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ABSTRACT: Polydimethylsiloxane (PDMS)-based composites
filled with 80, 300, and 700 nm-sized BaTiO3 (BTO) particles at
different concentrations (23, 30, and 40 vol %) were prepared, and
their temperature and frequency dielectric properties, as well as
electromechanical energy harvesting performance, were studied.
BTO/PDMS composites exhibit a low-temperature dynamic glass
transition anomaly dependent on BTO size. For 300 and 700 nm-
sized tetragonal BTO, the glass transition temperature shifts
toward higher temperatures as the filler content increases, due to
strong interaction between PDMS and BTO. For 80 nm-sized
cubic BTO, a weak interaction between fillers and matrix produces
an inverse temperature shift. The electromechanical response in
terms of energy harvesting of BTO/PDMS-based nanogenerators,
tested under a periodic vertical compression force of 20 N at frequencies of 1−15 Hz, showed an optimal BTO concentration at a
certain particle size. The best output parameters were found for 23 vol % of 300 nm-sized BTO, namely, 9.99 V and 2.17 μA for
voltage and current, respectively. Two different types of the electromechanical response were detected. Electrostriction and dielectric
elastomer capacitor phenomenon are the basic mechanisms by which energy harvesting is explained in pure PDMS and composites
with 80 nm-sized BTO. Whereas for the composites with 300 and 700 nm-sized BTO, the piezoelectric effect is responsible for the
output performance. This work not only offers a solution for energy harvesting applications but also provides data on dielectric
relaxation processes and electromechanical conversion capability as a function of filler size and content.
KEYWORDS: BTO, PDMS, PENG, electromechanical energy harvesting, piezoelectric nanogenerator, dielectric properties, glass transition,
particle size, polydimethylsiloxane, barium titanate, composite

■ INTRODUCTION
The conversion of low-frequency ambient mechanical energy
into electricity, i.e., energy harvesting, is a promising area of
research for a broad range of applications, from wearable
electronics and self-powered micro/nanosystems1,2 to bio-
implantable applications.3,4 Devices with such conversion
functionality, called electromechanical energy harvesters (or
nanogenerators), can operate according to different mecha-
nisms.5 Specifically, for well-known piezoelectric6,7 and tribo-
electric8 nanogenerators, the operating mechanisms are dipolar
induction and contact electrification, respectively. In contrast,
the lesser-known ferroelectrets9 and flexoelectrets10 operate
through pore charging/deformation and strain gradients,
respectively. Since the listed modes of operation are not
mutually exclusive, they can be combined to improve the
nanogenerator’s output parameters. For instance, hybrid
ferroelectret-piezoelectric,11 triboelectric-flexoelectric,12

etc.,13−17 nanogenerator devices have been reported.
The efficiency of the electromechanical energy harvesting is

determined by the deformability of the nanogenerator’s active

material. Elastic polymers are therefore ideally suited to active
materials. Some of them already possess the desired properties
(e.g., piezoelectric,18,19 electrostrictive polymers,20 etc.) or,
alternately, a functional filler can be introduced into the passive
polymer matrix.21,22 A representative of the second group,
polydimethylsiloxane (PDMS), as a chemically and thermally
stable polymer with remarkable wear resistance and durability, is
widely used for nanogenerator design.14,23−26 Among the many
functional fillers for electromechanical nanogenerator design,27

lead-free perovskite-type tetragonal barium titanate BaTiO3 is
especially popular due to its piezoelectric properties. However,
its prospects are not limited to piezoelectric nanogenerators:
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they are also used in harvesters operating based on other
mechanisms.14,23,28,29

The present article focuses on flexible nanogenerators based
on PDMS composites filled with BTO nanoparticles prepared
by a simple dispersion method. Regarding composites, the
effects of BTO particle size and content on dielectric properties
and electromechanical energy harvesting performance are
mainly investigated here. Regarding mechanical-to-electrical
energy harvesters, while the effects of content are well
studied,14,25,26,28,30 only a few works23,31 on the effect of particle
size can be found. Furthermore, for recording the output
parameters of the electromechanical response, a unique
experimental setup has been designed and assembled, allowing
sample sets to be tested under reproducible conditions
(compressive force of 20 N, frequency range of 1−15 Hz).
Testing under repeatable mechanical stress conditions offers a
clear advantage over finger/foot tapping24,32,33 or throwing a
basketball34 when it comes to comparing results. The aim of the
work was not only to obtain a material suitable for energy
harvesting applications but also to understand the characteristics
of dielectric relaxation processes, glass transition temperature,
and electromechanical response as a function of filler size and
content.

■ MATERIALS AND METHODS
Materials Used. For the preparation of composites, three different

commercially available barium titanate (BaTiO3, here referred to as
BTO) powders (CAS #12047-27-7) were used. Two types of powder-
bearing product numbers US3827 (hereinafter marked as BTO1) and
US3829 (BTO2) were received fromUS Research Nanomaterials, Inc.,
while the third one, 208108 (BTO3), was provided by Sigma-Aldrich.
All the BTO powders mentioned are labeled by their suppliers as
tetragonal, and they are supposed to have different particle sizes.
Polydimethylsiloxane (PDMS), Sylgard 184 silicone elastomer, was
purchased from Dow-Corning (Midland, MI, USA) as a two-part
material with a base and curing agent.

Preparation of BTO/PDMS Composites. A simple dispersion
method35 with some modifications based on pressing for the case of
high filler content was used to prepare the composites. A set of 9
samples (23, 30, and 40 vol % fractions of each BTO type) was
synthesized according to the procedure, whose step-by-step sequence is
as follows.

Prior to handling, PDMS was degassed under a vacuum (4000 Pa, 30
min) at room temperature. For each sample, the corresponding amount
of BTO particles were dispersed in isopropyl alcohol (IPA) by
sonication (ultrasonic bath, VWR USC 1200 TH, 600 W) for 1.5 h.
Next, the required amount of degassed uncured PDMSwas poured into
the BTO/IPA solution, and the resulting mixture was sonicated for 3
additional hours. To evaporate the IPA, the BTO/IPA/PDMS solution
was placed overnight in a ventilated oven at 60 °C. For the curing
process, a curing agent in a ratio of 1:10 with respect to PDMS was
added to the BTO/PDMS mixture, which was then gently stirred
manually for 10 min. The following steps are illustrated in Figure 1.
More precisely, the resulting slurry, ready to be cast and to undergo final
curing, was divided into two parts: the first was used to prepare the
composites (Figure 1 - I scheme), while the second was used to
manufacture the nanogenerators (Figure 1 - II scheme). Further casting
of the first part of the slurry depended on its final viscosity. If the
mixture was sufficiently liquid, it was poured into molds and degassed
under 4000 Pa until air bubbles were completely eliminated (about 15
min). In contrast, if a paste-like mixture was obtained, it had to be
manually pressed. It is important to note here that the viscosity of the
final slurry depended not only on the filler concentration but also on the
type of BTO powder. For instance, for BTO1 powder, all available
concentrations (starting with the lowest one of 23 vol %) had to be
pressed, while for both BTO2 and BTO3 powders, only the highest
concentration of 40 vol % failed to flow into the mold. Finally, the
composites were cured at 90 °C for 3 h. Figure 1a,b shows images of the
composites prepared by the two casting methods depending on
viscosity.
Fabrication of Nanogenerators Based on BTO/PDMS

Composites. The desired final nanogenerator device is a thin BTO/
PDMS film of a given geometry placed between two electrodes. To this
end (see Figure 1 - II scheme), the second part of the above-mentioned
slurry was placed in a 400 μm-thick PTFE-based spacer located

Figure 1. Preparation Procedure for BTO/PDMS composites and nanogenerator devices based on BTO/PDMS composites. Images of (a,b) the
prepared composites and (c) the nanogenerator device.
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between two pieces of dense aluminum (Al) foils acting as contacts.
This structure was then fixed between two glass plates for the curing
process under conditions similar to those for bulk composites (90 °C, 3
h). Once cured, the Al-BTO/PDMS-Al sandwich was carefully cut
around the perimeter of the spacer and removed from it. Figure 1c
shows a photo of the resulting nanogenerator device. Such structures

were prepared for each composition and had the same geometry,

controlled by the dimensions of the spacer (2.5 cm × 3 cm surface area,

400 μm thickness). In their present form, the devices are ready for

further harvesting measurements and subsequent comparisons of

results.

Figure 2. Experimental setup for measuring nanogenerator output characteristics, including (a) electrical diagram of electromagnet powering and (b)
photo of its practical implementation: 1 - nanogenerator device (sandwich system of a thin BTO/PDMS composite layer between Al contacts); 2 -
oscilloscope; 3 - adapter; 4 - PC; 5 - pushing electromagnet; 6 - DC power supply; 7 - relay; 8 - laboratory generator.

Figure 3. Scanning electron microscopy (SEM) images of (a) BTO1; (b) BTO2; (c) BTO3 powders. (d) Cumulative distribution functions (CDF)
for all BTO powders studied.
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CharacterizationMethods.The complex dielectric permittivity of
the samples wasmeasured in the 20Hz to 1MHz frequency range using
an HP4284A LCR meter. For measurements above room temperature,
a laboratory-made furnace was used, while for lower temperatures, a
cooling system based on liquid nitrogen was applied. For dielectric
tests, plane-parallel samples with a typical thickness of 1 mm and a
cross-sectional area of 5 mm2 with silver paste as the electrical contacts
were prepared.

The structure and morphological properties of the samples, as well as
the particle size distribution of the powders, were studied by scanning
electron microscopy (SEM) using a Helios NanoLab 650 microscope
(Thermofisher Scientific, Hillsboro, USA).

X-ray diffraction (XRD) analysis was performed on a Rigaku
MiniFlex II diffractometer using Cu Kα radiation (λ = 1.5419 Å) in a
Bragg−Brentano (θ/2θ) geometry. Data were collected over a 2θ angle
range of 10°−60° with a speed of 1°/min.

The AixaCCT TF2000 analyzer (Aachen, Germany) equipped with
a 4 kV power supply was used for electromechanical property
measurements. To apply such high voltage, samples (400 μm-thick)
with preapplied silver paste contacts were placed in a chamber filled
with mineral oil.
Method forMeasuringNanogenerator Output Performance.

The experimental setup for measuring the nanogenerator output
characteristics is illustrated schematically in Figure 2. Output
performance, including output voltage and current signals, was
investigated by applying a repeated vertical compression force (F⃗) of
around 20 N at different frequencies in the 1−15 Hz range. The source
of periodic blows was a pushing electromagnet activated when a
laboratory generator (ESCORT EGC-3236A) applied via a relay a 12 V
periodic pulse signal at the required frequency. The pushing force of the
electromagnet was 2 kgf (i.e., a pushing mass of 2 kg with a ground
acceleration of 9.8 m/s2). The electrical diagram of the electromagnet
powering is shown schematically in Figure 2a, while Figure 2b shows a
photograph of the assembled system. A rectangular tip with an area
larger than that of the sample, intended for direct contact with the
sample, was prepared using a 3D printer and attached to the moving
part of the electromagnet. The output voltage signals appearing on the
sample under its external deformation were acquired by a digital
oscilloscope (Tektronix TDS 2024B), with the possibility, thanks to a
special adapter, of monitoring the results in real-time, as well as
exporting and processing the data directly on the PC. A Keithley 6514
electrometer was used for output current measurements.

■ RESULTS AND DISCUSSION
Characterization of BTO Powders and BTO/PDMS

Composites. To estimate the particle size of the BTO powders
under study, scanning electron microscopy (SEM) was used for
visualization, ImageJ software for statistical data collection, and
the Weibull distribution for size magnitude probability
modeling.

SEM images of BTO1, BTO2, and BTO3 powders are
presented in Figure 3a−c respectively. It is qualitatively obvious
that the mean particle size increases from BTO1 to BTO3. To
quantify, the cumulative distribution functions (CDFs),
obtained from SEM image data and approximated using the
expression 1−exp (−(x/λ)m), for all BTO powders, are
presented in Figure 3d. The corresponding parameters are
listed in Table 1, where m is the shape parameter (or Weibull

modulus), and λ is the scale parameter of the distribution. The
third column corresponds to the BTO particle size estimate in
the form of a mean value calculation. The values of the mean
particle size and parameter λ are consistent. It can therefore be
concluded that BTO1, BTO2, and BTO3 powders are
characterized by particle sizes of about 80, 300, and 700 nm,
respectively. The size of BTO1 powder does not agree with the
value claimed by the supplier.

Figure 4a−c shows SEM images for 40 vol % BTO/PDMS
composites based on all BTO powder types. It is clear that
composites with the maximum available filler concentration,
regardless of the BTO particle size, are characterized by a fairly
homogeneous particle distribution in the PDMS matrix.

X-ray diffraction patterns obtained at room temperature for
the 40 vol % BTO/PDMS composites based on all BTO powder
types studied are presented in Figure 4d. For the composite with
the 80 nm particle size BTO1 powder (red curve), all peaks are
identified as the cubic BaTiO3 phase (according to PDF-2 no.
00-075-0212) with space group Pm-3m. This result contradicts
the supplier’s claim about the tetragonality of the BTO1 powder
provided. In contrast, for 300 nm BTO2 (blue curve) and 700
nm BTO3 (green curve), tetragonal BaTiO3 phases (according
to PDF-2 no. 00-081-2201) with space group P4mm were
detected. The ferroelectric state in the 40 vol % BTO2/PDMS
and 40 vol % BTO3/PDMS composites is confirmed by a
splitting of the peak near 45° into the (002) and (200) planes of
BaTiO3.

36 Whereas for the 40 vol % BTO1/PDMS composite,
the peak in question is a single, sharp peak revealing the
paraelectric order of BTO1.37 In the XRD patterns of the BTO/
PDMS composites of lower concentrations (23 and 30 vol %)
and BTO powders, no other structural features were identified
(see Supporting Information, Figure S1a,b).
Dielectric Properties. The temperature dependencies of

the real (ε′) and imaginary (ε″) parts of the complex dielectric
permittivity at a frequency of 240 kHz for all of the BTO/PDMS
composites studied are presented in Figure 5a,b. Figure 5c shows
the temperature dependencies of ε′ for the 40 vol % BTO3/
PDMS composite at different frequencies. The frequency
spectra of ε′ at room temperature for all samples and of ε″ at
different temperatures for the 40 vol %BTO3/PDMS composite
are presented in the Supporting Information (Figure S2a,b).

Over the entire temperature range, the real part of the
dielectric permittivity is characterized by an increase in the
absolute value with increasing BTO content. Furthermore, at
fixed concentrations, depending on the type of BTO powder
(particle size), the values of ε′ differ within the limits of
measurement accuracy and can be considered independent of
particle size. Above room temperature and for all composites
considered, ε′ is characterized by a monotonic decrease upon
heating and is independent of frequency (see Figures 5c and
S2a). Whereas at low temperatures close to 160 K, a dielectric
anomaly associated with relaxation in PDMS is observed
(dynamic glass transition). This anomaly consists in the
presence of a maximum in the temperature spectra of both the
real part of ε and the dielectric losses. The position of these
peaks for each particular sample is frequency-dependent and
shifts toward higher temperatures with increasing frequency (see
Figures 5c and 6a). The dielectric anomaly discussed is also
reflected in the frequency spectra, namely, that a maximum of
the imaginary part of the dielectric permittivity is observed.
Moreover, the frequency at the ε″ maximum decreases with
cooling (see Figure S2b).

Table 1. Cumulative Distribution Function (CDF) Fitting
Parameters for the BTO Powders

powder m λ, nm mean value, nm

BTO1 6.01 78.83 79.15
BTO2 4.30 315.79 316.28
BTO3 2.87 686.47 673.05
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The dielectric losses maximum and its shift relative to pure
PDMS as a function of filler concentration depend on BTO
particle size (see Figure 5b). For BTO2 (300 nm) and BTO3
(700 nm) powders, as the filler concentration increases, the ε″
peak shifts to the higher temperatures region (to the right of
pure PDMS), while for the powder with the smallest particle size

of 80 nm (BTO1), the shift occurs to the lower temperatures

region (to the left of pure PDMS).
The frequency dependence of the position of the dielectric

losses maximum (see Figure 6a) for all the composites studied

obeys the Vogel−Fulcher law (see Figure 6c):

Figure 4. Scanning electron microscopy (SEM) images of 40 vol % (a) BTO1/PDMS; (b) BTO2/PDMS; and (c) BTO3/PDMS composites. (d)
XRD patterns for 40 vol % BTO/PDMS composites based on all BTO powder types studied.

Figure 5. Temperature dependencies of (a) the real and (b) the imaginary parts of the dielectric permittivity at 240 kHz frequency for 23, 30, and 40
vol % BTO/PDMS composites and pure PDMS. (c) Temperature dependencies of the real part of the dielectric permittivity at different frequencies for
the 40 vol % BTO3/PDMS composite.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.4c01333
ACS Appl. Electron. Mater. 2024, 6, 7464−7474

7468

https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01333?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c01333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


E
k T T

exp
( )0

VF

B max ref
=

(1)

where Tref is the glass transition temperature of the polymer,
Tmax is the temperature at the dielectric loss maximum, kB is the
Boltzmann constant, ν0 is the frequency at very high Tmax, and
EVF is the Vogel−Fulcher activation energy.

The best Vogel−Fulcher fit parameters to the experimental
data for all of the BTO/PDMS composites studied and pure
PDMS are listed in Table 2. There is an obvious correlation
between the fitting parameters obtained (Table 2) and the
pattern of dielectric loss peak shift behavior (Figure 5b).
Specifically, for BTO2 and BTO3, the glass transition temper-
ature increases with filler concentration (activation energy EVF
decreases), while for BTO1, Tref decreases (EVF increases).

Two cases are possible depending on the impact of particle
addition on the mobility of polymer molecules, which directly
determines the character of the glass transition process in the
polymer. The first case of Tref increase is associated with a
reduction in the mobility of the polymer chains due to their
strong interaction with the introduced filler particles.38,39 On the
other hand, the decrease in glass transition temperature can be

explained by the decrease in polymer density due to the weak
interaction between particles and polymer chains.40,41

Returning to the composite system under consideration,
dielectric spectroscopy has shown that glass transition in BTO/
PDMS composites depends on the BTO particle size. Namely,
larger particles 300 (BTO2) and 700 (BTO3) nm in size actively
interact with PDMS polymer chains, while smaller particles of
BTO1 (80 nm) powder have a weak interaction or are even
repelled by polymer molecules. This behavior is due to an
increase in the specific surface area of the particles as their size
decreases.42 The latter observation clarifies the difficulties of
dispersing BTO1 powder in PDMS during the sample
preparation process when even the smallest present concen-
tration of 23 vol % had to be pressed due to its high viscosity.

In summary, the properties of BTO/PDMS composites can
be adjusted by selecting the BTO particle size and controlling
the BTO concentration. In particular, increasing the BTO
concentration monotonically shifts the glass transition temper-
ature of the polymer, and the BTO particle size determines the
direction of this shift relative to pure PDMS. This is an
interesting result for materials science in the field of functional
materials.

Moreover, at higher temperatures for BTO1/PDMS
composites, a second anomaly of dielectric losses is observed
(Figure 5b). The higher the BTO1 concentration, the higher the
temperature of the ε″ maximum at a fixed frequency. Since this
peak was not observed for pure PDMS, its presence is
determined by the filler and related to polarization at the
interfacial boundaries (so-called Maxwell−Wagner relaxation).
The position of the ε″ peak was also found to be frequency-
dependent (see Figure 6b), obeying Arrhenius’s law (see Figure
6b inset):

E
k T

exp00
A

B max
=

(2)

where EA is the Arrhenius activation energy.
The fitting parameters EA for the BTO1/PDMS composites

are shown in Table 2. The activation energies decrease with
increasing BTO1 concentration, indicating a significant effect of
the addition of BTO1 particles on the properties of BTO1/
PDMS composites. The Maxwell−Wagner relaxation frequency
is supposed to shift to lower frequencies as particle size increases.
Thus, for BTO2/PDMS and BTO3/PDMS composites, a high-

Figure 6. Temperature dependencies of dielectric losses at different
frequencies for 40 vol % BTO1/PDMS composite (a) below and (b)
above room temperature. Inset: Frequency versus temperature at
maximum dielectric losses for BTO1/PDMS composites (at high
temperatures). Solid lines are best fits to the Arrhenius model, eq 2. (c)
Frequency versus temperature at maximum dielectric losses for BTO/
PDMS composites at 23, 30, and 40 vol % and pure PDMS (at low
temperatures). Solid lines are best fits to Vogel−Fulcher eq 1.

Table 2. Glass Transition Temperatures and Vogel−Fulcher
and Arrhenius Activation Energies of BTO/PDMS
Composites

sample ν0, THz EVF/kB, K Tref, K ν00, THz EA/kB, K

pure PDMS 9.29 782.37 117.38
BTO1
23 vol.% 127.61 926.69 115.69 0.17 5600.20
30 vol.% 32.10 946.01 111.12 0.07 5340.85
40 vol.% 734.34 1195.56 104.40 0.05 5252.23
BTO2
23 vol.% 27.08 765.66 120.54
30 vol.% 1.28 571.52 125.96
40 vol.% 0.03 366.50 131.46
BTO3
23 vol.% 7.68 706.66 121.11
30 vol.% 5.81 657.98 124.11
40 vol.% 0.37 475.73 129.64
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temperature anomaly was not detected, as it lies outside the
range studied.
Energy Harvesting Output Performance. Energy

harvesting output characteristics were measured for all 400
μm-thick nanogenerators based on BTO/PDMS composites
studied under a periodic compressive force of 20 N at a
frequency of 5 Hz. The results of the output voltage and current
signals are presented in Figure 7a,b, respectively. Besides, the
average peak-to-peak (of total amplitude) voltage Upp and
current Ipp are plotted as a function of the BTO volume ratio in
Figure 7c.

Voltage and current signals from BTO/PDMS nanogener-
ators show the same trend. First, pure PDMS exhibits a nonzero
signal (1.23 V and 0.17 μA), which increases with the addition of
BTO, irrespective of filler content and particle size. This increase
in signal as a function of content is nonlinear and is characterized
by the presence of a maximum, i.e. an optimum concentration.
The position of the maximum (see Figure 7c) differs according
to the type of BTO powder: for BTO1 powder, the maximum is
observed at 30 vol %, while for BTO2 and BTO3, it is at 23 vol.

%. At higher concentrations (30 and 40 vol %), the signal level
becomes weakly dependent on BTO particle size, while for 23
vol % BTO/PDMS samples, the peak signals show a strong
dispersion (from 3 to 10 V for voltage and from 0.7 to 2.2 μA for
current). Moreover, at this 23 vol.% concentration, the particle
size dependencies also demonstrate a maximum at 300 nm. The
phenomenon of optimum concentration was to be expected
since it has been observed repeatedly in similar works,14,23,43

attributed to the impact of filler agglomeration at high
concentrations.

The best output signals were observed for the 23 vol % BTO2
(300 nm) nanogenerator and amounted to 9.99 V and 2.17 μA
for voltage and current, respectively. For this sample, output
characteristics were investigated as a function of frequency in the
1−15 Hz range; results for voltage are presented in Figure 7d,
while results for current can be seen in the Supporting
Information (Figure S3). According to the results, output
performance is almost independent of the frequency in the range
considered.

Figure 7.Output (a) voltage and (b) current signals generated by nanogenerator devices based on 23, 30, and 40 vol % BTO/PDMS composites and
pure PDMS under a periodic compressive force of 20 N at a frequency of 5 Hz. (c) BTO concentration dependencies of average peak-to-peak output
voltages and currents at 5Hz. (d)Output voltage signals generated by the 23 vol % BTO2/PDMS sample at different frequencies in the 1−15Hz range.
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Several physical mechanisms are responsible for converting
mechanical stress into electricity. Mainly, all materials exhibit
electrostriction. In particular, the electrostrictive coefficient of
pure PDMS is around M = −1.5 ∗ 10−18 m2/V2.44 The polymer
layer with applied electrodes formed a capacitor. Compression
of the electrodes increased the electrical capacity of the system.
At the release step, the capacitor returns to its initial form and,
according to the principle of dielectric elastomers,45 provides an
increase in voltage. The combination of these two mechanisms
describes the electromechanical response of pure PDMS.
Indeed, as shown in Figure 8a, when a force of 20 N is applied,

the voltage decreases along an exponential curve, followed by a
series of short positive and negative peaks. These peaks are
attributed to the excitation of membrane-type oscillations in the
composite.46,47 The release step causes the voltage across the
capacitor electrodes to rise, followed by a relatively slow
discharge. The profiles of the output current signals exhibit the
same trend as the voltage, and they can be seen in the Supporting
Information (Figure S4).

The addition of BTO is expected to have a number of effects.
Namely, inhomogeneity boosts electrostriction due to the
creation of new interfaces48 (see Figure 9). Besides, the presence

Figure 8. Examples of output voltage signal profiles corresponding to one 20 N-blow at 5 Hz: (a) pure PDMS, (b) 30 vol % BTO1/PDMS, and (c) 23
vol % BTO2/PDMS composites.

Figure 9.Curves of (a) deformation versus E and (b) strain versus E2, as well as (c) particle size dependence of the apparent electrostrictive coefficient
M for 23 vol.% BTO/PDMS composites at 5 Hz (**M data for pure PDMS were taken from ref 44).
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of BTO increases capacitance (Figure 5a), leading to an
amplification of the dielectric elastomer effect. Stiffening of the
system at higher concentrations is the negative effect that
suppresses mechanical deformation, resulting in the suppression
of the electromechanical response for all samples studied.

The incorporation of cubic BTO1 increases the response
compared with that of PDMS (see Figure 8b). The shape of the
signal after application and release of force is the same as that of
pure PDMS. This suggests that the underlying physics of these
systems is similar. Samples containing tetragonal BTO2 and
BTO3 show different shape responses (Figures 8c and S5 in the
Supporting Information). Short positive peaks are detected on
application and release. This is probably due to the piezoelectric
term.

Electromechanical properties (i.e., mechanical deformationD
versus electric field E) were measured for 23 vol % BTO/PDMS
composites at the frequency of 5 Hz at room temperature (see
Figure 9a). The parabolic deformation response observed as a
function of E (electrostrictive-type shape) has a negative sign
that corresponds to compression, which is generally typical for
polymers.49 The strain amplitude reaches a maximum at 300 nm
(BTO2) and then at 700 nm (BTO3) decreases but is not lower
than at 80 nm (BTO1).

Linear curves, obtained by plotting −D versus E2 (see Figure
9b), give the apparent electrostrictive coefficientM, linked to the
slope of the curves. The “apparent” coefficient includes two
components: normal electrostriction and dielectric elastomer’s
capacitor effects.48 M values are presented as a function of
particle size for 23 vol % BTO/PDMS composites at 5 Hz, as
shown in Figure 9c. First, after the addition of 23 vol.% BTO
(any size) to PDMS, the apparent value of the electrostriction
coefficient increases by 2 orders of magnitude compared with
pure PDMS.44 Second, −M exhibits the same trend (maximum
at 300 nm) as the amplitude of the deformation (Figure 9a) and
the output voltage and current signals (Figure 7a−c).

Additionally, it is important to note that the 10−16 order of
magnitude of the electrostriction coefficient is considered
high.44,50 Therefore, electrostriction can be defined as a
dominant energy harvesting mechanism, although clearly not
the only one, for all of the BTO/PDMS (and pure PDMS)
composites studied, without exception.

The piezoelectric impact of BTO2 and BTO3 was difficult to
detect in direct D−E measurements, as the strong negative
electrostriction suppresses the positive piezoelectric term.
However, upon harvesting, due to the deformations of the
nanogenerator, and consequently mechanical strength of the
BTO particle, the sharp positive peaks in Figure 8c appear for
both the application and release steps. For larger particles (700
nm in size), the piezoelectric impact should be higher, since the
piezoelectric coefficient increases with particle size51 However,
per unit volume, the number of smaller particles is greater, which
determines the maximum overall output response at 300 nm.

■ CONCLUSIONS
A simple dispersion method was successfully applied to prepare
a system of composites based on BTO nanoparticles of three
different sizes (80, 300, and 700 nm) at various concentrations
(23, 30, and 40 vol %) in a PDMS matrix. Each formulation was
cast in two forms: as bulk BTO/PDMS composites for dielectric
measurements as well as Al-BTO/PDMS-Al sandwich nano-
generator devices for measurements of energy harvesting
parameters. Regarding the dielectric properties of BTO/
PDMS composites, the absolute value of the dielectric

permittivity increases with the concentration of BTO of a
certain particle size, while it is practically independent of particle
size at a fixed concentration. Besides, at low temperatures, all
composites exhibit a dynamic glass transition anomaly in PDMS,
whose behavior depends on the BTO particle size. Specifically,
for larger tetragonal particles of 300 and 700 nm in size, the
Vogel−Fulcher glass transition temperature shifts to higher
temperatures from 120.54 to 131.46 K and from 121.11 to
129.64 K, respectively, due to the strong interaction between
PDMS chains and BTO nanoparticles. For smaller cubic
particles of 80 nm in size, the glass transition temperature shifts
to lower temperatures, from 115.69 to 104.40 K, due to the weak
interaction between nanoparticles and polymer chains. More-
over, at higher temperatures of around 400 K, the Maxwell−
Wagner relaxation process is detected for composites with 80
nm-sized particles. In addition, nanogenerator devices based on
the BTO/PDMS composite have been studied for their
response to energy harvesting under a periodic vertical
compressive force of 20 N in a frequency range of 1−15 Hz.
To this end, a unique experimental setup was designed and
assembled, allowing us to perform tests under identical
conditions from sample to sample. The concentration depend-
encies of the output voltage and current signals are characterized
by the presence of a maximum, i.e., an optimum BTO volume
fraction for which the output parameters reach their highest
value for one given size of BTO particle. The best result for
output characteristics was achieved for the sample containing 23
vol.% of 300 nm-sized BTO, i.e., 9.99 V and 2.17 μA for voltage
and current, respectively. Electrostriction and the phenomenon
of a dielectric elastomer capacitor are the dominant mechanisms
responsible for mechanical-to-electrical conversion for all BTO/
PDMS composites (including pure PDMS) studied. This is
confirmed by the estimation of the apparent electrostrictive
coefficient, which exhibits the same trend as that of the output
voltage and current signals. The presence of a piezoelectric
contribution to energy harvesting for samples with tetragonal
BTO particles (300 and 700 nm-sized) was observed for
concentrations of 23 and 30 vol %, as shown by differences in the
shape of the signal profile. The result of this work is therefore not
only a material suitable for energy harvesting applications but
also systematic data on dielectric relaxation processes and
electromechanical output performance as a function of filler size
and content.
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