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An Overview of Flame-Retardant Materials for Triboelectric
Nanogenerators and Future Applications
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Triboelectric nanogenerators (TENGs) have gained significant attention for
ability to convert mechanical energy into electrical energy. As the applications
of TENG devices expand, their safety and reliability becomes priority,
particularly where there is risk of fire or spontaneous combustion.
Flame-retardant materials can be employed to address these safety concerns
without compromising the performance and efficiency of TENGs. The primary
focus of this review is on flame-retardant materials, including polymers,
biomaterials, liquid polymers, aerogels, and carbon-based materials. The
fundamental properties of these materials for TENG applications are
elucidated. The characteristics of each material type are described, along with
their potential to boost the safety and performance of TENGs. The importance
of flame retardancy in advancing TENG technology can be projected from its
usage in wearable electronics, self-powered sensors, and smart textiles.
Current challenges such as material compatibility, fabrication complexity, and
environmental concerns are addressed, along with proposed strategies for
overcoming them. This review underscores the significance of flame-retardant
materials in strengthening the functionality and safety of TENG devices,
paving the way for their widespread adoption across various industries.
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Krasińskiego 8, Katowice 40-019, Poland

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202415099

© 2025 The Author(s). Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202415099

1. Introduction

TENGs are energy harvesting devices that
generate electrical energy without the need
for an external power source by converting
various mechanical vibrations into electri-
cal energy.[1–4] The fundamental principle
of TENG operation involves a combination
of contact electrification and electrostatic
induction. Contact electrification generates
static polarized charges, while electrostatic
induction is the primary process that con-
verts mechanical energy into electricity.
Their versatility, scalability, and potential for
creating self-powered systems have sparked
considerable interest across diverse fields
ranging from wearable electronics to envi-
ronmental sensing.[5–10] However, as TENG
applications expand, ensuring the safety
and reliability of these devices becomes
increasingly critical, particularly in envi-
ronments where there is a risk of fire
or ignition.[11–13] Flame-retardant materials
present a compelling solution to address

these safety challenges, while maintaining the high performance
and efficiency of TENGs.[14,15] These materials possess intrinsic
properties or additives that inhibit or delay the spread of flames,
thereby reducing the risk of fire-related hazards.[16–18] By inte-
grating flame-retardant materials into TENG design and fabri-
cation, researchers aim to enhance the safety and reliability of
these devices, enabling their deployment in a broader range of
applications.[12,19–23]

Polymers constitute the backbone of the majority of TENG
devices due to their mechanical flexibility, durability, and ease
of processing.[24–26] Various flame-retardant additives, such as
phosphorus-based compounds, halogen-containing compounds,
and intumescent agents, have been explored for their efficacy in
enhancing the flame retardancy of polymer-based TENGs.[27–30]

Additionally, biomaterials derived from natural sources, such as
cellulose and chitosan, offer sustainable alternatives with inher-
ent flame-retardant properties, thereby opening new avenues
for eco-friendly TENG applications.[31–34] Liquid polymers, in-
cluding silicone-based materials and hydrogels, also present in-
triguing opportunities for improving TENG flexibility and con-
formability while imparting flame retardancy.[35,36] Moreover,
aerogels demonstrate exceptional thermal insulation properties
and high surface area, making them attractive candidates for
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Figure 1. Overview of flame-retardant materials, the triboelectric nanogenerator, and their applications.

flame-retardant TENG encapsulation and insulation.[37–40] Fur-
thermore, carbon-based materials, such as graphene and car-
bon nanotubes, have high conductivity and mechanical strength,
thereby enhancing TENG performance.[41–44]

This review highlights recent progress in the area of flame-
retardant materials employed in TENGs and their applica-
tions. The discussion encompasses a broad spectrum of flame-
retardant materials, highlighting their unique properties and
suitability for TENG integration. Each material type is analyzed in
detail to elucidate its flame-retardant mechanism, compatibility
with TENG fabrication processes, and potential impact on device
performance. In addition to overviewing the fundamental prop-
erties of flame-retardant materials, this review explores their po-
tential applications in TENG-based technologies. Wearable elec-
tronics, self-powered sensors, and structural health monitoring
systems are identified as key areas where flame-retardant TENGs
could offer significant advantages in terms of safety, reliability,
and energy autonomy. However, despite the promising advance-
ments, several challenges remain that must be addressed to fully
realize the potential of flame-retardant TENGs; these include ma-
terial compatibility, fabrication complexity, and environmental
concerns.

In summary, this review aims to provide insights into the
recent progress, challenges, and future directions in flame-
retardant materials for TENG applications. By elucidating the
diverse range of materials and their potential impact on TENG
performance and safety, this review seek to inspire further
research and innovation in this rapidly evolving field. Ultimately,
the integration of flame-retardant materials holds the key to
unlocking the full potential of TENG technology and enabling
its widespread adoption in various industrial and consumer ap-
plications. Figure 1 presents a schematic overview of the range

of flame-retardant materials, the TENG, and their potential
applications.

2. Working Mechanism of the Triboelectric
Nanogenerator (TENG)

The working mechanism of a TENG involves several key steps.
First, when two materials come into touch, contact electrification
takes place, producing both positive and negative charges as per
the polarity of each material.[45,46] Upon separation of the two
materials, these charges become spatially distributed on their
surfaces, creating an electric field between them.[47,48] The po-
tential difference induces charge transfer to nearby conductive
electrodes, thereby generating an electric current that can flow
through an external circuit.[49,50] When the materials are brought
back into contact, the cycle repeats, allowing for continuous en-
ergy generation.[51,52] The key components of a TENG include
the triboelectric layer, responsible for contact electrification and
charge transfer, and conductive electrodes placed near the tribo-
electric layer to collect and transfer the generated charges.[53–55]

The external electrical load, such as a resistor or electronic device,
utilizes the electrical energy produced by the TENG. The contact
separation mode is the most basic and primary type of TENG, as
illustrated in Figure 2a.[56]

The surfaces of two dielectrics become charged when they
come into contact. The two surfaces of dielectrics retain charge
after separation, creating a potential difference between the
materials.[57,58] An electrostatic field transfers electric charge
from one electrode to another. The electrostatic field dissi-
pates when the materials come into contact again, allowing the
electrons to return.[59,60] This repetitive process produces an alter-
nating current (AC).[61,62] Figure 2b shows an output node related
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Figure 2. Four classical working modes of TENGs a) Contact separation mode. b) Single electrode mode. C) Sliding mode. d) Freestanding mode.

to a single electrode, while the other node remains grounded,
allowing for simple operation. In contrast, the two-electrode ar-
rangement, which connects two output nodes to each electrode,
allows for greater motion.[63,64]

The sliding mode primarily deals with rotating or translating
motion via friction. The two objects in contact do not separate
but instead move with a differing contact area, as illustrated
in Figure 2c.[65,66] During frictional sliding, triboelectric charges
are formed on the surfaces of the two dielectrics, resulting in a
potential difference between the electrodes.[67–69] At this point,
the potential difference fluctuates based on the effective contact
area, and this cycle also generates an alternating current.[70,71]

The freestanding mode relies on a natural interaction between
a moving triboelectric layer (TL) and the surrounding matter
(Figure 2d), such as air.[72] In previous modes, the triboelectric
layer was artificially charged through purposeful friction between
two dielectrics; in this mode, it self-charges as a result of natu-
ral friction. Furthermore, it does not require periodic electrifica-
tion through external mechanical control since charges on the
triboelectric layer can be maintained for extended periods.[73,74]

Due to the uneven movement of the moving triboelectric layer,
an asymmetric electric field is created between the two materi-
als that varies with the distance between the electrode and the
charged material. This asymmetrical electric field leads to the
flow of electrical charges and causes triboelectricity. Unlike the
prior modes, this mode eliminates direct material contact, result-
ing in fewer areas of wear.[74,75] Although there is minimal voltage
generation, this mode of operation can enhance the longevity of
the triboelectric layer.[76,77]

3. Mechanism of Flame-Retardant

Flame-retardant materials function by disrupting the combus-
tion process through physical and chemical mechanisms. These

mechanisms can act in one or more stages of combustion: heat-
ing, ignition, flame propagation, and decomposition.[78,79] The
primary flame-retardant mechanisms are discussed below:

3.1. Endothermic Decomposition

Some flame-retardant materials decompose endothermically (ab-
sorbing heat) when exposed to high temperatures.[80,81] This pro-
cess reduces the heat available to sustain the combustion reac-
tion, lowering the temperature of the material and slowing or
stopping the fire. For example, aluminum hydroxide (Al(OH)3)
and magnesium hydroxide (Mg(OH)2) decompose endothermi-
cally, releasing water vapor, which cools the material and dilutes
combustible gases.

3.2. Formation of a Protective Char Layer

On the surface of some flame-retardant materials, a layer of car-
bonaceous char is encouraged to form. This char slows down
gas release and thermal degradation by protecting the underlying
material from heat and oxygen.[82,83] Phosphorus-based flame re-
tardants, which form phosphoric acid, are the primary examples
that promote char formation by dehydrating the material.

3.3. Dilution of Combustible Gases

Some flame-retardant materials release inert gases (such as nitro-
gen, water vapor, or carbon dioxide) when heated.[84] These gases
dilute the concentration of flammable gases (such as volatile or-
ganic compounds) around the material, making it harder for the
fire to sustain itself.[85] For example, ammonium polyphosphate
(APP) releases water vapor and nitrogen, which dilute the oxygen
around the flame.
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3.4. Gas Phase Inhibition (Free Radical Scavenging)

In the gas phase, flame-retardant materials can interfere with
the flame propagation chemistry by capturing and neutralizing
highly reactive radicals (such as H and ─OH) that are critical to
sustaining combustion.[86,87] Halogenated flame retardants, such
as brominated or chlorinated compounds, release halogen radi-
cals that scavenge the reactive radicals in the flame, thereby slow-
ing down or stopping the combustion reaction.[88]

3.5. Formation of a Ceramic Barrier

Certain flame-retardant materials can form a non-combustible,
glass-like ceramic barrier when exposed to high temperatures.
This layer shields the material from heat and oxygen, helping
to suppress further combustion.[89,90] For example, intumescent
flame retardants expand to form a foamy, insulating layer when
heated, creating a protective barrier.

4. Material Properties and Characterization
Techniques

Flame-retardant materials play a critical role in enhancing fire
safety across numerous industries, including construction, trans-
portation, and electronics.[91] These materials are designed to in-
hibit or delay the spread of flames, thereby reducing the risk of
fire-related accidents and minimizing property damage. Several
important properties characterize flame-retardant materials, and
their characterization is essential for evaluating their effective-
ness and suitability for specific applications. The primary prop-
erty of flame-retardant materials is their ability to suppress or
slow down the combustion process when exposed to heat or
flames.[92] This is typically assessed through standardized tests
such as the UL 94 (Underwriters Laboratories Standard for Safety
of Flammability of Plastic Materials) or ASTM E84 (Standard Test
Method for Surface Burning Characteristics of Building Materi-
als). Flame-retardant materials must possess high thermal sta-
bility, enabling them to withstand elevated temperatures without
undergoing significant degradation. Thermogravimetric analy-
sis (TGA) and differential scanning calorimetry (DSC) provide
insights into the endurance of materials under various thermal
conditions by measuring their weight loss and heat flow as a
function of temperature, respectively.[93] In addition to inhibit-
ing the spread of flames, flame-retardant materials should min-
imize the generation of smoke and toxic gases during combus-
tion. Smoke density and toxicity can be evaluated using methods
such as the smoke density rating test (ASTM E662) and toxic-
ity screening tests. Flame-retardant materials often form a pro-
tective char layer upon exposure to fire, ultimately limiting the
combustion process.[94] The cone calorimeter test measures heat
release rates (HRR), peak heat release rates (PHRR), and total
heat release (THR), providing insights into combustion intensity
and material flammability. Oxygen consumption calorimetry also
quantifies HRR and THR by tracking oxygen depletion during
combustion. The range of properties of flame-retardant materi-
als is overviewed in the schematic presented in Figure 3.

X-ray diffraction (XRD) and FTIR examine structural and
chemical modifications, while atomic force microscopy (AFM)

and dynamic mechanical analysis (DMA) assess nanoscale sur-
face roughness and viscoelastic properties, respectively. These
methods collectively provide a comprehensive understanding of
how flame-retardant materials behave under heat, influencing
their suitability for triboelectric applications.[95–97] Impedance
spectroscopy and LCR meter measure the dielectric constant (per-
mittivity), dielectric loss, and loss tangent over a range of frequen-
cies. This provides insights into how the material stores and dis-
sipates electrical energy, which can be affected by the addition
of flame-retardant components, thereby influencing their over-
all triboelectric performance and suitability for energy harvesting
applications. Tensile testing such as stress-strain curves, flexural
testing, and impact testing are standard techniques for evaluating
mechanical properties. X-ray photoelectron spectroscopy (XPS)
and nuclear magnetic resonance (NMR) spectroscopy provide
valuable insights into the elemental composition and molecular
structure of flame retardants. Flame-retardant materials should
be compatible with other components within the system, such
as polymers, additives, and processing aids. Compatibility test-
ing involves evaluating factors such as solubility, dispersion,
and phase separation using techniques such as microscopy and
spectroscopy.[98] By understanding and optimizing these proper-
ties, researchers and industry professionals can develop effective
flame-retardant materials to mitigate fire hazards in diverse ap-
plications.

5. Flame-Retardant Material-Based TENGs

5.1. Conventional Fire-Retardant Polymers

Polymers are preferred for use in various TENGs due to their ad-
vantages, such as mechanical flexibility, lightweight nature, ease
of manufacturing, and scalability. However, aside from fluorine-
containing polymers such as polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE), and Kapton (polyimide (PI)),
many polymeric materials encounter significant issues related to
flammability and melt-dripping in response to heat. These chal-
lenges have the potential to disrupt electronic devices and pose
serious fire hazards.[85,91,99] Therefore, the development of flame-
retardant triboelectric materials for use in harsh or extreme con-
ditions can be beneficial.[100,101] To enhance the flame resistance
of polymers, two primary strategies are employed: reactive-type
flame retardants and additive-type flame retardants. The reactive
approach involves chemically integrating flame-retardant agents
or highly thermally stable structures into the polymer backbone,
side chains, or crosslinked networks. This method results in su-
perior flame-retardant effectiveness and extremely high thermal
stability.

Chen et al. proposed a facile, robust, and low-cost solution-
casting method to prepare a flame-resistant triboelectric polymer
of polyvinyl alcohol (PVA) by doping phenyl phosphonic acid
(PPA)-polyethyleneimine (PEI) polyelectrolyte synthesized from
phenyl phosphonic acid and branched PEI.[102] The PVA/PPA-
PEI film containing 10 wt.% PPA-PEI self-extinguished imme-
diately after the flame burner was moved away from the sample,
while the neat PVA film burned thoroughly. The PVA/PPA-
PEI: PVDF TENG exhibits a higher charge density than the
original PVA: PVDF TENG due to the hybrid electron-ion trans-
port ability of the PVA/PPA-PEI film. Moreover, as PPA-PEI
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Figure 3. Important properties of flame-retardant materials.

concentrations increase, larger electrical outputs are observed.
Two primary factors are related. One is that the amino groups
of PPA-PEI can increase the number of electrons supplied
during contact electrification, as they are efficient electron
donors. The second is that more water is absorbed by the
PVA/PPA-PEI surface when the PPA-PEI electrolyte is present.
Consequently, a higher concentration of PPA-PEI tends to
produce more mobile ions and donate more electrons, resulting
in greater surface charge density and increased VOC, ISC, and
power or power density. The charge transfer phenomenon is
illustrated in Figure 4a,b. In addition, the material exhibited a
low PHRR of 148.7 ± 4.2 W g−1, representing a reduction of
≈47.8%. The effect of temperature on output voltage is shown in
Figure 4c,d.

Ma et al. suggested using a new conjugated benzene ring
blended with polydimethylsiloxane (PDMS) called PPMS to
showcase a fire-resistant TENG.[103] The benzene ring allows the
PDMS to achieve superior mechanical properties, high dielec-
tric constant (3.9), anti-dripping functionality, endurance, and
fire-retardant behavior. When the TENG was fabricated with
PPMS, the mechanism of enhanced electrical performance was
revealed through density functional theory simulation methods
(Figure 4e). From a molecular perspective, the volume of the Si-
benzene group could reach ≈29.08 Å3 that was twice that of Si-

CH3 (13.86 Å3). Similarly, the energy of Si-benzene (190.6 eV)
is significantly higher than that of Si-CH3 (86.5 eV). When the
friction layer comes into contact with PPMS, the collision proba-
bility and volume of Si-benzene are higher than the Si-CH3, im-
proving electrical output performance. Furthermore, when the
benzene group approached each other, greater energy was gen-
erated compared to the methyl group (Figure 4f). All simulation
results demonstrate that the introduction of benzene was benefi-
cial for enhancing the TENG output and performance. As shown
in Figure 4g, no melt casting was observed during the burning
process, and the PPMS morphology almost maintained its orig-
inal form within 15 s of burning. However, other polymer ma-
terials experienced significant deformation. The blue arrow LED
symbol, as seen in Figure 4h, can be illuminated even after 60 sec-
onds of burning, indicating that the safety channel indicator will
always beilluminated and will not be affected by the fire. Addi-
tionally, the output voltage dropped somewhat from 104 to 98 V,
sustaining output voltages of 100% and 80% at high tempera-
tures (300 °C).

Cheng et al. developed a flame-retardant textile-based TENG
(FT-TENG) using two flame-retardant cotton fabrics (FC), a
PTFE-coated cotton fabric (PC), and a divider, as illustrated in
Figure 5a,b.[104] The flame -retardant cotton fabric was made by
immersing a cotton fabric in a PEI and melamine solution and

Adv. Mater. 2025, 37, 2415099 2415099 (5 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) The charge transfer in pristine TENG during contact electrification is dominated by electron transfer. b) The charge transfer of PPA-PEI-based
TENGs during contact electrification is a hybrid of electron and ion transfer due to the ionization of polyelectrolyte leading to an increase of the surface
charge density. The effect of temperature on the output voltage. c) In-operando output voltage of pure PVA-based TENG triggered by DMA with increasing
temperature. d) In-operando output voltage of PVA/10 wt.% PPA-PEI-based TENG triggered by DMA with increasing temperature. a–d) Reproduced
with permission,[102] Copyright 2021, Elsevier. e) Simulation Results of energy and volume for Si-benzene and Si-CH3. f) Diagram of energy variation
of benzene with the increased distance. g) Images of different polymeric materials after 15 s combustion. h) Output voltage and photos showing the
lighting arrow symbol consisted of blue LEDs before and after 60 s combustion. e–h) Reproduced with permission,[103] Copyright 2024, Elsevier.
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Figure 5. a,b) Schematic, photographic image of the FT-TENG. c) Variation of the output current density and power density with external resistances.
d) Stability and robustness of FT-TENG. a–d) Reproduced with permission.[104] Copyright 2020, American Chemical Society. e) Digital photos of 20 s
combustion processes of pristine fabric and 10 BL coated NF. f) The voltage of treated NF-based TENG with increasing temperature (30–100 °C).
e,f) Reproduced with permission.[105] Copyright 2023, Elsevier.
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 15214095, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202415099 by D
aegu G

yeongbuk Institute O
f, W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 6. a) Schematic illustrating the fabrication process of the anti-impact and flame-retardant elastomers AFEs. b) Combustion experiments of c-SSE
and 6AFE-25. c) Flame retardant mechanism for AFE composites. d) A diagram of the equipment could work under normal, cut-heal, and fire attack
conditions and the corresponding electrical signals. a–d) Reproduced with permission.[108] Copyright 2022, Elsevier.

phytic acid solution using a layer-by-layer (LBL) self-assembly
method, followed by coating it with silver. The PC was produced
by soaking cotton fabric in the polytetrafluoroethylene solution.
A PTFE film was chosen to act as a divider and was folded
into a spring-like form. A vertical burning test was performed
to assess the flame retardancy of the flame-retardant cotton fab-
rics. The heat release rate (HRR), total heat release rate (THRR),
weight, and derivative weight of several specimens were deter-
mined. Furthermore, as the concentration or deposit times in-
creased, the flame retardancy of the flame-retardant cotton fab-
rics was enhanced. The maximum power density of FT-TENG
was 343.19 mW m−2, corresponding to an external electrical load
of 700 MΩ, as shown in Figure 5c. The stability of the device was
tested for 16,000 cycles. From this study, there was no damage,
and the output from the device is shown in Figure 5d. Even after
being burned at 17 different spots, the FT-TENG retained 49.2%
of its initial electrical output and when exposed to 220 °C, it sim-
ilarly retained 34.48% of its electrical output. The FT-TENG was
used as a wearable device for firefighters, functioning as a fire
alarm system during forest fires.

Zhang et al. fabricated a flame-retardant conductive fabric-
based TENG (FCF-TENG) using flame-retardant conductive ny-
lon fabric (FC@NF) immersed in a mixture of chitosan-coated
multi-walled carbon nanotubes (MWCNTs) and phytic acid (PA)
solution produced by an LBL self-assembly method; the triboelec-
tric cotton fabric (T@CF) was dipped in PTFE solution.[105] The
vertical contact-separation mode-based TENG (dimensions: 5 × 5
cm2) achieved 85.2 V, 4.76 μA, and 2.53 μC. Unlike the pristine

nylon fabric, the 10 BL-FC@NF exhibited high flame-retardancy,
and the specimen coated more than eight times did not catch
fire after 20 seconds of ignition, as shown in Figure 5e. TGA
showed that FC@NF has a smaller degradation rate than pris-
tine nylon fabric. The voltage of the FCF-TENG at different tem-
peratures (30–100 °C) is shown in Figure 5f. As temperature in-
creases, voltage shows a decreasing trend, which can be explained
by increased electron thermionic emission at higher tempera-
tures, reducing the accumulation of surface charges on PTFE.
Consequently, the findings demonstrate that the FCF-TENG has
good thermal stability and maintains 90% harvesting efficiency,
even at 100 °C. The authors utilized the properties of the FCF-
TENG to fabricate a self-powered sensing system that transmits
the electrical signals generated by individuals inside the building
to the outside via Bluetooth to detect fire events remotely.

Chen et al. fabricated an anti-impact and flame-retardant elas-
tomers (AFE)-based TENG. The 1 mm thick 1AFE-25 (contain-
ing 25% urea) with 3 mm thick 6AFE-25 (also containing 25%
urea) layers are shown in Figure 6a.[106] A shear-stiffening elas-
tomer (SSE) is soft but converts into a stiffer solid when sub-
jected to dynamic impact, providing excellent kinetic energy dis-
sipation properties. In addition, the SSE is self-healing, which
can extend the life of the device. However, since the SSE is in-
herently combustible, the authors processed a conductive shear-
stiffening elastomer (c-SSE) with excellent flame-retardant prop-
erties by blending it with carbon nanotubes (CNTs) and urea.
A flexible AFE was fabricated by evenly mixing urea with the
conductive shear-stiffening elastomer, whereby silicon hydroxide

Adv. Mater. 2025, 37, 2415099 2415099 (8 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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oil, boric acid, octane, and CNT were utilized to form the c-SSE.
The resulting contact-separation mode TENG, with dimensions
of 60 × 60 × 4 mm3 exhibited a maximum power of 57.25 μW at
a voltage of 22.70 V. The voltage is improved from 7.49 to 22.70 V
while increasing the external pressure from 6 to 30 N. The ad-
dition of urea enhanced the rheological properties of the com-
posite. For example, with 25% and 30% urea, the G’max c-SSE
was 0.24 and 0.27 MPa, contributing to improved triboelectric
performance. Limiting oxygen index (LOI) and vertical combus-
tion tests were conducted to assess the TENG’s fire resistance.
As shown in Figure 6b, pristine c-SSE ignited immediately upon
contact with the flame. In contrast, the 6AFE-25 did not ignite
fire for 20 s and maintained a stable electrical output. The 6AFE-
25 reduced the PHRR by 29.10% compared to the SSE and re-
ceived a V-0 rating with a higher LOI value (30.5%), indicating
that the TENG has a high flame resistance. The flame-retardant
mechanism is shown in Figure 6c. The authors successfully op-
erated a Bluetooth alarm system to demonstrate the functionality
of integrating this TENG into portable wearable devices and their
electrical output in normal, cut, and fire conditions, as shown in
Figure 6d.

5.2. Advanced Hybrid Composites

Qadeer et al. developed carbon fiber (CF)-reinforced liquid crys-
talline thermosetting (LCT) composites and utilized them to con-
struct an FR-TENG.[107] The FR-TENG exhibited high flame re-
sistance and good triboelectric performance, making it suitable
for use in the drilling industry and extreme space regimes. The
FR-TENG generated 125.7 V, 14 nC, and 0.8 μA, along with excel-
lent thermal resistance. The majority of conventional triboelec-
tric materials burned completely under comparable conditions;
however, this fabricated FR-TENG remained combustible even
after 60 s of burning. Furthermore, the authors demonstrated
a carbon fiber-reinforced liquid crystalline thermosetting (LCT-
2@BCF) composite having a shape memory effect (SME) and
showcased its utilization as a fire alarm. Moreover, the improved
Tg (≈270 °C), flexural strength, modulus (69.5 GPa), and ILSS
(41.5 MPa) of LCT-2@ACF composites were influenced by sur-
face treatments that enhanced interfacial contacts between fibers
and resin matrices, leading to higher electrical output.

Guan et al. fabricated a fire-resistant TENG based on all-
aromatic liquid crystalline poly aryl ether ester (LCPAEE); the
material was processed through a one-step melt polycondensa-
tion employing 4-hydroxybenzoic acid (HBA), 2,6-naphthalene
dicarboxylic acid (NDA), and other materials.[108] Liquid crys-
talline polys (LCPs) were synthesized with HBA, BP, DHPE, TA,
and NDA using typical melt condensation procedures, and the
monomers were acetylated by boiling at 310 °C. Subsequently,
volatiles were removed by cooling, resulting in a powder-like
product. Thin films were processed using a melt pressing route
with the powder being subjected to solid-state post-condensation.
The flame initiation and combustion process decreased due to
the LCPs, as shown in Figure 7a.

The mechanism of the flame-retardant property is illustrated
in Figure 7b. When exposed to flames, LCPs demonstrate highly
stiff chain stacking, effectively preventing heat transmission. The
LCPs generate a small amount of carbon dioxide during degrada-

tion, diluting the oxygen concentration during burning, thereby
reducing fire spread. This is because the unbroken surface of liq-
uid crystalline polyaryl ether ester forms a barrier that insulates
both heat and oxygen. The fabricated TENG maintained over 65%
of its initial electrical output performance after being subjected to
temperatures of 520 °C for 16 s, demonstrating long-term stabil-
ity and reliability, as shown in Figure 7c,d. The experiment em-
ployed a straightforward synthesis technique known as one-pot
multicomponent melt polycondensation. This method facilitates
the use of inherently flame-retardant polymers and is expected to
drive the development of future high-performance materials.

Qi et al. fabricated a flame-retardant TENG using PDMS and
liquid metal (LM)/alginate composite fibers as triboelectric layers
and aluminum foils as electrodes.[109] The authors used EGaIn
with a Ga/In ratio of 75/25 wt./wt. in the manufacturing pro-
cess of the LM/alginate composite filament. To stabilize a col-
loidal solution before undergoing the wet-spinning process, the
sonication was employed to rupture LM droplets in the alginate
solution of low concentration (0.5 wt.%), and the processed mix-
ture was combined with an alginate solution of high concentra-
tion (6 wt.%). The flame-retardancy of the LM/alginate compos-
ite fibers was analyzed by limiting oxygen index (LOI), burning
test, TGA, and microcalorimetry. The presence of LM droplets
did not affect LOI. Unlike alginate fibers, during the burning
tests, the LM/alginate fibers exhibited no smoldering and were
extinguished immediately after the flame was removed. Scan-
ning Electron Microscopy (SEM) images of the carbon residue af-
ter the micro-calorimetry test for alginate fibers and LM/alginate
composites are shown in Figure 8a. A schematic of the flame-
retardant mechanism of LM/alginate composite fibers is shown
in Figure 8b. Due to the high boiling point of LM, the shape
of the LM/alginate fiber curve was similar to that of the algi-
nate fiber curve, but the weight value was significantly higher.
The heat release rate and total heat release of LM/alginate fibers
were superior to those of alginate fibers. A vertical contact sepa-
ration TENG generated a voltage of 198 V and a current density
of 510 μA m−2. The increased interfacial state density formed on
the fiber surface leads to improved charge trapping capabilities
and enhanced TENG performance of LM droplets (Figure 8c,d).
However, TENG performance cannot be permanently improved
by significantly higher LM content (>20 wt.%). This may be due
to electrons hopping across the sites and creating a small space
between the LM droplets on the fiber surface. The authors also
emphasized the robust stability under harsh conditions and other
properties that can be utilized in photothermal therapy and EMI
shielding (Figure 8e,f).

Kim et al. designed a TENG device based on a thermal
ion-gel-based conventional ionic liquid (IL) using 1-ethyl-3-
methylimidazolium bis(trifluoromethyl sulfonyl)imide (EMIM-
TFSI), a small number of lithium bis(trifluoromethyl sul-
fonyl)imide salt, and a plasticizer (tetraglyme) for ion transport,
quick polarisation, transparency, flexibility, bi-continuous phase,
and fire retardancy, as shown in Figure 9a.[110] To synthesize
the ion-gel film, a PDMS stamping method using PDMS sili-
cone elastomer-coated glass was employed. This approach pre-
vented ion leakage and uneven film formation that typically occur
with conventional spin-coating methods. The 20 wt.% ionic liq-
uid (IL-TENG) device generated 150 V and 45 μA using a pushing
force and a grounded structure to generate power from a single
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Figure 7. a) Photographs of different triboelectric polymers after combustion. b) Schematics of a possible flame-retardant mechanism of the LCP films.
c) The electrical output performance of LCPAEE-TENG after burning 4, 8, and 16 s, respectively. d) SEM images of the surface and interior morphology
of LCPAEE before and after 16 s combustion. a–d) Reproduced with permission.[108] Copyright 2022, Wiley.

TENG. The higher dipole moment generated by the ionic groups
formed by TFSI anions, lithium cations, and EMIM cations es-
sentially causes the dielectric constant to increase. This suggests
that increasing the dielectric constant can improve the tribo-
electric performance and maximum charge density. Additionally,
the TENG can withstand flames for 20 s, demonstrating supe-
rior heat resistance compared to conventional triboelectric ma-
terials. Ion-gel composite materials at various IL concentrations
and their conductivities were compared. The results indicated in
Figure 9b,c show that the TENG exhibited the highest power den-
sity of 300 μW cm−2 at a concentration of 20 wt.%. The optimal
conditions of ILs and the utilization of an Electric Double Layer

can be factors for high-performance TENG. The device has suc-
cessfully driven 50 green LEDs. This device exhibited stable out-
put even after 500 cycles, demonstrating high durability.

Zhou et al. fabricated a flame-retardant and anti-dripping
TENG using the excellent thermal characteristics of liquid-
crystalline polyacrylate (LCP) copolymerized with PET. The
LCP/PET was utilized as the triboelectric layer of a TENG with
flame resistance.[111] An LCP based on 4-hydroxybenzoic acid
(HBA), 4,4′-dihydroxybiphenyl (BP), 1,4-dicarboxybenzene (TA),
and 2,6-naphthalene dicarboxylic acid (NDA) was copolymer-
ized with PET using melt polycondensation, resulting in a high
heat resistance, as shown in Figure 9d. Conventionally, flame

Adv. Mater. 2025, 37, 2415099 2415099 (10 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 8. a) SEM images of the carbon residue after the micro-calorimetry test for alginate fibers and LM/alginate composite fibers. b) Flame retardant
mechanism of LM/alginate composite fibers. c) Schematic diagram of charge trapping for LM particles. d) Schematic diagram of electrons hopping
for LM/alginate composite fibers. e) EMI shielding mechanism of LM droplets in composite fibers, and f) EMI SET of LM/alginate fibers with various
LM contents. a–f) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[109] Copyright 2023, the authors, published by Wiley-VCH.

retardancy was imparted to triboelectric materials by chemically
bonding phosphorus to the main chain of PET. However, most
phosphorus-containing PET materials tend to drip when exposed
to fire, causing secondary damage. HBA exhibited excellent flame
resistance and anti-dripping properties, providing greater stabil-
ity than triboelectric materials. The FR-TENG exhibited an out-
put of 60 V, 1.7 μA, and 17 nC, respectively. Unlike other ma-
terials, this TENG did not burn and maintained a stable out-
put (32 V, 0.7 μA, 5 nC) even when exposed to combustion at
500 °C for 15 s. To evaluate the flame retardancy of the syn-
thesized LCP/PET, microscale combustion calorimetry was em-
ployed. The PHRR of all LCP/PET samples remained below
200 W g−1, indicative of the retarding effect of the LCP segment
on flame ignition and combustion, as shown in Figure 9e. A dig-

ital image of LCP/PETs after combustion for 15 s is shown in
Figure 9f.

Weldemhret et al. created high-carbon expandable graphite
flakes (EGFs) and carbon black (CB) filler-loaded polyurethane
foam (PUF) using an ionic liquid as a tertiary catalyst.[112] The
thermal stability was evaluated using TGA in the N2 atmosphere.
The formulations for preparing different PUFs are shown in
Table 1. Among them, PUF6 showed the best results from TGA
compared to the other PUF formulations, especially the pristine
PUF. The direct burning test and the UL-94 vertical burning test,
shown in Figure 10a, indicated better flame-retardancy of PUF6
and PUF8. High carbon sponge fillers generated by this fabri-
cation method prevented melt spillage when ignited by a bu-
tane torch (≈1400 °C, applied for 20 s) and self-extinguishing

Adv. Mater. 2025, 37, 2415099 2415099 (11 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 9. a) Schematic of ion-gel-based triboelectric layer for ion transporting, fast polarization, transparency, flexibility, bi-continuous phase, and fire
retardancy. b) The power density of TENG with different IL concentrations (0–40 wt.%). c) The power density of the 20 wt.% IL- TENG with the resistance
of external loads up to 109 Ω. a–c) Reproduced with permission.[110] Copyright 2021, Elsevier. d) Copolymerization of LCP with PET via melt polycon-
densation e) PHRR test of all samples. f) Digital images of LCP/PETs after combustion for 15 s. d–f) Reproduced with permission.[111] Copyright 2022,
American Chemical Society.

Table 1. Formulations for preparing flexible polyurethane foam.

Sample Polyol (g) H2O [g] IL [g] CB [g] EGFs [g] MDI [g]

PUF1 100 1.0 / / / 36

PUF2 100 1.0 10 / / 36

PUF3 100 1.0 10 5.0 35 36

PUF4 100 1.0 / / / 50

PUF5 100 1.0 10 / / 50

PUF6 100 1.0 10 5.0 35 50

PUF7 100 1.0 10 5.0 / 50

PUF8 100 1.0 10 / 35 50

PUF9 100 1.0 / 5.0 35 50

Adv. Mater. 2025, 37, 2415099 2415099 (12 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 10. a) Digital images of foams at different times during the UL-94 vertical burning test. A) PUF1, B) PUF5, and C) PUF7 burn rapidly and
D) generate flammable molten polymer that is capable of transferring fire to a material underneath. E) PUF8 and F) PUF6 show excellent flame resistance.
b) Biochemical energy harvesting using FR-TENG attached under a shoe sole. c) Glowing 38 green LEDs using FR-TENG attached under a shoe sole.
a–c) Reproduced with permission.[113] Copyright 2022, Elsevier.

after torch removal, preventing foam collapse, and demonstrat-
ing exceptional flame retardancy. In addition, the key flame re-
tardancy metrics peak heat release rate, total heat release, and
total smoke release were reduced by 73%, 78%, and 92%, re-
spectively, and were able to meet the UL-94 V-0 standard. The

authors fabricated a single-electrode FR-TENG with PUF6 as a
tribopositive layer and PTFE as a tribonegative layer. The voltage
and current increased to 130.6 V and 15.6 μA cm−2 for PUF6,
35.0 V and 7.6 μA cm−2 for PUF7, and 58.7 V and 12.5 μA cm−2

for PUF8, respectively. It can be seen that adding carbon fillers,

Adv. Mater. 2025, 37, 2415099 2415099 (13 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 11. a) Schematic of PBOA/Al TENGs. An aluminum plate is hung over the PBOA film marked in yellow. b) Open-circuit voltage and c) Current
density of PBOA/Al TENGs performed under different temperatures. a–c) Reproduced with permission.[113] Copyright 2019, Elsevier. d) Fabrication
steps of FR-TENG containing a hybrid carbon aerogel with functionalized nanofibers/nanosheets. e) Schematic of a single-electrode mode of FR-TENG.
f) FR-TENG vertical burning test before the test, after 90 s of application of a butane flame, showed super high flame resistance. g) Photographs showing
the torch burn test for the following samples: (first row) PDMS, (second row) silicone, and (third row) CaNC (The samples are ignited using a butane
burner, then exposed to the flame for 10 s). d–g) Reproduced with permission.[114] Copyright 2019, Elsevier.

particularly 3D stacked EGF sheets, and 0D spherical CB parti-
cles, helped improve the foam composite’s TENG performance.
The authors affixed the FR-TENG under a shoe sole and mea-
sured open-circuit voltage in standing, walking, and running sit-
uations. The differences in electrical output could be visually con-
firmed by comparing images of lighting 38 LEDs as shown in
Figure 10b,c.

5.3. Aerogels

Qian et al. fabricated a FR-TENG using polyethylene oxide (PEO)
film for positive tribo-materials and poly p-phenylene benzo-
bisoxazole aerogels (PBOAs) film for negative tribo-materials.[113]

The PBOA was paired with an aluminum foil to fabricate a
TENG. The decomposition temperature of PBOA is 650 °C,
making it ideal for high-heat applications. The TENG was able
to produce an electrical output at 350 °C, and the increased
temperature did not affect the TENG performance, as seen in
Figure 11a–c. They experimented with the performance of

PBOA/PEO TENGs and compared the gap distance between
PBOA and PEO films, impact force, and frequency. The VOC was
40, 35, and 24 V when the thicknesses of the PBOA film were
30, 45, and 60 μm, respectively. The JSC reached 1.4 mAm−2 and
then decreased with increasing thickness of the PBOA film. The
charge densities were 32, 28, and 20 μCm−2. The VOC and JSC
increased from 32 V to 40 V, 1.1 and 1.4 mAm−2, respectively,
as the distance between films increases from 1 to 3 mm. As the
impact force increased from 1 to 5N, the VOC reached from 8.4
to 33 V, and the JSC reached 1.0, 1.1, 2.9, and 2.9 mAm−2 cor-
responding to the impact forces of 1, 5, 10, and 20 N, respec-
tively. They achieved a VOC of 40 V, JSC of 2.9 mAm−2 and a
charge density of 722.9 μCm−2 respectively. Due to the high spe-
cific surface area and significant porosity of PBOA, the resulting
TENGs also exhibited high performance. The device could light
up 36 LED bulbs and charge a capacitor to 10 V within 250 s; the
maximum power density was 28 mWm−2 was obtained at the re-
sistance of 50 MΩ when the resistance was connected to an exter-
nal load after optimizing the parameters of PBOA/PEO TENGs.
PBOA rapidly carbonized when exposed to a flame at 1000 °C

Adv. Mater. 2025, 37, 2415099 2415099 (14 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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and instantly self-extinguished after the igniter was removed. The
PBOA/Al TENGs exhibited a VOC of 32 V, a JSC of 1.2 mA m−2,
and a charge density of 32 μC m−2 at a temperature as high as
350 °C.

Ahmed et al. developed a flame-retardant and self-
extinguishing TENG using carbon aerogel (CaNC) generated
from sol–gel polymerization of resorcinol and formaldehyde,
as illustrated in Figure 11d.[114] The FR-TENG utilizes the
outstanding thermal properties of carbon derived from a
resorcinol-formaldehyde aerogel, with enhancements in its
electrical, mechanical, and triboelectric properties achieved
through the introduction of polyacrylonitrile nanofibers and
graphene oxide nanosheets, which have a higher specific surface
area and enhanced charge transfer rate. As shown in Figure 11e,
a single-electrode mode of FR-TENG was employed to achieve
a high electrical output of 80 V and 25 μA m−2 current through
repeated cycles of pressing and releasing fluorinated ethylene
propylene (FEP) on CANC directly. The FR-TENG effectively
charged a 1 μF capacitor from 0 to 6 V in ≈5 min through
standard pressing at a frequency of 3 Hz. After exposure to
acetone flames to test the flame resistance of the FR-TENG,
it maintained stable electrical output after 90 s of exposure to
flames.

Furthermore, it was able to operate reliably up at temperatures
to 200 °C, with a decrease in voltage observed at higher temper-
atures. This CaNC self-extinguished within 10 s after removing
the flame source, and the performance of the sample is preserved
after that (Figure 11f,g). Thus, the FR-TENG provides a safe alter-
native material for consumer products capable of preventing and
extinguishing fires. The FRTENG, made from a non-flammable
nanocomposite without harmful substances, and stands out as
an environmentally friendly solution.

Hu et al. designed high-temperature resistant silicon aero-
gel and fiber feeling-based TENG (HTFs-TENG) by employ-
ing a flexible high-temperature resistant substrate made of sil-
icon aerogels (SAG) and needled felt (NF).[115] The process in-
volved needle-punching a blend of pre-oxidized polyacrylonitrile
(OXPAN) and polyphenylene sulfide (PPS) fibers to create a flex-
ible needled felt (NF), which was then combined with SAG. Fol-
lowing hydrophobic modification, the HTFs-TENG was encap-
sulated in silica gel. To enhance the electrical performance of
the HTFs-TENG, barium titanate (BT) particles, known for their
high relative permittivity and low dielectric loss, were incorpo-
rated into the SAG. The BT-modified high-temperature fiber sub-
strates were designated as 10 g L−1-BT-SAG/NF, 20 g L−1-BT-
SAG/NF, and 30 g L−1-BT-SAG/NF. While the SAG composite
felt without BT particles withstood a butane flame at tempera-
tures up to 1300 °C for ≈4 min, the 30 g L−1-BT-SAG/NF compos-
ite resisted the flame for over 10 min. The HTFs-TENG demon-
strated functionality across a wide temperature range, operat-
ing effectively between −75 and 275 °C. At room temperature
(25 °C), it achieved a peak voltage and current output of 135 V
and 6 μA, respectively, along with an instantaneous power density
of 31.9 mW m−2 when paired with a load resistance of 100 MΩ.
This approach successfully tunes the dielectric properties to en-
hance the electrical performance of HTFs-TENGs. Additionally,
the device exhibited a responsive electrical signal under varying
temperatures and frequencies, even at extremely low frequencies
below 1 Hz.

5.4. Biomaterials

Luo et al. fabricated a flame-retardant wood-based TENG us-
ing a straightforward three-step method involving basswood and
various chemicals.[116] Chemical treatments for flame-retardant
wood are crucial for enhancing the mechanical and flame-
retardant properties of wood. This modification results in thicker
and rougher cell walls, as illustrated in Figure 12a,b. The strong
flame-retardant wood was produced by hot-pressing bentonite-
infiltrated wood, which was then employed in the construc-
tion of the TENG. The mechanical properties of the treated
wood surpass those of natural wood. A commercial PTFE film
was used as a moving object to assess the TENG’s electri-
cal output, achieving a power density of 24.2 mW m−2 at
50 MΩ. The electrical output performance of TENGs based
on natural wood and flame-retardant wood is nearly identi-
cal; however, the flame-retardant wood-based TENG retained
68% of its electrical output even after 60 s of exposure to
250 °C (Figure 12c–d), while the standard wood-based TENG was
destroyed before generating any electric power. The electri-
cal output after different combustion experiments is shown in
Figure 12e–g. Compared to normal wood, the flame-retardant
wood had a 7.7-fold increase in strength, a 32% reduction in
peak heat release rate, and the ability to self-extinguish. The
flame-retardant wood-based TENG was employed to design a
self-powered tactile sensor for intelligent wireless fire monitor-
ing. This TENG, which harvests energy from human walking
and running, was effectively integrated into the fire evacuation
system.

Wang et al. used biocompatible black phosphorus (BP) and
phytic acid (PA) flame-retardants to design a single-electrode
cellulose-based TENG.[117] The CNF-BP-PA film and Ag layer
served as the triboelectric layer for the FR-TENG. The CNF-BP-
PA film was rendered fire-retardant by incorporating BP and PA
into CNF via a vacuum filtering method, as seen in Figure 13a.
This combination resulted in the FR-TENG exhibiting excellent
biocompatibility and the ability to decompose in soil. The FR-
TENG demonstrated an output of 116 V and 3.02 mA m−2 at
2 Hz, successfully charging commercial capacitors within 160 s.
Microscale combustion calorimeter (MCC) test results indicated
that the CNF-BP-PA/AgNWs film possesses superior fire resis-
tance and flame retardancy compared to pure CNF film, with
reductions in PHRR and HRR of 64.6% and 47.6%, respec-
tively. Additionally, the LOI was raised to 39.1%. The flame-
retardant mechanism illustration of CNF-BP-PA film is shown
in Figure 13b. Furthermore, the FR-TENG exhibited a strong re-
sponse to temperature and humidity, with values of 3779.16 K
and 1.436 V/% relative humidity (RH), respectively. This capa-
bility enables the FR-TENG to provide precise monitoring and
prompt warnings for fires and elevated temperature conditions,
responding rapidly within a 5 s timeframe, as presented in
Figure 13c. In the temperature range of 35–150 °C, the fabricated
FR-TENG demonstrated a high thermal index of 3779.16 K.

Zhang et al. developed a flame-retardant hydrophobic fabric-
based TENG (FHF-TENG) using flame-retardant hydrophobic
coated nylon fabric (FH@NF) and PTFE-coated cotton fabric
(P@CF).[118] The FH@NF was prepared by immersing nylon fab-
ric in a chitosan solution containing aminated MWCNTs and hy-
drophobic silica nanoparticles, followed by dipping in a phytic

Adv. Mater. 2025, 37, 2415099 2415099 (15 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 12. a,b) Digital image and cross-sectional SEM image of flame-retardant wood. Photographs showing the combustion process of the TENG
fabricated with natural wood c) and flame-retardant wood d). e) Normalized voltage of the FW-TENG after burning different areas. f) Normalized voltage
of the TENGs fabricated with natural wood and flame-retardant wood under different temperatures. g) Normalized voltage of the TENGs fabricated with
natural wood and flame-retardant wood under different burning times. a–g) Reproduced with permission.[116] Copyright 2022, Elsevier.

acid solution using the LBL method. The P@CF was devel-
oped by soaking cotton fabric in a PTFE solution. In direct ig-
nition tests, the nylon fabric became increasingly difficult to ig-
nite as the number of bi-layers (BL) increased. The TGA results
indicated that, although the treated nylon fabric began to lose
weight earlier than the pristine nylon fabric, the FH@NF re-
tained more residual mass and exhibited a lower decomposition
rate. During MCC tests, the FH@NF outperformed the pris-

tine nylon fabric. The flame-retardant mechanism is shown in
Figure 14a. The authors used PET films as substrates for
FH@NF and P@CF to fabricate the FHF-TENG. To measure
electrical output, a 5 × 5 cm2 specimen with a 3 cm spacing
and linear motion at 3 Hz was employed, with the outputs dis-
played in Figure 14b,c. This TENG demonstrates excellent flame-
retardant characteristics (self-extinguishment and melt-dripping
resistance) and high energy harvesting efficiency, achieving a

Adv. Mater. 2025, 37, 2415099 2415099 (16 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 13. a) Schematic of the preparation of TA-BPNS. b) Flame-retardant mechanism illustration of CNF-BP-PA film. c) Process of FR-TENG flame
detection and alarm system. Process of FR-TENG temperature detection alarm system. a–c) Reproduced with permission.[117] Copyright 2022, Elsevier.
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 15214095, 2025, 9, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202415099 by D
aegu G

yeongbuk Institute O
f, W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 14. a) Flame-retardant mechanism of the fabric after exposure to flame. b) Voc curves of NF with different coating layers. c) The voltage and
power density of the FHF-TENG with a variation of external loading resistances (102–1010 Ω). d) The Voc of the FHF-TENG with increasing temperature
(30–100 °C). e) Diagram of the self-powered intelligent wireless fire-monitoring system. e–g) Reproduced with permission.[118] Copyright 2024, Elsevier.

peak output power of 173 mW m−2. This demonstrates the ef-
fect of self-assembled layers (2–10 BL) of FH@NF on output
power. This enhancement can be attributed to the ability of
aminated MWCNT to establish a conductive network on the
FH@NF. The voltage output of the FHF-TENG with increas-
ing temperature (30–100 °C) is shown in Figure 14d. The result-
ing fire-monitoring system using the FHF-TENG is illustrated in
Figure 14(e).

Similarly, Tang et al. developed a wood-based TENG
(FW-TENG) with exceptional fire safety and electrical
performance.[119] Polyethyleneimine (PEI), a highly polar poly-
cationic polymer with numerous amine groups, was employed

as a triboelectric filler for delignified wood. Its high nitrogen (N)
content can interact with the phosphorus (P) element from flame
retardants to enhance fire safety properties through a synergistic
P-N effect. In this mechanism, phosphorous contributes to the
formation of a stable phosphorus-containing carbon layer in the
condensed phase, while nitrogen generates non-flammable gases
at elevated temperatures, effectively diluting the concentration
of flammable gases. The FW-TENG produced 198 V, 7.48 μA,
and a maximum output power density of 119.7 mW m−2. The
surface potential values for flame-retardant and normal wood
were found to be 0.496 and 0.461 mV, respectively suggesting
that flame-retardant wood has a lower work function. This

Adv. Mater. 2025, 37, 2415099 2415099 (18 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 15. a) Changes of CH-12 composite films during combustion. b) Thermal insulation performance of CH-12 composite film. c) Schematic of the
self-powered sensor installed at the elbow joint and the operating mode of the self-powered out sensor. d) Radio signal of single-electrode self-powered
sensor at different temperatures. e) Radio signal of single-electrode self-powered sensor after receiving flame and water erosion. a–e) Reproduced with
permission.[120] Copyright 2023, Elsevier.

characteristic increases the likelihood of electron transfer when
the flame-retardant wood contacts the FEP surface, enhanc-
ing the surface charge density. Consequently, the addition
of PEI, rather than surface roughness, is responsible for the
improved triboelectric properties. Furthermore, it exhibits self-
extinguishing activity upon ignition. Remarkably, even after
ignition, the system can still operate with a response time
of 260 ms. Before burning, the FW-TENG could generate an
output voltage of ≈1.0 V, and after burning for 50 s, it can still
produce more than 0.5 V. These findings suggest that the self-
powered wireless fire monitoring system based on the FW-TENG
enhances the rescue of trapped individuals in emergencies.

Duan et al. developed a flame-retardant cellulose nanofibril
and hydroxyapatite (CNF@HAP) composite filament using a
solvothermal method for HAP nanowires and a grafting method
to attach the HAP to CNF by isophorone diisocyanate.[120] The
TENG was fabricated using the CNF@HAP fiber as a triboposi-
tive layer and ethylene FEP as a tribonegative layer. TGA tests of

the CNF@HAP film demonstrated improved flame-retardancy
with an increasing ratio of HAP. Additionally, vertical burn-
ing tests showed excellent flame-retardancy of the CNF@HAP
film. The insulation properties and combustion tests of the
CNF@HAP film are presented in Figure 15a,b. The authors
achieved an electrical output of 102 V in terms of open-circuit
voltage, and a short-circuit current of 6.18 μA using the contact-
separation mode. As the frequency increased from 0.5 to 3 Hz
the output of the device also increased. As the ambient temper-
ature increased from room temperature, the open-circuit volt-
age rose steadily up to 80 °C. However, beyond this tempera-
ture, the open-circuit voltage began to decline as the tempera-
ture continued to increase. Furthermore, CNF@HAP compos-
ite films demonstrated potential for use in high-temperature en-
vironments, retaining 90% of their triboelectric performance at
100 °C. The authors attached the TENG to the elbow of cloth-
ing as a self-powered sensor for fire rescue applications, as
shown in Figure 15c. The radio signal of the self-powered sensor

Adv. Mater. 2025, 37, 2415099 2415099 (19 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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under varying temperatures, flame exposure, and water erosion
is depicted in Figure 15d,e. The highly rough surface and unique
microstructure significantly enhanced the triboelectric perfor-
mance, while the densely packed cross-sectional structure cre-
ated through this fabrication technique allowed air to fill it, pro-
viding heat insulation capabilities.

5.5. Carbon Materials

Numerous studies have highlighted the usage of carbon-based
materials to enhance the efficacy of flame retardancy. Carbon
black, carbon nanotubes (CNTs), and multi-wall graphene serve
as flame retardants; however, their properties and types vary.
CNTs remain among the most expensive carbon compounds
due to the complexities of their production process. In contrast,
graphite is a naturally occurring material that has been employed
as a filler in the carbon layer structure of composite materi-
als. Previous research has indicated that graphite nanoplatelets
(GNP) or graphene can act as alternative fillers for CNTs in
nanocomposites due to graphite’s superior in-sheet properties.
Seo et al. investigated various flame-retardant coating mate-
rial composites using carbon materials such as xGnP, (natural
graphite) NG, and expandable graphite (EG), which may be con-
sidered effective flame retardants for wood-based products.[121]

Khose et al. devised a unique and simple approach for synthe-
sizing graphene quantum dots (FR-GQD) using graphene ox-
ide and phosphorus sources via hydrothermal synthesis.[122] This
translucent FR-GQD solution-dipped cotton fabric maintained
its original color.

Weldemhret et al. fabricated a fire-retardant TENG using PUF
coated with phosphorus-doped mesoporous carbon (PMC).[123] A
multilayer coating filled with PMC was deposited on PUF using
the LBL method. To prepare the PMC, saccharose (SA) was em-
ployed as the carbon precursor, while phytic acid (PA) served as
the precursor for phosphorus and carbon, and mesoporous sil-
ica (KIT-6) was used as a rigid template. Subsequently, a coat-
ing filled with negatively charged, alginate (AL)-stabilized PMC
and positively charged chitosan (CH) was assembled onto the
PUF cells via the LBL method. To assess the thermal properties
of this TENG, cone calorimetry experiments were conducted on
polyurethane foam (PUF), PUF coated with 3 BL (3 bilayers) of
PMC, and PUF coated with 6 BL of PMC. The results indicated
that as more layers were deposited, the concentration of CH and
AL within the coating increased, leading to an increase in PHRR.
Key fire resistance evaluation metrics, including HRR, rate of
smoke release (RSR), total smoke release (TSR), peak CO2 pro-
duction rate, and peak CO production rate, were reduced by 56%,
48%, 29%, 35%, and 35%, respectively as shown in Figure 16a–h.
This coating method enhances the flame retardancy of PUF while
also improving the triboelectric effect. This method requires only
a few layers and does not involve salt fortification, which is ad-
vantageous for scalability. The FRF-TENG generated respective
open-circuit voltage and short-circuit current densities of 158 V
and 2.26 μA cm−2. This TENG was employed as a battery-free
sensor for detecting various human motions.

Shie et al. fabricated hybridized nanogenerators based on a
graphene-modified intumescent flame-retardant coating using
the nanoimprinting method to design a self-powered thermal

sensor.[124] A hierarchical structure was formed by integrating
a graphene-modified intumescent flame-retardant (GIFR) coat-
ing layer with a flexible and self-powered thermal sensor (FSTS),
as shown in Figure 17a. The sensor combines PVDF-TrFE mi-
cro/nanofibers deposited by the NFES technique with an elec-
trostatic friction layer made of PDMS. Figure 17b displays pure
and oil-modified PVDF-TrFE nanofibers exhibiting porous mor-
phology. Additionally, the GIFR coating was fully encapsulated in
the sensor fabrication. Positive and negative charges arise from
dipole moment balancing, with the application of external pres-
sure leading to charge generation and, consequently, an electri-
cal signal in the external circuit. Stability tests demonstrate the
continuous power-generating performance of FSTS, which gen-
erates a power of 3160 nW for a load resistance of 13.3 MΩ. Based
on these results, the FSTS can operate with high consistency. Un-
like smoke and infrared flame detectors, the FSTS alert system
is self-sufficient and utilizes graphene to enhance conductivity.
This manufacturing approach offers a cost-effective solution for
the mass production of nanostructures, as well as high output
and scalable fabrication stability.

Recently, Chen et al. designed textiles-based TENG us-
ing flexible plasma-treated aramid nanofiber-based (p-ANFs)
porous fibers (PFs). p-ANFs-based textile TENGs (t-TENGs)
were constructed via wet-spinning, in-situ polymerization
of polyaminopyrrole (H2N-PPy)/(hydroxylated MWCNTs)
HMWCNTs/p-ANFs fabrics, PTFE films, and copper films.[125]

HMWCNTs/p-ANFs/DMSO solutions were injected into co-
agulation baths using a 23 G needle at a rate of 3 m min−1.
The hydrogel fibers were collected in stages using a CaCl2
solution, an H2N-Py solution, and an acidic FeCl3 solution. The
H2N-PPy/HMWCNTs/p-ANFs PFs were then freeze-dried, as
illustrated in Figure 17c. A hierarchical porous morphology was
observed for the freeze-dried fibers. Optical images of p-ANFs
and HMWCNTs/p-ANFs at various concentrations are presented
in Figure 17d. The nanopores and micropores found in p-ANFs
PFs captured a significant quantity of air, enhancing thermal
insulation performance. The introduction of HMWCNTs and
H2N-PPy increases the energy required to break chemical bonds.
The nitrogen atom produced by H2N-PPy and the amide bond in
p-ANFs acted as strong electron-donating groups, significantly
enhancing the sensor’s performance in harsh environments and
its triboelectric output efficiency. p-ANFs-based textiles woven
from p-ANFs-based PFs demonstrated good flexibility, breatha-
bility, flame retardancy, and heat insulation characteristics due
to their stable hierarchical porous structure.

Among these, the TGA rate of the H2N-PPy/HMWCNTs/p-
ANFs PFs achieved 45% at 800 °C. The TENG generates 110 V,
15 μA, and 0.09 μC. Due to the abundance of amide bonds and
thermal stability, the t-TENG demonstrated good output effi-
cacy (80 V, 20 μA) and stability at high temperatures (120 °C),
which was up to 40% higher than room temperature. Aromatic
polyesters, such as aramid, are known to have poor UV re-
sistance. However, studies have shown that p-ANFs PFs and
HMWCNTs/p-ANFs PFs, even without a protective H2N-PPy
layer, exhibited only slow degradation of benzene rings after 50 h
of UV exposure. Furthermore, under extremely cold conditions,
the t-TENGs demonstrated an ability to slow the drop in body
temperature. Specifically, after 5 min at −40 °C, the t-TENG tem-
perature increased from 19 to 22 °C. In addition, during the
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Figure 16. a) HRR, b) THR, c) RSR, d) TSR, e) TSP, f) SEA, g) CO2P, and h) COP as a function of time for pristine (control) and coated PUFs. Reproduced
with permission.[123] a–h) Copyright 2022, American Chemical Society.

jumping phase, the output signals of the t-TENGs remained
more stable, although the frequency was lower. Walking led to
a decline in output signals, which decreased as survivors became
weaker, as seen in Figure 17e. An oscilloscope was utilized to
continuously monitor the voltage at different contact periods to
simulate long and short communications, such as Morse code. A
message stating “CZC needs help” was generated using Morse
code, as illustrated in Figure 17f.

6. Fabrication and Structural Integrity of
Flame-Retardant Yarns

Ma et al. employed hollow spindle fancy twister technology
to create 3D honeycomb-structured flame-retardant triboelectric
fabric.[126] This technology is used in textile production to create
specialized yarns with unique properties. In this process, a hol-
low spindle is utilized to twist and combine fibers continuously,

Adv. Mater. 2025, 37, 2415099 2415099 (21 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 17. a) FSTS hierarchy is shown schematically. b) SEM image of the porous surface of original PVDF-TrFE nanofibers and oil-modified PVDF-TrFE
nanofibers. a,b) Reproduced with permission.[124] Copyright 2023, American Chemical Society. c) Preparation process of H2N-PPy/HMWCNTs/p-ANFs
PFs. d) Optical images of plasma-treated aramid nanofiber-based (p-ANFs) and HMWCNTs/p-ANFs at different concentrations. e) Output voltage of
the survivors in different motion states. f) Morse code converted by t-TENGs friction power generation. c–f) Reproduced with permission.[125] Copyright
2024, Elsevier.

allowing for the production of yarns with specific characteristics
such as fineness, strength, and texture, as shown in Figure 18a–f.

The F-TENG fabrics possess appropriate thickness and
breathability, enhancing comfort for electronic textiles. The hon-
eycomb structure is unique, comprising significant thickness

and increased air permeability. The electrical output and perfor-
mance varied among different fabric structures, with the twill
weave structure exhibiting the highest output. Variations in elec-
trical outputs were attributed to differences in fabric structure pa-
rameters, particularly the density of warp and weft yarns, which

Adv. Mater. 2025, 37, 2415099 2415099 (22 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 18. a) Schematic of continuous hollow spindle fancy twister technology. b) Photograph of core yarn controlling device. c,d) Device and schematic
of the yarn wrapping area. e) Pictures of FRTYs by the blackboard method to characterize the yarn quality. f) Weight of the FRTYs by a quantitative test
method to characterize yarn fineness and uniformity. a–f) Reproduced with permission.[126] Copyright 2020, Wiley.

can be controlled to manage charge output per unit area. The
3D F-TENG fabric, with its flame-retardant properties, noise re-
duction capabilities, and self-powered features, can be employed
to create a safer indoor environment, aiding in firefighting and
rescue operations, and providing real-time guidance for escape
routes. This advanced manufacturing approach, which employs

hollow spindle fancy twister technology, is not only compatible
with standard fabric processing techniques, but also efficient,
scalable, and reproducible in the manufacture of complex 3D
structures in textiles. This increases manufacturing efficiency
and allows for the development of uniform, high-quality flame-
retardant materials tailored to individual fire escape and rescue

Adv. Mater. 2025, 37, 2415099 2415099 (23 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 2. Comparison table for various flame-retardant materials, fabrication methods, and electrical outputs.

Materials Preparation method TENG mode Vol [V] Cur [μA] Power, power/current density Refs.

PVDF and PVA/PPA-PEI Solution-casting Contact-separation 28.8 62.3 228.8 μW [102]

PPMS-FEP Polymerization and hot
pressing

Contact-separation 230 – 182 mA m−2 [103]

PTFE-coated fabric LBL self-assembly Contact separation 145 3.25 343.19 mW m−2 [104]

SpinPTFE-coated fabric/
CS@MWCNT@PA

LBL self-assembly and
soaking methods

Contact separation 85 – 141 mW m−2 [105]

Urea-CNTs based shear stiffening
elastomer (SSE).

Polymer blending and
incorporation of additives

Contact separation 22.70 – 57.25 μW [106]

Carbon fiber (CF)-reinforced liquid
crystalline thermosetting (LCT)

One-pot multicomponent
melt condensation

procedure

Single-electrode mode 125.7 0.8 – [107]

All-aromatic liquid crystalline poly
(aryl ether ester) (LCPAEE)

One-pot melt
polycondensation

Single-electrode mode 50 – 3.75 mA m−2 [108]

Epoxy-based ion-gel films Spin-coating Contact separation 150 45 300 μW cm2 [110]

Ionic liquid-catalyzed high
carbon-loaded polyurethane
foam (PUF)

One-pot mixing and molding Single-electrode mode 130.6 – 15.6 μA cm−2 [112]

PAN nanofibers-graphene oxide
nanosheets Carbon-aerogel
nanocomposite

Sol–gel reaction, cross-linking
polymerization

Single-electrode mode 80 – 25 μA m−2 [114]

High-temperature silicon
aerogel-BT-NF

Hydrolysis,
gel-polymerization, solvent
replacement, hydrophobic

modification

Contact separation 135 – 31.9 mW m−2 [115]

Black phosphorus (BP) and phytic
acid (PA)- PVC

Vacuum filtration method Contact separation 116 3.8 3.02 mA m−2 [117]

PA/CS@A-MWCNTs nylon fabric LBL self-assembly and
soaking methods

Contact separation ≈200 – 173 mW m−2 [118]

Polyurethane foam (PUF) coated
with phosphorus-doped
mesoporous carbon (PMC)

LBL deposition Single electrode 158 – 2.26 μA cm−2 [123]

Graphene-modified intumescent
flame retardant (GIFR)
flame-retardant coating-PVDF

Brush-painting and drying Contact separation 11.8 1.11 3160 nW [124]

Polyimide yarns Modern spinning technology Single electrode mode 6 – 73.55 μW m−1 [126]

FR-PET filaments, pure PET
filaments

High-speed machine braiding Single electrode mode 12 0.36 3.0 Mw m−2 [127]

needs. A comparison table of various flame-retardant materials,
their preparation methods, TENG working modes, and their elec-
trical outputs is shown in Table 2.

Cui et al. employed a high-speed machine braiding technique
to create a flame-retardant Y-TENG (FRY-TENG), with FR-PET
serving as the exterior friction layer and then wove the resulting
yarns into an FRT-TENG.[127] The researchers used commercial
silver-plated nylon yarn with low linear resistance (24 Ω cm−1)
and high ductility as core electrodes, braiding FR-PET yarn with
permanent flame retardancy, and stable performance externally
(Figure 19 a–d). They employed a single-electrode mode of TENG
with an acrylic plate as the opposite triboelectric layer to obtain
electrical output. At 2 Hz, the output current remains constant
when the load resistance is less than 10 MΩ but decreases as it in-
creases from 10 MΩ to 1 GΩ. The FRT-TENG remains unaffected
after extinguishing a fire; 33.58% of the initial electrical output of
the FRT-TENG remains constant at 200 °C, demonstrating the ef-

fectiveness of the TENG in operating across various temperature
ranges, as shown in Figure 19e. Finally, in a home laundry sce-
nario, the cleaning process was sustained for 20 min at 600 rpm,
and after 20 washes, the energy harvesting capability of the TENG
remained intact. This high-speed machine-braiding technology
enhances flame-retardant triboelectric yarns and textiles by in-
creasing structural strength, flexibility, flame resistance, and tri-
boelectric performance, all while maintaining lightweight and
comfort. These advantages make it a scalable, practical option for
fire-resistant applications, particularly where safety, comfort, and
stability are crucial.

7. Importance and Future Possible Applications

TENGs have emerged as promising energy harvesting devices,
and incorporating flame-retardant materials into TENG designs
opens a range of possible applications, offering both enhanced
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Figure 19. a) Schematic for fabrication strategy of FRY-TENG and FRT-TENG. b) Photograph of the FRY-TENG. c) Surface SEM image of the FRY-TENG.
d) Cross-sectional SEM image of the FRY-TENG. e) The VOC of the FRT-TRNG samples before and after burning (Inset are the images of the FRT-TENG
samples before and after burning and their LED powering capability). a–e) Reproduced with permission.[127] Copyright 2023, Wiley.

safety and versatile functionality across various industries.[128]

Here, we explore the significance and potential future applica-
tions of flame-retardant material-based TENGs.

Safety is paramount in numerous sectors, especially in envi-
ronments prone to fire hazards, such as aerospace, automotive,
and construction industries. Flame-retardant materials are engi-
neered to inhibit or delay the spread of fire, thereby reducing the
risk of ignition and flame propagation.[129,130] By integrating these
materials into TENGs, researchers can develop self-powered sen-
sors and devices that not only harvest energy but also possess
inherent fire-resistant properties. This advancement ensures re-

liable operation even in high-risk settings, enhancing overall
safety standards and minimizing the likelihood of catastrophic
events.

In the aerospace industry, flame-retardant material-based
TENGs hold significant promise for various applications. Air-
craft components, including seats, panels, and insulation, can be
equipped with self-powered sensors powered by TENGs. These
sensors can monitor structural integrity, temperature, and en-
vironmental conditions, providing real-time data for improved
maintenance and safety protocols. In addition, the energy har-
vested by TENGs can supplement power sources for onboard

Adv. Mater. 2025, 37, 2415099 2415099 (25 of 32) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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systems, reducing reliance on traditional batteries and enhanc-
ing overall efficiency.[131]

In the automotive sector, flame-retardant TENGs can revolu-
tionize vehicle safety and performance. By integrating these de-
vices into critical components such as seat cushions, airbags,
and interior panels, manufacturers can create self-powered sen-
sors capable of detecting impacts, changes in temperature, and
air quality. In the event of a collision, TENG-powered sensors
can trigger safety mechanisms and emergency response systems,
enhancing overall occupant protection. Furthermore, the energy
harvested by TENGs can contribute to the power supply for aux-
iliary systems, reducing fuel consumption and emissions.

In the construction industry, flame-retardant TENGs of-
fer innovative solutions for building safety and sustainability.
Smart building materials embedded with TENGs can detect
structural stress, temperature fluctuations, and fire hazards in
real-time, enabling proactive maintenance and risk mitigation
strategies.[132] Moreover, the energy harvested by these devices
can power wireless sensor networks for building automation and
energy management, optimizing resource utilization, and reduc-
ing environmental impact.[133,134]

Beyond safety applications, flame-retardant material-based
TENGs hold promise for environmental monitoring and wear-
able technology. By integrating these devices into clothing,
footwear, and accessories, researchers can develop self-powered
sensors for health monitoring, activity tracking, and environ-
mental sensing.[135–137] For example, wearable TENGs could gen-
erate electricity from body movements, enabling continuous
monitoring of vital signs and environmental pollutants without
the need for external power sources.[138–140] Additionally, a fire-
retardant material is critical for wearable TENGs as they en-
hance user safety by reducing the risk of fire in close-contact de-
vices that may encounter heat, electrical faults, or short circuits.
It also ensures thermal stability, minimizing material degrada-
tion under changing temperatures and enabling a stable power
supply, which is essential for wearable devices used in indus-
trial or emergencies.[141,142] Fire-retardant TENGs also help meet
safety regulations, strengthen consumer confidence, and in-
crease the reliability of wearable devices. Importantly, selecting
flame-retardant materials that maintain flexibility, biocompatibil-
ity, and triboelectric performance is crucial for comfortable and
robust wearable devices.

Furthermore, flame-retardant TENGs can facilitate the devel-
opment of self-powered electronic skins (e-skins) for robotics and
prosthetics[143–145] These flexible, fire-resistant sensors can pro-
vide tactile feedback, temperature sensing, and pressure detec-
tion capabilities, enhancing the functionality and safety of robotic
systems and assistive devices.[146,147] Additionally, the energy har-
vested by e-skins can power onboard electronics, reducing the
need for bulky batteries and extending operational lifespan.

8. Recent Challenges and Future Improvements

Flame-retardant TENGs represent a promising fusion of renew-
able energy generation and fire safety. However, as with any
emerging technology, they face a range of challenges ranging
from efficiency limitations to scalability concerns.[148] Addressing
these challenges and charting a course for future improvements
is essential for unlocking the full potential of flame-retardant

Figure 20. Factors affect the power generation of TENG by using flame-
retardant materials.

TENGs. One of the primary challenges facing flame retardant-
based TENGs is optimizing their efficiency without compromis-
ing fire safety. Traditional flame-retardant additives, while effec-
tive in enhancing fire resistance, can inadvertently hinder the tri-
boelectric performance of TENG materials. For example, stud-
ies shed light on the addition of flame-retardant chemicals that
can alter the material surface, leading to reduced triboelectric
charge generation and transfer efficiency.[149] To overcome this
challenge, researchers are exploring innovative approaches to
tailor flame-retardant formulations specifically for TENG appli-
cations. Recent advancements in nanomaterials have enabled
the development of flame-retardant coatings with minimal im-
pact on triboelectric performance. By leveraging nanotechnol-
ogy, researchers can engineer flame-retardant materials at the
molecular level, thereby fine-tuning their properties to meet the
dual requirements of fire safety and high-performance energy
generation.[150,151] Flame-retardant materials can also influence
the power generation performance (Figure 20) of TENGs through
the tailoring of several material properties, as described below:

8.1. Dielectric Properties

Flame retardants often modify the dielectric constant of TENG
materials.[152] Higher dielectric constants can enhance charge
storage, potentially improving the TENG’s power output. How-
ever, some flame-retardants may decrease the dielectric constant,
leading to lower charge accumulation and reduced power gener-
ation.

8.2. Surface Roughness and Contact Area

Some flame-retardant materials or coatings alter the surface
roughness, which is critical for TENG efficiency. A rougher
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surface can increase the effective contact area and, therefore,
the triboelectric charge density, boosting power generation. Con-
versely, smoother flame-retardant coatings could reduce friction
and decrease power output.[153]

8.3. Material Flexibility

The addition of flame-retardants may affect the flexibility of
TENG materials. Reduced flexibility can hinder the contact-
separation movement necessary for charge generation, especially
in stretchable or wearable TENGs, potentially lowering power
output. Flame-retardants that maintain or improve flexibility are
preferable for high-performance applications.[154]

8.4. Thermal Stability and Reliability

Flame-retardant materials enhance thermal stability, which
can help TENGs maintain consistent performance at elevated
temperatures.[155,156] This stability is essential for TENGs used
in high-heat environments, although it may also introduce slight
compromises in performance depending on the specific flame-
retardant chemistry.

8.5. Electrical Conductivity

Some flame-retardant additives might exhibit slight conductiv-
ity, which can lead to charge dissipation if not carefully bal-
anced, thereby reducing TENG efficiency.[157,158] Therefore, se-
lecting non-conductive or insulating flame-retardants is critical
to avoid power loss.

Another pressing challenge for flame-retardant TENGs is en-
suring their scalability and cost-effectiveness for real-world appli-
cations. While laboratory-scale demonstrations have showcased
the potential of TENG technology, transitioning from benchtop
prototypes to commercially viable products requires overcom-
ing numerous hurdles. These include optimizing manufacturing
processes, sourcing cost-effective materials, ensuring long-term
operations, and streamlining production workflows to meet mar-
ket demands. To address these challenges, interdisciplinary col-
laboration between materials scientists, engineers, and industry
is crucial.[159,160] By leveraging economies of scale and adopting
innovative fabrication techniques such as electrospinning, coat-
ing, and additive manufacturing, researchers can significantly
reduce the production costs of flame-retardant-based TENGs.
Moreover, partnerships with manufacturers and regulatory bod-
ies can help navigate compliance requirements and accelerate the
commercialization of TENG-based fire safety solutions.[161]

Furthermore, ensuring the long-term durability and relia-
bility of flame-retardant TENGs poses a significant challenge.
Exposure to temperature fluctuations, moisture, and mechani-
cal stress can degrade the performance of TENG devices over
time, compromising their fire safety and energy generation
capabilities.[162,163] Additionally, the integration of TENGs into
real-world applications introduces additional complexities, such
as compatibility with existing infrastructure and maintenance
requirements.[164,165] To mitigate these challenges, researchers

are exploring novel materials and engineering approaches to en-
hance the durability of flame-retardant TENGs. For example, ad-
vancements in flexible and robust substrates, such as polymer
composites and nanofiber matrices, can provide superior me-
chanical stability and environmental resilience.[166,167] Similarly,
encapsulation techniques and protective coatings can help to
maintain the fire-retardant properties of TENG devices, as illus-
trated in Figure 21.

In summary, the incorporation of flame-retardant fillers, hy-
brid composites, and surface treatments to improve fire re-
sistance without compromising charge generation is necessary
to balance the triboelectric and fire-retardant characteristics of
materials. Both properties can be successfully maintained by
combining triboelectric materials with flame-retardant polymers,
adding nanoparticles, and optimizing the manufacturing pro-
cess. By integrating triboelectrically active layers with flame-
retardant outer layers, multilayer or gradient structures offer
a calibrated method. Performance can be further enhanced by
employing self-healing materials, flame-retardant cross-linking
agents, and complex compounds that adapt to temperature fluc-
tuations. Nanostructures such as graphene and complex thermo-
plastics like polyetheretherketone (PEEK) or polyimides are also
key to increasing triboelectric efficiency and thermal stability.

Looking ahead, the future of flame-retardant TENGs holds
immense promise, driven by ongoing research and techno-
logical innovation. Emerging trends such as the Internet of
Things (IoT), smart cities, and wearable electronics present
new opportunities for integrating TENG technology into diverse
applications.[148,168,169] For instance, flame-retardant TENGs em-
bedded in building materials could serve as self-powered sen-
sors for fire detection and emergency response systems.[170,171]

Moreover, advancements in materials science, energy harvesting
techniques, and additive manufacturing are poised to revolution-
ize the design and performance of flame-retardant TENGs. By
leveraging interdisciplinary expertise and embracing a holistic
approach to innovation, researchers can overcome existing chal-
lenges and unlock new frontiers in sustainable energy genera-
tion and fire safety. By addressing efficiency limitations, scalabil-
ity concerns, and durability issues through collaborative research
and technological innovation, the future holds promise for flame-
retardant based TENGs. With continued progress, these innova-
tive devices have the potential to pave the way toward safer, more
sustainable, and resilient communities.

9. Conclusion

In conclusion, this review paper has illuminated the use of flame-
retardant materials in TENGs, elucidating their properties, ap-
plications, challenges, and prospects. The integration of flame-
retardant materials into TENG systems not only enhances their
safety but also opens new avenues for energy harvesting in di-
verse environments. Through a systematic analysis of polymers,
biomaterials, liquid polymers, aerogels, and carbon-based ma-
terials, this review underscores the versatility and potential of
flame-retardant TENGs across various fields, from wearable elec-
tronics to environmental monitoring. Despite the promising ad-
vancements, several challenges, such as material compatibil-
ity, fabrication complexity, and environmental impact, remain
to be addressed. However, with concerted research efforts and
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Figure 21. Current challenges and prospects of flame-retardant materials for diverse applications.

innovation, these obstacles can be overcome, leading to the de-
velopment of highly efficient and environmentally friendly TENG
devices. Overall, this review emphasizes the importance of flame
retardancy in TENG technology and sets the stage for future ad-
vancements in this rapidly evolving field.
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