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KEYWORDS Abstract

Mechanical energy New technologies that can scavenge ambient environmental energy have attracted increasing
harvesting; interest in the past decades. Recently, triboelectric nanogenerator (TENG) has been demon-
Triboelectric strated as a powerful approach for harvesting various forms of mechanical energies. In this
nanogenerators;

work, a newly designed TENG is demonstrated by coaxially integrating multiple layers disk

?g&.mgmﬁﬁ TENGs into a whole system, which transforms the fluid flow into rotation motion of multiple
techr[? ology g layers disks and generates a multiplied electrical output. To achieve the effective structural

integration and output multiplication, a D-shape shaft is adopted to facilitate the synchronized
relative rotation of all the segmentally-structured disk layers and light weight and low stiffness
springs are employed to ensure the intimate contact of the tribo-surfaces. With the above
design, the nanogenerator delivers an open-circuit voltage up to ~470V and a short-circuit
current density of 90.6 mA/m?, corresponding to an instantaneous maximum power density of
42.6 W/m? (2.68 kW/m?3) at a rotation speed of 1000 rpm. By combining the TENG with a water
turbine, the device can be effectively driven by a water flow from a common household faucet.
This technology represents an important advance of TENGs toward practical applications and
shows great potential in hydroelectric power and wind power industries.
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energy from ambient environment [1-3]. Among various
energy sources, mechanical energy is one of the most
effort-attracting candidates because it universally exists in
our living environment, but usually goes to waste. In this
regard, nanogenerator (NG), which utilize nanostructures
for converting environmental mechanical energy into
electricity, has been developed as a very effective and
practically-applicable technology since 2006 [4-6]. Recently,
along the progressive track of this area, triboelectric
nanogenerator (TENG) has emerged as a promising sub-
category based on the conjunction of triboelectrification
and electrostatic induction [7-10]. With the numerous
advantages such as simple fabrication, low cost, light
weight, small volume and high efficiency, TENGs are not
only becoming unprecedented technology for mechanical
energy conversion, but also showing a great potential as
self-powered active sensors [11-14]. Until now, two funda-
mental working modes have been established for TENGs -
vertical contact-separation mode and in-plane sliding mode
with distinct characteristics and different application areas
[15-18]. Compared with the vertical contact-separation
mode, the in-plane sliding mode enables more compact
structures, and is more effective for triboelectric charge
generation and transfer, thus more efficient for charging
energy storage units. Moreover, the electricity generation
efficiency based on this mode can be easily enhanced by
introducing segmental or grating design to achieve multi-
cycles of charge transfer in one sliding motion. As a typical
structure, disk-based TENG was demonstrated to be a
promising structure for harvesting rotation energy [19].
Since most types of irregular motions can be transformed
into rotations by certain mechanisms, such disk TENGs are
applicable for scavenging different forms of mechanical
energy, similar to the electromagnetic-induction-based
turbine engines. However, in the first design of the disk
TENG, only one pair of triboelectric layers were driven to
slide by rotation motion, which is inefficient for fully
utilizing the input energy. Thus, it is highly desirable to
realize multi-layered integration [20] on the disk TENGs,
which requires two critical issues resolved in the structure
design in order to reach a multiplied output performance:
intimate contacts between any two adjacent triboelectric
layers maintained during the rotation, under a minimized
pressing for a small resistance; strictly synchronized rota-
tion of all the segmentally-structured disk pairs so that the
output from each pair can be perfectly added-up.

Here in this work, we developed an effective strategy
for the multi-layer integration of the disk TENGs, with the
above two issues resolved. In this design, a D-shape shaft
was introduced to coaxially transmit the rotation motion
onto each rotor (rotating part in each pair of triboelectric
layers), with the segmental phase synchronized. On the
other hand, to maintain intimate contact of the tribo-
surfaces, light weight and low stiffness springs were
adopted to fix the stators at the four corners and provide
a gentle and adjustable pressing force. Through a parallel
connection of four integrated units into one multi-layered
disk TENG, the device is capable of generating an enhanced
short-circuit current density (Jsc) of 90.6 mA/m? with a peak
power density of 42.6 W/m? (2.68 kW/m?), under an input
rotating speed of 1000 rpm. Furthermore, when the device
is coupled with a water turbine, the multi-layered TENG can

effectively harvest water flow energy, producing a max-
imum short-circuit density of 26.3 mA/m? by scavenging the
water flowing from an ordinary household faucet, which
can be used as a direct power source for instantaneously
lighting up hundreds of serially connected light-emitting
diodes (LEDs). This work provides a significant progress for
the power improvement and applicability of triboelectric
nanogenerators for harvesting large scale mechanical
energy, such as hydroelectric power and wind power.

Results and discussion

The multi-layered disk TENG is mainly composed of two
groups: rotors with Al film as the attached triboelectric
layers, and stators with the purposely chosen polytetra-
fluoroethylene (PTFE) film as the other triboelectric layers.
They are coaxial with the input rotation motion, as sche-
matically depicted in Figure 1a. For achieving flat surfaces,
acrylic sheets were used as template substrates for both of
them. At first, they were processed by laser cutting to form
eight-sector structures with through-holes in the center for
the shaft connection, which were of the same shape as the
attached triboelectric layers. For the rotor templates, the
center-hole is of D-shape, strictly matching the D-shaft we
used, so that they can be led by the shaft to rotate with
little angular variations (Figure 1b). Both sides of a rotor
substrate were deposited with Al films by e-beam evapora-
tion, which serve as one side in a disk TENG unit. As for the
stators, the center-hole is in round-shape, with the dia-
meter a bit larger than the D-shape shaft. In this way, the
stators will not rotate with the spinning shaft. On their
surfaces, 50-um-thick PTFE films with aluminum electrodes
on the back side were securely attached. For the four-layer
integration as depicted in Figure 1, the stator placed in the
middle was double-side coated with PTFE. The multiple-
layered structure was obtained by stacking three stators
and two rotors in an alternating sequence, with the D-shape
shaft going through all the center-holes. Each pair of PTFE
film and aluminum film next to each other constitutes a
disk-TENG unit. The stators were fixed together by 4 screws
going through the holes in their four corners, with one screw
fastened to a bracket to ensure their stationary during
operation. In order to maintain intimate surface contact
between adjacent tribo-layers, low-stiffness springs were
installed on these screws to apply a well-controlled gentle
pressing force between the plates. When the D-shape shaft
is connected to a rotating object, e.g. a rotary motor in the
experimental measurement, all the Al layers on the rotors
will be driven to rotate with the same phase, while the PTFE
layers on the stators will stay still. In this manner, the
relative rotation between the adjacent layers enables
periodic contact-separation cycles of the opposite tribo-
electric charges, and thus generates electricity in each
layer. When all of the four layers of the multi-layered disk
TENG are connected in parallel, the current with the same
phase can be added up, contributing to a multiplied power
output. It is worth noting that, in order to enhance the
surface roughness and promote the triboelectrification
intensity, the aluminum films on the rotor part were coated
with silver nanoparticles [21]. Figure 1c shows the SEM
images of the assembled silver nanoparticles on Al film,
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Figure 1

Device structure of the multi-layered disk triboelectric nanogenerator (TENG). (a) The schematic diagram showing the

structure design of the multi-layered disk TENG. (b) The enlarged picture showing the D-shape shaft going through all the center-
holes. (c) The SEM image of the silver nanoparticles coated on the aluminum electrode of the rotor part, the inset is the SEM image

in higher magnification.

which uniformly distribute across the whole surface with an
average diameter of 50 nm. In this experimental demon-
stration, the projected surface area of the TENG device is
34.2 cm?. In the following discussion, this value will be used
to calculate the transferred charge density, current density,
and power density of the multi-layered device.

The operation mechanism of the multi-layered disk TENG
can be explained as the coupling of the contact electrifica-
tion and the relative-rotation-induced charge transfer.
For simplicity, we adopted a structure with two tribo-
electric units to illustrate the multi-layer integrated elec-
tricity generation process, as shown in Figure 2a. For a
parallel integration, the aluminum films in the two layers of
units are connected together, while the two PTFE's electro-
des are also connected as the other common electrode. In
the first state (Figure 2a4), the rotor and the stators are at
the overlapping position where the triboelectric surfaces
are in closely contact. Since the PTFE is a more triboelec-
trically negative material than aluminum [22], electrons
will be injected from Al surfaces to PTFE, leaving the PTFE
surfaces negatively charged and the Al surfaces positively
charged with equal density. But there is little electric
potential drop across the two electrodes, thus no electron
flowing through the external circuit at this state. When the
rotor is driven to rotate and slide against the stator surfaces
(stage a;), the overlapping area starts to decrease, resulting
in an in-plane separation of the opposite tribo-charges in
both of the two layers. This induces a higher potential at
the aluminum common electrode of the rotor part in
reference to the common electrode of PTFE, which
will drive a current flow from the rotor part to the stators
in order to screen this induced potential difference.
This electricity generation process will last until the
two parts rotate to a complementary position without
overlap in contact area, which fully separates the opposite

tribo-charges, as shown in Figure 2as. In this state, all of the
mobile tribo-charges on the Al films have been transferred
to the common electrode of PTFE, which doubles the
amount of transferred charges as driven by the one-layer
structure. As the rotor continues spinning, the aluminum
films will gradually get contact with adjacent sector of PTFE
films (stage a4), resulting in an increase in the overlapping
area, and thus a decrease in the tribo-charge-induced
potential difference. As a result, the transferred charges
on the PTFE electrodes will flow back to the aluminum film
through external load in order to re-establish the electro-
static equilibrium, which contributes to the second cycle of
current in reverse direction. When the rotor reaches the
fully overlapping position with the stators again (stage a;),
all the positive tribo-charges will flow back from the PTFE
electrode to the Al films. Therefore, in each individual
cycle, triboelectric charges from each layer of TENG ele-
ment will contribute to the electrical output of the whole
device, which means that the amount of transferred charges
in the multi-layered TENG will theoretically equal to the
summation of the charge transfer from each single tribo-
electric unit. This will lead to the multiplied current signal
and thus the multiplied power output, compared to the
single-layered disk TENG.

In order to verify this output enhancement from multi-
layer integration, we employed finite element simulation
(FEM) to compare one-layer structure (Figure 2b) with two-
layer integration (Figure 2c) in their generated potential
difference between the two electrodes at the open-circuit
condition and the transferred charge density at the short-
circuit condition when both of them are at the fully
displaced state. For the simplicity, the 2-dimensional mod-
els were utilized. Each tribo-charged surface has the same
area of 10 mm x 1 mm and is assigned with a charge density
of +8uC/m? (positive for Al and negative for PTFE).
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Figure 2 Working mechanism of the multi-layered disk TENG. (a) A full cycle of electricity generation process of the TENG.
(b) Finite element simulation of the potential difference and transferred charge density for the disk TENG with one tribo-charged
unit. (C) Finite element simulation of the potential difference and transferred charge density for the disk TENG with two tribo-

charge units.

According to the Figure 2b, the calculated open-circuit
voltage (V,c) and transferred charge density (Ac) from the
single-layered TENG structure are 1658 V and 7.76 uC/m?,
respectively. When another layer of the same structure is
integrated adjacently, which has a synchronized in-plane
displacement (Figure 2c), the V,. and Ac between the two
groups of parallelly-connected electrodes will increase to
2229V and 15.72 pC/m?, respectively. By comparing these
two groups of results, the transferred charge density is
doubled through this multi-layer integration, as expected
from the theoretical discussion. On the other hand, the
elevation of the V, should come from the superposition of
the electric fields generated by the two groups of separated
tribo-charges, which are located close to each other
[23,24]. Therefore, the numerical simulation results clearly
illustrate that the multi-layer integration of the disk TENG is
a very effective approach to get multiplied electrical out-
puts, and hence improved efficiency than the single unit
one, as long as all the layers rotates at the same phase.
The electrical outputs of the four-layered disk TENG,
as structurally described in Figure 1, were measured by
connecting the shaft to a spinning motor with a rotation
speed of 10 rpm (Figure 3). The rotors were driven to make
a relative rotation movement against the stators. At first,
the V., short-circuit current density (Js), and Ac of each
individual units (named as Unit 1-4, respectively) were
measured separately. Figure S1 shows the measured results
for all the four layers (the outputs from Unit 1 are shown in

Figure 3a as typical results). It is observed that each layer of
disk TENG provides the electric outputs on the same level:
Vo Of ~400V; A of ~65puC/m?, and Js. of ~0.5 mA/m?,
with only a little variation. Thus, such a multi-layer
integration can help the input rotation motion to enable
effective electricity generation in these four layers. By
connecting the layers in parallel, the obtained output from
each layer can add up to give a multiplied output. As shown
in Figure 3b, when two triboelectric units were connected,
the transferred charge density was increase to 110 pC/m?
with an enhanced J,. of 0.9 mA/m?, both of which are about
twice of the one-layer results, while there is very little
change on the V,. (427 V). If three units were integrated,
the Ao and J,. were triply enhanced to 169 uC/m? and
1.2 mA/m?, respectively, and V,. still stayed comparable to
that from an individual layer. After connecting all of the
four units together, the Acg and Js. were further scaled up
and reached the highest values of 234 uC/m? and 1.5 mA/
m?, respectively. At this time, the V,. only had a small
increase to 470 V. From the above results, we can conclude
that the multi-layered integration with parallel electric
connection gives transferred charge density and short-
circuit current density a good superposition relationship,
while the open-circuit voltage will remain on the same
level, which are in good agreement with the simulation
results. Furthermore, based on the output enhance-
ment trend from increased layers, we should be able to
further improve the electrical outputs by integrating more



Harvesting hydropower

133

Tni ni 2
a1 Unit1 32 Unit1+2
400 r ' 400
S 300 S 300
8 200 <8 200
100 100 ‘
0 ' 0 ' ‘
024 681012141618 024 681012141618
Time (s) Time (s)
b4 bs
250 250
~ 200 =200
E 150 S 150
3 :
= 100 100
g <
T ey
0 0
02 46 81012141618 0246 81012141618
Time (s) Time (s)
Cq C2
15 1.5
1.0 — 1.0
§ 0.5 E 05
=T
g 0.5 = 05
S 10 < 10
15 1.5

02 46 81012141618
Time (s)

0246 81012141618

Time (s)

Unit 1+2+3+4

M !

0246 81012141618

a3 Unit1+2+3 a4

40
30
20
10

o

40

' u\“ il ==

o

o
o

o

Voe V)

o

10

o

o
(=]

0246 81012141618

Time (s) Time (s)
250 250
< 200 T 200
5 150 % 150
2 100 t 100
] <
< 50 50
0 0
024 6 81012141618 0246 81012141618
Time (s) Time (s)
C3 Cq4
1.5 1.5
E 1.0 T 10
< 05 S 05
£ o0 £ 00
8 0.5 o 0.5
® a0 S 0
-1.5 1.5
02 46 81012141618 024 681012141618
Time (s) Time (s)

Figure 3 Electrical output of the disk TENG with different configurations under the rotation speed of 10 rpm. (a;-a4) The open-
circuit voltage (V,c), (b1-b4) the transferred charges density (As), and (c4-c4) the short-circuit current density (Jsc) of the disk TENG

with one, two, three, and four tribo-charged units.

units into a whole device. Therefore, the multi-layered
parallelly-connected structure is an effect and indispensa-
ble method to achieve high electrical output, especially
large current density.

With the integration of four layers disk-TENG units, the
electrical output of the device can reach a high level at
an increased rotation speed of the rotors, since a larger
rotation speed will lead to a faster tribo-charge transfer
process, which increases the current density and thus the
output power density. As shown in Figure 4a, when the
rotation speed was set at 1000 rpm, the Js. of the TENG
reached 90.6 mA/m?, which is about 4 times as large as the
previously-reported single-layered disk TENG [19]. To char-
acterize the power output of the device, we also measured
the V,. under the rotation speed of 1000 rpm. As shown in
Figure 4b, the voltage remains the same value with that at
low-speed condition (10 rpm), which implies that the indis-
pensable intimate contact of the triboelectric surfaces
during rotation is not affected by the high rotary speed. In
practical applications, the energy harvester is usually con-
nected to external loads with different resistances, so that
we systematically studied the voltage and current outputs
on a series of different resistances, from 100 Q to 150 MQ.
As depicted in Figure 4c, the current density drops with the
increase of the external resistance, while the voltage across
the load shows a reversed tendency. Figure 4d illustrates
the power density as a function of load resistance. The
power density initially rises at a low resistance region and
then declines significantly at a higher resistance region,
showing a peak value of ~5W/m? at ~1 MQ (Figure 4d). To
investigate the relationship between the rotation speed and

current output of the multi-layered device, we carried out a
set of systematic measurements under different rotation
speed condition. As illustrated in Figure S2, with the
rotation speed being raised from 100 rpm to 1000 rpm, the
Jsc gradually increased from 6.16 mA/m? to 90.6 mA/m?2.
The variation tendency can be fit in a good linear relation-
ship (Figure S3), indicating its potential application in self-
powered active rotation speed sensor.

The disk TENG is a promising structure to harvest
different types of mechanical energies existing in the
nature. Moreover, it has been demonstrated recently that
this type of device can produce a larger output power and
more advantages than a traditional electromagnetic induc-
tion generator (EMIG) [25]. Therefore, the multi-layered
disk TENG, which delivers a multiplied electrical output,
may be an important alternative to traditional EMIG for
power generation. In practical application, through the
coaxial design in this work, the multi-layered disk TENG
can be easily coupled with a turbine or a windmill. Then,
irregular flow motions of fluid, such as water flow or wind,
can be effectively transformed to rotary motion of the shaft
and hence enable the electricity generation of the device.
As an example, the nanogenerator was demonstrated as a
practically applicable structure for harvesting the energy
of water flow. Through connecting the shaft with a water
turbine, the water flowing through the turbine can effec-
tively drive the rotation of the disk TENG (Figure 5b).
As shown in Figure 5a and Video S1, when the water flow
that comes from an ordinary household faucet was turned
on, the rotors of the multi-layered disk TENG were driven to
spin against the stators. In this manner, the mechanical
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energy of the water flow was effectively converted into
electricity, which is capable of instantaneously lighting up
100 commercial LEDs. Through a real-time measurement of
the current signal (Figure 5c), the J,. generated by the
water flow can be as high as 20 mA/m?2. From this demon-
stration, the similar methodology can be expanded to the
applications of harvesting energies from ocean wave and
wind power, which will make the multi-layered TENG an
effective approach to harvesting large-scale mechanical
energies.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.nanoen.2014.03.015.

Conclusions

In summary, we demonstrated a new TENG structure by
coaxially integrating multiple layers disk TENGs, which can
harvest mechanical energy to drive the rotation motion of
multiple layers disks and generate a multiplied electrical
output. To realize an effective structural integration and output
multiplication, we adopted the following two strategies. First, a
D-shape shaft was used to realize the synchronized relative
rotation of all the segmentally-structured disk layers so that the
output from each layer can be perfectly added-up. In addition,
to achieve intimate contact of the tribo-surfaces, light weight
and low stiffness springs were adopted to fix the whole
structure and provide a gentle pressing force. Through sys-
tematical performance characterization, the power superposi-
tion from every single layer of the multi-layered disk TENG
was clearly demonstrated. With the above rational design,
the nanogenerator, when operating at the rotation speed of
1000 rpm, can produces an open-circuit voltage up to ~470V
and a short-circuit current density of 90.6 mA/m?, correspond-
ing to an instantaneous maximum power density of 42.6 W/m?
(2.68 kKW/m?) at a rotation speed of 1000 rpm. After combining
the TENG with a water turbine, a water flow from a common
household faucet can drive the device to generate high-output
electricity, which is capable of instantaneously driving 100
commercial electronics (LEDs). Owing to the vast applicability
of the disk-structured TENG and the effective power enhance-
ment from the multi-layer integration, the multi-layered disk-
TENG we demonstrated in this paper represents an important
advance of TENGs toward practical application and shows great
potential in hydroelectric power and wind power industries.

Acknowledgments

This work was supported by U.S. Department of Energy,
Office of Basic Energy Sciences (DE-FG02-07ER46394), the
“thousands talents” program for pioneer researcher and his
innovation team, China, and NSFC (No. 61174017). Yannan
Xie thanks the support from the Chinese Scholars Council.

Appendix A. Supporting information
Supplementary data associated with this article can be
found in the online version at http://dx.doi.org/10.1016/
j.nanoen.2014.03.015.

References

[1] Z.L. Wang, Adv. Funct. Mater. 18 (2008) 3553-3567.
[2] B. Oregan, M. Gratzel, Nature 353 (1991) 242-246.
[3] B.Z. Tian, X.L. Zheng, T.J. Kempa, Y. Fang, N.F. Yu, G.H. Yu,
J.L. Huang, C.M. Lieber, Nature 449 (2007) 885-889.
[4] Z.L. Wang, J.H. Song, Science 312 (2006) 242-246.
[5] X.D. Wang, J.H. Song, J. Liu, Z.L. Wang, Science 316 (2007)
102-105.
[6] Y. Qin, X.D. Wang, Z.L. Wang, Nature 451 (2008) 809-U805.
[7] F.R. Fan, Z.Q. Tian, Z.L. Wang, Nano Energy 1 (2012) 328-334.
[8] G. Zhu, C.F. Pan, W.X. Guo, C.Y. Chen, Y.S. Zhou, R.M. Yu,
Z.L. Wang, Nano Lett. 12 (2012) 4960-4965.
[9] B.A. Grzybowski, A. Winkleman, J.A. Wiles, Y. Brumer,
G.M. Whitesides, Nat. Mater. 2 (2003) 241-245.
[10] H.T. Baytekin, A.Z. Patashinski, M. Branicki, B. Baytekin,
S. Soh, B.A. Grzybowski, Science 333 (2011) 308-312.
[11] FR. Fan, L. Lin, G. Zhu, W.Z. Wu, R. Zhang, Z.L. Wang, Nano
Lett. 12 (2012) 3109-3114.
[12] Z.H. Lin, Y.N. Xie, Y. Yang, S.H. Wang, G. Zhu, Z.L. Wang, ACS
Nano 7 (2013) 4554-4560.
[13] Y.N. Xie, S.H. Wang, L. Lin, Q.S. Jing, Z.H. Lin, S.M. Niu,
Z.Y. Wu, Z.L. Wang, ACS Nano 7 (2013) 7119-7125.
[14] L. Lin, Y.N. Xie, S.H. Wang, W.Z. Wu, S.M. Niu, X.N. Wen,
Z.L. Wang, ACS Nano 7 (2013) 8266-8274.
[15] Z.L. Wang, ACS Nano 7 (2013) 9533-9557.
[16] S.H. Wang, L. Lin, Z.L. Wang, Nano Lett. 12 (2012) 6339-6346.
[17] S.H. Wang, L. Lin, Y.N. Xie, Q.S. Jing, S.M. Niu, Z.L. Wang,
Nano Lett. 13 (2013) 2226-2233.
[18] G. Zhu, J. Chen, Y. Liu, P. Bai, Y.S. Zhou, Q.S. Jing, C.F. Pan,
Z.L. Wang, Nano Lett. 13 (2013) 2282-2289.
[19] L. Lin, S.H. Wang, Y.N. Xie, Q.S. Jing, S.M. Niu, Y.F. Hu,
Z.L. Wang, Nano Lett. 13 (2013) 2916-2923.
[20] P. Bai, G. Zhu, Z.H. Lin, Q.S. Jing, J. Chen, G. Zhang, J. Ma,
Z.L. Wang, ACS Nano 7 (2013) 3713-3719.
[21] Y.G. Sun, Y.N. Xia, Science 13 (2002) 2176-2179.
[22] A.F. Diaz, R.M. Felix-Navarro, J. Electrost. 62 (2004) 277-290.
[23] S.M. Niu, Y. Liu, S.H. Wang, L. Lin, Y.S. Zhou, Y.F. Hu,
Z.L. Wang, Adv. Mater. 25 (2013) 6184-6193.
[24] S.M. Niu, S.H. Wang, L. Lin, Y. Liu, Y.S. Zhou, Y.F. Hu,
Z.L. Wang, Energy Environ. Sci. 6 (2013) 3576-3583.
[25] C. Zhang, W. Tang, C.B. Han, F.R. Fan, Z.L. Wang, Adv. Mater.
(2013), http://dx.doi.org/10.1002/adma.201400207.

Yannan Xie is a Ph.D. candidate in Depart-
ment of Physics at Xiamen University
and also a visiting student in Zhong Lin
Wang's group in School of Materials Science
and Engineering at Georgia Institute of
Technology. His research interests focus
on nanomaterials synthesis, nanogenera-
tors, self-powered systems, and optoelec-
tronic devices.

Sihong Wang is a Ph.D. candidate working as
a graduate research assistant in School of
Materials Science and Engineering at Georgia
Institute of Technology, under the supervision
of Prof. Zhong Lin (Z.L.) Wang. He received
his B.S.in Materials Science and Engineering
from Tsinghua University, China in 2009. His
doctoral research mainly focuses on nano-
material-based mechanical energy harvesting
and storage, self-powered systems, nano-
generator-based sensors and piezotronics.


dx.doi.org/doi:10.1016/j.nanoen.2014.03.015
dx.doi.org/doi:10.1016/j.nanoen.2014.03.015
dx.doi.org/doi:10.1016/j.nanoen.2014.03.015
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref1
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref2
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref3
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref3
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref4
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref5
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref5
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref6
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref7
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref8
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref8
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref9
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref9
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref10
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref10
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref11
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref11
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref12
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref12
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref13
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref13
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref14
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref14
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref15
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref16
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref17
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref17
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref18
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref18
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref19
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref19
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref20
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref20
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref21
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref22
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref23
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref23
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref24
http://refhub.elsevier.com/S2211-2855(14)00044-5/sbref24
dx.doi.org/10.1002/adma.201400207
dx.doi.org/10.1002/adma.201400207
dx.doi.org/10.1002/adma.201400207

136

Y. Xie et al.

Simiao Niu is a Ph.D. candidate working as
a graduate research assistant in School of
Materials Science and Engineering at the
Georgia Institute of Technology, under the
supervision of Dr. Zhong Lin Wang. He
earned his Bachelor of Engineering degree
in the Institute of Microelectronics at Tsin-
ghua University in 2011 with the highest
honors and outstanding undergraduate the-
sis award. His doctoral research interests
include theoretical and experimental studies on: mechanical energy
harvesting by triboelectric nanogenerators and high-performance
piezotronic and piezo-phototronic sensors based on piezoelectric
nanowires.

Long Lin received his B.S. in Materials
Science and Engineering from Tsinghua Uni-
versity, China in 2010. He is currently a Ph.
D. student in School of Materials Science
and Engineering at Georgia Institute of
Technology. He is working as a graduate
research assistant at Prof. Zhong Lin Wang's
group. His research mainly focuses on nano-
material synthesis and characterization,
fabrication of high-output nanogenerators,
self-powered nanosystems, piezo-tronic and piezo-phototronic
effect of semiconductor nanostructures and various applications.

Qingshen Jing is a Ph.D. student majored
in material science and technology. He is
affiliated to Georgia Institute of Technology-
Peking University joint Ph.D. program and
currently doing research in Zhong Lin Wang's
lab at Georgia Tech. His research interests
focus on piezoelectric nanogenerators, tribo-
electric nanogenerators and active sensors.

Yuanjie Su is a Ph.D. candidate in the
School of Optoelectronic Information, Uni-
versity of Electronic Science and Technology
of China, and also currently a visiting stu-
dent in the School of Material Science and
Engineering at Georgia Institute of Technol-
ogy. His research interests include piezo-
phototronics, triboelectric nanogenerator,
nanostructured semiconductor and optoe-
lectronic devices.

Dr. Zhengyun Wu is currently a Professor at
the School of Physics and Mechanical &
Electrical Engineering, Xiamen University.
He received his B.S. and Ph.D. degree in
Physics from Xiamen University in 1982 and
1996, respectively. He was a visiting scholar
at Cornell University (1993-1994) and
Rutgers University (2001-2002). His research
interests include semiconductor physics,
optoelectronic devices, and fabrication of
nanomaterials.

Dr. Zhong Lin Wang is a Hightower Chair
and Regents's Professor at Georgia Tech. He
is also the Chief scientist and Director for
the Beijing Institute of Nanoenergy and
Nanosystems, Chinese Academy of Sciences.
His discovery and breakthroughs in devel-
oping nanogenerators establish the princi-
ple and technological road map for
harvesting mechanical energy from environ-
ment and biological systems for powering
personal electronics. His research on self-powered nanosystems has
inspired the worldwide effort in academia and industry for studying
energy for micro-nano-systems, which is now a distinct disciplinary
in energy research and future sensor networks. He coined and
pioneered the field of piezotronics and piezo-phototronics by
introducing piezoelectric potential gated charge transport process
in fabricating new electronic and optoelectronic devices. This
historical breakthrough by redesign CMOS transistor has important
applications in smart MEMS/NEMS, nanorobotics, human-electronics
interface and sensors.



	Multi-layered disk triboelectric nanogenerator for harvesting hydropower
	Introduction
	Results and discussion
	Conclusions
	Acknowledgments
	Supporting information
	References




