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Abstract

The growing demand for portable and wireless electronic devices, along with the ne-
cessity to reduce reliance on non-renewable energy sources, has driven the need for
energy harvesting materials. Nanocomposites, combining a polymeric matrix and a
high-performance dielectric ceramic phase, are a promising solution. In such sys-
tems, the design of a hybrid matrix–filler interface is critical for achieving desired
properties. Here, nanocomposites (NCs) were prepared by adding various amounts
of hydrothermally synthesized BaTiO3 (BT) nanoparticles (NPs) to polydimethysilox-
ane (PDMS). To investigate hybrid interfaces, NPs were used either bare or surface-
functionalized with two silanes, 3-glycidyloxypropyltrimethoxysilane (GPTMS) or 2-
[acetoxy(polyethyleneoxy)propyl]triethoxysilane (APEOPTES). NC films (80–100 µm thick)
were characterized by scanning electron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDXS), and thermogravimetric analysis (TGA). Dielectric properties and break-
down strength (EBD) were measured, and the theoretical volumetric energy density was
calculated as a function of the filler loading and functionalization. The results demon-
strate that hybrid interface design is pivotal for enhancing dielectric performance in NCs.
APEOPTES-functionalized NPs significantly improved the dielectric response at a low filler
loading (3.5%vol.), increasing permittivity from 2.8 to 7.5, EBD from 33.8 to 42.1 kV/mm and
energy density from 30 to >100 mJ/cm3. These findings underscore that designing hybrid
interfaces through NP functionalization provides an effective strategy to achieve superior
dielectric performance in PDMS-based NCs, retaining the advantages of the elastomeric
matrix by reducing the amount of ceramic fillers.

Keywords: polymer nanocomposites; PDMS; BaTiO3; hybrid interfaces; organosilanes;
dielectric materials

1. Introduction
The increasing demand for wireless and portable electronic devices has led to a

growing emphasis on energy harvesting and the use of high-performance dielectric materi-
als [1–3]. These materials have gained significant attention due to their ability to convert
mechanical stress or strain into electrical energy, offering promising applications in various
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fields. Furthermore, materials for energy harvesting in the field of flexible and wearable
electronics must combine good dielectric properties (high dielectric constant ε’, high dielec-
tric breakdown EBD) with high flexibility. Ceramics, such as perovskitic oxides, are usually
characterized by high values of ε’; unfortunately, they are rigid and fragile. On the other
hand, polymers are flexible and present high values of EBD but they have low permittivity
and low electromechanical coupling factors. To overcome these issues, nanocomposites
that combine the best characteristics of the two classes of materials have emerged as a
valuable solution to address the inherent limitations of classic polymers and ceramics [4].
Nanocomposites, which comprise a polymer matrix combined with a high-performance
dielectric ceramic phase, have shown significant improvements in dielectric and energy
harvesting performance [5,6]. These enhancements include improved permittivity, superior
thermal stability, and more efficient storable and convertible energy [7–9]. Several attempts
have been made in recent years; for example Abinnas et al. [10] produced a mechanical
nanogenerator with a dielectric permittivity of 9 and an output voltage of 0.8 V by dis-
persing bismuth titanate nanoparticles in a PDMS matrix. Nayak et al. [11,12] produced
PDMS-BaTiO3 nanocomposites and obtained a moderate increase in the dielectric constant
from 4 to 6 using up to 41 wt%. of ceramic filler. In the development of polymer–ceramic
nanocomposites for energy harvesting and dielectric applications, the design of the hybrid
interface between the polymer matrix and the ceramic filler plays a crucial role in achieving
the desired dielectric properties, namely high values of both relative permittivity and
dielectric breakdown, to obtain materials able to exploit high energy densities. At the same
time, dielectric losses must remain low or at least be contained in an effort to increase the
dielectric constant. Various methods have been explored to modify this interface, including
surface modification of the ceramic filler, polymer functionalization, and the use of coupling
agents or compatibilizers [13–15]. These strategies aim to fine-tune the composite structure,
thereby enhancing the overall performance of the composite material [16,17]. For example,
Guan et al. [18] produced PDMS-BaTiO3-CN nanocomposites, showing that the functional-
ization of barium titanate nanoparticles with carbon nanotubes (CN) using a silane coupling
agent as a compatibilizer led to improved dielectric permittivity and a decreased dielectric
loss. Zafar and Gupta [19,20] showed that controlling the particle morphology and disper-
sion thanks to the presence of functionalizing agents in epoxy-BaTiO3 composites is one of
the key factors to increase the permittivity. In addition to that, tuning the particle–matrix
interface thanks to the presence of functionalizing agents could also be useful to tune the
dielectric breakdown value, as shown by Li et al. [13]. According to the literature, among
the functionalizing agents, organosilanes are widely used to improve the interface between
the polymer matrix and the ceramic filler [21–24] because of their good reactivity and the
wide commercial availability of compounds with different chain lengths, functional groups,
and chemical characteristics, resulting in a wide range of properties [25]. By functionalizing
the ceramic filler with organosilanes, the compatibility with the polymer phase is improved,
leading to enhanced filler dispersibility. This results in several benefits for the composite
material: the use of organosilanes that ensure a more uniform filler distribution within
the polymer matrix [21,24] enhances the overall mechanical properties of the composite,
such as tensile strength and toughness [23]; it is also possible to improve the interfacial
bonding strength, promoting efficient stress transfer between the polymer and ceramic
phases [21]. The functionalization with organosilanes can also enhance the thermal stability
of the composite, preventing or delaying degradation at elevated temperatures [23]. Finally,
the presence of organosilanes grafted on the filler surface can also modify the electrical AC
conductivity and dielectric properties of NCs, as recently shown by Shanmugasundram [26]
through the GPTMS functionalization of aluminum NPs incorporated into NCs made of
polylactid acid/polyhydroxyalkanoate with intercalated montmorillonite. Accordingly, the
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rational design of the hybrid interface appears as a powerful tool to enhance the dielectric
performance of the final nanocomposites [24].

The present work aims to produce PDMS-BaTiO3 (BT) nanocomposites with improved
dielectric performances for possible application in energy harvesting, by exploring the
effects on NC properties, such as NP dispersibility, permittivity, and dielectric breakdown,
of both the ceramic filler content and functionalization. BT was functionalized with dif-
ferent organotrialkoxysilanes, namely 3-glycidyloxypropyl trimethoxysilane (GPTMS, G)
and 2-[acetoxy(polyethyleneoxy)propyl] triethoxysilane (APEOPTES, A). The selected tri-
alkoxysilanes bear organic chains of various lengths, with different steric and electron
inductive properties, which in turn are expected to affect filler–matrix interactions. While
GPTMS is widely used as a functionalizing agent, to the best of our knowledge, APEOPTES
represents a novelty, combining the properties of silane coupling agents with the presence of
highly polarizable polyethyelene oxide (PEO) groups in its chain. BaTiO3 functionalization
with PEO (or polyethylene glycol, PEG) was explored in the production of polyvinylidene
fluoride (PVDF)-based composites [27] and proved to be beneficial for dielectric perfor-
mance: APEOPTES combines the characteristics of PEO chains with the high reactivity for
improved functionalization of silane coupling agents. The presence of a long PEO chain
with a final polar end-chain group in the molecular structure of APEOPTES offers the
possibility of forming a variety of weak interactions, such as van der Waals and London
forces, with the PDMS chain. PEO chains are also expected to reduce filler–filler interac-
tions that lead to the formation of BaTiO3 clusters thanks to dipole–dipole interactions,
and their intrinsic flexibility should allow for the improved embedding of NPs within the
matrix. All these factors contribute to improving dispersibility and eventually the dielectric
performance. By systematically studying the effects of tailoring the hybrid interface via
silane functionalization, this research seeks to advance the understanding and development
of nanocomposite materials for energy harvesting applications.

2. Materials and Methods
2.1. Materials

For the synthesis of BT NPs, reagent grade titanium (IV) isopropoxide Ti(OiPr)4 (Sigma-
Aldrich, Saint Louis, MO, USA, CAS 546-68-9), barium acetate Ba(CH3COO)2 (Analyticals
Carlo Erba, Milan, Italy, CAS 543-80-6), potassium hydroxide KOH (VWR International,
Milan, Italy, CAS 1310-58-3), glacial acetic acid CH3COOH (ITW Reagents, Darmstadt,
Germany, CAS 64-19-7), and absolute ethanol C2H5OH (Merck KGaA, Darmstadt, Ger-
many, CAS 64-17-5) were used. A 30%vol aqueous solution of hydrogen peroxide H2O2

(Merck KGaA, Darmstadt, Germany, CAS 7722-84-1) and deionized water (DI) were used
for the hydroxylation of the particles. The reagents employed for the particles’ functional-
ization were as follows: 3-glycidyloxypropyltrimethoxysilane (G) (Merck KgaA, Darmstadt,
Germany, CAS 2530-83-8), 2-[(acetoxy(polyethyleneoxy)propyl]triethoxysilane (A) (Gelest,
Morrisville, PA, USA), toluene C7H8 (Honeywell, Charlotte, NC, USA, CAS 108-88-3),
n-hexane C6H14 (Merck KgaA, Darmstadt, Germany, CAS 110-54-3), triethylamine Et3N
(TEA) (Merck KgaA, Darmstadt, Germany, CAS 121-44-8), and acetone (CH3)2CO (Merck
KGaA, Darmstadt, Germany, CAS 67-64-1). Wacker Silgel 612 A/B (Wacker Chemie AG,
Munich, Germany) and pentane C5H12 (Merck KGaA, Darmstadt, Germany, CAS 109-66-
0) were employed for the composites’ production. Kapton tape (Dupont, Wilmington,
DE, USA), conductive copper tape, conductive aluminum tape, and PMMA (polymethyl-
metacrylate) sheets (purchased from RS Components Srl, Sesto San Giovanni, Italy) were
used to produce composite films.
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2.2. Synthesis and Functionalization of BaTiO3 NPs

BaTiO3 nanoparticles (labeled BTH) were produced by hydrothermal synthesis fol-
lowing the procedure reported in a previous study [28]. The functionalization of BTH
nanoparticles was performed by applying the protocol described in a previous study [29].
In detail, BTH particles were first subjected to a hydroxylation process to increase the
surface reactivity towards the functionalization reaction with two different organosilanes,
GPTMS (G) and APEOPTES (A); the obtained particles were labeled BTH_G and BTH_A,
respectively. The synthesis of BTH particles and their functionalization procedure are re-
ported in details in the Supplementary Information, together with the molecular structure
of the utilized organosilanes (Figure S1).

2.3. Production of PDMS-Based NCs

PDMS nanocomposites: Wacker Silgel 612 A (resin) was mixed with Wacker Silgel
612 A (hardener) in a weight ratio of 2:1 (3 g of A and 1.5 g of B) and 5 mL of pentane
were added. Different amounts of BTH particles were added to obtain composites at 3.5
and 14%vol filler loading, similarly to the procedure described in previous work [29].
The obtained mixture was stirred for 1 h, sonicated, and further stirred until solvent
evaporation. Once the solvent was evaporated, the mixture was applied to a PMMA
substrate with Kapton-covered aluminum electrodes using a film applicator (Elcometer
4340 Automatic Film Applicator, Elcometer Ltd., Manchester, UK), with an application
speed of about 3 cm/s producing films about 60–120 µm thick. The thickness of composites
was measured both with a micrometer and a coating thickness gauge (Elcometer 456). The
counter electrode built as the previous one was placed on the top with a spacer about 1 mm
thick, and the films were cured at 80 ◦C for 90 min with the simultaneous application of an
electric field of about 7 kV/mm. Self-standing films were obtained by gently detaching the
produced layers from the substrates and characterized by the techniques reported in the
next section. Films loaded with bare particles were labeled as Pf_3.5_BTH, and Pf_14_BTH
(at low 3.5%vol and high 14%vol filler content, respectively); similarly, films loaded with A-
functionalized and G-functionalized particles were labeled, respectively, as Pf_3.5_BTH_A,
Pf_3.5_BTH_G, and Pf_14_BTH_G. Finally, to evaluate the effect of the fillers, a PDMS film
sample, labeled as Pf_neat, was made under the same conditions. Filler content choice was
performed on the basis of both previous internal studies and literature. The feasibility of
adding higher volume fractions than the ones used in this work was explored, but did not
give good results in terms of film formation. This led to the upper filler content being set at
14%vol. The low filler content was selected taking into account the experimental results and
the literature; for example, Mandal et al. [30] observed a percolation threshold of BaTiO3

particles of 100 nm in size of 5%vol in PVDF-based composites. Given that our particles
were slightly bigger and functionalized, the low filler content was set at 3.5%vol (1/4 of the
highest loading). Considering this, for that which concerns the A-functionalized samples,
only the film with low BTH_A loading was characterized by the techniques reported in
Section 2.4, due to defects in high loading films related to viscosity issues, which were
unavoidable under the same experimental conditions used for all films. To explore the
potential use of these composites as dielectric elastomer generators (DEG), the dielectric
constant and dielectric breakdown of the samples were evaluated while they were in a
deformed state. Slices of PDMS composite films were prepared and placed on paper frames;
these frames were clamped and stretched to a stretching ratio of λ = 2 with a homemade
apparatus as shown in Figure S2 of the Supplementary Information. The central portion
of the stretched samples was clamped on rigid Cu-covered epoxy substrates, serving as
the bottom electrode, while Au-electrode was sputtered on the top to perform dielectric
spectroscopy and dielectric breakdown measurements to assess the impact of stretching
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on the samples. All the samples are reported in Table 1 with their respective labeling
and compositions.

Table 1. Sample labeling, thickness, and composition.

Sample Label Thickness (µm) Std.
Dev. (-) Filler Type Filler Content

(%vol.) Functionalizing Agent

Pf_neat 75 (3) No filler 0 No functionalizing agent
Pf_3.5_BTH 65 (4) Bare BTH NPs 3.5%vol. No functionalizing agent

Pf_3.5_BTH_G 55 (3) Functionalized BTH NPs 3.5%vol. GPTMS
Pf_3.5_BTH_A 65 (4) Functionalized BTH NPs 3.5%vol. APEOPTES

Pf_14_BTH 120 (10) Bare BTH NPs 14%vol. No functionalizing agent
Pf_14_BTH_G 85 (8) Functionalized BTH NPs 14%vol. GPTMS

2.4. Characterization

Thermogravimetric Analysis (TGA) curves of composite films were collected with a
TA Instruments TGA Q5000 (New Castle, DE, USA) between 30 and 700 ◦C and a heating
rate of 10 ◦C/min in flowing air to evaluate the thermal stability of the composites. For
Field Emission Scanning Electron Microscopy (FE-SEM): the composites were analyzed
with a Carl Zeiss (Carl Zeiss S.p.A., Milan, Italy) Gemini Supra 40 Field Emission Scanning
Electron Microscopy (FE-SEM) using secondary electrons (SE) as the main signal with
the following parameters: accelerating voltage 7.5–10 kV at 20,000×, 10,000×, 5000×,
2000×, and 1000×. Before imaging, samples were metal-sputtered with a Q150T coater
(Quorum Technologies Ltd., London, UK) with Pt/Pd-80/20 alloy. Energy Dispersive X-
Ray Spectroscopy (EDXS): EDXS images were collected on composites with a Jeol JSM-5500
SEM equipped with an EDXS detector and an operating voltage of 20 kV at 2000×, 1000×,
and 500× magnification.

The evaluation of the dielectric constant (ε’) and breakdown strength (EBD) is of impor-
tance to evaluate the potential energy-storage performances of the composites. Dielectric
Spectroscopy (DS) measurements were performed using Novocontrol technologies Alpha-
A High-Performance Frequency Analyzer (Novocontrol Technologies GmbH & Co. KG,
Montabur, Germany). Wide frequency [10−2 Hz–106 Hz] and temperature [−140–+120 ◦C]
ranges have been explored on composite films, providing both extensive dielectric data
on these materials and covering application fields ranging from cryogenic to heating of
electroactive polymers under extended frequency excitation conditions. For DS measure-
ments, sputtered 200 nm thin gold electrodes were deposited for a metal–insulator–metal
configuration and an ac-voltage in the range of 1–3 V was applied to the structure (the
amplitude of this voltage does not affect the dielectric response in these conditions of
experiments and sample specifications). The thickness of the composite films was well
controlled, and the samples were in the 60–120 µm range. For measurements at high/low
temperature: 3 washing cycles with nitrogen (vacuum + N2 filling) were performed prior to
the measurement to remove humidity. The dielectric constant ε’ is one of the most crucial
quantities as it is linked to the ability of a material to store electrical energy. Dielectric losses
ε” and AC conductivity σ’ constitute other parameters of interest for estimating material
leakage and its suitability for integration into applications.

The EBD of the composite films was evaluated by placing the film between a top ball
electrode connected to the high voltage and a grounded bottom electrode; see Figure S3.
The voltage was increased with a ramp of 50 V/s (using a Keithley 3390 oscilloscope as
wave generator coupled with a Keithley 2290-5 5 kV as generator, Keithley Instruments,
Solon, OH, USA) until dielectric failure; 15 measurements per sample were recorded.
The relative permittivity ε’ of the materials and the breakdown strength allowed us to
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estimate the theoretical volumetric energy density that can be stored in the films, which
was calculated using the equation U = ½(ε0ε’EBD

2). To explore the potential use of these
composites as dielectric elastomer generators, the same properties were evaluated while
they were in a deformed state (see Supplementary Information).

3. Results and Discussion
In a previous work [28], the functionalization of BT NPs (BTH, mean size 120 nm) pre-

pared by an optimized hydrothermal synthesis was studied in detail. The reaction of BTH
with both GPTMS and APEOPTES resulted in a higher degree of surface functionalization
for BTH_G with respect to BTH_A, due to steric and electron-inductive effects. Epoxy- and
PDMS- based nanocomposites with bare and functionalized BaTiO3 NPs were prepared in
form of disks by solvent-casting, highlighting the beneficial effect of functionalization for
improving NP dispersibility [29].

This research investigates the potential of PDMS-based nanocomposite self-standing
films for applications as electroactive elastomers in the context of energy harvesting. The
effects of ceramic filler loading (3.5 and 14%vol) and NPs functionalization with GPTMS
on microscopic features, thermal stability, electrical AC conductivity, and dielectric prop-
erties of composite films were studied in detail. To investigate the impact of filler–matrix
hybrid interfaces on dielectric performance while reducing the effects due to filler–filler
interactions, a composite film containing 3.5%vol of NPs functionalized with APEOPTES, a
PEO-based organosilane, was prepared. Its properties were compared to those of analogous
samples prepared with bare and G-functionalized particles.

3.1. Microstructural and Thermal Characterization

All samples are free of significant macroscopic defects or pores and the surfaces are ho-
mogeneous; the self-standing films are very flexible with thicknesses of around 60–80 µm
for Pf_neat and 3.5%vol loaded samples (Table 1), independently of the functionaliza-
tion while the thickness of samples loaded with 14%vol of filler is in the range of 120 µm
(Table 1); the higher viscosity of the starting polymer–ceramic solution at high filler contents
results in a lower homogeneity during the film deposition, and, consequently, in a higher
final thickness. The SEM micrographs displayed in Figure 1 provide valuable insights into
the cross-section of the PDMS film composites. Remarkably, all samples exhibit an absence
of defects and bubbles and a smooth surface of the cross-section. SEM analysis confirms, as
reported in Table 1, that the highly loaded samples, namely Pf_14_BTH and Pf_14_BTH_G,
demonstrate a higher thickness compared to the others. It is worth noting that samples
containing bare particles, such as Pf_3.5_BTH and P_14_BTH, reveal the presence of large
particle agglomerates measuring several tenths of microns. Conversely, the inclusion of
functionalized particles in the composite (Pf_3.5_BTH_G and Pf_14_BTH_G) results in a
significantly enhanced dispersibility: no prominent agglomerates are visible, and particles
appear to be well separated within the matrix. Likewise, the sample Pf_3.5_BTH_A, pre-
pared with A-functionalized NPs, shows very well-dispersed particles. A tendency to align
towards the direction of the applied electric field with the formation of the particles’ fila-
ments was observed in a previous work on disk samples of the same composition prepared
by casting [29]. In this case, no alignments were observed, and this effect is probably due
to the different film fabrication procedure, which produces much thinner samples, thus
allowing a fast crosslinking reaction. The slight inconsistencies in thickness between data
reported in Table 1 (evaluated by a thickness gauge that foresees the application of a small
force on top of the films) and the SEM images (Figure 1) could be due to both the different
techniques used and the preparation method of the SEM specimens (the films were cooled
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in liquid nitrogen and subjected to brittle fracture), which can cause deformation in very
thin films.

 

Figure 1. Cross-sections of PDMS-based composites with different functionalized fillers. Yellow
arrows indicate large agglomerates in composites with bare BTH particles. The red arrow indicates a
crack formed during liquid nitrogen cracking for the cross-section evaluation.

The improved dispersibility with NP surface functionalization is further supported by
the images reporting Ba elemental maps of PDMS-based composites (Figure 2). The samples
with bare particles, PF_3.5_BTH and Pf_14_BTH, show large agglomerates (in the range
10–15 µm), visible from the more intense yellow spots combined with depletion regions
(black regions); this occurs particularly in the case of the sample at 14%vol filler loading.
It is worth noting that with the particles being submicrometric in size (≈120 nm), with a
narrow distribution and spherical shape, their spontaneous tendency to form agglomerates
is quite high. The use of G-functionalized particles leads to a reduction in both the number
and size of agglomerates. However, a few agglomerates are still present, which could also
be influenced by the eventual ring-opening reactions of the GPTMS oxyrane rings that
could lead to aggregate formation by crosslinking among the particles; this occurs more
easily in Pf_14_BTH_G. A-functionalized particles demonstrate even better control over the
interface. In fact, the polar ether groups of the PEO chains present in APEOPTES can form
weak interactions, such as van der Waals forces as well as London’s dispersion forces, with
the PDMS matrix, according to reported mechanisms in polymer nanocomposites [31–33].
Furthermore, the presence of a much longer and flexible organic chain likely facilitates the
formation of a more homogeneous hybrid interface and the stabilization of particles within
the siloxane matrix. The presence of a more homogeneous hybrid interface together with
the aforementioned weak interactions between the silane and the PDMS matrix promotes a
more uniform dispersion of particles throughout the composite, highlighting the role of
hybrid interfaces in controlling filler dispersion.

Thermogravimetric curves were collected to evaluate the thermal stability of the
composites as shown in Figure S4 together with their associated results in Table S1. The
thermogravimetric curve of Pf_neat in air shows two steps: the first centered around
356 ◦C; and the second at higher temperatures, around 465 ◦C. This double-step process
has already been reported in the literature [24] and ascribed to a first decomposition of the
PDMS chain that competes with an oxidative crosslinking, which contributes to stabilizing
the material, while further decomposition occurs above 400–450 ◦C. The addition of bare
BTH nanoparticles increases the thermal stability of the composites by shifting the flex point
towards higher temperatures; the first loss temperature moves to 385 ◦C for Pf_3.5_BTH
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and to 401 ◦C for Pf_14_BTH. This effect is more evident when particles are functionalized
with GPTMS; in fact, the first weight loss is centered at 411 ◦C for Pf_3.5_BTH_G and
431 ◦C for Pf_14_BTH_G. Concerning the second weight loss of Pf_3.5_BTH_G, it is shifted
at 517 ◦C with respect to the 499 ◦C of the samples filled with bare particles (Pf_3.5_BTH).
No second loss is found for Pf_14_BTH_G as in Pf_14_BTH. Finally, looking at the A-
functionalized sample, the first loss is further shifted towards higher temperatures being
centered at 390 ◦C, very similar to that of the G-functionalized sample, and the second loss
occurs around 504 ◦C. These results highlight the additional beneficial effect provided by
particle functionalization—and interface engineering—in improving the thermal stability
of the samples. The FTIR spectra of the PDMS-based nanocomposites were also collected
and they are showed in the Supplementary Information with a brief comment (Figure S5).

 

Figure 2. EDXS Ba elemental map of PDMS-based composite films.

3.2. Electric and Dielectric Characterization
3.2.1. Dielectric Spectroscopy (DS)

DS is widely used for the study of dielectric properties and it could be particularly
useful when dealing with composite materials [34,35]. Figure 3 displays the real part of the
dielectric constant of composites films together with one of the ceramic pellets produced
with the BTH particles for the sake of comparison. The neat PDMS matrix has a permittivity
of 2.7, matching the technical data sheet, while BTH powders exhibit a permittivity of
around 1000 at high-frequency (Figure 3). As expected, incorporating BTH powders into
PDMS increases the permittivity, over the entire frequency range, and the extent of this
effect depends on the filler amount [36–38]. Compared to studies in which strontium
titanate is added to a silicone matrix [38], it is clear that choosing barium titanate has
the advantage of significantly increasing the dielectric constant while maintaining low
losses and low AC conductivity. This is evidenced by the increase in the permittivity
value going from Pf_neat to Pf_3.5_BTH and Pf_14_BTH. This enhancement is due to
the increase in the relative ratio between materials with a high dielectric constant (BT)
and with a low dielectric constant (PDMS). The surface functionalization of filler particles
with GPTMS further enhances the permittivity, and this effect is evident in Pf_3.5_BTH_G
and even more in the highly loaded samples. This increase in permittivity with GPTMS
functionalization is clearly visible across the entire frequency range, particularly at the
highest frequencies investigated (1 MHz). This indicates that this increased permittivity
is the result of polarization mechanisms occurring at much higher frequencies, but is
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also due to the polar nature or polar groups’ promoting nature of reagents employed for
particles’ functionalization. It can therefore be argued that the functionalization applied
promotes ionic (i.e., molecular) and possibly electronic polarization mechanisms. It is
worth noting that the material with the highest dielectric constant (Pf_14_BTH_G) shows
a permittivity that increases at the lowest frequencies below one hertz. This trend is
also present (but difficult to observe on the scale of the chosen figure) for Pf_14_BTH.
Two effects can be put forward to explain this trend. Adding a larger amount of BTH
will promote a specific surfaces area (SSA) between the BTH and the PDMS. This will
therefore promote interfacial polarization mechanisms, which will result in an increase in
permittivity from a dielectric point of view. This interfacial polarization mechanism can
be accentuated if the electrical conduction of free charges takes place. It can be seen that
the functionalization of the particles reinforces these possibilities. To be thorough, when
reducing the frequency, interfacial polarization dominates the permittivity curve of the
BTH pellets due to numerous particle–particle interfaces, and the ceramic fillers’ dielectric
properties vary based on factors like grain size and microstructural features [39–41]. Finally,
we do not want to rule out the possibility that enhancing matrix–filler interfaces with
organosilanes triggers dipolar polarization due to polar groups in the molecular chain.
This also enhances the Maxwell–Wagner–Sillars (MWS) [42] interfacial interaction at the
particle–matrix interface, leveraging the interfacial polarization phenomenon [43,44]. It
is interesting to note that films containing 3.5% of both BTH_G and BTH_A exhibit no
significant differences in permittivity, with base values of about 7.6 and 7.1, respectively.
Therefore, replacing GPTMS with APEOPTES preserves the advantages of the hybrid
interface in terms of permittivity. Compared to recent works on composite BT—PDMS and
other PDMS composites [45–47], the addition of functionalized BTH NPs, in our case, allows
for much higher dielectric constant values, with a good stability in the whole frequency
range investigated.

 

Figure 3. (A) Real part of permittivity for PDMS-based films as a function of the frequency; (B) real
part of permittivity for BTH powder pellets for the sake of comparison.

Temperature’s influence on the dielectric constant has been studied, revealing distinct
trends in permittivity frequency sweeps at various temperatures (Figure 4). Pure PDMS is
amorphous above −40 ◦C, with a glass transition temperature of approximately −125 ◦C
and cold crystallization temperature around −90 ◦C, depending on conditions and PDMS
type [48–50]. Increasing temperature causes a slight decrease in permittivity, following
the trend commonly observed in apolar materials according to the Langevin theory [51].
High temperatures enhance low-frequency polarization, starting at higher frequencies.
The addition of particles leads to a frequency-dependent decrease in permittivity, as the
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polarization levels off and the dipoles struggle with rapid field alternation. This effect
intensifies at higher temperatures, possibly due to thermal excitation. At lower filler
content, particle–particle interactions appear less significant than particle–macromolecule
interactions. The significant low-frequency increase in G-functionalized samples at high
temperatures may stem from other phenomena related to the molecular structure of the
functionalizing agent; in fact, the GPTMS chain is relatively short and could be thermally
excited increasing its mobility by increasing the temperature [52]. The effect is more
pronounced for Pf_14_BTH_G with respect to Pf_3.5_BTH_G because of the higher amount
of particles and consequently of the organosilane. In Pf_3.5_BTH_A, the effect is less evident
if compared with Pf_3.5_BTH_G and this could be due to the different molecular structure
and chain length of A with respect to G. With APEOPTES, the presence of conductive PEO
units at the hybrid interface could activate specific conduction mechanisms at elevated
temperatures, further influencing dielectric behavior.

Figure 4. Frequency dependence of the real part of the permittivity for PDMS-based composites at
various temperatures (from −140 ◦C to 120 ◦C).
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Figure 5 shows the dissipation factor tan(δ) frequency and temperature dependence
of all samples. This parameter is a common criterion for evaluating the performance of
materials in terms of energy losses. The fact that the dielectric constant ε’ is not really
affected by frequency does not distort our interpretation of the frequency change in tan(δ).
Higher values of tan(δ) indicate greater dielectric losses in the polarization process. For all
samples, tan(δ) has low values (<0.01) from 106 Hz down to 102 Hz. The significant increase
in tan(δ) as the frequency decreases is a consequence of the AC conductivity of electric
charges at long distances, which becomes dominant in the material at low frequencies.
Mathematically, this AC conductivity is an imaginary term that adds to the dielectric losses.
In the frequency range explored here, this AC conductivity becomes more pronounced,
especially with increased temperature. At lower filler concentrations, functionalization
seems beneficial for both tan(δ) and dielectric loss, likely due to a stronger particle–matrix
interface. However, at room temperature (RT) at higher filler concentrations (Pf_14_BTH
and Pf_14_BTH_G), tan(δ) becomes higher at lower frequencies. This is consistent with
the higher SSA and blocking of electric charges at these interfaces. It is possible that an
increase in AC conductivity within these clusters contributes to the rise in losses. The
addition of fillers slightly reduces the overall loss factor, and low-frequency polarization
occurs at higher frequencies compared to the neat matrix. This phenomenon becomes more
pronounced with increasing temperature [42]. Furthermore, particle functionalization also
influences the results. The effects of MWS (interfacial interaction) in G-functionalized sam-
ples become more apparent and occur at higher frequencies compared to the samples with
bare particles, confirming the role of the interface in modulating dielectric response [18].
This suggests concurrent dipolar polarization, as functionalizing agents contain polar
groups in their molecular structure. In addition to that, the behavior of Pf_3.5_BTH_A is
similar to that of its G-functionalized counterpart. However, despite all these comments,
the dielectric loss tangent at room temperature remains low for all composites, indicating
that most of the electric energy can be converted into mechanical energy with minimal
energy dissipation.

It is worth discussing the effect of temperature on the loss factor. At low temperatures,
the dielectric loss is minimal and remains on the order of magnitude of 10−2 [43]. As
temperature increases, the dielectric loss also increases due to higher thermal excitation.
Conversely, at temperatures below −60 ◦C and −100 ◦C, the dielectric loss is lower [43].
This reduction can be attributed to the semi-crystalline nature of PDMS below −40 ◦C,
where reduced chain mobility due to crystallization leads to lower losses. It is worth
noting that the loss tangent at −140 ◦C consistently remains higher at high frequencies
compared to the base value. The trend of tan(δ) is influenced by the polymeric matrix, as
different relaxation mechanisms are activated at various temperatures and frequencies. At
very low temperatures, the increase in dielectric loss (or tan δ) for the neat matrix at low
frequency is due to α-relaxation mechanisms (polymeric chain re-arrangement) [43], while
at higher temperatures, other phenomena like MWS and β-relaxation come into play [50].
As the temperature rises and surpasses the glass transition temperature (Tg), molecular
chains exhibit more movement and orientation, resulting in visible manifestations of the
relaxation process in the dielectric spectrum. In order to better understand this evolution
of the dissipation factor, which must be analyzed with caution as it is impacted by both the
change in frequency and in temperature of the dielectric constant and dielectric losses, to
which must be added the term of long-distance electrical conduction, particularly at low
frequencies, let us analyze the behavior of AC conductivity.
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Figure 5. Frequency dependence of the dissipation factor tan(δ) for PDMS-based composites at
various temperatures (from −140 ◦C to 120 ◦C).

AC conductivity trends were analyzed through DS measurements, indicating that all
composites exhibit insulating properties. Figure 6 depicts the AC conductivity trends
of the samples as a function of frequency and temperature. The observed behavior
aligns with the universal Jonscher law (σac(ω) = σdc + Aωn,), where the conductivity
(σac) in the AC regime follows a nearly linear relationship (on a log-log scale) from 10−8

to 10−14–10−15 S/cm across the frequency range of 106 Hz to 10−2 Hz. At low frequencies,
a frequency-independent plateau is observed in most samples, indicating the presence of
long-range electric AC conductivity (impacting the trend observed on the dissipation factor
in this frequency range, see Figure 5). The nanocomposites’ AC conductivity is strongly
influenced by frequency and temperature, with a decrease in AC conductivity at lower fre-
quencies due to dipole polarization or interfacial polarization (MWS polarization) [42]. Neat
PDMS exhibits a prominent plateau at low frequencies (<100 Hz), particularly at higher
temperatures, while the plateau diminishes with increasing filler, and it almost disappears
when the particles are functionalized. Temperature also affects conductivity, with a plateau
observed at higher temperatures (below 10 Hz) indicating a DC-conductivity component
associated with long-range moving charges [43]. This effect is more pronounced in Pf_neat,
reflecting the thermally activated nature of AC conductivity and the increase in DC bulk
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conductivity [43]. The small increase in the room temperature conductivity can be linked
to the introduction of ceramic fillers: at 1 kHz, the conductivity value is 5.2·10−12 S/cm for
Pf_neat and increases to 6.6·10−11 S/cm and to 2.6·10−11 S/cm, respectively, for Pf_3.5_BTH
and Pf_14_BTH. When the filler concentration increases, the interfacial polarization also
increases, leading to an increase in AC conductivity that may be caused by ion hopping in
the polymer chain. However, despite the higher conductivity of the filler compared to the
neat matrix, the addition of NPs does not significantly impact the final AC conductivity
values. Functionalizing agents also influence AC conductivity, enhancing interfacial polar-
ization. The presence of organosilanes at the matrix–particle interface can lead to charge
accumulation, resulting in higher AC conductivity. RT AC conductivity at 1 kHz of the
G-functionalized sample (Pf_3.5_BTH_G) is around 1.2·10−11 S/cm which is almost six
times higher with respect to that of the bare counterpart (Pf_3.5_BTH). Furthermore, with
the polar functionalizing agents, a shoulder is observed rather than a plateau with an onset
of around 10 Hz. This is particularly evident in the Pf_14_BTH_G sample. The situation is
similar for the A-functionalized samples (Pf_3.5_BTH_A); moreover, the molecular struc-
ture of the functionalizing agent, with the presence of conductive PEO units in its chain,
can affect the AC conductivity behavior, acting as long-range charge carriers and forming a
more conductive path going through the filler network. A similar behavior was reported
by Guan et al. [18] using carbon-nanotube-functionalized BT particles in a PDMS matrix.
Let us analyze the low-frequency behavior of AC conductivity in more detail. Pf_neat is an
RTV-type silicone with a platinum catalyst (manufacturer’s data). Generally, mechanical
reinforcement fillers (usually fumed silica) are incorporated into the PDMS matrix. These
fillers, combined with the polymer chains, form interfacial zones where polarization mech-
anisms occur. It should be noted that for temperatures below the melting point (<−30 ◦C),
no plateau is observable in the low frequencies. The polymer is semi-crystalline at these
temperatures and the polymer chains are therefore more constrained, which does not favor
conduction mechanisms, despite the rubbery nature of the material for our measurements
above −100 ◦C. Slightly above −30 ◦C, at the lowest frequencies, we can see the beginning
of a plateau in the measurement at −20 ◦C, at which point the polymer matrix has become
amorphous or quasi-amorphous. At room temperature and above, long-distance charge
conduction, with blocking at the interfaces with silica or movement in the silica clusters,
results in a plateau in conduction at low frequencies, exacerbated by temperature. The
addition of BTH charges does not degrade this low-frequency conductivity, and may even
improve it slightly, probably by restricting the movement of the polymer chains. Indeed,
for example, it can be seen that the conductivity plateau is less spread out in frequency
for Pf_14_BTH in comparison with Pf_neat. Functionalization brings some change to this
plateau, but nevertheless without significant change. The plateau, although slightly more
spread out in frequency, is forced to curve downward. This curvature, although relatively
slight, but visible in particular for Pf_14_BTH_G, is indeed the signature of a pronounced
interfacial polarization mechanism, as already mentioned.

3.2.2. Breakdown Strength

Understanding and improving the breakdown strength of silicone elastomers has
been the subject of several interesting studies over the past ten years [53–56]. The eval-
uation of the breakdown strength of PDMS-based composites was conducted, and the
corresponding outcomes are presented in Table 2. It is worth noting that pure BaTiO3

usually has a breakdown strength in the range 1–10 kV/mm [57], that, in some cases, with
the proper doping, microstructure, and synthesis route, can go up to excellent values of
35–40 kV/mm [58]. The breakdown strength of unmodified and G-functionalized samples
ranges from 33.0 to 40 kV/mm, depending upon filler loading and the presence of the
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functionalizing agent. For neat PDMS, values are in the range 33.8 ± 5.4 kV. At low filler
loading (3.5%), there is a minor increase in the breakdown strength discernible for bare
particles. In contrast, Pf_3.5_BTH_G exhibits a pronounced increase of +18.0% in EBD

relative to neat PDMS. Nonetheless, a distinct scenario emerges in the context of samples
with elevated loading (14%vol) wherein the mean breakdown strength aligns closely with
that of neat PDMS. This is attributed to the diminished homogeneity characteristic of highly
loaded samples, marked by the presence of sizable particle agglomerates acting as defects
and inhomogeneities, thereby limiting the beneficial impact of particle incorporation. A-
functionalized films, on the other hand, register an EBD value of 42.1 kV/mm, signifying a
notable increment of +24.5% compared to neat PDMS. This enhancement can be ascribed
to the combined effect of improved particle dispersibility, defect mitigation, and the for-
mation of tailored particle–matrix interfaces. Primarily, improved particle dispersibility
due to functionalization results in more homogeneous composites devoid of defects, voids,
and substantial agglomerations. Moreover, the polar functional groups introduced via G
and A functionalization may act as shallow charge traps, effectively delaying dielectric
breakdown by impeding charge mobility at the interface. While the functionalized samples
show increased AC conductivity, likely due to interfacial polarization and enhanced dipolar
mobility, this behavior does not necessarily reflect increased DC leakage currents. Rather, it
may indicate more active interfacial regions, which are also involved in charge trapping
mechanisms that stabilize the dielectric response under high field conditions [59–61].

Figure 6. Frequency dependence of AC conductivity values for PDMS-based composites at various
temperatures (from −140 ◦C to 120 ◦C).
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Table 2. Breakdown strength for PDMS-based composite films with their relative standard deviation
and the percentage difference with respect to the neat matrix.

Sample EBD [kV/mm] ∆ (Neat)

Pf_neat 33.8 (5.4) -
Pf_3.5_BTH 34.6 (6.1) +2.4%

Pf_3.5_BTH_G 39.9 (6.9) +18.0%
Pf_14_BTH 33.0 (5.2) −2.4%

Pf_14_BTH_G 34.8 (5.0) +2.9%
Pf_3.5_BTH_A 42.1 (6.8) +24.5%

3.2.3. Theoretical Energy Density Evaluation

The dielectric constant and breakdown strength values were used to estimate the
theoretical upper limit of electrostatic energy density that can be stored in the composites
using the standard relation U = 1/2ε0ε’EBD

2, where ε0 represents the vacuum permittivity,
ε’ denotes the relative permittivity (chosen as reference for a frequency of 1 kHz), and EBD

represents the dielectric strength of the material. Results are summarized in Table 3. Neat
PDMS shows an energy density of 29 mJ/cm3. The addition of BTH NPs increases this value
significantly. At 3.5%vol, bare particles (Pf_3.5_BTH) more than double the energy density,
and at higher loadings, the dielectric constant further increases, though gains are limited by
a drop in the breakdown strength. The most notable improvements are achieved at low filler
content with functionalized NPs. Pf_3.5_BTH_G and Pf_3.5_BTH_A reach energy densities
of over 100 mJ/cm3—up to a 296% increase over neat PDMS. This is due to both enhanced
NP dispersion and hybrid interface engineering via organosilane functionalization, which
helps to maintain high permittivity while minimizing the breakdown losses. At higher filler
loadings, namely at 14%vol, the presence of agglomerates limits the gain in permittivity
by reducing the dielectric breakdown strength. Therefore, the results suggest that a low
filler content with optimized interface chemistry is the ideal solution for achieving the
greatest advantage in energy density. The values in Table 3 are comparable to or better
than those reported in the literature for higher ceramic loadings [62–65], which highlights
the effectiveness of properly designing hybrid interfaces in polymer nanocomposites
for energy storage applications. The values of energy density found in this work are
theoretically aligned with those found in the literature for silicone BaTiO3 composites,
ranging from 0.05 to 0.1 J/cm3 [65]. However, it is worth nothing that this study merely
aims to point out the potential behind the use of functionalizing agents; the real value
depends on several factors, such as frequency, conversion yield, measuring conditions,
and so on. Accordingly, the theoretical energy density was calculated at the standard
reference frequency of 1 kHz, widely used in the literature. All these limitations are
overestimating the energy density but provide a reasonable value for the maximum energy
storage potential of these nanocomposites.

Table 3. Summary of dielectric constant, breakdown strength, and maximum theoretical energy
density for PDMS-based composite films.

Sample εr (1 kHz) EBD [kV/mm] U [mJ/cm3]/∆(%)

Pf_neat 2.8 33.8 28/-
Pf_3.5_BTH 5.5 34.6 58/+107%

Pf_3.5_BTH_G 7.6 39.9 107/+282%
Pf_3.5_BTH_A 7.1 42.1 111/+296%

Pf_14_BTH 8.1 33.0 78/+178%
Pf_14_BTH_G 10.3 34.8 110/+294%
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3.2.4. Effect of Stretching

Preliminary tests were performed to assess the electromechanical stability of the
produced samples. Figure 7A shows the trend of the real part of the permittivity as a
function of the frequency for the composites subjected to uniaxial stretching (λ = 2). In
general, stretching leads to a decrease in the dielectric constant for all filled samples, while
the neat PDMS matrix remains unaffected, aligning with previous research [66–68]. The
extent of the reduction is smaller in the composites with functionalized fillers, especially
those using APEOPTES, indicating a more stable dielectric response under mechanical
deformation. In stretched samples, the permittivity decrease is likely influenced by changes
in the polymer chain orientation and particle–matrix interactions, but these effects are
less pronounced when the filler–matrix interfaces are properly engineered through NP
functionalization. The AC conductivity trends (Figure 7B) remain generally similar between
the stretched and unstretched samples. However, Pf_3.5_BTH_G and Pf_3.5_BTH_A show
increased AC conductivity under stretching at low frequencies, which could be due to an
orientation of the polar functional groups at the particle surface, creating more favorable
pathways for charge transport [69–71]. Stretching also impacts the dielectric breakdown
strength, as summarized in Table S2. A slight improvement is observed in most of the
composites, with the greatest increase in Pf_14_BTH_G, which reaches 45.5 kV/mm—
an increase of over 30% compared to its unstretched counterpart. This improvement is
attributed to a combination of matrix stiffening and the stabilizing effect of the hybrid
interface. Despite the drop in permittivity, the samples with functionalized fillers still retain
relatively high energy densities under stretching, suggesting that the hybrid interface also
supports resilience under mechanical deformation as shown in Table S2. However, the
influence of stretching on the dielectric constant remains a complex issue: various factors
like stretching ratio, initial/final thickness, electrode type, and measurement technique
significantly impact the observed behavior [67]. The different mechanisms and their
dependence on the factors mentioned above will be the subject of further studies.

Figure 7. (A) Real part of permittivity for PDMS-based films as a function of the frequency. Samples
were stretched with a stretching ratio of =2. (B) Room temperature AC of PDMS-based films as a
function of the frequency range.

4. Conclusions
This study investigated the impact of BTH powder loading and functionalization on

the dielectric properties of PDMS-based composites. The addition of BTH powders resulted
in an increase in permittivity, especially at low frequencies, due to interfacial polarization.
However, the relationship between filler quantity and dielectric constant was not linear,
likely due to the formation of particle agglomerates at high filler contents. The design
of hybrid interfaces through surface functionalization with organosilanes was proved to
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be a simple but effective route to optimize composites’ performance. In fact, function-
alization improved permittivity by activating polarization mechanisms and improving
particle dispersibility, leading to more homogeneous samples with extensive interfaces. The
presence of polar groups in the functionalizing agents facilitated dipolar polarization of the
silanes and promoted matrix–filler interactions. Engineering the particle–matrix hybrid
interfaces affected the measured properties, being, for example, beneficial for reducing
dielectric loss at low filler concentrations. Particularly notable is the use of APEOPTES, a
novel silane functionalizing agent containing PEO chains, which outperformed GPTMS
in several aspects. The film prepared with NPs functionalized with APEOPTES exhibited
remarkable dielectric properties, including high permittivity, enhanced dielectric strength,
and theoretical energy density values up to 111 mJ/cm3 at just 3.5%vol filler loading.
These improvements are attributed to the unique molecular structure of APEOPTES, which
promotes both compatibility with the PDMS matrix and the formation of efficient inter-
faces capable of supporting charge trapping and interfacial polarization. The presence of
polar organosilanes as functionalizing agents resulted in shoulder-like behavior in the AC
conductivity curve, suggesting the creation of localized conductive pathways. Dielectric
breakdown strength also improved thanks to functionalization, especially when using low
filler loadings. In fact, at higher filler contents, the positive effects of functionalization were
diminished by the presence of particle agglomerates. Preliminary tests on stretched samples
confirmed the robustness of all composites, which maintained high dielectric performance,
further supporting the relevance of interface engineering in applications requiring mechan-
ical flexibility. Overall, this work underscores the importance of hybrid interface design as
a straightforward and scalable strategy to achieve high dielectric performance of PDMS-
based composites, while limiting the amount of ceramic nanoparticles, thus preserving the
properties of the elastomer. The successful use of APEOPTES as a functionalizing agent
offers new opportunities for tailoring interfacial chemistry in ceramic–elastomer systems
and suggests broader applicability to other polymeric matrices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcs10010058/s1, Figure S1: Scheme of the molecular structure of
the used organosilanes, respectively, GPTMS, G (left) and APEOPTES, A (right); Figure S2: Home-
made apparatus for sample stretching (left) and Cu-covered epoxy substrates for the testing; Figure S3:
Setup for the measurement of the dielectric breakdown strength (left), homemade cell for evaluating
breakdown strength of the films (right); Figure S4: Thermogravimetric curves of PDMS-based com-
posites. The arrow indicates the shifting towards higher temperatures of the inflexion point from
bare PDMS to PDMS composites; Figure S5: FTIR spectra of PDMS-based composites in the range
4000–550 cm−1; Table S1: Decomposition temperatures of PDMS-based composites; Table S2: Sum-
mary of dielectric constant, dielectric breakdown value, and energy density for stretched composites.
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Abbreviations
The following abbreviations are used in this manuscript:

PDMS Polydimethylsiloxane
NPs Nanoparticles
BT BaTiO3

BTH Hydrothermal Barium Titanate
GPTMS (G) 3-glycidyloxypropyltrimethoxysilane
APEOPTES (A) 2-[acetoxy(polyethylenoxy)porpyl]triethoxysilane
SEM Scanning Electron Microscopy
EDXS Energy Dispersive X-Ray Spectroscopy
TGA Thermogravimetric Analysis
DS Dielectric Spectroscopy
EBD Electric Breakdown
MWS Maxwell–Wagner–Sillars
PEO Polyethyleneoxide
PEG Polyethyleneglycole
RT Room Temperature
AC Alternating Current
DC Direct Current
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