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Abstract: The role of Ag addition on the structural, dielectric, and mechanical harvesting response
of 20%(xAg-(1-x)BaTiOs)-80%PVDEF (x =0, 2, 5, 7 and 27 vol.%) flexible composites is investigated.
The inorganic fillers were realized by precipitating fine (~3 nm) silver nanoparticles onto BaTiOs
nanoparticles (~60 nm average size). The hybrid admixtures with a total filling factor of 20 vol.%
were embedded into the PVDF matrix. The presence of filler enhances the amount of B-PVDF polar
phase and the BaTiOs filler induces an increase of the permittivity from 11 to 18 (1 kHz) in the
flexible composites. The addition of increasing amounts of Ag is further beneficial for permittivity
increase; with the maximum amount (x = 27 vol.%), permittivity is three times larger than in pure
PVDF (&,~33 at 1 kHz) with a similar level of tangent losses. This result is due to the local field
enhancement in the regions close to the filler-PVDF interfaces which are additionally intensified by
the presence of silver nanoparticles. The metallic addition is also beneficial for the mechanical
harvesting ability of such composites: the amplitude of the maximum piezoelectric-triboelectric
combined output collected in open circuit conditions increases from 0.2 V/cm? (PVDF) to 30 V/cm?
for x =27 vol.% Ag in a capacitive configuration. The role of ferroelectric and metallic nanoparticles
on the increasing mechanical-electric conversion response is also been explained.

Keywords: Ag nanoparticles; BaTiOs; hybrid filler; PVDF matrix; flexible composite; permittivity;
mechanical energy harvesting

1. Introduction

New dielectric and piezo-/pyro-/ferroelectric polymer-based materials are of
particularly high interest in recent years for flexible electronics applications such as
portable or wearable sensors and transducers, energy harvesting elements, implantable
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devices for real-time health parameters monitoring, flexible building blocks for specific
industrial applications, and soft robotics, etc. [1-3]. To provide such functionalities,
properties such as high permittivity, low losses, good electromechanical coupling, high
pyro- and piezoelectric coefficients, high tunability, and ferroelectric polarization
switching are required. These characteristics are typical mostly of oxide-based crystalline
materials from the families of ferroelectric perovskites, such as BaTiOs (BT), Pb(Zr, Ti)Os,
or other lead-based or lead-free relaxor ferroelectrics, having high permittivity (.~10% —
10*), but they require a high thermal budget for processability and from a mechanical
point of view they are rigid and fragile. On the other hand, ferroelectric polymers and in
particular, Polyvinylidene difluoride (PVDF) with the formula —(C2H2F2)n— (which is
mostly used because it is also ferroelectric and piezoelectric in specific molecular
arrangements), and its co-polymers are highly flexible, i.e., they present good bending
and tensile properties, they have a low mechanical impedance, low dielectric loss, and
also a lower permittivity with respect to one corresponding to oxides (. < 10) [4,5]. Their
combination in hetero-structural composites with polymer matrix and inorganic fillers as
active phase is natural, in order to combine the advantages of both types of materials and
provide solutions for flexible electrical and electromechanical devices [6]. In such
composites, multiple material combinations and micro/nanostructures and fillers with
different shapes and sizes or improvements in processing were reported to enhance the
permittivity and piezoelectric response and to improve the electrostatic energy storage
capacity and mechanical or pyroelectric harvesting character [7-11]. Since the effective
permittivity, piezoelectric, and ferroelectric properties were still low and the further
increase of inorganic filler amount would induce poor mechanical performance (reduced
flexibility and brittle character), the use of hybrid oxide-metallic nanoparticle admixtures
emerged as a possible solution for a further improvement of their functional
characteristics [12-15]. Permittivity as high as ~50-150 was reported for over-percolated
compositions [16,17], but such values are produced as a result of the slow Maxwell
Wagner uncompensated interface charges contribution and they are typical for low
frequencies only (below 100 Hz).

Nowadays, portable and wearable devices also demand efficient self-powdered
electricity sources. Energy harvesting from ever-present abundant mechanical ambient
vibrations (e.g., vehicle motion, water flow, wind, human body movements, etc.)
generated significant interest in recent years in searching for viable energy solutions for
small power applications [18-20] and offering a way to replace batteries, which have a
negative environmental impact and require replacing/recharging procedures due to their
limited lifetime. Nanoscale harvesters (nanogenerators) converting mechanical energy
into electric signals are mostly based on two effects: (i) piezoelectric conversion, i.e.,
generation of electricity in certain materials as a result of mechanical stress due to mutual
coupling between mechanical and electrical energies; such piezoelectric nanogenerators
denominated as PENG were first reported by Wang et al. [21] who reported an output
voltage of ~8 mV and a specific surface power of 10 pW/mm? and (ii) triboelectric
conversion, based on a coupling effect of contact electrification and electrostatic induction.
The first triboelectric nanogenerator (denoted as TENG) was built using a combination of
polymers with different electronic affinity which, when brought in contact, produced
positive and negative frictional charges with an output voltage of 3.3 V and a power
volume density of 10.4 mW/cm?3 [22,23]. The nanogenerators attracted widespread
attention for their ability to convert various types of low-frequency mechanical vibrations
into sustainable electricity able to power small electronic devices or other off-grid
electrical equipment. After the first reports, the output power of both types of devices
increased by orders of magnitude due to the integration of various materials (mostly
polymers but also inorganic-organic combinations of materials), device architectures, and
working modes. As a general trend, the piezoelectric voltage outputs of PENGs always
remained smaller in comparison with the ones of TENGs [20]. The output performances
of PENGs at low mechanical impact were improved by utilizing smart composite
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materials formed by the combination of inorganic ferro-/piezoelectric material in polymer
matrices, particularly in electroactive PVDF [24-26]. An enhancement of the piezoelectric
harvesting output (both as open-circuit voltage and short-circuit current) was found in a
direct relationship with the permittivity and polarization increase in PVDF-based
composites with perovskite iodide fillers [26]. The further increase of piezoelectric output
in PENGs would require electrical poling. However, such composites were reported to
show several drawbacks, such as a high electrical breakdown failure rate, an increase of
the leakage current, and large energy consumption [27]. As an alternative, the
supplementary addition of small amounts of conductive nanofillers into the polymer
matrices, which results in a polarization [28] and permittivity [29] enhancement, was
recently proposed and this approach was demonstrated to be beneficial for a substantial
increase of piezoelectric harvesting ability while replacing a poling step. The increase of
ferroelectric polarization and piezoelectric output was considered to be created by the
field concentration around the conductive nanoparticles resulting in an enhancement of
the overall polar character of the compound [28,30]. Combined with ferro/piezoelectric
fillers, the presence of high conductivity nanoparticles (in particular noble metals) into the
flexible insulating polymer was expected to improve the carrier transport mechanism and
to enhance the partial voltage and polarization degree of piezoelectric grains during the
polarization process, as it was shown in [30,31]. In [31], it was observed that the use of
metal-piezoelectric core-shell nanofillers generates a further enhancement of the effective
field in the polymer by reducing the surface energy of piezoelectric fillers, also
diminishing the leakage currents. By using 3D structures of Ag-BCTZ in a silicon rubber
matrix, an output voltage of 38.6 V was produced [31]. From this point of view, it seems
there is still a need to search for new combinations of hybrid fillers (metal—
ferro/piezoelectric) in polymer matrices in order to increase the piezoelectric response of
flexible composites.

Some approaches were proposed to effectively increase the surface charge density to
optimize the TENG device's outputs,. Similar to PENG responses, the TENG outputs were
enhanced by using conductive nanofillers (e.g., metallic or carbonaceous species) in the
polymer matrix [32,33] or by the surface engineering of inorganic high-permittivity filler
combined with the composite’s permittivity increase, as recently proposed in [34] where
a power output surface density of 1.21 W/m? was generated. It was further shown that
piezo- and triboelectric generation can be exploited synergically in the same structure
instead of pairing di-similar polymer-based materials, as classically used for TENGs. In
this way, the functional material responds simultaneously to the action of mechanical
energy sources (vibrations, compression, deflection, etc.). The two effects involve non-
overlapping mechanisms in the electricity generation process: TENG is related to the
functional surfaces/interfaces acting in the static electrification processes, while
piezoelectricity is a bulk effect related to the crystalline volume polarisation. The
combination of the two types of mechanical-to-electrical energy conversion in a single
integrated system in a hybrid piezo-triboelectric device (denoted as PTENG) was
proposed as a valuable method to improve the mechanical-electrical conversion efficiency
and was also realized with inorganic-polymer composites [35,36]. Despite a very dynamic
research field concerning these types of energy conversion in flexible polymer-based
composites with various device designs, geometries, and working principles, there is still
room for material design, in particular, in searching for different combinations of
multicomponent hybrid systems [37]. As pointed out in recent reviews, the material
design of such PTENGs has been relatively less studied to understand the relationship
between the components, compositions, microstructures, and the mechanical energy
conversion mechanisms and their efficiency [20,38,39].

Motivated by the above-mentioned literature results and observations, flexible
composites based on electroactive PVDF polymer matrix functionalized with
ferro/piezoelectric BaTiOs and with Ag-BaTiOs nanofillers have been produced by a facile
wet synthesis method and their use as PTENGs in simple capacitive configurations were
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explored. Small variable amounts of Ag nanoparticles (below 27 vol.%) onto BaTiOs (BT)
grains were embedded into a PVDF polymer matrix with compositions below the
percolation limit (i.e., the total amount of Ag-BT filler was kept constant, of 20 vol.%). The
role of the Ag addition on the dielectric and mechanical harvesting response of flexible
composites with formula 20%(xAg-(1-x)BT)-80%PVDEFE, where x=0, 2%, 5%, 7%, and 27%
(vol.) were compared with ones of the pure PVDF polymer.

2. Materials and Methods

In the first step, xAg-(1-x)BT hybrid particles with variable concentrations of Ag of:
x =0, 2%, 5%, 7% and 27% (vol.) were prepared (Figure 1) following a similar procedure
as reported in [16]. Hydrothermally synthesized BaTiOs nanopowders (Sigma Aldrich,
purity: 299%) with an average particle size of ~60 nm and pseudo-cubic Pm3m
symmetry were well-dispersed by magnetic stirring into a silver nitrate AgNOs (Sigma
Aldrich, purity 99.9999%) solution with variable desired concentrations in Ethylene glycol
(Acros organics, purity 99.97%), whose role was both as a solvent for the silver precursor
and as reducing agent. During the mixing at room temperature for 2 h, the silver
nanocrystals started to nucleate and grow, as indicated by the change in the solution’s
color.

BaTiO,-Ag hybrid
particles

e ool g A — ~ h
o " ’ TT at 165°C/1h in oven
W‘% M?gnetlc -'< v % Magnetic
. :;toll(')lzlgz,;:l'ma: Ag-BaTiO, particles sttiring, TT at
Ethylene glycol . with DMF 65 °C/2h

centrifugated

20%(xAg-(1-x)BT)-80%PVDF composites

PVDF x=0% x=7% ‘ x=27% !
 ece——

Figure 1. Preparation workflow for the 20%(xAg-(1-x)BT)-80%PVDF flexible composites.

The solution was then heated to 140 °C and maintained for 25 min to allow the
complete reaction and the formation of Ag nanocrystals onto the surfaces of BaTiOs
templates. The mixture was centrifugated and washed three times with ethanol and then
dried at 50 °C for 8 h. The stoichiometry in the final product (x amount) was confirmed
for each composition by quantitative X-ray diffraction (XRD) analysis of the composite
powders, which indicated that no synthesis product was lost by washing, and confirmed
the formation of xAg-(1-x)BT hybrid composite powders with nominal compositions.
Further, the xAg-(1-x)BT hybrid particles with a total filler concentration of 20 vol.% as
determined by using the theoretical densities of silver of 10.49 g/cm3, of BT of 6.08 g/cm?,
and PVDF of 1.11 g/cm?3 were embedded into the PVDF polymer matrix using the
following method: PVDF pellets (Sigma Aldrich, Mw = 175,000) were dissolved in N, N-
Dimethylformamide (DMF) of 99.5% (Merk) under magnetic stirring at 65 °C with a mass
ratio 20/80. The Ag-BT hybrid particles with desired compositions were introduced in this
solution and mixed by magnetic stirring for 2 h at 65 °C to allow the perfect solubilization
of PVDF. The mixture product was then cast in Petri dishes and dried for one hour at 165
°C in an oven. Flexible composite films with formula 20%(xAg-(1-x)BT)-80%PVDEF
(volume ratios), where x = 0, 2, 5, 7 and 27 vol.% and thickness of about 1.5-2 pm were
obtained (Figure 1).

The morphology of the template BT nanopowders and the Ag-BT hybrid inorganic
composites was revealed using an analytical transmission electron microscope JEOL JEM
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ARM200F (JEOL Ltd., Tokyo, Japan) operating at 200 kV and equipped with a JEOL JED-
2300T unit for Energy-Dispersive X-ray spectroscopy (EDX) analysis. The powders were
gently crushed in an agate mortar and dispersed in ethanol. A droplet of this suspension
was then deposited onto a 200-mesh carbon lacey TEM Cu grid and allowed to dry at
room temperature. EDS spectra were obtained using the X-ray signal collected by the
detector originating from the area of interest illuminated with a parallel electron beam.
For the elemental maps, regions of interest were scanned with a convergent beam with a
diameter of approximately 0.3 nm. The X-ray signal from each point of the scan was
collected by the detector. The maps of the selected chemical elements, using the
corresponding K lines, were obtained. The surface topography and local piezoelectric
character were explored with a multimode AFM system (Solver Pro from NT-MDT)
equipped with a PFM measurement module using commercial probes with a Pt coating
(CSG30/Pt from TipsNano), the curvature radius of 35 nm, free resonance frequency f =
33.5 kHz, and spring constant k = 0.6 N/m. The Nova Software from NT-MDT was used
for microscope control, data acquisition, and analysis.

The phase structure of the starting nanopowders and the thick film nanocomposites
was examined by X-ray diffraction (XRD) with a Shimadzu LabX 6000 diffractometer
using Ni-filtered CuKa radiation (A = 1.54 A) with scan step increments of 0.02° and a
counting time of 1 s/step, for 20 ranging between (10°-80°). The fast-Fourier transformed
infrared spectroscopy (FTIR) analysis of film composites was performed with a
spectrometer Nicolet Impact 4000 with Monolithic Diamond as internal reflection
element. The FTIR spectrum was recorded in transmittance mode in the range of 4000
400cm™! (resolution of 4 cm™) with an incident angle of 45°. Room temperature Raman
analysis of the composite films was performed with a LabRAM HR Evolution
spectrometer, from Horiba Jobin Ivon, with the laser radiation at a wavelength of 633 nm
with ~25% power during testing. The spectra were recorded in the extended scan mode
in the range from 150 cm™ to 1500 cm™! wavenumbers. All the data were collected using
five accumulations with a 30 s exposure time to ensure proper resolution of the Raman
spectra.

The low field dielectric characterization was performed in a parallel-plate capacitor
configuration of the flexible composite thick films using Au sputtered electrodes (20 mm
x 20 mm) applied onto their surfaces. The impedance spectroscopy characterization was
carried out with an Agilent E4980A Precision LCR Meter (Agilent) fed with a sine wave
of 1.5 V amplitude in the frequency range of (100 Hz-1 MHz) at room temperature. The
polarization-field responses under high voltage have been collected on the composite
films immersed in silicone oil, at room temperature, with a Radiant Precision Multiferroic
II Ferroelectric Test System (Radiant Technologies Inc.) using a modified Sawyer-Tower
circuit using a sinusoidal waveform with a maximum amplitude of E =125 kV/cm as input
produced by a function generator (DS345, Stanford Res. Systems, Sunnyvale, California)
coupled with a High-Voltage Amplifier (Trek 609x10¢, Trek Inc., Medina, NY, USA). The
P(E) loops were recorded in a dynamic regime, at 1 Hz, on unpoled samples.

The mechanical-electrical conversion harvesting performance of the hybrid
composite films was determined by using an in-house setup (depicted in Figure S1,
Supplementary material) consisting of a programmable linear stepping dc motor used for
providing periodic compressive stress on the composite samples. A periodic impact force,
F=0.36 N with a low frequency of 1.71 Hz, was uniformly applied to the sample surface
which was placed between two Cu-electrodes on plain support. The output harvested
voltage was collected under open-circuit conditions by an oscilloscope (Tektronix, TDS
2012C, USA) with an internal impedance of 1 MQ.

3. Results and Discussion

3.1. Microstructural Characterization
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The microstructural details of the 2%Ag-98%BT (vol.) hybrid powders used as fillers
into the PVDF matrix are presented in Figure 2. Figure 2 shows an SEM micrograph of an
agglomerated region of such Ag-BT powder in which the two components can be
observed: ultrafine rounded Ag nanoparticles, with sizes from a few units to a maximum
of ~17 nm, very well distributed onto the surfaces of BaTiOs larger grains having
diameters in the range of 10-200 nm. No agglomeration of silver nanoparticles is noticed,
even in the regions of larger aggregates, which means that the synthesis method allowed
the formation of well-dispersed Ag nanoparticles onto the BaTiOs template surfaces. This
is confirmed by the Transmission Electron Microscopy (TEM) images of the hybrid Ag-

BT powders (Figure 2b) showing BaTiO:s larger polyhedral grains with well-defined,
faceted clean surfaces, uniform shape, and size.

— (d)

f

Number of particles (%)

-
]
-]
=z
0 H'_ﬂ'_ﬂﬁ'—"_‘ P S N s N O ===
0 1.2 34567839 101112'13 14151617 20-40 40-60 60-80 80-100 100-120 120-140 140-160 160-180
Diameter of Ag nanoparticles (nm) Diameter of BT nanoparticles (nm)

10 nm’”

Figure 2. Microstructural characterization of 2%Ag-98%BT hybrid powders: (a) SEM micrograph
for aggregated hybrid nanoparticles, (b) TEM image of the dispersed nanoparticles, (c) Particle
size distribution for Ag (c) and BaTiOs components (d) of the hybrid Ag-BT mixtures, and (e)

diffraction diagrams realized on Ag-BT aggregated nanoparticles and their corresponding SAED
patterns.
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The chemical homogeneity of the starting BaTiOs powders was demonstrated in [39]
by EDX mapping and by electron energy loss spectroscopy analysis performed in the
center of the BaTiOs grains and at their edges. The surfaces of large BT nanoparticles are
decorated with very fine spherical Ag nanoparticles. Both components show a lognormal-
type of size distribution (Figure 2c,d), BaTiOs having diameters in the range of 10-120 nm
with the maximum at 60 nm, while Ag nanoparticles have diameters in the range of 1-17
nm, with a maximum around ~3 nm. The high crystallinity degree of the hybrid
nanoparticles is revealed by the large and bright spots composing the concentric
diffraction rings in the Selected Area Electron Diffraction (SAED) patterns (Figure 2e).
According to the JCPDS fiches for BaTiOs with: tetragonal (JCPDS card 89-1428), cubic
(JCPDS card 75-0216), or hexagonal (JCPDS card 82-1175) symmetries and for cubic Ag
(JCPDS card no. 04-0783), the analysis of the spots (Figure 2e) may be assigned as follows:
the spot denoted as (1) may correspond to the (002) planes of hexagonal BaTiOs, the spot
(2) may be either assigned to (100) tetragonal or to (100) cubic BaTiOs, the spot (3) either
to (110) cubic or to (104) hexagonal BaTiOs, the spot (4) may correspond to (111) cubic,
(111) tetragonal, or to (006) hexagonal BaTiOs or (111) of cubic Ag, due to their very similar
planar distances.

Qualitative energy dispersive X-ray analysis EDX (Figure S2, Supplementary
material) indicates a high purity of the hybrid inorganic powders, i.e., only the presence
of the expected elements are revealed: Ba, Ti, O, and Ag from the samples and Cu and C
from the microscope grid. To determine the Ag distribution in respect to the BTO
nanoparticles, EDX mapping in the Scanning TEM (STEM) mode on the 2%Ag-98%BT
hybrid powders was performed (Figure S3, Supplementary material). With this method,
both spatial and spectral information was acquired simultaneously in each pixel.
Overlapping the obtained elemental maps of Ag and Ba demonstrates that Ag
nanoparticles are localized predominantly at the surface of the BT nanoparticles.

The SEM analysis realized on the fresh cryo-fractured surfaces of 20%(xAg-(1-x)BT)-
80%PVDFE thick film composites with extreme values of Ag fillers, x =2 vol.% and x =27
vol.% shown in Figure 3 at different magnifications, indicates an almost homogeneous
hybrid filler distribution inside the polymer matrix. In the high-resolution micrographs
(Figure 3c¢,f), it is clearly observed that the coarser BaTiOs inorganic nanoparticles are
embedded in the PVDF polymer matrix while the Ag ultrafine nanoparticles remain either
attached to the BaTiOs surfaces or alone in the polymer volume. There are no regions with
solely agglomerated Ag nanoparticles.
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Figure 3. SEM micrographs with different magnifications realised in cryo-fractured fresh surfaces
of 20%(xAg-(1-x)BT)-80%PVDF thick films with two compositions: (a—c) x = 2 vol.%, (d—f) x =27
vol.%.

3.2. Phase Composition Analyzed by X-ray Diffraction and Infrared Spectroscopy (FTIR and
Raman)

The composite thick films with a 20 vol.% total addition of hybrid Ag-BaTiOs
particles in the polymer PVDF matrix was characterized by X-ray diffraction (XRD)
technique, Fourier transformed infrared (FTIR) spectroscopy, and Raman analysis to find
details concerning the phase composition of the starting Ag-BT particles and on the
polymorphism of the PVDF phase. PVDF is a semi-crystalline polymer that may exhibit
various crystalline phases characterized by different molecular arrangements, the most
known being a, B, and y polymorphs, which can be found alone or as mixtures in an
amorphous molecular surrounding. Among them, the most commonly obtained phase is
o-PVDEF, with a TGTG’ conformation (T —trans, G—gauche molecular chain linkages),
while B-PVDF with all-trans zig-zag molecular chains TTTT arrangement has the highest
dipolar moment (8 x 1030 Cm per repeat unit cell) and possesses stronger ferroelectricity
among the other phases; the y polymorph (TTTGTTTG') is also electroactive with a smaller
dipole moment [40]. The dielectric, ferroelectric, and piezoelectric properties are enhanced
by the conformations with a larger dipole moment, i.e., in the electroactive phases § and
y. The phase composition was observed to be sensitive to the processing strategy and
parameters, to co-polymerisation [41,42], or by nanofiller additions [43,44].
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Figure 4, a presents the X-ray diffractograms of PVDF and 20%(xAg-(1-x)BT)-
80%PVDF flexible composites with x = 2, 5, 7, and 27 vol.% Ag. The XRD pattern of pure
PVDF attests to the co-existence of the o, , and y polymorphs by the presence of the peaks
at 17.7°, 18.3° 19.9°, and 26.7° characteristic of the o phase with the diffraction planes
(100), (020), (110), and (021), respectively, and the superimposed peaks from 18.5°, 19.2°,
and 20.0°, which are specific to the y phase. The B peak at 20.26° (110) is superimposed
also to those of the o and y phases, but the most relevant § peak corresponding to the (200)
diffraction planes can be very well observed at 38.8° [45-48]. The X-ray diffractograms for
all the PVDF composites confirmed the existence of BT and Ag phases, with a gradual
increase of the main Ag peaks (denoted with *) when increasing x. The diffraction peaks
characteristic of the Ag reflections are located at 20~ 38°, 44°, 65°, and 78°, corresponding
to the diffraction planes (111), (200), (270), and (311) of the cubic stable phase (JCPDS card
no. 01-087-0718) [16,17]. For the BaTiOs nanoparticles, there is no visible tetragonal split
of the characteristic peak 26~45° (200)/(002), indicating that the employed BT powders
have a pseudo-cubic perovskite structure. The Debye Scherrer analysis of the main peaks
of BT and Ag provided values for the crystallite sizes of ~8 nm for Ag and ~67 nm for BT
which are in the range of the grain sizes observed by TEM analyses and confirming the
predominant single-crystalline nature of both types of inorganic nanoparticles used as
fillers. It is worth noting that for fine BaTiOs particles, the cubic state was traditionally
considered the main polymorph, due to the impossibility of detecting the tetragonal
splitting around 26~ 45°, typical of coarse grains or ceramics at room temperature [47].
However, recent studies using high-resolution structural analyses have shown that not
only cubic, but other symmetries such as tetragonal or orthorhombic, have very small
distortions or even hexagonal symmetry or often superpositions of more polymorphs as
a result of surface relaxations, anisotropy, or nanoscale defects obtained in high purity
ultrafine BT particles [49-53]. Corroborating the room temperature XRD data obtained
with laboratory equipment and the results of TEM analyses, it can be inferred that an
average pseudo-cubic state, as detected by the structural analysis, can comprise
predominant cubic BT nanoparticles, together with ones showing other symmetries and
small distortions, or the possible coexistence of tetragonal, hexagonal, or other symmetries
at the nanoscale. The successful synthesis by a low thermal budget method of fine single-
crystalline Ag nanoparticles onto the BT templates whose size and structure remain
unchanged is thus demonstrated. To reveal the possible modifications of PVDF crystalline
structure induced by the addition of inorganic Ag-BT hybrid filler in the composite
material, qualitative infrared spectroscopy analysis by FTIR and Raman was further
performed.

(a) | 20%(xAg-(1-x)BT)-80%PVDF | To) | 20% (xAg-(1-x)BT)-80% PVDF |
4 - = * *Ag
g & -
= T =N
;- (I?TTF a g
L Y ]
H : E
2 g
n : E
S1 1 £
Ll = 7]
c &8z =
— | =H[c ©
S
J s = |
:@\g‘fw/
L T T T T T T T T T T T T T 1
1 20 3 0O 70 80 400 600 800 1000 1200, 1400 1600

0 40 50 6
26 (degree) Wavenumber (cm”)

Figure 4. (a) XRD patterns and (b) FTIR spectra obtained for PVDF and 20%(xAg-(1-x)BT)-
80%PVDF composites with x =2, 5, 7, and 27 vol.% Ag.
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The FTIR spectra of pure PVDF and PVDF flexible composites presented in Figure 4,
b confirmed the observed mixture of polymorphs as determined from XRD analysis. The
characteristic peaks assigned to the nonpolar a-PVDF phase are located at 490, 532, 614,
763, 795, 855, 973, 1148, 1212, 1382, and 1423 cm™ with the most representative intense
peaks at 763 and 614 cm™, while the peaks specific to the ferroelectric § polymorph
reported at 510, 840, 1275, and 1402 cm™! wavenumbers, as validated in [41,47]. However,
the literature reports and our FTIR data have shown that there are also peaks in the range
of 870-885 cm™1, 1171-1182 cm!, and 1398-1404 cm~! which have similar characteristics to
the o, B, and y-phases or to mixed phases [19,34-37,41,54-57]. The most important bands
are specific to the o and B phases, whose formation is dependent on the processing
conditions and composition. It is observed that by incorporation of 20 vol.% quantities of
hybrid xAg-(1-x)BT fillers, a change in the PVDF crystal phase composition is induced,
i.e., an increase of the polar B-PVDF phase is acquired. The highest addition of silver x =
27 vol.% seems to enhance the main bands (840 and 1402 cm™), thus demonstrating that
the formation of the § phase in the PVDF composite materials is promoted by the presence
of ultrafine silver nanoparticles.

Another complementary infrared spectroscopy characterization to acquire
information concerning the crystalline phases in the PVDF-based flexible hybrid
composite is the Raman analysis. The room temperature Raman spectra of PVDF thick
film and the 20%(xAg-(1-x)BT)-80%PVDF composites with two extreme compositions: x
=2 vol.% and x = 27 vol.%, shown in Figure 5, allowed the identifications of the major
Raman modes characteristic to the PVDF polymer matrix [58]. It can be observed that the
predominant polymorph is the a-phase (identified by its major sharp peak at 795 cm! and
by smaller peaks at 410 cm™, 610 cm™, and 1060 cm! indicated with the pink color in the
figure), together with amounts of ferroelectric polar phases: 3-PVDEF with the main peaks
at 284 cm™! and 840 cm! (denoted by the blue color), and the y-phase identified by a small
peak at 810 cm™! (red color in Figure 5), according to the band assignment proposed in the
[13,57,59-61] and to the results obtained using the FTIR characterization. For the
composition with the small Ag addition of x =2 vol.% (Figure 5b), the Raman spectra show
the specific modes of the PVDF matrix mentioned before, with a predominant o.—phase
and ones of the BaTiO:s filler: a positive peak/dip around 180 cm™, possibly related to the
interference between the damping of A1(TO) phonon and orthorhombic features around
190 cm™ [62-64], A1(TO1) stiffened the component of the soft mode at 250 cm-!, E+B1
exhibited a sharp peak infrared inactive (,,silent mode”) at 300 cm!, A1(TO4) at 510 cm™,
and the high-frequency LO4 band at 712 cm! which are considered signatures of the long-
range ferroelectric tetragonal phase of BaTiOs [62,63,65]. Additionally, a small peak
around 640 cm! (Figure 5b) indicates either traces of hexagonal symmetry of BaTiOs or
internal defects in the BaTiOs structure [66]. Therefore, according to the present structural
and microstructural analysis, BaTiOs is clearly not in a pure cubic state (in which the
Raman activity is forbidden), but in an average pseudo-cubic state as found by the large-
scale XRD analysis, while at the local scale, other polymorphs as orthorhombic or
hexagonal in the BaTiO:s fine powders are likely, besides the tetragonal phase, all of them
characterized by the very similar interplanar distances detected. Similar findings have
also been reported in the literature for fine BaTiOs powders [39,64,66]. When the
concentration of Ag nanoparticles is higher, the Raman intensity strongly increases as a
result of the surface-enhanced Raman scattering process [61,67]; the specific modes of both
BaTiOs and PVDF are strongly smeared in the whole frequency range and the a-phase is
predominantly maintained, together with the other polymorphs which are also present
(Figure 5c). Based on the overall data, we can conclude that by increasing the Ag-BT
hybrid filler addition in the composites, the formation of the polar structure 3 and y phases
of PVDF is promoted, although the major phase remains the a-polymorph. An increase of
the electroactive 3 and y phases of PVDF as induced by the presence of silver inclusions
was also reported in recent literature [43,44]. A detailed nanoscale experimental study
combined with DFT calculations demonstrated that the mechanism favoring the
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formation of polar phases resulted from a polar interfacial coupling between the filler and
the molecular chains of the polymer promoting specific polar arrangements, i.e., the
presence of electroactive phases [44]. The structural modifications induced by the
presence of an inorganic hybrid filler are expected to support a permittivity increase and
in general, to enhance ferro-, pyro-, and piezoelectric responses in the flexible composites
concerning the characteristics of the pure PVDF material.
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Figure 5. Room temperature Raman spectra of PVDF thick film (a) and of 20%(xAg-(1-x)BT)-
80%PVDEF composites with x =2% (b) and x = 27% (c) in the frequency range of 100 cm™' to 1200
cm™.

3.3. Electrical Properties and Mechanical Harvesting Responses
3.3.1. Dielectric, Conductive, and Ferroelectric Properties

The dielectric properties are expected to be affected by the presence of an inorganic
hybrid filler, first of all, because of the addition of high permittivity dielectric BaTiOs
particles in the low-permittivity polymer matrix, as predicted by effective field models
[68,69] and by finite element calculations [70,71]. Room temperature permittivity of
nanostructured BaTiOs is in the range of 800-1000 for dense nanoceramics with a grain
size of about ~50 nm [72,73], while for BaTiOs nanopowders with a similar diameter range,
the permittivity was not reported because its direct measurement or evaluation is
subjected to large errors and is dependent on the adopted model for estimation [48].
Nevertheless, the permittivity in ferroelectric powders is more than one order in
magnitude higher than that of polymers and would cause an increase in the effective
permittivity in composites. Moreover, embedding highly conductive (e.g., noble metal
nanoparticles) filler into the polymer matrix leads to a further permittivity increase as a
result of the dielectric material (polymer) confinement between the metallic particles, thus
creating local capacitors whose total effect is to provide an equivalent larger capacitance
and therefore, a higher equivalent material permittivity. This effect was also
demonstrated numerically by using finite element calculations in previous work [30].

Room temperature impedance spectroscopy analysis provided the frequency-
dependence of permittivity (Figure 6a) and tangent loss (Figure 6b). The beneficial impact
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of the addition of inorganic filler resulting in a permittivity increase is clearly observed at
any frequency. For example, at 1 kHz, the relative permittivity increases from ~11.6
(PVDF) to ~18.5 for 20%BT-80%PVDEF, which shows the important role of the high-
permittivity BT nanoparticle addition. Further, the role of silver nanoparticles in
improving the effective permittivity for a fixed value of the filler addition (20 vol.%) is
clearly demonstrated, i.e., the permittivity increases when the Ag concentration x is larger,
reaching the maximum value of ~32.8 for x = 27 vol.% Ag, i.e., three times larger than in
the pure polymer. The permittivity rise is faster at low levels of Ag additions (x <7 vol.%)
and tends to stabilize for x = 27 vol.%, as shown in Figure 6c. It is important to mention
that the dielectric losses tan § are similar in the composites with ones of the pure polymer
(below 25% in the frequency range of 102-10°Hz), meaning that the hybrid filling is not
detrimental from the point of view of losses and all the compositions show a similar
spectral range (shown in Figure 6b) for which their losses are very small: tan & <0.06.
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Figure 6. Room temperature dielectric properties of 20%(xAg-(1-x)BT)-80%PVDEF flexible
composites as a function of frequency: (a) Relative permittivity; (b) Dielectric loss (tand) (the
frequency range for which tand < 0.06 is shown, for each composition); (c) Relative permittivity
vs. Ag filler concentration (the lines are guides for the eye) (x); (d) Conductivity vs. frequency in
log-log scale.

All the compositions present a similar trend in their permittivity dependences vs.
frequency, i.e., a gradual reduction with increasing frequency, which is similar to behavior
as ones reported in [13,74,75]. Two spectral regions are accompanied by increased
dielectric losses: below 1 kHz, where also permittivity increases, and above 10 kHz, where
permittivity shows a faster drop at higher frequencies. These features indicate that during
the regular frequency dispersion taking place in the overall investigated frequency range,
two different relaxation processes are overlapped. A detailed study of the dielectric
dispersion in the present PVDF-based composites should be performed in a broad
temperature range; such a study is beyond the scope of this paper. In studies concerning
similar PVDF-based composites, the high-frequency relaxation around room temperature
in PVDF-based composites was usually assigned to the C-F dipolar intrinsic contributions
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due to the molecular motions of PVDF chains in the crystalline regions of the polymer and
are observed irrespective of the presence of filler while the low-frequency phenomena are
a combination of slow dielectric dispersion with conductivity relaxation, being mostly
determined by the movement of uncompensated charges located at the interfaces
[17,76,77]. In such materials, the interfacial structures contributing to the low-frequency
electrical properties may be the interfaces separating the crystalline and amorphous
phases of PVDF, the interfaces separating dissimilar materials (BT-polymer, Ag-polymer,
Ag-BT), and polymer-air interfaces at pores or cracks accidentally formed inside the
composite during processing. The low-frequency phenomena are influenced by the
nature, composition, and distribution of fillers, but also by the samples’ quality, which
should be very well controlled. The conductivity values increase with about one order in
magnitude in the low-frequency region in the composites with respect to the pure PVDF
(Figure 6d) and their values are still decreasing below the extrapolated value of 102 S/m
when reducing the frequency, similar to that reported in [17]. An exception among the
present 20%(xAg-(1-x)BT)-80%PVDEF compositions is x = 5 vol.%, for which a stabilized
low-frequency conductivity is observed can be assigned to a dc value oy, =2 x 1085/m.
Due to the conductivity relaxation, this composition also shows the highest low-frequency
dielectric loss, the smallest frequency range with dielectric losses below 0.06, and the
highest imaginary part of permittivity. Above 1 kHz, the ac conductivity vs. frequency is
similar in all the composites (Figure 6d), according to the universal dynamic law: o, =
A" [78] with an almost similar power coefficient n = 1.3-1.38 for all the compositions,
which usually describes a hoping conductivity process [79].

The polarisation-field P(E) dependences in the dynamic regime could be collected
only in the sub-switching range (Rayleigh behavior). Similar field amplitudes of about 50
kV/cm loops are comparatively shown in Figure 7a—e. With exception of the lossy sample
with composition x =5 vol.% that did not show a proper response due to its higher dc
conductivity, the other composites had breakdown fields in the range of 50-120 kV/cm
and their initial permittivity reflects the same trend of increasing when increasing x, as
found by the impedance spectroscopy study (shown in Figure 6c). No systematical
decrease of the breakdown field was observed when including the hybrid filler and the
composition that supported the highest applied field was 20BT-80%PVDF (Figure 7f).
Even with this composition, no polarization switching was detected until its breakdown
field and the recorded P(E) show only a slightly non-linear Rayleigh behavior. It is
concluded that the permittivity enhancement produced by the hybrid filler addition and,
in particular, by the presence of silver nanoparticles in these composites, is significant
with respect to the best values reported in the literature [80] in spite of their modest
storage capacity because they are not able to sustain the application of large fields. On this
aspect, microstructural improvement by optimizing the processing parameters (in order
to remove possible porosity, cracks, and filler agglomerations and to improve the sample
homogeneity) might be further necessary in order to allow the composites to sustain the
application of at least one order in magnitude higher fields. Nevertheless, their dielectric
performances are similar to ones of other flexible materials proposed for mechanical-
electrical energy conversion systems [6,11,15,18-27] whose permittivity increase due to
the addition of BT and mostly of Ag nanoparticles is advantageous with respect to the
permittivity of a few units as typically shown by pure polymers.
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Figure 7. Comparative polarization-field loops at the same field amplitude of 50 kV/cm for the
20%(xAg-(1-x)BT)-80%PVDF flexible composites: (a) PVDF, (b) x =0, (c) x=2 vol.%, (d) x=7
vol.%, (e) x =27 vol.%, and (f) P(E) for the maximum applied field of 116 kV/cm for the
composition x = 0.

3.3.2. Mechanical Energy Harvesting

Considering the recent interest in developing flexible pressure sensors for wearable
devices, health and human motion monitoring, and energy scavenging systems, the
flexible composites were further tested in order to find out if the presence of the Ag-BT
hybrid filler would improve their mechanical-to-electrical conversion, ie. their
harvesting capability. It was shown in recent reports that the presence of fillers embedded
into polymer matrix improves the piezo- and triboelectric responses [11,81]. The first tests
were realized in a capacitive configuration under a regular mechanical loading regime by
using a periodical strain uniformly applied on the superior sample surface (with impact
energy of W=9.07 mJ and a hit rate frequency of 1.71 Hz) and using the set-up described
in Figure S1, Supplementary material.

In the first set of experiments (Figure 8: Configuration 1, a), the flexible thick film
composite was electroplated with gold by rf-sputtering and then placed inside the
collecting capacitive device, in contact with the collecting Cu electrodes. In the second
series of experiments (Figure 8: Configuration 2, a), the composite thick film was not
plated at all (it had free surfaces) and was freely placed inside the collecting electrodes so
that an air spacer of about Imm was formed between the collecting electrodes and the
composite-air interfaces. By pressing the superior electrode with the same periodical
impact energy (Figure 8, Configurations 1-2, b) and then releasing (Figure 8§,
Configurations 1-2, c), it was observed that the harvested electrical output collected in
open circuit conditions by the oscilloscope has very different amplitudes, i.e., a peak-to-
peak value of ~1.32 Vyp for Configuration 1 in comparison with a much higher value of
~14.4 Vpp for the Configuration 2 (Figure 8). According to literature data [37], the electrical
response obtained by converting the mechanical energy in a device with such
configuration in which a single material is employed comprises both piezoelectric and
triboelectric contributions (Configuration 2), in which the triboelectrification is enhanced
by the existence of free interfaces between the composite and collecting electrode forming
an air spacer [82]. Therefore, in Configuration 2, a PTENG-like composed response is
generated. By collecting the charges directly from the electrodes in contact with the
sputtered electrodes attached to the sample in Configuration 1, the triboelectric response
is minimized by the lack of a large interface area, and therefore, the output is mainly
produced by piezoelectric conversion (PENG), which has a much smaller amplitude with
respect to a TENG output, as already mentioned [83-85]. However, it is important to infer
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that not only the composite film-air interface creates a triboelectric response, but also
internal friction between the interfaces separating dissimilar materials inside the
composite. Therefore, the output from Configuration 1 is majority piezoelectric, but not
fully piezoelectric. It is worth mentioning that the presence of a piezoelectric character
was also confirmed for all the non-poled composites by nanoscale piezoresponse force
microscopy mapping of their surfaces, showing a clear phase and amplitude contrast for
all the compositions (Figure 54, Supplementary material).
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Figure 8. Schematic representation of the mechanical energy harvesting experiments in two
configurations: Configuration 1 (a—c) when the flexible film is placed inside the collecting
capacitive device in contact with the collecting Cu electrodes, and Configuration 2 (a-c) when not
electrode plated composite thick film is freely placed inside the collecting electrodes. The
proposed mechanism Configuration 1 and 2 of the mechanical energy harvesting (left) and their
corresponding voltage outputs measured in open circuit conditions (right).

In both configurations, the collected outputs are similar (with exception of their
amplitude which differs). The collected signal has a complex aspect, is periodical, non-
symmetric, and shows damping effects with different relaxation times which are
dependent on the sample composition, its geometrical characteristics, device
configuration, and collecting resistance.

Further, Configuration 2 ensures a substantial response was used to compare the
influence of BT and Ag-BT fillers into the PVDF matrix. The harvested responses of the
pure PVDF, 20%BT-80%PVDEF, and, of the composition with the maximum silver
addition, 20%(27%Ag-73%)BT-80%PVDF composite thick films are presented and
compared in Figure 9. All the flexible samples show a periodical voltage response with
the same frequency as the applied mechanical testing and contain damped oscillations
and periodical overdamped components. The qualitative examination of the relaxation
time corresponding to the amplitude reduction indicates that the characteristic time is
reduced when including 20 vol.% BT filler with respect to the case of PVDF and becomes
even smaller for x = 27 vol.% Ag. The present results were collected using collecting load
resistances of 10 MQ, which is not yet the optimum matched load resistance to ensure a
maximum harvesting output (Figure S5, Supplementary material); this aspect should be
investigated in the future. A detailed study of the harvesting response with signal analysis
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as a function of mechanical excitation, its input energy and frequency, collecting
resistance, sample geometry, its surface, and size, deserves a detailed analysis for all the
compositions to reveal the role of inorganic insulating BT nanofiller and the metallic Ag
nanoparticles.
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Figure 9. Piezoelectric energy harvesting performance for (a) pure PVDF, (b) 20%BT-80%PVDF
(vol.) nanocomposite, (c) for 20%(27%Ag-73%BT)-80%PVDEF (vol.) hybrid nanocomposite, and (d)
a comparison between the responses of the three types of flexible thick films.

The generated output voltage amplitude increases when including BaTiOs filler
nanoparticles with respect to the response of pure PVDF, from an amplitude of 0.2 V
(PVDF) to 2—4 V (x = 0), but the increase is even more significant when including hybrid
fillers with Ag nanoparticles: it reaches the amplitude of 9-10 V for x =27 vol.% Ag hybrid
nanocomposite. Concerning the maximum output voltage, these are among the highest
values reported in recent literature for similar flexible composite materials [7,81,85]. Since
the harvested voltage response is also dependent on the sample surface, the normalized
values were determined to compare the three compositions and they are 0.2 V/cm? (pure
PVDEF), 1.1 V/cm? in 20%BT-80%PVDF nanocomposite (5.5 times higher than in PVDEF),
and 30 V/cm? for the 20%(27%Ag-73%BT)-80%PVDF nanocomposite (150 times higher
than in pure PVDF). Results indicate that for the same filler concentration of 20%, the
presence of 27%Ag nanoparticles is highly beneficial and increased the output signal by a
factor of ~27 times with respect to the 20% addition of only BT nanoparticles.

As presented by various reviews mentioned in the introduction, the mechanism of
combined tribo- and piezoelectric generation in the same material is not yet fully
understood. Some publications suggested a few possible mechanisms to explain the
beneficial role of the inorganic fillers (ferroelectric and metallic) in enhancing the output
in composites with respect to ones of the pure polymer produced in the same conditions
[28,29,31]. The improved output characteristics resulted in both PENG and PTENG
configurations induced by the presence of inorganic fillers in the present composites with
respect to the values of pure PVDF are first related to the beneficial role of BT ferroelectric
nanofiller producing more electrical dipoles with a higher dipole moment (related to its
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ferroelectric spontaneous polarisation) inside the flexible thick film, which enhances the
piezoelectric volume response and creates a larger specific interface between the PVDF
matrix and ferroelectric filler (thus contributing also to augment the triboelectric output).
The conductive Ag phase first provides conductive channels when they are in contact
(partial percolation), resulting in more electrical charge generation [85]. Both types of
fillers, because they are very fine, promoted the formation of the polar p phase of PVDF
characterized by a higher dipole moment, although the a-PVDF phase still remains
predominant. On the other hand, under the influence of local field inside the composite
volume generated via the piezoelectric effect under pressing, the free charges migrate the
length of the Ag nanoparticles when they are perfectly isolated into the dielectric matrix
and create additional local dipoles (as represented schematically in Figs. 8 in both
configurations). With respect to the pure polymer, all these dipoles would enhance
permittivity, piezoelectric response, and triboelectric charge generation. The field
concentration in some regions around the interfaces between the BT, and mostly the Ag
inclusions, and polymer matrix generated as a result of the electrical boundary conditions
[28,30], playing a positive role in increasing the piezoelectric response and creating a kind
of local self-poling (i.e., without the need of an external poling [31]), as well as the
triboelectric charge generation in such composites. Both Ag and BT fillers create rough
external surfaces (as seen in the comparative AFM topographical images from Figure 54,
Supplementary material), thus promoting a larger friction interface for triboelectrification
under the mechanical load and this is a major effect for enhancing the mechanical
harvested output in the Configuration 2 with respect to the Configuration 1 (Figure 8).
Finally, the addition of both types of fillers causes an enhanced permittivity, thus creating
a larger capacitance of the overall device. Since both piezo/ and triboelectric charges, when
produced, have to first be stored for a while by the composite material itself, and then
released into the external circuit and collected during the contact-separation mode, the
increased capacitance is beneficial for improving the total harvesting response [32,34].
For comparison, the output currents generated in the present conditions are in the
range of 0.6-1.15 pA, and the maximum harvested surface power density determined in
the described experimental conditions of Configuration 2 for the sample with the
composition 20%BT-80%PVDF is in the range of (0.3, 1) yW/cm?and of (9-30) pW/cm? for
20%(27 %Ag-73%BT)-80%PVDEF. Both values are superior with respect to 0.122 uW/cm?
reported for the modified BT-PVDF piezoelectric sensor in [11] or of 1 pW/cm? [21]. They
are in the same range as reported for (Ba,Ca)(Ti, Zr)Os-PVDF of 16.7 uyW/cm? [86], but
lower than for hybrid PTENG reported in [62] for a complex composite formed by hybrid
TiOz2 nanosheets with Ag nanoparticles embedded into a polydimethylsiloxane matrix (48
puW/cm?) and with a few orders in magnitude lower than one of the highest power density
of 1.21 W/m? reported for surface- and pore-engineered BT-polymer composites in [34].
We may conclude that the present harvesting outputs found in BT-PVDF, and in
particular in (Ag-BT)-PVDF hybrid composites produced by a simple wet synthesis
method, are very promising and their response can be further improved and optimized.

4. Conclusions

The modifications of the structural, dielectric, and piezoelectric properties of flexible
PVDEF-based composites induced by the addition of a total amount of 20 vol.% hybrid
fillers composed of variable quantities of Ag and BaTiOs nanopowders are presented.
Thick films with formula 20%(xAg-(1-x)BaTiOs)-80%PVDEF (x = 0, 2, 5, 7 and 27 vol.%)
composed by ultrafine (~3 nm) silver nanoparticles directly precipitated onto BaTiOs (~60
nm average diameter) nanoparticles were realized by solution casting. The polar § phase
of PVDF is enhanced by the presence of filler, although the a-PVDF phase remains
predominant in all the compositions. A substantial permittivity increase, frequency stable,
from g.~11 (PVDF) to &,.~18 for x =0 and further to &.~33 for (x =27 vol.%), (measured at
1 kHz) was reached, with a good dielectric character and low losses. This is one of the
highest permittivity augmentations obtained for percolated compositions. This result is
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due to the local field enhancement in the regions close to the filler-PVDF interfaces, which
is additionally intensified by the presence of silver nanoparticles. The addition of Ag
nanoparticles is also beneficial for the mechanical harvesting ability and causes a
substantial increase of the voltage output: the amplitude of the maximum harvested
output increases from ~0.2 V/cm? (PVDF) to ~1.1 V/cm?for x = 0 and reaches ~30 V/cm? for
x = 27 vol.% Ag as result of a mixed piezoelectric response and triboelectric charge
generation. In conclusion, the strategy of decorating the BaTiOs surfaces with small
amounts of fine Ag nanoparticles below 27% for producing hybrid nanofillers in polymer
matrices provides frequency-stable high permittivity and substantial mechanical-
electrical conversion responses and should be further explored and optimized.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/nan012060934/s1, Figure S1: Block diagram of the piezoelectric
harvesting tester; www.mdpi.com/xxx/s2, Figure S2. Example of an energy dispersive X-ray
analysis (EDX) spectrum, collected on hybrid Ag-BaTiOs nanoparticles agglomerates, Figure S3.
High Angle Annular dark-field (HAADF) image and EDX-STEM elemental maps showing the
spatial distributions of the Ag and Ba in 2%Ag-98%BT hybrid powders, on some aggregated larger
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