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The increasing demand for sustainable energy solutions has spurred research into advanced energy-
harvesting technologies, with triboelectric nanogenerators (TENGs) emerging as a promising option for
converting ambient mechanical energy into electrical power. The present study explores the potential of
a novel composite material comprising nickel-aluminum layered double hydroxides (NiAl-LDH) and
MXene (TizC,) to improve TENG performance. Integrating highly conductive, high-surface-area two-
dimensional (2D) MXenes with multifunctional 2D layered double hydroxides (LDHSs) leverages their
synergistic properties to enhance charge generation and transfer efficiency, achieving an impressive
power density of 36.9 W m™2, the highest reported for LDH-based TENGs. In addition to advancing
energy harvesting, the TENG device was utilized to design a self-powered electroplating system. Here,
energy harvested by the TENG from mechanical motion was stabilized through a power management
circuit and used to drive an electrochemical process, successfully coating copper onto metal objects.
The presented work paves the way for eco-friendly, sustainable manufacturing, showcasing the potential
of TENGs for powering small-scale electrochemical tasks without relying on external power supplies.
The results of this study highlight the versatility and promise of NiAl-LDH/MXene-based TENGs for

rsc.li/sustainable-energy

1 Introduction

The growing demand for sustainable energy solutions has
accelerated research into advanced energy-harvesting technol-
ogies that convert ambient energy into usable electrical power.
Among the most promising of these technologies are tribo-
electric nanogenerators (TENGs), which harness mechanical
energy from environmental sources, such as human movement,
vibrations, and wind, and convert it into electricity." TENGs
operate based on the principles of triboelectrification and
electrostatic induction.*® When two materials with differing
triboelectric polarities come into contact and are subsequently
separated, electrical energy is generated, which can be har-
vested and stored. This mechanism has garnered significant
interest due to its simplicity, scalability, vast material choices,

“Department of Physics, Energy Materials and Devices (EMD) Lab, National Institute of
Technology, Warangal-506004, India. E-mail: rakeshr@nitw.ac.in; kanapuram.
udaykumar@nitw.ac.in

*Department of Environmental Engineering, Kyungpook National University, Buk-gu,
Daegu 41566, Republic of Korea. E-mail: daesung@knu.ac.kr

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d55¢00492f

4364 | Sustainable Energy Fuels, 2025, 9, 4364-4374

a wide range of energy-harvesting and industrial applications.

and potential applications in self-powered electronics, sensors,
and renewable energy systems.*”®

A wide range of materials have been explored for TENG
fabrication to enhance their energy output, efficiency, and
durability. The materials used in TENGs span a diverse spec-
trum, including polymers,'>'* metal oxides,'>"* organic mate-
rials,"*"* waste by-products,’®'” metals,"®'* 2D materials,”**
porous materials**** etc. Each material class contributes specific
properties that affect the triboelectric effect, the charge gener-
ation process, and the device's overall performance. Polymers,
for example, are lightweight and flexible, making them ideal
candidates for wearable TENGs, while metal oxides offer robust
mechanical strength and chemical stability, enabling durable
energy-harvesting devices.

This study investigates a relatively unexplored class of
materials in the TENG field: layered double hydroxides (LDHs),
particularly those based on nickel and aluminum (NiAl-LDH).
LDHs are a family of two-dimensional materials characterized
by a structure similar to brucite Mg(OH),, where some divalent
metal cations (M**) are partially substituted by trivalent metal
cations (M>"). This substitution creates an excess positive
charge, which is balanced by intercalated anions in the

This journal is © The Royal Society of Chemistry 2025
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interlayer spaces, along with water molecules. LDHs are repre-
sented by the general formula [M;_,>" M,>"(OH),[*" [A" Jx/n-
-mH,0, where M represents divalent/trivalent heterogeneous
metal cations (Ni*" and AI**), and A represents anions (NO; ).
The versatility of LDHs lies in their tunable chemical compo-
sition, high surface area, and potential for functionalization,
which make them suitable for applications in catalysis, drug
delivery, and, more recently, energy storage and conversion
technologies.>?® LDHs can serve as an effective triboelectric
positive layer in TENGs due to their intrinsic positive charge,
arising from the partial substitution of M>" with M>", which
enhances their ability to donate electrons during contact
electrification.

MXenes, a class of two-dimensional transition metal
carbides and nitrides, have become a focal point in recent
research due to their excellent electrical conductivity, hydro-
philicity, and surface functionality. Their unique properties
make them ideal for integration into TENGs as conductive
layers or frictional layers or in combination with other materials
to enhance charge generation and transfer.””?®* MXenes have
been extensively studied for their role in energy storage,
capacitors, and electromagnetic shielding, while their use in
TENGS has only recently gained attention.>*

The heterostructure formed by growing LDH on MXene sheets
effectively prevents the agglomeration and restacking of both
NiAl-LDH and MXene. The interfacial electronic coupling in
MXene/LDH heterostructures enhances conductivity, increases
active sites, and improves stability. MXene, when combined with
a semiconductor like LDH, forms an interfacial Schottky junc-
tion, facilitating efficient charge carrier separation and migra-
tion.*> The combination of MXene with NiAl-LDH in a TENG
device offers an innovative approach to improving the power
output of triboelectric systems. This study represents one of the
first comprehensive explorations of NiAl-LDH/MXene composites
in TENG applications, with the goal of filling a critical gap in the
literature on the use of LDHs for energy harvesting. This
composite material leverages the unique properties of both
components: the high surface area and tuneable chemistry of
NiAl-LDH, combined with the exceptional electrical conductivity
and surface functionality of MXenes. MXenes, due to their two-
dimensional structure, have the ability to facilitate rapid charge
transfer and enhance the electrostatic interactions between
triboelectric layers. This makes them ideal for pairing with LDHs,
which are electron-donating materials. The synergy between NiAl-
LDH and MZXenes could lead to improved triboelectric perfor-
mance by increasing the surface charge density, optimizing
charge transfer efficiency, and enhancing the device's overall
durability. A comprehensive review of LDH and MXene-based
TENGs is presented in ESI-S1,f highlighting the novelty and
superior performance of our NiAl-LDH/MXene-based TENG in
comparison to previously reported systems.

In our experiments, we utilized a NiAl-LDH/MXene composite
as the positive triboelectric layer, while fluorinated ethylene
propylene (FEP) was employed as the negative triboelectric layer.
FEP is a widely used material in TENGs due to its strong electron-
accepting properties and high durability. The combination of
NiAl-LDH/MXene as the electron-donating layer and FEP as the
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electron-accepting layer creates an optimal triboelectric pairing.
The device demonstrated impressive performance metrics,
producing an open-circuit voltage (V,.) of 734 V and a short-
circuit current (Is.) of 355 pA. These values are notably high for
a TENG based on LDH materials, indicating that the NiAl-LDH/
MXene composite significantly enhances the triboelectric effect.
At an optimized load resistance of 2 MQ, the power density of the
device reached 36.9 W m™>. This value represents the highest
reported power density for a TENG incorporating an LDH-based
material, underscoring the potential of this composite for high-
efficiency energy harvesting applications.

Further, we have demonstrated great potential for powering
small-scale electrochemical processes, including the design of
self-powered electroplating systems. This self-powered electro-
plating setup demonstrates the feasibility of using energy har-
vested from ambient mechanical sources to perform
electrochemical tasks without relying on external power
supplies, paving the way for eco-friendly and sustainable
manufacturing techniques.

2 Experimental section
2.1 Preparation of multi-layered MXene (Ti;C,)

The 2D MXene nanosheets were synthesized using selective
aluminum etching from the parental MAX phase followed by
delamination via probe sonication, similar to what has been
reported in the literature.®® The schematic of the synthesis
procedure is presented in Fig. 1(a). The parent MAX phase
Titanium aluminum carbide (TizAlC,) was purchased from
Sigma Aldrich and used directly without further purification. 1 g
of Ti;AlC, was added to 20 mL of Hydrofluoric acid (HF)
(48 wt%) and magnetically stirred for 24 h at 250 rpm. Multi-
layered MXene was obtained after centrifuging (3500 rpm),
and washed several times with deionised (DI) water until it
reached a neutral pH of 6-7.

2.2 Delamination of multi-layered MXene (Ti;C,)

The MXene powder, consisting of multiple layers, was mixed
with Dimethyl sulfoxide (DMSO, 99.5 wt%) at a ratio of 1:15 (g)
and stirred at 400 rpm for 18 hours. After dilution with water,
the DMSO-intercalated MXene was collected by centrifugation
at 3500 rpm for 25 minutes. The resulting MXene powder was
dispersed in DI water at 1:300 and sonicated for 6 hours
(750 W, 20 kHz). The supernatant was obtained by centrifuging
at 3500 rpm for 1 hour. Few-layered MXene nanosheets were
acquired through vacuum filtration of the supernatant, fol-
lowed by vacuum drying.** A photograph of the obtained MXene
nanosheet powder is shown in Fig. 1(b). The morphology and
crystallinity of the obtained powder were characterized using
Field Emission Scanning Electron Microscopy (FESEM, Model
JSM-IT 800) and X-ray Diffraction (XRD, XRD dynamics 500).

2.3 Preparation of NiAl-LDH and the NiAl-LDH/MXene
composite

Fig. 1(c) illustrates the schematic representation of the
synthesis process for the NiAl-LDH/MXene composite. A
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(a) Schematic illustration of the MXene powder synthesis, (b) photograph of the MXene powder, (c) schematic representation of the

synthesis procedure for the NiAl-LDH/MXene nanocomposite, (d) photograph of the LDH powder, (e) photograph of the MXene/LDH powder.

specific quantity of MXene nanosheet powder was dispersed in
DI water using ultrasonic treatment. 0.002 M aluminum nitrate
nonahydrate (Al(NO;);-9H,0) and 0.006 M nickel nitrate hexa-
hydrate (Ni(NOs),-6H,0) were added to the suspension fol-
lowed by an additional 10 minutes of ultrasonication. Next,
0.04 M urea (CO(NH,),) and 0.016 M ammonium fluoride
(NH4F) were mixed with the suspension and stirred for 30
minutes. The resulting suspension was then subjected to heat
treatment at 120 °C for 24 hours. Finally, the obtained material
was thoroughly washed with DI water until a neutral pH was
achieved and then dried overnight at 80 °C. A series of LDH/
MXene composites were synthesized by changing the weight
percentage of MXene in LDH, i.e.,1, 2, and 3 wt%. Pure LDH was
also synthesized by a similar procedure, but in the absence of
MXene.* The photographs of the pure LDH and LDH/MXene
composite powders are shown in Fig. 1(d) and (e), respectively.

2.4 Fabrication of a triboelectric layer using the NiAl-LDH/
MXene nanocomposite

The NiAl-LDH/MXene powder was coated onto an aluminum
electrode using conductive carbon tape to ensure good adhe-
sion and conductivity. The aluminum electrode was precisely
cut into 5.5 x 5.5 cm” sheets, and a layer of conductive carbon
tape, which is adhesive on both sides, was attached to its
surface. This sticky surface enabled a stable attachment of the
NiAl-LDH/MXene powder. The powder was then carefully
loaded onto the prepared surface and uniformly spread using
a fine brush to ensure an even coating. This method ensured
consistent material distribution, which is crucial for optimizing
the device's triboelectric performance. The real-time photo-
graphs of the fabrication process are presented in ESI Fig. S2.}
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2.5 TENG device fabrication and testing

The TENGs were constructed using a NiAl-LDH/MXene nano-
composite film as the fixed triboelectric layer, while the second
frictional layer was attached to a separate aluminum electrode
using conductive carbon tape. To evaluate the performance of
the TENG, electrical connections were made between the top
and bottom aluminum electrodes using two wires, and the
device was tested in vertical contact separation (VCS) mode by
applying a hand-tapping force of approximately 8-10 N (ESI
S31), and frequency of 4-5 Hz. Several triboelectric materials—
including Kapton, poly(tetrafluoroethylene) (PTFE), FEP, sili-
cone rubber, and poly(methyl methacrylate) (PMMA)—were
tested against the NiAl-LDH/MXene nanocomposite to identify
the combination yielding the best output. The electrical
performance of the TENG was measured using an oscilloscope
(GW-Instek, GDS-1102B) and a current preamplifier (SRS,
SR570). The long-term stability and durability of the device were
assessed using a custom-built tapping machine.

3 Results and discussion
3.1 Material characterization

The surface morphology of the synthesized nanocomposites
was examined using FESEM. Fig. 2 presents the FESEM images
of NiAl-LDH, MXene, and the NiAl-LDH/MXene composite at
various magnifications. The pure NiAl-LDH displays a distinct
3D flower-like structure, as depicted in Fig. 2(a) and (b), which is
consistent with previous reports in the literature.>**” In Fig. 2(c)
and (d), the MXene exhibits its characteristic stacked, layered
structure. Notably, Fig. 2(e) and (f) reveals that the NiAl-LDH is
perfectly integrated on the MXene sheets. This structural

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 FESEM images of (a) and (b) NiAl-LDH, (c) and (d) MXene, and (e) and (f) NiAl-LDH/MXene.

integration is crucial for enhancing the performance of the
composite in energy harvesting applications. The uniformly
distributed LDH on the conductive MXene substrate forms
a well-integrated heterostructure, providing abundant active
sites for contact electrification, which enhances charge transfer
and boosts output performance.

To further validate the uniform distribution of LDH sheets
on the MXene flakes, Energy Dispersive X-ray Analysis (EDAX)
and elemental mapping were carried out, and the correspond-
ing results are provided in ESI S4.f The elemental mapping
reveals a consistent and well-dispersed presence of key
elements such as nickel (Ni) and aluminum (Al), which are the
primary constituents of the NiAl-LDH, across the entire surface
of the MXene flakes. This uniform elemental distribution
indicates that the LDH nanosheets have grown homogeneously
on the MXene substrate without any significant agglomeration
or localized deposition. The presence of titanium (Ti) and
carbon (C), corresponding to the MXene structure, along with
the even distribution of Ni and Al, further confirms the
formation of a well-integrated hybrid structure.

The XPS spectra of the NiAl-LDH/MXene nanocomposite are
shown in Fig. 3(a)-(d). The characteristic peaks of Ti, C, Ni, Al,
O, and F elements at 457, 284, 855, 73, 530, and 683 eV,
respectively, confirm the coexistence of NiAl-LDH and Ti;C, in
the nanocomposite. In the Ni,, spectrum, the peaks at 855 eV
and 873 eV correspond to the 2p;/, and 2p,, doublet of Ni*",
along with two shakeup satellites. The Al,, spectrum shows
a peak at 73 eV, indicating the presence of AI** in the composite.
In the Ti,, spectrum, the peaks at 463.6 eV and 457.8 eV are
attributed to Ti~O,p1/, and Ti-O,p32, respectively.’®*®

The FTIR pattern of the NiAl-LDH/MXene composite is
illustrated in Fig. 3(e). The peaks at 3560, 1634, and 1386 cm ™"
correspond to the O-H stretching vibration of water molecules
confined in the interlayer, hydrogen bonded OH groups, and
N-O stretching vibrations from NO;~, respectively. Several
peaks below 810 cm ™" can be attributed to M-O and M-O-M (M
= Ni, Al) lattice vibrations.*

This journal is © The Royal Society of Chemistry 2025

The XRD patterns of NiAl-LDH, MXene and the NiAl-LDH/
MXene composite are illustrated in Fig. 3(f). The character-
istic diffraction peaks of NiAl-LDH at 11.53°, 23.15°, 34.81°,
39.3°, 46.6°, 60.7°, and 62.03° correspond to the (003), (006),
(012), (015), (018), (110) and (113) crystal planes respectively,
which are well consistent with hexagonal phase (JCPDS No. 22-
0452).°%%" In the MXene/NiAl-LDH composite, the character-
istic peak of NiAl-LDH is prominent, whereas the (002) diffrac-
tion peak of MXene is weaker and shifted to a smaller angle
compared to exfoliated-MXene. This shift occurs because the
NiAl-LDH nanosheets rest on the surface of MXene, preventing
the restacking of MXene sheets. Additionally, the (002) peak of
MXene is prone to overlap with signals from NiAl-LDH due to its
low intensity.*

The Raman spectra of NiAl-LDH and NiAl-LDH/MXene are
provided in ESI S5.1 In the spectrum of NiAl-LDH, the charac-
teristic peak observed at 1061 cm ' can be ascribed to
symmetric stretching mode of interlayer NO; . In the spectrum
of NiAl-LDH/MXene the two broad bands at 1354 and 1568 cm ™
are attributed to the D and G modes of carbon in MXene. The
characteristic peaks of NiAl-LDH/MXene closely resemble those
of NiAI-LDH due to the low MXene content in the composite,
confirming the strong interaction between NiAl-LDH and
MXene.*

3.2 Electrical characterization of the TENG

Fig. 4(a) shows the schematic of the TENG device with FEP and
NiAl-LDH/MXene (2 wt%) layers as frictional layers. Fig. 4(b)
illustrates the output performance of the fabricated TENG when
the NiAl-LDH/MXene (2 wt%) composite layer was paired with
various standard triboelectric materials. The experimental
results show that the highest electrical output was achieved
when the NiAl-LDH/MXene layer was paired with a FEP layer.
This can be attributed to the strong electron-accepting proper-
ties of the FEP, which, in combination with the highly
conductive and charge transfer enhancing qualities of the NiAl-
LDH/MXene layer, maximized the triboelectric effect. Based on

Sustainable Energy Fuels, 2025, 9, 4364-4374 | 4367
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these results, the NiAl-LDH/MXene and FEP combination was
chosen for further experiments due to its superior performance
in generating electrical output.

Fig. 4(c) illustrates the current generation mechanism of the
NiAl-LDH/MXene and FEP-based TENG. When a hand-tapping
force is applied, the two frictional layers come into contact
and exchange charges based on their electronegativity. As FEP is
a strong electron acceptor, it gains electrons from the NiAl-LDH/
MXene layer, leaving NiAl-LDH/MXene positively charged. After
the applied tapping force is released, the frictional layers begin
to separate, inducing a potential difference that drives electrons
through the external circuit until equilibrium is reached.
Reapplying the hand-tapping force brings the frictional layers
closer together, causing electrons to flow in the reverse direc-
tion. This cyclic process of contact and separation generates an
alternating current in the external circuit.

The detailed electrical characterization of the NiAl-LDH/
MXene-FEP TENG is displayed in Fig. 5. The device reached
maximum V,. and /. values of 734 V and 355 pA, respectively, as
shown in Fig. 5(a) and (b). The switching polarity test results
confirm that the electrical output generated by the TENG device
is not due to noise or external factors from the measuring
instrument. Fig. 5(c) presents the variation in TENG output with
different load resistance values, showing that the voltage rises
while the current decreases as load resistance increases.
Fig. 5(c) depicts a sharp increase in load voltage and a steep
decrease in load current up to 20 MQ, after which the values
plateau as load resistance continues to increase. The instanta-
neous power density as a function of load resistance was
calculated from the load characteristic data and illustrated in
Fig. 5(d). The power density increased with load resistance,

View Article Online
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peaking at 36.9 W m ™2 at a 2 MQ load resistance, and then
decreased as load resistance continued to rise. This variation in
TENG power density can be explained using Ohm's law and
maximum power transfer theorem, where the maximum power
density is achieved when the load resistance matches the
device's internal resistance.** The energy conversion efficiency
of the TENG device was evaluated following a standard meth-
odology reported in the literature (ESI S6f), and the TENG
demonstrated an efficiency of approximately 85.05%, indicating
effective conversion of mechanical energy into electrical energy.
Furthermore, the stability of the TENG was evaluated over
approximately 5200 cycles using an in-house-built linear
tapping machine. The device maintained a stable output
throughout the test, demonstrating its robustness and reli-
ability. The reduced voltage observed in the stability test is due
to the lower force exerted by the machine on the TENG
compared to hand tapping. Further, the variation of output
voltage and current as a function of hand tapping frequency has
been systematically analyzed and is provided in ESI S7.7 It can
be observed that the output voltage and current initially
increase with rising tapping frequency, reaching a maximum at
around 4-5 Hz. However, when the frequency exceeded 5 Hz,
both the output voltage and current began to decline. This trend
is consistent with previously reported findings in the
literature.*>*°

To further optimize the TENG's performance, the MXene
concentration in the NiAl-LDH/MXene composite was system-
atically varied at 0%, 1%, 2%, and 3%. The corresponding
output voltage and current were measured (Fig. 6(a)) to assess
the impact of MXene addition on device performance. When
MXene was not incorporated (pure NiAl-LDH), the device
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Fig. 5

(a) and (b) Ve and /. response of the TENG in forward and reverse connections, (c) variation of voltage and current of the TENGs under

different load resistance values, (d) instantaneous power density of the TENGs with load resistance, (e) stability of the TENG under ~5200 cycles

(inset magnified view of a few cycles).
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exhibited an output voltage of approximately 624 V and
a current of 222 pA. As the MXene concentration increased,
a significant improvement in the TENG's performance was
observed. At 2% MXene concentration, the TENG achieved its
peak performance, delivering an impressive output voltage of
731 V and a current of 355 pA. This enhancement can be
attributed to the synergistic effect between the NiAl-LDH layers
and the conductive MXene, which facilitates efficient charge
transfer and increases surface charge density. The inter-
connected network of uniformly distributed LDH on conductive
MXene enhances the contact surface area and active sites,
promoting efficient electron transfer between the triboelectric
layers. However, further increasing the MXene concentration to
3% resulted in a decline in performance, with the output voltage
dropping to 690 V and the current to 310 pA. The observed
decrease in TENG performance at higher MXene concentrations
can be attributed to the intrinsic electronegative nature of
MZXene, which diminishes the electron-donating capability of
the NiAl-LDH/MXene composite. MXene enhances the charge
transfer process at optimal concentrations by increasing
conductivity and facilitating electrostatic interactions. However,
as the concentration of MXene exceeds the optimal level, its
strong electronegativity starts to dominate, reducing the effec-
tive triboelectric charge generation. This behaviour likely stems
from an imbalance in the electron-donation and electron-
acceptance processes within the composite. The excessive
MXene content may also disrupt the uniformity and surface
interaction of the composite, further limiting the ability of the
TENG to generate and transfer charges effectively. These find-
ings highlight the importance of fine-tuning the MXene
concentration to maintain an ideal balance between enhancing
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conductivity and preserving the triboelectric properties of the
composite.

This assumption was further validated by measuring the
work function of each MXene concentration sample using
ultraviolet photoelectron spectroscopy (UPS) (ESI S8t). The
work function values for 0%, 1%, 2%, and 3% MXene concen-
trations are presented in Fig. 6(b).*” For pure NiAl-LDH (0%
MXene), the work function was found to be 4.73 eV. As the
MXene concentration increased, the work function decreased,
reaching its minimum value of 4.62 eV at 2% MXene concen-
tration. This reduction in work function correlates directly with
the enhanced performance of the TENG, as the lowest work
function at 2% MZXene concentration facilitates improved
charge transfer efficiency, resulting in the highest output
voltage and current. However, when the MXene concentration
was increased further to 3%, the work function rose to 4.85 eV.
This increase in work function is likely due to the over-
dominance of the electronegative MXene component, which
alters the electron affinity of the composite, thereby diminish-
ing its charge-donating capabilities. Consequently, the TENG
output performance decreased, supporting the notion that the
variation in the work function of the composite plays a critical
role in determining the device's output performance. This
analysis underscores the importance of optimizing the MXene
concentration to achieve a balanced electronic structure for
maximum triboelectric performance.

The high output power TENG was utilized to power up 600
LEDs and four LED lamps momentarily for each hand tapping.
The real-time demonstration is presented in ESI Videos V1 and
V2.1 Fig. 6(c) and (d) shows the photographs of the LEDs and
LED lamps powered with TENG output.

This journal is © The Royal Society of Chemistry 2025
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3.3 Self-powered electroplating system

A self-powered electroplating setup was designed utilizing
a fabricated TENG with a power management circuit (PMC), as
shown in Fig. 7(a) and (b). In the present report, self-powered
electroplating was performed using the simple bio-mechanical
energy of hand tapping. The generated electricity was then fed
into a PMC, which played a crucial role in regulating, storing,
and delivering the energy in a controlled manner suitable for
electroplating applications. The power management circuit
included components such as rectifiers, capacitors, and
inductors to ensure a steady and continuous power supply. The
intermittent and variable nature of the TENG output was
smoothed out by this circuit, storing the energy in capacitors or
batteries for consistent use. The regulated power was then
directed to the electroplating cell, where it facilitated the
deposition of metal ions onto a conductive substrate, forming
a uniform and adherent metal coating. By eliminating the need
for an external power source, this setup reduced operational
costs, enhanced energy efficiency and promoted sustainability
by utilizing renewable mechanical energy. Moreover, the self-
powered nature of this system made it highly versatile and
portable, enabling its application in remote or off-grid
locations.

By leveraging the unidirectional output and impedance-
matching properties of the TENG, the PMC ensures that
energy harvested by the TENG is effectively stored in a capacitor
through a two-stage energy transfer mechanism.*® In the first
stage, the electrical energy from the TENG is converted into
magnetic energy stored in the inductor (10 mH). This magnetic

(a)

[ copper sheet Iron sheet

0.5 M CuSO,

NiAl-LDH/MXene
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Fig. 7
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energy is then transformed back into electrical energy during
the second stage and stored in the capacitor (10 pF). This
cyclical process ensures minimal energy loss and maximizes
storage efficiency. The integration of TENGs with PMC was seen
to hold great promise for revolutionizing electroplating
processes, making them more eco-friendly and adaptable to
various industrial needs. This method produces high-quality
copper coatings suitable for applications in electronics, jewel-
lery, and industrial components.

The process involved preparing an electrolyte solution con-
taining copper sulfate (CuSO,) and sulfuric acid (H,SO,) to
supply Cu®" ions, as shown in Fig. 7(c). The TENG device was
connected to the electroplating circuit, with the iron substrate
as the cathode and a pure copper strip as the anode. During the
process, copper atoms at the anode were oxidized to Cu** ions,
which were then reduced at the cathode, resulting in the
deposition of a copper layer onto the iron surface. The reactions
at anode and cathode are

Cathode: Cugq)™" + 2¢~ — Cuy, (1)
Anode: Cugy — Cugg)’ + 2e” (2)

The continuous electrical energy generated by the TENG
facilitated the gradual formation of a uniform copper coating
on the iron sheet, which was subsequently rinsed and dried to
complete the plating process. The real-time demonstration of
self-powered electroplating is included in the ESI in Videos V3
and V4.1 Fig. 7(d) shows the photographs of the iron sheets
before and after electroplating with the TENG for a period of

ssssnsnnnnl

l03ede)

L0T 94
1030npuj

+

apoia

(a) Schematic of the self-powered copper plating setup with a power management circuit, (b) images of the power management circuit,

(c) reaction beaker with copper and iron metal sheet, (d) photographs of the copper plated pieces before and after electroplating.

This journal is © The Royal Society of Chemistry 2025
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~30 seconds. It was found that the proposed setup could ach-
ieve copper plating at a rate of 0.0004 ¢ min~" ¢cm” and the
details are provided in ESI 9. To validate the role of the TENG
in the electroplating process, an identical electroplating exper-
iment was conducted with and without the application of TENG
output to the electroplating setup over the same duration. It was
found that no visible coating appeared on the metal in the
absence of TENG input during the electroplating step. In
contrast, the presence of TENG input in the electroplating
process produced a clear, visible coating on the metal piece. The
real-time demonstration of the electroplating process with and
without the TENG is available in ESI Video. V5.t

In the proposed system, the TENG can be incorporated as
a sustainable power source to extract energy from mechanical
motions, eliminating the need for external electricity during the
electroplating process. To validate the scalability and practi-
cality of the system, we performed electroplating on metal
substrates of various sizes (4 x 4 cm” and 7.5 x 7.5 cm”) and
shapes, confirming its practical applicability (ESI S107).
Furthermore, the system offers potential for large-scale
deployment and integration of TENG-based self-powered
systems into industrial metal finishing applications. For
example, the current 5 x 5 cm?® triboelectric layer can be
expanded by employing scalable coating techniques such as
spray coating or doctor blading to uniformly deposit the
composite on larger substrates, enabling the creation of large-
area TENGs. Additionally, modular TENG arrays can be
designed by connecting multiple large-area TENG units in
parallel, thereby increasing the overall power output to meet the
energy demands of industrial electroplating systems. In the
electroplating industry, large-area TENGs can power processes
for coating metals in electronics, jewelry, and automotive
components, reducing reliance on external power sources and
lowering operational costs. The TENG's ability to harvest
biomechanical or vibrational energy makes it suitable for inte-
gration into factory environments, where machinery vibrations
can drive the TENG to power small-scale electrochemical
systems. Another approach is to integrate large-area TENG
devices into floor tiles, presenting an innovative way to harvest
energy from walking to drive the electroplating system. Each
step on and off the tiles would induce contact-separation cycles,
producing electrical energy that can be stored via a power
management circuit (PMC) and used to power the electroplating
setup, similar to the hand-tapping method in our study.

4 Conclusion

A NiAl-LDH/MXene nanocomposite-based triboelectric nano-
generator (TENG) was successfully fabricated, demonstrating its
potential for self-powered electroplating systems. The nano-
composite was prepared by successfully growing NiAl-LDH on
MXene nanosheets, ensuring strong interfacial interactions and
enhanced triboelectric properties. Among various tested tribo-
electric pairs, FEP exhibited the best compatibility with the
nanocomposite, achieving the highest performance. The opti-
mized TENG produced an impressive output with an open-
circuit voltage of 734 V, a short-circuit current of 355 pA, and
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a power density of 36.9 W m 2. Performance optimization was
achieved by varying the concentration of MXene in the LDH
matrix, where the enhancement was attributed to changes in
the work function of the composite. Additionally, the fabricated
TENG successfully powered a self-powered electroplating setup,
demonstrating its practical applicability in real-world scenarios.
This study highlights the significant potential of NiAl-LDH/
MXene-based TENGs for next-generation energy harvesting
and self-powered systems. Future work could explore the scal-
ability and integration into various applications for sustainable
energy solutions, as well as the relationship between electro-
plating processes and the performance of triboelectric devices.
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