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For scavenging energy from various places on the human body, multifunctional and comfortable triboelectric
nanogenerators (TENG), that do not stimulate sensitive skin, are required. Therefore, it is essential to fabricate a
TENG that is easy to deformation as well as biocompatible, ultrathin, and flexible. In this regard, we propose a
hierarchical-wrinkled-architecture-TENG (HWA-TENG) with dual-wavelengths (microsize of 3.1 pm and nano-
size of 311.8 nm). A plasma-polymer-fluorocarbon (PPFC) thin film was employed as a high-performance tri-
boelectrification material, owing to its high surface charge potential, ultrathin thickness, transparency, and
water repellency. The surface potential of the PPFC was extremely high at 7.28, which is comparable to that of
bulk polytetrafluoroethylene. The surface area of HWA-TENG increased by as much as 3.5 % owing to the
combination of the increased surface area effect of the HWA and high surface charge potential characteristics of
the PPFC thin film, resulting in a high output performance of 200 V and 30 pA. The HWA-TENG can be suc-
cessfully applied to triboelectric raindrops energy harvester and conformal artificial triboelectric skin. Owing to
its eco-friendly, straightforward fabrication process, and high output performance, HWA-TENG can be used in

several applications, including conformal TENGs for human body.

1. Introduction

The development of Internet of Things (IoT) and increasing interest
in human health has triggered the production of a variety of sensors to
measure various signals from the human body. However, the lack of a
power source to drive these sensors and the absence of a battery for
storage hamper the practical use of human body sensors. However, with
the invention of triboelectric nanogenerators (TENG) that enable scav-
enging the electrical energy from a wide variety of places, it is possible
to convert mechanical energy generated from the body movement to
electrical energy. As an alternative to fossil fuels and for realizing carbon
neutrality, energy from nature, such as solar, wind, and tidal power, is
now converted to electrical energy and exploited. Moreover, energy can
be continuously harvested from the daily activities of the human body
and converted into electricity [1].
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A TENG is a mechanical energy-harvesting device that uses the
coupling of contact electrification and electrostatic induction. The
several advantages of this technology, such as high efficiency, low cost,
low density, light weight, and diverse choice of materials at low fre-
quency make TENG superior to conventional electromagnetic, electro-
static, and piezoelectric-based biomechanical energy-harvesting
technologies [2]. The technology that efficiently converts small amounts
of energy from human motion into electricity has been extended to
obtain energy from various available energy sources such as wind, water
waves, water droplets, sound, magnetically induced motion, and
keyboard typing [3-5]. The TENG is classified into four modes:
contact-separation, lateral sliding, single-electrode, and freestanding
triboelectric layer mode. Using these modes, various applications,
including self-powered sensors, tactile and pressure sensors, audio sen-
sors, and chemical sensors for artificial intelligence, have been
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developed [3,6]. Particularly, monitoring of the complex human phys-
iological signals with high sensitivity and sensation imitating the human
touch has been reported [7]. Moreover, TENG-based sports sensing
systems are leading to breakthrough progresses in the field of intelligent
sports [2].

Extensive research has been conducted to improve the performance
of TENG, and technology development strategies have been established.
The key strategy involves the energy harvesting efficiency (EHE), which
refers to the ratio of harvested electrical energy to the input mechanical
energy. To improve the EHE, electrostatic force enhancement and
displacement enhancement methods [8], nano-composite materials [9],
multilayers [10,11], and matter-stimulations were adopted [12]. Among
them, various methods for electrostatic force enhancement mainly
involved the improvement of chemical surface modification (CSM) and
physical surface modification (PSM). Particularly, CSM allows to charge
of the surface to a well-charged surface through a modification or
coating process. Polymer coatings are widely used for CSM, and Wang
et al. [13]. investigated various triboelectric materials and proposed
selection rules for various modes of TENG. Among them,
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polytetrafluoroethylene (PTFE) is a representative triboelectrification
material that is mostly used in TENG for energy harvesting and sensing
devices. Additionally, the good chemical and thermal resistance, low
coefficient of friction, and biocompatibility allow it to be used for a
variety of applications in TENG devices. However, the low flexibility due
to its thickness, difficulty in adhering to a substrate due to its low surface
energy, and low transparency due to haze limit its applications in
various devices. Additionally, the use of PSM for EHE enhancement
involves an increase in the surface area through patterning by lithog-
raphy [14,15], plasma etching [16,17], and a combination of chemical
treatment and mechanical stretching to create a wrinkled surface on the
substrate [18,19].

In this study, we propose a hierarchical wrinkled architecture
(HWA)-TENG that combines the CSM and PSM strategies. A plasma-
polymer-fluorocarbon (PPFC) thin film was introduced as the high-
performance triboelectrification material. A PPFC is a thin film with
an amorphous structure produced by sputtering a composite target made
by mixing PTFE and carbon nanotubes (CNTs) to impart electrical
conductivity to the polymer targets. The features responsible for its
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Fig. 1. (a) Schematic for the preparation of the HWA-PPFC based TENG (HWA-TENG). (b) Characteristics of the HWA-PPFC. (c) Application of the HWA-TENG based

triboelectric raindrops energy harvester and touch skin.
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suitability as triboelectrification material are surface charge density,
limited thickness, low refractive index, water repellency, and biocom-
patibility. Additionally, sputtering is a clean process because it does not
need hazardous gases used to produce conventional fluorocarbons, such
as CF4 or C4Fg, with a high global warming potential index; therefore, it
is an eco-friendly and future-oriented material in view of the carbon-
neutral era. Biocompatible, stretchable, and transparent styrene-
ethylene-butylene-styrene (SEBS) was used as the substrate of PPFC
coated HWA-TENG. When the PPFC thin film was coated on the SEBS
substrate, a nano-wrinkled structure concurrently formed on the surface.
The CSM effect of the PPFC thin film and the PSM effect of the wrinkles
appeared simultaneously. With the use of an additional oxygen plasma
treatment, a hierarchical wrinkled architecture with dual wavelength is
implemented, resulting in an enlarged surface area. The HWA-TENG
exhibited a suitable performance as a body-mounted energy-harvest-
ing device that requires high output in a small area because of the
excellent triboelectrification characteristics of the PPFC and the
improved surface area by dual-wavelength wrinkles. This HWA-TENG
exhibited a surface engineering-enhanced output performance (voltage

a

PTFE

Sputtering process

Nano Energy 103 (2022) 107785

and current of 200 V and 30 pA, respectively) as well as outstanding
mechanical stability (10,000 bending cycles) and long-term stability (2
h).

The HWA film also showed outstanding transparent, super-
hydrophobic, and conformal properties. Furthermore, we prepared
transparent triboelectric raindrop sensors and conformal artificial
triboelectric skin using the HWA-TENG. Their universal characteristics
can be exploited in various industries, such as smart clothing, robots,
and artificial skin for wearable applications. Fig. 1 shows the conceptual
diagram of the study. The fabrication process of substrates with PPFC-
coated hierarchical wrinkled architecture (HWA-PPFC) is shown in
Fig. 1a, and the characteristics of HWA-PPFC, such as water repellency,
transparency, conformability, and biocompatibility, are shown in
Fig. 1b. Fig. 1c shows the applications of HWA-TENG as a raindrops-
energy-harvester and conformal artificial triboelectric skin, which can
be applied to the human body.
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Fig. 2. Fabrication process and characteristics of the PPFC thin film. (a) Schematic of the PPFC thin film deposition process. (b) C 1s XPS spectra of PPFC and PTFE
(the inset, shows the WCA of PPFC and PTFE). (c) Correlation between refractive index and wavelength. (d) Transmittance and reflectance spectra. (e) Surface charge

potential of PPFC thin film using KPFM.
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2. Results and discussion
2.1. Characteristics of PPFC thin film

A PPFC thin film fabricated by sputtering using a CNT-PTFE com-
posite target exhibits properties similar to those of PTFE, such as hy-
drophobicity, electrical insulation, and chemical resistance.
Furthermore, the PPFC thin film showed excellent adhesion to the
substrate, good uniformity of nanometer-level thickness, smooth sur-
face, and high transparency in the visible light region. Additionally,
PPEC thin films can be manufactured on large-area substrates using a
mid-range frequency (MF) sputtering system; by controlling the process
conditions, the amount of fluorine and carbon in the thin film can be
adjusted to tailor the thin-film properties.

Fig. 2 shows the unique characteristics of PPFC compared to that of
PTFE. The PTFE exhibited a semi-crystalline structure with —[-CF5-CF»-
15— bonds, whereas PPFC thin films were randomly deposited on the
substrate by the decomposition and recombination of carbon and fluo-
rine atoms (or molecules) during the sputtering process (Fig. 2a).
Consequently, the PPFC thin film had an amorphous structure. Addi-
tionally, during the sputtering process, CNT itself is not included in the
PPFC, but is decomposed by carbon and recombined with fluorine to
form a fluorocarbon. The X-ray photoelectron spectroscopy (XPS)
analysis of the PPFC thin film showed the peaks for CF3, CF, and C—CF,
bonds in addition to those for CF5 bonds, contrarily to the PTFE pattern
which exhibited peaks for only CF3 bonds (Fig. 2b). The CF3 bond in the
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PPFC thin film had a surface energy of 15 x 10~> N m™}, which is much
lower than that of the CF, bond (23 x 103N m_l) [20]. The water
contact angle (WCA) of PPFC (108°), indicated a hydrophobic surface,
and was higher than that of PTFE (WCA: 101°). Moreover, the low
refractive index (1.38) of the PPFC thin film enhanced the optical
properties of the transparent substrate (Fig. 2¢) [21]. As shown in
Fig. 2d, after coating the PPFC thin film (thickness: 100 nm) on the
polyethylene terephthalate (PET) substrate, the transmittance increased
by 3.6 % from 88.5 % to 92.1 %, and the reflectance decreased by 3.5%p
from 10.9 % to 7.4 % at 550 nm wavelength. Furthermore, no addi-
tional absorption was observed for PPFC thin film in the visible region
(Fig. S1). This result was due to the low refractive index minimizing the
reflection by destructive interference between reflected waves, resulting
in index matching that improved the PPFC thin film transmittance.
Finally, the surface potential of the PPFC thin film, which measured the
contact potential difference (Vcpp) between the tip and the sample using
kelvin probe force microscopy (KPFM), was very high (7.28 V), similar
to that of PTFE (Fig. 2e) [22].

2.2. Wrinkled architecture with the PPFC thin film coating

Fig. 3 shows the fabrication process of a wrinkled architecture with
PPFC thin films (WA-PPFC) on the SEBS substrate and the surface
morphological and optical properties. As shown in Fig. S2, a constant
peak for CF (indicated by blue color) is observed for the PPFC thin film
layer, which exists even on top of the SEBS layer, and gradually
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Fig. 3. Characteristics of WA-PPFC formed by PPFC thin film deposition process. (a) Illustration of the fabrication process of WA-PPFC. (b) Surface morphologies of
WA-PPFC according to deposition time. (c) Transmittance and reflectance spectra of SEBS and WA-PPFC. (d) Photographs demonstrating the water-repellency and
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disappears in the SEBS substrate. This indicates that the F and C atoms
from the CNT-PTFE composite target penetrated the SEBS substrate
during the sputtering process. The SEBS can easily be penetrated by
fluorocarbon, resulting in the formation of wrinkled architectures by
volume expansion and deformation on the surface of the SEBS substrate
(Fig. 3a) [23]. According to the linear elastic buckling theory, the
wrinkling wavelength (1) was calculated using Eq. (1) [24,25]:
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where 4 is the wrinkle wavelength, hyis the thickness of the thin film, v is
Poisson’s ratio, and E is Young’s modulus. The subscripts f and s refer to
the thin film and substrate, respectively. Poisson’s ratios of a PPFC thin
film (approximately Poisson’s ratio for PTFE) and SEBS were approxi-
mately 0.46 and 0.49, respectively. Young’s modulus of the PPFC thin
film and SEBS were approximately 9.9 GPa and 1.4 MPa, respectively
[26-28].

To analyze A and the amplitude (2 A) of the wrinkled architectures in
the WA-PPFC, the atomic force microscopy (AFM) images were analyzed
using an image analysis software. The bare SEBS surface was flat and
smooth; however, upon coating the PPFC thin film, nanoscale wrinkles
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were formed (Fig. 3b). The sectional profile confirmed that as the
deposition time increased, the wavelength of the wrinkles and the sur-
face roughness (root mean square, RMS) increased. Consequently, the
surface area of WA-PPFC increased by up to 2.72 %. The amplitude and
wavelength of the WA-PPFC coated with the PPFC thin film for 30 min
were 19.0 and 189.4 nm, respectively, and the RMS value was 8.93 nm
(Fig. S3 and Table S1). These results were reasonably explained
considering that C and F atoms or molecules penetrate the soft SEBS to
form nano-wrinkles, owing to the volume expansion and deformation of
elastic properties on the SEBS surface. However, upon PPFC coating for
40 min, the amplitude of the wrinkles decreased to 12.6 nm and the
surface area difference decreased to 1.80 %, because fluorocarbon
penetration was hampered by the stiff layer of SEBS during the sput-
tering process [29]. Therefore, the PPFC thin film was deposited on the
surface of the stiff layer of the SEBS and gradually covered the already
formed nano-wrinkles, decreasing of the amplitude and surface area of
WA-PPFC. The surface area of the WA-PPFC reached a maximum at
30 min.

The optical properties of WA-PPFC improved because of the gradient
refractive index effect of the nano-wrinkles and the low refractive index
of the PPFC thin film [30]. As shown in Fig. 3¢, the transmittance and
reflectance of bare SEBS at 550 nm wavelengths were 88.4 % and 8.2 %,
respectively, whereas the transmittance of WA-PPFC increased to
90.0 % and the reflectance decreased to 6.4 %. Fig. 3d shows photo-
graphs of the transparent and high water-repellent WA-PPFC. Because of
the low surface energy of the PPFC thin film and the nano-wrinkles on
the surface, the WCA of WA-PPFC improved to 124° from 104° for the
bare SEBS. Moreover, Fig. 3e confirm that WA-PPFC retained the
stretchable and biocompatible features of the SEBS substrate.

2.3. Hierarchical wrinkled architecture with PPFC via plasma process

To further improve the EHE by increasing the surface area of the WA-
PPEC, a hierarchical wrinkled architecture with dual wavelength
(microscale and nanoscale) was fabricated [31,32]. The substrates with
HWA-PPFC were fabricated by plasma treatment using a linear ion
source to the SEBS surface to make micro-wrinkles and coating them
with PPFC to make nano-wrinkles by sputtering (Fig. 4a). Fig. 4b and ¢
show the surface morphological changes of the samples observed using
field-emission scanning electron microscopy (Fe-SEM) and AFM,
respectively. A flat surface was observed in the bare SEBS, whereas a
microscale-wrinkled architecture formed on the surface of the SEBS
treated with oxygen plasma using a linear ion beam source (WA-SEBS).
When plasma was applied to soft SEBS, ions with high energy penetrated
the SEBS surface, and the surface layer was stiffened. Consequently,
microscale wrinkles formed owing to the difference in strain between
the newly formed stiff layer and SEBS substrate. The size of this wrinkle
differed depending on the type of plasma process gas used. The
WA-SEBS treated with oxygen and nitrogen plasma formed wrinkles
with a larger amplitude and wavelength than the WA-SEBS treated with
argon (Fig. S4). The AFM analysis of WA-SEBS showed that the ampli-
tudes of wrinkles were 26.5 nm (Ar), 43.5 nm (O3), and 40.5 nm (N3),
depending on the process gas. The wavelength of the wrinkle had a
microscale of 1.8 ym (Ar), 3.0 um (O2), and 3.1 um (Ny), respectively
(Fig. S5 and Table S2). The reason for the different wrinkle sizes was the
anode voltage applied to the active ions. In the plasma surface treatment
process, the power was fixed at 10 W and the gas flow rate was 60 sccm;
however, the anode voltages for each gas were 540 V (N3), 513 V (O5),
and 452 V (Ar) (Table S2). The value of the anode voltage applied to the
active ions was the energy transfer rate. The Ar, Ny, and O, gases inci-
dent on the SEBS surface transferred energy to the SEBS medium
through collision energy transfer, which gradually decreased as the
maximum energy at the surface penetrated the SEBS. In this process, a
stiff layer (hy) formed on the surface, and the energy transfer rate at the
surface gradually decreased. In this case, the larger the anode voltage,
the better the collision energy transfer. Therefore, oxygen and nitrogen
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gases, which have higher anode voltage values than that of argon,
penetrated deeper, leading to wrinkles with relatively wide wavelength
and amplitude, according to Eq. [33].

Additionally, the surface energy increased due to the plasma treat-
ment, which modified the SEBS surface into a hydrophilic surface
(Fig. S6). Particularly, when oxygen gas was used, hydroxyl groups
(OH) and other oxygen functional groups were generated on the surface
of SEBS, decreasing the WCA to 65°. Fig. 4d shows the XPS analysis
results of SEBS and WA-SEBS (O;). The oxygen-containing groups
formed on the surface of WA-SEBS indicated that the oxygen plasma
oxidized the alkyl (-CH3) group to generate more oxygen-containing
groups on the WA-SEBS (O); consequently, the oxidized WA-SEBS
surface attracted electrons more easily to improve the triboelectrical
performance [7].

By coating the PPFC thin film onto WA-SEBS, HWA-PPFC with micro-
wrinkles and nano-wrinkles was fabricated. The SEM analysis revealed
that the wrinkle dimension of HWA-PPFC was smaller than that of WA-
SEBS and larger than that of WA-PPFC (Fig. 4b). Upon PPEC coating and
modification of elastic properties by the oxygen plasma treatment,
fluorocarbon penetrated the relatively hard surface of the SEBS.
Therefore, because of the further change in the elastic properties of the
substrate surface, nano-wrinkles with a wider wavelength than that of
the WA-PPFC formed on the HWA-PPFC. Consequently, the WCA of the
HWA-PPFC (121°) was smaller than that of the WA-PPFC (124°). The
AFM image of HWA-PPFC shows that a hierarchical wrinkled architec-
ture combined with micro- and nano-sized wrinkles was generated
(Fig. 4c). The microsize wrinkle was the first generated wrinkle (G1),
with wavelength and amplitude of 3.1 um and 47.6 nm, respectively.
The nanosize wrinkle was the wrinkle generated at the end (G2), with
wavelength and amplitude of 311.8 and 12.7 nm, respectively. More-
over, the surface area of HWA-PPFC increased by as much as 3.5 %
compared with 0.1 % increase in case of WA-SEBS and 2.7 % increase in
case of WA-PPFC (Fig. S7 and Table S3). Accordingly, an HWA in which
the microscale and nanoscale were combined was successfully formed
through a sequential process of plasma surface treatment and PPFC thin
film deposition, thereby increasing the surface area.

Fig. 4e shows the surface area of each sample and the effect of
chemical bonding on the triboelectric potential. Oxygen-plasma-treated
WA-SEBS attracted electrons via the OH functional groups, and the
surface area increased due to the micro-wrinkles. Additionally, WA-
PPFC attracted electrons more easily via functional groups containing
F, and the surface area increased due to nano-wrinkles. Finally, the
HWA-PPFC collected negative charges more easily because of the hier-
archical wrinkled architecture (surface area increase of 3.5 %) and the
PPFC thin film. Therefore, the high performance of the HWA-PPFC-
based TENG (HWA-TENG) was explained by its flexibility, trans-
parency, high water repellency and its excellent surface charge
potential.

2.4. Characterizing the output and stability of HWA-TENG

Before the systematic characterization of the HWA-TENG, Fig. 5a
shows the sequential operation mechanism depending on the contact
and separation states. The initial state was the complete separation of
the top and bottom parts, resulting in no charge transfer (Fig. 5a-(i)).
Both surfaces were in the maximum level of contact in the pressed state,
resulting in charge transfer, which was contact electrification (Fig. 5a-
(ii)). In the releasing state, electrons moved from the bottom electrode to
the top electrode through an external conductive path, because the
negative charges in the bottom contact material repelled the electrons
inside the neighboring electrode (Fig. 5a-(iii)). When the two surfaces
were fully separated, they reached an equilibrium state, showing no
electron flow to finish moving the electrons (Fig. 5a-(iv)). As the two
surfaces were close, electrons moved back to the bottom electrodes
owing to the attraction-repulsion transition (Fig. 5a-(v)).

Furthermore, the hierarchical wrinkled architecture enhanced the
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output generation performance of the TENG. As shown in Fig. 5b and ¢,
the output signals of the TENGs with four friction layers were system-
atically measured and compared under contact motion with identical
force (30 N) and frequency (3 Hz). Although the SEBS showed no output
signals for energy harvesting, the HWA-PPFC exhibited a relatively high
output voltage and current. The difference in output performance of the
layers resulted from their surface area and electronegativity. Because
the O, plasma generated a microwrinkle structure on the surface of the
WA-SEBS, the output signals (100 V and 11 pA) were higher than those
with the SEBS layer only. As the hydroxyl group (OH’) was functional-
ized on the surface, the electronegativity of the layer also increased. The
deposition of PPFC formed a nano-wrinkled structure on WA-PPFC and
increased its electronegativity, resulting in a higher output performance
(140 V, 15 pA). A further increase in the contact area of the layers from
the hierarchical wrinkled architecture enhanced the triboelectric output

performance of the TENG (200 V, 30 pA). The difference in the output
performance of WA-SEBS, WA-PPFC, and HWA-PPFC suggested that
many electrons were facilely transferred to the rough surface with
abundant fluoride ions under contact and separation, as shown in Fig. 4e
and following Eq. (2) [34].

So.x

= s
e TX

(2)

QSC

Where Q is the charge density, S is the surface area, o, is the surface
charge density, x is the air-gap distance, d; is the thickness of the
dielectric layer, ¢y is the vacuum permittivity, and ¢; is the dielectric
constant of the insulator. In addition, the effect of the hierarchical
wrinkled architecture on the output performance of TENG was
confirmed through electrostatic simulation (Fig. S8). To reduce
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distortion of mesh formation, the hierarchical structure was imple-
mented as a large triangle with a height of 25 ym and a small triangle
(two on the edge of large triangle) with a height of 3.535 pym. In this
case, the potential of the hierarchical-triboelectric layer dramatically
increased when the contact roughness was increased, which means that
a higher charge density is generated on the hierarchical surface than on
the surfaces of flat and wrinkle. Considering that an increase in charge
density is directly related to an increase in transferred charge and a
larger potential difference between electrodes, the distinguished elec-
trical performance of HWA-TENG is closely related to the formation of
the hierarchical structure (detailed in Supporting information).

The output characteristics of the TENG with hierarchical wrinkled
architecture were further demonstrated by measuring the instantaneous
power of the device, as shown in Fig. 5d and e. The output voltages and
currents exhibited typical curves with increasing resistance. With an
increase in the outer resistance, a decrease in the output current and an
increase in the output voltage occurred. As derived from the curves of
the output voltage and current, the instantaneous power density showed
a maximum value of 11 W m~2 at a resistance of 10 MQ. Accordingly,
we compared with other literatures in power density as shown in
Table S4 that this HWA-TENG produces one of the highest power density
TENG based on PTFE film [35-51]. To confirm the feasibility of our
HWA-TENG in wearable applications, we evaluated the bending stabil-
ity (10,000 cycles, the radius of 4 mm, and the frequency of 1 Hz) and
durability (2 h) of our TENG with a hierarchical wrinkled architecture,
as shown in Fig. 5f and g. After 10,000 cycles of repeated bending
motions (Video S1), the output voltage did not change, indicating a high
mechanical stability. Durability tests (Video S2) indicated outstanding
reliability under continuous long-term friction. In order to confirm the
stability of the wrinkled HWA film against bending and continuous
friction, we further characterized the surface morphology before and
after bending/friction operations as shown in Fig. S9. It shows no visible
damage or abrasion on the surface of film regardless of deformation.
Thus, the stable output performances of HWA-TENG after bending and
friction operation are attributed to excellent robustness under harsh
environments.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107785.

2.5. Energy harvesting applications of HWA-TENG

The main purpose of the HWA-TENG was to achieve high versatility
and output as a triboelectric material. The HWA-TENG manufactured
through multiple steps had a higher transparency than PTFE, which is
most widely used as the triboelectric material, and had a similar output
power to that of the solid-solid contact (Figs. 6a and S10a-b). Due to
these characteristics, HWA-TENG exhibited high potential for utility and
performance as a triboelectric material. With a TENG fabricated in
10 cm x 10 cm, SEBS (thickness: 50 um) turned on approximately 30
LEDs, whereas PTFE (thickness: 100 ym) and HWA-TENG (PPFC thick-
ness: 0.1 um) both turned on approximately 100 LEDs with comparable
brightness (Fig. 6b and Videos S3-5). In addition, to quantitatively
compare the electrical outputs, a circuit containing a rectified TENG
capable of charging a capacitor was prepared (Figs. 6c—d and S11a-b).
For 100 s, the capacitor of 100 uF was charged to 0.2V for SEBS,
whereas the capacitor was charged to 1.2V and 1.1 V for PTFE and
HWA-TENG, respectively (Fig. S11c). Despite the difference in thickness
between the HWA-TENG and PTFE, their outputs were analogous.
Additionally, the HWA-PPFC based TENG operated a small electronic
device (humidity and temperature sensor) through a capacitor charged
to 1000 pF (Fig. 6e and f, and Video S6). The output of HWA-PPFC based
TENG was also confirmed under relative humidity conditions, consid-
ering an actual environment (Fig. S12). These results demonstrated that
the HWA-TENG can be used as a triboelectric material with a surface
charge density similar to that of PTFE.

Supplementary material related to this article can be found online at
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One of the applications of TENG is to harvest water energy by lig-
uid-solid contact [52,53]. This application requires a specific environ-
ment in which light can be transmitted, such as a window [54] or a solar
panel [55,56]. A liquid-solid contact-based TENG was produced to
compare the energy production of each material by water droplets
(Figs. 6g and S13). The two electrodes were connected in a freestanding
mode, with one of the connection modes used in the TENG to collect
energy from a fixed position [57]. Moreover, to analyze the electrical
output power from the complex flow of water droplets, the voltage was
measured at the electrode (W1: upper electrode, ¥2: bottom electrode)
using an ungrounded method [58,59]. The mechanism of charge
transfer through the contact electrification between liquid and solid
surfaces is controversial, but recent studies have shown that electrons
move from water molecules to solid surfaces, leading to negative charges
[60,61]. Therefore, the water molecules become positively charged
upon losing electrons, and the solid surface becomes negatively charged
upon electron transfer. Therefore, the region separated from the liquid
was characterized by a negative potential, owing to the remaining
electrons, and the liquid had a positive potential, owing to the surplus
cations (Fig. 6h). When the droplet reached the upper electrode (first
shedding), the electrode was affected by the accumulated surplus cat-
ions; the potential of the upper electrode increased, and a free charge of
the cathode was induced (positive voltage), as shown in Fig. 6i (1st).
When the droplets reached the bottom electrode, the potential of the
surplus cation affected both the electrodes (2nd). Therefore, when water
droplets flowed along the surface, irregular non-sinusoidal energy was
generated. Because PTFE and HWA-TENG had similar hydrophobicity
and surface charge density, the output by water droplets was also
analogous (Fig. S14a-d). This output was rectified using a rectifier to
effectively turn on an LED (Figs. 6j and S14e). Considering the envi-
ronment in which the liquid-solid contact-based TENG was utilized, the
LED was fixed on the backside of each device. Owing to the comparable
outputs, the brightness of the LEDs was similar; however, the
HWA-TENG transmitted a larger amount of light than PTFE (Figs. 6k,
S15, and Videos S7 and 8). These results show that the HWA-TENG can
be used in applications that require transparency, such as windows and
solar panels.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2022.107785.

Furthermore, a new concept of energy harvesting method using the
human body as an energy transfer medium has been developed [62-65].
Although this method is not restricted to electrodes or wires, the limi-
tations include installing them at specific locations or wearing specific
clothing, such as shoe soles or gloves. Therefore, the development of a
triboelectric skin with a high surface charge density minimizes the user
discomfort. The biocompatibility and elasticity of the HWA-TENG sub-
strate material make it suitable to be attached to human skin. Addi-
tionally, the HWA-TENG can be manufactured using ultrathin
triboelectric skin, owing to the easily adjustable thickness. By attaching
the triboelectric skin to the fingertips, the energy of contact electrifi-
cation when touching an object can be converted into usable energy
through the human body (Fig. 61). The ultrathin triboelectric skin could
be transparently attached to the actual fingertips (Fig. 6m). The elec-
trical output from this triboelectric skin was analyzed for several ma-
terials used in daily life (Fig. 6n). When there was no triboelectric skin,
an electrical output was not generated because there was no insulating
layer. However, the triboelectric skin generated 1 V, 3 V, and more than
10 V of usable energy with table, angora, and metal tumbler, respec-
tively (Fig. S16). These outputs occurred sequentially when the finger-
tips touched the object. The triboelectric skin using the HWA-TENG
converts various physical activities of humans into usable energy in
daily life through body-mediated energy transfer.
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Fig. 6. Energy harvesting applications of HWA-TENG. (a) Photographs of HWA-TENG and PTFE. (b) Brightness of LEDs with TENG application (SEBS: 30 LEDs,
PTFE: 120 LEDs, HWA-TENG: 120 LEDs). (c) Circuit diagram of TENG with full-bridge rectifier and capacitor. (d) Rectified voltage and current of HWA-TENG. (e)
Photographs for the operation of the humidity and temperature sensor through HWA-TENG and (f) a charging voltage of the capacitor (1000 pF). (g) Photographs of
liquid-solid contact-based TENG made of PTFE and HWA-PPFC. (h) Energy generation mechanism of liquid-solid contact-based TENG. (i) Induced voltage of
electrodes measured using the non-grounded method. 1st: the droplet reaches the upper electrode; 2nd: the droplet flows over the bottom electrode. ¥1 and W2
denote the electrical potentials of upper and bottom electrodes, respectively. (j) Rectified voltage of liquid-solid contact-based TENG made of HWA-PPFC by tap
water. (k) Brightness of LED passing through the PTFE and HWA-TENG. (1) Concept of body-mediated energy transfer with triboelectric skin. (m) Photographs of
triboelectric skin made of HWA-TENG on fingertips. (n) Induced voltage of body-mediated energy transfer with triboelectric skin according to objects in daily life.

The inset, shows a waveform of the voltage generated when each fingertip touches the objects sequentially.

3. Conclusions

The performance of PPFC thin film as a triboelectric material was
proved to be suitable for small, compact, and conformal TENG devices. A
wrinkled architecture was fabricated via a facile fabrication technique
by coating PPFC on stretchable and biocompatible SEBS substrates, and
an additional oxygen plasma treatment was employed to fabricate hi-
erarchical wrinkled architecture. The HWA-PPFC exhibited a 3.5 % in-
crease in surface area, which further enhanced its ability to attract
negative charges combined with the PPFC thin film with a high surface
potential. The HWA-TENG showed an output performance of 200 V and
30 pA, which was approximately 20 times higher than that without
HWA. The transparent, stretchable, and water-repellent HWA-TENG
exhibited an excellent performance when applied to various devices,
such as LED lighting, humidity and temperature sensors, liquid—solid
mode droplet tests, and triboelectric skin. Although the thickness of the
PPFC thin film was 0.1 um, which is 1000 times less than that of PTFE
(100 pm), the two systems showed comparable TENG performances. Its
potential and applicability were demonstrated by attaching a stretchable
and biocompatible HWA-TENG to human fingers to realize a triboelec-
tric skin. In conclusion, the HWA-TENG combined with PPFC thin films
accelerate the realization of TENG as a power source for various inex-
pensive electronic devices, including sensors for human body
attachment.

4. Experimental section
4.1. Materials

The SEBS resin was prepared by dissolving SEBS powder (Mirae
Trading Company) in toluene (weight ratio, 4:10). Next, the SEBS film
(20 um) was coated on a PET (V7610, SKC, 100 um) substrate using a
micrometer applicator (Elcometer, Inc., Manchester, United Kingdom)
and dried (60 °C for 10 min).

To prepare the PPFC thin film, multiwall CNT powder (K-nanos
200P, powder size 5-15 um, Hanwha Chemical) and PTFE powder (TF-
1750, powder size 25 um, Dyneon) were first mixed in a weight ratio
(5:95). The mixed powders were placed in a mold, pressed at 200 kge
em ™2, and heat-treated at 375 °C to prepare the CNT-PTFE composite
target. The prepared composite target had the form of a disk of diameter
10.16 cm and thickness 6 mm.

The sputtering chamber was evacuated to a base pressure of
5.0 x 107 Torr using a mechanical pump and a cryogenic pump. Pure
Ar gas was used as the sputtering gas and its flow rate was controlled at
8 mTorr using a mass flow controller. The PPFC thin films were fabri-
cated by sputtering with a dual-cathode MF power supply (PE II, 40 kHz
frequency, Advanced Energy) using a CNT-PTFE composite target. The
target-to-substrate distance was maintained at 240 mm.

4.2. Fabrication of HWA-TENG

The back electrodes comprised the screen-printed silver electrodes
for TENG characterization [66]. The printable silver ink was made of 3 g
of silver flakes (Sigma-Aldrich, 10 ym) and 1.5 g of SEBS resin using a
planetary paste mixer for 5 min at a speed of 2000 rpm. A SEBS film
(20 um) was coated on the electrode. The WA-TENG was fabricated by
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coating the PPFC thin films at 300 W for 10, 20, 30, and 40 min. The
PPEC thin films were deposited simultaneously on the SEBS substrate
and Si wafers, and the thickness was measured using an alpha-step
method (DektakXT, Bruker). The HWA-TENG was prepared by plasma
treatment with a linear ion source (LIS, LIS450, Advanced thin film) and
deposition of PPFC thin films. The Ar, Oy, and N gases were used for the
plasma treatment. The gas flow rates were the same at 60 sccm. Plasma
treatment was conducted using a direct current power supply (Forte
1-302, EN Technologies Inc.) at 10 W, within a processing time of 1 min.
Subsequently, a hierarchical wrinkled surface was prepared by depos-
iting the PPFC thin film through sputtering. For the positive conductive
layer, commercial aluminum tape (1.5 cm x 1.5 cm) was attached to
the PET substrate. A resin-encapsulated conductive wire was exposed to
fire ignition and connected to the top and bottom electrodes using
stretchable silver ink.

For the application of solid-solid contact-based TENG, a large area of
TENG (10 cm x 10 cm) was fabricated for effective output comparison
with PTFE. Both the positive conductive layer and back electrode were
composed of commercial aluminum tape and attached to a poly(methyl
methacrylate) plate. A Teflon-wrapping conductive wire was connected
to both electrodes. Additionally, triboelectric materials (SEBS 20 pm,
PTFE 100 um, and HWA-PPFC: 100 nm on SEBS) were attached to the
side of the electrode.

In transparent TENG applications based on liquid-solid contacts,
indium tin oxide (ITO) electrodes were used. To achieve a thickness
comparable to that of the insulating layer, PET sheets (width: 30 mm,
length: 100 mm, thickness: 100 pm) were used as substrates. Two ITO
electrodes (width: 20 mm; length: 5 mm) were attached to the backside
of the PET sheets. The front surfaces of the PET sheets were covered with
PTFE film and HWA-PPFC.

For triboelectric skin applications, HWA-PPFC was sequentially
fabricated on a release film (3 cm x 2 cm) for easy separation from the
substrate. After the plasma process, the release film was peeled off and
carefully placed on the fingertips to allow easy adherence to the skin.
Fig. S17 shows that the WCA of HWA-PPFC maintains the same value
before and after removal from the release film. This result suggests that
the wrinkle surface remains unchanged before and after removal from
the release film. To measure the energy converted through the human
body, the oscilloscope probe was placed in contact with the fingertips of
the opposite hand to which the triboelectric skin was attached.

4.3. Characterization and measurement

The wrinkled morphologies and profile structures were analyzed by
Fe-SEM (MAIA3, TESCAN) and AFM (XE-100, Park Systems). The AFM
was operated in the tapping mode with scan ranges of (5 um x 5 um)
and (10 um x 10 pm). Three-dimensional information and sectional
profiles of the samples were obtained using the NanoScope Analysis
software. The KPFM measurements were performed using a Park Sys-
tems (XE-100) with NSC14/Cr-Au cantilever tips (force constants
3 N m! and resonance frequency of 75 kHz). Depth profiling was per-
formed using time-of-flight secondary ion mass spectrometry (ION-TOF
M6, Germany), using a sputtering beam of 0" at 1 keV raster-scanned
over (500 ym x 500 um), and an analysis beam of Bi>" at 30 keV raster-
scanned over (150 um x 150 pm).

Chemical analysis of the samples was conducted using XPS (AXIS
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NOVA, Kratos). The Al-Ka X-rays were used, and the acceleration
voltage was 15 keV. The wavelength dependent refractive index of PPFC
was analyzed using an ellipsometer (Elli-Se-Uam12, Ellipsotech). The
WCA of the PPFC thin films was measured using a contact angle analyzer
(PHOENIX 300 touch, Surface Electro Optics). The deionized water
droplets were 5 pL in volume, and the measurement of WCA images of
PPFC thin film were repeated three times. The optical properties were
measured in the wavelength range 380-780 nm using an optical spec-
trometer (U-4100, Hitachi). Repeated vertical pressure was generated
using a pushing tester (Labworks, ET-139 shaker, and PA-151 power
amplifier). The voltage and current of the TENG were characterized
using digital phosphor oscilloscopes (Tektronix, Inc., DPO 4054 B and
MDO34) and a low-noise current preamplifier (Stanford Research Sys-
tems, Inc., SR570), respectively. The input contact force was measured
using an oscilloscope connected to a force sensor (Dytran Instruments,
Inc., 1053V3). The bending test was conducted using a bending tester
(Junil Tech, JIRBT-620).
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