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A facile form of hydrothermal synthesis was utilized to obtain BaZr,Ti;_,Oz (BZT) nanoparticles (NPs) with
a wide range of Zr concentrations. The amorphous B-site precursor prepared by the hydrolysis of alkoxide
using an ammonia solution, efficiently promotes the reaction with the A-site precursor solution.

Subsequently, the BZT NPs were adopted for a flexible piezoelectric energy harvester (PEH) by
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Accepted 19th December 2016 employing a simple, low-cost, and scalable spin-casting method. The output performance achieved by
the fabricated flexible PEH depends on the Zr/Ti ratio inside a piezoelectric nanocomposite. The BZT

DOI: 10.1039/c6ra26285f NP-embedded PEH with Zr concentration of 32 mol% generated a stable output voltage of ~20 V and
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Introduction

An increasing interest in energy issues has led many researchers
to develop various devices for harvesting energy from electro-
static, thermal, and mechanical sources that dissipate (waste)
energy in real-life. Among many kinds of energy conversion
technologies, the energy harvesters based on piezoelectricity
have been considered one of the most versatile tools to glean
energy from various mechanical sources including hydrokinetic
flows, vibration, pressing, and innumerable movements of
organisms that are easily available anywhere.*”

For these reasons, many types of energy harvesting devices
have been introduced to more effectively generate electrical
output from even trivial mechanical motion. This nanocomposite
generator (NCG) technology has been considered one of the more
promising candidates owing to the simple, scalable processes
used for fabrication of such devices, at relatively low cost.'*"” The
first demonstration of a composite-based piezoelectric energy
harvester (PEH) with embedded BaTiO; nanoparticles (NPs) was
provided by Park et al. in 2012."° Since then, numerous studies
have been performed to improve the output performance of PEH
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a current signal of 400 nA without performance decay.

devices by replacing lead-based piezoelectric NPs such as PbZr,-
Ti,_,O; (PZT)® and (1 — x)Pb(Mgy/;Nb,/3)0;~xPbTiO; (PMN-
PT).’*" Recently, in response to consideration of potential
applications of energy harvesters for real-life or in vivo uses,
composite-based PEHs made of less toxic and more eco-friendly
materials were demonstrated by a number of researchers. These
materials included such as 0.942(Ky 450Nay 535)NbO3-0.058LiNbO;
(KNLN)," 0.5(Bay,Cay 3)TiO3-0.5Ba(Zr, ,Tig )05 (BCTZ),*>* and
alkaline metal-niobate (MNbO3) (M = Li, Na, K).*"*>**

As one of the lead-free materials, BaZr,Ti; ,O;3 (BZT) solid
solutions have been studied to investigate their tuneable prop-
erties, which depend on the degree of substitution at B-sites with
Zr ions.>*?® Unique variations in dielectric behaviour, including
ferroelectric (x = 0.15), diffuse phase transition (0.15 < x =
0.30), and relaxor behaviour (x = 0.30), were achieved by
adjusting the Zr-to-Ti molar ratio. This made the corresponding
compounds promising candidates for various applications such
as piezoelectric transducers, dynamic random access memory,
and tuneable capacitors owing to their low leakage current and
high breakdown field strength.>***=* For the synthesis of BZT
particles, a solid-state reaction at very high temperature (~1200
°C)is needed due to the low reactivity of Zr ions. It is still difficult
to obtain a homogeneous solid solution, especially in higher Zr
concentrations.*®* Few studies have been made to synthesize
BZT NPs via wet chemical routes.*>?® Recent studies demon-
strated an interesting approach to synthesis of BZT NPs with
a broad region of Zr concentration (0 = x = 1) under super-
critical fluid conditions (~400 °C, 23 MPa).>"?**

Herein, we report a facile hydrothermal reaction to synthe-
size BZT NPs having Zr concentration from x = 0 to 0.32. The
synthesis route is scalable and easy to control the Zr/Ti molar
ratio. The synthesized BZT NPs were carefully characterized via
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scanning electron microscopy (SEM), X-ray diffraction (XRD),
and Raman spectroscopy. The BZT particles were applied to the
piezoelectric nanocomposite, which was sandwiched between
two indium tin oxide (ITO)-coated flexible substrates to prepare
the flexible PEH. The output performance of the energy gener-
ation devices, which corresponded to the Zr concentration, was
monitored and its potential for operating small electronic
devices such as LCD and LEDs, was confirmed.

Experimental procedure
Hydrothermal synthesis and characterization of BZT NPs

Alkoxide precursors which contain B-site ions were used to
obtain the designed molar ratio of Zr,Ti; ,O, homogeneous
precipitates. The stoichiometric amount of titanium butoxide
(Ti[O(CH,)3CH3]s, reagent grade 97%, Sigma-Aldrich) and
zirconium butoxide (Zr[O(CH,);CHs]s, 80 wt% in 1-butanol,
Sigma-Aldrich) precursors were mixed in ethanol (10 mL) and
heated to 80 °C with magnetic stirring in a water bath. The
amorphous Zr,Ti; ,O, particles were precipitated by the addi-
tion of 4 mL of ammonia solution (25% NH; in H,0, Sigma-
Aldrich) to the mixture. Barium hydroxide was dissolved in 10
mL of preheated deionized water in parallel (barium and tita-
nium precursors in a 1.5 = Ba/(Zr + Ti) molar ratio). The barium
hydroxide aqueous solution was added to the Zr,Ti; ,O,
precipitates, and the resultant suspension was stirred for an
hour. The mixed solution was transferred to a 100 mL Teflon
container with a fill factor of 70%, and then the container was
sealed in a stainless-steel autoclave. A hydrothermal reaction
was conducted at 200 °C for 24 h under autogenous pressure.
After the reaction, the autoclave was cooled to room tempera-
ture. The as-synthesized BZT particle was washed repeatedly
using a mixture of high-purity ethanol and deionized water, and
subsequently dried at 80 °C for 24 h in air.

Changes in morphology of the synthesized BZT particles
occurred in accordance with the Zr molar ratio, and were
observed via field-emission scanning electron microscope. The
particle sizes were measured using the Image J program, and
the average particle sizes and size distributions were calculated
based on the measured values. The crystal structures of the
obtained BZT particles were investigated via X-ray diffraction
(XRD) (Rigaku D/Max-RB (12 KW), Tokyo, Japan) with Cu Ka
radiation (A = 1.5406 A) operating at 40 kv and 300 mA with
a step size of 0.01° at 2° min " in a 20 range from 20° to 80°. The
lattice parameter change with respect to the Zr molar ratio, was
simply calculated from the average d-spacing values for four
diffraction peaks (100, 110, 111, and 200) based on Bragg's law
(nA = 2d sin 6). The vibration modes in the synthesized BZT
particles at room temperature were confirmed from the Raman
spectra range from 100 to 1000 cm ™" using a high-resolution
dispersive Raman microscope (514.5 nm line of Ar" laser, Lab-
RAM HR UV/Vis/NIR, Horiba Jobin Yvon, Longjumeau, France).

Fabrication and evaluation of BZT NPs-based flexible PEHs

To make the BZT-CNT NPs, synthesized BZT NPs were mixed
with carbon nanotubes (average diameter of 10-15 nm and
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length of 20-30 um, CM-95, Injin Nanotech Co.) by magnetic
stirring with ethanol in the ratio of 10 wt% BZT to 1 wt% CNT.
The well mixed nanomaterials were dried sufficiently and the
mixture sieved using a testing sieve (mesh #200) to get granu-
lated fine particles. The 11 wt% of mixed BZT-CNT powder was
poured into a PDMS matrix (Sylgard 184, Dow Corning, con-
taining curing agent in ratio of 0.1) to produce the BZT-CNT
nanocomposite (BZT-CNT NC). A PDMS elastomer was spin-
coated at 1500 rpm onto an ITO-coated plastic substrate;
then, BZT-CNT NC and PDMS layers were coated sequentially.
Between each coating step, 10 min of curing at 80 °C in a dry
oven was done to prevent undesirable intermixing of layers.
Cured PDMS/BZT-CNT NC/PDMS layers were diced into pieces
3.0 x 3.0 cm”. Each diced layer was peeled and sandwiched
between two ITO-coated PET films. A device with a sandwiched
structure was fully hardened for a day and the Cu wires were
connected to the conductive ITO with conductive epoxy
(Chemtronics). Finally, the fabricated device was polarized to
improve piezoelectric performance by applying 1 kV of electric
field for 12 h at 120 °C.

Results and discussion

Simple and versatile synthesis of NPs with the designed stoi-
chiometry has always been favoured for minimizing unneces-
sary expense while getting reproducible products. A
homogenous solid solution of BZT NPs was simply achieved via
a facile hydrothermal reaction starting from a mixture of metal
alkoxide precursors without any complicated experimental set-
up. The Fig. 1 shows the SEM images of the synthesized BZT
NPs and their size and distribution changes with respect to the
zirconium (Zr) concentration.

The size of the obtained BZT NPs was varied and expected to
be reduced with the increasing Zr molar ratio because the added
amount of the organic solvents (1-butanol) contained in the
precursor solution (zirconium butoxide), was subordinately
increased with the Zr concentration. It is commonly accepted
that the presence of organic solvent in the hydrothermal
condition affects the growth rate of particles due to change in
the nucleation rate and polarity change associated with the
lower dielectric constant of the organic solvents.***' The n-
butanol solvent is not miscible with water, which is the hydro-
thermal reaction solvent. The immiscible nature of the n-
butanol solution with water may cause irregular reactions and
morphologies in the hydrothermal reaction mixture.*> The
increase in particle size above a certain Zr molar ratio was
caused by the agglomeration of particles due to the van der
Waals force originating from the large surface area forming
rather larger secondary particles. The deterioration in particle
size distribution might be attributable to the reasons above.

The crystal structures of the synthesized BZT NPs are shown
in Fig. 2a. The particles obtained were a single phase solid
solution with cubic Pm3m structure; without any distinguished
impurity peaks such as barium carbonate or other undesirable
phases (or phase segregation) originating from the imperfection
of the solid solution. As the concentration of zirconium
increased, the diffraction patterns shifted toward lower angles

This journal is © The Royal Society of Chemistry 2017
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Fig.1 SEM images of the synthesized BZT NPs with different Zr molar
concentrations (a) 0 mol%, (b) 4 mol%, (c) 8 mol%, (d) 16 mol%, and (e)
32 mol%. The graph shows the apparent size and size distribution
change measured from SEM images.

that represented the expansion of the lattice structure. This
change in lattice spacing showed reverse trends in relation to
our previous study of Ba;_,Sr,TiO; NP synthesis, and can be
attributed to the size effect that occurred due to the ionic
repulsion when the size of the particles became smaller than
a few tens of nanometers.”* However, the lattice parameter
changes that could originate from the size effect were less
distinguishable than was the interplanar spacing that would be
caused by the dopant concentration.*** Because the ionic
radius of the Zr"" ions is larger than that of the Ti** ions, it is
expected that the interplanar spacing would also be wider in the
portion of Zr** ions.?”*® Although synchrotron X-ray analysis
and the Rietveld refinement process would be needed for exact
analysis of the crystal structures of the BZT NPs; here, we simply
calculated the lattice parameters (d-spacing) from normal X-ray
diffraction patterns and the results are summarized in Table 1.
The changes in the lattice spacing, with respect to the Zr
concentration, correspond to the reference patterns. Consistent
with our previous research, the amorphous phase of hydrolysed
Zr-Ti precursor was formed by the addition of ammonia solu-
tion, as shown in Fig. S1.f The highly reactive and well
homogenized amorphous B-site precursor (Zr,Ti; ,O,)
promoted the solid solution.****** The reaction between the
amorphous B-site precursor and A-site ions occurred instanta-
neously to form the initial BZT NPs, and this rapid reaction was
confirmed via X-ray diffraction patterns (Fig. S2) of the well-
crystallized particles at the initial stage of the reaction (5
min). This implies that the composition of the NPs could easily
be tuned via this facile hydrothermal route. The Raman
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Fig. 2 (a) X-ray diffraction patterns of the synthesized BZT NPs with

enlarged diffraction angles (111 peak: 30-32.5°, 200 peak: 43-46°). (b)
Raman spectrum of the BZT NPs.

spectrum of the synthesized BZT NPs is shown in Fig. 2b and
the typical aspect of the Raman spectrum was observed for all
NPs. Among all Raman modes, the Raman band appeared at
around 307 cm ™!, which is known to be strongly related to the
presence of tetragonal distortion in the materials.>***3%%%%” This
tetragonal phase related peak got weaker and flatter as the Zr
concentration increased, and the spectra became comparable
with the typical aspects of relaxor perovskite materials.

Table 1 Calculated lattice parameters from the X-ray diffraction
patterns of the BZT NPs

Lattice parameter (A)

Average
Zr conc.  (100) (110) (111) (200) (£standard deviation)
x=0 4.0100 4.0108 4.0108 4.0039  4.0089 (0.0037)
x=4 4.0315 4.0258 4.0257 4.0215 4.0261 (0.0017)
x=38 4.0334 4.0308 4.0317 4.0309 4.0317 (0.0012)
x =16 4.0607 4.0585 4.0570 4.0600 4.0591 (0.0041)
x =32 4.0865 4.0893 4.0929 4.0949  4.0909 (0.0034)

RSC Adv., 2017, 7, 2851-2856 | 2853
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Fig. 3a delineates the schematic illustration of the lamellar
structure of the BZT NP-polymeric composite-based PEH. The p-
NC layer adhered well to any surface and was thin enough to
distinguish objects placed behind the layer. The mixture of BZT
NPs and CNTs was well distributed throughout the PDMS
matrix without any regions of segregation.

The flexibility of the p-NC is attributed to the mechanical
support of the CNT-supplemented PMDS matrix, and the
sandwiched structure enabled the device to harvest electrical
signals under various modes of mechanical deformation. The
electrons generated when the device was mechanically
deformed, flowed along the external circuit because the thin
layer of PDMS acts as a passivation barrier. This stream of
electrons towards the external circuit generates the electric
signals. The averaged short-circuit currents (I.) and the open-
circuit voltages (V,.) obtained from NCG devices fabricated
with an effective area of 3 x 3 ecm” are shown in Fig. 3b during
bending and unbending motions. The performance varied with
the different molar concentration of Zr in the embedded BZT
NPs. The enhancement of the output performance was closely
related to the piezoelectric property of the embedded BZT NPs.
In recent research, G. Philippot et al,*® reported that the
microstrain of the lattice structure of the BZT NP, varied with
the dopant (Zr ion) concentration, and was maximal at the Zr
composition of 60 mol%. The increase of the intra-structural
microstrain in the ranges we synthesized could provide a plau-
sible reason for the improvement of the device performance.
The electrical energy output from the BaZrg3,Tig 303 NPs
embedded in the NCG device under mechanical deformation,
are shown in Fig. 3c and d. The open-circuit voltage and short-
circuit current reached ~20 V and ~400 nA, respectively, when
the device was repeatedly deformed with a planar displacement
of 5 mm, at a rate of 0.2 m s~ '. The switching polarity test is
crucial to confirm whether the measured electric signals were
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Fig. 3 (a) Illustration of the fabricated BZT NPs-embedded
composite-based PEH with photographs of the p-NC layer and the
NCG device. (b) Output performance of BZT NPs-flexible PEH corre-
sponding to Zr molar concentration. The generated open-circuit
voltage (c) and short-circuit current (d) of flexible PEH when forward
and reverse connected with a measurement kit.
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generated from the piezoelectric potential built into both sides
of the p-NC active layer. From coherency in output signals
extracted from the forward and reverse connections, and the
corresponding positive-to-negative changes, we verified well the
harvested output signals from a PEH.

To evaluate the instantaneous power, the load voltage (V1)
and current (I;) signals were measured with a wide range of
external resistors from 10 kQ to 1 GQ, as shown in Fig. 4a and b.
The load voltage increased when the resistance increased, and
showed an inflection point near a few mega-ohm range and
reached the saturated load voltage. The load current followed
the inverse trends of load voltage with respect to the external
resistance. The multiple of these two output load signals is the
instantaneous power; therefore, it represented the definite
peak, yielding the maximum power of ~6 uW at a resistance of
around 100 MQ where the I;-V;, curves were crossed. Consid-
ering the device for actual applications, its durability should
also be determined for persistent use. The BZT NP-based NCG
was confirmed to maintain its output performance up to ~5000
bending cycles, while retaining the initial output voltage
without decay.

Demonstrating the correspondence of the device perfor-
mance to real-life applications is helpful for estimating its more
practical uses. As shown in Fig. 4d, commercial electronic
devices (LCD and LEDs) were properly operated by the electricity
generated from the BZT NP-based NCG. An LCD window was
activated during both the bending and the releasing motions of
the NCG device due to its nonpolar nature (it contained no
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Fig. 4 The measured load voltage and current (a) and the calculated
instantaneous power (b) with the various external resistors from 100
kQ to 1 GQ. (c) The mechanical durability test results of a fabricated
flexible PEH under periodically deformed conditions up to 5000
cycles. (d) Operation of the commercial LCD screen and LEDs using
the electrical energy generated from a BZT NP-flexible PEH.
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permanent dipoles). The bottom image of Fig. 4d shows the
prompt responses of seven blue LEDs that lit up during bending
motions with forward external connection. This corresponds to
an output voltage of ~20 V.

Conclusions

A facile hydrothermal method was utilized to synthesize BZT
NPs with highly controllable zirconium molar concentration.
The amorphous B-site precursor prepared by the hydrolysis of
alkoxide using ammonia solution, reacted efficiently with the A-
site precursor solution. The resulting initial BZT NPs were well
crystallized and homogenized without any carbonate impurities
or segregated phases. The particle size can be controlled by
varying the temperature and reaction time of the hydrothermal
conditions. The synthesized BZT NPs were applied to the
composite-based PEH. The output performance of the PEH
depended on the Zr/Ti molar ratio of the embedded BZT NPs.
The maximum output voltage and current signals reached 20 V
and 400 nA, respectively. These generated power sources from
a lead-free BZT NPS-PEH were successfully used to drive the
small commercial electronic devices.
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