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Abstract:

In the world of increasing energy consumption, nanogenerators have shown high
potential for energy harvesting and self-powered portable electronics. Here, flexible

and dual-mode triboelectric nanogenerator (TENG) combining both vertical contact-

separation and single electrical modes has been developed to convert environmental

mechanical energy into electricity with highly encapsulated and multifunctional
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strategies. By introducing the polymer melt wetting technique, the polymer nanotubes
are fabricated on the surface of TENG, which provides self-cleaning and hydrophobic
features beneficial for water drop energy harvesting based on the device. For such
mechanical energy harvesting, the maximum output power and open-circuit voltage can
arrive at 0.025 mW and 41 V, respectively. By designing the dimensions of the device,
the dual-mode TENG is utilized as self-powered sensor to detect human body motion
such as phalanges movement of fingers. The fabricated dual-mode TENG promotes the

development of energy harvesting and self-powered human motion sensors for artificial

intelligent prosthetics, human kinematics and human body recovery treatment.

1. Introduction
The increased use of portable electronics products in the modern society has

aggravated energy consumption tremendously. To satisfy the energy demand for
portable electronics, a variety of approaches have been developed, such as solar

cells,[1-3] batteries,[4, 5] supercapacitors[6, 7] and nanogenerators.[8-10] Among
these advanced technologies, the nanogenerators based on piezoelectric or triboelectric

effect show great potential in a large amount of applications such as energy harvesting,
self-powered active sensors, blue energy harvesting and so on.[11-16]

Triboelectric nanogenerators (TENGs) originated from triboelectric and
electrostatic effects have shown great capability to harvest energy from ambient

mechanical motions and human body motions such as vibration, rotation, walking,

jumping, etc.[11-13, 17-19] Currently, four working modes of TENG have been
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developed, including vertical contact-separation mode, lateral sliding mode, single-
electrode mode and freestanding triboelectric-layer mode, showing distinct advantages
to serve specific applications.[20-24] For instance, Wang's group has demonstrated lots
of achievements of contact-separation mode TENGs which provide self-power
capability for portable electronics that conventionally rely on batteries or
capacitors.[13] Kim's group presented that the vertical contact-separation mode TENG
based on graphene could drive commercial LCD, LED and EL display.[25]
Additionally, single-electrode mode TENGs have been utilized to harvest the energy
from water droplet by Wang's group.[23, 26, 27] Interestingly, Cao and Wang et al.
demonstrate that TENGs with lateral sliding and freestanding modes can be utilized to
harvest the energy of moving object or human body motions.[28]

Even though the rapid development of TENG is achieved for various applications,
majority of TENGs are focused on the utilization of single working mode and
hybridation of TENG and other energy harvesting device. [12, 13, 27] In order to
simultaneously harvest different sources of ambient energy with higher efficiency,
development of multimode TENG by integrating different single working mode into a
single TENG device is highly desirable for conceiving novel applications. However,
only a few attempts have been made to explore multimode nanogenerators for energy
harvesting applications.[27, 28] It is noticeable that the reported dual-mode TENG
without obvious encapsualtion had already shown novel function as smart tactile sensor

by combinating single electrode and contact-separation modes.[28] Unfortunately, the

research on mutil-mode TENG is still in the incipient stage and hence there is much

3
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room to deepen understanding of the device and endow it with synergistic multifunction
by introducing novel nanomaterials. Therefore, further exploration of mutil-mode
TENG can bring more benefits to both fundamental materials research and promising
application of TENG. Inspiringly, polymers as essential and crucial materials of TENG
have wide processing temperature range due to their thermal properties, which provides

great potentials for the fabrication of multimode TENG. As summarized in our previous
review, the distinctive, various, and tunable structures in 1D polymer nanomaterials
such as nanotubes present nanointerfaces, high surface- to- volume ratio, and large
surface area, which can improve the performance of energy devices.[29] Moreover, the
polymer nanomaterials can be fabricated on the surface of polymer by various
techniques. According to the wetting phenomena of polymer solution/melts in
inorganic porous templates, Martin's group proved that polymer wetting is an effective
technique to make polymer nanowires or nanotubes.[30, 31] Therefore, the
combination of polymer wetting technique and manipulating polymer thermal
processes may provide a route to investigate multimode TENG with the advantage of
satisfied demand from different occasions.

Herein, we present a dual-mode TENG with vertical contact-separation and single
electrode modes in a single TENG device. Comparing with previous report,[28] the
encapsulation and functions of dual-mode TENG in our work have been significantly
improved in a straightforward way. The formation of polymer nanotubes on the outer

surface of TENG provides the device with superhydrophobic property, endowing

TENG with additional self-cleaning function. The result shows that this dual-mode

4
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TENG can be utilized for energy harvesting from ambient environment and the falling
water drop. By changing the dimension of inner cavity in the device, the dual-mode
TENG is capable of detecting the behaviors of human finger joints motions. This novel
dual-mode device with versatile multifunctions promotes the development of TENG in

energy harvesting from environment,[23, 26, 27, 32] and also demonstrates the

potentials for self-powered and self-cleaning human motion sensors.

2. Results and discussions

In order to fabricate highly encapsulated and multifunctional dual-mode TENG, the
polyethylene (PE) films, Polytetrafluoroethylene (PTFE) film, aluminum film and

porous alumina templates were assembled as shown in Figure 1a. During heating of
the assembled specimen in the oven at 120 °C for about 30 mins, the PE films arrive at

above melting temperature and start to melt, resulting in the encapsulation and adhesion
between top and bottom PE films. After cooling, the enclosed PTFE by PE films was

easily peeled off due to the non-adhesive property between PE and PTFE films, leading
to the construction of an inner cavity. In the cavity, the Al film was thermal-bonded on
the surface of PE film, serving as the electrode and one contact materials. The inner
surface of PE film performs as another contact material of contact separation mode and
its morphology was investigated by SEM as shown in Figure 1b. It is found that there
is significantly nanopatterned feature on the inner surface, which was duplicated from

PTFE surface. On the other hand, the PE melts also lead to the formation of nanotubes

on the outer surface of PE films after etching the porous alumina templates for single
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electrode mode. As shown in Figure 1c, the SEM image confirms that large amount of
PE nanotubes with an average length and diameter of 30 um and 200 nm, respectively,
have been successfully fabricated on the outer surface of PE film. The results are
consistent with the earlier report.[33] The formation mechanism of these PE nanotubes
is attributed to the polymer melt wetting phenomenon in the porous materials.[30, 31]

The PE melt with lower surface energy can be absorbed into nanochannels of porous

alumina template due to the surface energy difference between PE melt and porous
alumina template which has higher surface energy. Therefore, after cooling and
removing the porous alumina template by NaOH solution, the PE nanotubes are
released from templates and kept on the surface. These nanotubes can provide the PE
film surface with hydrophobic property.[33, 34] As shown in the inset image of Figure
1d, the contact angle of the prepared PE films can reach up to 156°, indicating their
great super-hydrophobic ability. Based on the structural design here, vertical contact-
separation and single electrode modes are easily integrated into a single device as
shown in Figure 1a. The vertical contact-separation mode in PE cavity consists of two
parts, including PE film and aluminum foil which perform as two contact materials, as
shown in blue rectangle. The single electrode mode is shown in red rectangle, which is
the PE film thermal-bonded on the surface of aluminum film. The aluminum film serves
as an electrode for both modes. The whole fabrication processes show an improvement

in easier fabrication and more highly capsulation compared to previously reported work.

[28]
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The working principles of this dual-mode TENG are schematically illustrated as
shown in Figure 2 (contact-separation mode: 2a; single-electrode mode: 2b). Under
external mechanical forces such as flap, water drop or wind, the inner surface of PE
film with nanopatterned feature could contact and separate with Al electrode as shown
in Figure 2a. According to the differences of triboelectric polarities in varied tribo-
materials,[11] the positive charges on the Al electrode and negative charges on the
surface of PE film are generated after the separation between Al electrode and PE film,
leading to the electrical difference between two Al electrodes. Therefore, electrons can
flow between Al electrodes as shown in (Figure 2a, ). When the PE film contacts with
Al electrode again (Figure 2a, ii), the opposite electrical difference created between Al
electrodes results in an opposite instantaneous current. In response to the periodically
contact and separation between PE film and Al electrode (Figure 2a, iii and iv), the
instantaneous alternating current is created. For single-electrode mode, when water
drop from the sky/pipes falls towards the surface of PE film (Figure 2b, i), the water
drop could contact and spread on hydrophobic surface of PE film (Figure 2b, ii and iii).
Although it has been deionized, the pure DI water still has equilibrium between OH"
and H' due to the dissociation of water molecular. The processes of spreading and
contacting between water drop and PE film will therefore lead to the generation of
electric double layer (EDL) at the water drop-hydrophobic surface based on
triboelectricity effect. When the water drop is rebounded from the surface of PE film

due to its hydrophobic property, the jumping water drop will carry some net positive

charges and the PE hydrophobic surface could be negatively charged attributed to the

7
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preferential absorption of hydroxide ions from water droplet. Consequently, an electric
potential difference is created between Al electrode and PE film and lead to the flowing
of electrons from Al electrode to ground to create an instantaneous negative current
(Figure 2b, iv).[35] Due to the insulation property of PE, the triboelectric charge could
be maintained on the surface until contacting with another water droplet. When another
water droplet falls and contacts with the negative charged area of hydrophobic film, the
negative charges will attract H" from water and lead to the formation of EDL and the
flowing back of electrons from ground to electrodes (Figure 2b, v, vi, and vii). The
subsequent separation of the water drop can induce the opposite electron flowing
(Figure 2b, viii). Through the continuously water drops, alternating current is created.

For both single electrode and contact-separation modes, the overall voltage

difference between electrodes can be given by:[36, 37]

V=-2 (d+x(t) +ax@ (1)

where ¢y is the permittivity of vacuum, a is the average surface charge density of contact

materials in vertical contact-separation and single electrode modes, S is the area size of
contact area in device, Q is the transferred charges in whole working process, x is the

separation distance in the PE cavity. Therefore, the open-circuit voltage V,. from the

polarized triboelectric charges and short-circuit charges Qs are ax(t)/co and

Sax(t)/(d+x(t)), respectively, for both single electrode and contact-separation modes.
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preferential absorption of hydroxide ions from water droplet. Consequently, an electric
potential difference is created between Al electrode and PE film and lead to the flowing
of electrons from Al electrode to ground to create an instantaneous negative current
(Figure 2b, iv).[35] Due to the insulation property of PE, the triboelectric charge could

be maintained on the surface until contacting with another water droplet. When another
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The TENG device with the size of 40 x 40 x 2 mm was fabricated to evaluate the
performance of device under vertical contact-separation mode as shown in Figure 3
under ~ 2 N force in ambitious condition. The results show that the V,c and I of basic
TENG device are measured to be about 41 V and 1.3 pA, respectively, as shown in
Figure 3a and 3b. The relative dependence of the output voltage and current across the
resistance of external load is shown in Figure 3c¢. The trends of output voltage and
output current are in accordance with previous literatures,[38, 39] which means that the
output voltage increases and output current decreases with the increment of resistance.
The maximum electric power is around 0.025 mW at a load resistance of 10 Mn. The
prepared TENG working in vertical contact-separation mode could simultaneously
lighten 5 commercial red LEDs as shown in the inset of Figure 3d, showing its
capability of harvesting mechanical energy from external environment. Besides, the
figure-of-merits (FOM) of device was also calculated according to the literature.[37]

The maximum structural FOMs and materials FOMs are 0.987 and 306.25 puC?*/m,

respectively.
Besides contact-separation mode, the as-prepared TENG could also work

simultaneously under dual-mode for harvesting energies. The DI water drop with

volume of ~ 60 uL was dripped to the superhydrophobic surface on the single electrode

TENG side and the whole device was fixed at a tilted angle of 45° as shown in Figure

4a.[23, 32] The initial height between water drop and superhydrophobic surface was
set as 25 cm.[32] Due to the hydrophobic properties (CA, ~156°) of PE film, the water

drop could be easily rounded from surface of the device. The V. and I, were measured

1€
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to evaluate the electric output performance of TENG in harvesting energies from water
drop. Figure 4b and 4c present the typical output curves of V,. and /. generated from
dual-mode TENG. It is found that the V,c and I are approximately 4.0 V and 71 nA,
respectively. As shown in Figure 4d, the output current keeps a slight change at
maximum value of about 70 n4, and then decreases with the increment of external

resistance. The output voltage shows an opposite change trend that the output voltage

increases with the increment of external resistance and achieves at the maximum value

of around 4.1 V. The maximum output power of 0.14 uW is achieved at an external
load resistance of 10 Mn. The generated power can enlighten LED as shown in the

inset photography of Figure 4e. To illustrate the working mechanism more clearly, V.
of single-electrode mode TENG without integrating contact-separation mode was

measured under identical condition as shown in Figure 4f, in which V. could reach up
around ~ 0.68 V. By contrast, dual-mode TENG shows higher V. with 4.1 V. As
previously mentioned, the dual-mode TENG was fabricated with integration of vertical

contact-separation mode and single electrode mode into single TENG device. Therefore,

the higher energy output might be attributed to the co-existence of different working
modes and their synthetic effect. Due to the contact-electrification between the
nanopatterned PE film and Al electrode as well as the electrostatic effect, the

superhydrophobic surface of single-electrode mode is positively charged. Therefore,

the contact of DI water drop with hydrophobic surface of PE film will drive electrons
flow from Al to the ground.[23] When the water drop rebounds from superhydrophobic

surface of dual-mode TENG, electrons flow from ground to Al. During the same

11
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processes, the gravity of DI water drop causes the contact between the nanopatterned
PE film and Al electrode, resulting in the electrons flow from Al electrode to ground
for attaining an equilibrium state. When DI water drop is pushed away by
superhydrophobic surface, the PE film and Al electrode are separated, and opposite
electrons flow is created. At the same time, it is very hard to avoid the external
contamination from ambient enviorment such dusts for pratical applciation.
Superhydrophobic of polymer micropattern provides self-cleaning property to the
TENGs, as shown in Figure 4g-i, in which the dust on the surface of device could be
self-cleaned by the water drop. To simulate the partical application, the shower nozzole
was utilized to produce water drops which impact the TENGs. As shown in Figure 4g-
ii, the original TENGs without dust contamination have about 8.1 V of Voc under the
impact of water drops. After introducing slight contamination by dusts, the output
performance of TENG experiences two stages. At the first stage, the dust on the surface
of TENGs lead to the low Voc. After that, the Voc can automatically recovery to the
previous value during the water drop energy harvesting process. At the first stage, the
decrement of output performance could be attributed to the following two factors.
Firstly, the dusts on the surface of device can cause the loss of contact area between
waterdrop and PE surface, which has strong negative effect on the formation of EDL,
leading to the decrement of output performance of single-electrode TENG. Secondary,
the weight of dusts reduces the gap between PE film and Al electrode, which has large

influence on the performance of contace-seperation mode TENG. Accompanying with

the removing of the dusts and the self-cleaning of the device surface by water drops,

12
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Voc of the device can recovery to ~ 8.1 V, which is almost indential with that from
original device. Therefore, the dual-mode TENG with self-cleaning feature shows a
capability for harvesting the energy of water drop.

The as-prepared dual-mode TENG has superhydrophobic surface at both sides of the
device which has the capability for self-cleaning application as shown in Figure 4g-i.
Considering the human body motion detector usually contacts with skin with sweat and
dusty, it is feasible to develop our dual-mode TENG with self-cleaning function as the
self-powered human motion sensor. By simply designing the size of device, the dual-
mode TENG with the inner cavity dimension of 30 x 5 x 2 mm is utilized to detect the
motions of index, middle, ring and little fingers. As shown in Figure Sa, the index
finger presents maximum voltage about 320 mV at 90° bending angle, while under
identical bending condition little finger shows minimum voltage value of 110 mV,
middle finger and ring finger show 230 mV and 180 mV, respectively. By changing
different bending angle of index finger, the detected voltage signals indicate that the
increment of index finger bending angle leads to an increase in voltage signal as
presented in Figure Sb. At low bending angle from 15° to 45°, the voltage increases
slightly from 20 mV to 51 mV, while the voltage remarkably increases from 51 mV to
320 mV with bending angle's increment from 45° to 90°. The variation in electric
signals for different bending angles in Figure 5b would be attributed to several factors,
such as the change of contact area between PE film and Al electrode in vertical contact-

separation mode, and the change in capacitive coupling between human skin and device

electrode in single-electrode mode.

13
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Firstly, the bending of device will lead to the contact and separation of PE film and
Al electrode at finger joint.[40] At high bending angles, the bending behavior of finger
will lead to more contact area between PE film and Al electrode in TENG. As the

electrical output of TENG is based on the charge transfer between polymer and

electrodes, larger contact areas between polymer and electrodes could lead to higher

electrical signals.

Secondary, the epidermis conductive characteristics lead to the capacitive coupling
between AC conductors and electrical equipment for single electrode mode.[41, 42]
The stacked layers of Al electrode, PE film and epidermis create a capacitive system.

The variable capacitor (Crp) between device and epidermis results in the change in

voltage intensity of Al electrode. Crp is represented as

Coo = £ Eovdl, )
0 d

where ¢y is the permittivity of vacuum, w is the width of device, d is the distance

between electrode and epidermis, and / is the length across the epidermis surface. As

shown in Figure 5b, the distance between epidermis and Al electrode (d) decreases

along when increasing the bending angle. The decreased d can result in the increment
of capacitance, and further lead to the higher V.. in the measurement.[42] Under

cooperative operation of vertical contact-separation mode and single electrode modes,
the as-prepared dual-mode TENG can be utilized to detect human body motion and

obviously show distinct signals for different finger bending. Consequently, the
presented results might be potential for further application in artificial intelligent

prosthetics, human kinematics and human body recovery treatment.[40]

14
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4. Experimental Section

Materials: Low density PE films were purchased from Hualong Materials Co., Ltd.
Porous alumina template was purchased from GE Whatman Co., Ltd. with a through-

hole nanochannel diameter of 200 nm and 60 pm thickness. Sodium hydroxide, acetone,
ethanol and other chemicals were purchased from Sigma-Aldrich and used without
further purification.

Fabrication of dual-mode TENG with super-hydrophobic surface:The PE films, PTFE

plate (2 mm), aluminum film and porous alumina templates were assembled as shown
in Figure 1a and heated in an oven of 120 °C for about 30 mins. After cooling to room

temperature, NaOH solution was utilized to etch porous alumina template as previous
studies.[33, 43] Then, the PE films with nanotube patterned surface were formed and

rinsed with deionized water and absolute ethanol, respectively. After subsequently

removing the PTFE film, an inner cavity was formed between PE and Al films.

Consequently, a dual-mode TENG possessing vertical contact-separation and single-
electrode modes, was achieved, where the alumina film functions as electrode to the
dual-mode TENG. The prepared specimen sizes for energy harvesting and motion
sensor are 40 x 40 mm and 30 x 5 mm, respectively. More details regarding the
fabrication process of the dual-mode TENG are schematically illustrated in Figure 1a.
Characterizations: The surface morphology of PE film was investigated using scanning
electron microscopy (SEM, JEOL Model JSM-6490) under accelerating voltage of 5
kV. Static water contact-angle measurements were carried out using a Rame-hart

Model-F1 Standard Gonimeter with Drop image Advanced 2.1 at room temperature. 3
15
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pl deionized (DI) water was placed on the surface of PE film for contact angle

measurement. The contact angle was determined by fitting a Young-Laplace curve

around the water drop. The kinetic contact of water droplet was measured by Kruss
DSA100 at room temperature. The open-circuit voltage (Vo) and short-circuit current

() were measured by LeCroy Wave Runner Oscilloscope (44MXI) with probe

resistance value of 10 Mn and SR570 low noise current amplifier (Stanford Research

System), following literatures.[44-46]

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

author.
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Figure 1. (a) Schematical illustration of fabrication processes of dual-mode
triboelectric nanogenerator with real device in the inset. (b) SEM image of surface

morphology of PE film inside the cavity. (c) Cross-sectional SEM image of PE film.

(d) Top-view SEM image of PE film outer surface with contact angle (156°) image.

20



O J o Ul W N

OO OO UT U U Ol GO DB DD D BAEDSEDMMNLWWWWWWWWWWNDNDDNDDNDDNDNDDDNDNDND DRERP PR RPRPRERE R PP
GO WNREFPOWOWOJOOUDd WNEFEFOWOWTOOUB WNEFEFOWOWJIOHUDd WNREPOWO® IO U WNE Ow o JoyUuldbd wNEFE O

(a) Contact-Seperation Mode (b) Single-Electrode Mode

water drop

(i) o ]

= ) R (i) -
N QE*
(® (i)
L [ o following water drop
-y e ® = “l S

rl <« <

(i}) T (iI) l
':*4_ E* (vii) i (viii)i d T
%*ﬁ%

I

Figure 2. Schematically illustration of working principle of contact-separation mode

(a) and single-electrode mode (b). Inset shows the ultrafast rebound images of water

drop on the surface of PE film with nanotubes.
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Figure 3. (a) and (b) The open-circuit voltage and short-circuit current of TENG with
2 mm height in the cavity in vertical contact-separation mode. (¢) Dependences of open-
circuit voltage and short-circuit current across the resistance of external load. (d)
Dependence of output power on the resistance of external load. Inset photograph shows

red LEDs without external circuit components.
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Figure 4. (a) i: The set-up for energy harvesting from water drop; ii: self-cleanability

of dual-mode triboelectric nanogenerator before and after washing by water droplet. (b)

and (c¢) The open-circuit voltage and short-circuit current of dual-mode triboelectric

nanogenerator driven by water drop. (d) The open-circuit voltage and short-circuit

current on the different resistance of external load. (¢) Dependence of output power on

the resistance of external load. Inset photograph shows red LEDs without external

circuit components. (f) The open-circuit voltage of triboelectric nanogenerator working

only in single-electrode mode. (g) The open-circuit voltage of original device and slight

contaminated device under shower nozzle.
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Figure 5. Application of TENG as self-powered sensor to detect finger joint motion.
(a) Open-circuit voltage responses at different bending angles. (b) Open-circuit voltage

responses at different bending rates.
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