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ABSTRACT: We demonstrate the requirement of electrical poling can be
avoided in flexible piezoelectric nanogenerators (FPNGs) made of low-
temperature hydrothermally grown wurtzite zinc sulfide nanorods (ZnS-NRs)
blended with polydimethylsiloxane (PDMS). It has been found that conductive
fillers, such as polyaniline (PANI) and multiwall carbon nanotubes (MWCNTs),
can subsequently improve the overall performance of FPNG. A large electrical
throughput (open circuit voltage ~35 V with power density ~2.43 yW/cm?)
from PANI supplement added nanogenerator (PZP-FPNG) indicates that it is an
effective means to replace the MWCNTs filler. The time constant (7) estimated
from the transient response of the capacitor charging curves signifying that the
FPNGs are very much capable to charge the capacitors in very short time span
(e.g, 3 V is accomplished in 50 s) and thus expected to be perfectly suitable in
portable, wearable and flexible electronics devices. We demonstrate that FPNG
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can instantly lit up several commercial Light Emitting Diodes (LEDs) (1S red, 25 green, and SS blue, individually) and power up
several portable electronic gadgets, for example, wrist watch, calculator, and LCD screen. Thus, a realization of potential use of
PANI in low-temperature-synthesized ZnS-NRs comprising piezoelectric based nanogenerator fabrication is experimentally
verified so as to acquire a potential impact in sustainable energy applications. Beside this, wireless piezoelectric signal detection

possibility is also worked out where a concept of self-powered smart sensor is introduced.
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B INTRODUCTION

Around the last decennium, to meet the rising demand of
energy and portability in everyday dependent tiny electronic
gadgets, piezoelectric energy harvesting tools are gained a great
attention owing to their outstanding mechano-electrical
coupling effects in nanodimensional scale.'* As our environ-
ment is full of ever present mechanical movements, thus several
efforts have been made to harvest environmental mechanical
energy sources to power up the portable devices, for example,
body movement (handling, winding, pushing, stretching,
bending, clapping, talking, breathing, eyelash trembling, etc.),
air flow, friction, vibrations (acoustic and ultrasonic waves), and
hydraulic forces (ocean waves, waterfall, or even body fluid and
blood flow).”™"” In this context, nanogenerator is expected to
be best suited energy harvester that can possibly replace the
bulky battery counterpart in portable electronic devices or able
to directly charge up. For example, Lee et al. have
demonstrated a piezoelectric nanogenerator that can scavenge
energy from waving flag and also from skin wrinkling,"" Self-
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charging power cells have also been made where the mechanical
energy can directly converted to electrochemical energy via
piezoelectric potential generation.'”"” Cha et al. presented a
sound-driven piezoelectric nanogeneator.'* Recently, a skin
sensor and a self-powered motion sensor has been reported
those are capable to detect even eye ball motion and wrist
bending direction.'>'® Beside these, intensive efforts have
already been paid to fabricate the piezoelectric nanogenerators,
where mainly ZnO, BaTiO; and PZT are extensively
examined.'” ™" Furthermore, the wurtzite structures of ZnO,
GaN, ZnS, and CdSe have received vivid attraction because of
their unique noncentrosymmetric structures.”""** Among the
wurtzite classes, the noncentrosymmetric ZnS also possess a
promising semiconducting property and thus suitable for wide
range of applications, for instance, UV nanolasers,”* micro force
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active sensors,”> optoelectronic devices,” photocatalysts,*®
ultraviolet-light sensors,”’  etc. Recently, Chen et al. have
reported stress induced white and green light emissions from a
ZnS based device generated from bending, stretching and even
by writing.”*Although ZnS is a nontoxic and biocompatible
with superior piezoelectric property, however it is not as widely
explored as ZnO, BaTiO;, CdSe, GaN, and PZT in piezo-
electric based energy harvesting area. Among the zinc blende
and wurtzite structure of ZnS, the latter has more interesting
properties, because a more sensible piezoelectricity is observed
in the wurtzite structure.”” This is due to the single
independent piezoelectric coefficient in zinc blende (i.e., ey,),
whereas wurtzite structure possess three independent piezo-
electric coefficients (i.e., €5, €53, and e;;).*" The lack of a center
of symmetry in wurtzite, combined with large electro-
mechanical coupling and nano dimensional sensitivity, results
the impregnable piezoelectric properties.

In this work, we synthesize ZnS-NRs via a low temperature
hydrothermal method and fabricate piezoelectric nanogenerator
with ZnS-NRs and conducting supplement fillers (PANI or
MWCNTs) dispersed in PDMS matrix in a simple process. The
results indicate, the protonated green emeraldine salt form of
PANI can be prepared via an easy process and might be
alternative of MWCNTSs as conducting filler to fabricate a
piezoelectric nanogenerator.”’ Because the preparation of
MWCNTSs is quite troublesome and also difficult to disperse
in the solvent systems because of weak vander Waal’s forces,
whereas the conductive emeraldine form of PANI can be
prepared by conventional and inexpensive polymerization
methodology. PDMS can help to make the device flexible for
an extended range of applications. Thus, in the flexible
piezoelectric nanogenerator (FPNG), ZnS-NRs are act as
power generation sources and the conducting filler as
dispersant, energy enhancer and conducting functional
materials in PDMS matrix. The FPNG with PANI as
supplement conducting filler can generate an output voltage
of ~35 V and current of ~77.7 nA under the mechanical
applied stress of ~13.6 kPa, where any additional treatment,
such as electrical poling or annealing is avoided. Since effective
electrical poling process can align the piezoelectric dipoles
along an identical direction that initiates and subsequently
enhances the energy harvesting performance of the device, thus
it is became commonly adopted step. However, because of
several disadvantages, for example, high electrical breakdown
failure rate, disruption of the mechanical stability of the devices,
leakage current generation, energy consumption, and more
importantly safety issues, deviate from this step.’” Furthermore,
it has been found that up to 3 V is reached by capacitor
charging through the PZP-FPNG that can power up several
portable electronics, such as wrist watches, calculators and LCD
screens. It indicates that PZP-FPNG might be alternative
solution to use as a piezoelectric energy scavenger for next
generation wearable and integrable electronics. The 55 blue
LEDs are instantly lit up, where no external storage devices are
used, so an effective means of light illumination is also being
demonstrated from PZP-FPNG. Furthermore, via IR-LED
trigger up from PZP-FPNG, followed by its wireless detection
emphasized that the potential feasibility to as a self-powered
wireless sensors.

B EXPERIMENTAL SECTION

Materials. Zinc acetate (Zn(CH;CO0O),), thiourea
(NH,CSNH,), ethylenediamine (C,H,(NH,)) (Merck Chem-

icals, India), deionized water (DI) (Millipore), MWCNTs
(Nanocyl S.A., Belgium), PANI (Laboratory synthesized, detail
synthesis procedure and associated characterizations are
provided in experimental section of Supporting Information
and Figure S1), and polydimethylsiloxane (PDMS) (Sylgard
184, Dow Corning Corp., USA).

ZnS-NRs Synthesis. Wurtzite ZnS-NRs were synthesized
via hydrothermal method at low temperature (viz., 170 °C).
Initially, zinc acetate and thiourea (1:3 molar ratio) were mixed
with 80 mL aqueous solution of ethylenediamine (1:1) under
magnetic stirring for 20 m. Afterward, the resulting solution was
poured into a Teflon lined autoclave and placed in an oven at
170 °C for 12 h. After cooling down to room temperature, the
white precipitation was collected by filtration and washed
several times with DI water to ensure the removal of
contaminated residues. This white precipitation was then kept
in oven at 80 °C for 6 h.

FPNG Fabrication. A detail flow diagram of FPNGs
fabrication is presented in Figure la—d. At first, ZnS-NRs
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Figure 1. Schematic illustration of FPNG fabrication. (a) ZnS-NRs
and PANI are added in PDMS solution with a mass ratio of 2:1:100.
(b) The mixture containing ZnS-NRs, PANI, and PDMS are poured
into a Petri dish and cured at 70 °C for 1 h to acquired the composite
film. (c) The cost-effective aluminum (Al) foils are employed to served
as top and bottom electrodes. (d) Finally, entire “electrode—
composite—electrode” structure is encapsulated with PDMS.

with conducting filler (PANI) in the PDMS solution were
mixed by mechanical agitation in the mass ratio 2:1:100 (where
PDMS and curing agent ratio = 10:1) and the mixture was
poured into a Petri dish followed by placing it in vacuum
condition. After the removal of air bubbles those were formed
during mechanical agitation, the mixture was cured at 70 °C for
1 h to acquired the composite film (Figure la and b). After
preparation of composite film, ~0.01 mm thick Al foils
(dimension = 28 mm X 20 mm) were staked on both sides for
serving as top and bottom electrodes of FPNGs (Figure 1c).
Finally, the entire structure (34 mm in length, 24 mm in
breadth and 2 mm in thickness) including two copper wire
connection was encapsulated with thin PDMS layer (thickness
~0.2 mm) to protect from any external mechanical damage
(Figure 1d) and named as PZP-FPNG.

In the similar way, we used MWCNTs as conducting filler
instead of PANI and named as PZM-FPNG. Another reference
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sample was also prepared where conducting filler was not
utilized (PZ-FPNG). It is worth mentioning that selection of
amount (wt %) of ZnS-NRs and PANI or MWCNTs in PDMS
was preferred as per the optimize output from FPNG
(optimization of output voltage is provided in Figure S2—
S4). A digital photographic image of PZP-FPNG is shown in
Figure 2a, where one side Al-electrode is visible because of the

 PDMS
| (a) encapsulation

Figure 2. (a) A digital photographic image of PDMS encapsulated
PZP-FPNG with Al electrodes. (b) The flexibility of the PZP-FPNG is
demonstrated by rolling, twisting, folding and bending states.

thin and transparent PDMS coating. To demonstrate the
flexibility of FPNG, rolling, twisting, folding and bending
images of the composite film are provided, illustrated in Figure
2b, indicating its suitability in flexible and embedded
electronics.

Characterization. To investigate the crystallographic
structure, shape and size of the ZnS powder, X-ray diffraction
(XRD, Bruker, D8 Advance), and field emission scanning
electron microscope (FE-SEM) (FEIL INSPECT F S0) images
were recorded. Optical properties were conducted by UV—
visible (UV—vis) absorption (Shimadzu, 3110PC) and photo-
luminescence (PL) (Horiba, iHR320) spectra. The open circuit
voltage and short circuit current from the FPNGs under
repeating finger impact were recorded by a digital oscilloscope
(DSO3102A, Agilent) and Nanoammeter (DNM-121, SES
instruments) respectively. To demonstrate the wireless signal
detection an IR-LED (TSHG8400, Vishay) and a photodiode
(BPW34, Vishay) are utilized.

B RESULTS AND DISCUSSION

The XRD patterns of the as-synthesized ZnS-NRs are
illustrated in Figure 3a. All diffraction peaks correspond to
the planes of hexagonal wurtzite structure (JCPDS card no.
75—1534). The absence of any additional peaks indicating that
contaminated crystalline specimens or additional impurities are
absent in final synthesized ZnS powder.

Inset of Figure 3a presents the UV—vis absorption and PL
spectra of as synthesized ZnS powder (2 mg) in ethyl alchohol
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Figure 3. (a) XRD spectra of the as prepared ZnS-NRs and inset show
the concerning UV—vis absorption and PL spectra. (b) FE-SEM image
(scale bar: S00 nm) of the as synthesized ZnS-NRs and the diameter
distribution is placed in the inset.

(5 mL) solution. A sharp absorption peak at 254 nm is
observed that correspond to a band gap of 4.88 eV, which is
greater than the bulk wurtzite ZnS (~3.88 eV) that ascribed to
the quantum confinement effect.”> In PL spectra, a strong
emission at 363 nm upon excitation at 250 nm, can probably
relate to the exciton emission.”* > The typical FE-SEM image
of the as prepared ZnS powder (Figure 3b) shows a well-
defined rod like structure. Inset of Figure 3b depicts the size
distribution curve, the diameters are predominantly within the
range of 18—42 nm where the most probable diameter of the
nanorods is 28 nm.

From crystallographic wurtzite structure of ZnS (Figure 4a)
it is clear that Zn**cations and S*” anions are tetrahedrally
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Figure 4. (a) Crystallographic structure of wurtzite ZnS, consists of
tetrahedrally coordinated 6 Zn** anions and 6 S*~ cations per unit cell.
(b) Schematics showing the piezoelectric effect in a tetrahedrally
coordinated cation—anion unit. Application of stress creates displace-
ment between positive and negative ions those possess a dipole
moment (p) within a tetrahedron.

coordinated along the c-axis and the whole structure is
composed by the alternative planes of these tetrahedrons. In
normal state, the positive and negative charge centers of each
tetrahedron coincide and hence the resultant polarization is
zero. In contrast, when a stress is applied at an apex of a
tetrahedron (demonstrated in Figure 4b), a relative displace-
ment in the positive and negative charge centers possess a
dipole moment. The total dipole moment (p) causes by all the
individual unit cells in the crystal thus results in a macroscopic
piezoelectric potential along c-axis. Thus, it is expected to
fabricate a flexible piezoelectric nanogenerator (FPNG) based
on the as synthesized ZnS-NRs and a polymer host, viz,
polydimethylsiloxane (PDMS), as described in Figure la—d.
A schematic of the finger tapping process (i.e, press and
release state) upon the FPNGs is demonstrated in Figure Sa.
The open circuit output voltage from the PZ-, PZM- and PZP-
FPNGs under repeating finger imparting (applied pressure
amplitude ~13.6 kPa, estimation procedure is described in
Pressure Calculation) is presented in Figure Sb. The output
voltage is generated from the piezoelectric ZnS-NRs present in
the FPNGs. The presence of ZnS-NRs in concerning
nanocomposite specimens utilized for FPNGs fabrication are
verified from XRD pattern (shown in Figure SS), where the
main diffraction peak from (002) plane of wurtzite ZnS is
present prominently. An enlarge view of a voltage pulse
(marked with the dashed box in Figure Sb) from the PZP-
FPNG is pointed in Figure Sc, the insets indicate the
corresponding peak short circuit current amplitudes under
the pressing (~77.7 nA) and releasing (~39.2 nA) conditions.
The large positive peak is generated when the nanogenerator is
subjected to compressive pressure and the negative peak occurs
while returning from compressed to relaxed state. The
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Figure S. (a) Schematic of a human finger tapping process upon the
FPNG. (b) Merged output voltage signals obtained by finger
imparting process on PZ-, PZM-, and PZP-FPNGs. (c) An enlarge
view of a voltage pulse (marked with dashed line) of PZP-FPNG. The
inset shows the short circuit current values during pressure imparting
and releasing process.

accumulated positive and negative charges on the top and
bottom electrodes during pressed condition move in opposite
direction when the pressure is released. As the FPNGs are
polarized in one direction and acts as a capacitor, the stored
charges on the electrodes will be dropped, resulting a negative
peak. Hence the negative voltage peak is smaller than the
positive peak.”” The mechanism of the generation of piezo-
electric potential within the randomly aligned ZnS-NRs can be
described as follows. When a stress is applied the ZnS-NRs are
subjected to compressive strain within the PDMS matrix, that
creates a dipole moment within each NRs due to the
noncentrocymmetric tetrahedron structures. Since the ZnS-
NRs are randomly aligned, the direction of all the individual
dipoles is not exactly in same as that of the stress. Rather within
the nanorods, each dipole has a component in the direction of
the stress. A constructive adds up of all these components
results in a macroscopic potential drop along the straining
direction. The open circuit voltage and short circuit current
obtained from both PZP- (~35 V, ~77.7 nA) and PZM- (~35
V, ~75.4 nA) FPNGs are markedly higher than the values from
PZ-FPNG (~12V, ~4.7 nA), where conducting filler is absent.
The recorded peak short circuit current values (Figure S6)
under press and release condition are presented for
comparison. The better output performance of PZP- and
PZM, in comparison to the PZ-FPNG is mainly attributed to
two facts. First, MWCNTSs or PANI acting as conducting filler
that results a better dispersion of ZnS-NRs’**” by forming a
compound mixture in PDMS matrix and second it reduces the
total internal resistance of the device.*™**

The agglomerated ZnS-NRs are formed consequently the
cluster like structure as evident from the PZ composite (shown
in Figure S7a). In contrast, the presence of MWCNT and
PANI inhibits the agglomeration by supporting and coating the

ZnS-NRs respectively, which is apparent from the better
dispersion morphology in PZM and PZP composite (Figure
S7b and S7c). The enhanced performance of PZP-FPNG might
be the result of the rough morphology of PANI (Figure Slc)
has a large specific surface area which enhances the interfacial
contact area with ZnS-NRs. As the conducting emeraldine
PANI exhibits a good level of conductivity (verified from the I—
V characteristics, Figure S1f and associated content), thus it
reduces the internal resistance of the composite by forming
interconnected conduction pathway within the matrix (Figure
S8), yielding a high output performance. In contrast, the
MWCNTs are formed themselves an electrical conducting
network within the whole matrix. The comparable enhanced
output from PZP- and PZM-FPNGs (hereafter, for demon-
stration of powering up portable electronic gadgets, PZP-FPNG
is utilized) signifying that low cost and easy laboratory
synthesized PANI can be alternative as conducting supplement
filler instead of commercially available MWCNTs. Beside these,
voltage generation from FPNGs is due to the piezoelectric
potential generation from ZnS-NRs, also affirmed from the
reversibility test as shown in Figure S9. Commonly, the
adequate level of power generation is only feasible from
piezoelectric nanogenerator reported so far after an effective
electrical poling treatment as indicated in Table S1. In contrast,
our device exhibits good output performance where electrical
poling treatment is avoided.

The variation of output voltage and current signal from PZP-
FPNG with different load resistance (Ry) is illustrated in Figure
6a. The output voltage amplitude increases with increasing load
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Figure 6. Dependence of (a) output voltage/current amplitude and
(b) power output from PZP-FPNG as a function of load resistance.
The inset shows an associated circuit diagram.

resistance and reached a peak value at theoretically infinite high
resistance (for example, 40 M, in practice) similar to open
circuit voltage. Whereas, the current signal gradually decreases
with increasing load resistance. The instantaneous generated
power raised to a maximum value of 32 #W at load resistance of
about 30 MQ (Figure 6b). The inset of Figure 6b shows the
associated circuit diagram for the measurement. The resistance
dependence of voltage and current shows similar nature as
previously published articles.*"*>**

To test the feasibility of practical implementation of the PZP-
FPNG, the output piezoelectric energy created by finger impact
is directly utilized to successfully operate several commercial
LEDs with different color (blue, green, and red) emissions and
to charge up a 1.0 uF of capacitor (a schematic circuit diagram
is demonstrated in Figure 7a). To convert the ac output
generated from the FPNG to a dc form, a typical bridge rectifier
circuit is employed. A 1.0 yF capacitor is charged up by the
three individual FPNGs, the concerning transient response is
presented in Figure 7b. It implies that both charging rate and
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Figure 7. (a) A schematic circuit diagram of LED driving (when
switch K; is connected to point A) and capacitor charging (switch K,
connected to point B and K, connected to point D) followed by power
up portable electronic devices (when switch K, is connected to point
E). (b) The transient response of capacitor (C ~ 1.0 uF) charging
from the three (PZ-, PZM-, PZP-FPNGs) by repeating human finger
imparting with applied stress of ~13.6 kPa. (c—e) The photograph of
portable electronic devices (c, wrist watch; d, calculator; e, LCD
screen) driven by a charged 1.0 uF capacitor with PZP-FPNG. (f)
Instantly driving the SS blue LEDs (shown in the bread board) those
are arranged to spell the word “ONPDL” (upper side), 25 green LEDs
(left side), and 15 red LEDs (right side).

accumulation of charges are similar from PZP- and PZM-
FPNG, which is significantly greater than PZ-FPNG. The
charging voltages for PZ-, PZM-, and PZP-FPNGs reaches the
maximum value of 2.10, 3.15, and 3.22 V within 78, 52, and 48
s, respectively. Thus, the capacitor charging result shows that
the performance of both PZP- and PZM-FPNG is quite similar
and much superior than the PZ-FPNG. The stored energy in
the capacitor by PZP-FPNG can be used further to drive low
power portable electronic devices such as wrist watch,
calculator and LCD screen (Figure 7c—e, and associated
Video File 1). The output power obtained from the PZM-
(result not shown here) and PZP-FPNG is sufficient enough to
turn on several commercial LEDs instantly, where any external
power source and storage devices are not necessary. The 55
blue LEDs are arranged to spell the letters “ONPDL” those are
successfully glowing (Figure 7f Video File 2) instantly.
Furthermore, PZP-FPNG can also able to lit up 15 red (Figure
71, right side) and 25 green LEDs (Figure 71, left side) instantly
upon a simple repeating finger imparting process.
Furthermore, PZP-FPNG is tested for wireless detection of
pressure impact (~13.6 kPa) in terms of output voltage/
response. This application can be demonstrated by integrating a
PZP-FPNG, infrared (IR) LED, photodiode and a digital
oscilloscope (circuit diagram is shown in Figure 8a). The IR-
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Figure 8. Schematic circuit diagram (a) with wireless detection of
pressure impact signal (shown in panel b) via IR-LEDs and a
photodiode. (c) Sensed signal of photodiode with different normal
distance (dy) from IR-LED.

LED was directly triggered with the power generated from
PZP-FPNG to shine IR emission onto the photodiode,
performed in the dark room. This IR signal acted as an
external source that to be detected wirelessly via photodetector.
The photodiode then responded by the IR radiation and give
rise a synchronize ac signal which is recorded in oscilloscope
(Figure 8b). Beside this, another measurement is carried out by
changing the normal distance (dy) of the IR-LED from the
sensor and the IR-radiation from LED can be detected up to 60
mm of normal distance (Figure 8c).

It shows that with increasing dy from LED, the amplitude of
sensed output voltage signal is gradually decreases (the original
data are provided in Figure S10).This distances limitation (ie.,
60 mm) is quite sufficient enough to make an effective wireless
sensor networks where PZP-FPNG might be useful to provide
the associated electrical power requirement and thus energy
harvesting wireless sensors network can be formed.

The performance of FPNGs are computed from the energy
harvesting efficiency, # = (output energy)/ (input energy) X
100%. The overall efficiency of the PZ-, PZM-, and PZP-
FPNG reached up to 0.03%, 0.096% and 0.11%, respectively
(detail calculation is provide in Efficiency Calculation)

B CONCLUSION

In summary, ZnS-NRs with pure wurtzite structure are
synthesized via a low temperature hydrothermal method. We
fabricate piezoelectric nanogenerator with ZnS-NRs and
conducting supplement fillers (laboratory synthesized PANI
or commercial MWCNTs) dispersed in PDMS matrix. These
fillers support for a relatively better dispersion of ZnS-NRs in
PDMS matrix and leads to a heightened output response, the
open-circuit voltage and short-circuit current of the PZP-FPNG
reached up to ~35 V and ~77.7 nA which corresponds to a
power density of ~2.43 xW/cm® under repeating finger
imparting with applied stress amplitude of ~13.6 kPa. These
results are also comparable to the PZM-FPNG. Beside this,
both FPNGs can individually charge up a 1.0 4F capacitor up to
~3 V that enable to drive several low powered portable devices.
Thus, we can conclude that PANI can be the alternative of
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MWCNTs as conducting supplement filler. More interestingly,
several commercial multicolor (blue, green and red) visible and
IR-LEDs are lit up instantly from PZP-FPNG, where no storage
device is used. Furthermore, IR radiation emitted from LED,
driven by external pressure via PZP-FPNG, is wirelessly
detected at distance up to 60 mm which indicates an ability
of effective transmission via fiber optics communication system.
Thus, a self-powered, low cost, high-performance, flexible,
piezoelectric power conversion device is fabricated in demand
of growing interest in nanostructure based energy harvester.
Because of excellent flexibility, robustness, and durability of
FPNG, these are expected to be a potential tool for
systematically harvest mechanical energy from environmental
sources.
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