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Triboelectric membrane derived from adhesive
chewing gum for sustainable energy and
electroplating applications
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Chewing gum has been a ubiquitous habit in human civilization for millennia, offering stress relief and

freshness. Its widespread popularity has made it one of the most popular confectionery products

globally. However, most synthetic products are water-insoluble and non-biodegradable, resulting in a

staggering 250 000 tons of annual waste that also contaminates oceans, land, and ecosystems. With

forecasts predicting a rise to 1 million metric tons over the next five years, the need for sustainable

solutions is pressing. In response to this issue, we introduce an innovative method involving the use of

recycled chewing gum in a triboelectric nanogenerator (RCG-TENG). This device can capture

mechanical energy and produce an open-circuit voltage of 167 V for a device measuring 3 � 3 cm2, a

short-circuit current of 6.9 mA, and a peak power density of 35.55 mW cm�2. The RCG-TENG shows

potential for eco-friendly energy harvesting and industrial applications when integrated into a self-

powered electroplating system. With the RCG-TENG, we achieved high-quality copper plating on top of

aluminum within a short period of time using chewing gum as a triboelectric material. This research

addresses microplastic pollution by converting chewing gum waste, promotes sustainable energy

innovations, and aids in meeting SDG objectives, thereby promoting a more sustainable and circular

economy.

Introduction

The practice of chewing gum dates back to ancient times, and
chewing gum remains a widely popular confection among
people of all ages and cultures worldwide. Chewing gum offers
a relaxing, sensational experience that people enjoy for
extended periods of time. Chewing gum is known for its ability
to reduce stress and maintain the mouth with long-lasting
freshness with every chew.1 In general, chewing gum is made
up of two phases: a water-insoluble part (gum base) and a
water-soluble part. Chewing gum consists of either sugar or
sugar-free variants.2,3 The primary components of chewing
gum include gum base, which constitutes 20–30% of the
product, and synthetic elastomers, comprising 10–30%.4 The
gum base itself may be derived from natural or synthetic

polymers, with polyvinyl acetate (PVAc) being a significant
constituent, ranging from 15 to 45%. Synthetic elastomers,
which consist of copolymers of polyisobutylene (PIB), buta-
diene–styrene, isobutylene–isoprene, polyethylene, and polyi-
soprene, play an essential role in chewing gum preparation.3

This inactive component of the formulation supports the
hydrolyzable components, which consist of (i) sweeteners, such
as sucrose (which may account for up to 60% of conventional
chewing gum), (ii) humectants, such as glycerin, and (iii) anti-
oxidants, which protect other components from oxidation.
(iv) Colors, flavoring agents, and organic acids are used to
control the taste of chewing gum. People prefer to use ‘‘active’’
components such as nicotine in chewing gum as an alternative
to smoking.3,4 Each confectionery company keeps the exact
amounts of these active ingredients confidential as a trade
secret. These secret formulas and precise amounts are part of
each brand’s unique taste and competitive edge.2,3 Chewing
gum offers numerous benefits, including freshening breath,
cleaning teeth, providing refreshment, increasing alertness,
reducing stress, and support for quitting smoking.5 However,
some disadvantages make it slightly problematic. It is water-
insoluble, nondigestible, non-biodegradable, cannot be swal-
lowed, and is the second largest littering item in the world,
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leading to plastic pollution, a sticky mess, as well as high
cleaning costs, as mentioned in Fig. 1a.1

According to a statistical report, Fig. S1(a) in the SI shows
the global chewing gum market revenue in millions of United
States dollars (US$M) for 2016 and the forecast data for 2027.6

It shows the revenue from the chewing gum market worldwide
throughout several regions, including North America, Latin
America, Europe, the Middle East, and Africa. Each region’s
chewing gum market compound annual growth rate (CAGR)
is increasing, as illustrated in Fig. S1(b), SI.6 Revenues from
the worldwide functional chewing gum market were USD
1435.7 million in 2019 and are predicted to reach USD
2831.8 million by 2027. By the year 2027, it is projected that
the market will experience a CAGR of 8.9%, as depicted in
Fig. S1(c) of the SI.6 These findings indirectly indicate a con-
tinuous increase in chewing gum waste generation. Every year,
chewing gum waste increases by more than 250 000 tons;
however, 80–90% of the discarded chewing gum waste is not
disposed of efficiently. Forecasts indicate that gum waste
will reach approximately 1 million metric tons (1 metric ton =
1000 kg) in the next five years.7 Some images of pollution
threats caused by chewing gum waste on roads, public places,
toilets, and pedestrian pathways of discarded sticky chewing
gum are shown in Fig. 1b. It also contaminates soil, waterways,
coastal regions, seas, ecosystems, and paddy crops. The autho-
rities concerned must take responsibility for this matter to
achieve a green recovery. The increasing need for sustainable
energy solutions has driven innovative research into advan-
ced technologies that can convert stored energy into usable

electrical power.8 Triboelectric nanogenerators (TENGs) are one
of the most promising technologies; they can produce practical
power from mechanical energy, vibrations, human movement,
and wind energy.9 Triboelectric nanogenerators operate under
the theory of triboelectrification and electrostatic phenomena.10–13

When two layers with opposite triboelectric charges tap against
each other, they generate energy that can be harvested and
stored in a capacitor.14 This principle has attracted crucial
attention owing to simple device structure, scalability, numer-
ous material choices, and promise in multidisciplinary applica-
tions, including self-powered electronics, sensors, renew-
able energy, and other systematic real-time approaches.15–18

Using bio-waste,19 food waste,20 marine bio-waste,21 household
waste,22 medical waste,23 textile waste,24 and e-waste,25 TENGs
have attracted significant attention in the field of energy
harvesting and the development of self-powered sensors. The
existing literature explores various applications of recycled
chewing gum waste. Cheng et al. explored its use in wearable
electronics.26 In addition, Darabi et al. demonstrated its
potential in human body motion detection.27 Zhao et al. stu-
died its application in a self-healing electronic system,28 and
Zhu et al. reported its effectiveness in a self-cleaning surface for
fine dust removal.29 Nciri et al. examined its incorporation into
road pavement material applications.30,31 In addition, it is
interesting that Gumdrop is the first company in the world to
collect chewing gum waste, convert it into various useful
products, and market them.32 In different countries, a company
specializing in recycling is undertaking a project to convert
chewing gum into various accessories.33

Fig. 1 (a) Detailed pros and cons of chewing gum. (b) (i–iv) Representative images depicting the pervasive pollution caused by discarded chewing gum in
various urban and rural environments. (c) Schematic illustration detailing the systematic recycling of chewing gum for the fabrication of a triboelectric
nanogenerator device, showcasing each stage from environmental collection to material processing to integration in sustainable energy harvesting
applications.
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This study proposes a novel energetic approach for reusing
chewing gum and Ecoflex film to fabricate a spring-assisted
contact separation mode using a TENG. The recycled chewing
gum triboelectric nanogenerator (RCG-TENG) produced a vol-
tage of 167 V and a current of 6.9 mA. Additionally, by easily
repurposing chewing gum for energy harvesting and electro-
plating applications, this study contributes to the Sustainable
Development Goals (SDGs) by reducing microplastic environ-
mental pollution and creating sustainable settings.

Results and discussion

X-ray diffraction analysis was used to analyse the crystallo-
graphic structure and d-spacing between lattice layers based
on Bragg’s law (l = 2d sin y). The RCG exhibited notable peaks
at 23.041 (012), 29.201 (104), 31.371 (006), 361 (110), 39.451 (113),
43.121 (202), 47.581 (018), 48.471 (116), 57.431 (122), and 64.771
(300). Significant peaks in the 2y range of 0–801 confirmed the
presence of a calcium carbonate (CaCO3) rhombohedral crystal
structure, and the R%3c space group peaks matched the crystal-
lography of the open database COD: 1010928. The bare chewing
gum (BCG) pattern showed considerable peaks at 8.11 (100),
11.511 (001), 12.581 (�101), 13.031 (110), 15.371 (011), 16.601
(200), 18.751 (111), 19.451 (210), 24.601 (�121), and 25.021 (300)
in the 2y range of 0–801, validating the presence of sucrose
(C12H22O11) monoclinic crystal structure, and the P21 space
group peaks match with JCPDS no. 00-024-1977 as shown in
Fig. 2a. Fourier transform infrared (FTIR) spectroscopy effec-
tively characterized the molecular interactions within the var-
ious components of chewing gum.34,35 The FTIR spectrum of
RCG displays multiple bands associated with its components:
3386 cm�1 corresponds to OH stretching (moisture), 2960 cm�1

and 2920 cm�1 relate to CH3 asymmetric stretching (PIB, PVAc,
rubber, wax), 2848 cm�1 indicates CH2 symmetric stretching
(PVAc, rubber, wax) and 1728 cm�1 is attributed to CQO
stretching (PVAc).36 The band at 1644 cm�1 is assigned to OH
bending (moisture), 1459 cm�1 to CH2 and CH3 bending (PIB,
PVAc, rubber), 1365 cm�1 to CH3 bending (PIB, PVAc, rubber),
1228 cm�1 to C–O–C asymmetric stretching and C–C(CH3)2–C
stretching (PIB, PVAc), 1015 cm�1 to C–O–C asymmetric
stretching (PIB, PVAc),30,31 and 605 cm�1 to C–CO–O bending.
The FTIR spectrum of BCG verified the presence of sucrose. In
the FTIR spectrum of sucrose, O–H stretching vibrations appear
at 3559 cm�1, 3378 cm�1, and 3322 cm�1. Additionally, C–H
stretching vibrations were observed at 2942 cm�1, whereas C–H
bending vibrations were observed at 1428 cm�1. The C–O–C
stretching vibrations were detected at 1049 cm�1, 988 cm�1,
and 908 cm�1 as depicted in Fig. 2b.37 According to the
literature, the FTIR peaks of RCG may considerably support
the presence of materials such as PIB as an elastomer, PVAc as
a binder, glycerin as a plasticizer, CaCO3 as a filler, and sucrose
as the sweetening agent.31,35,36,38–40 Raman spectroscopy of
RCG revealed significant peaks at 284, 713, and 1086 cm�1,
confirming the presence of calcium carbonate. Notably, the
singlet peak at 1086 cm�1 corresponds to calcite, while the

plane-bending mode of carbonate is found at 713 cm�1

(calcite). The Raman spectrum of BCG displayed distinct bands
at 406, 548, 643, 850, 921, 1039, and 1125 cm�1. These bands
align closely with the Raman signatures of crystalline sucrose.
For sucrose, the band at 406 cm�1 corresponds to aliphatic
(C–C) deformation, while the 548 cm�1 band is associated with
(C–C–O) and (C–CH3) deformations. The band at 643 cm�1 is
linked to alicyclic and aliphatic (C–C) vibrations. The band at
850 cm�1 represents (C–O–C) and alicyclic and aliphatic (CC)
vibrations. The 921 cm�1 band involves (C–O–C) and alicyclic
and aliphatic (C–C) vibrations. The 1039 cm�1 band is related
to (C–H) ring deformation and alicyclic and aliphatic (C–C)
vibrations. Finally, the band at 1125 cm�1 corresponds to the
asymmetric (C–O–C) and alicyclic, aliphatic (C–C) vibrations, as
shown in Fig. 2c.41

Thermogravimetric analysis, conducted in an auto-stepwise
configuration, revealed a complex degradation phenomenon
owing to the diverse ingredients in chewing gum. The first
weight loss at 100 1C is attributed to water evaporation, whereas
the second step at 150–500 1C is related to the decomposition
of PVAc, PIB, and rubber. The weight loss observed between
600 and 800 1C was associated with random chain reactions,
leading to lower molecular weight hydrocarbons, as shown in
Fig. 2d. In mechanical studies, tensile stress tests provide
insights into the stress and strain characteristics of discarded
chewing gums. The sample dimensions were 1 � 3 cm2, with a
maximum stress of 0.25 MPa and a strain of approximately
40%. The same RCG sample was analyzed twice to confirm
the results and ensure repeatability, as shown in Fig. 2e. The
surface potential of the RCG had a positive value of 102 mV in
250 nm, as determined by Kelvin probe force microscopy
(KPFM). The surface charge density (s) was measured using
s = e0 � DF/d, where e0 is the permittivity of free space (8.854 �
10�12 F m�1), DF expresses the surface potential, and d is the
KPFM probe-to-surface separation gap during surface potential
mapping.42 Chewing gum has a high filler phase, sugar content
(sucrose), and other components that are less polar and have a
lower work function. This leads to a higher surface potential, as
shown in Fig. 2f.

Surface classification based on the static contact angle
measurement of a 0.6 mL water droplet on an RCG film coated
on a 2 cm � 2 cm glass substrate indicates a hydrophilic
property, with a measured contact angle of 61.51, less than
901, as shown in Fig. 2g(i). In addition, the Ecoflex film
exhibited a contact angle of 105.21, confirming its hydrophobic
nature, as illustrated in Fig. 2g(ii). Silicone elastomers, such as
Ecoflex, are also known for their anti-adhesive nature, as the
methyl-rich silicone backbone creates a chemically inert sur-
face with few polar interaction sites. This indicates that chew-
ing gum cannot form strong adhesive bonds with the Ecoflex
surface, making it easy to contact and separate despite the
gum’s inherent stickiness.43 Fig. 2h illustrates a scanning
electron microscopy (SEM) image that reveals the rubbery and
elastic morphology of the chewing gum waste, observed at a
magnification of 20 mm. To evaluate the biodegradation char-
acteristics of the RCG, an eight-month soil burial test was
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conducted. As illustrated in Fig. S2 of the SI, the gum exhibited
minimal degradation, indicating its resistance to biodegrada-
tion. The investigation into the solubility of waste chewing gum
across various solvents is depicted in Fig. S3 of the SI. The gum
showed no solubility in ethanol, DMSO, methanol, water, or
acetonitrile. Conversely, it was dispersed when placed in acet-
one and toluene, while only a slight dispersion occurred in
isopropyl alcohol. The study explored how waste chewing gum
adheres to different surfaces, with the findings illustrated in
Fig. S4 of the SI. The adhesion tests revealed that the gum can
stick to a variety of materials, such as metal, plastic, glass,
ceramic, and even human skin.

Furthermore, the elemental composition and relative con-
centrations of RCG were determined by energy-dispersive X-ray
spectroscopy (EDX) analysis: 64.01 weight% of carbon (C)
(74.85 atomic%), 23.34 weight% of oxygen (O) (20.49 atomic%),
and 11.16 weight% of calcium (Ca) (3.91 atomic%), 1.50 weight%
of (Si) (0.75 atomic%), as shown in Fig. 2i. The detailed
elemental mapping of the RCG for C, O, Si, and Ca is shown
in Fig. 2j.

RCG-TENG device fabrication and mechanism

TENGs transform external low-frequency mechanical motions
or vibrations into electrical energy using the principles of

Fig. 2 A detailed chemical analysis of RCG: (a) X-ray diffraction analysis, (b) FTIR analysis, (c) Raman spectroscopy analysis, (d) thermogravimetric
analysis, (e) tensile stress test performance and (f) Kelvin probe force microscope analysis. (g) Contact angle measurement of RCG and Ecoflex.
(h) Surface morphology image. (i) EDX analysis. (j) RCG elemental mapping.
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electrostatic induction and contact electrification.44–46 When
two dielectric materials with varying electron affinities come
into contact or are rubbed together, charges are transferred
between them. The material that loses electrons becomes
positively charged, while the one that gains electrons acquires
a negative charge. This process, called contact electrification,
depends on the surface properties of the materials, their
nature, the friction between them, and the applied force.
As these materials interact, electrostatic induction occurs, lead-
ing to the formation of opposite charges on attached electrodes.
The electrode connected to the positive material pulls in negative
charges, while the electrode linked to the negative material draws
in positive charges. Consequently, an external circuit experiences
current flow owing to the electric potential difference created
between the electrodes. Because of the constant contact, separa-
tion, or rubbing of the triboelectric materials, a periodic output of
voltage or current is obtained. A capacitor can be used to store
charges for energy harvesting, and the electrical energy produced
can be used for a variety of sensing purposes.47,48

A schematic of the 3 � 3 cm2 spring-assisted RCG
and Ecoflex triboelectric nanogenerator (RCG-TENG) is shown

in Fig. 3a. The detailed information about the RCG-TENG
device fabrication is mentioned in the SI, Fig. S5(a–e). The
RCG-based contact separation of the triboelectric basic working
principle and signal generation are shown in Fig. 3b. The RCG
and Ecoflex were used as positive and negative triboelectric
layers, respectively. Both sides of the aluminum sheets were
considered electrodes and connected to a wire. Fig. 3(b) illus-
trates that the system utilizes a contact-separation TENG
mechanism, a commonly reported approach for generating
electrical energy.49 In the tribo-electrification process, Ecoflex,
with its high negative electron affinity, tends to gain electrons,
whereas RCG, with a large positive affinity, loses electrons.
Consequently, when the TENG device experiences contact
and separation at various harmonic frequencies, electricity is
produced through contact electrification and electrostatic
induction.50

RCG-TENG performance

The open-circuit voltage (VOC) and short-circuit current (ISC) are
the two main parameters used to evaluate the electrical perfor-
mance of the RCG-TENG. The VOC, ISC, and circuit-transferred

Fig. 3 Schematic of the chewing-gum-based triboelectric nanogenerator. (a) Spring-assisted RCG-TENG device structure. (b) Detailed working
mechanism of the RCG-TENG.
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charges were measured using a Keithley 6514 electrometer at
various frequencies. Fig. 4a and b demonstrate that the peak-to-
peak values for VOC and ISC reached 167 V and 6.9 mA, respec-
tively, under continuous contact between the RCG and Ecoflex
friction layer. The results for the RCG-TENG at different fre-
quencies (1.3–2.2 Hz) are shown in Fig. 4a. The maximum
voltage obtained corresponded to the RCG-TENG at a frequency
of 2.2 Hz, and the peak-to-peak voltage was approximately
167 V. As the frequency increased, the peak-to-peak value of
the open-circuit voltage also increased: 1.3 Hz (145 V), 1.8 Hz
(152 V), and 2.2 Hz (167 V). The short-circuit current of the RCG

TENG gradually increased with the frequency varying from
1.2 Hz (3 mA) to 1.8 Hz (5 mA) and 2.2 Hz (6.9 mA), as shown
in Fig. 4b.

As shown in Fig. 4c, the charge nearly doubled when the
frequency was increased from 1.3 Hz to 2.2 Hz (1.3 Hz, 34 nC;
1.8 Hz, 48 nC; 2.2 Hz, 52 nC). To determine the optimal
triboelectric pair, RCG was evaluated against paper, PET,
PDMS, and Ecoflex under the same conditions of an active
area of 3 � 3 cm2 and an operating frequency of 2.2 Hz. The
output voltages recorded were 1.5, 3, 132, and 167 V for paper,
PET, PDMS, and Ecoflex, respectively. The notably superior

Fig. 4 The detailed triboelectric performance of the RCG. (a) Voltage, (b) current, (c) charge. (d) Voltage performance comparison of RCG against
different triboelectric materials. (e) Area-dependent voltage performance of RCG-TENG. (f) Area-dependent current performance of RCG-TENG.
(g) RCG-TENG capacitor charging analysis, (h) load analysis, (i) power and power density analysis. (j) Long-time cycle stability test. (k) Stability analysis for
various days. (l) Powering an LCD. (m) Glowing LEDs via RCG-TENG.
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performance of PDMS and Ecoflex is due to their more pro-
nounced negative triboelectric properties, which enhance the
triboelectric potential difference compared to RCG, as shown in
Fig. 4d. To understand the large-scale effect of different active
area sizes on the triboelectric performance, RCG-TENG devices
were fabricated with dimensions of 4 cm � 4 cm, 5 cm � 5 cm,
and 6 cm � 6 cm and subjected to tests at a consistent
frequency of 2.2 Hz. As depicted in Fig. 4(e), the open-circuit
voltage increased from 205 to 217 V, eventually reaching 285 V.
Concurrently, Fig. 4(f) shows that the short-circuit current
increased from 8 mA to 12 mA and then to 13.5 mA as the active
area grew from 4 � 4 cm2 to 5 � 5 cm2 and 6 � 6 cm2.

Fig. 4(g) illustrates how capacitors are charged over time
using the RCG-TENG, with different capacitance values of
4.7 mF to 100 mF (4.7, 10, 22, 47, and 100 mF). Additionally,
the electrical output of the RCG-TENG was evaluated by apply-
ing different load resistances. Commercial resistors ranging
from 1 kO to 1 GO were connected in series with the device
output to measure VOC and ISC. Furthermore, as shown in
Fig. 4h, the VOC clearly increases with increasing resistance;
however, the ISC shows an inverse trend, following Ohm’s rule,
V = I � R. At a load resistance of approximately 100 MO, the
instantaneous RCG-TENG demonstrated a maximum power of
346 mW and a power density of 35.55 mW cm�2. This shows that
the load resistance of the RCG-TENG and the 100 MO resistance
match, which will be useful for real-time applications employ-
ing the device. The formula P = VI was used to calculate the
power output, where V is the voltage and I is the current across
the load resistor. As shown in Fig. 4i, the power density (PD) of
the RCG-TENG was calculated using the formula PD = P/A,
where P represents the power of the RCG-TENG and A repre-
sents the area (3� 3 cm2). As depicted in Fig. 4j, the RCG-TENG
device demonstrated exceptional voltage stability by consis-
tently generating an output of 167 V for 4800 cycles. Every
two days, the VOC was consistently recorded between 160 and
167 V. This demonstrates the performance stability of the RCG-
TENG. Therefore, the device can operate at any time with long
durability and a stable electrical output, as shown in Fig. 4k. In
the SI, Fig. S6, SEM illustrates the surface of the chewing gum
layer both before and after extended TENG operation against
Ecoflex, providing detailed insights into the surface analysis.
The evaluation of the electrical resistance of recycled waste
chewing gum was conducted using a two-probe measurement
technique, with the findings detailed in Fig. S7 of the SI. Further-
more, it can power an LCD panel (40-pin TN-positive 5-digit
segment) with a single tap (Fig. 4l). Video S1 shows an LCD
powered by the RCG-TENG. The RCG-TENG could power more
than 76 blue light-emitting diodes (Fig. 4m). Video S2 demon-
strates the LED illumination achieved using the RCG-TENG.

Temperature and humidity performance

The humidity and temperature performances of the RCG TENG
device were evaluated in a closed atmosphere to monitor
various levels of temperature and humidity. In addition, we
employed an ultrasonic mist maker humidifier with a Type-C
port, a 5 V fogger atomization disc operating at 108 kHz, and a

DIY mist atomizer USB mini board ultrasonic atomization
module, all equipped with a PCB, to generate a humid atmo-
sphere. To detect the humidity level in a closed atmosphere, we
used a DHT 11 humidity sensor connected to the Arduino setup
and a laptop, which allowed us to analyze humidity levels
ranging from 50% to 98% relative humidity (RH). In addition,
to obtain thermal images to confirm the humidity and thermal
background environment, we utilized an FLIR E5 Pro, a commer-
cial thermal imaging camera with Wi-Fi. The RCG-TENG device
operates with a humidity performance that cycles between press-
ing and releasing at a frequency of 2.2 Hz, facilitated by a linear
motor. At room temperature, the RCG-TENG provided a constant
total voltage signal of approximately 167 V.

As the relative humidity (RH) gradually increased from 50%
to 98%, the RCG-TENG device output gradually decreased
because water molecules in the humid air impeded the flow
of electrons between the chewing gum and Ecoflex layers, as
shown in Fig. 5a(i). As humidity increased, the output voltage of
the RCG-TENG consistently declined, with readings of about
167 V at 50% RH, 136 V at 60% RH, 112 V at 70% RH, 47.5 V at
80% RH, 30 V at 90% RH, and 7.5 V at 98% RH. The RCG-TENG
output varied with changes in humidity, serving as an applica-
tion for humidity sensing.51,52 The RCG-TENG humidity setup
image is shown in Fig. 5a(ii). A thermal image was captured to
confirm that there was no interference from the heat observed
in the humid atmosphere, as shown in Fig. 5a(iii).

To create a high-temperature environment at a controlled
location, we utilized a hot-air gun (BST-898D dual LED) with a
display screen. Furthermore, to detect the temperature in the
closed atmosphere, we used a K-type thermocouple connected
to a digital multimeter (HTC DM-97) to monitor the exact
temperature. The RCG-TENG device operated effectively at
temperatures of 40–80 1C. At room temperature, the RCG-
TENG exhibited a stable output performance. However, from
a temperature perspective, the RCG device exhibited a lower
output performance because the heat environment reduced the
output voltage. The RCG-TENG withstands temperatures up to
80 1C to provide less voltage performance; the RCG-TENG
device provides voltage performance at higher temperatures
and acts as a temperature sensor, as shown in Fig. 5b(i).51,52

In addition, an image of the home-built setup of the temperature-
controlled environment is shown in Fig. 5b(ii). The image of the
thermal atmosphere with the RCG-TENG device provides strong
proof that the RCG-TENG device will also perform well and
withstand higher temperatures, as shown in Fig. 5b(iii).

RCG-TENG electroplating application

A self-sustaining electroplating system was developed by incor-
porating the RCG-TENG that was fabricated, as illustrated in
Fig. 6a and b. In this research, electroplating was achieved
through the simple mechanical energy generated by continu-
ous tapping, without the need for external power. The gener-
ated electricity was connected to a DF06G rectifier, which
converted the AC output to DC for electroplating applications.
Subsequently, the electroplating cell received regulated power
from the RCG-TENG, which helped deposit copper ions onto a
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conductive aluminum substrate to create a consistent and
uniform metal coating. The RCG-TENG converted mechanical
energy into electrical energy, achieving 167 V and 6.9 mA of
current. This energy can be utilized in a self-powered electro-
plating setup. This RCG-TENG system does not require an
external power source, reduces costs, improves energy use,
and supports recycling using renewable materials in the TENG.
The RCG-TENG device is self-powered, highly versatile, and
portable, making it suitable for application in areas with
limited access to electricity. The industrialization of RCG-
TENG has immense potential to transform electroplating
procedures, making them more sustainable, environmentally
friendly, and flexible enough to meet a range of commercial
needs. This method promises highly reliable and high-quality
copper coatings suitable for applications ranging from small to
large scale in the electronics, spring, and industrial sectors.

To prepare the electrolyte solution, 0.5 mol of copper sulfate
(CuSO4) was added to 40 mL of H2O and 3–5 drops of sulfuric
acid (H2SO4) to supply Cu2+ ions.53 There was a 3 cm space
between the two electrodes, as shown in Fig. 6b(i). The pristine
copper and aluminum electrodes had dimensions of 0.3 mm �
6 cm � 1.5 cm, as shown in Fig. 6b(ii).

The RCG-TENG device was linked to a rectifier, and an
electroplating circuit was employed, utilizing a pure copper
strip as the anode and an aluminum substrate as the cathode.
Copper atoms are oxidized at the anode to generate Cu2+ ions,
which then migrate through the electrolyte toward the alumi-
num cathode, with these ions subsequently being reduced at
the cathode. The anode and cathode reactions are as follows:

Cathode: Cu(aq)2+ + 2e�/Cu(s) (1)

Anode: Cu(s)/Cu(aq)2+ + 2e� (2)

The electroplating process was studied for various durations
without an external energy source. The RCG-TENG, operating at
a frequency of 2.2 Hz via a linear motor, enabled continuous
electroplating for 20 min, as shown in Fig. 6b(iii). Extending the
process to 30 min (Fig. 6b(iv)) resulted in a more pronounced
coating effect. Initially, 20 min of RCG-TENG electroplating on
the aluminum substrate initiated copper deposition, and sub-
sequent surface morphology analysis using SEM images at
10 and 20 mm, along with EDX, demonstrated the electroplating
of copper onto the aluminum substrate, as shown in Fig. 6c(i)
and (ii). After 20 min of operation, EDX analysis of the RCG-
TENG verified the deposition of copper on the aluminum
surface. The elemental weight percentages were 60.82% for
aluminum and 26.10% for copper. Increasing the electroplating
time to 30 min yielded a clear, visible, and uniform coating on
the aluminum substrate. To clarify, we conducted SEM and
EDX analyses of the copper-plated aluminum surface morphol-
ogy shown in Fig. 6d(i) and (ii). Elemental analysis indicated
the presence of 50.47 wt% aluminum and 36.27 wt% copper,
thereby confirming the progressive electroplating of copper
onto the aluminum substrate. The attached video (Video S3)
provides real-time documentation of the RCG-TENG electro-
plating process.

The RCG-TENG serves as a sustainable power source in
the proposed design, reducing the requirement for external
electricity throughout the electroplating process by harnessing
mechanical motion energy. To enhance the system’s scalability
and practicality, we verified that increasing the area leads to a
corresponding increase in the output, confirming its potential
for real-world applications. Furthermore, instead of relying on
high-cost materials, we utilized RCG materials as triboelectric
materials in the TENG device for electroplating applications,

Fig. 5 The detailed humidity and thermal analysis of the RCG-TENG performance. (a) (i) RCG-TENG humidity analysis, (ii) humidity atmosphere setup,
(iii) thermal camera image of the humidity environment. (b) (i) Temperature performance of the RCG-TENG, (ii) thermal atmosphere setup, (iii) thermal
image of the temperature environment.

Paper Journal of Materials Chemistry C



This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. C

showcasing a cost-effective and sustainable approach. Large-
scale RCG-TENGs, for example, can supply the energy needed
for metal deposition in electronic manufacturing, springs, and
automobile parts in the electroplating industry, lowering
dependency on external power sources and operating expenses.
Another approach is to employ large-area, tile-based RCG-
TENGs, which offer a creative means of harvesting energy from
human walking to power the electroplating system. A compar-
ison table of various bio-wastes,54–57 food waste,58–60 marine
bio-waste,61–64 household waste,65–67 medical waste,18,47,68 and
textile waste is presented.69–72 Also, various waste materials
were converted into energy-harvesting devices via TENGs and
various self-powered applications, as mentioned in SI S8. The
TENG output performance of RCG was benchmarked against

various commercially available triboelectric materials, and the
results are presented in Table S1 of the SI. Among the various
waste materials, the output voltage and current provided by the
food waste RCG-TENG offer the highest output performance,
as seen in the self-powered electroplating application.

Conclusion

Chewing gum is a non-biodegradable, water-insoluble, and
non-digestible, as well as sticky material. Chewing gum waste
that has been recycled is used to create practically useful
products such as mugs and shoe soles. However, these pro-
ducts will again end up in the landfill, causing plastic pollution

Fig. 6 (a) Schematic of the RCG-TENG electroplating application setup. (b) (i) Distance between the two electrodes, (ii) pristine aluminum and copper
electrodes. (iii) After 20 min of electroplating via RCG-TENG and (iv) RCG-TENG after 30 min of electroplating. (c) SEM and EDX analysis after 20 min of
electroplating. (d) SEM and EDX analysis after 30 min of electroplating.
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and environmental damage. To prevent this, we have developed
a tactile solution to use waste chewing gum as a tribo layer,
enabling it to harvest energy through a TENG. Also, the RCG-
TENG is utilized for temperature and humidity sensing, as well as
for self-powered electroplating applications. Furthermore, RCG
material has been explored through its chemical and mechanical
characterization. We successfully determined the presence of the
chewing gum filler material CaCO3, as well as other complex
compounds like binder, elastomer, and sweetening agent.

By harnessing the inherent properties of chewing gum,
this innovative approach not only demonstrates a promising
solution for mitigating environmental pollution but also con-
tributes to the development of sustainable energy harvesting
and storage solutions. The successful integration of RCG into
TENGs underscores the possibility of transforming urban
and rural waste into valuable, high-performance triboelectric
materials, fostering a more resilient, circular, and sustainable
economic system. Furthermore, this study highlights the
potential for similar waste materials to be repurposed for
energy applications, inspiring new avenues for waste manage-
ment and sustainable development.

Experimental section
Materials

Discarded Boomer chewing gum waste (Wrigley, India) was col-
lected and used as the triboelectric material for fabricating an
RCG-based TENG. Absolute ethanol was obtained from AIC Spe-
cialties, Chennai, Tamil Nadu. Ecoflex (00-30) was purchased from
Pearl Impex I-120, Sector – 2, DSIIDC, Bawana, Delhi. Deionized
water and ethanol were used to purify the chewing gum waste.

Fabrication of recycled chewing gum into a positive
triboelectric layer

The gum was usually chewed for 20 minutes, then the gum
waste was recovered and cleaned with water and ethanol five
times. RCG was subsequently dried in an oven at 45 1C. The
RCG was applied to a 3� 3 cm2 aluminum substrate, which was
connected to a copper wire to form the complete device
structure, as shown in Fig. 1c.

Fabrication of Ecoflex 00-30 rubber compound into a negative
triboelectric layer

A flexible, stretchable, strong, and soft Ecoflex film was pre-
pared by mixing platinum-cure silicone polymer parts A and B,
in a 1 : 1 ratio by weight, thoroughly stirring the mixture, and
pouring it onto a flat mold.22 The film was then cured at room
temperature for 3 h and peeled off as the final thin Ecoflex film.
A 1 mm thick, 3 � 3 cm2 Ecoflex film was attached to an
aluminum electrode connected to a copper wire.

Characterization and measurement

A Bruker D8 Advance, PANalytical X’Pert3 X-ray diffractometer
(Germany) employing Ni-filtered Cu-Ka radiation in Bragg–
Brentano geometry was used to assess the crystalline characteristics

of the BCG and RCG samples. The chemical functional groups
present on the surface and the interlayer bonding of RCG and
BCG were examined by FTIR spectroscopy using a Shimadzu
IRAffinity-1 instrument (Japan). The chemical compositions of
RCG and BCG were analyzed by Raman spectroscopy using an
Anton Paar Cora 5001 DUAL instrument. Thermogravimetric
analysis was conducted on RCG using a TA Instruments SDT
Q600 (USA) to assess their thermal stability and degrada-
tion characteristics. A single-column universal testing machine
(H5KS, Tinius Olsen, UK) was utilized to assess the tensile
strength and mechanical resilience of the RCG. An amplitude-
modulated Bruker Kelvin probe force microscopy (AM-KPFM)
system incorporating a thermal control stage was employed to
perform surface potential mapping and work function measure-
ments of the RCG, thereby assessing its charge distribution.
A contact-angle goniometer (DMs-401, Kyowa Interface Science)
was employed to determine the water contact angles of both the
original Ecoflex and RCG samples. The surface morphology of
the RCG was analysed through scanning electron microscopy
(Carl Zeiss, EVO 18 Research, Germany). The fabricated RCG-
TENG’s electrical parameters were measured with a program-
mable electrometer (Keithley 6514, USA).
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