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energy, [ 1–18 ]  as well as to other technical 
applications, such as batteries, sensors, 
magnetoelectric devices. [ 19–21 ]  Recently, 
the successful preparation of piezoelectric 
nanogenerators (NGs), which can harvest 
mechanical energy from our surrounding 
living environments, was demonstrated 
using piezoelectric PFO materials such 
as BaTiO 3  (BTO), [ 2–5 ]  ZnSnO 3 , [ 6–8 ]  (K, Na)
NbO 3 , [ 9,10 ]  PMN-PT, [ 11,12 ]  and Pb(Zr,Ti)
O 3  (PZT). [ 13–17 ]  The results offer signifi -
cant potential for various technological 
applications, such as remote/wireless data 
transmission, battery charging, and the 
powering of electronic devices. 

 BTO has been regarded as one of the 
most technologically promising PFO 
materials for use in piezoelectric NGs 
because of its strong piezoelectric prop-
erties and the environmental advantages 
that it offers over lead-based PFO ceramics 

such as PZT. However, little experimental consensus exists on 
the critical size at which the size-dependent ferroelectricity of 
the BTO nanoparticles (BTO NPs ) is suppressed, whereby the 
critical size of the BTO NPs  is generally recognized to be approxi-
mately 10–20 nm. [ 22 ]  Most studies of BTO-based devices have 
focused on the use of large BTO NPs  (>100 nm), [ 4 ]  BTO nano-
tubes (approximately 5 µm in length or longer) [ 23 ]  or vacuum-
deposited BTO layers with high-temperature annealing. [ 3 ]  Fur-
ther, although a nanocomposite thin fi lm has been regarded 
as a very attractive structure for large-scale fl exible piezoelec-
tric NGs due to its facile size scalability, cost-effectiveness, and 
mechanical robustness, [ 8 ]  a high degree of control over the fi lm/
layer dimensions and a uniform internal structure without the 
requirement of binders or additives to prevent NP segregation 
or agglomeration are still very challenging for the realization of 
high-performance nanocomposite thin fi lm-based piezoelectric 
NGs. 

 With respect to the fabrication of nanocomposite fi lms, the 
layer-by-layer (LbL) assembly method has demonstrated the 
highest potential and versatility for the preparation of nano-
composite fi lms with tailored thicknesses, compositions, and 
functionalities achieved through complementary interac-
tions. [ 24–34 ]  LbL assemblies can also be effectively applied to 
various substrates, irrespective of their size or shape. However, 
the traditional LbL assembly of electrostatically charged inor-
ganic NPs in aqueous solvents relies on electrostatic properties 
of NP surface, hence the direct application of this approach for 
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  1.     Introduction 

 Perovskite-type ferroelectric oxide (PFO) materials possess the 
properties of spontaneous polarization and high dielectric con-
stants, in addition to exhibiting piezoelectric and pyroelectric 
behaviors. As a result, PFO materials have attracted consider-
able attention because they can be directly applied to energy-
harvesting devices to scavenge and convert various types of 
energy (i.e., mechanical and thermal energy, etc.) into electrical 
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nanocomposite thin fi lm-based high-performance piezoelectric 
NGs is undesirable because of low quantities of charged NPs 
and large leakage currents. 

 Here, we give the fi rst report of perovskite BTO NPs -based 
nanocomposite thin fi lms strictly tailored using unconventional 
LbL assembly in organic media for high-performance piezo-
electric NGs. The nanocomposite multilayers are composed 
of monodisperse oleic acid (OA)-stabilized PFO-type NPs (i.e., 
OA-BTO NPs ) with sub-20-nm sizes and poly(acrylic acid) (PAA) 
with carboxylic acid (COOH) moieties and can be prepared 
using LbL assembly in organic media. It should also be noted 
that carrying out the LbL assembly in nonpolar solvent media 
can increase the quantity of adsorbed OA-BTO NPs  because no 
electrostatic repulsion occurs among the OA-BTO NPs . The 
adsorbed quantity of BTO NPs  within the nanocomposites signif-
icantly affects the piezoelectric power generating performance 
of the resulting NGs. The formation of the (PAA/OA-BTO NP ) n  
multilayers is very effective to secure highly reliable operation 
of NGs with large power output and low leakage currents.  

  2.     Results and Discussion 

 OA-BTO NPs  with sizes of approximately 13 nm (13-nm OA-
BTO NPs ) were synthesized using a hydrothermal process and 
then were dispersed in a nonpolar solvent, either toluene or 
hexane (see Experimental section). High-resolution transmis-
sion electron microscopy (HR-TEM) imaging showed that the 
13-nm OA-BTO NPs  were well defi ned and highly monodisperse, 
exhibiting cube-like shapes and a narrow size distribution as 
shown in  Figure    1  a. The image inset in Figure  1 a indicates that 
the as-synthesized 13-nm OA-BTO NPs  were highly crystalline 
with a lattice distance of 2.86 Å in the <110> crystalline direc-
tion. [ 35 ]  To investigate more precisely the crystalline structure of 
the 13-nm OA-BTO NPs , we performed X-ray diffraction (XRD) 
analysis. The XRD peaks of the 13-nm OA-BTO NPs  coincided 
with those of the previously reported pseudocubic BTO struc-
ture (Figure  1 b). [ 35,36 ]  Specifi cally, it should be noted that no 
BaCO 3  peaks, which indicate the presence of a secondary phase, 
were present in our XRD patterns. These results indicate that 
highly monodisperse 13-nm OA-BTO NPs  with cube-like shapes 
and highly crystalline structures can be easily prepared under 
atmospheric conditions without the formation of a byproduct 
(i.e., BaCO 3 ). [ 37 ]   

 Raman spectroscopy was used to investigate the tetragonality 
of 13-nm OA-BTO NPs , where this structure is directly related to 
the ferroelectric properties of this material. Generally, at tem-
peratures higher than the Curie temperature ( T  c  ≈ 130 °C), 
BTO exhibits paraelectric properties characteristic of a cubic 
structure (space group  Pm3m ) with 12 Raman-inactive optical 
modes (3F 1u +1F 2u ). [ 38 ]  However, at temperatures below  T  c , BTO 
transforms from a Raman-inactive cubic structure to a Raman-
active tetragonal structure (space group  P4mm ) as a result of 
a reduction in crystal symmetry. Tetragonal BTO exhibits fer-
roelectric properties as a result of the lattice distortion of the 
Ti 4+  ion coordinated with the octahedral oxygen groups. [ 38,39 ]  
We observed Raman peaks from the 13-nm OA-BTO NPs  at 184, 
261, 304, 520, and 716 cm −1 , which correspond to the Raman-
active transverse (TO) and longitudinal (LO) modes of A 1 (LO), 

A 1 (TO), B 1 +E(TO+LO), E(TO)+A 1 (TO), and A 1 (LO)+E(LO), 
respectively (Figure  1 c). The two strong Raman peaks at 304 
and 520 cm −1  imply the presence of an asymmetric Ti 4+  ion 
in the BTO unit cell. It was reported that these two peaks are 
gradually disappeared with decreasing BTO NP  size and with 
increasing temperature. [ 38 ]  

 Based on these results, multilayers composed of OA-BTO NPs  
dispersed in a nonpolar solvent and PAA in ethanol were 
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 Figure 1.    a) HR-TEM image, b) XRD pattern, and c) Raman spectrum of 
13-nm OA-BTO NPs .
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prepared via LbL assembly ( Figure    2  a). The adsorption mecha-
nism for the LbL multilayer was characterized using Fourier-
transform infrared spectroscopy (FT-IR). Although the pristine 
OA ligands have the carboxylic acid (−COOH) moieties, these 
groups are bound to the surface of metal oxide such as BTO NPs  
as a form of carboxylate ion (−COO − ) groups. [ 40 ]  Therefore, the 
observed C–H stretching (2860, 2925, and 2960 cm −1 ) and COO −  
stretching (1580 and 1410 cm −1 ) peaks originate from the long 
aliphatic chains and the COO −  groups of the OA ligands bound 
to the BTO NPs , respectively. The OA ligands were primarily 
adsorbed onto the crystal faces with high Ba ion densities because 
all six coordinate positions of the Ti ion are occupied by hydroxyl 
groups in the OA-BTO NPs  system (see Experimental section). [ 35 ]  
The FT-IR spectrum of the PAA exhibited both strong absorption 
peaks for the COOH stretching vibration mode (1720 cm −1 ) and 
a relatively weak absorption peak for the COO −  stretching mode 
(1580 cm −1  and 1410 cm −1 ) (Figure  2 b). Therefore, the −COO −  
stretching modes at 1580 and 1410 cm −1 , which arise from the 
OA ligands, nearly overlap with the peaks from the PAA.  

 We investigated the absorption peak traces from the OA 
ligands at 2860, 2925, and 2960 cm −1  (i.e., the C–H stretching 

of the long aliphatic chains) and from the 
PAA at 1720 (i.e., the COOH stretching 
vibration mode), 1580 and 1410 cm −1  (i.e., 
the COO −  stretching mode) by alternately the 
deposition of PAA and OA-BTO NPs  onto the 
substrates (Figure  2 c). The absorption peaks 
originating from the PAA and OA ligands 
gradually intensifi ed as the bilayer number 
(n) increased from 0.5 to 3. Such phenomena 
imply that the PAA layer is deposited onto 
the OA-BTO NPs  using additional covalent 
bonds between the COO −  group of the PAA 
and the Ti 4+  ions within the TiO 6  octahedra of 
the OA-BTO NPs  without OA ligand exchange. 
In this case, the COO −  group of PAA bound 
to the surface of BTO NPs  originated from the 
COOH as well as the COO −  group of pristine 
PAA chains. 

 The LbL growth of the PAA/13-nm OA-
BTO NP  multilayers was quantitatively moni-
tored using quartz crystal microgravimetry 
(QCM) measurements ( Figure    3  a). The mass 
changes (Δ m ) were calculated from the fre-
quency changes (Δ F ) of the PAA and 13-nm 
OA-BTO NP  layers adsorbed onto the crystal 
surfaces. Alternating the deposition of the 
PAA (2 mg mL −1 ) and 13-nm OA-BTO NPs  
(10 mg mL −1 ) resulted in −Δ F  values of 65 ± 
4 (Δ m  approximately equal to 1205 ng cm −2 ) 
and 150 ± 6 Hz (Δ m  approximately equal to 
2638 ng cm −2 ) per layer, respectively. Based 
on these results, the calculated number den-
sity of the 13-nm OA-BTO NPs  in each layer 
was approximately 1.99 × 10 11  cm −2  using 
a BTO density of 6.02 g cm −3  and the cubic 
volume of the 13-nm OA-BTO NP . In addi-
tion, we confi rmed that the adsorbed amount 
of 13-nm OA-BTO NPs  onto the PAA-coated 

QCM electrode could also be controlled as a function of the con-
centration of BTO NP  solution (see Figure S1 in the Supporting 
Information). Therefore, the adsorbed amount of 13-nm OA-
BTO NPs  onto PAA layer was further increased up to approxi-
mately 4275 ng cm −2  (−Δ F  ≈ 242 Hz) when the concentration 
of OA-BTO NP  solution was increased up to 30 mg mL −1 . Addi-
tionally, we investigated the fi lm thickness of the multilayers 
as a function of the bilayer number using cross-sectional fi eld-
emission scanning electron microscopy (FE-SEM). The cross-
sectional FE-SEM images indicate that the total fi lm thickness 
of the (PAA/13-nm OA-BTO NP ) n  multilayers increased linearly 
from 74 to 223 nm as the number of bilayers was increased 
from 5 to 20 (Figure  3 b). Through qualitative investigation 
using UV–Vis spectroscopy, we also confi rmed that in addition 
to OA-BTO NPs , a variety of hydrophobic transition metal oxide 
NPs (i.e., OA-TiO 2 , OA-Fe 3 O 4 , and OA-MnO x ) could be LbL-
assembled with COOH-polymers (i.e., PAA) (see Figure S2 in 
the Supporting Information).  

 Based on these results, the polarization-electric fi eld ( P–E ) 
curves of the (PAA/13-nm OA-BTO NP ) n = 20, 40, and 60  multi-
layers under an electric fi eld of ±500 kV cm −1  and a frequency 
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 Figure 2.    a) A schematic illustration of the LbL growth of a PAA/13- or 8-nm OA-BTO NP  multi-
layer. b) FT-IR spectra of 13-nm OA-BTO NP , PAA, and PEI, respectively. c) FT-IR spectra of the 
(PAA/13-nm OA-BTO NP ) n  multilayers as a function of the number of bilayers.
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of 1 kHz were used to investigate the ferroelectric properties 
of the material ( Figure    4  a). The multilayers were sandwiched 
between platinum (Pt) bottom and gold (Au) top electrodes, 
measuring approximately 400 µm × 400 µm in size. The meas-
ured remnant polarization ( P  r ) and coercive electric fi eld ( E  c ) 
values for the multilayers were approximately 4.43 µC cm −2  
and 168.9 kV cm −1 , respectively, for n = 20, 6.05 µC cm −2  and 
146.7 kV cm −1  for n = 40, and 8.06 µC cm −2  and 141.9 kV cm −1  
for n = 60. As the bilayer number increased, the ferroelectric 
performance of the multilayers improved,  P  r  increased, and 
 E  c  decreased. Although numerous research groups have pro-
posed various mechanisms regarding the effect of ferroelectric 
fi lm thickness, [ 41–44 ]  a possible mechanism for our system can 
be explained using the fi lm/electrode interfacial blocking layer 
model.  

 The proposed model suggests that when ferroelectric mate-
rials are sandwiched between the bottom and top electrodes, an 
intermediate (or dead) layer forms at the fi lm/electrode inter-
face, which results in poor or non-ferroelectric properties due 

to the interface stress and/or the chemical damage caused by 
the thermal evaporation of the top electrode. [ 43 ]  These ferroe-
lectric phenomena were also observed in the multilayers based 
on 8-nm OA-BTO NPs , which are closer to the critical size for 
ferroelectricity (see Figure S3 in the Supporting Information). 
However, the  P  r  of the 8-nm OA-BTO NP  fi lms decreased slightly 
compared to that of the 13-nm OA-BTO NP  fi lms because of the 
effect of the grain size on the ferroelectricity. 

 Figure  4 b shows the dielectric constant ( ε ) and dielectric loss 
(tan  δ ) for the (PAA/13-nm OA-BTO NP ) n = 20, 40, and 60  multilayers 
measured at frequencies ranging from 10 2  to 10 6  Hz. 
The  ε  of the multilayers increased slightly from 12.0 to 12.4 
at a frequency of 1 kHz as the bilayer number was increased 
from 20 to 60. Although the  ε  for the approximately 220-nm-
thick multilayers (i.e., 20 bilayers) was signifi cantly smaller 
than that of bulk BTO ( ε  was approximately 1500 at 1 kHz) 
due to the insertion of a non-ferroelectric polymer and the 
formation of numerous non-ferroelectric boundaries among 
the neighboring OA-BTO NPs , [ 45 ]  nanocomposite fi lms with a 
relatively high  ε  of approximately 12 were obtained primarily 
from fi lms with a thickness on the order of 20 µm fi lled with 
micrometer-sized ceramic particles. [ 46 ]  It is reasonable to con-
clude that the good ferroelectric and dielectric properties dem-
onstrated in the (PAA/13-nm OA-BTO NP ) n  multilayers are also 
related to extremely low levels of leakage current within the 
fi lms. 

 To confi rm this relationship, we measured the current-elec-
tric fi eld of the multilayers under DC voltages (Figure  4 c). The 
leakage currents for all samples were less than ∼10 −6  A over 
the electric fi eld range of ± 500 kV cm −2 . The observed phe-
nomena indicate that despite being produced at room tempera-
ture, the LbL-assembled (PAA/13-nm OA-BTO NP ) n  multilayers 
can exhibit better insulating properties than conventional poly-
crystalline BTO (>100 nm) and thermally annealed BTO thin 
fi lms. [ 44,47 ]  However, the (poly(ethylene imine) (PEI)/13-nm 
OA-BTO NP ) n  multilayers generated signifi cant leakage cur-
rents due to the hydrophilicity of PEI, despite the application 
of an identical electric fi eld (see Figure S4 in the Supporting 
Information). 

 Based on the abovementioned results, we fabricated BTO NPs -
based nanocomposite thin fi lm-based piezoelectric NGs using 
a device structure of indium tin oxide (ITO)-coated plastic sub-
strate/(PAA/OA-BTO NP ) n  multilayers with an aluminum (Al) 
top electrode as shown in  Figure    5  a. A periodic pushing force 
was applied to the top of the multilayered piezoelectric NG with 
an effective area of 1 cm 2  in the direction perpendicular to the 
top electrode. Figure  5 b shows the output voltage and current 
generated from the LbL-assembled (PAA/13-nm OA-BTO NP ) n  
multilayers. As the bilayer number (n) was increased from 20 
to 100, the output voltage and current increased to approxi-
mately 1.8 V and 700 nA, respectively, under a compressive 
force (5.2 kgf) and without an electrical poling process. Report-
edly, the unpoled dipoles within the ferroelectric fi lm can be 
aligned by the application of an external stress instead of an 
electric fi eld. Therefore, ferro- and piezoelectricity can be gen-
erated and improved due to the external force-induced poling 
effect. [ 48,49 ]  These results indicate that the piezoelectric perfor-
mance of our materials can be easily improved by increasing 
the quantity of OA-BTO NPs .  
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 Figure 3.    a) The frequency changes (� F ) and mass changes (� m ) in 
the adsorbed PAA and 13-nm OA-BTO NPs  with increasing periodic layer 
number, investigated using QCM measurement. b) The fi lm thickness 
of the (PAA/13-nm OA-BTO NP ) n  multilayers as a function of the number 
of bilayers. The inset shows cross-sectional FE-SEM images of the 
multilayers.
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 Additionally, the polarity-switching tests 
indicate that the output voltage and current 
of the piezoelectric NGs originated from 
the PAA/13-nm OA-BTO NP  multilayers and 
not the measurement system ( Figure    6  a 
and Figure S5 in the Supporting Informa-
tion). When the voltage and current meters 
were initially connected to the piezoelec-
tric NG, the positive pulses were predomi-
nantly recorded during pushing. When the 
voltage and current meters were connected 
with reverse polarity, the pulses were also 
reversed. However, the magnitudes of the 
output voltages and currents under both con-
ditions were nearly identical. To examine fur-
ther the electrical and mechanical stability of 
the multilayered piezoelectric NGs, we per-
formed cycling tests to determine the piezo-
electric stability of the associated output volt-
ages and currents. Stable voltage and current 
peaks were maintained during approximately 
4500 cycles at 1.5 Hz (3000 s) (Figure  6 b).  

 We further investigated the infl uence of 
compressive forces on the piezoelectric per-
formance by measuring the output voltage 
and current of a device containing 100 
bilayers as a function of the applied com-
pressive force ( Figure    7  a). As the compres-
sive force was increased from 0.8 to 5.2 kgf, 
the output voltage and current increased 

from approximately 0.4 V and 60 nA to 
1.8 V and 700 nA, respectively. These results 
demonstrate that a degree of external com-
pressive force can signifi cantly affect the 
aligned electric dipoles and the resultant 
piezoelectric performance of (PAA/OA-
BTO NP ) n  multilayers without an additional 
poling process. Similar piezoelectric prop-
erties were also observed in the (PAA/8-nm 
OA-BTO NP ) n  multilayers, although their 
output performance was slightly lower than 
that of the 13-nm OA-BTO NPs -based fi lms 
for the same number of bilayers and applied 
compressive force. The piezoelectric NG 
composed of (PAA/8-nm OA-BTO NP ) 100  
multilayers exhibited an output voltage and 
current of approximately 1.6 V and 650 nA, 
respectively, under a compressive force of 
5.2 kgf (see Figure S6 in the Supporting 
Information). However, the output voltage 
and current of the piezoelectric NG com-
posed of (PEI/13-nm BTO NP ) 100  multilayer 
was much smaller than that of (PAA/13-nm 
BTO NP ) 100  multilayer due to the high 
leakage current generated within PEI/13-nm 
BTO NP  multilayer (see Figure S7 in the Sup-
porting Information). These results clearly 
show that the piezoelectric performance of 
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 Figure 4.    a) A schematic illustration and polarization-electric fi eld ( P–E ) curve of (PAA/13-
nm OA-BTO NP ) n  (n = 20, 40, and 60) multilayers under an electric fi eld of ± 500 kV cm −1 . 
b) Frequency-dependent dielectric behavior and c) leakage current curves (under an electric 
fi eld of ± 500 kV cm −1 ) for (PAA/13-nm OA-BTO NP ) n  (n = 20, 40, and 60) multilayers.

 Figure 5.    a) A schematic illustration of a piezoelectric NG based on a (PAA/13- or 8-nm OA-
BTO NP ) n  multilayer. b) The output voltage and current of the multilayered piezoelectric NGs as 
a function of the number of bilayers (n).
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OA-BTO NP -based multilayers strongly depends on the type of 
the inserted polymers.   

  3.     Conclusions 

 We demonstrated that PFO NP-based nanocomposite multi-
layers can be successfully prepared using LbL assembly and 
that the ferroelectric and piezoelectric properties of these mate-
rials can be improved by altering the number of bilayers, NP 
size, and type of inserted polymer, despite the extremely small 
domain size of the BTO NPs  with respect to ferroelectric behav-
iors. The LbL assembly in nonpolar solvent media effectively 
increased the quantity of adsorbed OA-BTO NPs , resulting in 
the dramatic enhancement of electric power output from the 
piezoelectric NGs. Furthermore, very low leakage currents were 
detected from the (PAA/OA-BTO NP )  n   thin fi lms. The resulting 
LbL-assembled PAA/13-nm OA-BTO NP  nanocomposite thin 
fi lm-based NG produced the output voltage and current of 
about 1.8 V and 700 nA, respectively.  

  4.     Experimental Section 
  Synthesis of OA-BTO NPs  : The synthetic procedure of approximately 

13-nm-sized OA-BTO NPs  was modifi ed from that of 20-nm-sized BTO NPs  
proposed by Dang et al. [ 35 ]  First, titanium bis(ammonium lactate) 

dihydroxide (TALH) (1.2 mmol, 0.3534 g) was added to the aqueous 
solution (24 mL) containing barium hydroxide octahydrate (1.2 mmol, 
0.3786 g). Then, 5  M  NaOH solution (5 mL), oleic acid (OA) (8.4 mmol, 
2.3726 g), tert-butylamime (19.2 mmol, 1.4043 g) were sequentially 
added to the reaction mixture under magnetic stirring.The mixture was 
subsequently transferred to 30 mL tefl on-lined stainless steel autoclave. 
The sealed autoclave was mechanically stirred at 210 °C for 72 h. The 
resulting solution was centrifuged (8000 rpm, 10 min) three times with 
excess ethanol to remove the surfactant residuals. The precipitated 
white product was then dispersed in toluene or hexane (40 mL). After 
then, centrifugation process (1000 rpm, 2 min) was repeated three times 
to remove the precipitates. 8 nm-sized OA-BTO NPs  were synthesized 
by changing the molar ratio of tert-butylamine from 19.2 mmol to 
14.4 mmol. 

  Synthesis of OA-stabilized Hydrophobic NPs : A variety of hydrophobic 
NPs, such as TiO 2 , [ 37 ]  Fe 3 O 4 , [ 50 ]  and MnO x , [ 51 ]  were synthesized using OA 
as a stabilizer in a nonpolar solvent, following the methods previously 
reported by other research groups. 

  Build-up of LbL-assembled Multilayers : The concentrations of 
OA-BTO NPs  in toluene and PAA in ethanol were adjusted to 10 and 
2 mg mL −1 , respectively. Quartz and silicon substrates were washed 
with an RCA solution (H 2 O: NH 3 : H 2 O 2  = 5: 1: 1 v/v/v). A solution 
of PAA in ethanol was fi rst coated onto the PEI-coated substrate for 
10 min, followed by washing twice with ethanol. The OA-BTO NPs  in 
toluene were sequentially deposited onto the PAA-coated substrate 
for 20 min, followed by washing with toluene. This process was 
repeated until the desired number of layers was deposited (Note: the 
abovementioned dip LbL assembly process could be replaced by the 
spin LbL-assembly method of 15 s at 4000 rpm for the deposition and 
washing conditions of PAA and OA-BTO NP ). [ 52 ]  The LbL assembly shown 
in our study is based on the high affi nity between the surfaces of the 
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 Figure 6.    a) The polarity-switching tests of the (PAA/13-nm OA-BTO NP ) 100  multilayered piezoelectric NG. b) The electrical stability test of the 
(PAA/13-nm OA-BTO NP ) 100  multilayered piezoelectric NG using a periodic pushing machine.
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PFO-type NPs, such as BTO NP , and the carboxylic acid groups of a 
polymer, such as PAA. After LbL assembly, the OA ligands bound to the 
Ba ions are not removed because the carboxylic acid groups of the PAA 
are bonded to the Ti 4+  ions within the TiO 6  octahedra of the OA-BTO 
NPs without the ligand exchange of OA. 

  Measurements : HR-TEM (a JEOL JEM 3000F microscope) was carried 
out on as-synthesized OA-BTO NPs . The cross-sectional images of (PAA/
OA-BTO NP ) n  multilayer fi lms were characterized by FE-SEM (Hitachi 
S-4300). Crystal structures of OA-BTO NPs  were examined using X-ray 
diffraction (XRD) at room temperature. Data collection was performed 
in the 2 θ  range from 15 to 60° using Cu Kα radiation (λ = 1.54 Å, Model: 
Bruker D8 Discover, Germany). Raman spectra at room temperature 
were measured using a LabRam ARAMISS Raman Spectroscopy (Horiba 
Jobin-Yvon) using the 633 nm line of a He-Ne laser. Vibrational spectra 
were measured by FT-IR (iS10 FT-IR, Thermo Fisher) in the absorbance 
and attenuated total refl ection (ATR) modes. The sample chamber 
was purged with N 2  gas for 2 h to eliminate water and CO 2  prior to 
conducting the FT-IR measurement. A FT-IR spectrum for the (PAA/
OA-BTO NP ) n  fi lm deposited onto an Au-coated substrate was obtained 
from 200 scans with an incident angle of 80°. The acquired raw data was 
plotted after baseline correction, and the spectrum was smoothed using 
spectrum analyzing software (OMNIC, Nicolet). The UV- vis spectra were 
measured using a Perkin Elmer Lamda 35 UV–vis spectrometer. A quartz 
crystal microgravimetry (QCM) device (QCM200, SRS) was used to 
investigate the mass of material deposited after each adsorption step. The 
resonance frequency of the QCM electrodes was approximately 5 MHz. 
The adsorbed mass of OA-BTO NP  and PAA, � m , was calculated from 
the change in QCM frequency, � F , using the Sauerbrey equation: [ 53 ] 

 
(Hz)

2 0
2

q q
F

F

A
m

ρ μ
Δ = − Δ

 
 

 
 Here,  F  0  (approximately 5 MHz) is the fundamental resonance frequency 
of the crystal,  A  is the electrode area, and  ρ  q  (approximately 2.65 g cm −2 ) 

and  µ  q  (approximately 2.95 × 10 11  g cm −2  s −2 ) are the shear modulus 
and density of quartz, respectively. This equation can be simplifi ed as 
follows:

 Hz 56.6 AF m( )Δ = − × Δ    

 where � m  A  is the mass change per quartz crystal unit area in µg cm −2 . 
The PAA/OA-BTO NP  multilayers adsorbed onto the QCM electrode 
can be considered rigid, evenly distributed, and suffi ciently thin fi lms, 
thereby satisfying the Sauerbrey equation. [ 54,55 ]  The ferroelectric 
polarization–electric fi eld ( P–E ) curves for all samples were measured 
using a Precision Materials Analyzer for ferroelectric test systems 
(RADIANT TECHNOLOGIES, INC., Model: P-LC100). The dielectric 
constant and dielectric loss were measured using a 4284A Precision 
LCR Meter (Agilent). The output voltage and current measurements for 
the piezoelectric performance were performed using a digital phosphor 
oscilloscope (Tektronix, Model: DPO 3052). Periodic pushing forces for 
these measurements were applied to PAA/OA-BTO NP  multilayers using 
a vibration test system (Labworks Inc., Model: pa-151). 

  Fabrication of Nanocomposite Thin Film-based Piezoelectric NGs : 
The PAA/OA-BTO NP  multilayers for the measurement of ferroelectric 
polarization and dielectric behavior were prepared on Pt-coated 
(100 nm) silicone substrates. A 400-µm-sized Au (100 nm) fi lm was 
used as the top electrode. Piezoelectric NGs were fabricated using PAA/
OA-BTO NP  multilayers fabricated on ITO-coated plastic substrates, and 
Al was used as the top electrode for the piezoelectric NG.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

 Figure 7.    a) Output voltage and current of (PAA/13-nm OA-BTO NP ) 100  multilayer-based piezoelectric NGs with different compressive forces. 
b) A captured image showing a light-emitting diode lit up by the power output generated from the (PAA/13-nm OA-BTO NP ) 100  piezoelectric NG.
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