2100864

lar g phase through interactions between —OH and —-CH, /CF,—
dipoles in PVDF. Beyond 4 wt% KNN, nucleation of f-phase was
restricted, and more defects were created in the PVDF matrix,
which resulted in declined output.

Haddadi et al. added SiO, NPs to PVDFPBI for improving
specific properties such as piezoelectric, mechanical character-
istics, hydrophilicity, etc.>'4-31%! The surface charge of SiO, NPs
is naturally negative because of the presence of OH—- groups. In
the electrospun nanocomposites, f-phase nucleation was the re-
sult of effective interactions between CH, groups in PVDF and
SiO, NPs. Maximum F(f) obtained was 84% and the output volt-
age was =25V at 0.5 wt% SiO, loading under the application of
13.9 N force.

Dutta et al. observed an F(f) of 85% at a critical nickel oxide
(NiO) loading of 0.75 wt% in PVDF.[3¥7318] The NiO NPs were
hexagonal shaped with a mean size of 44 nm and were synthe-
sized via the hydrothermal method. The interactions between
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Figure 20. a) Output voltage performance of PVDF/ZF(PEG)-12 wt% nanocomposites. b) Impact sensing capability of the nanocomposites. c) Proposed
interactions of untreated and surface-treated zinc ferrite with PVDF. Reproduced with permission.[3%3] Copyright 2017, Elsevier B.V.

negatively charged NiO NPs and positively charged CH, groups
in PVDF led to the alignment of TTT conformation in PVDF,
resulting in § phase nucleation.

Singh et al. fabricated a flexible PENG employing a nanocom-
posite of 50 nm-sized MgO NPs uniformly distributed in a
P(VDF-TrFE) matrix.?!%! The d,; value for P(VDE-TrFE)/MgO-
2 wt% nanocomposite was -65 pC N-! compared to —40 pC
N-! for P(VDF-TrFE). Figure 21 schematically shows the inter-
actions between —OH groups present on the surface of MgO
with F atoms of P(VDF-TrFE) chains, resulting in hydrogen bond
formation. This was the primary reason behind enhanced crys-
tallinity and stabilization of the f phase in the nanocomposites.
The PENG generated an output voltage of about 0.4 V on re-
peated touching (Figure 21b). It also demonstrated exceptional
durability when put through 10000 bending cycles as the d;

Adv. Sci. 2021, 2100864

values remained unchanged irrespective of the bending speed
(Figure 21c).

Martin et al. investigated the influence of the surface charge of
cobalt ferrite (CoFe,0,) NPs on PVDF g-phase crystallization.[3?°]
CoFe, O, NPs-5 wt% was coated with sodium dodecyl sulfate
(SDS), cetrimonium bromide (CTAB) and triton X-100 surfac-
tants, which induced negative, positive and nearly zero surface
charge respectively. Higher F(B) of 90% and d,; of 33 pC N! were
obtained in CoFe,O,/PVDF than CoFe,0,-SDS/PVDF nanocom-
posites (F(f) = 30%, d;; = 23 pC N7!). The reason behind this
was that the surface of CoFe,O, NPs had a higher negative
charge than CoFe,0,-SDS, therefore electrostatic interactions
were stronger. The CoFe,O,-Triton and CoFe,O,-CTAB NPs with
nearly zero and the positive surface charge did not allow f-phase
formation.
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Figure 21. a) Schematic diagram showing hydrogen bond formation in P(VDF-TrFE)/MgO nanocomposites. b) Voltage generated by the 2 wt%
MgO/P(VDF-TrFE) nanocomposite-based PENG on continuous finger tapping. c) Variation of d;; coefficient as a function of bending cycles at different
strain rates. Reproduced with permission.31°] Copyright 2017, American Chemical Society.

Ouyang et al. prepared nanocomposites by embedding 6 nm-
sized magnetites (Fe;O,) NPs into PVDF and showed via TEM
analysis that they were uniformly distributed in PVDF.32!] The
highest d;; value was 37 pC N~! and F() was 72.5% for the poled
PVDF/Fe;0,-2 wt% nanocomposites; about five times higher
than non-poled ones. The addition of Fe;O, NPs enhanced g-
phase content as a result of tiny particle size and negative surface
charge. The radius of gyration, R,, of PVDF was calculated to be
24 nm, which was greater than the average diameter of Fe,O,
NPs (6 nm). Therefore, when these NPs were added to PVDF,
the polymer swelled to increase its R,;I**?! this increase in Rg was
manifested by PVDF transforming to its more extended g form.

Parangusan et al. reported enhanced piezoelectric properties
by incorporating cerium (Ce) doped iron oxide (Fe,O,) and Ce
doped cobalt oxide (Co;0,) NPs into PVDF.[323] This was ascribed
to the reduced size of crystals and greater electrostatic interac-
tions at the NP/PVDF interface. The flexible PENGs built from
PVDEF/(Ce-Fe,05)- 2 wt% and PVDF/(Ce-Co,0,)- 2 wt% fibers
produced Vp-p of 20 V and 15 V and current densities of 0.010
and 0.005 pA cm™ when 2.5 N force was applied.

The effect of clay as a filler on the structure, morphology and g-
phase formation in PVDF has been studied extensively.[!7%:324-327]
Ma et al. investigated the impact of lithium-ion (Li*) doping and
adsorbed water on the piezoelectric performance of Montmoril-
lonite (Mt)/P(VDF-HFP) nanocomposites.>”®! Mt is a clay con-
sisting of alumina octahedral sheets inserted between two tetra-
hedrally silica sheets, containing exchangeable cations such as
Na*, Ca?*, Mg?*, and Fe?*. Lithium-ion was used to replace Na*
and Ca?* ions in Mt interlayers to improve the polarizability of the

Adv. Sci. 2021, 2100864

nanocomposites. The adsorbed H,O in Mt induced strong polar-
ization in P(VDF-HFP) via hydrogen bond formation between F
atoms of P(VDF-HFP) and H,0O, which led to the formation of
p-phase. Mt-Li/P(VDF-HFP) nanocomposites with 15 wt% Mt-
Li and 1.72 wt% H,O exhibited the highest d,; value of ~45 pC
N-! and the highest voltage and current. Jahan et al. prepared
PVDF nanocomposites consisting of micro calcium carbonate
(CaCO;) particles in varying amounts of 30-40 wt% and Mt via
twin-screw extrusion and uniaxial stretching at R = 5.5%%) Pure
PVDF and nanocomposites with just 40 wt% CaCO, did not ex-
hibit any piezoelectricity. Due to enhanced p phase content of
almost 100% and dipolar orientation induced by stretching, the
nanocomposite containing 40 wt% CaCO; and 3 wt% Mt. dis-
played the maximum d,; value of 30.6 pC N,

Rahman et al. introduced laponite nano-clay mineral into the
PVDF matrix by solvent evaporation and induced up to 98% y
phase.?3% The chemical formula of laponite is Na,,SisMgs ;Li
03020(0OH),; it is composed of layered silicates, stacked to form
interlayers as described above for Mt. Laponite enhances tough-
ness as well as electromechanical coupling effect of the nanocom-
posites, making it effective for building a durable energy har-
vester. PVDF/laponite-0.5 wt% nanocomposites generated excel-
lent output with the highest values of 6 V and 70 nA when a com-
pressive force of 300 N was applied by hand punch. Tiwari et al.
prepared electrospun nano-clay/PVDF nanofibers with nano-clay
concentrations of 0, 5,10,15, 20 wt%.1*!] The nanofibers with
15 wt% nano clay had nearly 90% g phase and were deter-
mined to be tougher and stiffer, making them relevant for de-
vice applications. A maximum Vp-p of 70 V and power density of
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Figure 22. a) SEM micrograph of the electrospun 0.50 wt% talc/PVDF composite nanofibers. b) The output voltage of the PENG obtained by continuous
finger tapping using PVDF and talc/PVDF nanocomposite fibers. c) Proposed mechanism of interactions between talc nanosheets and PVDF chains in
the electrospun nanofibers. Reproduced with permission.[333] Copyright 2020, The Royal Society of Chemistry.

68 mW cm™ was generated by the PENG due to greater charge
separation in the nanofibers under an applied load. It was able
to harvest energy from several forms of human movements like
walking, twisting, bending, foot and finger tapping. Khalifa et al.
designed a force sensor using halloysite nanotubes (HNT)/PVDF
nanofibers by electrospinning.**?! It produced the highest out-
put voltage at 10 wt% HNT loading due to the highest g phase
amount.

Shetty et al. fabricated a PENG using electrospun talc/PVDF
nanofibers (Figure 22a) and showed that 0.5 wt% talcs caused
nucleation of 89.6% f phase.’**] The PENG with PVDF/talc-
0.50 wt% fibers generated a V¢ of 9.1 V with an adjacent power
density of 1.12 pyW cm~ when a tapping force of 3.8 N was re-
peatedly applied by human finger (Figure 22b). Talc has a chem-
ical formula of Mg;Si,0,,(OH), and it is part of the family of
clay minerals, that is, the phyllosilicate group. Talc structure con-
sists of an octahedral sheet of MgO,(OH), as the intermediate
layer between two layers of tetrahedral silica sheets (SiO,). The
preferred alignment of -CH, /-CF, dipoles in the course of elec-
trospinning and hydrogen bonding between PVDF —CF, groups
and —OH groups present in talc resulted in f phase nucleation
(Figure 22c).

Adv. Sci. 2021, 2100864

Harstad et al. synthesized gadolinium silicide (Gd;Si,)/PVDF
nanocomposite films with high piezoelectric properties via
the phase-inversion method.3**! The PVDF/Gd;Si,- 5 wt%
nanocomposites displayed an enhanced F(f) of 81% and crys-
tallinity of 58% compared to F(f) of 49% and crystallinity of 46%
for pristine PVDF. The interfacial interactions of GdsSi, with
PVDF interfaces resulted in preferential f phase crystallization
as evidenced by FTIR. The PENG provided a much higher and
stable voltage output when subjected to 2-3 N force at 5-10 Hz
frequency.

Maity et al. reported an ultrasensitive PENG using electro-
spun 2D molybdenum sulphide (MoS,)/PVDF nanofibers.[**]
The PENG showed seventy times improvement in acoustic sensi-
tivity compared to nano sensors built from neat PVDF nanofibers
and was capable of charging a 9 V capacitor within 44 s. Due to the
integrated semiconducting and piezoelectric properties of 2D-
MoS,, enhanced performance was obtained from the PENG. It
could be used to power biomedical nano sensors for monitoring
heartbeat, mapping pressure of footsteps and detecting speech
signal abnormalities.

From the literature discussed in this section, it is evident
that the addition of non-conducting fillers to PVDF matrix
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enhances piezoelectric output from the PENG compared to
PENGs using PVDF only. PVDF based copolymers have higher
piezoelectric constants, therefore PVDF copolymer nanocompos-
ites generated higher output voltages and currents compared
to PVDF nanocomposites in general. It was found that poling
was a mandatory step for nanocomposites where BaTiO, was
used as a filler. Whereas nanocomposites with fillers such as
ZnO, Co/Ni/Fe doped ZnO, clay, MgO, Fe,0,, etc. did typi-
cally not use poling. The filler content varied between 0 and
55 wt% and nanocomposite synthesis methods included elec-
trospinning, solvent casting, spin casting, drop-casting, and hot
pressing. Furthermore, the output performance was found to
depend on the type of filler used, their concentration, the sur-
face modifying agents of the fillers and synthesis conditions.
Among the summarized literature, the highest output voltage
of 70 V was obtained from electrospun PVDF/nano-clay com-
posites containing 15 wt% nano-clay when tapped by a human
finger.[>31]

5.1.2. Nanocomposites Based on Conducting Fillers

This section summarizes the literature on PVDF nanocom-
posites prepared using conducting fillers such as Ag,33¢
MWCNTs,?¥] reduced graphene oxide, 33! and carbon black.[2#]
A brief overview of their synthesis, piezoelectric properties,
PENG fabrication methods and energy harvesting perfor-
mance of conducting fillers/PVDF and PVDF copolymers-based
nanocomposites is presented in this section.

Paik et al. examined the effect of Ag-NPs on piezoelectric char-
acteristics of Ag/P(VDF-TrFE) nanocomposites.?3¢! Atan Ag con-
centration of 0.005 v%, d;; had a maximum value 0£20.23 pC N,
beyond which it decreased to 13.45 pC N~! due to an increase in
Ag% up to 0.01 v%. The presence of Ag NPs up to an optimum
amount enabled the dipoles to align well under an external elec-
tric field, which led to the increased polarization of the compos-
ites and enhanced piezoelectric properties.

Chen et al. added Ag NPs with 20 nm diameter and two kinds
of Ag NWs with diameters of 120 and 35 nm into P(VDF-TrFE)
at 0.8 wt% loadings.?**! Formation of f-phase in P(VDF-TtFE)
was promoted by Ag NWs, but not by Ag-NPs. Pristine P(VDF-
TrFE) and nanocomposite of P(VDF-TrFE)/Ag NPs exhibited low
output voltage of 17-19 mV (Figure 23a), while nanocomposite
of P(VDF-TrFE)/Ag NWs (120 nm diameter) showed the higher
output of 36 mV, which increased further to 48 mV for 35 nm
NW diameter (Figure 23b). In the case of Ag NWs, due to their
planar surfaces, P(VDF-TrFE) could be readily packed in a way
that promotes f-phase formation (Figure 23c). Whereas for Ag
NPs, because of their spherical surface, it is hard for P(VDF-TrFE)
molecular chains to overcome the steric hindrance and therefore,
they cannot easily form planar structure to facilitate crystalliza-
tion (Figure 23d).

Issa et al. showed an increase in f-phase by nearly 8% with the
addition of Ag NPs between 0.4 and 0.6 wt% in electrospun PVDF
nanofibers.3*) A voltage of 2 V was obtained from the nanofibers
with 0.4 wt% Ag due to aligned p-phase present in the samples as
aresult of electrospinning. Li et al. constructed a pressure sensor
from electrospun PVDF/Ag NWs-1.5 wt% with a high sensitivity
of 30 pC N1, compared to 18 pC N! for pure PVDF.3*!] The good
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distribution of Ag NWs in PVDF facilitated interactions between
them and led to increased f-phase content.

Ghosh and Mandal fabricated an all-fibre PENG using highly
aligned, electrospun PVDF/Pt nanofiber arrays as shown in Fig-
ure 24a.3%1 The nanofibers were extremely flexible as depicted
in Figure 24b,c. The Pt/PVDF nanofibers were bonded in be-
tween conducting fabrics containing interlocked microfibers ar-
rays (Figure 24d). Polypropylene was used to laminate the en-
tire structure for environmental protection followed by connect-
ing electrical leads to the top-bottom electrodes. The composite
nanofibers exhibited a 99.9% g-phase and ds; value of 44 pC N1,
The PENG displayed high performance—V,. ~ 30 V, I den-
sity # 6 mA cm, and power density ~ 22 pW cm™ with pro-
longed durability up to 900 00 cycles. Different conditions like
bending, pressure, compression, frequency, etc., could operate
the PENG because of the efficient stress confinement effect. The
extensional force exerted on the electrospinning jets, mechanical
stretching, and interactions of Pt NPs with PVDF chains resulted
in enhanced performance.

Kar et al. illustrated exceptional output power from a
PENG consisting of a self-polarized SnO, nanosheet/PVDF
nanocomposite.***! At an optimum SnO, loading of 5 wt%, the
nanocomposite possessed the highest d,; of #36.52 pC N! and
F(p) of 74%. The PENG produced an outstanding voltage of 42 V
and j = 6.25 pA cm~ on human finger impartation. The obtained
power density was 4900 W m~ at an efficiency (1) of 16.3%. The
homogeneous distribution of SnO, nanosheets with large sur-
face area enhanced g phase amount in PVDF and attributed to
improved PENG performance. As a result of the hydrophobic na-
ture of SnO, nanosheet/PVDF composite, the PENG was able to
self-clean itself, making the device water and dirt resistive.

Ahn et al. researched the effect of varying MWCNT content
(0.05-1 wt%) along with further usage of drawing and poling on
piezoelectric properties of PVDF/MWCNT nanocomposites.>’]
The electrospun nanocomposites showed a high g phase amount
as a result of straining the PVDF jets excessively. The long
MWCNTs of 0.2 wt% acted as nuclei during the crystalliza-
tion process and poling induced aggregation of charges at
PVDE/MWCNT interfaces. Both of these processes promoted
a to f phase conversion as shown in Figure 25.3* Applica-
tion of external stresses via drawing resulted in interactions
between the functional groups present in MWCNTs and CF,
dipoles of PVDF further increasing f-phase content (Figure 25).
A similar study was done by Kim et al.,[?%3] showing enhanced
p phase content in PVDF/MWCNT composites after draw-
ing and poling when MWCNT concentration was less than
0.2 wt%.

Liu et al. studied PVDF/MWCNT composite nanofibers syn-
thesized by NFES.**! Application of a higher electric field of
1200 V mm™ increased f crystallinity of PVDF fibers by roughly
53% in comparison to an electric field of 600 V mm™. The d;,
value of PVDF/MWCNT-0.03 wt% nanofibers were —57.6 pC
N-1293] compared to —15 pC N~! for PVDF thin films.3*®! Yu et al.
constructed an electrospun PVDF/MWCNTs based PENG with-
out poling.?*’] The output voltage generated by the PENG was
6 V at an optimum MWCNT concentration of 5 wt%, which is
200% higher than neat PVDF nanofibers. The reason being the
enhanced surface conductivity of the PVDF nanofibers caused by
the addition of MWCNT.
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Wau etal. explored the influence of CNTs and optimized electro-
spinning parameters on the piezoelectric performance of aligned
PVDF/CNT nanofibers.?*¥! Electrospun PVDF fibers displayed
F(p) of 88% and ds; value of 27.4 pC N71; 18 wt% CNT loading
increased F(B) to 89% and d,; to 31.3 pC NL. In bending exper-
iments, a nonlinear trend was observed for output voltage in re-
sponse to the bending angle; the highest voltage being 1.89 V
at 100° bend. Ning et al. prepared PVDF/MWCNT (0-0.3 wt%)
nanocomposites by solution casting, with subsequent drawing to
400-500% elongation and stepwise poling to induce f-phase.[262]
The nanocomposite film consisting of 0.05 wt% MWCNT gener-
ated twice the output voltage of pure PVDF film.

Mandal and Nandi functionalized MWCNTs with an ionic lig-
uid (IL, 3-aminoethyl imidazolium bromide) to form IL func-
tionalized MWCNTs (MWCNT-IL) (Figure 26a) and added them
into PVDF.3*] The average coating thickness of IL on MWCNTs
was about 10 nm. The pristine MWCNTs were entangled with
each other, whereas MWCNT-IL were well dispersed, as shown
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Figure 23. The piezoelectric response of a) P(VDF-TrFE) nanocomposites with Ag NPs and Ag NWs. b) P(VDF-TrFE)/Ag NWs nanocomposites with
various loadings of Ag NWs (35 nm in diameter). c) Schematic of crystal structure on Ag NW surface. d) Arrangement of P(VDF-TrFE) chains absorbed
on Ag NP surface. Reproduced with permission.[33] Copyright 2016, Elsevier B.V.

by TEM images in Figure 26b,c. Nanocomposites with 100% p-
phase were obtained using 1 wt% MWCNT-IL via both solvent
casting and melt blending. The study showed MWCNT-IL as an
effective agent for nucleating f-phase in PVDF because of dipolar
interactions of PVDF with MWCNT-IL. The covalently bonded IL
helped to distribute the MWCNTs homogeneously in the PVDF
matrix as well as enabled PVDF chains to embrace the TTTT con-
formations, leading to crystallization of g-PVDF.

Ke et al. prepared PVDF nanocomposites with different
surface-functionalized MWCNTs by melt mixing.>°) The length
of MWCNTs was ~1 pm with an approximate outer diameter
of 9.5 nm. The nonfunctionalized CNTs and those functional-
ized with amino, carboxyl, and hydroxyl groups were named u-
CNT, a-CNT, ¢-CNT, and h-CNT, respectively. These four types
of CNTs with 1.5, 3, and 5 wt% loadings of each were dispersed
in PVDF. The maximum pg-phase of 17.4% was observed in
nanocomposites containing a-CNTs, followed by h-CNTs (11.6%),
u-CNTs (9.4%), and lastly c-CNTs (4.7%). The combined effects of
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Figure 24. a) Schematic demonstration of the electrospinning setup. b) Outstanding flexibility illustration of Pt/PVDF nanofibers mat by rolling around
an irregular object. c) Photograph of the flexible PENG with d) 3D design showing e) SEM image of aligned arrays of Pt/PVDF nanofibers along the
surface direction with their polarization direction along the thickness direction. f) Interlocking micro-fiber arrays of conducting fabric. Reproduced with

permission.[342] Copyright 2018, Elsevier Ltd.
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Figure 25. Schematic image showing the proposed mechanism of chain
extension in PVDF induced by electrospinning and mechanical drawing.
Reproduced with permission.[*37] Copyright 2013, American Chemical So-
ciety.

MWCNT distribution in PVDF and their interactions resulted in
p-phase formation. These interactions were caused by excessive
melt shearing along with chemical bonding between moieties
present on the surface of CNTs and PVDF as shown in Figure 27a.
As a result of stronger electronegativity in F, atoms in compari-
son to C and H, atoms, the —CF, dipoles interacted with the CNT
interface having an abundance of z-electrons and formed PVDF
chains easily with TT conformation. The u-CNTs, a-CNTs, and
h-CNTs exhibited good dispersion in PVDF, resulting in PVDF
adsorption along the CNT surface (Figure 27b).

Sharma et al. showed that both fillers—carboxyl functional-
ized MWCNTs and Ag decorated CNTs facilitated « to § phase
transition in PVDF.*®! g phase formation was heavily dependent
on the synthesis technique, that is, the electrospun fibers had a
higher g phase than the melt mixed samples. This was ascribed
to the large electrostatic field in electrospinning that aligned the

Adv. Sci. 2021, 2100864

PVDF dipoles in one direction. The Ag-CNTs/PVDF fibers dis-
played the largest d;; value of 54 pC N~! compared to 35 pC N-!
for PVDF/CNT fibers and 30 pC N! for neat PVDF.

He et al. pretreated MWCNTs using an unzipping process be-
fore adding them into the PVDF matrix, to solve the agglomera-
tion problem of MWCNTs.[352] The amounts of potassium man-
ganate (KMnO,) oxidant** were regulated to achieve MWC-
NTs with various unzipping degrees and the unzipped MWCNTs
were named as yCNTs. f phase was highly enhanced in PVDF
nanocomposites with 0.3 wt% pCNTs having a higher unzipping
degree, implied by the increased d,; constant of 38.4 pC N1,
The increased interface area facilitated interactions between the
oxygen-containing groups (>C = O) of yCNTs and —CF, groups
of PVDF, resulting in improved distribution of yCNTs in PVDF
matrix.

Yang et al. prepared nanocomposites consisting of MWCNTs
coated with TiO, NPs (TiO, @ MWCNTs) and PVDF by solution
casting followed by mechanical rolling.3>* Figure 28 shows 2D
small-angle X-ray scattering patterns for solution cast and rolled
composites with 0.7 wt% loadings. A distinct isotropic ring was
noticed for the solution cast samples, indicating the presence of
randomly distributed lamellae (Figure 28a). In the rolled sam-
ples, two blob-like reflections were noticed, indicating the pres-
ence of an aligned lamellar structure orthogonal to the direction
of rolling (Figure 28b). The TiO,@MWCNTs NPs were irreg-
ularly distributed in the solution cast composites (Figure 28c).
In the case of rolled composites, it can be seen clearly that
rolling resulted in the orientation of the TiO,@ MWCNTs and
increased distance between the NPs (Figure 28d). The 0.3 wt%
TiO, @MWCNTS rolled composites displayed maximum F(f) =~
99% and d,; ~ 41 pC N! after poling, which is almost twice of
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Figure 26. a) Schematic diagram of MWCNTs functionalization by ionic liquid to form MWCNT-IL. TEM images of b) pristine MWCNTs and c) IL-
functionalized MCWNTs. Reproduced with permission.[3#°l Copyright 2013, American Chemical Society.

pure PVDF. Rolling reduced crystallite size increased phase crys-
tallinity and formed a highly oriented structure that improved the
piezoelectric response of the nanocomposites.

Baur et al. made PVDF composites with Buckminster
fullerenes (Cqo) and SWCNTs over a range of compositions.>]
C,, fullerenes consist of an sp? hybridized structure with a re-
semblance to CNTs but are spherical in contrary to the tubular
structure of CNTs.1***] The SWCNT and C,, composites showed
amaximum d;; of 65 and 63 pC N™! at a concentration of 0.05 and
0.2 wt%, respectively. Pristine PVDF films showed a d;; value of
32 pC N7! indicating that composites possessed a d;,; value twice
that of pristine PVDF. This was achieved through a combination
of multiple factors involving nucleation of crystalline sites, inter-
nal charge creation, increased polarization, and optimization of
Young’s modulus and dielectric constant.

Wu et al. prepared P(VDE-TrFE)/graphene composites and
showed that 0.15 wt% graphene yielded a maximum V. of
12.43 V; nearly two times of pure P(VDF-TrFE) films (6.10 V).357]
Similarly, there was an increase in power density by 302% for

Adv. Sci. 2021, 2100864

AC circuit and 359% for DC circuit. The addition of a very
low graphene amount had a negligible impact on phase for-
mation during initial crystallization. Also, the primary factor
in increasing the degree of crystallinity of the composite films
was stretching; crystallinity was 40% for untreated films ver-
sus 60% for the stretched films. Abolhasani et al. prepared
graphene/PVDF composite nanofibers via electrospinning and
demonstrated that adding a small quantity of graphene signif-
icantly increased F(f).**®! The V. and I, with pristine PVDF
nanofibers were 3.8 V and 2 pA, which increased to 7.9 V and
4.5 pA for 0.1 wt% graphene/PVDF nanofibers. The addition
of graphene beyond 0.1 wt% decreased both F(f) and voltage
output of the randomly oriented nanofibers. It was concluded
that output voltage had a complicated relationship with several
factors such as F(f), crystallinity, diameter, and conductivity of
nanofibers. Bidsorkhi et al. showed that the addition of 2 wt%
graphene nanoplatelets ensured good adhesion and dispersion
in the PVDF matrix and had the highest sensitivity to induced
strain.?]
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Figure 27. Schematic reflecting the role of CNTs on f phase formation in PVDF. a) The chemical bonding between functionalized CNTs and PVDF chains.
b) The adsorbed PVDF chains on the CNT surface influenced by the dispersion of CNTs. Reproduced with permission.[35%] Copyright 2013, Elsevier Ltd.

Zhang et al. prepared graphite nanosheets (GNS)/PVDF
nanocomposites consisting of different GNS volumes (1-7 mL)
via solution casting.[3*) GNS acted as an efficient nucleating
agent and the content of the g phase in PVDF increased by the
addition of a higher amount of GNS. The d;; value reached a max-
imum of 6.7 pC N7! using 6 ml GNS. The TTTT conformation
chains in PVDF were tied to the GNS surface, therefore, under
application of electric field to the nanocomposites, the H, and F,
atoms easily rotated inducing electrical dipoles.

Garain et al. reported a flexible pressure sensor with in situ pol-
ing capability by using electrospun Ce** doped graphene/PVDF
composite nanofibers.’*!l PVDF, Ce** and graphene were used
at a concentration of 12, 0.2, and 1 wt% to obtain randomly ori-
ented nanofibers of ~80 nm diameter (Figure 29a,b). The inter-
actions between Ce** and —~CH,—/-CF,— dipoles of PVDF along
with the interactions between —~CH,— dipoles and delocalized z-
electrons in graphene resulted in F(f) of #99%. The sensor could
successfully detect low imparting pressures with a very high de-
gree of sensitivity. The PENG yielded an output voltage of 11V, j
=6 nA cm™ and a maximum power of 6.8 pW under the applica-
tion of 6.6 kPa pressure. It successfully harvested sound energy of
~88 dB intensity, generating an AC output of ~3 V (Figure 29¢)
and from music played on various instruments like flute, gui-
tar and violin (Figure 29d), making it suitable to perform as an
acoustic NG.

Adv. Sci. 2021, 2100864

Sinha et al. constructed a PENG with graphene-silver (GAg)
doped PVDF nanocomposites, prepared using a facile, one-
pot method.*%?) GAg was made by incorporating Ag-NPs in
graphene; this resulted in n-type doping of graphene due to elec-
trostatic interaction. These interactions led to polar GAg forma-
tion, inducing PVDF self-polarization and favoring f-phase nu-
cleation. The PENG was able to detect visible light because of
the existence of photo-sensitive plasmonic GAg, resulting in an
enhanced 7 value of up to 46.6%. These results showed that the
PENG could be used in self-powered visible light sensors in flex-
ible optoelectronics.

Layek et al. formulated PMMA-functionalized graphene (MG)
using atom transfer radical polymerization and incorporated it
into PVDF.I?%!l PMMA increased the height of the graphene
sheet from 1.2 to 2 and 4.5 nm due to MMA polymerization
at basal and side planes. MG sheets at 5 wt% loading nu-
cleated f-PVDF crystals, hence a subsequent decline in the «
phase was observed in the nanocomposites with a resultant in-
crease of f phase. Barstugan et al. electrospun nanocomposite
fibers from a solution containing polybenzoxazole (PBO), PVDF,
and graphene.’®! The addition of 1 wt% PBO and 0.3 wt%
graphenes increased the piezoelectric effect and thermal strength
of PVDF. The voltage generated by the PBO/graphene/PVDF
fibers increased when they were thinner, were subjected to higher
pressure and were electrospun on the copper plate instead of
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Figure 28. SAXS patterns of a) solution cast, b) rolled pure PVDF (inset) and composites with 0.7 wt% TiO, @ MWCNTs loading. TEM images of c)
solution cast and d) rolled composites with 0.7 wt% loading, wherein the arrow points to the rolling direction. The inset in (c) represents the TEM image
of the solution cast pure PVDF. Reproduced with permission.[3># Copyright 2016, Elsevier Ltd.

aluminum foil. The fibers with 0.02 and 0.06 mm diameter gen-
erated maximum voltage of 60 and 9.68 V.

Alamusi et al. prepared reduced graphene oxide (rGO)/PVDF
nanocomposites with rGO content in the range of 0-0.2 wt% via
solution casting.[**® The nanocomposite films were drawn up to
400-500% at a rate of 10 mm min~! and polarized by stepwise
poling (60 MV m™ at 8 min intervals) to induce f phase. The
rGO/PVDF films containing 0.05 wt% rGO displayed a peak out-
put voltage of 3.28V; around 293% of pure PVDF film. The main
reason for the enhanced output was the formation of a higher
p phase amount at 0.05 wt% rGO concentration, as affirmed by
XRD and FTIR analyses. Rahman et al. synthesized rGO/PVDF
nanocomposites via thermal reduction of graphene oxide/PVDF
films at 0.1 wt% GO loading.***] The PENG scavenged a maxi-
mum power of 36 nW across a resistance of 704 kQ, which was
better than pure PVDEF. The conductive rGO nanofillers induced
heterogeneous polarization in the PVDF matrix which led to im-
proved properties. Later, he reported 100% f phase formation in
PVDF at 0.3 wt% rGO loading.>®) Kumar et al. dispersed rGO in
PVDF with varying amounts (0.1-1.0 wt%) and showed that both
p and y phases were induced in the nanocomposites.[**! The
maximum output voltage and current obtained from the PENG

Adv. Sci. 2021, 2100864

was 0.45 V and 150 nA at 1 wt% rGO under a load of 500 gm;
five times greater than pure PVDF. The long-term stability of
the device was demonstrated by testing over 2000 cycles at high
stress. In 2018, Habibur et al. investigated the impact of vary-
ing rGO contents on f phase formation in P(VDF-TrFE).3¢7] At
0.1 wt% rGO loading, a maximum g phase amount of ~#90% and
d;; value of —23 pC N7! was achieved from the nanocomposites.
The PENG, without poling, produced a maximum V- of 2.4 V
and I;c =~ 0.8 pA when 2 N force was applied. The maximum
output power was 3.2 pW across 1.8 MQ load resistance.

Karan et al. reported a PEH using non-poled Fe-doped
rGO/PVDF nanocomposites.[*”?) The nanocomposites were pre-
pared by solution casting which enabled nucleation of ~ 99% po-
lar y phase. The PEH with 2 wt% Fe-rGO loading generated a
maximum V. of 5.1 V and I of 0.254 pA as a result of con-
tinuous imparting by fingers (Figure 30a). The improved output
was because of electrostatic interactions between ~CH,—/-CF,~
dipoles in PVDF, delocalized z-electrons, and oxygen functional
groups in Fe-doped rGO through ion-dipole and hydrogen bond-
ing interactions as shown in Figure 30b. Similarly, Pusty et al.
showed that the addition of Ag-doped rGO enhances both  and
y phases in PVDF without external poling.*’*! The PENG with
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Figure 29. a) FE-SEM image of PVDF/Ce-graphene nanofibers. The inset shows the statistical size distribution of the NFs. b) TEM image and higher-
resolution image (inset) of PVDF/Ce-graphene NFs. c) The output voltage from the PENG driven by the music of 88 dB intensity. Instantaneous lighting
of 3 blue LEDs shown in the inset. d) Voltages from various instruments-flute, guitar and violin of the National anthem of India. Reproduced with
permission.361 Copyright 2016, American Chemical Society.
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Figure 30. a) Output voltage and current are shown as a function of Fe-rGO filler loading in PVDF. b) Proposed schematic showing the interactions
between y-phase in PVDF and a Fe-rGO nanosheet (by assuming a single y-phase and Fe-RGO sheet). Reproduced with permission.[3%3] Copyright 2015,
The Royal Society of Chemistry.

1 wt% Ag-rGO showed the highest V. of 18 V and I of 1.05 Jaleh and Jabbari prepared PVDF/rGO-ZnO nanocomposites
PA, corresponding to a peak power density of 28 Wm™ across  using various weight ratios of rGO-ZnO (1:1, 2:1, 4:1) by solu-
a 1 MQ resistor. It was able to successfully harvest energy from  tion casting and added to PVDF at 1 wt% concentration as shown
fingers on human palm and foot-tapping when attached to flip  in Figure 31a.1*”° For the PVDF/rGO-ZnO (4:1) nanocomposite
flops. film, the maximum p-phase obtained was 83%. Reduced size of
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Figure 31. a) The mechanism of PVDF/rGO-ZnO nanocomposite films production. Reproduced with permission.[37%] Copyright 2014, Elsevier B.V. b)
Output voltage and c) current generated from 1 wt% AlO-rGO/PVDF PENG. b,c) Reproduced with permission.3”'l Copyright 2016, Wiley-VCH.

spherulites was observed in the crystal structure of PVDF/rGO-
ZnO nanocomposites in comparison to pristine PVDF, hence it
had an explicit effect on f phase increment. Karan et al. reported
a PENG using a nanocomposite of aluminum oxide (AlO) doped
rGO/PVDF.?U Incorporation of 1 wt% AlO-rGO increased f-
phase proportion up to £90% in addition to a small proportion
of y-phase (~3%) and the measured d,; value was ~45 pC N1,
The PENG exhibited excellent performance without poling (V¢
~ 36V, I;- =~ 0.8 pA) (Figure 31b,c) due to the formation of polar

Adv. Sci. 2021, 2100864

p-phase through polarization induced by surface charges and ex-
ternal stress. Roy and Mandal showed that 0.25 wt% of cadmium
sulfide (CdS) doped rGO induced more than 90% g phase in elec-
trospun PVDF nanofibers.[*’?l The PENG produced a voltage of
about 4 V on continuous human finger impartation.

Pusty et al. presented a comparative study of energy har-
vesting performance between CNT/PVDF and Fe-rGO/PVDF
nanocomposites.’”?] The PEH had a unique structure, in which
the bottom electrode was not in contact with the composite
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films until the external force was applied. It generated a Vi
of 2.5 V and Iy of 700 nA for CNT/PVDF and 1.2 V, 300 nA
for Fe-rGO/PVDF nanocomposites, respectively. The reason be-
hind higher electrical response in CNT/PVDF nanocomposite
was that it stabilized the g and y phases to a greater extent than
Fe-rGO/PVDF and pure PVDF.

Achaby et al. made graphene oxide nanosheets (GOn)/PVDF
nanocomposites exhibiting f-phase at a low GOn amount of
0.1 wt%, below which a combination of a and f-phases were
seen.l’’*] Graphite oxide was synthesized from natural graphite
via Hummer's method.l’>%7¢! It which was then dispersed in
DMF and ultrasonicated to synthesize GOn. The functional
groups in GO interacted with —CF, /-CH,— groups in PVDF and
promoted g phase crystallization in the nanocomposites. Jiang
et al. showed pure g phase formation in GO/PVDF nanocom-
posites after uniaxial stretching, with much lower plastic strain
than that of PVDF at the same temperature.[>’]

Gebrekrstos et al. functionalized GO with carboxylated and
fluorinated derivatives (GOCOOH and GOF) and then pre-
pared PVDF/GO, PVDF/GOCOOH, and PVDF/GOF fibers
via electrospinning.3’8 The f-phase quantities for PVDF/GO,
PVDF/GOCOOH, and PVDF/GOF were 69%, 79%, and 89% and
d,; values were 40, 46, and 63 pC N7, respectively. These were
much higher than pure PVDF that exhibited 38% f phase and
d;; of 30 pC N71.13%¢] These enhancements were due to the uniax-
ial straining of the nanocomposites by electrospinning that pro-
moted « to f-phase transformation via the assistance of graphene
derivatives. Among the nanocomposites, the highest g-phase/d,;,
was obtained in the presence of GOF because of the existence of
highly electronegative fluorine.

Wu et al. used amorphous carbon black (CB) as a nanofiller be-
cause of its substantially high surface area compared to CNTs and
easier dispersion in comparison to graphene.[?**l CB content of
0.5 wit% reduced crystal size and augmented the amount of crys-
tals in P(VDF-HFP)/CB nanocomposite. This favored the forma-
tion of elongated and aligned crystal morphology in the course
of stretching and resulted in very efficient poling. The calibrated
Voc of the nanocomposite films at an optimum CB concentration
of 0.5 wt% was 104% of pristine P(VDF-HFP). The power density
of pure P(VDF-HFP) films was 6.1 W m™, while for the P(VDF-
HFP)/CB system it increased to 28.3 Wm™ which was ~464% of
pure P(VDF-HFP).

Cai et al. prepared P(VDF-HFP) nanocomposites with CB
and few-layer graphene (FLG), showing that g-phase fraction
increased significantly by modifying the quantities of CB and
FLG.?%] The p-phase fraction improved from 27% for pure
P(VDF-HEP) to 98% for CB-0.3/FLG-0.02 wt% and 99% for CB-
0.5/FLG-0.02 wt% films after poling and stretching. The fracture
surface of CB/FLG/P(VDF-HFP) composite films is shown by
SEM images in Figure 32a,b. In the films which contained CB
only, agglomeration of CB was seen (Figure 32a). The addition of
FLG to the nanocomposites reduced CB agglomeration and re-
sulted in uniform distribution of the hybrid fillers (Figure 32b).
The maximum harvested power density of 51.9 W m™ was ob-
tained from CB-0.5/FLG-0.02 wt% films which was much higher
compared to 15.8 W m™ for P(VDF-HFP) films (Figure 32c).
The second-maximum power density was obtained from CB-
0.3/FLG-0.02 wt% films (Figure 32d) which is consistent with
open-circuit voltage and p phase fraction. Enhanced piezoelec-

Adv. Sci. 2021, 2100864

www.advancedscience.com

tricity of the nanocomposites was ascribed to two factors- im-
proved nucleating effect of CB/FLG nanofillers due to their uni-
form dispersion in P(VDF-HFP) matrix and increased conductiv-
ity of the nanofiller network due to addition of FLG.

Based on summarized literature in this section, it can be ob-
served that the addition of conducting fillers to PVDF results
in lower output performance compared to the addition of non-
conducting fillers. This was primarily due to lower piezoelec-
tric coefficients of conducting fillers than non-conducting fillers.
Generally speaking, poling was not done in nanocomposites
where Ag NPs, Pt NPs, metal-doped rGO, and graphene oxide
were used as fillers. Whereas nanocomposites with fillers such
as MWCNTs, CB NPs, and rGO underwent poling treatment.
The filler content in these nanocomposites varied between 0
and 18 wt% which was much lower than that of non-conducting
fillers. Nanocomposite synthesis methods included electrospin-
ning (regular and NFES), solution casting, drop-casting, and
ultrasonication with hot pressing/centrifugation. Moreover, the
output performance was highly dependent on the type of filler
used, their concentration, the surface modifying agents of the
fillers and synthesis conditions. The maximum output voltage of
60 V was obtained from electrospun PVDF and 0.3 wt% graphene
treated PBO nanocomposites in the absence of poling.[3¢*]

5.1.3. Nanocomposites Based on Conducting and Non-Conducting
Filler Combination

This section focuses on PVDF nanocomposites synthesized us-
ing a combination of conducting and non-conducting fillers
and hybrid fillers such as, NaNbO,-reduced graphene oxide
(rG0),12%! titanium oxide (TiO,)-tGO nanotubes,?’] and man-
ganese oxide (MnO,)/graphene/MWCNT hybrids.[2%%] We review
their fabrication techniques, piezoelectric properties, and energy
harvesting performance of PENGs.

Kim et al. prepared nanocomposites with various amounts of
MWCNTs and BaTiO; NPs by fused deposition modeling (FDM)
3D printing process for flexible sensor applications.’”?l MWC-
NTs were added in the PVDF matrix to give rise to a stress rein-
forcing network and electron conduction path as well as to act as
a dispersant for BaTiO; NPs. The highest d;; was 0.13 pC N™! at
0.4 wt% MWCNTs/18 wt% BaTiO;. The measured output voltage
was =120 mV upon bending and +435 mV upon pressing the
nanocomposite sensor by human fingers. Increasing MWCNT
content also resulted in higher output due to the stress reinforc-
ing effect between BaTiO; and PVDF.

Ponnamma and Maadeed prepared a nanocomposite by dis-
persing BaTiO, NPs and hexagonal boron nitride (h-BN) nanolay-
ers in the P(VDF-HFP) matrix.[*®) In comparison to the individ-
ual P(VDF-HFP)/BaTiO; and P(VDF-HFP)/h-BN nanocompos-
ites, the hybrid composite containing 3 wt% BaTiO; and 1 wt%
h-BN displayed exceptional performance with an output voltage
of 2.4 V. The synergistic effect of fillers achieved through interac-
tions between BaTiO; NPs and h-BN nanolayers led to improved
performance in the nanocomposites.

Bakar et al. fabricated an ITO-free PENG consisting of a
nanocomposite of BaTiO;, graphene quantum dots (GQDs) and
PVDF.8U GQDs were introduced as nanofillers because of
their distinctive optical, electronic, spintronic and photoelectric
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Figure 32. Cross-sectional SEM image of a) CB-0.5/P(VDF-HFP) composite film b) CB-0.5FLG-0.03 composite film. The particles circled in (a) and (b)
shows the nanofillers. Harvested power density of ) 0.3 wt% CB and different FLG loadings. d) 0.5 wt% CB and different FLG loadings. Reproduced

with permission.[263] Copyright 2019, Elsevier Ltd.

properties induced by quantum confinement effect, and edge
effect. The commonly used ITO bottom electrode was replaced
by PEDOT: PSS conductive layer because it was thought to be
durable enough to operate at higher frequencies of 1 MHz (Fig-
ure 33a). The GQDs enhanced Vp-p of the PENG to 4.6 V in
d;; mode (Figure 33b) due to the “charges trapped effect” at
GQD/PVDF interface. The PENG was able to operate a LED by
connecting to an external circuit and exhibited stability up to 60
h without significant degradation.

A pressure sensor was assembled by Saygh et al. using a PVDF
nanocomposite of TiO, nanolayers (TNL) and rGO, containing
2.5 wit% each.*®”] The TNL/rGO fillers were well scattered in
the PVDF matrix and interacted effectively with it. The sensi-
tivity of the pressure sensor increased by 333.46% at 5 kPa,
200.7% at 10.7 kPa, and 246.7% at 17.6 kPa in comparison
to the nanocomposites of PVDF and TNL only. The increased
amount of f crystallinity and a phase removal was observed in the
TNL/rGO/PVDF nanocomposite which was linked to advance-

Adv. Sci. 2021, 2100864

ment in mechanical properties of the sensor. Ponnamma et al.
measured the gas sensing properties and energy harvesting ca-
pabilities of TiO, nanotubes/CNT/PVDF nanocomposites with
varying filler concentrations.[*®3] The gas sensor with 2.5 wt%
PVDF/TiO,-CNT showed a sensing response of 0.45 s upon ex-
posure to 400 ppm LPG, which was about nine times higher than
the composite containing 2.5 wt% of TiO, or 2.5 wt% CNT. The
output voltage was ~0.3—-0.8 V for the same filler concentration
due to the uniform distribution of TiO,/CNT nanotubes within
PVDF, resulting in high f phase content.

Ponnamma et al. introduced a combination of 1D TiO, nan-
otubes, 2D rGO and 3D strontium titanate (SrTiO,) into the
P(VDF-HFP) matrix followed by poling.**’] The TiO, nanotubes
were hydrothermally grown in the presence of rGO to obtain a
nanosheet-nanotube hybrid structure.*®! The d,; coefficient at-
tained a maximum value of 7.52 pC N7! and a peak output volt-
age of 1 V was obtained when rGO-TiO, /StTiO; was 1:2 by wt%
at 45 Hz vibration frequency. The output voltage was about 10.5
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Figure 33. a) Schematic diagram of the fabricated PENG device. The inset is a cross-sectional SEM image of the PENG. b) V,. measurements of
the PENG in transverse (ds;3) mode with a magnified view of the selected region. The inset in the magnified view illustrates the d;; mode generator.

Reproduced with permission.[3811 Copyright 2018, Elsevier B.V.

times greater than the voltage produced by neat P(VDF-HFP).
An increase in filler concentration resulted in non-uniform dis-
persion and reduced performance output.

Singh et al. fabricated NaNbO,/rGO/PVDEF, rGO/PVDF, and
NaNbO,/PVDF films to understand the impact of adding
NaNbO; and rGO fillers in PVDF.[?%¢] Although # phase content
was similar in the three nanocomposites, the output generated
from NaNbO, /rGO/PVDF based PENG was the highest (V.. ~
2.16'V, I . ~ 0.383 pA). The NaNbO,; nanorods with their inher-
ent piezoelectric property helped to align the dipoles in PVDF.
The presence of rGO helped to provide a conductive path to
the charges produced within the film which further allowed the
PVDF dipoles to align and contributed to the enhanced perfor-
mance.

Samadi et al. synthesized PVDF nanocomposites with iron
oxide-graphene oxide (Fe;0,-GO) nanoparticle-nanosheets. 3%
Fe,0,-GO/PVDF nanocomposite fibers with various ratios of
Fe,0,-GO (0, 1, 1.5, and 2 wt%) were produced by solution
mixing and electrospinning. The addition of GOn to PVDF in-
creased the conductivity of the polymer solution due to their
high surface charge density. The magnetic Fe,O, NPs increased
the crystallinity of PVDF and g-phase content. Fe,;O0,-GO/PVDF
nanofibers exhibited good piezoelectric properties owing to the
combination of electrospinning and the presence of magnetic
Fe,O, NPs and conductive GOn. In 2019, the same group synthe-
sized TiO,-Fe;O,-MWCNT/PVDF nanocomposite for achieving
the synchronistic effect of piezoelectric, magnetic and conductive
properties of TiO,, Fe,0, and MWCNTs respectively.*8¢) Com-
posite nanofibers with different ratios of TiO,-Fe;O,-MWCNT
nanotubes (0-2 wt%) were prepared via electrospinning to ob-
tain a higher a to p phase transformation. Piezoelectric sen-
sitivity, defined as output voltage/applied force was highest
for 2 wit% nanocomposites (51.42 mV N7') and lowest for
neat PVDF sample (26.95 mV N7!). The incorporation of hy-
brid nanotubes into PVDF promoted crystallinity and a to g
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phase transformation which resulted in improved piezoelectric
properties.

Yang et al. built a 3D nanostructure consisting of manganese
dioxide (MnO,)/graphene/MWCNTSs with varied MnO, loadings
to enhance the piezoelectricity of PVDF.[2%] Figure 34 shows the
synthesis method of MnO, /graphene/MWCNTs hybrids. Two
hybrids consisting of 23 wt% and 66 wt% MnO, were fabricated
and were named as CM23 and CM66, respectively. Compared to
pristine MWCNTs, the CM23 and CM66 hybrids displayed im-
proved surface area and roughness with a large number of at-
tached —OH groups (Figure 34b—g), resulting in good compatibil-
ity with PVDF. The nanocomposites with 0.03-0.07 wt% CM23
and 0.1-0.5 wt% CM66 loading showed a d; value of 17-33 pC
N after poling under an electric field of 50-80 MV m™!, whereas
a field above 100 MV m™ was required to generate similar piezo-
electric performance in pure PVDF (Figure 34h). The nanocom-
posites containing CM23 showed higher conductivity compared
to CMG66, therefore it was more effective in enhancing the local
electric field, which allowed for a more uniform polarization and
higher piezoelectric performance.

Abbasipour et al. investigated the effect of three nanofillers,
namely, GO, graphene and halloysite (Hal) nanotubes with vary-
ing concentrations (0.05-3.2 wt%) on piezoelectric properties
of PVDE.P¥] A fp-phase increase of up to 49% was observed
in the electrospun PVDF nanofibers compared to PVDF pow-
ders and the addition of nanofillers increased it further by
10%. Due to the weak interactions of graphene with PVDF,
it had the lowest impact on the piezoelectric properties of the
nanocomposites. PVDF/Hal nanocomposites with <0.1 wt%
loading and PVDF/GO with >0.4 wt% loading originated higher
p phase amount. Highly oriented and finer nanofibers were ob-
tained from Hal nanotubes because of their rod-like morphology
when compared to PVDF/GO and PVDF/graphene nanofibers.
PVDF/0.8Hal nanocomposites revealed a higher voltage output
of 0.1V, regardless of lower f-phase amount than PVDF/0.8GO
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Figure 34. a) The synthesis route of the MWCNTs/graphene/MnO, hybrid. SEM, TEM, and high-resolution TEM images of b-d) CM23 and e-g) CM66
hybrids. h) Variation of piezoelectric coefficients ds; with poling electric fields in CM23 and CM66 nanocomposites. Reproduced with permission.[268]

Copyright 2018, Elsevier Ltd.

nanocomposites, thus proving that nanofiber orientation and
fineness are important factors in addition to g phase content.

PMN-PT exhibits a very high d,; value of ~2500 pC N~!.[388]
Das et al. synthesized PMN-PT/CNT/PVDF based flexible
nanocomposites with 30 vol% PMN-PT and 1 vol% CNT.[*¥ This
nanocomposite generated the largest output voltage and current
of 4 V and 30 nA, which were higher than PVDF/CNT compos-
ites because of the high piezoelectric properties of PMN-PT. The
interactions at the interfaces of PMN-PT and PVDF got strength-
ened due to the conductive network formed by the CNT particles.

Bodkhe et al. examined the effect of varying concentrations of
microcrystalline cellulose, CNTs, and kaolinite clay on PVDF g
phase formation.[3*] PVDF/cellulose-1 wt% nanocomposites ex-
hibited 82.04% p phase, higher than PVDF/CNT and PVDF/clay
composites. This was ascribed to the unique balance between
surface area and size of cellulose fibers and the presence of
a large number of —OH groups on cellulose which facilitated
p-phase formation. At filler loading >1 wt%, fp-phase content
in both nanocomposites decreased due to agglomeration. De-
tailed explanation on f-phase enhancement in PVDF/clay and
PVDF/MWCNT composites were reported by Yu et al. based on
density functional theory3** and Flory mixing theory.**!] A sim-
ilar study was done by Ramasundaram et al. showing enhanced
B phase in PVDF/modified clay nanocomposites. 32!

Based on the current literature, we summarize that the addi-
tion of a hybrid or mixture of conducting and non-conducting

Adv. Sci. 2021, 2100864

fillers to PVDF results in lower output performance compared
to the addition of these fillers separately. The filler content in
these nanocomposites was in the range of 0.1-18 wt%. The
non-conducting fillers (BaTiO;, PMN-PT particles, etc.) acted
as the source of piezoelectric potential and the conducting
fillers (MWCNTs, rGO, etc.) functioned as a dispersant to dis-
tribute the nanoparticles uniformly throughout the polymer ma-
trix. Nanocomposite synthesis methods include electrospinning,
FDM 3D printing, solution casting, and magnetic stirring with
heat treatment. Again, the output performance was highly depen-
dent on the type and concentration of filler used, the surface mod-
ifying agents of the fillers and synthesis conditions. The maxi-
mum output voltage of 4.6 V was obtained from a PENG con-
sisting of a nanocomposite of 2 wt% BatiO;, 1.5 wt% GQDs and
PVDF, prepared by spin casting in the absence of poling.[*8"]

5.2. Polydimethylsiloxane Based Nanocomposites

PDMS (CHj;[Si(CHj;),0], Si(CHj;),) is a polymer comprising of
lengthy chains of repeating monomers [SiO(CHj;),]. It has excel-
lent flexibility and the ability to withstand high strains, making
it crucial for applications involving bending, stretching, twist-
ing, and rolling. In this section, PDMS nanocomposites based on
non-conducting, hybrid and mixture of non-conducting, and con-
ducting fillers will be reviewed. There was no work reported in
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Figure 35. a) Schematic illustration of overall fabrication for BaTiO3 NWs-based PENG. b) Photograph of the PENG (3 cm X 4 cm) completely bent by
human fingers. The inset shows the nanocomposite layer stretched by fingers without any damage. c) The electrical signals measured from the PENG.
Reproduced with permission.[32] Copyright 2014, The Royal Society of Chemistry.

the literature on PDMS nanocomposites using conducting fillers,
hence it has not been explained in this section.

5.2.1. Nanocomposites Based on Non-Conducting Fillers

This section focuses on piezoelectric PDMS nanocomposites in
which non-conducting fillers such as, BaTiO; ZnSO;, NaNBO,
are embedded in the polymer matrix. We discuss the concentra-
tion of fillers used, synthesis methods, piezoelectric properties,
and outputs generated from energy harvesting.

Park et al. prepared a nanocomposite by impregnating
BaTiO; NWs into the PDMS matrix without using any dis-
persion enhancers.’?l BaTiO, NWs with high aspect ra-
tio and crystallinity were synthesized via the hydrothermal
method (described in section 3). The PENG consisted of
PDMS/nanocomposite/PDMS layers, sandwiched between two
ITO-coated PET substrates as shown in Figure 35a. The spin-
coated, thin PDMS layers functioned as a dielectric to sustain

Adv. Sci. 2021, 2100864

electrical stability during poling as well as mechanical robust-
ness. Figure 35b displays the PENG completely bent by human
fingers without any damage, proving its flexible nature. During
cyclic bending and unbending motions, the PENG exhibited a
high output voltage and current up to 7 V and 360 nA due to
the well-distributed BaTiO; NWs in the elastomeric matrix (Fig-
ure 35¢). In another study, Baek et al. obtained excellent per-
formance from a PENG by using a nanocomposite of BaTiO,
NPs and BaTiO; NWs in PDMS without using any dispersion
agents.3%%] The weight ratio between NPs and NWs was varied
between 20:1 and 2:1 in the nanocomposites. At an optimum ra-
tio of 4:1, the PENG produced the highest V- of ~60 V and I
of ~#1.1 pA with an instantaneous power of 40 pW. Also, the out-
put performance was stable up to 3000 bending and unbending
cycles, which illustrates the reliability of the PENG.

Lin et al. developed a flexible PENG by using a nanocomposite
of 3 wt% BaTiO; nanotubes/PDMS.[***] The hydrothermal pro-
cess was used to synthesize BaTiO, nanotubes. Under applied
stress of 1 MPa, the PENG generated a voltage and current of
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Figure 36. a) Fabrication of piezoelectric BaTiO; nanocube/PDMS composite films using solution casting technique. The inset photographs show the
transparency of the composites with various weight ratios of BaTiO3; NCs in the PDMS matrix. b,c) Photographs demonstrating the flexibility and rolling
capabilities of the nanocomposite films. d) Schematic diagram of the PENG for harnessing mechanical energy. e) Comparison of J-V responses of the
PENG as a function of BaTiO; nanocube weight ratio under low mechanical pressure of 988.14 Pa. Reproduced with permission.[3%] Copyright 2017,

American Chemical Society.

5.5 V and 350 nA, that drove a commercial LCD. The PENG dis-
played superior flexibility and prolonged stability owing to the
presence of PDMS. The BaTiO, nanotubes/PDMS nanocompos-
ite possessed high transparency and were effective for the fabri-
cation of large-scale (11 X 11 cm) nanogenerators.

Yan and Jeong studied the piezoelectric performance of 31 wt%
BaTiO,/PDMS nanofibers with multiple alignment modes.[>]
The nanofibers were synthesized by electrospinning and were
aligned vertically, horizontally, or randomly in the PDMS matrix.
The output voltage of the PENG reached about 0.56, 1.48, and
2.67 V for the random, horizontal, and vertical nanofibers under
low compressive stress of 0.002 MPa. The PENG with vertical
nanofibers achieved maximum output due to two reasons—first,
efficient poling (without poling, the voltage was only 0.08 V) and
second, accumulation of higher electric charges on the electrodes
because of the higher density of BaTiO; and compliance to me-
chanical stress. The output current followed the same trend as
output voltage, that is, 57.78, 103.33, and 261.40 nA for the ran-
dom, horizontal, and vertical nanofibers.

Alluri et al. prepared BaTiO; nanocube/PDMS nanocom-
posite films via solution casting with high flexibility and
rolling capabilities**! (Figure 36a—c). The PENG was made
by sandwiching BaTiO,/PDMS nanocomposite between flexible
Al/Kapton films by hot pressing (Figure 36d). The PENG with
15 wt% BaTiO,/PDMS nanocomposite yielded a maximum V.
of 126.3 V and j = 77.6 pA cm™ under mechanical stress of
988.2 Pa (Figure 36e). The composites containing 20 and 25 wt%
BaTiO, showed lower outputs due to particle agglomeration in
the PDMS matrix as shown in Figure 36e.

A flexible PENG was also reported using BaTiO; nanostruc-
ture, prepared from a genetically modified virus template.??’]
Barium glycolate and titanium glycolate were added back-to-back
to the virus solution and heated to 80°C to form a virus-metal
ionic complex that was calcined at 1000 °C to form a crystalline

Adv. Sci. 2021, 2100864

BaTiO;. The BaTiO, nanostructure was embedded in PDMS to
form a piezoelectric layer of 200 pm thick. The layer was sand-
wiched between a flexible substrate and an ITO-coated PET elec-
trode to fabricate the PENG. Outstanding output performance
(current =~ 300 nA and voltage ~ 6 V) was achieved from the
PENG by periodic mechanical motions, although no distinct ad-
vantage of using the virus-templated structure was explained.

Lee et al. reported high power generation from a PENG using a
nanocomposite of zinc stannate (ZnSO;) nanocubes and PDMS
in the absence of poling.**®] The PENG with 40 wt% ZnSnO,
generated a maximum output voltage of 12 V and j = 0.89 pA
cm~ when a compressive strain of 0.919% was vertically applied.
The high output was a result of the high dielectric constant of
the PENG arising from interfacial Maxwell-Wagner-Sillars polar-
ization between the ZnSnO; nanocubes and PDMS. The PENG
operated successfully under vertical compression but generated
insignificant power when the strain was applied via other config-
urations. This unidirectional behavior is desirable for massive-
area power generation contingent on vertical compression-like
human walking, moving vehicles and railway transport.

Shin et al. used a nanocomposite of Li-doped ZnO
NWs/PDMS for constructing a large-sized PENG of 10 cm
x 10 cm.? Ferroelectric phase transition takes place in Li-
doped ZnO by the replacement of Zn atoms with Li atoms due
to substantial differences in radii of Zn (0.74 A) and Li (0.60 A)
atoms.*®] The PENG yielded an output voltage and current of
up to 180 V and 50 pA under periodic bending and releasing.

Jung et al. constructed a flexible PENG using NaNbO,
NWs/PDMS composite in a volume ratio of 1:100 between
Au/Cr-coated Kapton films.*!] The NaNbO; NWs were ran-
domly oriented in PDMS without aggregations and the nanocom-
posites were poled at RT. The PENG exhibited an output voltage
of 3.2 V and a current of 72 nA under 0.23% compressive strain
due to the large d,; coefficient of perovskite NaNbO; NWs
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Figure 37. a) Schematic diagram of the fabrication process for stretchable composites embedded with hemispheres. b) Output voltage and c) current
density generated by the composites embedded with ZnO hemispheres as a function of the diameter of the hemispheres from 0.5 to10 pm and PZT
hemispheres of 10 ym under convex bending strain. Reproduced with permission.[*92] Copyright 2014, Elsevier Ltd.

Yun et al. built a flexible PENG using a nanocomposite of
LiNbO; NWs and PDMS in a ratio of 1:100 by volume.[*! The syn-
thesized LiNDO; NWs were single-crystalline with approximate
lengths of 50 pm and had a high d;; value of ~25 pC N1. The
PENG generated stable electric power for up to 10° cycles of ex-
cessive strain conditions. This work emphasized the significance
of strain geometry and filler blending ratio for obtaining higher
output in nanocomposite PENGs.

Jung et al. fabricated PZT nanotubes by infiltrating PZT solu-
tion into the pores of an AAO template and annealing at 650°C
to form the perovskite phase.[**] The nanotubes obtained were
dense and uniform with a length, diameter, and wall thickness
of around 59 mm, 210 nm, and 37 nm, respectively. They were
blended with PDMS in the ratio of 1:100 by volume and attached
to Pt/Ti electrodes to construct a PEH. When the PEH was bent
and released, it generated an output current of 54.5 nA and volt-
age of 1.52 V with a power density of 37 nW cm™2. The change in
polarization in the nanocomposite under the application of exter-
nal stress and poling led to a change in charge density and power
generation.

Chun et al. assembled a PENG based on highly-ordered piezo-
electric hemispheres embedded in PDMS.[“92] The hemispheres
were made via LB deposition of polystyrene spheres on planar
substrates, followed by depositing ZnO or PZT film by mag-
netron sputtering and post-annealing to remove the spheres (Fig-
ure 37a). The composite with ZnO hemispheres of 10 pm diam-
eter yielded an output voltage of 6 V and j = 0.2 pA cm™ (Fig-
ure 37b,c). The composite containing PZT hemispheres of 10 pm
generated a voltage of 3 V and j = 0.05 pA cm™ which was lower
than the ZnO composites (Figure 37b,c). The high strain sensitiv-
ity of the nanocomposite films was achieved by convex bending
because of strong dipole alignment.

Xu et al. synthesized PMN-PT NWs hydrothermally with
lengths up to 10 pm and added them to PDMS in the ratio of
1:10 by wt%.1%* To construct the PENG, the polymer nanocom-
posite was bonded to two Ti/Au coated polyimide electrodes, Pt
leads were attached to the electrodes and finally poled. A maxi-
mum output voltage of 7.8 V and current of 2.29 pA (j = 4.58 pA
cm?) was generated from the PMN-PT/PDMS based PENG due
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to the high d,; value of PMN-PT NWs (371 pC N1123]) and their
distinctive hierarchic structure.

Ren et al. demonstrated a flexible PENG based on bismuth
ferrite (BiFeO,;) NPs/PDMS nanocomposite using various con-
centrations of BiFeO, (10-40 wt%).[%*] BiFeO, with large rem-
nant polarization (P,) is suitable for amplifying the PENG’s per-
formance as ds; is closely related to P, (d;; « €P,). The PENG
with PDMS/BiFeO; —40 wt% produced a V. of ~3 V and I of
~0.25 pA under repeated hand pressing. Abinnas et al. harvested
energy from finger tapping using a PENG of Bismuth titanate
(BiT)/PDMS nanocomposite.[** The device produced an output
voltage of 8 V after poling at 5 kV for 3 h.

Zheng et al. first fabricated a porous cellulose nanofibril (CNF)
aerogel film (Figure 38a) and then coated PDMS onto CNF via
the vacuum-assisted filling method to prepare CNF/PDMS aero-
gel film (Figure 38b).[*0>4%] The non-poled PENG (Figure 38b,c)
generated a reliable output with a V. of 60.2 V (Figure 38d), I
of 10.1 pA, and power density of 6.3 mW cm™>. It exhibited high
flexibility because of the flexible nature of CNFs and PDMS. The
PDMS coating on CNF generated electric dipoles under oscillat-
ing mechanical stress because of free radical formation.

Ding et al. reported a PENG based on a nanocomposite
of formamidinium lead halide perovskite (FAPbBr;) NPs and
PDMS.[407408] The effective d;; coefficient of FAPbBr; NPs is
~25 pC N7, which is comparable to BaTiO; (28 pC N~1)[*®%l and
around six times of NaNbO; NWs (4 pC N~1).[410] The FAPbBr,
NPs were homogeneously mixed with PDMS at an optimized
loading of 35 wt% and then spin-coated onto an ITO-coated PET
substrate. A high output voltage of 8.5 V and j = 3.8 pA cm™ was
obtained from the PENG under 0.5 MPa vertical compression.
The high performance was ascribed to the high d,; value of the
randomly distributed FAPbBr; NPs that acted as stress concen-
tration points and generated an electric potential gradient upon
mechanical compression.

Very recently, Hajra et al. developed a flexible PENG from a
composite of Aurivillius-based oxide, CaBi,Ti,O,; (CBTO) and
PDMS.'I The PENG containing PDMS/CBTO-8% generated a
maximum output of 23 V and 85 nA with an instantaneous power
density of 1.09 mW m™ at 300 MQ. It was used as a self-powered
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Figure 38. a) SEM image of the as-fabricated CNF aerogel. b) Schematic diagram of the flexible porous CNF/PDMS aerogel film-based PENG. c) Cross-
sectional SEM image of the PENG at high magnification. d) Output voltage generated from the PENG. Reproduced with permission.[“®] Copyright 2016,

Elsevier Ltd.

exercise counter to track exercise repetitions of different parts of
the body such as the wrist and neck.

From the literature discussed, it can be summarized that
PDMS based nanocomposites have higher flexibility than PVDF
based nanocomposites, making them suitable for energy harvest-
ing from bending, rolling, twisting, etc. The fillers included ma-
terials with high piezoelectric constants such as BaTiO; NPs,
NWs and nanocubes, ZnSO,; nanocubes, NaNbO; NWs, and
PZT nanotubes. The content of fillers in these PDMS nanocom-
posites was in the range of 1-60 wt% and the synthesis tech-
niques included solution casting, spin casting, LB deposition,
and magnetron sputtering. In general, poling was done on these
nanocomposites, using both conventional and corona poling
methods. The highest output voltage of 126.3 V was generated
from a PENG consisting of a nanocomposite of PDMS/BaTiO,
nanocube-15 wt% on applying a pressure of 988.2 Pa.[>%]

5.2.2. Nanocomposites Based on Conducting and Non-Conducting
Filler Combination

This section focuses on PDMS based nanocomposites synthe-
sized using a combination of conducting and non-conducting

Adv. Sci. 2021, 2100864

fillers such as BaTiO; NPs with SW/MWCNTs, BaTiO; NPs with
rGO, BaTiO, NPs with carbon black, etc. The fabrication tech-
niques, piezoelectric properties, and energy harvesting perfor-
mance of PENGs built using these nanocomposites has been dis-
cussed thoroughly.

A PENG was fabricated by Park et al. using a nanocomposite
of BaTiO; NPs, SW/MWCNTS, or rGO dispersed into PDMS.[!5]
The BaTiO; NPs were spherical with a size of ~100 nm and was
the source of piezoelectric potential. The CNTs acted as a dis-
persant to distribute the BaTiO; NPs throughout the matrix by
forming conducting networks with them. The PENG containing
a nanocomposite of 1 wt% MWCNTs and 12 wt% BaTiO; NPs
generated an output voltage of ~3.2 V. The rGO based PENG
produced a lower output voltage of 2.0 V when compared to
the CNT based device due to differences in the degree of mixing
caused by morphological differences between CNT networks and
rGO structures.

Yan and Jeong made flexible nanocomposites with different
contents of MWCNTs (0-5 wt%) and BaTiO; nanofibers (10—
50 wt%).[*12] Keeping the BaTiO; amount constant at 30 wt%
and varying MWCNTs between 0-5 wt%, the PENG with 2 wt%
MWCNT produced the highest output voltage of 3 V, current
of ~0.82 pA, and power of ~0.14 pW under 2 kPa periodic
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Figure 39. The output voltage, current, and power of PENGs generated under periodic mechanical compression of 2 kPa with a) 30 wt% BaTiO3
nanofibers and different MWCNT contents (0-5 wt%), b) 2.0 wt% MWCNT, and different BaTiO; nanofiber contents (10-50 wt%). Cross-sectional SEM
images of PENGs with c) 2.0 wt% MWCNTs and 30 wt% BaTiO; nanofibers, d) 2.0 wt% MWCNTs, and 40 wt% BaTiO; nanofibers. Reproduced with

permission.[412] Copyright 2017, Elsevier Ltd.

compression (Figure 39a). This was attributed to two main rea-
sons. First, MWCNTs with high modulus enhanced stress trans-
fer from PDMS to BaTiO, nanofibers and second, charge trans-
fer between BaTiO; NFs was improved by the presence of MWC-
NTs as electric bridges. The piezoelectric properties deteriorated
with MWCNTs loading >2 wt% due to current leakage caused by
the high conductivity of MWCNTs. When the content of BaTiO,
NFs was varied between 10 and 50 wt%, keeping MWCNT con-
stant at 2 wt%, the maximum output obtained from the PENG
was at 40 wt% BaTiO; (3.73 V, 1.37 pA, power ~0.33 pW) as
shown in Figure 39b. This was ascribed to the symbiotic ef-
fect of BaTiO; NFs and MWCNTs dispersed uniformly in the
PDMS matrix. Again, at BaTiO; loadings >40 wt%, the out-
puts dropped due to current leakage and non-uniform distribu-
tion of BaTiO; in PDMS. The cross-sectional SEM images of
PENGs showing the best performance in both cases are shown in
Figure 39¢,d.

Luo et al. developed a flexible PENG using nanocomposites of
30 wt% BaTiO; and 0-4.8 wt% CB added to PDMS.*") In the
nanocomposites, CB NPs of diameter ~30 nm was used as the
conductive phase and the d,; value was 15.3 pC N-!. The max-
imum output generated from the PENG was 7.43 V when CB
loading was 3.2 wt% in the nanocomposite. As the amount of CB
increased in PDMS matrix up to a certain threshold, the piezo-
electricity of the nanocomposites increased due to the synergistic
effect of PDMS, BaTiO,, and CB.

Adv. Sci. 2021, 2100864

Sun et al. developed a flexible PENG consisting of ZnO
NPs/MWCNTs/PDMS nanocomposites.[*1 ZnO NPs and CNTs
were added to PDMS in a mass ratio of ZnO/CNT/PDMS =
12/1/87. The diameter of ZnO NPs was 30 nm, diameter, and
length of CNTs were 8-15 nm and 50 pm, respectively. A high
output voltage of 7.5 V and a power density of 18.75 pW per cy-
cle was displayed by the PENG during the hammer knocking
process. The addition of MWCNTs significantly enhanced the
PENG’s voltage output from 0.8 to 7.5 V due to increased con-
ductivity of the nanocomposites and prevention of internal en-
ergy dissipation.

Park et al. added 12 wt% PZT particles and 1 wt% MWCNTs
into PDMS and showed that PZT particles of ~1 pm diameter
were well entangled with MWCNTs having a length of ~10 pm
and diameter of ~15 nm.!*1*] The PZT particles showed excellent
crystallinity and a tetragonal phase exhibiting outstanding piezo-
electric properties. MWCNTs were added to provide mechanical
reinforcement to the PDMS matrix and a conduction path to en-
hance the output performance of the PENG. A large-area PENG
of 30 cm x 30 cm was fabricated that harnessed human move-
ment to produce an electric output of 100 V and ~10 pA after
poling.

Jeong et al. reported a hyper-stretchable elastic PENG (Fig-
ure 40) comprising of well-distributed PMN-PT and MWCNTs in
silicone rubber matrix (Figure 40c).l*1%! Eco flex silicone rubber
was selected as the matrix because it is a hyper stretchable elas-
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Figure 40. a) Schematic diagram of the hyper-stretchable PENG based on PMN-PT/MWCNT composite and Ag NWs stretchable electrodes. b) The
PENG device stretched by human hands. Inset showing PENG is released again without damage. c) SEM image showing well-distributed PMN-PT
particles and MWCNTs in the silicone rubber matrix. d—f) Photographs of the PENG when subjected to various deformations, such as twisting, folding,
and crumpling. g) These motions are converted to a corresponding voltage. Reproduced with permission.[4'®] Copyright 2015, Wiley-VCH.

tomer with elongations up to ~#900%, which is exceedingly su-
perior to PDMS. Long Ag NWs percolation electrodes were used
with an average length of ~150 pm, synthesized by an innovative
multistep growth process (Figure 40a).17] After curing the elas-
tomeric polymer nanocomposite, the Ag-NWs were transferred
onto it by the solution filtration method. The PENG exhibited ex-
cellent electrical output of &4 V and 500 nA with a stretchability
0f 200% (Figure 40b). An outstanding performance was obtained

Adv. Sci. 2021, 2100864 2100864

because the piezo potential was induced throughout the compos-
ite due to the high elongation ability of the elastomeric matrix and
the presence of Ag-NWs stretchable electrodes. The PENG also
generated electricity when subjected to various deformations like
twisting, folding, and crumpling (Figure 40d-g), illustrating its
extreme flexibility.

Jeong et al. dispersed (K, Na) NbO,;-LiNbO; (KNLN) par-
ticles, and Cu nanorods in PDMS to prepare a hybrid
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Figure 41. FESEM images of a) pure PVDF, b) ErCl;.6H,O/PVDF films with 5 wt% Er, c) Fe(NO3)3-9H,O/PVDF films with 10 wt% Fe. d) Schematic of the
PENG device. Open circuit voltage (V) generated by the PENGs containing e) 5 wt% Er>* /PVDF and f) 10 wt% Fe3* /PVDF composites. Reproduced

with permission.[*2%] Copyright 2017, American Chemical Society.

nanocomposite.[*®] The optimum ratio of KNLN to Cu NRs
was 2:1 in 10 g of PDMS. The flexible PENG produced
high output of ~12 V and ~1.2 pA from bending/hand tap-
ping due to the high intrinsic piezoelectric potential of KNLN
particles.

Alam and Mandal fabricated a flexible PENG based on cel-
lulose microfibers and PDMS, with MWCNTs as conducting
fillers.I*1] Superior piezoelectric performance was achieved with-
out the chemical treatment of cellulose and poling. The PENG,
on repeated human hand punching, displayed a V- of =30 V
and an Iy of ~500 nA with a power density ~of 9.0 pW cm.
The breaking of chains (Si-O-Si groups) in PDMS upon apply-
ing mechanical pressure caused the opening of more OH groups
that formed hydrogen bonding with oxygen atoms of cellulose re-
sulting in increased piezoelectric dipole density.

Thus, it can be concluded that PDMS nanocomposites based
on a combination of conducting and non-conducting fillers have
higher piezoelectric output compared to PVDF based nanocom-
posites synthesized using the same filler combination. Materials
such as BaTiO; NPs and carbon black, PZT, and MWCNTS5, cel-
lulose microfiber and MWCNTs, ZnO NPs, and MWCNT;, etc.,
were used as fillers in the range of 0.5-50 wt%. The methods for
synthesizing these nanocomposites consisted of ultrasonic mix-
ing with spin casting, ball milling, blending, and curing, followed
by poling in general. The highest output of 100 V was obtained
from a large area PENG of 30 cm x 30 cm containing a nanocom-
posite of 12 wt% PZT, 1 wt% MWCNTs, and PDMS when peri-
odic stress was applied by a linear motor.[*!] Table 3 summarizes

Adv. Sci. 2021, 2100864

the recent literature on piezoelectric polymer nanocomposites for
energy harvesting applications.

6. Piezoelectric Polyvinylidene Fluoride Films
Doped with Inorganic Salts

In recent years, researchers have been investigating the effect of
inorganic salts such as iron nitrate [Fe(NO,);],I*?! zinc nitrate
[Zn(NO;),],*?! magnesium chloride (MgCl,),1*??! nickel chloride
(NiCL,),[*23] lithium chloride (LiCl),***! iron chloride (FeCl,)*?!
and bismuth chloride (BiCl;),[*?%! on piezoelectric properties of
PVDF. The addition of salts promotes f-phase formation in
PVDF and increases its conductivity which enhances its piezo-
electric/energy harvesting performance. This section summa-
rizes the recent work conducted in this field.

Hoque et al. examined the effect of erbium chlo-
ride hexahydrate (ErCl,.6H,0) and iron nitrate nonahy-
drate [Fe(NO;);.9H,0] salt molecules on PVDF p-phase
nucleation.[*?’] The maximum g-phase obtained was ~83.65%
and ~82.15% in PVDF/Er-5 wt% and PVDEF/Fe-10 wt% nanocom-
posites. Spherulites of ~5 pm diameters are present on the
surfaces of these composite films, validating f-crystal nucleation
(Figure 41b,c). Whereas, pure PVDF films show spherulites
with ~40 pm diameters, specifying the existence of nonpo-
lar a-crystals (Figure 41a). This was ascribed to the efficient
electrostatic interactions between H,O molecules present in
salts and the —CF, dipoles of PVDF via hydrogen bonding.[**]
The d;; values were —124 and —72.4 pC N7! for the same
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compositions, showing that Er’* was more effective in nu-
cleating B phase than Fe** due to its bigger size and higher
ability of covalent bond formation. A schematic of the PENG
device is shown in Figure 41d. Under periodic finger impar-
tation, the Er** and Fe’* based PENGs displayed a large V.
of ~#115 V (Figure 41le), I, of ~32 pA, the power density of
~160 mW cm™ and V,_ of 75 V (Figure 41f), I.. of 17 pA,
the power density of ~#55.34 mW cm™, respectively. In another
work, Fortunato et al. showed p phase increase by incorpo-
rating 0.2 wi% zinc nitrate hexahydrate [Zn(NO,),.6H,0],
magnesium nitrate hexahydrate [Mg(NO;),.6H,0], magne-
sium chloride hexahydrate [MgCl,.6H,0], and aluminum
chloride hexahydrate [AICl;.6H,0] into PVDF.**!l The best
output performance (F(f) = 82%, d;; ~ 13.49 pC N7!) was
attained in Mg(NO;),.6H,0/PVDF nanocomposites and the
worst performance was obtained in iron chloride hexahydrate
[FeCl,.6H,0]/PVDF nanocomposites. Similar studies were done
by Thakur et al. using 1-30 wt% of cerium/yttrium nitrate
hexahydrate salts [Ce(NO,);.6H,0 and Y(NO,);.6H,0] and F(p)
value of 82% was reported.[*?’]

Jana et al. fabricated a high-performance PENG by using
PVDF films filled with various wt% of MgCl,.6H,0.[*??] The
PENG delivered a V. of up to 4 V under a pressure of ~4.45 kPa
imparted by a human finger. Dhakras et al. showed a f-phase
increase by about 30% by adding NiCl,.6H,O to electrospun
PVDF nanofibers.[*?*] The Vp-p produced from PVDF/NiCl,
film was nearly 0.762 V, about three times higher than that of
PVDF. In another study, Yu et al. doped twenty-six salts such
as AlCl,;, FeCl,-4H,0, SnCl,-5H,0, etc., into PVDF nanofibers
and studied their piezoelectric properties.[*”] The results indi-
cated that different salts had differing piezoelectric enhancement
effects and different optimum doping ratios. The PENG fabri-
cated with optimized PVDF nanofibers displayed a piezo volt-
age seven times greater than that of a device made from un-
doped nanofibers. Recently, Mokhtari et al. developed a flexible
PENG based on electrospun PVDF/LiCl nanofibers.[?*] The au-
thors showed an increase in output voltage from 1.3 to 5 V due
to the addition of LiCl into the spinning solution in comparison
to pure PVDF. The PENG generated an output of 3 V and 0.5 pA
with a power density of 0.3 pW cm™ and was utilized as a sen-
sor to measure temperature changes between 30 and 90 °C. Like-
wise, Chen et al. used polar additive BiCl, to increase f-phase
concentration in PVDF nanofibers.[*?*] The PENG based on an
optimized ratio of 2 wt% BiCl; delivered an output voltage of
1.1V, which was 4.76 times higher than that of pure PVDF based
PENG. The peak current and power densities were 2 pA and 0.2
PW cm2, respectively. The mechanism for improved piezo re-
sponse in these PVDF doped chlorides is the same as explained
above for Fe(NO;);.9H,0 and ErCl;.6H,O.

7. Piezoelectric Films of Other Materials

In this section, we will briefly discuss piezoelectric films fabri-
cated by various fabrication techniques for scalable and flexible
energy harvesting applications. These fabrication techniques en-
able the deposition of advanced piezoelectric films with high crys-
tallinity and controlled morphology for integration into energy
harvesters to obtain enhanced output performance.

Adv. Sci. 2021, 2100864
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Park et al. fabricated a large-sized PENG using PZT film on
flexible substrates via a laser lift-off (LLO) process.[*?8] Deposi-
tion of PZT film was initially done on bulk Al,O; substrate by
conventional sol-gel method. It was then transferred onto the
PET substrate using laser irradiation without any mechanical
damage (Figure 42a). Subsequently, interdigitated gold electrodes
were deposited onto PZT films. Figure 42b,c are cross-sectional
SEM images of PZT thin films deposited on the original Al,O,
substrate and receiver PET substrate before and after the LLO
process. The PENG showed remarkable output performance of
200 V and j = 150 pAcm from slight mechanical deformations
(Figure 42d). It operated 105 LED arrays without any external
electric source.

Bhavanasi et al. fabricated a PEH using poled P(VDF-TrFE)
and charged GO films (Figure 42e), exhibiting high Young’s mod-
ulus and dielectric constant.[*?%] The bilayer PEH device was free-
standing, flexible, bendable, and rollable as illustrated in Fig-
ure 42f. Superior energy harvesting performance was exhibited
by the PEH (voltage ~ 4 V and power density ~ 4.41 pW cm™2),
compared to P(VDF-TrFE) films alone (voltage ~ 1.9 V and power
density ~ 1.77 pW cm2) (Figure 42g). The excellent performance
was attributed to the electrostatic contribution from GO, residual
stress, and the presence of space charges at the P(VDF-TrFE) /GO
interface originating from positively charged P(VDF-TrFE) and
negatively charged functional groups in GO.

Park et al. deposited BaTiOj, thin films on a Pt/Ti/SiO, /Si bulk
substrate by magnetron sputtering and then transferred them
to a plastic substrate using conventional microfabrication and
lithographic techniques.[**°l Without poling, the d;; value of the
BaTiO;, thin film was 40 pC N7!, which increased to 105 pC N
after poling under an electric field of 100 kV cm™ at 140 °C. The
PENG transformed energy from bending into electricity, gener-
ating an output voltage of up to ~#1.0 V and j = 0.19 pA cm™.
Later, Lim et al. constructed a PEH based on a BaTiO;-resin film
via an inkjet-printing process without high-temperature anneal-
ing and complex transfer processes.[**!] The PENG successfully
harvested an output voltage of ~#7 V and a current of 2.5 pA from
cyclic mechanical deformations.

Lee et al. enhanced the power output of the PENG by introduc-
ing a conductive p-type polymer, poly(3-hexylthiophene) (P3HT)
onto ZnO thin film.[*3?! Also, phenyl-Cy,-butyric acid methyl es-
ter (PCBM) was added to P3HT to improve carrier transport. At
0.068% strain, the ZnO/P3HT: PCBM-assembled PENG exhib-
ited an 18-fold increase in output voltage and three times increase
in current when compared to a PENG with ZnO only.

The literature discussed in this section highlights that the fab-
rication methods for depositing piezoelectric films play a cru-
cial role in the piezoelectric performance of these materials. The
fabrication methods range from LLO and sol-gel processing to
magnetron sputtering, microfabrication, and lithographic tech-
niques. The PZT film-based PENG assembled on flexible sub-
strates showed the most remarkable output performance of 200 V
and j = 150 pAcm from slight mechanical deformations.!**®]

8. Applications

The power generated by an energy harvester has random vari-
ation and dual-polarity voltage peaks due to the random nature
of the input source. To make this power usable, it is converted
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Figure 42. a) Schematic diagram of the fabrication process for PZT thin film-based PENG via LLO method. Cross-sectional SEM images of PZT thin
films on b) Al,O; and c) PET substrate. d) V.. and cross-sectional current density measured from the PENG. a-d) Reproduced with permission.[423]
Copyright 2014, Wiley-VCH. e) Schematic of the bilayer films PEH. f) Photograph showing that the PEH is freestanding, flexible, bendable, and rollable.
g) The voltage output from the PEH. e-g) Reproduced with permission.[*2°] Copyright 2015, American Chemical Society.

to DC power with single polarity and controlled voltage. In the
case of PENGs, this is commonly done by using a bridge rectifier
that is connected to a capacitor, which gets charged by utilizing
the rectified output.[?*! The capacitor is connected to an external
storage device to store the power for extended periods. Such cir-
cuits have been commonly used to power LEDs and LCDs after
enough charge has been stored.[20293433] PENGs have also been
used in self-powered systems for water velocity and pH detection
sensors, #4431 deformation detection,!****7] and human motion
monitoring.[*3¥] This section reviews these applications in detail.

Shi et al. used electrospun fiber mats comprising of 15 wt%
BaTiO; NPs, 0.15 wt% graphene nanosheets, and PVDF to fab-
ricate a flexible PENG.[*33] A peak voltage of 112 V was gener-
ated by the PENG in the course of the finger pressing-releasing
process at fast strain rates, which drove an electric watch and lit
up 15 LEDs (Figure 43a—c). It also harvested energy from hu-
man movements such as finger tapping, wrist flexing, and foot
stepping. Under wrist flexing and finger tapping conditions, the
output voltage reached 7.7 and 7.5 V, respectively (Figure 43d,e).

Adv. Sci. 2021, 2100864

When the PENG was located under the foot heel and toe, it pro-
duced a maximum voltage of 7.8 and 2.8 V, respectively (Fig-
ure 43f,g). The heel exerted greater pressure when compared to
the toe, hence it resulted in higher output voltage.

Dudem et al. configured a PENG using a composite of BaTiO,
micro stones (MSs) and Ag NWs in the PVDF matrix.**] The
composite containing 7.5 wt% BaTiO; MSs and 7.5 vol% Ag NWs
in 20 mL of PVDF resulted in high V. of #52 V and I of 3.2
PA from the PENG under a pushing force of 15 N. The PENG ef-
fectively harvested energy from automotive vehicle motion such
as bicycle, motorcycle, and cars as shown in Figure 44a—f. The
impact force applied on the Ag/BaTiO;-PENG by the motion of
vehicles was efficiently converted into electricity.

Alluri et al. successfully operated a PENG as a self-powered
sensor to determine water velocities in a pipe at high tempera-
tures and pressures.[*3*l The PENG was based on a composite of
BaTi,_, Zr,0; (BTZO) nanocubes and PVDF in a weight ratio of
1:0.25. BTZO formation took place by substitution of Ti** atom
(0.605 A) in BaTiO, with Zr** atom (0.72 A). BTZO has a higher
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Figure 43. a) Optical image of the PENG under finger pressing. b) Output voltage generated from the PENG by finger pressing-releasing process. c) A
commercial electric watch and 15 LEDs driven by the PENG. The optical images and output voltages generated by human motions of d) wrist flexing, €)
finger taping, and foot stepping by f) heel and g) toe. Reproduced with permission.[*33] Copyright 2018, Elsevier Ltd.

d;; 0of 174-236 pC N1, compared to 100 pC N! for BaTiO;. The
PENG was driven by a faucet with water ON and OFF conditions
over periodic time intervals; Figure 45a,b shows the electrical out-
put at different water velocities. The output voltage and current
were 26 mV and 8 nA at a water velocity of 31.43 ms™ during the
ON condition and were 80 mV and 10 nA during the OFF con-
dition. When water speed increased from 31.43 to 78.6 to 125.7
ms~!, the outputs pertaining to them increased as well when wa-
ter was ON. When water was OFF, the induced charges moved
back to their initial locations. The mechanism involved is similar
to the pushing and releasing force exerted on the PENG.

Guo et al. developed a wireless device comprising of a pres-
sure sensor built from electrospun fibers of PVDF/BaTiO; NWs-
3 wt%.*3] When the sensor was attached to the shoe insole,
the current was generated upon squatting up and down, walk-
ing, and running motions (Figure 46a—d). The output current
generated from walking was about 97 nA, which was less than
241 nA from running and 331 nA from squatting up and down
based on impact intensity (Figure 46b-d). An increased out-
put current was observed with an increase in the angle of el-
bow flexion, producing a maximum current of 36 nA at 120°
(Figure 46e).

Adv. Sci. 2021, 2100864

Saravanakumar et al. developed a PENG using a nanocom-
posite of ZnO NWs/PVDF and it was used to drive a pH sensor
without external power*3] (Figure 47a). Figure 47b shows a plot
of the output voltage with respect to time for different pH lev-
els. The presence of negatively charged species (OH-) raised the
resistance of the microwire at higher pH (base) values. As a re-
sult, a drop in potential was observed across the microwire for a
12.02 pH value. At lower pH values (acidic), H+ ions were abun-
dant; hence it lowered the resistance across the microwire. The
pH changed from basic to acidic (12.02 to 6) with a corresponding
reduction in voltage output.

A highly flexible PENG was built on an ultra-thin aluminum
foil to function as a deformation sensor for detecting wrinkling of
the human face and tracking the motion of eyeballs.[23436437] The
PENG comprising of ZnO NWs (size 5 mm x 13 mm) was affixed
to the human skin close to an eye (Figure 48a). When the eye
blinked, the dynamic wrinkles caused the PENG to deform due
to its super flexibility and conformability. The output voltage and
current were approximately 0.2 V and 2 nA during eye blinking
motion (Figure 48b).

Lee et al. demonstrated another application of the PENG as
an autonomous sensor to detect mercury (Hg?*) concentration
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Figure 44. a—c) Schematic and photographic images of different vehicles such as bicycle, motorcycle, and car passing on the Ag/BaTiO3;-PENG device.
d—f) The corresponding output voltage from the PENG. Reproduced with permission.[**?] Copyright 2018, Elsevier Ltd.

in water via the emitting intensity of a LED.[**0] The LED-lit up
based on the concentration of Hg?* in water droplets and there-
fore was used for environmental monitoring. In another study,
Hu et al. integrated a PENG in a vehicle tire for pressure and
speed monitoring.[**!! An electric signal was generated when the
tire touched or de-touched the road surface while moving. A
lower pressure resulted in a flatter tire that exerted higher defor-
mation on the PENG and resulted in higher voltage. Similarly,
Lin et al. harvested energy from the motion of a vehicle using a
ZnO NW based PENG and used it as an autonomous sensor for
detecting the speed of automobiles and their weight.**?] Due to
the flexibility of PVDF/ZnO NW based PENG, it has also been
used to measure ambient wind velocity and detect gas/liquid
flow.[*3] These applications demonstrate that polymer nanocom-
posites are the most commonly used as they offer versatility com-
pared to piezoelectric polymers or nanostructured materials.

Adv. Sci. 2021, 2100864

9. Summary and Future Perspective

A detailed review of the recent progress in piezoelectric ma-
terials for various applications in energy harvesting and self-
powered sensors has been presented in this article. Piezoelec-
tric properties of various types of materials, ranging from nanos-
tructured materials to polymers, polymer nanocomposites, and
piezoelectric films have been discussed, in close connection
to progress in fabrication techniques, morphology, energy har-
vesting performance, and underpinning fundamental mecha-
nisms. The schematic in Figure 49a briefly summarizes the
various energy sources from which piezoelectric power is gen-
erated, the different piezoelectric materials, PENGs and their
fabrication techniques. The center of the image shows the dif-
ferent applications such as wireless sensor, electronics, health
monitoring, smart shoes, automotive, and touch sensors. The
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Figure 46. a) Photographs of the pressure sensor attached to a shoe insole. b—d) Schematic diagrams and the output currents produced by squatting up
and down, walking, and running. e) Output currents with elbow flexion and extension for 60°, 90°, and 120°. Reproduced with permission.[438] Copyright
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Figure 48. a) PENG affixed to the skin near a human eye for detecting
wrinkling of the face. b) Output signal recorded while blinking of an eye.
Reproduced with permission.[23] Copyright 2014, Elsevier Ltd.

majority of the PENG devices reported in the literature are fo-
cused on scavenging energy from vibration and strain because of
their abundance in the ambient environment around us. Tech-
nological advances are being made to improve the efficiency of

Adv. Sci. 2021, 2100864

light and temperature-based piezoelectric energy harvesting in
future.

The power output of a PENG is dependent on multiple in-
ternal and external factors that cause high variation in power
output. Even today, low, unstable output performance, and nar-
row bandwidth of the PENGs are the most grueling issues,
which need to be resolved before they can be commercial-
ized. Effective power management circuits should be designed
to work at a wide frequency range with the capability to pro-
cess input signals of various amplitudes. A key area of ad-
vancement would be developing piezoelectric materials that have
very high piezoelectric d;; coefficients, that is, greater than 600
pC N7! to meet the piezoelectric requirements of the future.
(Figure 49b). Also, the fabrication process of nanogenerators
should be well suited to the high-volume manufacturing pro-
cesses used in industries for their integration into self-powered
devices. Other factors that should be considered include effec-
tive system design, packaging techniques, and testing methods,
which highlights the required interdisciplinary across traditional
disciplines.

2100864 (63 of 73) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

800

E - NWs - Nanowires
) NFs - Nanofibers
2 NC - Nanocomposite
4= 600

c

2

o

&= 500

&=

o

o

O 400

o

o0

©

2 300

ol

b=

o

2 500

[

o

N

Q100

a

24 24 25 30 313 322 33

57 118 153
m m = W W O m W

Future
Outlook

401 41 45 50

180
140 152
84 I I

9
0 — - - -

& s‘\h Q‘\o Q‘\L \\6& ‘g‘q\ n,é’ "‘\c GSJ & ¢ 80 ‘\Qe '\fé‘ & o‘\c & L @‘\" %ec \ng. \\“"
& & TE &N T S E LTSS
& A P O S &V @S & o &V N &

&S K N \Q° ¥ Q & &' EN &9 O Y Y EN \Q S
& & & S & < & ¢
q S s
Qo‘x‘ < & & « B & &
q\\c S

Figure 49. a) Schematic showing the various energy sources from which piezoelectric power is generated, the different piezoelectric materials, PENGs
and their fabrication techniques and the various applications in the center. b) The plot of piezoelectric coefficients (ds3) of various materials. The arrow
points toward future outlook suggesting that a material with higher d;3 than 600 pC N~' needs to be developed to meet the piezoelectric requirements

of the future.

Energy harvesting offers remarkable benefits to the develop-
ment of the IoTs and for enabling new applications in almost
every field such as smart homes, smart cities, smart factories,
health and environmental monitoring, and intelligent transporta-
tion. Itis a crucial component for building autonomous and mo-
bile technologies that can operate for long periods without need-
ing battery charges. Hence, it drives cost savings either by post-
poning battery replacement or by not using batteries at all. The

Adv. Sci. 2021, 2100864

demand for energy harvesting is driven by the increase in con-
sumer electronics products such as computer peripherals, elec-
tronic bracelets, watches, and surveillance cameras. The emer-
gence of wearable sensors is also creating significant growth op-
portunities for energy harvesting. It is expected that technologi-
cal advances in materials, device integration, and manufacturing
processes in the piezoelectric energy sector will play an important
role in resolving the global energy crisis by developing sensors
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and self-sufficient batteries. Energy harvesting in the automotive
sector is continuously increasing, especially in the electric vehicle
segment. This shows that energy harvesting offers endless future
possibilities to satisfy growing energy demands.
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