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ABSTRACT: Ocean energy, in theory, is an enormous clean and renewable energy resource that can generate electric
power much more than that required to power the entire globe without adding any pollution to the atmosphere. However,
owing to a lack of eﬀective technology, such blue energy is almost unexplored to meet the energy requirement of human
society. In this work, a fully packaged hybrid nanogenerator consisting of a rolling triboelectric nanogenerator (R-TENG)
and an electromagnetic generator (EMG) is developed to harvest water motion energy. The outstanding output
performance of the R-TENG (45 cm3 in volume and 28.3 g in weight) in the low-frequency range (<1.8 Hz) complements
the ineﬀective output of EMG (337 cm3 in volume and 311.8 g in weight) in the same range and thus enables the hybrid
nanogenerator to deliver valuable outputs in a broad range of operation frequencies. Therefore, the hybrid nanogenerator
can maximize the energy conversion eﬃciency and broaden the operating frequency simultaneously. In terms of charging
capacitors, this hybrid nanogenerator provides not only high voltage and consistent charging from the TENG component
but also fast charging speed from the EMG component. The practical application of the hybrid nanogenerator is also
demonstrated to power light-emitting diodes by harvesting energy from stimulated tidal ﬂow. The high robustness of the RTENG is also validated based on the stable electrical output after continuous rolling motion. Therefore, the hybrid RTENG and EMG device renders an eﬀective and sustainable approach toward large-scale blue energy harvesting in a broad
frequency range.
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ith rapidly increasing global energy consumption,
growing research eﬀorts have been devoted to
exploit clean and renewable energy resources such
as wind, ocean, and solar energies, etc. for sustainable
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Figure 1. Structural design of blue energy hybrid nanogenerator. (a) Schematic illustration of the R-TENG and EMG. (b) SEM of nanowires
on the PTFE thin ﬁlm. (c) Schematic illustration of the TENG, which consists of a group of aluminum rods and PTFE thin ﬁlm coated with
the copper interdigitated electrodes. (d) Schematic illustration of the EMG unit, which consists of a pair of magnets and a coil. (e)
Photograph of the TENG and EMG hybrid nanogenerator. The TENG is 45 cm3 in volume and 28.3 g in weight. The EMG is 337 cm3 in
volume and 311.8 g in weight.

development of modern society.1 Among them, blue energy,
such as tidal energy, wave energy, current energy, osmosis, and
so on, is of great advantage owing to the widely distributed
water kinetic energy that is independent of weather, daylight,
and seasonality.2,3 However, large-scale harvesting of blue
energy faces huge challenges because of high cost, engineering
diﬃculties, seawater erosion of facilities, and very low
eﬃciency.4,5 The current main approach of using electromagnetic generators (EMGs) suﬀers from the low conversion
eﬃciency due to the drastic decay in output power with the
decrease of operating frequency (<5 Hz).4,6
Recently, triboelectric nanogenerators (TENGs), based on
the coupling of triboelectriﬁcation and electrostatic induction,
have been invented to harvest almost all forms of mechanical
energies, such as vibrations, human walking, body motions, and
even water waves.7−26 TENGs have attracted strong research
interest owing to high energy conversion eﬃciency, low cost,
simply fabrication, light weight, and environmentally friendly
processes.5 In particular, the eﬃciency of the TENG is much
higher than that of EMG in harvesting low-frequency
mechanical energy.6 This advantageous characteristics inspired
some pioneering eﬀorts in using TENGs to harvest wave
energy, but their outputs are too low to be suitable for largescale energy harvesting.3,4,27,28 Recently, Guo et al.29 and Wen
et al.30 have demonstrated a better model for harvesting blue
energy by hybridizing a sliding-freestanding-mode TENG and
an EMG. However, this sliding operation mode suﬀers from
huge resistance in water and large wearing of the triboelectric
surface. Therefore, to eﬀectively harvest underwater lowfrequency blue energy, an advanced structural design needs
to be further optimized for practical application. One promising
improvement is to replace a sliding-freestanding TENG with a
rolling-freestanding TENG, which has been proven to be
eﬀective in reducing material abrasion and improving energy
conversion eﬃciency.31−34
Herein, a strategy that hybridizes a rolling-freestanding
triboelectric nanogenerator (R-TENG) with an EMG is
proposed for harvesting blue energy. After a systematic
comparison of the output performances of R-TENG with
EMG, the results indicate that the R-TENG is more eﬀective
than EMG in collecting blue energy in the low-frequency range

(<1.8 Hz). This complementary output performance enables
the hybrid nanogenerator to deliver satisfactory outputs in a
broad range of operation frequencies. Moreover, the capacitor
charging characteristics show that this hybrid nanogenerator
oﬀers not only high voltage and consistent charging from the
TENG component but also fast charging speed from the EMG
component. The hybrid nanogenerator is also demonstrated to
power light-emitting diodes (LEDs) by harvesting energy from
stimulated tidal ﬂow. This work renders an eﬀective and
sustainable approach toward large-scale blue energy harvesting
in a broad frequency range.

RESULTS AND DISCUSSION
Device Structure. The basic unit of the hybrid nanogenerator consists of two parts: R-TENG and EMG, as
schematically depicted in Figure 1a. The R-TENG is made of a
group of rolling aluminum rods and polytetraﬂuoroethylene
(PTFE) thin ﬁlm coated with copper interdigitated electrodes
(as shown in Figure 1c). To enhance surface charge density of
contact electriﬁcation, ∼100 nm diameter, ∼1.0 μm long
nanowires have been fabricated on the surface of PTFE thin
ﬁlm via inductively coupled plasma (ICP) etching, as shown in
SEM of Figure 1b. The EMG part mainly consists of two sets of
magnet groups (six pairs of square magnets) and a set of copper
coils. Acrylic sheets of suitable sizes were used as structural
support. The copper coils were sandwiched between the square
magnets (a basic unit of EMG shown in Figure 1d), whose
motion was guided by four steel rods (>260 mm in length).
The motion of the top magnets would drive the movement of
the bottom ones due to the attractive force between them,
while the latter would further drive the rolling of aluminum
rods due to the tight contact between the rods and the acrylic
sheet onto which the bottom magnets were ﬁxed. This is the
key strategy to achieve the simultaneous operation of the RTENG and EMG, and they can be fully isolated from the water
environment by using the encapsulating acrylic sheets of
suitable sizes. Figure 1e displays the photograph of the fully
packaged R-TENG and EMG hybrid nanogenerator. The
detailed fabrication process is described in the Experimental
Section.
B
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Figure 2. Schematic of the operation principle of the hybrid nanogenerator. (a) Scheme of the working mechanism of the TENG and EMG.
(b) Numerical calculations of the potential distribution across the electrodes of the TENG under open-circuit condition at the three states, as
evaluated by COMSOL.

Figure 3. Electrical output performances. The open-circuit voltage (Voc) and the short-circuit current (Isc) of TENG (a) and EMG (b) under
diﬀerent operation frequency ranging from 0.2 to 2.0 Hz.

to the ﬁnal state, the magnetic ﬂux crossing the copper coil will
increase. According to the Lenz’ s law, the increase of magnetic
ﬂux induces current in the coil to generate a new magnetic ﬁeld
to impede the increase of magnetic ﬂux crossing the coil.
Similarly, the transition between the ﬁnal state and the next
initial state induces the current ﬂow in the reversed direction.
Meanwhile, the aluminum rod with positive triboelectric
charges will roll over the PTFE ﬁlm with negative triboelectric
charges from the initial state to the ﬁnal state, introducing a
potential drop and current ﬂow between electrode A and
electrode B via electrostatic induction. Speciﬁcally, when the
rod moves from the initial state to the ﬁnal state, the current
would ﬂow from B to A and vice versa when the rod continues
to move from the ﬁnal state to the next initial state.
To gain a more quantitative understanding of the proposed
working principle of R-TENG, ﬁnite element analysis was

Working Principle. Figure 2a illustrates the detailed
working principle of the hybrid nanogenerator, from which
the electricity generation consists of two parts: one from RTENG and the other from EMG. Herein, the working principle
in a half circle was illustrated by current and charge distribution
in short-circuit condition and magnetic ﬂux for EMG. We
deﬁne the initial state and ﬁnal state as the states when the
aluminum rod is aligned with electrode A and electrode B,
respectively, which are a pair of interdigitated electrodes. The
intermediate state represents the transitional process when the
aluminum rod rolls between two electrodes. Similarly, the
magnets in the initial and ﬁnal states are fully misaligned and
aligned with the copper coils, respectively. The operation of the
device starts from the motion of the top magnet, accompanied
by the movement of the bottom magnet and the aluminum rod.
When permanent magnets of EMG move from the initial state
C
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Figure 4. Output power performances of TENG and EMG. The dependence of the average power densities of TENG (a) and EMG (b) on the
external load resistances. Average power densities (c) and average power-to-mass ratios (d) of TENG and EMG versus operation frequency (f)
with linear ﬁts of log10 P vs log10 f. The ﬁtted slopes for the TENG is about 1, while that for the EMG is about 2, which means that there is
always an operation frequency range in which the output of TENG is larger than that of EMG, as marked by the pink and yellow areas,
respectively.

According to previous study,6 the open-circuit voltage and
the short-circuit current of TENGs can be expressed as

employed to calculate open-circuit potential distribution across
the interdigitated electrodes at the three diﬀerent states with
results displayed in Figure 2b. The calculated potential
distribution across the two electrodes is consistent with the
proposed working principles. In the initial state when the
aluminum rod is aligned with the electrode A, the potential on
electrode A is much higher than that on the electrode B and
results in the maximum open-circuit voltage (Voc). The Voc
decreases as the aluminum rod rolls from the initial state to the
intermediate state, where the potential on A and B is equal.
When the rod continues to move from the intermediate state to
the ﬁnal state, the potential diﬀerence further decreases to
become negative and reaches the minimum when the rod is
aligned with electrode B. Similarly, the distribution of magnetic
lines was also simulated in the three states by COMSOL, as
shown in Supporting Information (Figure S1).
Energy Output. The operation of the R-TENG and EMG
hybrid nanogenerator under diﬀerent frequency was simulated
using a linear motion. Figure 3 presents the typical electrical
performance including open-circuit voltage (Voc) and shortcircuit current (Isc) of R-TENG and EMG at diﬀerent operation
frequencies, respectively. As shown in Figure 3a, the peak value
of the Voc for R-TENG is about 120 V and independent of the
operation frequency, while the Isc of R-TENG is proportional to
the operation frequency, increasing linearly from ∼1.28 to
∼13.5 μA. Remarkably, the output peak density increases also
proportionally with the increase of operation frequency.

TENG
Voc
=

IscTENG =

Q sc
C(x)

(1)

dQ sc
(2)

dt

where Qsc is the short-circuit charge transfer amount and C(x)
is the capacitance between two electrodes at various displacement x. Since the maximum charge transfer amount (Qsc max)
is proportional to the triboelectric surface charge density (σ)
and triboelectric surface area (s) and C(x) is dependent on x
instead of the time (t), the peak value of the open-circuit
voltage is independent of the operation frequency. However,
the Isc is closely related to t and has been proven to be
proportional to the frequency. Therefore, the measured Voc and
Isc of R-TENG are consistent with the theoretical results. For
EMG, both the Voc and Isc are proportional to the operation
frequency and increase from ∼0.4 to ∼4.92 V and from ∼0.2 to
∼3.1 mA, respectively, as shown in Figure 3b. According to
Faraday’s law, the open-circuit voltage and the short-circuit
current of EMGs can be expressed as29
EMG
Voc
= −N

D

dϕ
dt

(3)
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Figure 5. Demonstration of the packaged hybrid nanogenerator as a practical power source. (a) Photograph of the packaged hybrid
nanognerator acting as the power source for lighting LEDs. The red rectangle frame displays 30 green LEDs in series comprising the “RTG”
letters that are connected to the TENG. The yellow rectangle frame displays 30 green LEDs in parallel comprising the “EMG” letters that are
connected to the EMG. The packaged hybrid nanogenerator was employed for lighting up the “RTG” and “EMG” LEDs under simulated
ocean conditions. (b) Circuit diagram for lighting LEDs and charging capacitors. (c) Charging curves of a 20 μF capacitor using TENG only,
EMG only, and hybrid nanogenerator, which shows that hybrid charging oﬀers both the high charging voltage and the fast charging speed. (d)
Robustness and stability investigation of the TENG. No obvious electrical output decay was observed after 9000 rolling cycles (at a ﬁxed
motion frequency of 1.0 Hz for 1 day). Inset: SEM images (scale bar is 1.0 μm) showing that no obvious distortion or serious damage was
observed on the PTFE nanowire structure after continuous rolling.

IscEMG =

EMG
Voc
R

cm3), while that of EMG is proportional to the square of the
operation frequency (∼0.025 to ∼1.32 μW/cm3), consistent
with previous work.6 The output performance of R-TENG is
better than that of EMG at an operation frequency less than 1.6
Hz, as marked by the pink area in Figure 4c. Considering that
TENG has abundant choices of lightweight materials while
EMG is mainly made of heavy magnets and metal coils, the
optimized average power-to-mass ratio was also studied to
incorporate the eﬀects of material availability, as shown in
Figure 4d. It turns out that the average power-to-mass ratio of
the R-TENG is much better than that of EMG in an even
larger-frequency range (about 1.8 Hz), as marked by the yellow
area. Therefore, the R-TENG oﬀers a more eﬀective method
than the EMG to harvest low-frequency energy.
Practical Demonstration. To explore the capability of the
hybrid nanogenerator for large-scale blue energy harvesting, the
full packaging strategy was employed to isolate the device from
external water environment. For the experimental demonstration, a homemade water tank was applied to simulate real ocean
environment. One group of green LEDs is connected to the RTENG in series, assembling the word “RTG”. Another group of
green LEDs, constituting the word “EMG”, is connected to the
EMG in parallel. It was observed that the packaged R-TENG

(4)

where ϕ is the magnetic ﬂux and N is the number of turns in
the copper coils. R is the internal resistance of the coil. Based
on eq 3, the output voltage of EMG is strongly related to the
variation rate of the magnetic ﬂux and the operation frequency.
Therefore, the Voc and Isc of EMG should be proportional to
the operation frequency, consistent with the experimental
results.
To evaluate the energy output capability of the R-TENG and
EMG, the average output power density of R-TENG and EMG
when connected to diﬀerent external load resistance was
measured and calculated, as shown in Figure 4a,b, with a
maximum value of 1.05 μW/cm3 for R-TENG and 1.32 μW/
cm3 for EMG at corresponding matched load. The high output
impedance of TENG can be lowered by a recently explored
power-management system.35 Furthermore, the correlation
between the average power density (with respect to volume)
and the operation frequency ( f) was investigated for the RTENG and EMG, respectively, as shown in Figure 4c. It can be
found that the optimized average power density of R-TENG is
proportional to the operation frequency (∼0.15 to ∼1.05 μW/
E
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charging but also rapid charging in the early period. The
robustness and stability of the R-TENG were validated by the
negligible degradation of electrical output after continuous
rolling of more than 9000 cycles. Therefore, the packaged RTENG and EMG hybrid nanogenerator provides an eﬀective
strategy for harvesting broad-frequency blue energy.

could work and generate stable electrical output when the
device was immerged into water, as shown in Movie S1. The
observed lighting of LEDs indicates the packaging works as an
eﬀective waterproof method to protect the TENG electrodes
from being short-circuited. Additionally, the packaged hybrid
nanogenerator was also utilized for lighting the “RTG” and
“EMG” LEDs directly under simulated tide ﬂow, as seen in
Figure 5a and Movie S2. Furthermore, the output of the hybrid
nanogenerator was also demonstrated to charge a 20 μF
capacitor through a rectiﬁer. The circuit diagram of lighting
LEDs and charging capacitor by the hybrid nanogenerator is
illustrated in Figure 5b. The charging voltage curves of the
capacitor using R-TENG only, EMG only, and hybrid
nanogenerator are plotted in Figure 5c and Figure S2, which
suggests that the charging characteristic heavily depends on the
inherent output performance of R-TENG and EMG. Specially,
the output voltage determines the ﬁnal charging level, while the
output current determines the charging speed. Due to the high
output voltage and low output current of R-TENG, the voltage
of the capacitor charged by R-TENG can be charged up to the
maximum open-circuit voltage (10−120 V) with a long
charging time. In contrast, the voltage of the capacitors charged
by EMG is limited by the low open-circuit voltage of EMG
(usually less than ∼3 V) and quickly saturated within short
charging time, leading to great loss of the energy harvested. The
hybrid charging (TENG + EMG) provides not only high
charging voltage but also fast charging speed. Moreover, the
rate of charging a capacitor using a TENG can also be greatly
enhanced through the reported power-management system35
and the designed charging cycle.36 To demonstrate the
advantage and reliability of R-TENG, the device robustness
has been examined by the stability of the electrical output and
mechanical durability. Figure 5d shows that less than ±3% of
electrical output ﬂuctuation was observed after continuous
operation of 9000 cycles (with a ﬁxed rolling frequency of 1 Hz
for 1 day). Meanwhile, the nanowire morphologies of the PTFE
ﬁlm surface exhibited no signiﬁcant distortion or serious
damage after continuous rolling of 9000 cycles, as shown in the
inset of Figure 5d. This validates the mechanical durability of
the R-TENG and can be attributed to the reduced friction from
rolling compared to sliding. The outstanding robustness of the
R-TENG enables long-term stability under harsh water
environment, which is considered an important improvement
of hybrid nanogenerator as a blue energy harvester.

EXPERIMENTAL SECTION
Fabrication of the R-TENG. First, a mask based on polyvinylchloride ﬁlm was processed by laser cutting (PLS6.75, Universal Laser
Systems). Then the mask was attached on one rectangular 3.175 mm
acrylic sheet (260 mm × 110 mm) as supporting substrate for the
deposition of copper interdigitated electrodes using pulsed vapor
deposition. Two electrical leads were connected to the two sets of
interdigitated electrodes for electric measurement. The PTFE thin ﬁlm
with nanostructures was fabricated by using a common method
reported previously.14 The surface morphology of the PTFE thin ﬁlm
was characterized by ﬁeld emission scanning electron microscopy
(SEM) (Hitachi SU-8010). The as-prepared PTFE thin ﬁlm was
pasted to the top of interdigitated electrodes as the triboelectric layer.
The PTFE ﬁlm was covered by 10 aluminum rods (6.35 mm in
diameter, 100 mm in length) that were polished with ﬁne grit
sandpaper to ensure a smooth working surface. The distance between
any two aluminum rods matches that of a pair of interdigitated
electrodes. The fabricated R-TENG is 45 cm3 in volume and 28.3 g in
weight.
Fabrication of EMG. For fabrication of EMG, two 1.5 mm acrylic
sheets (130 mm × 110 mm) and six pairs of copper coils were ﬁrst
prepared. Both acrylic substrates have four grooves of 2 mm deep for
ﬁxing the sliding bearing at the corners. Then three pairs of NdFeB
square permanent magnets (1.0 in. × 1.0 in. × 0.1 in.) with the same
side of magnetic pole were arranged on the same side of one acrylic
sheet and aligned to the magnets on the another acrylic sheet, and six
pairs of copper coils (500 turns for each) were embedded in the 1.5
mm acrylic substrate with a physical gap between. Finally, the motion
of the magnets would move with low friction under the assistance of
linear ball bearings along two pairs of steel rods as support. The
fabricated EMG is 337 cm3 in volume and 311.8 g in weight.
Assembling of the Blue Energy Generator. Two 3.17 mm
acrylic sheets (width × height: 120 mm × 65 mm) with three grooves
and four holes were employed as support of the generator. The part
attached to TENG was ﬁrst ﬁxed and then used to assemble the EMG.
The acrylic sheet with down-magnets contacted tightly with the
aluminum rods to enable their rolling by following the linearly motion
of the NdFeB permanent magnets. Several encapsulation acrylic sheets
with suitable sizes were utilized to form the waterproof wall to package
simultaneously R-TENG and EMG except for the upper-magnets of
EMG part. The packaged blue energy nanogenerator can be fully
isolated from the external environment.
Electrical Measurement. The open-circuit voltage and shortcircuit current of the devices were measured by a Keithley 6514 system
electrometer. The software platform is constructed using LabVIEW
and is capable of realizing real-time data collection and analysis.
Calculation of the Optimized Average Power Output.6 When
the R-TENG and EMG were connected to diﬀerent external load
resistance, the voltage across the resistance and the current ﬂowing
through the resistance were measured simultaneously. The schematic
circuit is shown in Figure S3. Then the average output power was
calculated using the following equation (t0 is a randomly picked time
during operations)

CONCLUSION
In summary, we have demonstrated a fully packaged R-TENG
and EMG hybrid nanogenerator that can be used for harvesting
blue energy from ocean tides and currents. In this design, the
R-TENG is indirectly driven by the noncontact attractive forces
between pairs of magnets thus can be easily hybridized with the
EMG. Furthermore, the fully packaged R-TENG and EMG
hybrid nanogenerator could be completely isolated from
external environment and work properly under water. Given
that the R-TENG is more suitable for harvesting low-frequency
energy, while the EMG generates larger output in the highfrequency range, hybridizing R-TENG with EMG enables the
eﬀective harvesting of blue energy with a broad frequency
range. Finally, the packaged R-TENG and EMG hybrid
nanogenerator was demonstrated to harvest simulated tidal
ﬂow energy to drive LEDs directly and a commercial charge
capacitor. In terms of capacitor charging, the R-TENG and
EMG hybrid nanogenerator oﬀers not only high voltage

to + T

TENG

P

=

∫to

T

VI dt
(5)

Finally, the maximum power for each frequency was used to calculate
the optimized average power density and average power-to-mass ratio,
and the resistance corresponding to the maximum power is the
matched load resistance.
F
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