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Abstract
We introduce a novel, robust, cost-effective, and scalable approach for the preparation of a
large-area force-assembled triboelectric nanogenerator (FTENG), which allows a stable and
high electric output under a wide range of humidity conditions through its dual-sized
morphology (i.e., microstructures and nanostructures). In this study, hexagonally packed
colloidal arrays prepared by a force assembly approach rather than by conventional self-
assembly were used as a mold for a triboelectric poly(dimethylsiloxane) (PDMS) replica with
desired pattern shapes (intaglio and embossed structures) and sizes. The morphological size of
the PDMS films was determined by the diameter of the force-assembled colloids. The electrical
output performance of FTENGs composed of electrodes and a PDMS film increased substantially
as the size of the micropores (for intaglio-structured PDMS) or embossed features (for
embossed-structured PDMS) decreased. Furthermore, the triboelectric PDMS film with
micro-/nanosized features (i.e., dual-embossed PDMS) displayed a remarkable electrical output
of 207 V (open-circuit voltage under a compressive force of 90 N in relative humidity (RH) of
20%) and high hydrophobicity compared to that of PDMS films with flat, intaglio or embossed
structures. This device maintained a high electric output even in a high-humidity environment
(i.e., open-circuit output voltage �175 V in RH 80%). Our approach using force-assembly and
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hierarchical surface morphology will provide a novel and effective framework for developing
strong power sources in various self-powered electronics.
& 2016 Elsevier Ltd. All rights reserved.
Introduction

Since the beginning of this century, the rapid expansion and
evolution of the use of various wireless electronics has increas-
ingly required sustainable, renewable and maintenance-free
energy sources. Self-power generation is possible with these
energy sources, which is in accordance with modern society’s
need to cope with both ecological concerns and the decreasing
availability of fossil fuels [1–6]. Among the various types of self-
power generators, including those that use light, heat and
mechanical force, triboelectric nanogenerators (TENGs) have
recently been considered as a notable alternative for energy
production and a renewable resource in green nanotechnology.
TENGs can effectively convert mechanical energy, which is
readily available from a variety of irregular sources that exist in
our daily lives and surroundings, into sustainable electrical
energy with high energy conversion efficiency, good scalability
and facile fabrication [7–12].

These devices are designed to use generated triboelec-
tricity as the charge-driving source for electric current
generation. When the surfaces of good electron donor and
acceptor materials undergo periodic contact and separa-
tion, the generation and transfer of electrostatic charges
cause a potential difference across electrodes; this poten-
tial difference can drive the flow of electrons through an
external circuit. Although many studies have sought to
improve the electrical performance of TENGs, their main
focus has been the selection of triboelectric materials and
the switching approaches for periodic contact/separation
[11,13–23]. Recently, much attention has been paid to
frictional electrification, performance stability of devices
in humid environments [24–28], and control of the surface
morphology, which has a critical effect on charge generation
and electric output. For example, Nguyen and Yang
reported that the generated charges of TENGs, which were
based on pyramid-patterned PDMS and Al electrode,
increased more than 20% when relative humidity (RH)
decreased from 90 to 10% [27]. Additionally, Lee et al
reported that the electric output voltage of sponge
structure-based TENGs decreased from approximately 130
to 108 V with increasing RH from 20 to 80% [11]. In view of
pattern shape-related performance, micropatterned TENGs
prepared using Si-mold-based photolithography [29] and an
electrodeposition process [8] have been reported to
improve electrical performance as a result of an increase
in the contact area between two different triboelectric
plates compared with the performance of a natural flat
surface. Several research groups have reported that high-
performance TENGs can also be achieved by triboelectric
films with unique nanostructures that were prepared by a
variety of self-assembly processes (e.g., selective etching of
spontaneous block copolymer templates [12] or
nanoparticle self-assembly [22,30]). However, in many
cases, the creation of such micro- or nanostructures on
triboelectric materials requires relatively complex and
delicate processing over a small-scale area. When applied
to large-area TENGs, these techniques often pose consider-
able difficulty in delivering practical and reproducible
design structures with high mechanical stability. Addition-
ally, their output performance is vulnerable to highly humid
environments. From this perspective, achieving a high
degree of control over the size scalability, good fabrication
efficiency, high mechanical robustness of morphological
features, and humidity-resistant electrical output is a
challenging obstacle to the realization of high-
performance TENGs.

Here, we introduce a TENG with good electrical perfor-
mance, remarkable humidity-resistant properties, and
mechanically stable dual-sized structures (i.e, micro/nanos-
tructures) over a large scale, which were created using a
force-assembly method based on mechanical rubbing and
imitating the morphological uniqueness (i.e., dual-sized
structures) of a superhydrophobic surface with water repel-
lency. In particular, our approach is advantageous to the
preparation of a large-area TENG because the mechanical
rubbing process is not restricted by substrate size. In our
study, hexagonally close-packed colloid-coated substrates
were used as a mold for the preparation of triboelectric
plates with intaglio and embossed micro/nanostructures.
The electrical performance of force-assembled TENGs (i.e.,
FTENGs), which strongly depends on the contact surface
area and the morphological features, was easily controlled
by the proper diameter selection of mechanically rubbed
colloids. We also highlight that triboelectric poly(dimethyl-
siloxane) (PDMS) films with embossed micro-/nanostruc-
tured features (i.e., dual-embossed PDMS) can maintain a
high level of electrical output over a wide range of humidity
conditions (207 V at 20% relative humidity (RH) and 174 V at
80% RH) because of their enhanced hydrophobic properties.
Furthermore, the performances of the dual-embossed PDMS
films were maintained without electrical degradation during
long-term cycling and time, which is attributed to the
embossed features having two different sizes fused into an
all-in-one PDMS. This approach can provide a simple and
cost-effective tool for the fabrication of large-area tribo-
electric nanogenerators with highly humidity-resistant per-
formance, irrespective of the substrate size and shape.

Experimental section

Materials

Dimethylsiloxane, PDMS (Sylgard 184) and PS colloids with
diameters of 0.6, 1, 2, and 5 μm were purchased from
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Sigma-Aldrich, Dow Corning and Microparticles GmbH, res-
pectively.

Preparation of colloidal monolayer-coated
substrates

The PDMS prepolymer and cross-linker agent were mixed in
a weight ratio of 10:1 and then mechanically stirred for
30 min. The bubbles formed from PDMS prepolymer mixture
were removed in the vacuum chamber for one day. After
such a process, the mixture was spin-coated at 3000 rpm for
30 s onto a Si wafer, and the formed PDMS-coated substrates
were then cured at 80 1C for 5 h. After the curing process,
dry powder of a negatively charged PS colloids with a
diameter of 1, 2, or 5 μm was placed onto the PDMS-
coated Si wafer and then mechanically rubbed with the
other PDMS-coated substrate. This force-assembly process
transferred the respective colloids to the PDMS-coated
substrates, resulting in the formation of hexagonally packed
colloidal arrays.

Preparation of triboelectric PDMS replica

For preparing the well-controlled PDMS films, we have used
doctor-blade process after pouring the PDMS prepolymer
mixture (PDMS prepolymer: cross-linker agent=10:1, w/w)
into PS colloidal monolayer-coated PDMS template. The
thickness of mold used for doctor blade was approximately
500 μm. Therefore, the total thickness of the resultant
PDMS films prepared from doctor blade approach was fixed
at approximately 500 μm. After such a process, these films
were thermally cured at 150 1C for 40 min. The cured PDMS
film was carefully peeled from the PDMS template and then
soaked in acetone for 24 h to completely remove the
residual PS colloids adsorbed onto the surface of the
detached PDMS films. After this etching process, the tribo-
electric PDMS replica with the intaglio (or microporous)
structure, which was referred to as intaglio-PDMS, was
obtained. In this case, the size of the micropores was
determined by the diameter of the mechanically rubbed
colloids. A triboelectric PDMS replica with an embossing
structure (i.e., embossing-PDMS film) was prepared using an
intaglio-PDMS replica instead of hexagonally packed PS
colloid-coated substrates. First, trichloro (1H,1H, 2H, 2H-
perfluorooctyl)silane was coated onto the intaglio-PDMS
template, and the PDMS prepolymer mixture was subse-
quently poured onto the template surface (this surface
treatment allows the facile detachment of the embossing-
PDMS replica from the intaglio-PDMS template). After this
step, all experimental procedures, including the curing, film
detachment, etching, and drying processes, for embossed-
PDMS were identical to those for intaglio-PDMS.

Preparation of triboelectric PDMS with dual-
embossed structure

For the preparation of dual-embossed PDMS with micro/
nanostructures, cationic PEI was electrostatically adsorbed
onto the anionic PS colloid (diameter �2 μm)-coated sub-
strates; anionic PS colloids (concentration of PS colloidal
solution �1 wt%) with a diameter of approximately 607 nm
were then additionally deposited onto PEI-coated substrates
in aqueous solvent. The formed substrates were dipped
into water for 5 min to remove the weakly adsorbed PS
colloids and then dried under vacuum for 2 h. Furthermore,
these substrates were chemically treated with trichloro
(1H,1H, 2H, 2H-perfluorooctyl) silane to form the hydro-
phobic surface. A dual-embossed-PDMS replica was obtained
from the successive replica of the dual-sized PS colloid-
coated substrate using the aforementioned experimental
procedures.

Measurements

Surface morphologies of intaglio-, embossed-, and dual-
embossed-PDMS were investigated by field-emission scan-
ning electron microscopy (FE-SEM) (Hitachi Inc., model
S-4800). A pushing tester (Labworks, Inc., model ET-126–1)
was used to produce a vertical compressive strain in the
FTENGs with a distance of 450 μm between the Al top (with
63 μm thickness) and bottom electrodes and a contact area
of 1.5� 1.5 cm2. A Tektronix DMO 3052 digital phosphor
oscilloscope and a low-noise current preamplifier (Stanford
Research Systems, Inc., model SR570) were used for open-
circuit output voltage and short-circuit output current,
respectively. Additionally, water contact angle measure-
ment was performed using Phoenix-300 (Surface Electro
Optics Co., Ltd.). In this case, the volume of water droplet
was approximately 11 μL. Additionally, potential distribu-
tion of flat-, embossed-, and dual embossed-PDMS devices
was investigated using COMSOL multiphysics software.

Results and discussion

For the preparation of triboelectric PDMS films with differ-
ently shaped patterns (i.e., intaglio and embossed struc-
tures) and various sizes (Scheme 1), dry powdered
polystyrene (PS) (or silica) colloids with a diameter of 1,
2, or 5 μm were first mechanically rubbed against a rubbery
material, i.e., the PDMS-coated substrates, using another
rubbery substrate. This rubbing process transferred the
respective colloids to the rubbery substrates [31–33]. After
being rubbed for 10 s, the PS colloids were force-assembled
into hexagonally close-packed monolayers on the surfaces
of both rubbery substrates (Figure S1), which were then
used as a mold for triboelectric PDMS films with an intaglio
microstructure. Notably, the hexagonal packing structure of
colloids with a defined diameter can maximize the tribo-
electric surface area of a PDMS replica that is closely
related to the amount of charge generation.

In this case, the triboelectric PDMS film replicated from
the PS monolayer-coated substrate displayed intaglio pat-
terns with a nearly perfect hexagonal structure over a 4-in
wafer and without any residual PS colloids (Figure 1a). The
micropore sizes of intaglio-structured PDMS (intaglio-PDMS)
films that were replicated from 1, 2, and 5 μm-sized PS
colloids were slightly decreased to approximately 0.9, 1.9,
and 4.8 μm, respectively, because of the shrinkage of cross-
linked PDMS. An intaglio-PDMS film was used as a replica
mold for the preparation of the embossed microstructured
PDMS (embossed-PDMS) films. Similarly, the bump sizes of the
resultant embossed-PDMS films were further decreased to



Scheme 1 Schematic showing the preparation of the intaglio- and embossing-patterned PDMS films. The PDMS films with intaglio
(IV) and embossing patterns (VI) were prepared from a replica of a PS colloid monolayer-coated substrate (II) and intaglio-PDMS
substrate (IV), respectively.

D. Jang et al.286
approximately 0.8 (by 1 μm PS colloids), 1.8 (by 2 μm PS
colloids), and 4.6 μm (by 5 μm PS colloids) (Figure 1b). As a
result, large-area triboelectric PDMS films with size-
controllable morphological features and nearly perfect spa-
tial registration were easily prepared (see Experimental
Section). Although we demonstrated the wafer-scale replica
of intaglio- and embossed-PDMS films, the size of patterned
PDMS films obtained using force assembly is limited only by
the size of the substrate, and this technique can be further
scaled.

Figure 2a presents a schematic of the fabrication of
FTENGs. The FTENG was composed of an Al plate and a
replicated PDMS film, two components with a large difference
in their abilities to lose and gain electrons, as shown in the
well-known triboelectric series [17]. In this case, the Al plate
was used as a contact electrode and as a triboelectric material
with positive polarity. A polyacrylate film was glued to one
side of the replicated PDMS film, with negative triboelectric
polarity, and an additional Al electrode (bottom) was subse-
quently attached to the opposite side of the polyacrylate. For
the effective contact/separation of the triboelectric plates
(i.e., the Al electrode and PDMS film), four springs were
attached to the corners of the substrates, which left a narrow
space between the plates [22] (see Supporting Information,
Figure S2). Furthermore, to investigate the electrical output
of FTENGs with various contact surface areas, we prepared a
variety of FTENGs with features of different morphologies and
sizes (i.e., intaglio- and embossed-FTENGs) and a TENG with
flat triboelectric plates: (I) flat TENG (i.e., flat Al/flat PDMS
film), (II) intaglio-FTENGs [i.e., flat Al/intaglio-PDMS with
different micropore sizes (0.9, 1.9, and 4.8 μm)], and (III)
embossed-FTENGs [i.e., flat Al/embossed-PDMS with different
embossed feature sizes (0.8, 1.8, and 4.6 μm)].

Figure 2b and c display the electrical output generated by
a flat TENG and an intaglio-FTENG replicated from 5 μm PS
colloidal arrays (designated as “5 μm-intaglio-FTENG”) under
a repeated compressive force of 70 N at an applied frequency
of 5 Hz with 20% RH. In the case of the flat TENG, the
electrical output was approximately 57 V and 33 mA m�2.
However, under the same mechanical force, the 5 μm-
intaglio-FTENGs displayed an output voltage and current
density of approximately 103 V and 48 mA m�2, respectively.
In addition, polarity-switching tests revealed that the output
voltage and current of 5 μm-intaglio-FTENG originated from
the periodic contact/separation between the contact elec-
trode and PDMS and not the measurement system (see
Supporting Information, Figure S3). This electrical energy
generation can be generally explained by the coupling
between the triboelectric effect and electrostatic induction
[22,34]. More specifically, when two triboelectric plates (i.e.,
contact electrode and PDMS film) with separation distance
(d0) at the initial state are brought into surface contact by an
external compressive force, electrons are injected from the
contact electrode with high electron-donating character and
are then transferred to the PDMS film with high electron-
retaining character, resulting in surface triboelectric charges
(see Supporting Information, Figure S4). However, as the
separation distance approaches d0 again by the release of the
compressed springs, the separated charges generate an
electric field oriented from the back electrode to the contact
electrode, thereby inducing a greater potential at the
contact electrode. This potential difference causes an elec-
tron flow from the back Al electrode to the contact Al
electrode, thus inducing a potential drop that eliminates the
tribocharge-induced potential. When the gap between the
triboelectric plates returns to the initial distance (d0), the
positive triboelectric charges on the contact Al electrode are
fully screened, inducing the same amount of positive charges
on the back Al electrode. However, when the separation
distance is sequentially decreased again by compressive



Figure 1 (a) Photographic and SEM images of intaglio-PDMS films replicated from 1, 2, and 5 μm-PS monolayer-coated Si wafer.
(b) Tilted cross-sectional SEM images of embossed-PDMS films.
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force, the electric potential difference with reversed polarity
is re-established, inducing the back-flow of electrons (i.e.,
negative current) to neutralize the positive triboelectric
charges in the bottom Al electrode.
On the basis of this energy generation mechanism, the
improved electric output of the 5 μm intaglio-FTENG implies
that a microporous PDMS film with a large surface area can
generate a larger amount of triboelectric charge than a flat



Figure 2 (a) Schematic showing the structure of FTENG based on the intaglio- and embossed-PDMS films. (b) Output voltage and
(c) current density of a flat TENG and a 5 μm-intaglio-FTENG. Changes in the output voltage of (d) intaglio-FTENGs with a different
micropore size and (e) embossed-FTENGs with a different embossing feature size as a function of the applied compressive force.
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PDMS (flat TENG) film under the same mechanical force.
Although the porous structure can prevent intimate contact
between the electrode and PDMS plate under low compres-
sive force, greater compressive force can cause the micro-
porous and elastic PDMS film to be readily deformed, thus
providing a larger contact area between the two plates. In
addition to the increased contact area, electrostatic induc-
tion may contribute to the generation of triboelectric
charges in the regions of noncontact. Lee et al. have
recently reported that a PDMS film with a sponge-type
microstructure generated additional triboelectric charges
on the surface of the inner pores by electrostatic induction,
as well as a notable capacitance change, under compressive
force. The resultant TENGs that were based on a micro-
structured PDMS induced an enhanced electrical output
compared to the flat-film-based TENG [11].

To further improve the electrical output of FTENGs, we
systematically investigated the change in the output voltage



Scheme 2 Schematic showing the preparation of dual-embossed-PDMS films.
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and current density of FTENGs according to the micropore
size of the PDMS film and the applied compressive force
(Figures 2d and S5a). As the micropore size was decreased
to approximately 0.9 μm (from 1 μm intaglio-FTENG) and
the compressive force was increased from 10 to 90 N, the
output voltage (i.e., open-circuit voltage) and current
density (i.e., short-circuit current density) increased con-
siderably to 170 V and 103 mA m�2, respectively. This good
electrical performance was also observed in the embossed-
PDMS replicated from intaglio-PDMS films (Figures 2e and
S5b). In particular, as the size of the embossed features
decreased from 4.6 (for 5 μm embossed-FTENG) to 0.8 μm
(for 1 μm embossed-FTENG) and as the compressive force
increased from 10 to 90 N, the output voltage and current
were approximately 171 V and 104 mA m�2, respectively,
which are nearly identical to those measured from the
corresponding 1 μm intaglio-TENG. These results imply that
triboelectric PDMS films can display a similar electrical
output only if they have a comparable increase in surface
area under the same compressive force.

To further increase the contact surface area (also includ-
ing air voids) and hydrophobic character for high-
performance FTENGs, nanosized PDMS protuberances were
introduced into the embossed microstructured PDMS films
with the aid of electrostatic self-assembly (Scheme 2).
These features bear a striking likeness to superhydrophobic
surfaces that exhibit low surface energy and hierarchical
surface roughness on a dual-length scale [35–40]. An FE-SEM
image of micro-/nanosized PDMS protuberances (dual-
embossed structure) are shown in Figure 3a. In this case,
anionic PS colloids with a diameter of approximately 600 nm
were electrostatically adsorbed onto a cationic poly(ethy-
lene imine) (PEI) layer, which coated a force-assembly-
generated array of hexagonally packed 2 μm PS colloidal
particles (see Experimental Section). After the deposition of
the 600 nm-sized PS colloids, a subsequent PDMS replica of
this array produced an embossed PDMS film with dual-sized
morphological features (i.e., an embossed feature size of
approximately 1.8 μm and protruding nanostructures
approximately 450 nm in size) [32–34]. These dual-
embossed PDMS films were mechanically stable under a
cycled compressive force because the embossed features
with two different sizes were fused into an all-in-one PDMS.
The output voltage and current density of a dual-embossed-
FTENG under a compressive force of 90 N were approxi-
mately 207 V and 141 mA m2, respectively, which are higher
than those for the embossed-FTENGs without nanosized
protuberances (Figure 3b and c). This electrical perfor-
mance remained stable over approximately 18,000 cycles at
5 Hz, and additionally was maintained after 5 weeks
(Figures 3d and S6).

Additionally, resistors were connected as external loads
to examine the effective power of dual-embossed-FTENG
(Figure 3e). With increasing load resistance under the force
of 90 N, the instantaneous voltage peak increased, and on
the other hand current peak density dropped because of
ohmic loss. As a result, the instantaneous power output
reached the maximum value (i.e., W= I2peak R=5.42 W/m2)
at an external load resistance of 10 MΩ (Figure 3f). There-
fore, FTENG can be equivalent to be considered as a current
source with a large internal resistance when the external
resistance load was significantly smaller than the internal
resistance [41].

Furthermore, we investigated the effect of dual-sized
features on the triboelectric potential of dual embossed-
PDMS device through analytical simulations using COMSOL
multiphysics software (Figure 4a). For the convenience of
simulation, the Al top plate with the width of 30 μm and
thickness of 10 μm was placed above the PDMS film with the
same dimensions with Al top electrode. The distance between
PDMS and Al electrode was fixed at 20 mm, and additionally the
force was not applied in our simulation. A triboelectric charge



Figure 3 (a) FE-SEM image of dual-embossed-PDMS films. (b) Total output voltages and (c) current densities of a flat TENG, 1 μm-
and 2 μm-embossed-FTENGs and a dual-embossed-FTENG. (d) Electrical stability tests of the dual embossed-FTENG at 20% RH.
(e) Dependence of the peak voltage and peak current density on external load resistance under the compressive force of 90 N.
(f) Dependence of the instantaneous power output on external load resistance under the compressive force of 90 N.
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density of two tribo-charged surfaces were assigned with
732.3 μC/m2. In these cases, the triboelectric potential of
the dual embossed-PDMS film notably increased when the
contact area was increased, implying the generation of greater
charge density on its surface compared to those on the surfaces
of flat- and embossed-PDMS films. Given that an increase of
triboelectric charge density is directly related to an increase in
transferred charges and to a greater triboelectric potential
difference between the electrodes [8,42], the remarkable
electrical performance of the dual-embossed-FTENG is closely
related to the formation of dual-sized PDMS features.
Furthermore, we examined the influence of the surface-
morphology-induced hydrophobicity on the electrical per-
formance of FTENGs in a humid environment. Water dro-
plets placed onto flat PDMS, 1 μm embossed-PDMS, 2 μm
embossed-PDMS and nano-embossed-PDMS films displayed
water contact angles of approximately 1061, 1251, 1251, and
1361, respectively (Figure 4b). A relatively high water
contact angle on the surface of dual-embossed-PDMS results
from the increased air trap at the interface between the
dual-embossed-PDMS with low surface energy and water
droplets (i.e., because of the presence of hierarchical dual-



Figure 4 (a) Analytical (or color-coded) results showing triboelectric potential differences of flat, 1 μm-embossed and dual-
embossed-PDMS films under the same compressive force, as simulated using the COMSOL multiphysics software. In this case, dual
embossed-PDMS exhibited the largest potential differences. (b) Water contact angles on flat-TENG, 1 μm and 2 μm-embossed and
dual-embossed-PDMS films. (c) The output voltages of flat TENG, 1 μm and 2 μm-embossed and dual-embossed-FTENGs as functions
of RH. In these cases, a cycled compressive force of 90 N was used for the triboelectric measurements. The respective data points
were the average values obtained from 100 cycles. (d) The use of electrical energy generated by the dual-embossed-FTENGs to
operate 100 LEDs at 20% and 80% RH.
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sized features and the inherently low surface energy of
PDMS) [35]. This hydrophobicity can effectively screen the
formation of a water moisture layer or at least minimize the
contact area between water layer and PDMS surface
because water droplet have much difficulty in being infil-
trated into the air voids formed among the nano-sized
protuberance with hydrophobic property. These phenomena
can block a dramatic decrease in the triboelectric charging
capacity by water moisture and is therefore helpful in
maintaining stable performance under a high humid
environment.

For confirming these possibilities, we investigated the change in
output voltages of flat TENG, 1 μm embossed-FTENG, 2 μm
embossed-FTENG and dual-embossed-FTENG as a function of
relative humidity (RH%) (see Supporting Information, Figure S7
and Video S1). As shown in Figures 4c and S8, although the output
voltages of all devices decreased because of the dissipation of
triboelectric charges with increasing RH, the dual-embossed-
FTENG displayed an output voltage of approximately 174 V at
80% RH, exhibiting only a 16% loss of the initial output voltage
measured at 20% RH. By contrast, the output voltage of the flat
TENG at 80% RH decreased from 73 to 11 V (i.e., approximately
85% loss) when the RH was increased from 20 to 80%. These results
demonstrate that the electrical output of the dual-embossed-
FTENG is less susceptible to humidity compared to other FTENGs
based on flat or microstructured PDMS films. This lower suscept-
ibility is a consequence of the surface of dual-embossed-PDMS,
which imitates superhydrophobic surfaces, effectively preventing
the formation of a water layer capable of dissipating the tribo-
electric charges or minimizing the contact area between water
skin layer (or water droplet) and PDMS triboelectric film in a high
humid environment [11]. Although triboelectric nanogenerators
based on superhydrophobic PDMS films, despite successful pre-
paration of PDMS films with real superhydrophobic surfaces (i.e., a
water droplet contact angle 41501) [43–45], have not been
reported to date, our results suggest that the increase of
hydrophobicity significantly minimizes the electrical performance
loss of TENGs in high-humidity environments.

For the practical demonstration of the output power
generation of the dual-embossed-FTENGs, we also designed
a direct-current circuit composed of FTENGs and 100
commercial LEDs without a capacitor (Figures 4e, S9 and
video S2). When the device at 20 and 80% RH was pushed
once (with the force of 90 N) and then released, the 100
blue LEDs were instantaneously and simultaneously illumi-
nated. However, the power delivered from flat TENGs under
the same humidity conditions was not sufficient to turn on
the 100 blue LEDs (see Supporting Information, Figure S10).
These results demonstrate that the electric output perfor-
mance of dual-embossed-FTENGs is less sensitive to humid-
ity and that these devices therefore generate stable
electrical output over a wide range of humidity conditions.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.nanoen.2015.12.021.
Conclusions

We demonstrated that a large-area FTENG with a stable and
high electrical output under high-humidity conditions could
easily be prepared using a hierarchical surface-morphology-
controlled triboelectric film. The electrical performance of
FTENGs strongly depended on the structural shapes and the
size of the morphological features that influenced the
contact between the electrode and the triboelectric PDMS
film. In particular, the output voltage and current density of
dual-embossed-FTENG (under a compressive force of 90 N)
were notably enhanced to 207 V and 141 mA m�2, respec-
tively, in contrast to those (73 V and 42 mA m�2) of con-
ventional TENGs composed of a flat PDMS film. In addition,
the enhanced hydrophobicity of the dual-embossed-PDMS
films, which imitate the micro/nanostructured morphology
of a superhydrophobic surface, maintained triboelectric
charges on the film surface for an extended period, which
induced remarkably stable and high electrical performance
under conditions of high humidity. Furthermore, these
results suggest that the degradation of electrical perfor-
mance of FTENGs under high-humidity conditions could be
markedly minimized if real superhydrophobic surfaces with
a water contact angle greater than 1501 could be prepared
by hierarchical surface-morphology-controlled triboelectric
films with low surface energy. Our approach may provide a
basis for designing and developing high-performance TENGs
with highly humidity-resistant properties, large areas, and
facile fabrication for the realization of self-powered
electronics.
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