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a b s t r a c t

Nanocomposite generators convert mechanical energy into electrical energy and are attractive low-
power solutions for self-powered sensors and wearables. Homogeneous dispersion, high concentration,
and orientation of the embedded filler strategies have been assumed to maximize the voltage output
in nanocomposite generators. This work contrast these assumptions by studying the dominance of the
interphase in low filler concentrations (<10%) and random dispersions in a ZnO/PDMS nanocomposite
generator with high peak-to-peak voltage generation capabilities (≈150V). The interphase in the
nanocomposite was studied by the analysis of the random dispersion of the nanocomposite through
the estimation of the effective volume fraction (φagg ) which allowed us to identify three levels
of interaction: individual interphases, interacting interphases, and overlapping between NPs and
interphases. The interacting interphase is responsible here for the high generated voltage. In addition,
the impact of the interphase was studied by applying lumped element (LE) and interphasial power-
law (IPL) models that capture the measured voltages and the electromechanical film properties. The
obtained results justify that engineering of interphases could be a design strategy for high voltage
generation.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zinc Oxide (ZnO) based nanocomposite generators transform
echanical energy into electrical energy and are attractive as

ow-power solutions for self-powered wearables and sensors
Chen and Wang, 2017; Song et al., 2019; Pradel et al., 2014;
u et al., 2010). ZnO nanocomposite generators with improved
iezoelectric response have been explored through multiple
trategies: type of the embedded filler, homogeneous dispersion,
igh concentration, and high order orientation (Parangusan et al.,
017, 2018; Hasan et al., 2015; Kumar and Kim, 2012). However,
ther strategies that aim to improve the nanocomposite’s proper-
ies and output voltage by the effect of the interphases and their
nteraction in random dispersion with aggregates and agglomer-
tes are yet to be comprehensively studied. Previous studies have
emonstrated that the interphase region where the filler affects
he surrounding polymer plays a crucial role in properties of the
anocomposite (dielectric constant (Latif et al., 2013), electric
isplacement (Zhang et al., 2018), Young’s modulus (Raja et al.,
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2015), tensile strength (Abbas et al., 2019)). However, there are
no studies on the interphase and interphase interaction effect on
the output voltage on piezoelectric nanocomposite generators.

Although the interphase size and property measurement are
rather challenging to detect at low filler concentrations and with
direct non-invasive techniques that could impact the nanocom-
posite generator performance (Netravali and Mittal, 2017), indi-
rect techniques can be used to deduce the interphase volume and
properties by analyzing differences in the nanocomposite elec-
tromechanical properties at different conditions of filler concen-
tration and dispersion (Netravali and Mittal, 2017). In these indi-
rect techniques, the interphase size can be estimated by the effec-
tive volume fraction (φagg ) that accounts for the total fraction of
the interphase’s volume in the nanocomposite (Jang et al., 2012;
Zare, 2016). Comprehensive understanding of the interphase-
based mathematical frameworks allowed the identification of
three levels of interactions in polymer nanocomposites (Liu et al.,
2016):

• Individual interphase regions, when the distance between
NPs is high due to the effect of a homogenous dispersion or
low concentrations and causes the interphases to be isolated
from the others’ effect resulting in low φ .
agg

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

https://doi.org/10.1016/j.egyr.2021.01.086
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2021.01.086&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:a-avila@uniandes.edu.co
https://doi.org/10.1016/j.egyr.2021.01.086
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


C.A. Perez-Lopez, J.A. Perez-Taborda, C. Labre et al. Energy Reports 7 (2021) 896–903
• Interacting interphase regions, where the distance between
NPs is reduced by the effect of increased concentration and
random distribution causing the formation of aggregates
and zones of interphase intersection, resulting in an in-
creased φagg and higher contribution to the nanocomposite.

• Overlapping regions, where the distance NPs is reduced
up to contact producing agglomerates and causing the NP
volume to occupy the interphase decreasing φagg and the
interphase effect to the nanocomposite.

At concentrations up to 7.4wt%, the output is ruled by the
interphase interactions, while at 9.1wt% is affected by the over-
lapping between NPs and interphases. PDMS was selected due
to optical transparency that allows filler aggregate observation,
controlled cross-linking process which allows for repeatable pro-
cessing, and because it has been proven to interact with ZnO
ensuring the formation of an interphase (Bistričić et al., 2013).
To achieve this, we have manufactured and analyzed five sets of
ZnO nanocomposite films with filler concentration ranging from
2wt% to 9.1wt%, in addition to a pure PDMS sample. The ZnO NPs
diameter distribution was determined by dynamic light scattering
(DLS), the nanocomposites were characterized using impedance
analysis, dynamic mechanical analysis (DMA), and transmission
electron microscopy (TEM) to determine their electromechani-
cal properties and filler dispersion respectively. Aggregate size
analysis on microscopy analysis was used to estimate the φAgg
parameter that represents the volume fraction of the nanocom-
posite occupied by the interphase. The impact of the interphase
in the nanocomposite’s electromechanical properties (εr and Y )
was studied by applying an interphasial power-law (IPL) model
that demonstrated the contribution of the interphases interac-
tions and overlapping with NPs as a critical element to capture
the measurements. An in-house experimental setup was used to
measure the nanocomposite generator’s capability to generate
an electrical potential from mechanical excitations. A lumped
element (LE) model defined in terms of the interphase depen-
dent εr and Y was applied to identify their variation’s effect on
the voltage generation mechanism of the produced nanocom-
posite generator. These results demonstrate that for ZnO/PDMS
nanocomposite generators, the interacting interphase strategy is
a critical element in the design of interphasial characteristics
for high voltage generation at low concentration and random
dispersion conditions.

2. Materials and methods

Five sets of ZnO nanocomposite films with filler concentra-
tion ranging from 2wt% to 9.1wt% in addition to a pure PDMS
film, were prepared following the procedure described in Fig. 1.
Initially, the ZnO NPs powder (677450-5G, Sigma Aldrich) with
60nm diameter (see supplementary materials, Figure S1) was
mixed with the PDMS (Sylgard 184, Dow Corning) curing agent
followed by a sonic bath for 30min at 40 kHz. The mixture was
then combined with the PDMS base agent at 10:1 ratio and de-
gassed in vacuum (20kPa) for 30min to remove trapped air bub-
bles during PDMS mixing. Subsequently, the mixture was poured
onto a copper tape adhered to a glass slide substrate (1181,
3M; 0313–2201, Citoglass) and then spin-coated at 1500 rpm for
1min. Finally, the films were cured at 50 ◦C for 24h and at 120 ◦C
for 10min to evaporate the solvent. A profilometer (Dektak 3,
Veeco) was used to measure the film thickness of 25.5 ± 3.4µm.

2.1. Characterization of piezoelectric nanocomposite

The voltage and current response to the films’ mechanical ex-
citation was measured using a mixed-signal oscilloscope
897
(MSO2024b, Tektronix). The excitation was applied by the in-
house developed characterization setup for this measurement
shown in Fig. 2(a) that is composed of a mechanical excitation
unit, a sample holder, and a control unit, allowing the mecha-
noelectrical energy conversion characterization of nanocomposite
generators.

A force excitation up to a 20.2 ± 0.2N at 4Hz was applied in
tapping mode, out of plane direction by direct contact with a top
plate which is displaced by a clamped steel bar that was coupled
with the DC motor’s shaft (37Dx57Lmm, Pololu). The sample
holder’s bottom side was screwed into the device’s base plate,
and the holder topside was attached to the spring-supported top
electrode plate. In the top plate, aluminum tape was used as
an electrode, providing improved charge transfer between the
electrode and PDMS due to their different abilities to gain or
lose charge when surfaces are in contact (Ding et al., 2018; Diaz
and Felix-Navarro, 2004). The plate covers the entire area of the
film (12.5 cm2). The design allows the adjustment of the distance
between the electrode and the film up to a height of 15mm
using set screw shaft collars. The effective surface resistance
from which the induced force of 20.2 N is estimated by a force
sensor (Flexiforce A201, Tekscan) placed underneath the ZnO
nanocomposite. This force results from the contact of the steel
bar attached to the motor’s shaft from the top plate. For the
reference background measurements, the film was removed, and
then the applied force showed a variation of approximately 0.5N.
The forces were correlated to the generated voltage at each filler
concentration once the films received mechanical excitation.

The control unit depicted in Fig. 2(a) includes a microcon-
troller (nano, Arduino), a Bluetooth communication module, and
an H-bridge amplifier (IBT2). We developed an android app to
send instructions to the microcontroller via Bluetooth (Avila et al.,
2020); then, the microcontroller program sets the frequency of
excitation of the nanocomposite generator. A video of the work-
ing in-house setup can be found in the supplementary informa-
tion. Besides, a testing board (see Figs. 2(b) and 2(c)) with a
full-wave rectifier and a three LEDs array (19-213USRC/S259 /
TR8, Everlight Electronics) permits to inspect the nanocompos-
ite film’s response. The array was powered by the nanocom-
posite generator, demonstrating its real-time energy conversion
capabilities.

2.2. Nanocomposite characterization

An Impedance analyzer (4294A, Agilent) with the Dielectric
Test Fixture attachment (16451B, Agilent) was employed to es-
timate the εr value from the measured capacitance as a function
of NPs concentration for frequencies ranging from 40Hz to 1kHz.
The parameters of parallel capacitance (Cp) and parallel resistance
(Rp) were measured at a bandwidth setting of 5, averaging a factor
of 30, ambient temperature of 22 ◦C and 32% relative humidity. εr
is estimated from Cp as stated in Eq. (1).

εr =
tCp

πr2ε0
(1)

Where t is the film thickness (25.5 ± 3.4µm), Cp is the mea-
sured parallel capacitance, r is the guarded electrode active radius
(2.5mm) and ε0 corresponds to the vacuum permittivity (Tech-
nologies, 2014).

Regarding the characterization of the ZnO/PDMS nanocom-
posite, compositional and structural analysis was carried out
by Raman spectroscopy (MicroRaman Jobin Yvon, Horiba) with
a 532nm Nd:YAG laser (8.5mW), X-ray Photoelectron Spec-
troscopy (XPS) (hemispherical energy analyzer PHOIBOS 100/150,
SPECS), and Transmission Electron Microscopy (TEM) (Titan G2
80–300, Thermo Fisher Scientific).
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Fig. 1. Schematic diagram for the preparation of ZnO nanocomposite films: (a) mixing and sonication of ZnO NPs and PDMS curing Agent, (b) addition of PDMS
base, (c) degassing, (d) pouring onto copper tape adhered on a glass slide, (e) spin coating, (f) solvent evaporation, (g) sample multilayering.
Fig. 2. Experimental setup for energy conversion test: (a) in-house setup: exciting and voltage acquisition units, the inset shows the sample holder: aluminum tape
op electrode and nanocomposite generator on top of a glass slide (b) Testing board circuit schematic integrating a full bridge rectifier (D0,D1,D2,D3) and a three
EDs array (D4,D5,D6), LEDs will turn on when the generated Voltage reaches the forward voltage of the series LED, (c) Testing board powered by a nanocomposite
enerator at 7.4wt% ZnO NPs concentration, activated by an excitation force of 20.2N at 4Hz.
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A dynamic mechanical analyzer (DMA) (Q800, TA Instruments)
n tension mode with the linear film tension clamp was attached
o a rectangular sample of the film (7mm length by 8mm width)
t a force ramp of 0.5Nmin−1 at 30 ◦C. Young’s modulus Y was
stimated by calculating the slope on the elastic region of the
btained stress vs strain curve.
ZnO NPs size distribution was determined from two tech-

iques, namely dynamic light scattering (DLS) (Zetasizer Nano
S, Malvern Panalytical) and Transmission Electron Microscopy
TEM) (Titan G2 80–300, Thermo Fisher Scientific). For the former,
he ZnO NPs were suspended in tetramethylammonium hydrox-
de (TMAH) at 5wt/vol%. For the later, a 120nm slice of the ZnO
anocomposite sample was extracted using a Focused Ion Beam
echnique (FIB) lift-out technique (LYRA3, Tescan) (Giannuzzi
t al., 1998). Distribution of ZnO aggregates was estimated by
ptical microscopy analysis using the particle analysis plugin on
he Fiji software (Schindelin et al., 2012). Analyzed samples were
 e

898
btained by delamination of the nanocomposite from the copper
ubstrate.

. Results and discussion

Figs. 3(a) and 3(b) show the voltage and current generated by
he produced nanocomposite generators when connected to dif-
erent resistance loads. The load corresponds to a resistance sub-
titution box (236A, Phipps & Bird) with values ranging from 0.2
o 10M�, connected to the nanocomposites electrodes. Measured
oltages increase while currents decrease with the load resistance
alue. The nanocomposite with 7.4wt% concentration exhibits
he highest voltages and currents on all load resistances; this
ndicates that the filler concentration in a nanocomposite is re-
ated to the output voltage and that the nanocomposite properties
t 7.4wt% concentration allowed improved electromechanical
nergy conversion.
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Fig. 3. Nanocomposite generator’s energy conversion characterization and modeling are shown in: (a) Output voltage vs load resistance, (b) output current vs load
resistance for five different ZnO NPs concentration and a pure PDMS film, (c) lumped element model composed of tree sections: the electrical equivalent of the
mechanical model, the transducer with electromechanical coupling α, and the electrical model. (d) Nanocomposite generator’s output voltage as a function of ZnO
Ps concentration by variation of the dielectric constant ε (blue line), Young’s modulus Y (red line) without considering the interphase contribution (φi=0) (dotted),
ith partial interphase contribution (φi at 50%) (solid), and complete interphase contribution (dashed). Experimental measurements (black long dashed line). (e)
oung’s modulus estimation (red squares) Dielectric constant estimation (blue circles) and its calculation by PL model (dotted line) and IPL model (solid line) as
unction of filler concentration, (f) Effective volume fraction vs ZnO NPs concentration for ZnO NPs considering an homogeneous dispersion (black squares) and
ggregated ZnO NPs according to aggregation dispersion obtained from optical microscopy images (red circles), three levels of interactions between NPs (in yellow)
nd interphases (in blue) are shown in internal images: (i) no-interaction, (ii) interaction, (iii) overlapping.
The effect of the electromechanical properties of the nanocom-
osite on Voc was studied using a LE model (Graton et al., 2013).
ig. 3(c) shows the model of the nanocomposite generator with
hree stages: (i) the mechanical equivalent for the nanocomposite
s represented by the electrical equivalent of the damped oscil-
atory system (Caliò et al., 2014), (ii) electromechanical energy
onversion by the transducer, and (iii) nanocomposite’s electrical
roperties by the electrical model. The equivalent circuit of the
echanical model is fed by the applied force (F (t)), represented
s a time-dependent voltage source, the derivative of the vertical
train (u(t)) as the current flowing in the circuit, Cmc and Cmi as
capacitance proportional to the constituents and interphase, M

as the inductance linked to the nanocomposite’s mass, and ζ as
he mechanical damping ratio. The electromechanical transducer
s a transformer, where α corresponds to the electromechani-
cal coupling. The electrical model connected to the transformer
is composed of Cec , Cei and R, representing the static capaci-
tances that depend on εr of the nanocomposite’s constituents and
interphase, and the insulation resistance of the set of nanocom-
posite and electrodes. The model reveals information regarding
899
the effect of the properties in the energy conversion process; the
resistive elements ζ and R are the properties related to the me-
chanical and electrical losses, while the inductive and capacitive
elements M , Cmc , Cmi, Cec , and Cei are the properties related to
the mechanical and electrical energy storage. The circuit topology
shows a second-order filter cascaded by a first-order filter config-
uration indicating an optimal Y and εr for the input F (t) to obtain
the maximum output Voc set by properties of the nanocomposite.

Fig. 3(d) shows the open-circuit voltage Voc as a function of the
filler concentration in the nanocomposite for Y and εr sweeps us-
ing the LE model. Open circuit voltages produced were measured
at 15min of continuous excitation of the nanocomposite (see
supplementary materials, Figure S2), here an increase of voltage
was detected at 5min for 2wt% and 3.8wt%, at 5min, 10min,
15min for 5.7wt%, 7.4wt%, and 9.1wt%. In contrast, the voltage
of the PDMS sample without ZnO NPs did not increase with time.
The voltage increase with time can be related to the reorganiza-
tion of the filler aggregates in the nanocomposite. These results
show the need for an additional more detailed characterization
at the interface that can correlate the aggregation of the ZnO
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Ps and the increase in the output voltage (Voc). The PDMS film
roduced a Voc of 12V, as the ZnO concentration increased to
.4wt%, the voltage rose to 65V and fell to 36V for 9.1wt% filler

concentration. The peak to peak voltage of the 7.4wt% sample
was measured at over 150V (see supplementary materials, Figure
S4), which is similar to other values from the literature while
having aggregate formation during the fabrication process (See
supplementary materials, Figure S5).

The data measured for Y and εr was fed into the model to
obtain the output voltage for variation of Y using the PDMS’
εr = 2.2 as a constant, and variation of εr using the PDMS’ Y
as constant. The model simulation exhibits a voltage increase at
εr and Y variation up to a 5.7wt% filler concentration. At 7.4wt%
and 9.1wt% the simulation diverges, Y variation voltage saturates
to 72V, while ε variation voltage peaks to 58V and drops to 45V.

The model for the Y variation and εr variation correspond to
the effect of the α, Cmc , Cmi, Cec , and Cci parameters. At increasing
concentrations up to 7.4wt%, three contributions to the voltage
are considered. Firstly, the addition of ZnO NPs increases the
number of elements that can provide electromechanical energy
conversion via the piezoelectric effect and causes the electrome-
chanical coupling α to increase. Secondly, an increase of Y in
the interphase allows for less deformation to be absorbed by the
matrix and more to be transferred to the ZnO NPs, increasing
charge generated by the piezoelectric effect. Thirdly, the εr rise
allows for a superior polarization in the nanocomposite. The
increased α and Y generate enough charge formation to increase
the output voltage at the corresponding εr value.

In contrast, at concentrations from 7.4wt% to 9.1wt%, while
εr continues increasing, which increments the nanocomposite’s
charge required to produce higher voltages (Nelson, 2010), and
Y decreases causing the softening of the nanocomposite allowing
for more deformation of the PDMSmatrix and a reduced deforma-
tion transferred to the ZnO NPs. The lower Y causes a reduction of
the generated charge, which is not enough to maintain the higher
voltages at the increased εr causing a voltage drop at higher
concentrations.

Fig. 3(e) exhibits the estimated values for the nanocompos-
ite’s Y and εr at different filler concentrations. At concentrations
between 2wt% to 7.4wt%, Y value increased from 25kPa to
278kPa, while at the 9.1wt% concentration, Y decreased by 59%.
On the other hand, εr increased from 2.20 in the pure PDMS films
to 2.87 in the nanocomposite with 9.1wt% filler concentration.
The measurement of these electromechanical properties shows a
non-constant increase of εr with the concentration. This can be
affected by the contribution of the interphase that depends on the
random dispersion and aggregation effect in addition to the con-
tributions of the PDMS matrix and ZnO NPs filler. The interphase
is defined as the region affected by filler–matrix and filler–filler
interactions that produce a sharp finite region around the NPs
with different properties matrix and filler (Deng and Van Vliet,
2011). The effect of the interphase was studied by the application
of a PL and IPL models. The PL model considers the nanocom-
posite as a two-phase material where properties depend on the
filler and matrix properties contribution, volume fraction (φi),
and filler shape. On the other hand, the IPL model considers the
ZnO/PDMS interphase as the third phase with different properties
contributing to the properties of the nanocomposites (Todd and
Shi, 2005). Similar studies have demonstrated the dependence
of the interphase region on the filler’s size, concentration, and
dispersion (Ozmusul and Picu, 2002; Qu and Wong, 2002; Vo and
Shi, 2002; Vo et al., 2001; Todd and Shi, 2002; Ma et al., 2017).

Fig. 3(f) shows the estimated effective volume fraction of the
aggregated filler in the nanocomposite φAgg compared to the the-
oretical volume fraction of a homogeneously distributed filler φ .
NP
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The effective volume fraction describes the interphase volume of
the nanocomposite, which is calculated from Eq. (2).

φAgg =

(
DNP

DAgg

) 1
3

φNP (2)

Here, φAgg relates the volume fraction of the NPs, and DNP and
Agg to the mean diameters of NPs and aggregates, respectively.
Agg was estimated by analysis of optical microscopy images,
hich exhibited the random dispersion and aggregation of the

iller in the PDMS matrix (see supplemental materials, Figure
6). φNP shows a monotonic increase with the concentration
hile φAgg increases up to 7.4wt% and then decreases at 9.1wt%.
his variation of φAgg is related to the region type of interaction
etween interphases and NPs. The levels of interaction present at
ach concentration are shown in the internal images. At concen-
rations of 2wt% the low volume occupied by the filler and low
ggregation allows for the prevalence of individual interphase
egions with a high distance between particles that allow min-
mal interaction between interphases (Fig. 3(f)-i). Therefore, the
nterphase’s contribution to the properties is set by the properties
f the interphase and limited by low filler concentration. At
ncreasing concentrations up to 7.4wt%, the interphases shift to
level where the increased volume occupied by NPs and the
igher aggregation reduce the distance between NPs into what
s known as interphase interaction region and cause an intersec-
ion of the interphases that can exhibit even higher properties
han the individual interphases (Fig. 3(f)-ii). At the maximum
easured concentration of 9.1wt%, the high concentration and
hort distance between NPs cause the formation of agglomerates
hich result in overlapping regions where NPs occupy the inter-
hase volume decreasing φagg , hence affecting their contribution
o the nanocomposite (Fig. 3(f)-iii). Generally, at homogenous
ispersions, the effect of the interaction and overlapping phases
s only expected at high filler concentrations that occupy over
alf of the nanocomposite volume. However, the presence of
trong aggregation in our samples shifted the concentration that
roduces these levels to the low concentrations produced.
Additional analyses of the aggregates at 7.4wt% were car-

ied by multiple techniques. A Raman spectroscopy analysis (see
upplementary materials, Figure S7) revealed the presence of
ggregates at low depth in the nanocomposite. In contrast, XPS
pectra analysis of the nanocomposite carried after the piezo-
lectric characterization revealed that the ZnO filler was only
etectable after 5µm etching, showing the absence of ZnO NPs
n the top and bottom surfaces of the nanocomposite (see sup-
lementary materials, Figure S8). These results indicate that at
he range of 2wt% to 7.4wt%, the inclusion of ZnO NPs in the
ncreasing concentrations dominates over aggregation and hence
oosts the interphase fraction as each added NP provides its
nterphase contribution and closeness between NPs is not enough
o produce interphase neglection caused by overlapping. This is
onfirmed by the TEM characterization that reveals aggregates
hat present both NP aggregates and interphase interaction (see
upplementary materials, Figures S9, S10). Conversely, at the con-
entration of 9.1wt%, the aggregation increased by the combined
ffect of reduced interparticle distance and polar incompatibil-
ty between polar ZnO and non-polar PDMS created large ZnO
Ps aggregates dominated by NP aggregates which resulted in
he reduced interphase by the effect of its overlapping, hence,
ominating over the concentration.
The estimated φAgg value is used to calculate the effect of the

nterphase in the PL and IPL models described in Eq. (3) and (4),
espectively.

Pβ
c = φmPβ

m + φf P
β

f (3)
β β β β (4)
Pc = φmPm + φiPi + φf Pf
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Wherein P is defined as the studied property (εr or Y ), φ is
the volume fraction, β a dimensionless parameter describing the
shape and orientation of the filler particles, and the subindex
identifies composite (c), matrix (m), filler (f ), or filler–matrix in-
terphase (i). The PDMS matrix εr corresponds to the experimental
measurements of 2.2. The Young’s modulus of PDMS of 25 kPa,
ZnO εr of 8.75 and Y of 111.2GPa values were obtained from
the literature (Rossler, 2013a,b). The φf was calculated from the
ZnO filler concentration, φi from φAgg , and φm from the remaining
volume. The interphase properties Pi and the β parameter were
optimized to fit the experimental data, resulting in a Yi value of
550kPa, and a εi of 6.59 both values higher than pristine PDMS.
The optimized value β value of 0.24 corresponds to a horizon-
tally elongated ellipsoid NPs mean shape (Todd and Shi, 2005).
The effect of the interphase shown in the models correspond
with previous studies where the effect of ZnO nanostructures
was identified in mechanical (Jin et al., 2014), and piezoelectric
properties (Zhang et al., 2020).

The εr and Y measurements show that the IPL models error is
inferior to the PL model, thus indicating that the nanocomposite
properties depend on the interphase properties in addition to the
ZnO and PDMS properties. The interphase Y value can be a result
of interactions during and after cross-linking (Putz et al., 2008).
During this process, the chemical interactions between ZnO and
PDMS cause a significant increase in the formation of siloxane
covalent (Si-O-Si) bonds during the hydrosilylation reaction be-
tween the PDMS base and curing agent (Bistričić et al., 2013),
this result in attraction forces up to ten times stronger than the
weaker hydrogen bonds they replace, increasing Y value (Jeffrey
and Saenger, 1991). After curing, the interactions can be classified
into two types: Firstly, the filler–matrix interaction, where Van
der Waals dispersion forces between the polar ZnO NPs and non-
polar PDMS affect the polymer chains by constraining its stretch-
ing, twisting, and wagging, increasing the stiffness of the matrix
around the NPs and rising Y (Todd and Shi, 2005; Israelachvili,
2011). Secondly, the added polar interactions between NPs can
cause aggregation zones and segregated polymer volumes that
can affect the nanocomposites mechanical properties (Deng and
Van Vliet, 2011; Israelachvili, 2011).

Regarding εr , the IPL model captures the experimental data
with an optimized interphase value of 6.59 higher than PDMS
(2.20) and an interphasial volume that increases 2.8 times from
2wt% to 7.4wt% and decreases by 45% from 7.4wt% to 9.1wt%.
The error between the IPL model and the measurements is under
1% up to a 3.8wt% filler concentration and increases to 8.9% at
9.1wt% concentration. Compared to the PL model, the closeness
between the IPL model and the measurements shows that the
effect of the interphase is required to explain the nanocomposites
εr value. The interphase contribution can be caused by a polariza-
tion formed by the difference in ZnO and PDMS properties as εr
value that limits the charge transfer in the interphase, causing
its build-up (also known as Maxwell–Wagner–Sillars or MWS
polarization) (Dang, 2013; Tsangaris et al., 1998; Kremer and
Schönhals, 2003) which causes an εr increment. The increased
error at the 9.1wt% concentration indicates increased agglom-
erations and reduced effective volume fraction. However, other
mechanisms can produce interphases that are not considered
within the model and need to be explored in future work. To
fit this εr value, an increase of the interphase in 1.7 times is
required and can be explained by the interaction of neighboring
NPs εr that create regions with an increased electric flux that
enhance the εr value in the NP to NP interphase (Jin and Gerhardt,
2016). This effect caused by filler–filler interactions is dominant
at higher concentrations and uneven distribution, reducing the
distance between NPs increasing the interphase region and is not
considered by the IPL model, which only includes the effect of
filler–matrix interactions.
901
The integration to the lumped model of the electromechani-
cal properties obtained from the PL model without considering
the interphase contribution reveals increased in with the output
voltage compared to the experimental values that correspond to
the IPL model that includes the interphase contribution. If partial
or complete interphase is considered, the difference between
the generated voltages is reduced, indicating that the increased
young modulus from the interphase interactions between filler
and matrix produce a more significant enhancement of the volt-
age generation of the nanocomposite. The detected high voltage,
Y , and effective volume fraction exhibited in the 7.4wt% con-
centration sample with random dispersion indicate that at these
concentrations the formation of the interphase reaches it max-
imum value caused by the added NPs and that at increasing
concentrations the aggregation causes an interphase reduction
that reduces these values. IPL modeling of the nanocomposite in-
dicates that to capture the modulus’ experimental measurements,
the interphase region should exhibit an average Y value 22 times
superior to the PDMS value at a degree of aggregation that allows
for the formation of aggregates to be not compact enough to
produce a significative reduction on the interphase by the effect
of overlapping. This superior Y value that results in a hardening
effect on the interphase proves to be beneficial to the energy
conversion process as it allows for inferior energy absorption on
the PDMS matrix and superior strain transference to the ZnO NPs,
enhancing the polarization by the piezoelectric effect.

We are currently developing a simplified ZnO-PDMS molecular
surface structure model to explore the dynamic evolution of local
polarization as a function of strain (compressive and shear) using
ab initio molecular dynamics with the VASP code (Vienna Ab ini-
tio Simulation Package) (Kresse and Hafner, 1993). We expect this
will contribute further understanding about the key mechanisms
at play in our experimental setup, and provide structural cues
into the optimization of structure and composition for improved
piezoelectric response in ZnO-PDMS composites.

4. Conclusions

The effect of the interphase in the output voltage of a
Zn0/PDMS nanocomposite generator at low concentrations
(<10wt%) and random dispersion was studied. The nanocom-
posite generator produced maximum a peak-to-peak voltage of
≈150V that is comparable to previous literature values in ho-
mogeneous nanocomposites. This voltage is produced due to the
effect interacting interphases present in the aggregates produced
by random dispersion. Also, three levels of interface interactions
were identified in the experimental data visible at concentra-
tions between 2wt% to 9.1wt%. The individual interphases level
present at concentrations of 2wt% which produced a peak volt-
age of ≈23V. The interacting interphases level was exhibited
at 7.4wt% and exhibited the highest voltage with an increase
of 6 times. The overlapping between NPs and interfaces was
most notable at 9.4wt% where its diminishing effect on the
effective volume fraction caused a reduction of 40% of the out-
put voltage. Additionally, the IPL and LE models describe the
electromechanical properties and also captured the tendency of
the generated voltages. The presented results demonstrate the
critical importance of the interacting interphase in the design of
ZnO/PDMS nanocomposite generators for high voltage generation
at low concentration and random dispersion conditions.
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