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Self-powered multifunctional devices have found applications in various fields including internet of things, smart
robotics, and wearable haptic technologies. Triboelectric Nanogenerators (TENGs) are particularly noteworthy as
they operate based on simple triboelectrification between contacting materials, and provide significantly higher
output performance compared to other energy harvesting devices. In this study, we introduce soft bilayer
structured films to significantly enhance the interfacial polarization and the resulting triboelectric output per-
formance. The soft bilayer film is composed of two layers: a layer of parylene derivatives with different func-
tional groups and a composite layer of polydimethylsiloxane (PDMS) embedded with multi-wall carbon nanotube
(MWCNT). The parylene-deposited MWCNT-PDMS films effectively induce interfacial polarization due to the
difference in permittivity between the parylene derivatives and MWCNT-PDMS, resulting in substantial
improvement in triboelectric performances. Moreover, the specific functional groups present in the parylene
monomers significantly affect the triboelectric polarity of the parylene-deposited bilayer films. The bilayer films
deposited with parylene including fluorine, methyl hydroxyl, and hydroxyl groups, which improve the electron-
withdrawing capability, exhibit negative triboelectric properties. In contrast, the bilayer film deposited with
parylene including methyl amine group, which enhances the electron-donating ability, exhibits a positive
triboelectric property. Owing to the highly improved interfacial polarization in the parylene-deposited bilayer
films, our TENG consisting of paired bilayer films demonstrates superior output performance (4.57 W/cm? and
10.28 W/cm? for contact and separation step, respectively) compared to devices based solely on single layers of
parylene- or PDMS (less than a few of mW/cm?). Our approach to designing layer-structured dielectric films
offers a simple yet effective method to significantly enhance the output performance of self-powered flexible
devices through improved polarization.

1. Introduction

Recently, the interest and research in multifunctional electronic
devices have significantly grown, spanning a variety of fields such as the
internet of things, smart robotics, and wearable haptic applications
[1-3]. These devices essentially operate on external power sources like
batteries, which have limited capacity and require regular recharging or
replacement process. Consequently, the use of these devices in above-
mentioned applications, where reliable and seamless operation is
required, has faced restriction. To address these issues, energy
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harvesting devices to convert ambient mechanical energy into electricity
though a range of mechanisms [4] have been developed, making them
well-suited for self-powered electronic systems. Among various types of
energy harvesting devices, the triboelectric nanogenerators (TENGs)
have garnered particular attention due to their attractive merits,
including the availability of numerous accessible materials, simple de-
vice design, and a low-cost manufacturing process [5], which can be
utilized in various fields such as self-powered wireless technology,
smart-textile, human-machine interface, and biomedical applications
[6-9]. TENGs operate through the process of triboelectrification of
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dissimilar contact-pair materials, leading to higher output performance
compared to other energy harvesting devices. In terms of the working
mechanism of TENGs, one of key factors that contribute to enhancing
output performance is increasing the surface charge density of the ma-
terials involved in triboelectrification.

In triboelectric nanogenerators, surface charges are generated
through the triboelectrification that occurs when triboelectric materials
come into contact. During the separation process, opposite charges are
induced and transferred to the electrodes via electrostatic induction,
resulting in current flow through the external circuit. Consequently,
most of researches have been focused on developing techniques to
enhance surface charge density [10-18]. Surface modification tech-
niques such as surface treatment involving the introduction or injection
of single molecules with high electronegativity [10], and morphological
engineering, which includes the control of surface patterns and rough-
ness to increase the contact area [11], have been studied extensively.
However, such approaches have inherent limitations in increasing the
surface charge density, mainly due to the upper limit on electronega-
tivity of materials or complicated patterning process. Another approach
is the manipulation of dielectric polarization [12]. Tuning dielectric
polarization can augment the surface charge density, which can be
achieved through the addition of high-permittivity materials [13,14],
stacking layers of dissimilar materials [15], or adjusting the dipole
moment by controlling the chemical structures [16]. Heterogeneous
composite films that incorporate high-permittivity nanoparticles into
polymers are frequently used to boost the dielectric constant [13,17,18].
This enhancement is attributed to both the high-permittivity nano-
particle itself and the interfacial polarization, which occurs at the
interface between the nanoparticle and the polymer matrix, subse-
quently leading to an increase in surface charge. However, it is impor-
tant to note that the dielectric constants of these composite films have an
upper limit that is lower than that of the nanoparticles themselves.
Furthermore, the excessive addition of nanoparticles can actually
impede the output performances, despite the increased dielectric con-
stant. This counterproductive effect is attributed to the reduction in
surface contact area due to the protrusion of nanoparticles [13]. An
alternative approach involves manipulating the structures of polymer
chains to enhance the dielectric constant and consequently improves the
triboelectric performance [16]. However, this method typically involves
complex synthesis process.

Unlike heterogeneous composite films, stacking dissimilar layers
with large differences in permittivity and conductivity on the surfaces of
electrodes is more effective in enhancing dielectric properties [19]. The
mismatch in dielectric properties between the layers of triboelectric
materials results in increased charge generation and polarization,
known as interfacial polarization, during the triboelectric process,
which, in turn, enhances the surface charge density and consequently
improves the triboelectric performance [20]. Recently, our group has
employed multilayer films as negative triboelectric layers [21]. By
stacking dissimilar layers with mismatch in permittivity and conduc-
tivity, we have been able to effectively induce interfacial polarization,
resulting in a higher dielectric constant than that of single layers, which
subsequently enhances the surface charge density and triboelectric
performance. For example, an elastic bilayer film consisting of a fluo-
rinated polymer and soft PDMS demonstrates an increase in dielectric
constant, leading to the highest output performance when compared to
the PDMS-based triboelectric devices. Furthermore, ferroelectric
multilayer nanocomposites consisting of alternating layers of poly
(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE) and BaTiOgs
nanoparticle (BTO NP) exhibit improved dielectric constants and
resultant triboelectric performance in comparison to pure PVDF-TrFE
and PVDF-TrFE/BTO nanocomposites. While films with a
layer-stacking structure show promise as triboelectric materials for
significantly enhancing triboelectric output performances through
effective interfacial polarization, there are still issues that need to be
addressed, such as (1) sensitivity to environmental factors such as
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moisture, dust, and chemicals, and (2) control of film thickness at the
nanoscale and (3) optimizing the conformal coating process to effec-
tively induce interfacial polarization.

Poly(p-xylylene) derivatives, commonly referred to as parylene, are
employed in a wide range of electronic devices because of their excep-
tional chemical and physical properties, such as excellent barrier prop-
erties, chemical stability, and defect-free conformal coating [22,23].
Additionally, unlike traditional triboelectric films, which are usually
fabricated using conventional coating methods such as spin-coating,
bar-coating, and spray-coating, parylene derivatives can be prepared
with a controlled nanoscale thickness using chemical vapor deposition
(CVD) at room temperature, leading to the uniform and conformal
surface coatings. Furthermore, the incorporation of charged parylenes,
such as the halogenated parylenes (e.g. Parylene C or AF,),
formylated-parylene, or aminated parylene, into the triboelectric films is
beneficial to improving the triboelectric performances because of the
charge-trapping capability arising from the reduction of electrical
discharge due to their excellent barrier properties [23-25] as well as
waterproof and thermal stability [26-29]. However, even with these
enhancements, the output performance remains relatively low (less than
tens of pW/cmZ, Table S1).

Given the aforementioned advantages of parylene, it is expected that
triboelectric devices with layer-structured films incorporating parylene
derivatives will demonstrate significantly improved output perfor-
mance. When parylene materials incorporating different functional
groups such as fluorine, hydroxyl, and amine are deposited on a surface,
the resulting parylene-layered films can be utilized in various fields
including flexible energy harvesting [25,30-36] and biological appli-
cations [26-29]. The incorporation of polar groups into the parylene
units allows the dipole moment to be controlled, which, in turn, in-
fluences the dielectric constant, affecting the performance of triboelec-
tric devices [16]. Despite the use of various parylene derivatives in
triboelectric devices, which have shown a range of output performances
[24,25,30,32,34,36], engineering dielectric materials within these de-
vices to achieve high output performances remains a challenge.

In this study, we show that soft bilayer films composed of MWCNT-
PDMS composites and parylene derivatives with various functional
groups can significantly enhance the triboelectric output performances.
Films layered with parylene derivatives, including fluorine, hydroxyl,
and methyl-hydroxyl groups, exhibit negative triboelectric properties,
whereas those coated with parylene incorporating the methyl-amine
group exhibit positive triboelectric properties. Notably, all bilayer
films layered with parylene derivatives show a dramatic increase in
triboelectric output performance, which is attributed to the enhanced
interfacial polarization arising from the permittivity and conductivity
differences between MWCNT-PDMS and parylene derivates. Further-
more, when bilayer films layered with parylene derivatives containing
hydroxyl and methyl-amine groups serve as negative and positive
triboelectric materials, respectively, in the periodic triboelectric pro-
cess, we observe an even substantial enhancement in output perfor-
mance (4.57 W/cm? and 10.28 W/cm? for contact and separation steps,
respectively). This result surpasses the performance of conventional
PDMS-based TENGs, which typically produce less than a few of mW/

cmz.

2. Results and discussion

Initially, we investigated the output performances of TENGs con-
sisting of bilayer-structured films as negative triboelectric layers. The
bilayer films are fabricated by depositing parylene derivatives onto the
surface of MWCNT-PDMS films. Here, PLL film is employed as a positive
triboelectric material (Fig. 1a). Upon contact between triboelectric pair
materials (Fig. 1b-i), surface charges are generated through contact
electrification, resulting in the accumulation of negative charges on the
surface of parylene-deposited layer and positive charges on the surface
of PLL layer. This phenomenon manifests as a negative peak (1) in
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Fig. 1. (a) Schematic illustration of a triboelectric nanogenerator consisting of parylene-deposited MWCNT-PDMS and poly (L-lysine) as negative and positive
triboelectric layers, respectively, and (b) its working mechanism. The cyclic contact (iv and i) and separation (ii and iii) of contact-pair materials induces charge
separation and transfer, thus resulting in the current flow through the external circuit. (c) Representative triboelectric output current density of a bilayer film
deposited with the optimized parylene-OH. Peaks (1) and (2) appear when both of the surfaces are contacted and separated, respectively. (d) Chemical structures of
parylenes with different functional groups used in this study. Triboelectric output (e) current and (f) voltage of TENGs consisting of parylene-deposited MWCNT-
PDMS and poly (L-lysine). (g) Histogram of power density of the single MWCNT-PDMS without parylene derivatives and parylene-deposited bilayer films at 20 MQ.
(h) Effective dielectric constant of MWCNT-PDMS with and without parylene-derivatives at 10 Hz under different loading force. The parylene-deposited MWCNT-
PDMS films are annealed at 150 °C.
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Fig. 1c. As the contact pairs start to separate (Fig. 1b-ii), electrostatic
induction causes opposite charges to be transferred to each electrode,
leading to flow of current from positive to negative electrode through
the external circuit. This results in a positive peak (2) in Fig. 1c. Once the
films are fully separated, charge equilibrium is achieved on both sides of
the electrodes (Fig. 1b-iii). As the films begin to approach each other
again (Fig. 1b-iv), the current reverses direction, flowing from negative
to positive electrodes. Consequently, the cyclic process of contact and
separation between the paired films causes the alternating output
performance.

To achieve highly-enhanced triboelectric performances with bilayer-
structured films consisting of parylene derivatives and MWCNT-PDMS
composites, we initially optimized the output performance of single-
layered MWCNT-PDMS films (serving as a negative triboelectric layer)
by adjusting their MWCNT concentration and thickness (Fig. S1a-d).
Without MWCNT, bare PDMS displayed triboelectric currents of 2.3
+ 0.4 pA and 8.5 + 2.6 pA during contact and separation, respectively.
The separation triboelectric current was higher than during contact, due
to the increased separation velocity resulting from enhanced surface
adhesion after the conformal contact between soft PDMS and PLL films.
When the MWCNT concentration was increased to 0.2 wt% relative to
PDMS oligomers, the triboelectric performances improved to 4.4 + 0.5
and 9.3 £2.4 pA for contact and separation step, respectively,
(Fig. Sle), due to enhanced polarization between MWCNT and PDMS
[37,38]. However, further increasing the MWCNT concentration to
0.7 wt% led to a decrease in triboelectric performance, dropping to 2.6
+ 0.3 and 8.5 + 2.0 pA for the contact and separation step, respectively,
due to the current leakage resulting from the formation of a conductive
MWCNT network [37]. This trend aligns with previous reports on TENGs
composed of MWCNT-PDMS [37]. Furthermore, when the optimized
MWCNT-PDMS composite had a thickness of 16.0 + 0.1 pm, it exhibited
higher output performance compared to other compositions (Fig. S1b
and e). This is attributed to effective charge polarization and induction
to the electrode at the optimal thickness [19,20]. Ultimately, a
single-layered MWCNT-PDMS with an MWCNT concentration of 0.2 wt
% and a thickness of 16.0 um was determined as the optimal condition
for achieving the highest triboelectric performance in our study.

To further increase the triboelectric performances, we designed
bilayer-structured films because the layered films with differences in
permittivity and conductivity can induce interfacial polarization at the
interfaces, which in turn enhances the effective dielectric constant and
subsequently the triboelectric performance [12,20]. Given that parylene
derivatives possess a different dielectric constant compared to the
MWCNT-PDMS composite (Fig. S1f), depositing parylene on the surface
of MWCNT-PDMS results in interfacial polarization between the par-
ylene derivatives and the MWCNT-PDMS composite films. Since the
introduction of functional groups into parylenes can modulate the
polarizability of the polymer chains, we employed various parylene
derivatives with different functional groups (parylene-AFy4,
parylene-OH, parylene-MeOH, and parylene-MeNH; with fluorine, hy-
droxyl, methyl-hydroxyl, and methyl-amine groups, respectively, Fig. 1d
and S2 —S6) and deposited them onto the surface of MWCNT-PDMS
(Fig. S7 and S8) to fabricate soft bilayer films. These bilayer films,
consisting of parylene derivatives and MWCNT-PDMS, exhibit superior
triboelectric output performances compared to the single-layer
MWCNT-PDMS film (Fig. le and f). The separation output perfor-
mances are higher than the contact ones, which is caused by higher
separation velocity than the contact velocity as mentioned in Fig. S1.
Notably, among these bilayer films, the one coated with parylene-OH
demonstrates the best triboelectric performances (0.51 and
0.80 W/cm? for the contact and separation step, respectively, Fig. 1g
and S9).

Triboelectric performances are mainly affected by the amounts of
surface charges, which are in turn associated with factors such as surface
potential, surface roughness, and dielectric constant [12,15,39]. An
increased difference in surface potentials between triboelectric pair
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materials can lead to an enhanced generation of surface charges through
contact electrification. The tribopositive PLL film, known to exhibit a
positive surface potential (+0.85V) [40] owing to the presence of
electron-donating amine groups in the polymer chain, contrasts with the
single-layer MWCNT-PDMS film having a surface potential of — 5.8
+ 0.1 V. After parylene deposition, bilayer films show higher surface
potentials (-5.3 £0.1V, —5.6 £0.1V, and —5.6 + 0.1V after the
deposition of parylene-AF4, parylene-OH, and parylene-MeOH, respec-
tively, Fig. S10), yet still maintain negative triboelectric properties.
Although an increase in surface potential of bilayer films might typically
suppress the triboelectric performance, in our study, the
parylene-deposited bilayer films displayed higher triboelectric perfor-
mances than the single-layer MWCNT-PDMS film. This was observed
even though the surface roughness of bilayer films, a contributing factor
to improved surface charge density by increasing the contact area of
triboelectric-pair materials, was similar to that of single MWCNT-PDMS
composite (Fig. S10). This suggests that in our study, surface potential is
not a critical factor for enhancing the triboelectric performances of
bilayer structured films.

Another key factor for achieving high-output performance in the
triboelectric device is the dielectric constant. An increase in this con-
stant can enhance the capacitance of the dielectric layer, leading to an
improvement in surface charge density. As illustrated in Scheme S1a, in
a dielectric-to-dielectric contact mode triboelectric device, it is evident
that the capacitance (C) increases when the dielectric constant rises or
the thickness of the dielectric layer decreases. Consequently, according
to the equations in Scheme Sla, the surface charge density is directly
proportional to the ratio of the dielectric constant to thickness (e/d).
Specifically, interfacial polarization occurs at low frequency as part of
triboelectric process when space charges (electrons or ions) accumulate
at the interface between two dissimilar materials that significantly differ
in permittivity and electrical conductivity when subjected to an external
electric field, as illustrated in Scheme S1b. The improved polarization
leads to an increase in the dielectric constant and, consequently,
capacitance, which enhances the surface charge and, in turn, improves
the triboelectric performance. In our study, we investigated the dielec-
tric properties of the parylene-deposited bilayer films, a significant
element contributing to the enhancement of the output performances
[12,20,21]. Notably, these parylene-deposited bilayer films initially
display a higher effective dielectric constant compared to the
single-layered MWCNT-PDMS (Fig. 1h), which is caused by the
increased polarization at the interface between parylene derivatives and
MWCNT-PDMS through the difference in permittivity of each film
(Fig. S1f). The effective dielectric constants are further enhanced under
an external loading force, leading to the highly increased capacitance
and subsequent improvement of the triboelectric performance. Espe-
cially, the bilayer film deposited with parylene-OH shows the highest
dielectric constant, which matches well with the trend of triboelectric
performances (Fig. 1e—f).

In films with a stacked-layer structure, the thickness of the film plays
a pivotal role in effectively inducing interfacial polarization, which in
turn significantly affects the triboelectric performances [12,20,21]. In a
thicker dielectric film, charges are less polarized under an external field,
leading to the suppression of dielectric constant in the layered materials,
which subsequently decrease the surface charge density and thus the
resulting triboelectric performance. On the other hand, in a thinner
dielectric film, the polarized charges are able to move along the elec-
trode, leading to the current leakage (charge loss), which also decreases
the surface charge density. Consequently, there exists an optimal
thickness for the dielectric film that maximizes the induction of inter-
facial polarization. In our study, we manipulated the thickness of the
parylene films deposited on the surface of MWCNT-PDMS by precisely
adjusting the quantities of parylene monomers with different functional
groups during the CVD deposition process. In TENGs composed of
parylene-deposited bilayer films as the negative triboelectric layers and
PLL as the positive triboelectric layers (Fig. 2a-c), those with the optimal
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Fig. 2. (a-c) Scheme of TENGs consisting of MWCNT-PDMS with different kinds of parylenes and poly (L-lysine) as negative and positive triboelectric layers,
respectively, (d-f) the triboelectric output voltages, and (g-i) the effective dielectric constant at 10 Hz under different loading force: (a, d, g) for parylene-AF4 with
different deposition thickness, (b, e, h) for parylene-MeOH with different deposition thickness, and (c, f, i) for parylene-OH with different deposition thickness. The

parylene-deposited MWCNT-PDMS films are annealed at 150 °C.

parylene thickness demonstrated superior output performances
compared to the others (Fig. 2d-f and S11). It should be noted that the
parylene deposition thickness was measured by AFM after scratching Si
substrates deposited with parylene derivatives (Fig. S11). Specifically,
by optimizing the deposition thickness to 65 nm, 50 nm, and 55 nm for
Parylene-AF4, Parylene-MeOH, and Parylene-OH, respectively, we ach-
ieved triboelectric performances of 67.5 + 1.3V, 76.5+ 5.0V, and
86.7 + 2.0 V during the contact process. During the separation process,
we observed a similar pattern, where we achieved the highest output
voltages of 133.9 +£3.7V, 194.2 +19.8 V, and 243.5+ 9.2V at the
optimized thicknesses of 65 nm, 50 nm, and 55 nm for the parlene-AFy,
parylene-MeOH, and parylene-OH, respectively (Fig. 2d-f). Among the
optimized parylene-bilayer films, the film deposited with parylene-OH
shows the best triboelectric voltage. This result can be attributed to
higher effective dielectric constant of the parylene-OH deposited bilayer
film, resulting in improved interfacial polarization compared to the
other films (Figs. 2g-i). It is worth noting that the bilayer films exhibit
similar surface potentials and roughness (Fig. S10), suggesting minimal
differences in the triboelectric performance due to their comparable
triboelectric polarity and contact area. However, thanks to the increased
dielectric constant through remarkable improvement of interfacial

polarization, the parylene-OH/MWCNT-PDMS bilayer film displays a
higher power density (0.51 and 0.80 W/cm? for the contact and sepa-
ration step, respectively) than the other bilayer films (Fig. 1g), which is
the best triboelectric performance compared to the parylene-based
TENGs (less than tens of pW/cmZ, Table S1).

Interfacial polarization, which is induced at the interfaces of dis-
similar layers, is greatly affected by the interfacial properties of a
layered film. In particular, the adhesion between each layer plays a
pivotal role in significantly enhancing interfacial polarization. The
process of parylene coating is generally divided into three main steps:
sublimation, decomposition, and deposition. Of these steps, the depo-
sition critically affects the adhesion between parylene and the target
surface. The deposition of parylene on the target surface is facilitated by
a free radical addition reaction of parylene derivative monomers [41,
42]. To enhance the adhesion between parylene and the surface, a silane
material with a methacryloxy tail is typically utilized for the modifica-
tion of the target surface, leading to covalent chemical bonding through
co-polymerization between parylene monomers and the methacryloxy
units [43,44]. In our research, we deposited parylene monomers with
different functional groups on the surface of MWCNT-PDMS films
(Fig. 3a). Before the deposition process, to improve the adhesion
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Fig. 3. Triboelectric output performances of bilayer films consisting of parylene and MWCNT-PDMS layers. (a) scheme to modify the surface of MWCNT-PDMS with
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between parylene and MWCNT-PDMS, 3-(trimethoxysilyl)propyl
methacrylate (TPM) was initially coated on the MWCNT-PDMS surface
following an oxygen plasma treatment. This treatment led to the sila-
nization of TPM with the hydroxyl group on the MWCNT-PDMS surface.
Subsequently, following the CVD process of parylene monomers, we
obtained bilayer films composed of parylene and MWCNT-PDMS
through copolymerization of parylene monomers with the meth-
acryloxy units on the MWCNT-PDMS surface. The change in surface
property of MWCNT-PDMS following parylene deposition was verified
by measuring the contact angle (Fig. 3b). The treatment of methacryloxy
units reduced the contact angle due to the increase in the surface free
energy of MWCNT-PDMS. In addition, the bilayer film deposited with
parylene-OH after the surface treatment exhibited a higher effective
dielectric constant (12.4 0.1 under 10 N) than one without the
treatment (7.0 + 0.1 under 10 N, Fig. 3c). This enhanced dielectric
constant is caused by the increased interfacial polarization resulting
from the conformal deposition of parylene-OH on the MWCNT-PDMS
surface. It is worth noting that the parylene-OH coated bilayer film
without surface treatment showed a lower dielectric constant (7.0 &= 0.1
under 10 N) even than the single-layer MWCNT-PDMS film (8.7 &+ 0.1 at
10 Hz under 10 N, Fig. 1h). This result indicates that conformal depo-
sition is vital for effective induction of interfacial polarization, which in
turn affects the resulting dielectric constant. Ultimately, the bilayer film
with the conformal deposition of parylene-OH effectively induces the
interfacial polarization, resulting in the improvement of dielectric con-
stant (12.4 + 0.1 under 10 N) and thus the resultant triboelectric per-
formance (86.7 £2.0V and 203.5+ 9.2V for the contact and
separation step, respectively, Fig. 3d and S12).

Besides the conformal deposition at the interface, the annealing
process also significantly influences the triboelectric performance
because of varying dielectric properties resulting from the polymer
chain rearrangement [40]. We further investigated the annealing effect
of the parylene-OH deposited bilayer film on the triboelectric perfor-
mance. Ultimately, when the parylene-OH, with an optimized thickness
of ~55 nm, is annealed at 50 °C, the bilayer film shows the best output
performance (97.9 + 2.2V and 364.1 +28.8V for the contact and

separation step, respectively, Fig. 3e and S13-S14). This is attributed to
the enhanced dielectric properties (13.5 + 0.1 under 10 N, Fig. 3f and
S14)), resulting from the polymer chain arrangement at the optimal film
thickness.

It can be concluded that parylene derivatives with different types of
functional groups that possess electron-withdrawing abilities can be
utilized as a negative triboelectric layer. Stacking these materials on
dielectric materials with a large permittivity difference can lead to
significantly improved interfacial polarization, which affects both the
dielectric constant and triboelectric output performance. In this study,
while the bilayer films with parylene derivatives, including functional
units such as fluorine, methyl hydroxyl, and hydroxyl groups, exhibit
similar surface potentials (Fig. S10), the parylene-OH deposited bilayer
film shows the best triboelectric performance because of the increased
dielectric constant through the enhanced interfacial polarization.

The integration of functional groups with different electron-affinity
properties into parylene-derivatives significantly affects the triboelec-
tric polarities of parylene-deposited bilayer films, thereby altering their
triboelectric performance. Specifically, parylene-derivatives incorpo-
rating electron-withdrawing units, such as fluorine, methyl-hydroxyl,
and hydroxyl, displayed a negative triboelectric property, which
enhanced the output performances of bilayer films compared to the
single layer film. It implies that the functional groups incorporated into
the parylene-derivatives are another key factor in boosting the tribo-
electric performances. In contrast to using electron-withdrawing units,
we incorporated a methyl amine group with the electron-donating
ability into the parylene monomer and investigated its surface and
triboelectric properties. Interestingly, the bilayer film deposited with
parylene-MeNH, displays a positive surface potential (+1.29V,
Fig. S15a), which is higher than that of the PLL layer (+0.85V).
Moreover, the bilayer film deposited with electron-donating parylene-
MeNH; displays an opposite polarity of triboelectric signals to those
deposited with parylene derivatives containing electron-withdrawing
units. During the cyclic triboelectric process involving the bilayer film
and PLL (Fig. 4a), alternating current signals are observed: peak (1)
presents a positive current signal, and peak (2) a negative current signal,
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Fig. 4. (a) Scheme of a triboelectric device consisting of MWCNT-PDMS deposited with the optimized parylene-MeNH,. (b) Representative triboelectric output
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MWCNT-PDMS deposited with parylene-MeNH; with different thickness. (e) Triboelectric series of bilayer films consisting of MWCNT-PDMS deposited with different
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corresponding to the contact and separation processes, respectively
(Fig. 4b). This signal generation pattern is opposite to those with
electron-withdrawing parylene derivatives (Fig. 1c). It indicates that the
introduction of MeNH; units with electron-donating properties into the
parylene monomer affects the surface potential, resulting in a higher
positive potential (+1.29 V) than PLL (+0.85V). Additionally, we
examined the dielectric properties of parylene-MeNH; deposited bilayer
films with different thicknesses (Fig. 4c and S15). When the deposition
thickness of parylene-MeNH; is 35 nm, the bilayer film shows the
highest effective dielectric constant (12.6 & 0.2 at 10 Hz under 10 N),
leading to the best triboelectric output performances (88.2 + 4.8 V and
336.4 + 19.3 V for the contact and separation step, respectively, Fig. 4d
and S15b). However, this output performance is still lower than that of
the optimized parylene-OH/MWCNT-PDMS bilayer film (Fig. S16).
The deposition of parylene derivatives with diverse functional
groups onto the surface of MWCNT-PDMS affects both surface and
dielectric properties, resulting in the enhancement of triboelectric per-
formances. The bilayer films deposited with parylene derivatives con-
taining electron withdrawing units exhibit similar negative surface
potentials. However, these films possess unique dielectric properties
(Fig. S1f) due to varying interfacial polarization resulting from the
distinct contrast of permittivity between parylene derivatives and
MWCNT-PDMS, significantly influencing the triboelectric performances.
Based on these results, the bilayer films can be ordered in terms of
negative triboelectric series as follows: parylene-OH/MWCNT-PDMS
> parylene-MeOH/MWCNT-PDMS > parylene-AF4/MWCNT-PDMS
> MWCNT-PDMS. On the other hand, the bilayer film deposited with
parylene derivatives containing electron donating units (MeNHy) dis-
plays a positive surface potential. This positive bilayer film exhibits an
increased dielectric constant through the improved interfacial polari-
zation, compared to the other parylene-derivatives used in this study,

resulting in a superior triboelectric performance than the PLL positive
triboelectric layer. In terms of output performance, the bilayer films are
ranked as follows: parylene-OH/MWCNT-PDMS > parylene-MeNH,/
MWCNT-PDMS > parylene-MeOH/MWCNT-PDMS > parylene-AF4/
MWCNT-PDMS > MWCNT-PDMS. These results suggest that the bilayer
film can serve as an attractive triboelectric material, significantly
enhancing the triboelectric performance.

Considering the dielectric properties and triboelectric series, we
designed bilayer films utilizing optimized parylene-OH and parylene-
MeNH; as negative and positive triboelectric materials, respectively,
which can further enhance the triboelectric performance. The large
difference in surface potential between each bilayer film allows for the
generation of more charges upon contact compared to using a single PLL
layer as a positive triboelectric material. Moreover, the higher dielectric
constants of bilayer films compared to the single layer ones enables a
greater production of charges on the surface of bilayer-pair materials.
These charges are then transferred to the electrode, resulting in a sub-
stantial increase in output performances: 17.8 + 2.6 pA and 111.1
+ 4.4V for the contact step and 37.1 & 2.9 pA and 443.6 + 14.0 V for
the separation step (Fig. 5a-b). Especially, the optimized parylene-OH/
MWCNT-PDMS bilayer film, serving as a negative triboelectric layer,
when combined with the optimized parylene-MeNHy/MWCNT-PDMS as
a positive triboelectric layer, results in a power density (4.57 W/cm? and
10.28 W/cm? for contact and separation step, respectively) that is more
than 10 times greater than that (0.51 W/cm? and 0.80 W/cm? for con-
tact and separation step, respectively) of the PLL layer in the tribo-
electric performance (Fig. S16 and S17). These bilayer-pair films show
the best triboelectric performance (more than a few of W/cm?)
compared to other parylene- or PDMS-based TENGs (less than a few of
mW/cm?, Table S1 and S2). Moreover, the triboelectric device consist-
ing of parylene-OH and parylene-MeNH, deposited bilayer films,
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Fig. 5. Triboelectric output performances of contact-pair materials including single-bilayer (PLL/parylene-OH deposited MWCNT-PDMS) films, and bilayer-bilayer
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transferred charge density. The bilayer films are annealed at 50 °C for parylene-OH deposited film and 150 °C for parylene-MeNH, film. (d) Stability of triboelectric
device consisting of bilayer-pair films deposited with the optimized parylene-OH and parylene-MeNH, as negative and positive triboelectric layers, respectively, at

2 N over 40000 cycles.

serving as negative and positive triboelectric materials, respectively,
exhibits stability over 40000 cycles.

In our study, we designed bilayer-structured films composed of
MWCNT-PDMS and parylene derivatives. These films induce significant
interfacial polarization due to a substantial contrast in permittivity and
conductivity between the dielectric layer films, resulting in a consider-
able increase in the dielectric constant and, consequently, enhanced
triboelectric performance. Furthermore, the type of functional groups
present in the parylene derivatives determines the bilayer films’ tribo-
electric polarity. Bilayer films with parylene derivatives containing
electron-withdrawing groups such as fluorine, methyl-hydroxyl, and
hydroxyl units exhibit negative triboelectric properties (Fig. S10),
whereas those with parylene derivatives containing electron-donating
groups like the methyl-amine unit display positive triboelectric
behavior (Fig. S15). These findings suggest that the bilayer film can
serve as an appealing triboelectric material, significantly augmenting
triboelectric performance. Specifically, the bilayer films deposited with
optimized parylene-OH and parylene-MeNH; exhibited the best tribo-
electric performances among the negative and positive triboelectric
materials, respectively (Fig. S9 and S16), which is attributed to the
significant enhancement of the dielectric constant resulting from highly
induced interfacial polarization. Building upon the enhanced dielectric
and triboelectric performances of the optimized negative and positive
triboelectric layers, we designed bilayer-pair films to further boost the
output performance. These bilayer-pair films, composed of parylene-OH
(negative) and parylene-MeNH; (positive) deposited on MWCNT-PDMS,
demonstrated superior triboelectric performance (Fig. 5 and S17) thanks
to their negative and positive triboelectric polarities, coupled with the

significantly increased dielectric constant.
3. Conclusion

In this study, we demonstrated a high-performance TENG based on a
simple structure consisting of parylene derivatives and MWCNT-PDMS
films. The parylene derivatives with different kinds of functional
groups were deposited at nanometer scale on the surface of MWCNT-
PDMS films, producing the bilayer structured films. The bilayered film
resulted in the improved interfacial polarization, leading to the
enhanced triboelectric performances, which is significantly higher than
the single layer film. Furthermore, we investigated factors such as the
kinds of functional groups in the parylene derivatives, deposition
thickness, and annealing temperature in order to effectively induce the
interfacial polarization. Consequently, as the parylene-OH with the
thickness of ~55 nm annealed at 50 °C is deposited on the MWCNT-
PDMS surface, the bilayer film shows the best triboelectric perfor-
mance compared to the parylene-based TENGs. On the other hand, the
functional groups introduced in the parylene derivatives affected the
triboelectric properties of bilayer films. When the electron withdrawing
units such as fluorine, methyl-hydroxyl, and hydroxyl groups were
introduced in the parylene derivatives, the bilayer films displayed the
output performances of negative triboelectric materials. On the other
hand, the bilayer film deposited with parylene including the electron
donating unit (methyl-amine group) showed the output performances of
a positive triboelectric material. Moreover, the contact-pairs consisting
of bilayer films as negative and positive triboelecric materials showed
significant enhancement of triboelectric performance (4.57 W/ cm? and
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10.28 W/cm? for the contact and separation steps, respectively), which
is the best output performance compared to those conventional ones
based on PDMS or parylene layers (less than a few mW/cm?). These
findings suggest that layer-structured films with pronounced differences
in permittivity and conductivity hold promise as candidates for tribo-
electric materials, capable of dramatically improving output perfor-
mance. Furthermore, beyond layer-stacking structures, the introduction
of thin derivatives with distinct functional groups onto the same poly-
mers enables the creation of distinct triboelectric polarities and even
more substantial enhancements in triboelectric performance through
improved polarization. This approach offers a straightforward yet
effective method for designing self-powered flexible devices with high-
output performance.

4. Experimental
4.1. Materials

The commercial dimer used for the Parylene CVD was purchased
from YSMTC (Taiwan); Octafluoro[2.2]paracyclophane (Parylene-AF4)
(> 99.0%). As the reagents for synthesizing the dimer, [2.2]para-
cyclophane (> 99.0%) (NURI TECH. CO., Republic of Korea) titanium
(IV) chloride (ReagentPlus, 99.9%, Sigma Aldrich, USA), 1,1-dichlorodi-
methyl ether (97%, ACROS, USA), hydrogen peroxide (35% in water,
TCI, Japan), sodium borohydride(granular, 99.99%, Sigma Aldrich,
USA), phosphorus tribromide (99%, Sigma Aldrich, USA), phthalimide
potassium salt (98%, Sigma Aldrich, USA), hydrazine hydrate (50-60%,
Sigma Aldrich, USA) were used without purification. Sodium sulfate
(98.5%), sodium bicarbonate (99.0-100.5%), sodium chloride (99.0%),
sulfuric acid (95.0%), hydrochloric acid (3 N), dichloromethane
(99.8%), methyl alcohol (99.8%), n-hexane (99.5%), ethyl acetate
(99.5%), tetrahydrofuran (Stabilized, 99.8%), N,N-dimethylformamide
(99.5%) were purchased from SAMCHUN CHEMICALS (Republic of
Korea).

Fourier Transform- Infrared Spectroscopy (FT-IR, Spectrum Two,
Perkinelmer, Republic of Korea), Field Emission Scanning Electron Mi-
croscope (FE-SEM, CLARA, TESCAN, Czech Republic), Custom-made
CVD Polymerization equipment (TeraLeader, Republic of Korea), Hot
presser (Qmesys, Republic of Korea).

4.2. Synthesis of parylene derivatives

4.2.1. Synthesis of 4-hydroxyl[2.2]paracyclophane

[2.2]Paracyclophane (3 g, 14.3 mmol) were immersed in 200 mL of
dichloromethane in round bottom flask (RB) at 0 °C with Ny inert at-
mosphere. After TiCly (3.15 mL, 21.7 mmol) was added dropwise, the
mixture was stirred for 1 h. And then, 1, 1-dichlorodimethyl ether
(1.33 mL, 15 mmol) was injected dropwise. After stirring for 1.5 h, the
reaction was quenched by water. The crude solution was washed by HCI
(3 N) and sodium bicarbonate solution, and sodium sulfate. Through
column chromatography using n-hexane: ethyl acetate = 40:1 solution,
the 4-formyl[2.2]paracyclophane could be obtained with colorless
white powder(3.04 g, 90%). 4-Formyl[2.2]paracyclophane (3.00 g,
12.7 mmol) were dissolved in dichloromethane (60 mL) and methyl
alcohol (60 mL). Put the sulfuric acid (0.096 mL) and hydrogen
peroxide (1.44 mL, 35% in water) in order and the solution was stirred
for 16 h at RT. After removing the solvent by rotary evaporator, the solid
residue was washed with dichloromethane and water. Finally, the
yellowish powder (2.69 g, 95.2%) could be obtained by column chro-
matography (n-hexane:ethyl acetate = 25:1).

4.2.2. Synthesis of 4-hydroxymethyl[2.2]paracyclophane
4-Formyl[2.2]paracyclophane (3 g, 12.7 mmol) was dissolved in
methyl alcohol (200 mL) and tetrahydrofuran (10 mL). Then sodium
borohydride (1 g, 26.4 mmol) was added carefully and it was stirred for
3 h. After the solvent was removed by the rotary evaporator, the product
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should be washed with hydrochloric acid (3 N) and water dissolved in
dichloromethane. White powder of 4-hydroxymethyl[2.2]paracyclo-
phane (2.77 g, 11.6 mmol) was gathered by column chromatography.

4.2.3. Synthesis of 4-aminomethyl[2.2]paracyclophane

4-Hydroxymethyl[2.2]paracyclophane (3 g, 12.6 mmol) was dis-
solved in dichloromethane (150 mL) at O °C in N, atmosphere. Phos-
phorus tribromide (1.5 mL, 5.5 mmol) was added dropwise and the
reagents were reacted for 4 h. The mixture was hydrolyzed by water and
washed with hydrochloric acid (3 N), sodium bicarbonate solution, and
sodium chloride solution. Removing the solvent, 4-bromomethyl[2.2]
paracyclophane was obtained. 4-Bromomethyl[2.2]paracyclophane
(3 g, 9.9 mmol) and potassium phthalimide (1.92 g, 10.4 mmol) were
dissolved together in N,N-dimethylformamide (100 mL). These re-
actants were heated at 80 °C for 4 h and washed sodium chloride solu-
tion, dichloromethane, and sodium sulfate. The product obtained (3 g)
was immersed in methyl alcohol (300 mL) and injected hydrazine hy-
drate (4.58 g, 42.9 mmol). After removing the solvent, the crude prod-
uct was taken the co-solvent of dichloromethane (250 mL) and 1 M
sodium hydroxide solution (300 mL). The phase-separated solution was
washed with dichloromethane, sodium sulfate, 1 M sodium hydroxide
solution, and sodium chloride solution. The purified product, 4-amino-
methyl[2.2]paracyclophane (1.09 g, 23.8%), was obtained by the col-
umn chromatography.

4.3. Parylene deposition by CVD method

Before Parylene deposition, the surface of MWCNT-PDMS is treated
by silane materials including methacryloxy units according to the re-
ported procedure [51]. Briefly, 1 mL of 3-(trimethoxysilyl) propyl
methacrylate (TPM) is added into the solution consisting of 100 mL of
isopropyl alcohol and 100 mL of deionized water. After the mixture is
stirred for 150 min, the MWCNT-PDMS treated by oxygen plasma is put
into the mixture over 120 min. The samples are rinsed with isopropyl
alcohol to remove the unreacted TPMs and then, dried at 120 °C for
30 min. Afterward, four kinds of parylene derivatives are deposited via
CVD by Gorham method using Custom-made CVD Polymerization
equipment (TeraLeader, Republic of Korea). Octafluoro[2.2]para-
cyclophane (90 mg) are used for depositing Parylene-AF4 about 65 nm
thickness. Once this dimer is sublimated from solid powder to vapor
phase, it moves to pyrolysis zone (760 ~ 770 °C) along the inert Argon
carrier gas (20 sccm). In the pyrolysis zone, the dimer can be cleavaged
to monomers in radical form, which are participated in polymerization
on the surface of MWCNT-PDMS. The samples are put on the rotating
sample holder cooled down to — 5 °C in the heating chamber (60 °C).
Besides, 4-hydroxyl, 4-hydroxymethyl, and 4-aminomethyl [2.2] para-
cyclophane have same temperature conditions pyrolysized at 550 ~
560 °C and deposited on 5 °C holder in 80 °C heating chamber. But to
deposit an optimal thickness of each parylene, different amount of dimer
quantities are needed; for example, 80 mg of 4-hydroxyl[2.2]paracyclo-
phane for 55 nm of parylene-OH, 20 mg of 4-hydroxymethyl[2.2]para-
cyclophane for 50 nm of parylene-MeOH, and 60 mg of 4-
aminomethyl[2.2]paracyclophane for 35nm of parylene-MeNH,.
Overall process is performed at a pressure level of about 150 mTorr. The
deposition thickness was measured by using AFM after scratching the
surface deposited with parylene derivatives on a piece of Si wafer.

4.4. Annealing treatment

After the CVD deposition, the thermal treatment is performed at
150 °C for 2 h to improve the adhesion properties of PDMS and parylene
and to maximize the performance of triboelectric performance. In the
case of parylene-OH, the optimized treatment condition is 50 °C for 2 h.
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4.5. Preparation of MWCNT-PDMS composite films

In order to prepare the MWCNT-PDMS composite films, the multi-
walled carbon nanotubes (MWCNT, Sigma-Aldrich, 110-190 nm diam-
eter and 5-9 pm length) are added into the PDMS oligomer in chloro-
form, and then the mixture is ultrasonicated with a probe tip for 3 min,
producing homogeneous dispersed MWCNT-PDMS composite. After the
solvent evaporation on the hot plate, the composite mixture is combined
with a curing agent (0.1 wt ratio to the PDMS oligomer). After vigor-
ously stirring and degassing to remove the air bubble for 1 hr, the
mixture is spin-coated on the surface of ITO substrate treated by oxygen
plasma, followed by curing at 70 °C, which produces ITO coated with
the MWCNT-PDMS composite film.

4.6. Preparation of TENGs

To fabricate the triboelectric nanogenerator, 0.1 wt% of positive-
charged polymer (PLL) in deionized water is spin-coated onto the ITO
substrate as a positive triboelectric layer whereas MWCNT-PDMSs
deposited with parylene derivatives with different kinds of functional
groups are utilized as negative triboelectric layers. To further improve
the triboelectric performance, the MWCNT-PDMSs deposited with par-
ylene derivatives having electron-donor properties such as parylene-
AF,, parylene-OH, and parylene-MeOH are used as negative triboelec-
tric layers whereas one deposited with parylene-MeNH; having
electron-withdrawing property is used as a positive triboelectric layer.

5. Characterization

To obtain the effective dielectric constants of the polymer films, the
capacitances are measured by a metal-insulator-metal capacitance
method using an impedance analyzer (IM3570) at room temperature.
The samples were prepared by sandwiching the dielectric films between
two electrodes—an ITO electrode and a Pt electrode. Each sample is
spin-coated on the cleaned ITO electrode, and then the Pt electrode
(2.0 mm in diameter) is deposited on the sample surface. The effective
dielectric constant is calculated as follows: ¢ = (C e d)/(gg ® A), where C,
d, A, and ¢ denote the capacitance, film thickness, measured area, and
permittivity in vacuum, respectively. We measured the capacitances of
the dielectric constants of bilayer films above 10 Hz and single-layer
parylene-derivative films with thicknesses below hundreds of nanome-
ters above 1 kHz due to the surrounding noise condition. The mea-
surements of the surface potentials are carried out using a multimode
AFM (Bruker) system with Pt/Ir-coated silicon tips (tip radius 25 nm;
force constant 3 N/m; resonance frequency 75 kHz). The potential dif-
ference between the AFM tip and ITO film was measured before each
analysis. The performance (output current, output voltage, and trans-
ferred charge) of the triboelectric device based on the dielectric polymer
film (1 x 1 cm?) was measured using a sourcemeter (S-2400, Keithley)
and an oscilloscope (DPO 2022B, Tektronix, US) under loading of 10 N
by means of a pushing tester (JIPT-100, Junil Tech). The average power
densities were calculated by measuring the output currents under
various resistance according to the equation of P = I?R. The transferred
charge densities were calculated according to the equation of Qs¢c =
JIscdt.
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