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1. Introduction

Ocean energy is regarded as a promising 
renewable and clean energy source to alle-
viate the rising concerns of resource deple-
tion and threat of pollution.[1–3] Among 
the energy sources, water wave energy 
exhibits advantages of large power and 
wide distribution.[4,5] Without constructing 
large, heavy electromagnetic generators 
(EMGs) standing on the ocean floor or 
fixed to the sea bed, water wave energy 
provides one of the most feasible future 
technologies with lower operation cost 
and considerable power delivery.[4] How-
ever, it has been rarely exploited due to 
the lack of economical energy harvesting 
technologies.[6–8] The emergence of tri-
boelectric nanogenerator (TENG) to har-
vest various types of ambient mechanical 
energy into electricity opens up a new field 
of energy conversion and application.[9–11] 
Different from the EMGs, the TENGs, 
driven by the Maxwell’s displacement cur-
rent, can effectively convert broadband 
frequency mechanical energy sources 

into electricity based on the coupling of triboelectrification and 
electrostatic induction.[12] Various TENGs have been demon-
strated to harvest energy from a variety of sources,[13,14] such as 
vibrations,[15,16] human walking,[17,18] body motions,[19,20] water 
waves,[21–30] etc. With the flexible structure, maturing design, 
and abundant choice of materials, the TENGs exhibit unique 
merits of high voltage, high efficiency, low weight, and low fab-
rication cost. These features render the TENG to be a feasible 
technology to effectively harvest water wave energy in a broad-
band frequency.

Previously, most TENG prototypes have been designed into 
ball-shell structure that can float on/in the water following the 
natural oscillation.[25,26] However, such a structure, utilizing 
single-electrode[31,32] and attached-electrode modes,[33] cannot 
achieve favorable output power for the limitation by the electro-
static shield effect and the inadequate contact, respectively.[34] 
Moreover, other research works based upon the sliding mode[35] 
and the rolling-freestanding mode[22] TENGs are inevitably 
confronted with problems that the TENGs move and work 
simultaneously with the water waves, thus only little effective 
energy transmitted from waves to the inner device, resulting in 
a reduction of energy harvesting efficiency. Importantly, TENG 
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should be further integrated with EMG to simultaneously and 
collaboratively harvest water wave energy.[36] In this way, TENG 
as capacitive-type generator suffers from a low output current 
with a relatively high output voltage, which can be compen-
sated by the high output current produced by EMG. The EMG 
likewise has difficulties in effective energy conversion under 
low-frequency waves, which can be made up by TENG.[37] With 
the complementary output characteristics of TENG and EMG, 
the two outputs can be connected together on a same storage 
capacitor and the capacitor can concurrently store the powers 
from TENG and EMG effectively. Furthermore, the two outputs 
of the hybrid system can also be directly connected to different 
loads to supply power for different purposes, such as plasma 
discharge with TENG and power supply with EMG, through 
which both generators can harvest the energy with their best 
energy conversion pathways under only one external stimulus, 
which can largely enhance the overall energy conversion effi-
ciency. In this regard, a feasible design of TENG that resolves 
aforementioned limitations should be formulated, and more 
importantly, a comprehensive strategy that appropriately 
hybridizes a TENG with an EMG should be proposed for blue 
energy harvesting.

In this work, a hybrid system with triboelectric nanogen-
erator and electromagnetic generator based on an optimized 
cubic structured unit is demonstrated for water wave har-
vesting. The TENG is designed into cubic structure and the 
contact-freestanding mode is utilized for water wave energy 
harvesting. By integrating the TENG and the EMG together, 
this complementary output performance enables the hybrid 
nanogenerator to deliver satisfactory output in a broad range 
of operation frequency. To increase the output performance 
of TENG, the devices with varied inner topological structures 
were experimentally compared. Based on the inner topological 
structure, we proposed a concept to further clarify the energy 
conversion efficiency, which can be regarded as a design factor 
for the energy harvesting device. Based on different platforms, 
the influences of oscillation frequency, amplitude, and dielec-
tric materials were systematically studied. Furthermore, the 
optimum operation frequency ranges for TENG and EMG were 
concluded to obtain a full understanding of this hybrid system. 
This proposed device with flexible structure can be easily linked 
together to form a nanogenerator network, which provides an 
effective and sustainable way toward large-scale blue energy 
harvesting in the future.

2. Results and Discussion

As illustrated in Figure 1a, the hybrid system is designed in a 
double-wing structure, which consists of two coupled hybrid 
nanogenerator units and one pivot hinge as a center of the link. 
Each unit is supported on a bracket and then connected by two 
cantilever beams that are anchored on the bearing support in 
the pivot hinge. The pivot hinge is floated on water with poly-
foam so that the nanogenerator operates parallel to the wave 
direction and effectively rides the waves.

The basic unit of hybrid nanogenerator consists of two 
parts, TENG and EMG, as schematically depicted in Figure 1b. 
The TENG is composed of two parts: an acrylic box and four 

shakable boards. The acrylic box used as the shell of TENG is 
divided into four separate chambers by three acrylic clapboards, 
and the four shakable boards are separately placed in the 
chambers. One edge of the shakable board is fixed at the roof 
of each chamber by attached flexible films, making the board 
freestanding and allowing easy contact with the walls of cham-
bers. The polytetrafluoroethylene (PTFE) film employed as the 
triboelectric material is covered on both sides of the shakable 
boards, while the Cu electrodes are anchored on the internal 
walls of each chamber. With such a structure, the PTFE film 
attached on the board can get in full contact with Cu electrodes 
alternately under wave oscillations. In addition, according to 
the contact status between the PTFE film and Cu electrodes 
under water oscillation, all of the electrodes in four chambers 
are grouped as two terminal electrodes in a parallel connection.

The EMG part mainly consists of two pairs of magnets and 
two pairs of copper coils. Each pair of magnets is embedded in 
the shakable block that belongs to one of the outermost cham-
bers. Each pair of copper coils is installed on the outer walls 
of the chambers, with their centers aligned in line with the 
centers of the magnets, when the shakable board contacts with 
the walls of box. An alternative electromotive force is formed 
when the magnets are moved toward the coils or away from the 
coils. By designing adjacent magnets with the same magnetic 
polarizations and the adjacent coils with the same winding 
directions, all of the coils are connected in series with the 
induced voltage enhanced and the induced current unchanged. 
This is the key strategy to achieve a simultaneous operation of 
the TENG and EMG, and they can be fully isolated from the 
water environment by using the encapsulating acrylic shield. 
Figure  1c,d exhibits the photographs of the fabricated hybrid 
nanogenerator with the dimensions of 4.5 in. × 5 in. × 6.5 in. 
(detailed fabrication process is provided in the Experimental 
Section).

To increase the triboelectric charges and further improve the 
output performance of TENG, the surface roughnesses of both 
Cu electrodes and PTFE films were modified by the surface 
etching method. The electrochemical erosion with a constant 
current density was conducted to treat Cu electrodes under 
the electrodischarge platform. The scanning electron micro
scopy (SEM) images (Figure  1e,f) show that cubic nanopar-
ticles (NPs) are uniformly formed on the surface of Cu films, 
and the X-ray diffraction (XRD) patterns (Figure S1a, Sup-
porting Information) confirm that the cubic NPs are crystal-
lized Cu2O, which will significantly increase the surface contact 
area without affecting the electroconductivity. Meanwhile, the 
plasma etching method was applied to treat PTFE film, whose 
morphology was obtained by atomic force microscopy (AFM) 
characterizations (Figure 1g,h). The uniform protuberances are 
formed after treatment, leading to an obvious increase in the 
surface roughness (Figure S1b–d, Supporting Information). In 
addition, the Fourier transform infrared spectroscopy spectra 
(Figure S1e, Supporting Information) indicate that the plasma 
etching process only alters the surface morphology but does 
not cause the variation of surface chemical groups.

The working principle of the hybrid nanogenerator includes 
two parts: the TENG part and the EMG part (see Figure  2a). 
The operation of the TENG is based on coupling of contact 
triboelectrification and electrostatic induction, while the EMG 
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is based on Faraday’s electromagnetic induction effect. At the 
initial stage, the full contact between PTFE board and Cu elec-
trode creates equal amount of negative and positive charges 
on their surfaces, respectively (i). Then, triggered by external 
oscillation, the PTFE board begins to separate from the original 
Cu electrode and a potential difference establishes between two 
electrodes. The positive charges from the original electrode 
thus transfer to another Cu electrode via the load to rebalance 
electrostatic status (ii). The charge transfer continues during 
the whole process until another electrode is fully overlapped by 
PTFE board and a new equilibrium is established (iii), which 
is regarded as the first half cycle of TENG electricity genera-
tion. After that, PTFE board tends to move back to its original 
position due to external triggering; the positive charges transfer 
in the opposite direction by the reversed potential difference, 
with a reversed current subsequently formed in the load (iv). 
This is the second half of TENG electricity generation process. 
Simultaneously, the magnets embedded in PTFE board move 
toward or away from the coils to create output that is synchro-
nized with that of TENG. Initially, there is no current output 
due to constant magnetic flux in the coil before the forward 

movement of PTFE board (i). As the magnets start to move 
left with the PTFE board, the magnetic flux that crosses the 
coil increases and the induced current is generated in the coil 
to offset the increase of magnetic flux in the coil (ii). The cur-
rent increases first and then decreases to zero as PTFE board 
reaches the overlapping position of the opposite electrode, due 
to the unchanged magnetic flux in the coil (iii). Similarly, the 
magnetic flux that crosses in the coil decreases during the back 
movement of PTFE board inducing a reverse current in the coil 
to compensate the decrease of magnetic flux (iv). The value of 
the reversed current also increases first and then decreases to 
zero at the end of complete cycle of EMG electricity generation 
process.

Furthermore, the charge distribution in the open-circuit 
condition is also illustrated at three particular positions, and 
the continuous variation of the open-circuit voltage (Voc) is 
visualized through finite-element simulation using COMSOL 
(Figure 2b). The Voc is then defined as the electric potential dif-
ference between the two electrodes. The electrostatic induction 
process can produce Voc signal as the nonmobile negative tribo-
electric charges on PTFE film orderly screened by the positive 
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Figure 1.  Structural design of ocean energy hybrid nanogenerator. a) Schematic illustration of the hybrid system with a double-wing structure riding 
on the water wave, which is basically constituted by b) a cubic structured unit hybridizing TENG and EMG. Photographs of c) as-fabricated hybrid 
nanogenerator and d) its vertical view. e,f) SEM images of the etched Cu electrode. g,h) AFM images of the etched PTFE film.
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triboelectric charges on Cu electrode. Therefore, the maximum 
Voc value appears at states (i) and (iii), when the negative 
charges are fully screened by the positive charges on one of 
the electrodes. Such a voltage then diminishes as PTFE board 
moves. Once the board passes the center position between two 
electrodes, the Voc value reaches the zero-crossing point (ii, iv) 
and the Voc with the opposite polarity starts to build up until 
the board moves back to this center position. Further recipro-
cating movement of PTFE board induces the Voc to change in 
a reversed way because of the symmetric structure. In addition, 
the distribution of magnetic flux is also simulated in the three 
positions with results displayed in Figure 2b.

The operation of the hybrid nanogenerator under a broad-
band frequency was simulated by two platforms, of which the 
shaker platform was used to impose low-frequency (0.14–1 Hz) 
oscillations with adjustable amplitudes, while the linear motor 
platform was employed to simulate relatively high-frequency 
(4.91–7.07 Hz) horizontal shifting energy. The electrical output 
performances were tested for TENG and EMG at different fre-
quencies under both platforms (Figure S2, Supporting Infor-
mation), and the results at typical frequencies are shown in 
Figure 3a–e.

As demonstrated in Figure  3a–c, the peak value of Voc for 
the TENG part decreases from 470 to 357 V and the peak value 
of Qsc similarly varies from 150 to 120 nC with the frequency 
ranging from 0.38 to 7.70 Hz, exhibiting a slightly decreasing 
trend with the increase of frequency, which should be attrib-
uted to the reduction of effective contact area between the PTFE 

board and Cu electrodes. The peak value of Voc occurs when 
the nonmobile negative charges on the PTFE board are fully 
screened by the positive charges on the electrode driven from 
the loop, requiring that the two surfaces of friction materials 
are fully contacted. Once the movement of PTFE board is accel-
erated by increasing oscillation frequency, the effective contact 
area is reduced because of the accordingly slight deformation of 
the surface. In this case, the positive charges are not completely 
driven from the loop to the surface of the electrode and fully 
screen the corresponding negative charges, resulting in the 
reduction of Voc and Qsc. This phenomenon would be magni-
fied under the linear motor platform, where the effective con-
tact area is further reduced because of only horizontal shifting, 
leading to a further decrease in both Voc and Qsc. In addition, 
the charge density ρsc can also be calculated as 1.31 nC cm−2 
based on the known transfer charge quantity and the size of 
dielectric layer.

Conversely, the peak value of short-circuit current (Isc) repre-
sents an increasing trend with the increasing frequencies, with 
the maximum peak value of 3.7 µA at a frequency of 1 Hz under 
the shaker platform, and the maximum peak value of 2.9 µA at 
a horizontal shifting frequency of 7.07 Hz. The output current 
is defined as the flow rate of charges. Although the transfer 
charges are slightly reduced, the flow rate of charges is largely 
increased under the increasing frequencies producing the 
increased current. Notably, the peak value of Isc experiences a 
significant decrease when the platform switches from shaker to 
linear motor, which is a result of the reduced transfer charges. 
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Figure 2.  Schematics of working principle of the hybrid nanogenerator. a) Schematic of charge distribution and current direction of the hybridized 
TENG and EMG based on a half unit (i–iv). b) Electric potential distributions and magnetic flux at three typical displacements (i–iii) via COMSOL 
simulation. The local enlarged images on the right side show the electric potential distributions across two electrodes (top right), the magnetic flux 
distribution to the installed coil (middle right), and the color legend (bottom right).
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Once an external load is applied, the peak value of Isc decreases 
as the load resistance increases, while the peak value of Voc fol-
lows a reverse trend, as shown in Figure 3d. The instantaneous 
output power is maximized at a load resistance of ≈100 MΩ, 
corresponding to a peak power density of ≈0.5 mW at an opera-
tion frequency of 1 Hz (Figure 3e).

For EMG, both Voc and Isc are proportional to the whole oper-
ation frequency and increase from 1.5 to 2.8  V and from 4.0 
to 12.5  mA, respectively, as shown in Figure  3f,g. The results 
are consistent with the Faraday’s law, in which the electromo-
tive force (Voc) induced in a coil is proportional to time–rate 
variation of magnetic flux linkage through a coil and is given 
as follows

d
d

ocV N
t

= − Φ

	
(1)

where Φ is the total magnetic flux linkage in one turn of the 
coil and N is the number of the coil’s turns. Regarding the 
proposed EMG system that consists of a stationary coil and a 
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where B(x) is the magnetic flux density through the coil, S is 
the area of the coil, and v is the velocity of the magnet. Once the 
coil is connected to an electrometer directly, the Isc generated in 
the coil can be expressed as
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where Rcoil is the internal resistance of the coil.
Based on Equations  (2) and (3), both Voc and Isc show posi-

tive correlations with the velocity of the magnet, which is pro-
portional to the oscillation frequency. The instantaneous output 
power of EMG is maximized at a load resistance of ≈100 Ω, 
corresponding to a peak power density of ≈4  mW, as shown 
in Figure  3e. The different matched load resistances between 
TENG and EMG can be attributed to the different types of 
internal impedances, of which the internal impedance of TENG 
is capacitive, while that of EMG is resistive. Furthermore, owing 
to the inherent features of TENG and EMG, these two genera-
tors exhibit different domains for not only load resistance but 
also operation frequency. The harvesting map of relative con-
tribution by TENG and EMG to overall power with frequency 
and load resistance was plotted by measuring the dependence 
of output powers for both TENG and EMG on varied resistive 
loads under typical frequencies, as shown in Figure S3 in the 
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Figure 3.  Electrical measurements of hybrid nanogenerator. a) Voc, b) Isc, and c) Qsc of TENG under typical frequencies of 0.38, 0.77, 1.00, 5.04, 6.10, 
and 7.07 Hz. d) Output voltage and current of TENG under varied external load resistances. e) Dependence of output peak powers for both TENG and 
EMG on varied resistive loads. f) Voc and g) Isc of EMG under the same operation frequencies as TENG.
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Supporting Information. Generally, the TENG dominates in the 
overall power under the condition of high resistance and low 
frequency, and EMG accounts for the main part under the con-
dition of low resistance and high frequency. Since two domains 
share a very small overlapping region, the impact of one system 
normally plays relatively weak role in another one. Even if each 
one reaches the maximum output power point, the reduced 
output of another for the adverse interaction will not influence 
the overall output of system. In this regard, by integrating the 
TENG and the EMG together, the two generators can indepen-
dently harvest energy by their own with a very slight and neg-
ligible mutual interaction. More importantly, both TENG and 
EMG can independently harvest energy on their own domains 
and mutually compensate each other, which can greatly expand 
the scope of application in a wide operation frequency and load 
resistance.

To increase the output performance of the hybrid nanogen-
erator, the device structure was initially optimized by exploring 
the output performances caused by changed inner topological 
structures. Considering the operation mode of TENG, the 
cubic device can be divided into several separated chambers 
shaped in triangular prism structure (Figure  4a; Figure S4, 
Supporting Information). Based on the fabricated devices with 

changed inner topological structures, typical electric signals for 
both TENG and EMG were measured (Figure S5, Supporting 
Information). Specifically, Voc of TENG decreases from 550 to 
350  V with the increasing number of inner segments, while 
Isc of TENG increases from 1.0 to 3.0 µA, exhibiting a reverse 
trend. The change of Voc and Isc generally confirms the prin-
ciple of freestanding mode, in which the change of Voc can be 
attributed to the variation of equivalent capacitor. The capacitor 
between two boards with fixed angle in single segment can be 
calculated as the plane-parallel capacitor mode, whose equiva-
lent capacitor value exhibits reciprocal relationship to the angle. 
In this case, as the inner segments increase, the triboelectric 
charges on both boards remain almost the same, while the 
value of equivalent capacitor increases, leading to a decrease in 
Voc, as for the Isc, which is related to the transfer charge quan-
tity and the flow rate of charges. With the increase of inner seg-
ments, the total triboelectric charge quantity linearly increases, 
and the flow rate of total charges increases as well due to the 
shorter swing distance. Therefore, the value of Isc would be fur-
ther increased. For the EMG, Voc decreases with the increasing 
number of segments and Isc shares a similar downtrend due to 
resistive impedance type of EMG. The output powers for both 
TENG and EMG are also obtained by connecting varied external 
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Figure 4.  Inner topological structure that influences the energy utilization efficiency of the device. a) Schematic illustrations of hybrid nanogenerators 
with two, three, and four chambers. Dependence of output peak powers on varied resistive loads for the hybrid nanogenerators with b) two chambers, 
c) three chambers, and d) four chambers. e) Dependence of relative mechanical energy stimulated into the device and energy output tendency on the 
increasing topology number by theoretical derivation. f) Dependence of relative output voltage and output charges on the increasing topology number 
by theoretical derivation (left), and schematic diagram of V–Q curves with different topology numbers (right) (dash line shows the maximum energy 
that can be generated by the TENG device and shadow area represents the energy that can be utilized when using a constant external load).
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resistances (Figure 4b–d). The operating load ranges as well as 
the matched load resistances for TENG and EMG remain the 
same, while the maximum value of output power varies with 
different designs. Specifically, with the increasing number of 
inner chambers, the output power for EMG decreases with a 
decline rate of ≈7%, while the power for TENG increases with a 
growth rate of ≈60%, demonstrating that the inner topological 
structure exhibits a significant influence on the output perfor-
mance of TENG, but less impact on that of EMG. Therefore, 
the effect of inner topological structure on the output perfor-
mance of TENG was further explored.

The output performance of TENG used for energy har-
vesting can be normally regarded as the efficiency of energy 
conversion that converts the external mechanical energy into 
electric output. Herein, we initially proposed that the energy 
conversion can be further subdivided into two parts: the energy 
collected from external environment and the energy that can 
be stored. In this case, the energy conversion efficiency can be 
expressed as follows

total collect storeη η η= × 	 (4)

where the energy conversion efficiency ηtotal is a combined 
result of the energy collection efficiency ηcollect and the energy 
storage efficiency ηstore. The energy collection efficiency can be 
defined as

collect
output

input

E

E
η =

	
(5)

where Einput is the required external mechanical stimulation and 
Eoutput is the maximum energy output it can provide, which all 
vary with the increasing inner topology number. As shown in the 
top left of Figure 4e, the angular displacement for the movable 
board decreases with the increasing number of segments; thus, 
the descending height for the center of gravity is reduced. As a 
result, less mechanical stimulation is required to achieve a com-
plete contact–separation process for electricity generation. On 
the other hand, as shown in the bottom left of Figure  4e, the 
equivalent capacitor value increases as the spacing distance of 
electrodes reduces. Therefore, more triboelectric charges can be 
stored on the surfaces of electrodes to enhance the maximum 
energy output. As topology number largely increases, the relative 
mechanical stimulation and the relative energy output can be 
theoretically derived with the curves displayed in Figure 4e. The 
curve for the mechanical stimulation declines sharply and then 
gradually reaches a saturation value with the increasing topology 
number, while the curve for the energy output exhibits a reverse 
trend. The higher energy collection efficiency therefore can 
be achieved through the increased energy output and reduced 
mechanical stimulation by increasing the topology number. In 
addition, the mechanical stimulation can also be regarded as 
the threshold value of energy input for triggering the device 
operation, which should be considered in the energy harvesting 
field. For the harvesting device, a certain value of energy input 
is necessary to start the electricity generation. However, when 
the actual energy input is lower than the threshold value, the 
device cannot effectively harvest this external energy, leading 
to a waste of the energy. Although the external energy can be 

largely converted in the harvesting device, the converted energy 
cannot be fully stored because of the energy storage efficiency, 
which is expressed as follows

store
stored

output

E

E
η =

	
(6)

where Eoutput is the maximum energy output as mentioned ear-
lier and Estored indicates the energy that can be effectively stored. 
The output energy from TENG is generally stored in capacitors 
or other energy storage units, and the amount of energy stored 
is determined by the energy storage efficiency. Because of the 
variation of equivalent capacitor value, the output voltage of 
TENG has an opposite relationship to the output charge with 
the increasing number of inner segments, which can be theoret-
ically derived as plotted in Figure 4f. However, for most energy 
storage units, the operation voltage is relatively low compared 
with the output voltage of TENG. In this case, if the TENG with 
high output voltage is connected with the storage unit, a small 
amount of energy will be transferred to the unit, resulting in a 
low efficiency. As a result, the output voltage of TENG should 
be lowered to the same level as the operation voltage of storage 
units, leading to the maximized output charges. The schematic 
diagram is illustrated in Figure 4f, where the dashed area indi-
cates the maximum energy output of TENG and the shadow 
zones indicate the maximum energy that can be stored in the 
storage unit. The dashed area increases from state (i) to state 
(iii), showing the increased maximum energy output of TENG. 
During each state, a certain voltage value can be referred to 
as an operation value of the energy storage; when the output 
voltage of TENG is above that value, the output charges are lim-
ited. Detailed theoretical calculation is provided in Figures S6 
and S7 in the Supplementary Information.

Based on the determined inner structure, other factors 
such as oscillation frequency, amplitude, and dielectric mate-
rials were further studied. As demonstrated in Figure  5a,b, 
the output voltage and current for both TENG and EMG 
under a wide frequency range were achieved by two working 
modes: a shaking mode providing low-frequency oscillation 
driven by a shaker and a shifting mode providing relatively 
high-frequency oscillation driven by a linear motor. For TENG, 
Voc gradually decreases as the platform working frequency 
increases in the two working modes, while Isc generally exhibits 
a reverse trend with the increasing platform working frequency, 
except for the sharp drop during the platform switching, which 
is a result of the reduced transfer charges. Meanwhile, for EMG, 
both Voc and Isc exhibit a similar linearly upward trend with the 
increasing platform working frequency in each working mode, 
but this upward trend varies with the change of working mode 
because of an extra vertical component of acceleration for the 
magnets in the shaking mode. The driving frequency generally 
has an important effect on the output performance of nano-
generator, by changing the flow rate of charges in TENG and 
the velocity of magnet in EMG. Additionally, the total quantity  
of triboelectric charges is also influenced by the frequency 
through the alteration of effective contact area, especially in the 
low-frequency range. The effective contact area, on the other 
hand, can be changed by the variation of amplitude in the 
shaking mode, resulting in the different output performances. 

Adv. Energy Mater. 2018, 1802892
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As demonstrated in Figure 5c, the variation of amplitude is rep-
resented by the swing angle, which is the angle between the 
center lines of the device at the original position and the posi-
tion of maximum amplitude. It is well observed that the Voc and 
Isc curves of both TENG and EMG move up with the increasing 
amplitude, indicating that the amplitude plays a positive role in 
improving the output performance. Specifically, the improved 
output of TENG is attributed to the increased effective contact 
area under a wide swing angle, while that of EMG is because 
of the enhanced velocity component in the direction through 
the coil. Also, regarding the effect of triboelectric charge on the 
output of TENG, different dielectric materials were employed 
for further comparison. Figure 5d,e shows the electrical output 
of TENG with different materials, i.e., polyethylene terephtha-
late, polyethylene, Kapton, polyvinyl chloride (PVC), PTFE, 
and PTFE after modification. Overall, the values of Voc and Isc 
for different materials basically reflect the ability of triboelec-
tric charge generation, which is consistent with the electron 
affinity of these materials. The PTFE after modification can 
produce more triboelectric charge by the enhancement of sur-
face roughness.

To further explore and compare the overall energy output 
capability for TENG and EMG, the average output powers over 
a broad frequency range were collected and calculated by con-
necting to external loads through a rectifier. The arrays of light-
emitting diodes (LEDs) were employed as the external load for 
visual comparison. Of these, 60 blue LEDs were connected in 
series, while 50 green LEDs were connected in parallel, with 
the circuit diagram shown in Figure S8 in the Supporting 
Information. Notably, the total power consumption values for 
the 60 blue LEDs and the 50 green ones were basically equal 
due to the individual different resistances. Figure 6b shows the 
average output power of TENG and EMG collected from two 
platforms, and Figure  6a,c displays the different brightness 

of LEDs under the corresponding frequency. The brightness 
of LED arrays is in accordance with the curves calculated by 
the collected signals. It is clearly observed that the TENG pro-
duces a higher output than the EMG in the shaker platform 
(<1  Hz), indicating that the energy conversion of TENG is 
more efficient than that of EMG in the low-frequency range. 
More importantly, the external load for TENG was constituted 
by the series LED arrays, whose resistance value is far away 
from the optimized resistance value (≈100 MΩ). However, the 
average output power of TENG is ten times that of EMG. The 
brightness contrast of LEDs can also reflect the different output 
powers as shown in Figure 6a. The brightness of LEDs intensi-
fied as the frequency increased, and the blue LEDs were appar-
ently brighter than the green ones.

Once switching to the linear motor platform, the average 
output power for EMG increases rapidly, while the growth rate 
for TENG increases slightly; the two curves thus intersected 
at a frequency of 5.75  Hz. We define the threshold frequency 
( fth) as the frequency at which the average output powers for 
TENG and EMG are equal, and the whole frequency range can 
be divided into the TENG-dominant range (below fth) and EMG-
dominant range (above fth). When the frequency increases to 
the EMG-dominant range, the output power of EMG is higher 
than that of TENG, and the green LEDs have more brightness 
than the blue ones (Figure 6c).

The reason that the energy conversion efficiencies for 
TENG and EMG varied with different frequency domains 
can be attributed to their intrinsic characteristics. Specifi-
cally, the TENG produces the output power by the transfer of 
almost unchanged triboelectric charges and maintains a high 
voltage due to the high electric potentials caused by the tribo-
electric charges. The frequency therefore mainly affects the 
flow rate of these charges, and the output power is limited by 
the current value. However, the limited current value at low 

Adv. Energy Mater. 2018, 1802892

Figure 5.  Factors that influence the electric output of hybrid nanogenerator. Voc and Isc of a) TENG and b) EMG vs the platform working frequency under 
both shaking mode (left) and shifting mode (right). c) Voc and Isc of TENG and EMG vs the amplitude under shaking mode at a driving frequency of 
1 Hz. d,e) Voc and Isc of TENGs fabricated with different dielectric materials.
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frequency can be compensated by generating more triboelec-
tric charges, thus improving the output power. This unique 
feature of TENG can also benefit the output power when 
connecting with a high-resistance load. On the contrary, the 
EMG generates the output power by the electromotive force, 
whose value entirely relies on the frequency. Both voltage 
and current remain at a low level at the low-frequency range, 
leading to a very low output power. When the TENG and EMG 
were connected to external load through a rectifier, a certain 
voltage drop (0.3–0.8 V) should also be considered. For TENG, 
this voltage drop is negligible compared with its high voltage  
output, resulting in a very little energy loss. However, for  
the EMG as a low-voltage generator, this relatively high voltage 
drop would largely increase the energy loss, especially in the 
low-frequency range.

The different overall energy output capabilities for TENG 
and EMG have also been demonstrated by charging capacitors 
under various frequencies (Figure  6d,e). While charging the 
capacitors by TENG through rectifier, the voltage of the capac-
itor can be charged up to the maximum open-circuit voltage, 
which is about 400 V in our case. The charging rate is positively 
correlated with the operation frequency, while has a negative 
correlation with the capacitance value (Figure 6d). However, for 
the EMG, the voltage of the capacitor will be rapidly charged up 
to a saturation value, which is limited by the low open-circuit 
voltage. Due to the high current, the charging rate remains 
almost the same regardless of the alterations of operation fre-
quency and capacitance value. The increasing operation fre-
quency can only influence the saturation voltage by improving 

the open-circuit voltage of EMG. Notably, the saturation voltage 
for capacitance values varied slightly at the same frequency, 
which is a result of various voltage drops for different capaci-
tors. Because of the low saturation voltage, most energy from 
the EMG cannot be stored and is largely lost, leading to more 
energy loss compared with TENG.

To demonstrate the performance of hybrid nanogenerator for 
large-scale blue energy harvesting, the device was full packaged 
in an acrylic shell and installed on one side of a wing-structure 
bracket. For the experimental demonstration, a water wave sim-
ulation platform consisting of a homemade water tank and a 
linear motor was employed. As shown in Figure 7a, an acrylic 
plate anchored at the end of the linear motor was used to push 
the water, and the water waves with different frequencies can be 
achieved by adjusting the velocity of linear motor. Herein, typ-
ical electrical signals for both TENG and EMG were collected 
under a wave frequency of ≈1 Hz (Figure 7d–h). For TENG, a 
Voc of 400  V and maximum Isc of 15.3 µA have been reached 
on the simulated water wave, while the EMG can output a Voc 
of 1.7 V and an Isc of 5.4 mA. The charging characteristics for 
TENG, EMG, and hybrid nanogenerator were obtained at dif-
ferent wave frequencies by using a capacitor of 10 µF, and the 
charging voltage curves are plotted in Figure  7i, suggesting 
that the charging characteristics for TENG and EMG heavily 
depend on their inherent features. The hybrid nanogenerator 
with the integrated features can charge the capacitor in two pro-
cesses, providing not only high charging voltage, but also rapid 
charging rate. Initially, the capacitor was rapidly charged up to 
the saturation voltage determined by EMG, and then gradually 

Figure 6.  Overall energy output capabilities for TENG and EMG. Photographs of LED arrays supplied by TENG and EMG under a) shaking mode 
and c) shifting mode. b) The average output powers for both TENG and EMG under varied platform working frequencies with LED loads. Charging 
performances of d) TENG and e) EMG for various capacitors under varied platform working frequencies.
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charged up to the maximum voltage of TENG. The saturation 
voltage values in the first stage and the charging rates in the 
second stage were both increased by the increasing frequency 
of water waves (Figure 7i). Finally, we demonstrate two applica-
tions for the hybrid nanogenerator to supply electricity for LED 
arrays and a thermometer. In the first demo, 50 green LEDs in 
parallel were connected to the EMG part and 60 blue ones were 
connected to the TENG part. The observed lighting of LEDs in 
the video indicates the stable electrical output for both parts 
under the water wave (Figure  7b; Video S1 in the Supporting 
Information). In the second demo, the output of each part is 
rectified and then connected together in parallel to charge a 
capacitor of 100 µF; the thermometer started to work to dis-
play the right room temperature when the voltage of capacitor 
increased to about 1.5 V (Figure 7c; Video S2 in the Supporting 
Information). Furthermore, with the flexible coupling struc-
ture, the proposed device can be easily linked together to form 
a nanogenerator network, which exhibits an effective and sus-
tainable potential for large-scale blue energy harvesting in the 
future.

3. Conclusion

In summary, a hybrid TENG and EMG nanogenerator system 
based on an optimized cubic structured unit has been dem-
onstrated for water wave harvesting. The TENG consisting of 
etched PTFE films and Cu electrodes is designed into cubic 
structure, in which the contact-freestanding mode is first uti-
lized to solve the existing difficulties and enhance the efficiency 
of energy harvesting. Meanwhile, the EMG consisting of two 
pairs of magnets and coils is well hybridized. By integrating the 
complementary output characteristics of TENG and EMG, the 
hybrid system is able to deliver a satisfactory output in a broad 
range of operation frequency. The device with four inner cham-
bers was initially determined by comparing the output perfor-
mances of optional designs. After that, the effects of oscillation 
frequency, amplitude, and dielectric materials that influence the 
output performances of TENG and EMG were studied based 
on different platforms (shaker and linear motor). Furthermore, 
the overall energy output capabilities for TENG and EMG were 
demonstrated through calculated average output powers and 

Figure 7.  Demonstration of the hybrid nanogenerator as a practical power source under real water environment. a) Photograph of hybrid nanogen-
erator system with a double-wing structure. Photographs of the hybrid system connected with b) LED arrays directly and c) a thermometer through a 
rectifier. Electric measurements such as d) Voc, e) Isc, and f) Qsc of TENG, and g) Voc and h) Isc of EMG in a real water environment at a wave frequency 
of ≈1 Hz. i) Charging performances of TENG, EMG, and hybrid nanogenerator for a capacitor of 10 µF at different water wave frequencies controlled 
by different driving forces.
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capacitors’ charging analysis. As a result, the optimum opera-
tion frequency ranges for TENG and EMG were concluded and 
the hybrid charging strategy was proposed. Finally, the pack-
aged hybrid nanogenerator was demonstrated to harvest simu-
lated water wave energy to simultaneously drive LEDs directly 
and a thermometer through a rectifying circuit. With the flex-
ible coupling structure, the fabricated hybrid nanogenerator 
renders an effective and sustainable progress in the practical 
applications of large-scale blue energy harvesting over a broad 
frequency range

4. Experimental Section
Modification of PTFE Film and Cu Electrode: The surfaces of Cu 

electrode and PTFE film were modified by electro-erosion and plasma-
etching methods, respectively, to increase surface roughness and the 
triboelectric charges.

For Cu electrode, the electrochemical erosion was conducted under 
the electrodischarge platform. Cu foils (100  µm in thickness) were 
first cut into rectangular samples and then rinsed in water followed 
by ethanol. The treated samples were placed in the discharge fixture 
that was immersed in the 0.5 mol L−1 CuSO4 solution. The ends of Cu 
sample were clamped by metal clips that were connected in parallel 
with the anode and cathode of the power supply. The electrochemical 
erosion with a constant current density of 20 mA cm−2 was applied on 
the surface of Cu sample for 30  min, and the applied voltage ranged 
from 0.535 to 0.659 V. After that, the well-modified Cu samples without 
impurities were selected according to the results of XRD patterns.

The PTFE films (50  µm in thickness) were placed in plasma 
instrument (Smart Plasma 10 of Germany Plasma Technology) chamber 
and engraved by 400 W, 40  kHz air plasma for 10 min. After that, the 
treated samples were ultrasonically cleaned with deionized water and 
ethanol successively, and dried in a drying oven.

Fabrication of TENG: The TENG is composed of two parts: an acrylic 
box and four shakable boards. For the acrylic box, a laser cutter (PLS6.75, 
Universal Laser Systems) was employed to cut 1/8 in. thick acrylic 
sheets into rectangular shapes with different dimensions as the walls of 
the acrylic box (4.5 in. × 5 in., 4.5 in. × 6.5 in., and 5 in. × 6.5 in.). The 
margins of these processed sheets were cut into bulges and trenches for 
easy assembling. The acrylic box used as the shell of TENG was divided 
into four separate chambers by three acrylic clapboards with the same 
thickness. Two of them were used as slopes with the dimensions of 
4.25 in. × 6 in., and the other one was used as the vertical baffle with the 
dimensions of 4.5 in. × 6.5 in. The as-prepared Cu foils were attached 
on the internal walls of each chamber as the electrodes. Meanwhile, 
the as-prepared PTFE films were covered on the four shakable boards 
that were also cut from a 1/16 in. thick acrylic sheet with the same 
dimension. One edge of the shakable board was fixed at the roof of 
each chamber by attached flexible films (PVC films with 100/200  µm 
thickness), making the board freestanding and allowing easy contact 
with the walls of chambers. Copper wires were used to parallelly connect 
all the electrodes in four chambers as two terminals according to the 
contact status between PTFE film and Cu electrodes under oscillations.

Fabrication of EMG: The EMG was composed of two pairs of magnets 
and two pairs of copper coils. Before attaching the PTFE films, two 
pairs of NdFeB permanent disk magnets (1 in. diameter and 1/16 in. 
thickness) were embedded in the shakable boards that belong to the one 
of the outermost chambers by cutting holes in the boards. Two pairs 
of copper synclastic twined coils (outer diameter of 4.5  cm and inner 
diameter of 1 cm) were attached on the left and right sides of the box, 
with their centers aligned in line with the centers of the magnets, when 
the shakable board contact with the walls of box. The adjacent magnets 
were arranged in the same magnetic polarizations and the adjacent coils 
were also placed in the same winding directions. Copper wires were 
used to connect the coils in series to produce EMG output.

Assembling of the Hybrid Nanogenerator System: The hybrid system 
was designed in a double-wing structure, which consisted of two 
coupled hybrid nanogenerator units and one pivot hinge as a center of 
the link. Each unit was first fully packaged in an acrylic box and then 
supported on a bracket. The bracket was connected by two cantilever 
beams that were anchored on the bearing support in the pivot hinge. 
Four shielded bearing supports (outer diameter of 4.5  cm and inner 
diameter of 1.5  cm) were installed on a square ring to constitute the 
pivot hinge. The bracket, the cantilever beams, and the square ring were 
all made up of PVC for the light weight. In addition, the pivot hinge was 
floated on water with polyfoam so that the nanogenerator could operate 
parallel to the wave direction and effectively ride the waves.

Electrical Measurement: The typical electrical signals of the hybrid 
nanogenerator were acquired via Keithley 6514 system electrometer. The 
software platform was constructed based on LabVIEW, which is capable 
of realizing real-time data acquisition control and analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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