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ABSTRACT The triboelectric nanogenerator (TENG), a unique technology for
harvesting ambient mechanical energy based on the triboelectric effect, has been
proven to be a cost-effective, simple, and robust approach for self-powered
systems. However, a general challenge is that the output current is usually low.
Here, we demonstrated a rationally designed TENG with integrated rhombic
gridding, which greatly improved the total current output owing to the structurally
multiplied unit cells connected in parallel. With the hybridization of both the
contact-separation mode and sliding electrification mode among nanowire arrays
and nanopores fabricated onto the surfaces of two contact plates, the newly
designed TENG produces an open-circuit voltage up to 428 V, and a short-circuit

current of 1.395 mA with the peak power density of 30.7 W/m”. Relying on the
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TENG, a self-powered backpack was developed with a vibration-to-electric energy conversion efficiency up to 10.62(£1.19) %. And it was also

demonstrated as a direct power source for instantaneously lighting 40 commercial light-emitting diodes by harvesting the vibration energy from natural

human walking. The newly designed TENG can be a mobile power source for field engineers, explorers, and disaster-relief workers.

KEYWORDS: triboelectric nanogenerator - rhombic gridding structure - self-powered backpack - human walking

ver the past decades, increasing

research efforts have been devoted

to harvesting ambient environmen-
tal energy owing to the rapid-growing world-
wide energy consumptions. The search for
clean and renewable energy with reduced
carbon emission is urgent to the sustainable
development of human civilization. Nowa-
days people have become increasingly re-
liant on mobile electronic devices, such as
for the purposes of medical, communica-
tion, and positioning systems as one moves
around cities or in the remote areas. Pre-
sently, all of these devices are powered
by batteries, which have a limited energy
storage capacity and also add considerable
additional weight. More importantly, a bat-
tery has limited lifetime, and once it is out of
charges, it is “dead”. Meanwhile, the human
body has numerous potential mechanical
energy sources; thus, so far, a lot of portable
and renewable human motion-driven self-
powdered systems were developed relying
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on the piezoelectric effect,' ™ electromag-
netic effect,’ 8 electrostatic effect,”'® and
magnetostrictive effect."’

Recently, a triboelectric nanogenerator
(TENG), based on the universally known
contact electrification effect,’>~'° has been
proven to be a cost-effective and robust
approach for harvesting ambient environ-
mental energy.>° %8 A periodic contact and
separation between two materials with dif-
ferent charge affinities acts as a charge-
pump to alternately drive induced electrons
to flow between the electrodes through an
external load. A key challenge to TENG is its
relatively low output current. Here, we pre-
sented a rationally designed TENG with
integrated rhombic gridding as an effective
solution to this problem. The newly de-
signed TENG greatly improved the total
current output as well as the vibration-to-
electric energy conversion efficiency owing
to its structurally multiplied unit cells con-
nected in parallel. With the hybridization of
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Figure 1. Integrated rhombic gridding based triboelectric nanogenerator. (a) Sketch of a typical TENG with n = 3. (b) SEM
image of nanopores on aluminum electrode. (c) SEM image of PTFE nanowires. (d—f) Sketch and corresponding photograph
of integrated rhombic gridding based TENG with n = 1, 2, 3, respectively.

both contact and sliding electrification among polyte-
trafluoroethylene (PTFE) nanowire arrays and alumi-
num nanopores, the open-circuit voltage (Voc) and
short-circuit current density (/sc) of the TENG reach up
to 428 V and 36.6 mA/m? respectively, with peak
power density of 30.7 W/m?. On the basis of this result,
a self-powered backpack was developed. Under the
circumstance of natural human walking with loads of
2.0 kg, the power generated by one unit cell is high
enough to simultaneously light more than 40 com-
mercial LEDs, rendering a vibration-to-electric energy
conversion efficiency up to 10.62 (+1.19) %, which
unambiguously demonstrated the capability of our
integrated rhombic gridding based TENG acting as a
sustainable power source for mobile electronics.

SYSTEM DESIGN AND CHARACTERIZATION

The structure of integrated rhombic gridding based
TENG is shown in Figure 1a, in which, the total number
of unit cells in one TENG can be expressed as:

Neotal = 2n° M

where n is the number of unit cells along the edge
length. The plastic sheets of polyethylene terephtha-
late (PET) with a thickness of 600 um are utilized. Each
PET sheet is cut half through (Supporting Information,
Figure S1) and then locked into each other to form
the framework of the TENG. On one side of the PET
substrate, an aluminum thin film with nanoporous
modification plays dual roles as a contact electrode
and a contact surface. A scanning electron microscopy
(SEM) image of the aluminum nanopores is shown in
Figure 1b. A layer of PTFE film with nanowire arrays was
adhered onto the other side of the PET substrate with
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deposited copper thin film as back electrode. An
SEM image of PTFE nanowire arrays is presented
in Figure 1c. As demonstrated in Figure 1(d—f), there
are 2, 8, and 18 unit cells in the TENGs (sketch
and corresponding photograph of real devices) with
n =1, 2, and 3, respectively. This integrated rhombic
gridding structure, with unit cells electrically connect-
ing in parallel, is capable of improving the current
output with multifold enhancement. Furthermore,
the structural coupling of aluminum nanoporous and
PTFE nanowires arrays dramatically increases the ef-
fective contact area of the TENG. Detailed fabrication
specifications are shown in the Experimental Section.

TENG generally has two working modes: contact-
separation mode and lateral sliding mode. The currently
designed TENG works on the basis of a hybridization of
the two modes. A cycle of electricity generation process is
illustrated in Figure 2. Because of the coupling of the
triboelectric effect and electrostatic induction effect,'>~®
a periodic contact and separation between two materials
with opposite triboelectric polarities alternatingly drives
induced electrons through an external circuit. According
to the triboelectric series,?® a list of materials based on
their tendency to gain or loose charges, electrons are
injected from an aluminum electrode into PTFE at the
original position (Figure 2a),'**°~223° resulting in po-
sitive charges at the surface of the PTFE film and
negative charges at the aluminum electrode. Once a
periodic external force acts on the TENG, a separation
of the two plates forms with an included angle of 6, as
shown in Figure 2b, producing an electric potential
difference between the contact electrode and back
electrode. As demonstrated in Supporting Information,
Figure S2, according to the Gauss Theorem, the electric
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Figure 2. Sketch that illustrates the operating principle of the integrated rhombic gridding based TENG. (a) Original position
of TENG. Positive and negative triboelectric charges are generated on the aluminum side and the PTFE side, respectively. (b)
The applied external force causes a separation. Electric potential difference drives electrons flowing from the back electrode
to the contact electrode. (c) The included angle of the plates reaches its maximum and so do the induced charges. (d) Electrons

are driven back from the contact electrode to the back electrode due to the decreased separation.

potential deference of the two electrodes can be
expressed as

C
— A A
Va — Vy — / (u+i __0) dl
JA 280 280 2‘60
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o —Ao Ao
+ A% a
C 2e08, 2e08,  2&08
where V4 and Vi are the electric potential of the
contact electrode and back electrode, respectively. o
is the triboelectric charge density, Ao is the induced
charge density, €5 and ¢, is the vacuum permittivity and
the relative permittivity of PTFE, respectively. If the

device is in the open-circuit state, there are no trans-
ferring induced charges, that is,

Ao =0 3)

So, the open circuit voltage can be calculated as (see
Supporting Information for detailed derivation of the
analytical model):

20lsin 0
Voo = ——2 @)
o
where [ is the edge length of one rhombic unit cell.
If the device is in the short-circuit state, the electric
potential deference of the two electrodes becomes
zero,

Vo —Vg =0 (5)
The transferred induced charge density of the TENG
can be shown as

o

1+ 2¢,/sin(6/2)

where d; is the thickness of PTFE. So, the short-circuit
current can be expressed as (see Supporting Information
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for detailed derivation of the analytical model)

osdv
e = —— @

2
& {2lsin (g) —i—ﬁ
2 &

where vis the relative velocity of the two contact plates
whose motion direction determine the motion direc-
tion of the induced charge, thus, the direction of
the short circuit current; s is the effective contact area.
Such a raise of the electric potential difference drives
electrons from the back electrode to the contact
electrode through the external circuit, screening the
positive triboelectric charges on the back electrode
(Figure 2b). When the included angle reaches its max-
imum O,y the positive triboelectric charges are nearly
completely neutralized by the inductive electrons
(Figure 2c). Once the external force acts on the TENG
again, the decreasing of electric potential difference
drives the inductive electrons to move in a reversed
direction (Figure 2d). The process shown in Figure 2(a—d)
is a complete cycle of electricity generation. And the
TENG acts as an electron-pump that drives electrons
back and forth flowing between two electrodes, produc-
ing an alternating current in the external circuit.

On the basis of eq 7, various factors, such as the
charge density o, the effective contact area s, and the
relative velocity v of the contact or separation of two
plates, determine the short circuit current of TENG.
Also it can be tuned from following aspects: (i) Selec-
tion of contact electrification materials. The triboeletric
charge density o is largely determined by the charge
affinity difference of two contact materials.>'>2 Of all
materials, PTFE is so far the most electronegative with
a charge affinity of —190 nC/J, which was tested by Bill
Lee (see Tables 1 and 2 of Supporting Information).
Moreover, being electropositive, the charge affinity of
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Figure 3. Electrical measurement of the integrated rhombic gridding based TENG. Open-circuit voltage (Voc) (a,b,c) and
short-circuit current (Is¢) (d,e,f) of the TENG with n = 1, 2, and 3, respectively. Insets of panels c and f are enlarged views of V¢

and Isc in one cycle for the TENG with n = 3, respectively.

aluminum is about 10—30 nC/J.3"*? So large charge
affinity difference assures the high generation of tribo-
electric charges and thus a superior electric output of
our device. (ii) Surface modification by nanomaterials.
The nanomaterials-based surface modification can
greatly enhance the effective contact area s. A detailed
discussion is provided in Supporting Information. (iii)
Relative velocity of surface contact and separation. The
periodical contact and separation of the contact sur-
faces acts as an electron pump to drive the induced
charges back and forth, producing alternating current
in the external circuit.

RESULTS AND DISCUSSION

To enhance the total current output of the TENG, all
of the unit cells are electrically connected in parallel.
Under the fixed triggering frequencies and amplitude,
the electric output measurement was performed on
the integrated rhombic gridding based TENG with
n=1,2,3 (Figure 3). The effective contact area of TENG
is 2n> x 4.6 cm x 4.6 cm, which produces an open-
circuit voltages (Voc) 445V atn=1 (Figure 3a), 439V at
n = 2 (Figure 3b), and 428 V at n = 3 (Figure 3c). The
voltage output is almost constant for all the measure-
ments because all of the rhombic unit cells are elec-
trically connected in parallel. As shown in the inset of
Figure 3c, a positive voltage peak is generated due to
the immediate charge separation at the departure of
aluminum from PTFE. Since the electrons cannot flow
back to screen the induced electric potential difference
between the two electrodes under the open-circuit
condition, the voltage holds at a plateau until the next
contact emerges.”°~%® Meanwhile, the peak values of

the short-circuit current (Isc) reach up to 245 uAatn=1
(Figure 3d), 801 A at n =2 (Figure 3e), and 1.395 mA at
n = 3 (Figure 3f). In addition, as shown in the inset of
Figure 3f, the output current has an alternating beha-
vior with asymmetrical amplitudes, with the larger
peaks corresponding to the process in which the two
contact surfaces move toward each other, while the
smaller ones are generated as the two surfaces move
apart. According to eq 7, the faster approach is ex-
pected to produce larger current peaks than the slower
separation.

As indicated in Figure 4a, the current enhancement
factor ais a function of the number of unit cells along
the edge length, o = bn?. The fitting result renders the
coefficient b a value of 1.66. Considering the nonideal
experimental factors, such as humidity, particle con-
taminations in the air, the imperfection from the device
fabrication process, and the difficulty of synchronizing
of all the device units, which may potentially have
negative impact on the actual output, the experimen-
tal result of the enhancement factor is considerably
approaching the ideal value of 2n? (see Supporting
Information for detailed explanation), revealing that
the integrated rhombic gridding structure can effec-
tively enhance the total current output. As illustrated in
Figure 4b, the accumulative induced charges increase
with n, which reaches up to 142.68 uC within 2.75 s
when n = 3, further indicating that the integrated
rhombic gridding structure can dramatically enhance
the electric output of TENG. It is noteworthy that
the accumulative induced charges are the sum of
all the back-and-forth induced charges in the entire
process of the TENG working as a “charge pump”.
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Figure 4. Electrical measurement of the integrated rhombic gridding based TENG. (a) The current's enhancement factor o is
increasing as a function of number of unit cells along the edge length n. (b) Accumulative inductive charges generated by the
TENG with n=1, 2 and 3, respectively. (c) Dependence of the voltage and current output on the external load resistance for the
TENG with n = 3. The lines are the fitted results. (d) Dependence of the peak power output on the resistance of the external
load for the TENG with n = 1, 2, and 3, indicating maximum power output obtained at R = 2 MQ. The curve is fitted result. Inset:

an enlarged view of peak power output with n = 1.

Consequently, it is a monotonically increasing function
of time throughout our experimental time window.

Resistors were utilized as external loads to further
investigate the output power of the integrated rhom-
bic gridding based TENG with n = 3. As displayed in
Figure 4c, the current amplitude drops with increasing
load resistance owing to the Ohmic loss, while the
voltage follows a reverse trend. Similar trends for
n =1 and 2 are presented in Supporting Information,
Figure S3. As demonstrated in Figure 4d, all of the
instantaneous peak power (IzpeakR) forn=1,2,and 3
are maximized at a load resistance of 2 MQ2. Moreover,
the peak power dramatically increases with the in-
crease of n, which reaches up to 1.17 W at n = 3, cor-
responding to the peak power density and volumetric
energy density of 30.7 W/m? and 1.54 x 10%* W/m?,
respectively. In addition, the robustness is another
critical criterion for the TENG devices. As demonstrated
in Supporting Information, Figure S4, only a slight drop
of about 5% is observed for the short-circuit current
after more than 0.1 million cycles of vibration.

The integrated rhombic gridding based TENG de-
monstrated here has three unique characteristics.

YANG ET AL.

First, by using the novel integrated rhombic gridding
structure, the total number N of unit cells, which are
electrically connected in parallel, theoretically follows a
rule of N = 2n This is the key factor of dramatically
enhancing the total electric output. Second, to pro-
mote the triboelectrification and to increase the effec-
tive contact area between the two contact surfaces,
aluminum nanopores and PTFE nanowires are simulta-
neously created as surface modifications. The rational
design, coupled with nanomaterial modification, greatly
increases the effective contact area and thus the tribo-
electric charges (please see the further discussion in
Figure S5 of Supporting Information). Lastly, the struc-
tural coupling of nanopores and nanowire can also
enhance the triboelectrification process for TENGs. As a
comparison, the electric measurement of TENG (n = 1)
without surface modification is shown in Supporting
Information, Figure S6, indicating that the short circuit
current output with nanostructure modification is
about 2.8 times of that without surface modification.
In addition, it is worth noting that, as a consumma-
tive integration of the contact electrification effect,
electrostatic induction, and kinetic effect as well as
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Figure 5. (a, b) Sketch and photograph of a self-powered backpack which has been developed on the basis of the integrated
rhombic gridding based TENG. (c) Photograph of the backpack on the shoulder with human standing still. (d) Photograph of
the backpack under normal human walking. Forty commercial LED bulbs were lit simultaneously.

nanotechnology, this newly invented TENG cannot be
simply considered as the traditional electrets, which is
dielectric material exhibiting a quasi-permanent elec-
tric charge via the “pre-charging” processing from an
external electric field. 3?38

To prove the capability of the integrated rhombic
gridding based TENG as a sustainable power source, a
backpack was developed to harvest vibration energy
from natural human walking. As indicated in Figure 5a,
four acrylics plates were built into a supporting shelf
with a size of 5cm x 7.5 cm x 20 cm, which bridged the
backpack and its two straps using four springs and two
long screw shanks. The integrated rhombic gridding
based TENG with n = 1 is sandwiched between two
acrylic sheets and the photograph of a real backpack is
shown in Figure 5b. A total of forty commercial LED
bulbs were assembled in series on a piece of electric
board (Figure 5c), electrically connected to the newly
designed backpack. When a person walks naturally
carrying the designed backpack with a total weight of
2.0 kg, the power harvested from the body vibration is
high enough to simultaneously light all the 40 LEDs (see
Figure 5d and the Supporting video).

As an important figure of merit, we investigated the
vibration-to-electric energy conversion efficiency of
the self-powered backpack. The conversion efficiency
Ndirect IS defined as the ratio of the electric energy
delivered to the vibration energy of the backpack
triggered by human walking. And the electric energy
delivered by the TENG can be expressed as (Supporting
Information, Figure S7),

t 5.8489

Eelectric =Q= / IZR dt = R/ Iz dt = 3.18 mJ
f 5.8217

(8)

where Q is the Joule heating energy, / is the instanta-
neous current, and R is the load resistance, which is
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2 MQ in the experimental measurement. In the course
of backpack vibration, its gravitational potential energy
(Eg) is mainly converted into two parts, the elastic
potential energy (Eejasiic) and electric energy. The
gravitational potential energy and elastic energy can
be estimated as following,

Ec = mgAx = 2.0kg x 9.8 N/kg x 0.015m = 294 mJ
9

1
Eetasiic = 5 kKAX®N = 264.09 mJ (10)

where m is the total weight of the backpack, Ax is the
average displacement of each spring, which was mea-
sured from the supporting video processing; k is the
spring stiffness factor (k = 586.86 N/m), and N is the
number of springs (N = 4). Since the elastic energy
stored in the springs has no loss during the backpack
vibration, the direct energy conversion efficiency can
be calculated as

E :
= _celedtic . 100% = 10.6%
EG - Eelastic

Ndirect (1 1)
Likewise, we repeatedly measured the energy conver-
sion efficiency 10 times and an averaged value of
10.62(£1.19)% was thus obtained. Such high energy
conversion efficiency of the TENG enables tremendous
potential applications for powering some small elec-
tronics by harvesting the vibration energy from human
motions.

CONCLUSIONS

We demonstrated a novel integrated rhombic grid-
ding based TENG. This innovative structure provides
2n? unit cells electrically connected in parallel, which is
able to greatly enhance the current output as well as
the vibration-to-electric energy conversion efficiency.
Also, the surface modification by PTFE nanowire-arrays

VOL.7 = NO.12 = 11317-11324 = 2013 ACN\JA

J

WL

N

Na

WWwWW.acsnano.org

11322



and aluminum nanopores renders a hybridization of
both contact-separation and lateral sliding electrifica-
tion modes for effectively improving the electric out-
put. The newly designed TENG with n = 3 produces an
open-circuit voltage up to 428 V, and a short-circuit
current of 1.395 mA with a peak power density of
30.7 W/m?. The electric output is related to n and
increases manifoldly as a function of 2n®. Moreover,
based on the TENG, a self-powered backpack was
developed with a considerably high vibration-to-
electric energy conversion efficiency of 10.62(£1.19)%.

EXPERIMENTAL SECTION

Fabrication of a Honeycomb-Based TENG. The plastic sheets of
polyethylene terephthalate (PET) (McMaster-Carr Company)
with a size of n x 5.0 cm x 5.0 cm x 0.6 mm (n =1, 2, 3) act
as the flexible supporting substrates of TENG. Each PET sheet is
cut half through and then locked into each other to form the
framework of the TENG. On the one side of the PET substrate,
aluminum thin film with a nanoporous surface acts as both
contact electrode and contact surface. A layer of polytetrafluor-
oethylene (PTFE) film with nanowires arrays was adhered onto
the other side of the PET substrate with deposited copper as
back electrode.

Nanopore-Based Aluminum Surface Modification. The electroche-
mical anodization method was used to create the nanopores on
the surface of an aluminum thin film. The mass concentration of
oxalic acid (H,C,0,4) (Sigma Aldrich) electrolyte is 4%, and the
electrochemical anodization is made under the bias voltage of
25V for 5 h with platinum as a cathode. Then the alumina layer
was etched away in a solution of 20 g/L chromic acid (Sigma
Aldrich) at 60 °C for 2 h.

Nanowire-Based PTFE Surface Modification. A sample of 100 nm
Cu-coated PTFE film with a thickness of 50 um was prepared for
the etching process. Then the aligned PTFE nanowires were
created onto the PTFE surface via the ICP reactive ion etching
method. In the etching process, O,, Ar, and CF, gases were
injected into the ICP chamber with flow ratios of 10.0, 15.0, and
30.0 sccm, respectively. Plasma with a large density was gener-
ated by a power source of 400 W. The plasma ions were
accelerated by another applied power of 100 W. The aligned
PTFE nanowires with an average length of 1.5 um were obtained
after a 40 s etching process.
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When a person walks naturally carrying the designed
backpack with a total weight of 2.0 kg, the power
harvested from the body vibration is high enough to
simultaneously light all the 40 LEDs. Our newly designed
TENG provides an innovative approach to effectively
enhance the device current output and thus it is capable
of harvesting vibration energy from natural human
walking, which can have a range of applications for
extending the lifetime of a battery as well as the
possibility of replacing a battery for building self-
powered systems.

the self-powered backpack with a load of 2 kg; (8) supporting
video of a self-powered backpack. This material is available free
of charge via the Internet at http://pubs.acs.org.
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