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Abstract
In recent years, triboelectric nanogenerators (TENGs), harvesting energy from the environment
as a sustainable power source, have attracted great attention. Currently, many reports focus on
the effect of surface modification on the electrical output performance of the TENG. In this
work, we have fabricated vertically grown ZnO microballoon (ZnOMB) arrays on top of
pyramid-featured PDMS patterned film, contacted with PTFE film to construct the TENG. The
electrical output performances of the designed TENG are presented under external forces with
different frequencies. The corresponding output open-circuit voltage with ZnOMBs could reach
about 57 V the current density about 59 mAm−2 at 100 Hz, which was about 2.3 times higher
than without any ZnO. The global maximum of the instantaneous peak power could reach
1.1Wm−2 when the external load resistance was about 2 MΩ. Furthermore, the electrical output
of the fabricated device could light 30 commercial LED bulbs without any rectifier circuits or
energy-storage elements. This clearly suggests that this kind of surface modification can
dramatically enhance the output performance of the TENG. Moreover, the design of TENG
demonstrated here can be applied to various energy harvesting applications.

Supplementary material for this article is available online
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1. Introduction

As we know, with rapid economic development and people’s
living standards constantly improving, the demand for energy
is steadily on the increase. The energy crisis problem is
becoming more and more prominent all over the world.
Therefore, many scientists are trying to seek measures to
avoid or alleviate the energy crisis. Among them, nanogen-
erators (NGs) [1, 2], harvesting natural environmental energy
as a sustainable power source, have attracted great attention as
a new kind of energy technology, including piezoelectronics
[3–5], piezotronics [6, 7], and electrostatics [8–10]. In

particular, the triboelectric nanogenerator (TENG) [11] has
aroused much attention because of its high energy conversion
efficiency [12–14], scalability [15–17], low cost [18–20], and
fabrication simplicity [21–23], and this technology has been
applied on various occasions [24–30]. After the first TENG
was proposed in 2012 [8], many studies were carried out
around enhancing the performance of the TENG, including
material selection [31, 32], morphology optimization [33–35],
structure design [36–38], theoretical guidance [39, 40], etc.
The operating principle of the TENG for the case of di-
electric-to-dielectric contact mode can be simply described by
the coupling of contact charging and electrostatic induction
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[41]. A typical TENG structure was a sandwiched structure
with two different dielectric sheets stacked alternatively
without interlayer binding [8]. Thus, the surface morphology
and interface between the dielectric materials and electrodes
are very important for the performance of the TENG.

In order to investigate the effect of surface micro-
structures on the electrical performance of the TENG, the
Zhonglin Wang group has made a detailed comparative
characterization of the devices with different PDMS (poly-
dimethylsiloxane) features, clearly revealing that the output
efficiency of TENGs with different surface microstructures
should follow the order film<line<cube<pyramid [42].
Hence, we directly chose the pyramid-featured PDMS film for
the further research on the effect of the surface morphology.
In this work, we fabricated a novel structured TENG based on
PDMS film which was decorated with ZnO microballoons
(ZnOMBs) mounted on top of the pyramids. In the demon-
stration, the ZnOMBs have vertically grown out of the top
point of every uniform pyramid on the PDMS film, and look
like blooming flowers. These ZnOMBs were synthesized
through a simple, low-cost, low-temperature hydrothermal
method, which can facilitate large-scale production and
preparation. The electrical output of a TENG with surface
modification of ZnOMBs could reach 57 V at 100 Hz, about
2.3 times higher than that without any ZnO materials. This
clearly suggests that this kind of surface modification can
dramatically enhance the electrical output of the TENG,
providing a unique microstructured material for the TENG.

2. Experimental details

The brief fabrication process and the final device structure of
the PDMS-based TENG with ZnOMB arrays are shown in
figure 1.

The fabricated TENG consisted of two dielectric layers,
top and bottom electrodes and shells. Both the electrodes
were made of aluminum foil, and were each fixed on acrylic
sheets. One of the dielectric layers was PTFE (polytetra-
fluoroethylene); the other one was PDMS film decorated with
pyramid patterns and ZnOMBs. To obtain pyramid-featured
PDMS film, silicon molds were fabricated through photo-
lithography and wet etching. A Si wafer, 3 in. (100), coated
with silicon dioxide layers of about 300 nm, was patterned
using photolithography, and then the patterned wafer was
etched using BOE (buffered oxide etchant) solution. After
washing off the photoresist with acetone and ethanol, the
patterned wafer was etched anisotropically by wet etching
with 6% potassium hydroxide solution at 90 °C, resulting in
the formation of recessed pyramids as illustrated in figure 1.
After being cleaned with acetone and isopropanol, all of the
Si masters were treated with trimethylchlorosilane by gas
phase silanization to avoid adhesion between the PDMS and
Si molds [42]. In preparing the patterned films, PDMS elas-
tomer and cross-linker were mixed in a 3:1 ratio (w/w),
degassed and then coated on the Si masters. After incubation
at 45 °C for 8 h, a uniform PDMS thin film was peeled off
from the Si mold and then a copper layer of about 300 nm and
a ZnO film of about 100 nm were successively deposited on

Figure 1. A schematic illustration of the PDMS-based TENG with ZnOMB arrays. (a) The fabricated TENG was composed of a sandwiched
structure with two aluminum-foil-coated acrylic sheets, a layer of pyramid-patterned PDMS thin film with ZnOMB arrays and a layer of
PTFE film. An enlarged view of the pyramid and ZnOMBs is shown in the top left corner. A comparison of a ZnOMB and a peony is in the
top right corner. (b) The silicon wafer was patterned through photolithography, and served as the mold for fabrication of the PDMS thin film
with pyramid pattern after wet etching. Then the ZnOMB arrays were synthesized on top of the pyramid structure through the hydrothermal
method. (c) A photographic image of the fabricated TENG.
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the fabricated PDMS film through the evaporation technique.
The copper layer served as a buffer layer and the ZnO film as
a seed layer. Then, the ZnO-seed-coated PDMS film was
immersed into a nutrient solution to grow ZnO via a low-
temperature hydrothermal method. The nutrient solution we
used in the chemical growth process was an aqueous solution
of Zn(NO3)2·6H2O and HMTA (hexamethylenetetramine),
and the concentration was 0.1M [43]; the process was carried
out in a convection oven at 85 °C for 12 h. At the end of the
reaction, the PDMS film was taken out of the solution, rinsed
with DI (deionized) water, and then dried. By this time,
ZnOMBs have been synthesized on the pyramid pattern of
PDMS film. After this, the PDMS film was placed on a piece
of acrylic with the ZnO layer upwards. Finally, another clean
acrylic-sheet-coated aluminum foil and PTFE film was placed
onto the prepared PDMS substrate to form a sandwiched
structure. Finally, both the short sides of the acrylic sheets
were fixed with Kapton tape [44], whose role was to provide
the restoring force to separate the acrylic sheets when they
contacted with each other after the external force was
removed. The photographic image of the fabricated TENG is
shown in figure 1(c); its size was 3 cm×2 cm, and the dis-
tance between the two electrodes, controlled by Kapton tape,
was about 3 mm when they were completely separated.

3. Results and discussion

Like many other reports about TENGs [41, 42, 45], we have
also fabricated some patterns on the polymer surfaces to
enhance the triboelectric power output. However, the most
distinctive part of this work is that we have directly synthe-
sized many ZnOMBs on the pyramid structures, which look
like flowers blooming on mountains. As shown in figure 1(a),
an enlarged view of the ZnOMB-decorated pyramid is shown
in the red box, compared with a peony in the green box,
which looks very similar. (The detailed steps and parameters
have been described in the ’Experimental details’ section).

The morphology of ZnOMBs mounted on top of PDMS
pyramids were further observed by employing scanning
electron microscope technology. In figure 2(a), it can be
observed that the pyramid pattern is regular and uniform
across the whole area; the shape and lateral dimensions of the
polymer structure are well controlled by the initial patterns on
the surface of the wafer mold. From the magnified view of the
SEM image in the inset, the pyramid is very angular and the
lengths of the edges are homogeneous. As shown in
figure 2(b), the as-prepared ZnO is well defined flower-like
3D microstructures with diameters in the range of 5–7 μm,
which are assembled by many nanosheets as ‘petals’. In
addition, from the enlarged view of the SEM image in the

Figure 2. Structure characterization of the patterned PDMS thin film and the film with ZnOMBs. (a) SEM image of the patterned PDMS thin
film with pyramid patterns. The inset is a vertical-view high-magnification image showing the pyramid structure of the features. (b) SEM
image of the pyramid-patterned PDMS film with ZnOMBs. The inset is a vertical-view high-magnification image showing the ZnOMB
features on the pyramid structure. Elemental color mapping of PDMS film with pyramid patterns and ZnOMBs: (c) the total color mapping of
all the elements, (d) the elemental color mapping of zinc, and (e) the elemental color mapping of oxygen.
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inset, these nanosheets are not aggregated, in spite of their
quite small size and ultrathin layers, and more importantly the
ZnOMBs grow vertically on top of every pyramid. This
structure can greatly enhance the effective contact area of the
TENG when the opposite dielectric layer is pressed on the
ZnOMBs, because the ZnOMBs protrude from the PDMS
film surface, and the spheres have 3D hierarchical nanos-
tructure, which is advantageous to contact with the non-flat
part of the opposite layer. Hence, this structure has better

friction performance, and it is more suitable for triboelectric
devices. Furthermore, energy dispersive spectrometer (EDS)
mapping is performed to investigate the contents of the
ZnOMBs. From figures 2(c)–(e), it is easy to see that the zinc
and oxygen elements are well distributed in the ZnOMBs.

Theoretically, for the working principle of the TENG, a
schematic illustration is shown in figure 3. Under the external
pressing force, the two acrylic sheets contact with each other,
and charges are transferred due to the triboelectric effect.

Figure 3. Working mechanism of the sandwich-shape TENG. Schematic illustration of the charge-generating process of the TENG. Pushed
by the external force from the linear motor, the device will be switching back and forth between the separated state and the contacted state,
and there will be an alternating flow of electrons in the external circuit driven by the induced triboelectric potential. The electric charges move
for neutralization after the separation, forming a cycle.

Figure 4. Schematic illustration of the measuring system for the typical electric output of the fabricated TENG.
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When the two acrylic sheets are separated and contacted,
under the driving of the electrostatic induction, a change in
system capacitance drives the to-and-fro flow of the free
electrons across the electrodes and leads to the flow of current
in the external load [8]. In the designed structure, on the one
hand, the emergence of ZnOMBs enlarge the interfacial
region of the dielectric layer, which leads to a larger
equivalent capacitance for the TENG. On the other hand, due
to the piezoelectric effect of ZnO, the movement of charges
will be enhanced. As a result, both the larger equivalent
capacitance and the coupling between the piezoelectric and
triboelectric outputs can achieve better electrical perfor-
mance [46].

In order to measure output voltage and current char-
acteristics of the fabricated TENG, different kinds of external
mechanical force were applied on the TENG through a pro-
grammable linear motor. A schematic diagram of the mea-
suring system is given in figure 4. In this setup, one end of the

TENG was tightly fixed on the sample holder while the other
end was dangling in the air; both the TENG and the driven
rod of the linear motor were fixed in the same horizontal plane
to ensure the driven rod could aim at the center of the TENG.
During the measurement, the linear motor was programmed to
push/pull the lateral rod with a specified distance, accelera-
tion, maximum speed and deceleration, so that the TENG was
pressed and released in a well controlled manner. The outputs
of the TENG were detected by different measuring meters,
and the data could be displayed and saved through a computer
with the LabVIEW system.

To systematically investigate the performance of the
TENG, a series of triggering frequencies were loaded on the
driven rod. Figures 5(a) and (b) present the open-circuit
voltage Voc and short-circuit current Isc density as a function
of the motor’s frequency from 0.2 Hz to 1000 Hz. Both the
Voc and Isc of theTENG increase with the triggering
frequency, and reach maximum values of 62.4 V and

Figure 5. The typical electrical characteristics of the fabricated TENG. (a) Open-circuit voltage as a function of the motor’s frequency. The
curve is a fitted result. (b) Short-circuit current density as a function of the motor’s frequency. The curve is a fitted result. (c) Open-circuit
voltage at a push frequency of 100 Hz. Inset: enlarged view of one cycle. Separation causes the voltage to rise to a peak value and contact
makes it fall back to zero. (d) Short-circuit current density at a triggering frequency of 100 Hz. Inset: enlarged view of one cycle. Contact and
separation correspond to a positive current pulse and a negative current pulse, respectively, presenting an alternating-current (AC)
characteristic.
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6.1 mΑm−2 respectively at 1000 Hz. These two outputs are
sharply increasing when the motor’s frequency ranges from
0.2 Hz to 100 Hz, but grow very slowly after 100 Hz, and
trend to a steady value. The typical Voc and Isc are elaborated
in figures 5(c) and (d). Since the linear motor was performing
periodic motion, the electrical outputs also presented cycle
characteristics. In figure 5(d), the Isc density manifested an
asymmetrical-amplitude alternating behavior. Moreover, the
largest and smallest peaks are generated respectively with the
process of the two contact surfaces moving apart after col-
lision and approaching each other. The phenomenon that the
peak value of Isc density is different in charge and discharge
cycles, normally results from the Isc density as a function of
quantity of electricity and time, while the same number of
charges are transferred back and forth when the two contact
surfaces move together and apart. This phenomenon is con-
sistent with the theoretical analysis as shown in figure 3. The
glitches in signal probably result from the undulating surface
of the TENG, because not all ZnOMBs are fully consistent
in size.

To further investigate the output power of the TENG,
resistors were provided as external loads. As displayed in
figure 6(a), the instantaneous current density amplitude drops
with increasing load resistance owing to the resistive loss,
while the voltage follows a build-up trend. Consequently, the
global maximum of the instantaneous peak power occurs
when the load resistor is about 2 MΩ, corresponding to a peak
power density of about 1105 mWm−2 (figure 6(b)), revealing
that the optimal matching impedance of the TENG is 2MΩ.
Moreover, 30 commercial LED bulbs were lit at 100 Hz
without any rectifier circuit or any energy-storage elements in
the whole circuit, as shown in figure 6(d).

Last, to further demonstrate the effect of ZnOMBs on the
electric output of the TENG, another TENG with the same
structure but without any ZnOMBs was measured at the same
frequency of 100 Hz. The corresponding results of the two
TENGs are demonstrated in figure 6(c). From the results, the
output Voc of the TENG with ZnOMBs was about 2.3 times
that without any ZnO, evidently revealing that the ZnOMB

Figure 6. The typical electrical outputs of the TENG. (a) Dependence of the voltage and current density output on the external load resistance.
The points represent peak value of electric signals while the lines are the fitted results. (b) Dependence of the peak power output on the
resistance of the external load, indicating maximum power output when R=2 MΩ. The curve is a fitted result. (c) The comparison of the
normalized open-circuit voltage between the TENG with and without ZnOMBs. (d) A photographic image of 30commercial LED bulbs lit by
the TENG at 100 Hz, without any rectifier circuit or any energy-storage elements in the whole circuit.
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surface modification can significantly improve the output
efficiency of the TENG.

4. Conclusion

In summary, this work has presented an innovative enhanced
TENG. The vertically aligned ZnOMBs were synthesized on
the pyramid-patterned PDMS film through a low-temperature
hydrothermal method. Hundreds of replicas of patterned
PDMS films with vertically aligned ZnOMBs can be pro-
duced from one single mold by this method, which provides
convenience for large-scale preparation. The output voltage of
the fabricated TENG with ZnOMBs could reach 57 V at
100 Hz, which was about 2.3 times higher than that without
any ZnO materials; moreover, the designed TENG could light
30 commercial LED bulbs without any rectifier circuits or
energy-storage elements. In addition, the peak power density
of the fabricated TENG could reach 1105 mWm−2 at an
external load resistor of about 2 MΩ. All the results suggest
that the incorporation of vertically aligned ZnOMBs on a
pyramid-featured PDMS-based TENG can dramatically
enhance the electrical output performance for various energy
harvesting applications.
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