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Abstract

The increasing food packaging waste is a severe concern for air, water, and soil pollution. In this
research work, a triboelectric nanogenerator (TENG) is fabricated using waste food packaging
Aluminium cover foils and laboratory parafilm for the first time. The device novelty lies in the
selection of the materials; parafilm and food packing Aluminium cover foils. The proposed TENG
produced an output voltage and instantaneous power density of ~4 V and 11.8 n\W cm ™2, respectively,
by hand excitation force. Further, TENG can easily power up 85 commercial light-emitting diodes,
digital watch, thermometer, and calculator with the help of charged capacitor. The proposed TENG
demonstrated the ease of process, simplicity, cost-effectiveness, and reduction of pollution. Further,
this TENG performance can be improved with other triboelectric materials and applied in self-
powered portable electronic device applications.

1. Introduction

Triboelectric nanogenerators (TENG) have attracted increased attention due to their multifunctional
applications in various fields such as bio-medical, healthcare, Internet of things, artificial intelligence, and self-
powered electronic devices and sensors [1-6]. The first TENG was reported in 2012 and developed to effectively
convert ambient mechanical energy, such as body motion, wind, and vibration energy into electrical energy

[2, 7]. The typical TENG consists of two different electronegativity layers. These layers generate potential
difference via the coupling of the triboelectric effect and electrostatic induction during cyclic contact and
separation between them [8, 9]. Subsequently, TENG has AC to DC conversion circuits, storage elements such as
abattery or capacitor to power up portable electronic devices or sensors [10, 11]. Four different modes of TENG
operation have been proposed based on electrode configuration and direction of polarization change. These four
modes are vertical contact-separation, lateral-sliding, single-electrode, and free-standing triboelectric layer

[12, 13]. The contact separation mode is very well established among different modes and demonstrated for
many triboelectric materials [14, 15]. In the present manuscript, also vertical contact separation mode of TENG
operation is used. The main advantages of TENGs are their high energy-conversion efficiency, simple structure,
cost-effectiveness, reliability, scalability, and harvesting energy from irregular, low-frequency inputs [16, 17]. A
wide variety of triboelectric pairs tested for energy harvesting and demonstrated for potential practical
applications are summarized in figure 1 [18, 19].

However, the search for new triboelectric materials is still considered an important area of research to reduce
the TENG device’s cost and complexity and improve its energy conversion efficiency. There are various
triboelectric materials such as inorganic, organic, polymer, and bio-waste materials [19-22]. The energy
generation from waste attracted much attention due to the reduction of pollution in the environment. Many
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Figure 1. List of triboelectric pairs reported in the literature and our current work highlighted in dotted line [19].

recent reports are dealing with the new triboelectric materials from the waste materials for energy harvesting
applications. ] Bae et al reported the biowaste Peanut shell powder, Sunflower husks powder based TENG for
biomechanical energy harvesting [23, 24]. ] M Wu et al demonstrated high current density TENG based on rice
husk [25]. Z Zhu et al developed TENG based on waste tea leaves and waste aluminium plastic bags [26].

Z L Wang et al demonstrated a novel TENG based on the waste milk carton and used for in situ real-time
survey of environmental monitoring [27, 28]. H Singh et al fabricated TENG using an eggshell membrane with
other triboelectric materials and demonstrated for powering the digital watch [29]. P Zhang et al used recycled
PVC cling film as a triboelectric layer and used it for Morse code generation [30]. G Han et al fabricated the
TENG based on waste plastic bags [31]. It is found that output voltage of waste material based TENG’s in the
range of 6-600 volts and power density in the range of 0.25 uW m™~>-0.84 W m ™ * (See supplementary
information (SI) S1 (available online at stacks.iop.org/PS/96,/125005/mmedia)). In this manuscript, waste
food packing Aluminium cover (WFPAC) foil and laboratory parafilm were used as a new triboelectric pair for
mechanical energy harvesting for the first time. Parafilm is a semi-transparent, flexible film composed of a
proprietary blend of waxes and polyolefins. It has several advantages: flexible, moldable, self-sealing, odourless,
moisture-resistant, thermoplastic, semi-transparent, and colorless. The WFPAC is a polymer (PET) film
electroplated with Aluminium. The reuse of WFPAC foils for energy harvesting strongly promotes the
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Figure 2. Fabrication steps of TENG based on parafilm and waste food packaging aluminium foil.

next-generation energy technologies that will effectively avoid pollution and hazards caused by metal and hardly
degradable plastic materials.

In this report, a novel TENG is fabricated based on WFPAC foil and parafilm for mechanical energy
harvesting for the first time and studied its performance. Further, fabricated TENG has been demonstrated to
power up portable electronic devices and a group of LEDs.

2. Materials and methods

The materials used in this study are cardboard sheets, WFPAC foils, laboratory parafilm, and sponge. The
Parafilm-M was purchased from Sigma Aldrich. The Aluminium packaging foils, cardboards, sponges were
obtained from the local market (See SI, S2). The obtained Aluminium foils were used for cooked rice packaging
initially and then used for TENG. The Parafilm and WFPAC foils are initially characterized by a scanning
electron microscope (SEM). Then, TENG was fabricated using parafilm (thickness ~180 pim) and WFPAC foil
(thickness ~35 pm), cardboard sheets, and sponge spacers. The fabrication steps of the TENG are shown in
figure 2.

Initially, WFPAC attached to two rigid cardboards of selected dimension firmly by scotch tape with
conducting side up. Further, parafilm is firmly attached to one of the above structures on the conductive side
with scotch tape. These two cardboards with electrodes and parafilm were attached to another two cardboard
sheets of higher dimension than this with a spacer. Four corners of the bottom cardboard were attached with
sponge spacers with the help of strong glue. Another cardboard with only WFPAC foil is placed over the spacer
and attached with the help of the strong glue. A finite gap exists between the bottom parafilm and the top
Aluminium electrode due to the sponge spacer. The original images of the fabricated TENG devices and
fabrication steps are shown in figure 3.

Generally, TENG devices work in four modes: vertical contact separation, in-plane sliding, single-electrode,
and free-standing triboelectric-layer [2]. In this work, TENGs were designed to operate in the vertical contact
mode. At open-circuit conditions, the charge generation of the TENG under cyclic force application can be
understood from the coupling of the triboelectric effect and electrostatic induction [2]. Figure 4 schematically
presents the working mechanism of the TENG with parafilm under the vertical compressive force. The
mechanism is well-reported and accepted in the literature [2, 8].

In the initial state, before the contact of the parafilm and the top Aluminium electrode, there is no charge
transfer and thus no electric potential, like shown in figure 4(a). As shown in figure 4(b), when parafilm and
Aluminium contact each other, exchange of charges between Aluminium and parafilm due to their different
abilities to gain or lose charge. The parafilm carries a negative charge while Aluminium carries the same amount
of positive charge, keeping the TENG in a balanced state. When the TENG starts to separate, the balance is

3
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Step 3

Step 4

Figure 3. Photographs of TENG’s fabrication steps based on parafilm and waste food packaging Aluminium foil (a) cardboard sheets
for upper (large) and inner (small) parts of the TENG, (b)—(c) aluminium foil attached to inner cardboard sheets, (d) parafilm attached
to the aluminium foil of figures (c), (e), (f) packed 8 x 8and 15 x 15 cm? TENG device.
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Figure 4. (a)—(c), (e), (f) working mechanism of TENG, (d) press and release signal output voltage pulse.

broken due to the electrical potential difference. The parafilm can retain charges on its surface, which remains
unchanged, so abalanced state is rebuilt. The charges on the electrode surface will transfer from the parafilm
electrode to the Aluminium, as shown in figures 4(c), (f). When the two surfaces are brought together again
(figure 4(e)), the electrical balance is broken and rebuilt again. In this state, charges transfer from Aluminium to
the parafilm electrode until the balance is reached (figure 4(b)). During the periodical contact-separation
process, the triboelectric charges on the parafilm induce a periodical movement of the free electrons on the top
and bottom Aluminium electrodes to generate electron flows in the external circuit.

The TENGs were prepared with a different active areaof 5 x 5,8 x 8,15 x 15 cm®for a fixed spacing of
1.5 cm between the parafilm and WFPAC foil using the exact dimension spacer. Further, TENGs were fabricated
with different spacer dimensions for a fixed active area of the device (15 x 15 cm?) to study the spacer size.
Finally, fabricated TENG output voltage against hand tapping was measured using a digital storage oscilloscope
(Tektronix-TBS1102) interfaced to a computer using the software as reported in the literature [32, 33].
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Figure 5. SEM images of the (a)—(c) parafilm, (d)—(f) aluminium packaging foil at different magnifications.

3. Results and discussion

Initially, the surface morphology of the parafilm and Aluminium foil was characterized with a scanning electron
microscope. Figures 5(a)—(c) and (d)—(f) shows the SEM images of parafilm and Aluminium foil surface at
different magnifications. It is clear from the SEM images that, parafilm films has rougher surface compared to
Aluminium foil surface.

Figure 6(b) shows the open-circuit voltage of the 15 x 15 cm® TENG (spacing = 1.5 cm) in response to the
repeated hand tapping. An output voltage of ~4 V was observed for repeated hand tapping. A switching polarity
test was performed by reversing the TENG connections to the oscilloscope to confirm the output voltage only
due to TENG operation. The TENG has shown exactly opposite electrical signal in reverse connection with
respect to the forward signal, as shown in figure 6(b). The switching polarity test confirms that the voltage
generated is only from TENG, not from the instrument noise [7, 34]. The enlarged view of the single cycle (press
and release) output voltage signal is shown in figure 6(c). We have also tested the output response of the TENG
fabricated with fresh Aluminium foil -parafilm against hand tapping. It was found that no difference in their
output voltage response when compared to the used Aluminium foil-based TENG. A similar output for both
types of foil is due to the no abnormal changes on the surface at the microscopic level for the used foil (See SI, S3).

Further, TENG output voltage was measured with variable load resistances ranging from 20 K2 to 100 M2
under uniform hand tapping to measure the optimum output power density. The variation of output voltage
under different load resistances is shown in figure 6(d). With an increase in load resistance, the voltage increases
and saturates at a value of approximately ~3.8 V. The saturated output voltage at higher resistance (100 M(?) is
close to the open circuit output voltage. The TENG load resistance-dependent output voltage shows a similar
trend as reported in the literature [35-37]. The TENG load resistance can be understood with the help of a
simple equivalent model proposed by Z L Wang and other research groups in the literature [38, 39]. The TENG
is equivalent to a variable capacitor connected to a voltage source. The voltage drops across the Ry increase until
the optimum R; and saturate at the theoretically infinite load resistance similar to open-circuit voltage [40].

V2
(A*Ryp)
summarized in figure 6(e). Figure 6(e) shows that the maximum output power density of the TENG is
11.8 "W cm ™2, at aload resistance of 1.8 M. The output power density characteristics of the TENG device can
be explained with the help of the maximum power transmission theorem [41]. According to the theorem,
maximum power transmission takes place when the load resistance value equals to the source internal
resistance. In the present report, the peak output power density occurred under impendence matched
conditions across a load resistor value ~1.8 M(). The output power density decreased with the load resistance
values greater than 1.8 M2 due to the saturated output voltage. The saturated output voltage at higher load
resistance decreases the V2 /R ratio (power) value. The output power density of TENG with load resistance
shows a similar trend as reported in the literature [28, 32, 42]. Figure 6(f) shows the rectified output voltage of the
TENG after rectification via DB 107 IC bridge rectifier. The output power of the TENG can be utilized for
continuously driving LEDs.

Further, the study was carried out to find the effect of triboelectric layer size (device size) on the TENG
performance. Figure 7(a) shows the TENG response against hand tapping for different device dimensions of

The output power density (Power density = ) with different load resistances was calculated and

)
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Figure 6. (a) Schematic of the TENG, (b) electric output of a TENG under forward and reverse connections, (c) azoomed-in view of
output voltage generated by TENG during a single cycle of operation, (d) output voltage as a function of the load resistance, (e) output
power density as a function of the load resistance, (f) rectified output voltage of the TENG.

5 x 5,8 x 8,15 x 15 cm® for a separation distance of 1.5 cm. The averaged voltage values were obtained as
0.61V (5 x 5cm?),1.28 V(8 x 8cm?),and3.96 V(15 x 15cm?). The enhancement in the output voltage
from 0.61 V to 3.96 V was observed. This enhancement is due to the increased contact area of the triboelectric
layers. Similar behaviour was reported for TENG’s in earlier literature also [34, 43]. Figure 7(b) shows the
TENG’s output voltage characteristics under different tapping frequencies of 1, 2, 3, 5, and 6 Hz for a separation
distance of 1.5 cm. It is evident from figure 7(b) that the output voltage was gradually increased with an increase
in tapping frequency. This enhancement in the output voltage is attributed to the imperfect neutralization of
accumulated residual charges due to rapid external tapping cycles, resulting in the increasing of triboelectric
potential [7, 44—46]. At each frequency, the averaged voltage values were obtained as 0.5 V (1 Hz), 1 V (2 Hz),
2.2V (3Hz),3V (5Hz),and 3.7 V (6 Hz).

Further, TENG performance was evaluated at the different spacing between the tribo-layers of 0.5 cm,
1.5 cm, and 2.5 cm with the help of a sponge. Figure 7(c) shows the TENG’s output voltage variation under the
same frequency of hand tapping with different spacing. TENG output voltage was increased with an increase in
spacing between the tribo-layers. The open-circuit output voltage V,,. of TENG can be approximately expressed

6



Phys. Scr. 96 (2021) 125005 P R Sankar et al

T T 7 T i T
s1(a) 5x5 cm? : 8x8 cm? : 15x15¢m? 51(b) | | | |
44 : : 4]11Hz : ZHZ: 3HZ: SHZ:GHZ
= I 1 = i I I . :
2 34 I I S 34 1 1 1 ,Ii- I
s I i ~ I ‘ nll il
g 2 I I o ] I i [
g g 2 ‘|
s : : s ; : |
: i i T il
g I H 1 AR
S 0 5 0 L )
°© i i e H U ok
iy i 1 -1 1 I RN RI G Rl
1 1 I 1 i TR AR
24 i 1 24 1 | i 1 ‘
1 1 1 1 1 1
3 T T I'l T 'II' T T ‘3 T I T I T l T II T
0 1 2 3 4 5 6 7 0 5 10 15 20 25 30
Time (Sec) Time (Sec)
8 1 1 3
(€) 05em ! 15cm ! 25cm (d) 3640 cycles
1 i 6
= &1 ! 1 _
B i I s
P I [ = a
o 1 1 @
8 i i g
<] I I 5
= I I S 2
= 1 1 -
g : : g
]
o 1 8 0
1 -2
1
1
: 4
0.0 0.5 1.0 1.5 2.0 25 3.0 0 100 200 300 400 500 600 700 800 900
Time (Sec) Time (Sec)
Figure 7. TENG output voltage as a function of (a) different area, (b) different frequency, (c) different spacing between parafilm and
Aluminium, (d) output stability of the TENG under 3640 cycles.

asV,. = Ujd, where d is interlayer spacing, o is the triboelectric charge density on the surface, and ¢ is the
vacuum permittivity [8, 47]. According to the open-circuit output voltage expression, the output voltage will
increase with increasing the interlayer distance. Similar behaviour was observed for other TENG devices in the
literature [34, 46, 47]. The stability and durability of the TENG are essential factors to ensuring its practical
applications. The output voltage was measured under external hand tapping force for 3640 cycles to examine the
TENG durability for long-term operation. Figure 7(d) shows that the generated voltage did not degrade after
3640 cycles, indicating the high stability of fabricated TENG. Further, TENG response was recorded at different
time points, such as immediately after fabrication, one month, and three months. In all the cases, TENG
exhibited a stable output response (See SI, $4).

Figures 8(a)—(b) represents the enlarged view of the stability graphs at different time points. An average
voltage of ~4 V was observed throughout all cycles. The TENG’s output voltage was plotted for every 100th cycle
(ex: 100, 200, 300 etc) shown in figure 8(c). The TENG’s output voltage shows an average value of 4 £+ 0.5V, and
this deviation is due to variation of hand tapping force and frequency.

Figure 9(a) shows the charging characteristics of various rating commercial capacitors such as 1 uF, 2.2 uF,
10 uF, 47 uF, and 100 pF for 900 s. The energy stored by the 1 uF capacitor was used to power up portable
electronic devices such as a digital watch, calculator, thermometer, and 85 LEDs, as shown in figures 9(b)—(e).
Further, TENG can also power up 4 LEDs continuously with hand tapping shown in figure 9(f) (See SI videos S1,
S2,83).

The stored charge on these different load capacitors was obtained using the basic equation Q = CV.
Figure 10(a) shows the stored charges as a function of time for various load capacitors. The capacitor with a small
enough value of 1 yF store a small amount of charge and quickly reaches the saturation value. It is evident from
the figure that storage capacity is increased with an increase of load capacitance value. The capacitor with a large
enough value of 100 F stored the maximum charges 0f 200 1:C in a given time of 900 s. At a constant time
duration of 600 s, 1 4F capacitor saturation voltage and maximum stored charge were 4.5 Vand 4.5 1C. In the
case of 100 uF capacitor, the output voltage equals 2.3 V while the stored charges reach a maximum value of

7
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204 pC. The output voltage and stored charge characteristics were analysed as a function of different load
capacitance values shown in figure 10(b). There is an inversion relation between voltage and stored charges
against corresponding Cy . Figure 10(c) shows the variation of maximum stored energy as a function of load
capacitance. The maximum stored energy of 208.8 (1] was observed at the optimum Cp of 100 p.F.

4. Conclusions

In summary, anew TENG has been demonstrated based on the waste food packaging Aluminium covers foil and
the parafilm to power portable electronic devices. In our design, the parafilm and conducting side of WFPAC foil
serve as the triboelectric pair. TENG’s open-circuit voltage can reach ~4 V and the maximum power density
11.8 n'W cm 2. The prepared TENG was demonstrated to power up portable electronic devices and LEDs. The
present work opens up a new triboelectric pair for energy harvesting. This new parafilm tribo-layer can form

new triboelectric pairs with other materials for enhanced mechanical energy harvesting. Furthermore, the idea
of using WFPAC foil reduces environmental pollution to a certain extent.
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