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SYNTHESIS AND CHARACTERIZATION

OF NOVEL PIEZOELECTRIC AND ENERGY
STORAGE NANOCOMPOSITES: BIODEGRADABLE
MATERIALS-MAGNESIUM OXIDE NANOPARTICLES

Sensors based on piezoelectric polymer nanocomposites have high sensitivity, low weight, flex-
wbility, low cost, etc. We have studied a movel piezoelectric sensor made of the carboxrymethyl
cellulose, polyvinyl pyrrolidone—magnesium oxide nanocomposite. The electric conductivity and
dielectric properties of the nanocomposite are studied at room temperature. The dielectric prop-
erties of the nanocomposite are examined in frequency range (100 Hz—5 MHz). The DC elec-
tric conductivity, dielectric constant, and dielectric losses increase with the concentration of
magnesium oxide nanoparticles. The dielectric constant and dielectric losses decrease, as the
frequency increases. The AC electrical conductivity increases with the concentration of magne-
sium ozide nanoparticles and the frequency. The nanocomposite was tested for the piezoelectric
application in the pressure interval (80-200) bar. The experimental results show that the elec-
tric resistance is decreased, as the compaction stress increases. The nanocomposite has high
sensitivity to the pressure. The nanocomposites is tested for the thermal energy storage and
release. The results indicate that the times of the melting and solidification in the thermal
energy storage and release decrease, as the concentration of magnesium oxide nanoparticles
mcreases.

Keywords: compaction stress, sensitivity, carboxymethyl cellulose, piezoelectric, conduc-

tivity, energy storage.

1. Introduction

Polymers have induced a considerable interest in the
device fabrication because of their extraordinary in-
herent properties, like the easy processability, flex-
ibility, high mechanical strength, etc. The electrical
and optical properties of polymers can be tailored
to a desired limit through a suitable doping. Fur-
ther, polymers, on the doping with noble metal
nanoparticles, show novel and distinctive properties
obtained from a unique combination of the inher-
ent characteristics of polymers and novel properties
of metal nanoparticles. Due to this exclusive combi-
nation, polymer—metal nanocomposites are consid-
ered as advantageous candidates for device applica-
tions in various fields, like optics, mechanics, elec-
tronics, etc. This opens a new gateway in developing
the materials with improved performance in many
potential applications like optical devices, biomedi-
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cal sciences, coating materials and SERS based sen-
sors etc. [1]. Polymer nanocomposites have recently
attracted the great attention of scientists. Researches
have shown that nanofillers can improve the dielectric
breakdown strength, enhance the voltage endurance,
depress the space charge formation, and weaken the
partial discharge degradation of the pristine polymers
more significantly than the micro-sized fillers. These
improvements are of importance for the electrical in-
sulation applications and shed light on the further ad-
vancement in dielectric materials. The dispersion of
nanoparticles in the polymer matrix and the property
of the interface between nanoparticles and a polymer
are regarded as key factors affecting the electric insu-
lating properties of nanocomposites [2]. The dielectric
properties of heterogeneous polymer materials play
an important role in device applications such as high
performance capacitors, electrical cable insulation,
electronic packing and components. From the funda-
mental point of view, the dielectric relaxation spec-
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troscopy has been widely used to realize the micro-
scopic dynamical relaxation process in complicated
systems. The detailed investigation of the dielectric
losses, as well as the electrode and interfacial polar-
ization effect of polymers, is of great importance. Po-
lymer blending is a useful technique for designing ma-
terials with a wide variety of properties. An impor-
tant commercial advantage is that polymer blends
offer a way to produce new materials by using the
already existing polymers, which thus reduces devel-
opment costs. Polyvinyl pyrrolidone (PVP) deserves
a special attention among the conjugated polymers
because of good environmental stability, easy pro-
cessability, moderate electrical conductivity and the
rich physics in charge transport mechanisms. A local
modification of the chemical structure induces dras-
tic changes in electronic properties. The composite
materials consisting of a conducting medium in the
insulating polymer matrix provide satisfactory me-
chanical, as well as electrical, properties [3]. PVP is
an amorphous polymer and possesses high T, val-
ues up to 170 °C because of the presence of the
rigid pyrrolidone group. In solutions, it has excel-
lent wetting properties and readily forms films. This
makes it good as a coating or an additive to coat-
ings. It is commonly used in medicine because of its
extremely low cytotoxicity. Its other applications can
be found in controlled drug-release technology and
electrochemical devices (batteries, displays) [4]. The
impressive widespread of the use of composite ma-
terials at present could be explained, among other
arguments, by the possibility to predict composite’s
properties on the basis of the volumic content and
the corresponding properties of the matrix and the
reinforcement. In fact, the user can get a new mate-
rial that is tailored by his demands. Measurements of
the electrical properties of polymers are one of the
most convenient and sensitive methods for studying
the polymer structure. The presence of a filler affects
both electrical and mechanical properties. In most of
their industrial applications, elastomers are used as
composite materials [5, 6]. In addition, they are used
as conducting adhesives in electronics packaging flip-
chips, cold solders, switching devices, static charge
dissipating materials, and devices for surge protection
[7, 8]. Polymeric composites have high strength and
stiffness, low weight, and high corrosion resistance
[9]. The studies of metal oxide nanoparticles-polymer
nanocomposites are generating the increasing inter-
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est due to their potential applications in household
electronics, recording heads, memory and microwave
devices. The addition of inorganic nanoparticles to
polymers allows a modification of the polymer phys-
ical properties, as well as the implementation of new
features in the polymer matrix. Nanocomposites on
the base of semiconductor nanoparticles and a poly-
mer matrix are promising materials for applications
in optoelectronics, for the creation of luminescent-
materials, sensor electronics, ete. [10]. Critical infras-
tructures, including highways, buildings, bridges, air-
craft, ships, and pipelines, form the lifeline of eco-
nomic and industrial hubs and are sometimes sub-
jected to severe loading conditions due to extreme
events such as earthquakes, hurricanes, and other
natural disasters during their lifetime. To prevent
catastrophic failures and subsequent loss of life, it
is essential to continuously monitor the state of the
structure and to identify any initiation of damages
in real time by using the structural health moni-
toring (SHM) techniques, in particular, strain sens-
ing. SHM provides an autonomous way of tracking
changes in the system in real time using a com-
bination of instrumentation systems and analytical
methods. Instrumentation systems consist primarily
of transducers to measure physical quantities such
as strain, displacement, and acceleration, which can
give insight into the behavior of structures. Among
the quantities of interest for SHM, strain is a local
direct measure of the state of the structure and is,
thus, widely used as a reliable indicator of a da-
mage induced in the structure. Hence, strain sen-
sors are used extensively in SHM applications. Strain
gauges or transducers can be broadly classified into
optical sensors, resistance-based sensors, and piezo-
electric sensors. Among them, resistance-based sen-
sors form the major portion of commercially avail-
able foil strain-gauge sensors. Piezoelectric materials
have the ability to convert mechanical energy into
electrical energy and have long been used for strain
sensing. Among other types of sensors, piezoelectric
sensors have the lowest power requirements, and the
charge output from piezoelectric sensors lies within
the range of measurement capabilities of commer-
cially available analog/digital sensors [11].

2. Materials and Methods

Piezoelectric nanocomposites films were prepared
with different concentrations of carboxymethyl cel-
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Fig. 1. Diagram of the experimental work

lulose, polyvinyl pyrrolidone, and magnesium oxide
nanoparticles. The piezonanocomposite was synthe-
sized with different concentrations of carboxymethyl
cellulose (78 wt.%), polyvinyl pyrrolidone (22 wt.%),
and MgO nanoparticles were added to the blend in
different concentrations (0, 2, 4, and 6 wt.%), by us-
ing the casting method. The dielectric properties of
the (carboxymethyl cellulose, polyvinyl pyrrolidone-
magnesium oxide nanoparticles) nanocomposite were
examined in the frequency range (100-5x10°) Hz
by using an LCR meter (HIOKI 3532-50 LCR
HI TESTER). The piezoelectric properties of the
nanocomposite were investigated by measuring the
electrical resistance between two electrodes on the top
and bottom of the nanocomposite films in the pres-
sure range (80-200) bar. The thermal energy stor-
age and release of the nanocomposite include ana-
lyzing the melting and solidification characteristics
during the heating and cooling processes. Water and
nanofluids were used as the heat-transfer nanofluid,
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whose temperature can be varied from 14 °C to
100 °C with a stirrer and measuring the temperature
of nanofluids during the heating and cooling processes
by a digital device. Figure 1 shows the experimental
work diagram. The DC electrical conductivity (o)
of the nanocomposite can be determined for a sample
with the length (L), a constant area (A), and electri-
cal resistance (R) by the relation [12]

l

= —_—. 1

A (1)

The dielectric constant of the nanocomposite is

given by the relation [13]
G
Cy’

ov

3

(2)

where C), is the parallel capacitance, and Cj is the
vacuum capacitor, which is given by [13]

CO = EoA/t, (3)
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Fig. 2. Variation of the dielectric constant of the (CMC-
PVP-MgO) nanocomposite with the frequency
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where g¢ is the vacuum permittivity, A is the area of
a capacitance plate, and t is the distance between two
plates.

The dielectric loss (¢7) is given by relation [14]

"=¢D, (4)

where D: is dispersion factor.
The AC electrical conductivity is given by the re-
lation [14]

gA.C — WE”SO. (5)

3. Results and Discussion

Figure 2 shows the variation of the dielectric con-
stant of the (CMC-PVP-MgO) nanocomposite in the
frequency range (100-5 x 10%) Hz at room tempera-
ture. It is observed that the dielectric constant de-
creases, as the frequency increases, i.e., the dielectric
constant has higher values in the low-frequency range,
then it decreases, as the frequency increases. This
situation has been attributed to the fact that there
are all types of polarizations; electronic, ionic, dipo-
lar, and space charge polarization (Maxwell-Wagner
polarization) in the low-frequency range. The situ-
ation in the high-frequency range due to the fact
that the electric dipoles cannot follow up the fre-
quency of the applied electric field is quite different
[15]. The variation of dielectric losses of the (CMC—
PVP-MgO) nanocomposite with the frequency at dif-
ferent concentrations of MgO nanoparticles is shown
in Fig. 3. It is clear from this figure that the dielec-
tric losses decrease, as the frequency increases, which
can be attributed to the fact that, at low frequencies,
the value of dielectric losses is due to the migration
of ions in the material. At moderate frequencies, the
dielectric loss is due to the contribution of ion jumps,
conduction losses under the migration of ions, and
ion polarization loss. At high frequencies, ion vibra-
tions may be the only source of the dielectric loss. So,
the dielectric loss has the minimum value. The large
value of dielectric losses in the low-frequency range is
also due to the motion of free charge carriers within
the material. As a result, the power-law dispersion in
dielectric losses is observed, and it does not reveal
any peak in the measured frequency range [16].
Figure 4 shows the variation of the AC electrical
conductivity of the (CMC-PVP-MgO) nanocompos-
ite in the frequency range (100-5x10°) Hz at room

ISSN 0372-400X. Yxp. ¢is. orcypn. 2017. T. 62, Ne 12



Synthesis and Characterization of Novel Piezoelectric and Energy Storage Nanocomposites

17E-08

15809

13809

Conductivity (S/cm)

1.1E-09

90E-10 T

Con. of MgO nanoparticles wt.%

Fig. 5. Variation of the DC electrical conductivity of the
(CMC-PVP) blend with the concentration of MgO nanoparti-
cles

44

Resistance(MQ)
L]
o~

-
=
L

80 ‘1(‘)0 12‘0 1“1—0 1é0 1‘80 2(‘)0
Pressure(bar)

Fig. 6. Effect of the pressure on electrical resistance of the
(CMC-PVP-MgO) nanocomposite for different concentrations
of MgO nanoparticles

temperature. As the frequency decreases, the more
and more charge is accumulated at the electrode and
electrode interface, which leads to a decrease in the
number of mobile ions and, eventually, to a drop
in the conductivity at low frequencies. In the high-
frequency region, the conductivity increases with the
frequency due to the mobility of charge carriers and
the hopping of ions from the infinite cluster. As a re-
sult, the ion exchange process occurs effectively in the
high-frequency region [16].

As shown in Figs. 2—4, the dielectric constant, di-
electric losses, and AC electrical conductivity of the
(CMC-PVP) blend increase with the concentration
of MgO nanoparticles. This result can be attributed
to an increase in the conductivity as a result of the
increase in the charge carrier density in the polymer
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Fig. 8. Solidification curves of the (CMC-PVP-MgO)
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matrix and the space charge polarization contribu-
tion [17]. Figure 5 shows the dependence of the DC
electrical conductivity of the (CMC-PVP) blend on
the concentration of MgO nanoparticles. As is seen,
the DC electrical conductivity of the (CMC-PVP)
blend increases with an increase in the concentration
of MgO nanoparticles, which is attributed to an in-
crease in the number of free charge carriers [18].
Figure 6 shows the effect of a pressure on the elec-
trical resistance of the (CMC-PVP-MgO) nanocom-
posite for different concentrations of MgO nanoparti-
cles. We see that the electrical resistance decreases
with an increase in the pressure. In this case, the
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nanocomposite is deformed, its surfaces are rubbed
against each other, which causes them to deflect and
generates a potential difference (or piezoelectric po-
tential). The ion displacement due to this strain cre-
ates a difference of potential along the film. The po-
tential difference that drives the current from one
electrode to another one is in the nanocomposite
film [11].

The thermal energy storage and release were in-
vestigated during the melting and solidification pro-
cesses, as shown in Figs. 7 and 8. From the figures,
the melting and solidification times decrease with
an increase of the concentration of MgO nanopar-
ticles. We see that there is an apparent heat trans-
fer enhancement effect by introducing MgO nanopar-
ticles into the (CMC-PVP) blend, because MgO
nanoparticles improve the thermal storage/release
performance of the (CMC-PVP) blend. Based on the
aforementioned results, (CMC-PVP-MgO) can be
considered as a potential building thermal energy
storage material to keep comfort indoor environment
and save energy [19].

1. The dielectric constant, dielectric losses, and
AC electrical conductivity of the (CMC-PVP-MgO)
nanocomposite are increasd with the concentration
of MgO nanoparticles. The dielectric constant and
dielectric losses of the (CMC-PVP-MgO) nanocom-
posite decrease, as the frequency increases. The AC
electrical conductivity increases with the frequency.

2. The DC electrical conductivity of the (CMC-
PVP-MgO) nanocomposite increases with the con-
centration of MgO nanoparticles.

3. The (CMC-PVP-MgO) nanocomposite has hi-
gher sensitivity to a pressure, low weight, flexibility,
low cost, etc.

4. The melting and solidification times for the
thermal energy storage and release applications de-
crease with an increase of the concentration of MgO
nanoparticles.
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CHUHTES I BJJACTUBOCTI HOBUX
HAHOKOMITO3UTIB 1JIsd AKYMYJIFOBAHHA
EHEPTI{: BIOAECTPYKTUBHI
MATEPIAJINI-HAHOYACTHWHKN

OKHNCY MATHIIO

Pesmowme

CeHcOpHr Ha OCHOBI IT'€30€JIEKTPUYHMX IMOJIMEPHUX HAHOKOM-
MO3UTIB MAIOTh BHCOKY UyTJIUBICTH, MaJIy Bary, FHy4YKIiCTb, He-
nopori i T.ar. Mu mocitipkyBaan HOBUN II'€30€JIEKTPUYHUN CEH-
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COp 3 HAHOKOMIIO3HTA, IO CKJIAJIAETHCH 3 KaPOOKCUMETHUJI Iie-
J071031, HouiBiHiN miposmizona i okmcy marmio. Moro aiese-
KTPUYHI BJIACTMBOCTI i IpPOBiAHICTE BUMipsiHI 3a KiMHATHOIO
TemiiepaTyporo. JlieseKTpuyHi BJIACTUBOCTI BUBYEHI B Jiaria-
3oni gactor 100 I'it-5 MTI'n. I1poBinnicTs 1o mocriitHOMy CTPY-
My, JieJIeKTPUYIHA KOHCTAHTa 1 JieJIeKTPUYIHI BTPATU POCTYThb
3 KOHIIEHTpAI[I€}0 HaHOYAaCTMHOK OKHCY Marsiro. /[liejgexrpu-
YHa KOHCTaHTa 1 JieJIeKTpUYHI BTPATH 3MEHIIYIOTBCA 3 PO-
croM dYacroru. lIpoBimHicTh 1m0 3MiHHOMY cTpyMmi 3pocrae 3
KOHIIEHTPAIEI0 HAHOYACTUHOK OKUCY MarHito i yacroror. s
I1'€30€JIEKTPUYHIX 3aCTOCYBaHb HAHOKOMIIO3UT BUBYEHUN B iH-
TepBaii Tuckis 80-200 6ap. ExcrmepmMmenT mokasdye, mo omip
3MEHIIYETHbCHA 31 30L/IBIIEHHSIM CTHUCKAIOYOro THUCKY, IO CBif-
YHUTh IIPO BHCOKY YYTJIMBICTH HAHOKOMIIO3WUTA J10 THCKY. [Ipo-
BEIEHO BUIIPOOYBAaHHSI HAHOKOMIIO3UTA HA HAKONWIEHHS 1 BU-
BlsibHeHHs eHepril. [lokaszaHo, Mo yacu mJaBJeHHS 1 3aTBep-
JiHHS HAHOKOMIIO3UTa 3MEHIIYIOThCS 3 POCTOM KOHIIEHTPAIl
HAHOYACTUHOK OKHUCY MAarHio.
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