Received: 21 October 2023

Revised: 15 January 2024

Accepted: 3 February 2024

DOI: 10.1002/sus2.196

REVIEW

‘SusMat | -y

Advances in high-temperature operatable triboelectric

nanogenerator

Ruirui Cao'*3
Xiaoyong Jia'
Rongrong Bao?

'Henan Key Laboratory of Photovoltaic
Materials, School of Future Technology,
Henan University, Kaifeng, China

2CAS Center for Excellence in
Nanoscience, Beijing Key Laboratory of
Micro-Nano Energy and Sensor, Beijing
Institute of Nanoenergy and
Nanosystems, Chinese Academy of
Sciences, Beijing, China

3Engineering Research Center for
Nanomaterials, Henan University,
Kaifeng, China

“Institute of Solid State Physics, HFIPS,
Chinese Academy of Sciences, Hefei,
China

Correspondence

Chong Chen, Henan Key Laboratory of

Photovoltaic Materials, School of Future
Technology, Henan University, Kaifeng,
China.

Email: chongchen@henu.edu.cn

Wensheng Yang, Engineering Research
Center for Nanomaterials, Henan
University, Kaifeng, China.

Email: wsyang@henu.edu.cn

Caofeng Pan, CAS Center for Excellence
in Nanoscience, Beijing Key Laboratory of
Micro-Nano Energy and Sensor, Beijing
Institute of Nanoenergy and
Nanosystems, Chinese Academy of
Sciences, Beijing, China.

Email: cfpan@binn.cas.cn

| Ying Liu!
| Chong Chen* | Rong Liu'
| Caofeng Pan’?

Zhitao Shen! | Fumin Li' |

| Caiqin Luo!

| Huilin Li' |
| Wensheng Yang® |

Abstract

The triboelectric nanogenerator (TENG) offers a novel approach to harness
mechanical energy continuously and sustainably. It has emerged as a leading
technology for converting mechanical energy into electricity. The demand for
self-powered wearable microelectronics and energy generation in extreme con-
ditions underscores the need for efficient high-temperature operatable TENGs
(HTO-TENGS). However, the operating environment temperature not only
affects the storage and dissipation of electrons during triboelectrification, leading
to decreased output performance of TENG and instability at high temperatures,
but also damage to the mechanical stability and effective defects in most tribo-
materials, resulting in a further reduction in TENG’s effective output power.
Moreover, the unstable material properties of the triboelectric layer at high tem-
peratures also restrict the use of the TENG in harsh environments. Therefore, it is
imperative to consider the structural durability and electrical output stability of
TENG when applying it in challenging working environments. This review aims
to bridge this gap by providing a comprehensive overview of the current state
and research advancements in HTO-TENG for the first time. Finally, this review
presents insights into future research prospects and proposes design strategies to
facilitate the rapid development of the field.
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1 | INTRODUCTION

As concerns about the depletion of fossil fuels and their
impact on the environment continue to grow, researchers
have been exploring renewable energy sources more fer-
vently than ever before.!> Finding sustainable energy
sources from the surrounding environment to reduce
carbon emissions, ensure long-term energy supply, and
diminish dependence on fossil fuels has become an essen-
tial condition for the sustainable development of human
civilization.*”” Fortunately, the invention of triboelectric
nanogenerator (TENG) in 2012, as an eco-friendly, endur-
ing and self-sufficient power source, has opened up new
possibilities for effective use of various forms of mechan-
ical energy.5'° Since invention, the number of TENG
publications per year has significantly increased accord-
ing to the analysis of published literature from the Web of
Science database (Figure 1A). As a novel branch of energy
conversion technology, TENG can efficiently convert the
ubiquitous mechanical energy from the environment,
including wind, vibration, water waves, biological energy,
and human motion, into electrical energy through the cou-
pling effect of contact electrification (CE) and electrostatic
induction.'>!? Unlike traditional power sources, TENG
boasts several unique advantages, including a simple struc-
ture (basically two contact materials and electrodes), ease
of manufacturing, lightweight, flexibility, low cost, high
efficiency even at low operation frequency, sustainabil-
ity, and unrestricted material selection.®!” As a result,
TENG has the potential to revolutionize the way we power
various devices and systems, including human motion
monitoring, athletic big data analytics, biochemical detec-
tion, and wearable electronics.!3 It is regarded as one
of the most promising technologies to harvest electricity
from mechanical kinetic energy, which will facilitate our
transition toward a more sustainable future.

Currently, the majority of research in the field of TENG
predominantly focuses on designing power supply sys-
tems or self-powered sensors within room temperature
range.*?3-26 However, due to increasing demand for self-
powered wearable microelectronics in scientific missions
and energy production under extreme environments such
as automotive engines, oil exploration, geothermal wells,
industrial plants, military, wildfires, and aerospace elec-
tronics systems,?”?® efficient collection of triboelectric
energy at high temperatures has become a crucial research
area.’>30 Relevant research in this area is gradually emerg-
ing, as evidenced by the data extracted from Web of
Science (Figure 1B). Nevertheless, the output performance
of TENG is substantially influenced by ambient temper-
ature, presenting new challenges.'* Ensuring efficient
and steady operation of TENG in a constantly chang-
ing environment is an urgent problem that needs to be
addressed.

It is widely understood that the electron is the dominant
CE transferred charge identity.?*33¢ The total surface
charge output of TENG can be reasonably interpreted as
the direct result of the coupling of the electron thermionic
emission rate, the CE charge transfer rate, and the change
in contact area between the two tribo-materials.?**7-8 Cur-
rently, TENG has been predominantly used to study CE at
relatively low temperatures.*?33%40 However, at high tem-
peratures, the electrostatic charge on the TENG surface
can be released via electron thermionic emission and/or
photon excitation.?>?>3%41 Consequently, the temperature
of tribo-materials will affect the storage and dissipation
of electrons in the process of triboelectrification, result-
ing in a decrease in the output performance of TENG and
an inability to maintain a stable electrical output at high
temperatures.*?~** Relevant studies have also further con-
firmed that increasing the tribo-layer’s temperature will
increase its electron thermionic emission rate, thereby
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(A) The growth in the number of publications within the field of triboelectric nanogenerator (TENG) since its invention

indicating of an increasing interest and investment in TENG research. (B) Summary of the publication count combing “triboelectric

nanogenerator” with common terms related to the “high-temperature operatable” in the June 2023 Web of Science search.
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reducing the charge storage capacity of the tribo-layer and
deteriorating TENG’s output.?’** Thermionic emission
plays a critical role in explaining electron-dominated CE,
where heating tribo-materials allows electrons to acquire
sufficient thermal energy to overcome the work func-
tion and then emit from the tribo-materials.?**>% As
there are limited studies on how to prevent or suppress
this effect (thermionic emission), it is essential to further
investigate its relationship with the operating environ-
ment temperature, as well as TENG output performance,
in order to facilitate the development and application of
high-temperature operatable TENG (HTO-TENG) devices.

TENG is a highly effective technology for generat-
ing electricity from mechanical energy.’>#-*® Despite
its many advantages, TENG’s output can be negatively
impacted by several factors. As mentioned above, the elec-
tron thermion emission rate of the tribo-layer increases as
its temperature rises, which, in turn, reduces the charge
storage capacity of the tribo-layer, ultimately leading to a
decline in TENG’s output.**"** In addition to this issue,
unstable material properties such as bandgap energy, inter-
atomic bonding, breakdown field, carrier mobility, crystal
structures, mechanical properties, and existing defects can
also restrict the use of TENG in harsh environments.*%->°
Moreover, exposure to high temperatures can cause dam-
age to the mechanical stability and effective defects in most
tribo-materials, resulting in a further reduction in TENG’s
effective output power.*>>! Therefore, it is essential to con-
sider structural durability and electrical output stability
when applying TENG technology in challenging working
environments.** To address these challenges, researchers
are exploring new ways to enhance TENG’s durability and
expand its application fields.

As mentioned previously, in order to the efficient, sta-
ble, and continuous operation of tribo-materials in an
environment with constantly changing conditions, it is
necessary to prevent or suppress the electron thermionic
emission effect and enhance structural stability at high
temperatures. It is crucial for developing HTO-TENG and
expanding its application fields. Despite being a thriving
field, research progress on similar topics elsewhere has not
been reviewed. This review aims to fill this gap by provid-
ing a comprehensive overview of the research progress and
current situation in the field of HTO-TENG for the first
time. The outline of this review is structured as follows:
(1) Basic aspects of HTO-TENG are expounded, includ-
ing the device’s working mode, working mechanism, and
temperature effect. (2) Recent advances in HTO-TENG are
discussed from five different perspectives: device structure
design, polymer-based tribo-materials structure design,
gel-based TENG, carbon-based TENG, and metal-organic
framework (MOF)-based TENG. (3) Prospects for future
research are explored and some recommended design
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FIGURE 2
potential energy and electronic states. (B) The augmented Maxwell’s

(A) Contact electrification and models of atomic

equations and the mechanism of NGs. Source: Reproduced with
permission from Ref. [54]. Copyright 2022, The Royal Society of
Chemistry.

strategies are proposed to facilitate the rapid advancement
of this field.

2 | BASIC THEORY AND WORKING
MECHANISM OF TENG

TENG efficiently converts ubiquitous mechanical energy
in the environment into electricity through the coupling
effect of CE and electrostatic induction.> This section will
delve into the fundamental theory, basic working mecha-
nism and working modes, as well as the temperature effect
of TENG.

2.1 | Contact electrification

The CE effect, also known as triboelectrification, is a
fundamental phenomenon in electricity that involves
the charge transfer between two dissimilar materials
(Figure 2A), which is typically described as the ability
of both materials to become charged during contact and
separation.>>* The emergence and rapid advancement of
TENG technology have catalyzed fundamental research
on CE. Prof. Wang put forward an electron-cloud overlap
model that can explain the common occurrence of the CE
effect in solid-solid and liquid-solid interfaces.?>> Addi-
tionally, by utilizing the Kelvin probe force microscope
system, Wang’s team has investigated the fundamental
mechanism of CE and concluded that electron transfer is
the primary mechanism between solid-solid pairs.3%>6-8
Specifically, the contact surfaces of two dissimilar mate-
rials generate equal electrostatic charges with opposite
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polarity, and the separation of the two surfaces under an
external force facilitates the contact-induced triboelectric
charges to generate a protential drop, thereby driving elec-
trons to flow between the two electrodes assembled on the
top and bottom surfaces of the two materials.>

2.2 | Maxwell’s displacement current
Maxwell’s equations, ranked among the top 10 equations
in physics, hold immense significance in modern fun-
damental science and technologies.”* To gain a deeper
comprehension of TENG’s working mechanism, Prof.
Wang has proposed the formulation of Maxwell’s displace-
ment current for the TENG and its corresponding extended
Maxwell’s equations.®>>%° In general, Wang’s team has
derived the differential form of the extended Maxwell’s
equations for a moving medium as a translational rigid
object from the original differential form of Maxwell’s
equations for a fixed volume and boundary medium.
Maxwell’s equations for the moving charged medium (also
known as the extended Maxwell’s equations) are depicted
in Figure 2B, where D’ represents the displacement field,
pr represents the free electric charge density, B represents
the magnetic field, E represents the electric field, H rep-
resents the magnetizing field, P represents the added
term due to the presence of surface/volume electrostatic
charges with the variation time in boundary shapes (inde-
pendent of E), v represents the movement velocity of
the medium, and J; represents the free electric current
density. Considering the presence of surface electrostatic
charges resulting from CE, the invariant expressions of
the modified equations under the action of displacement
current are proposed. The extended Maxwell’s equations
make a significant contribution to the fundamental theory
of TENG.®%® To conclude, TENG utilizes the displace-
ment current generated by external forces through the CE
effect as a driving force to convert mechanical energy into
electrical energy.

2.3 | Basic working modes of the TENG

Based on the coupling of two common phenomena,
namely, CE and electrostatic induction, the basic work-
ing modes of TENG can be categorized into four modes
(Figure 3): contact separation mode,**>"-62 single electrode
mode,%?%* free-standing mode,>>% and lateral sliding
mode.?*%® Furthermore, TENGs can be categorized as con-
tact and sliding mode based on the friction mode,%’ -7 as
well as single or double dielectric-layered TENG depend-
ing on the number of dielectric layers.”>’?> The four

working modes of TENG demonstrate distinct application
scenarios due to variations in its structure and electrode
arrangement.” In all instances, CE results in the genera-
tion of triboelectric charges with opposite polarities on the
surface of materials. Subsequently, electrostatic induction
produces a driving force that converts mechanical stimuli
into electrical energy during relative motion.

2.4 | Temperature effect on performance
of TENG

As previously mentioned, TENG is a novel energy con-
version technology that utilizes the coupling effect of CE
and electrostatic induction to convert mechanical energy
into electrical energy.'"!? First, from the point of view
of the tribo-charges, electron thermionic emission is the
crucial factor that influences the fundamental mecha-
nism of CE and is an inevitable effect in almost all
tribo-materials.?>*” Electrons serve as the primary charge
carriers in CE,?»?*%7 which exhibits a strong tempera-
ture dependence (Figure 4A-F).% Specifically, electron
thermionic emission poses a significant challenge at ele-
vated temperatures (Figure 4G,H).>> The overall surface
charge output of the TENG can be attributed to the inter-
play between the electron thermionic emission rate, CE
charge transfer rate, and the changing rate in contact
area between the two materials.?* Due to the electron
thermionic emission effect, electrons transferred to the
surface of the tribo-layer are released into the vacuum
after CE,?”*? resulting in a reduction in surface charge
density of the tribo-materials. Consequently, TENG can-
not maintain effective output under high-temperature
conditions. Second, from the perspective of the mate-
rial, the intrinsic property of tribo-materials plays a cru-
cial role in determining the output of TENGs.?! High
temperatures not only induce changes in the dielectric
constant of tribo-materials, which are closely linked to
TENG'’s output performance,*” but also have the poten-
tial to cause structural and mechanical instability as
well as material defects in most tribo-materials.”>”® As
presented Figure 41-M, exposure to elevated tempera-
tures can result in unstable material properties, compro-
mised mechanical durability and effective defects of most
tribo-materials, 3424931 thereby further diminishing the
TENG’s power output efficiency. In conclusion, the impact
of high temperature on the output performance of TENGs
needs to take into account multiple factors, including
the surface charge density of tribo-materials, storage, and
dissipation mechanisms for tribocharges, dielectric con-
stant, structural stability, mechanical stability, and wear
resistance.
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3 | RECENT ADVANCES IN HTO-TENG

3.1 | Structural design of TENG devices

The strong temperature dependence of CE has been
widely acknowledged, with electron thermionic emis-
sion being the main limiting factor of CE at high
temperatures.?#?>424 A detailed investigation by Wen
et al. examined the effect of temperature on TENG and
confirmed that it could operate successfully at 500 K
despite experiencing a significant drop in voltage due to
thermionic emission.** To further broaden the operating
temperature range of TENG devices, Xu et al. developed a
polymer-free rotating self-standing mode TENG (R-TENG)
with a double support structure made of spring steel and
Al from a device structure design perspective, as shown in
Figure 5A,B.% By optimizing this device structure, the R-

TENG with double supports achieved maximum output at
523 K, as displayed Figure 5D-F. Additionally, the work-
ing temperature of the R-TENG was increased to 673 K by
suppressing thermionic emission through direct physical
contact of the two support materials after preannealing,
as shown in Figure 5D-F. The working mode, triboelec-
tric materials, electrode, operating temperature, output
performance, and output efficiency of this work and all
below-mentioned works are listed in Table 1. This study
successfully designed and constructed an R-TENG that
was capable of operating up to 673 K, potentially broaden-
ing the temperature range of TENG applications to various
extreme environments of planets, outer space, and even
extrasolar planets.

In addition to the aforementioned support structure, the
researchers have also developed a range of core-sheath
TENGs capable of operating within a broad temperature
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FIGURE 4 (A) Establishment of the measurement platform. (B) The measured transferred changes Q,. at room temperature and
different high temperatures. (C) The residual charge percentage of the triboelectric nanogenerator (TENG) at varying temperatures. (D) Q.
thermal evolution over time. (E) Construction of the high-temperature measurement platform for TENGs. (F) Q,, evolution over time at
varying high temperatures. (G) Configuration of AFM experimental platform. (H) The temperature effect on the transferred charge density
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permission from Ref. [24]. Copyright 2020, Wiley-VCH. (G and H) Reproduced with permission from Ref. [37]. Copyright 2019, Wiley-VCH.

(I-M) Reproduced with permission from Ref. [4]. Copyright 2017, Wiley-VCH.

range.’*” Zhong et al. created an innovative flexi-
ble, heat-resistant, and self-powered ionogel-based TENG
(I-TENG) sensor featuring a core-sheath configuration,
as depicted in Figure 5G.”° The I-TENG comprises a
double-network ionogel with excellent tensile and electri-
cal conductivity as its electrode, aramid fibers serving as
the tribo-positive layer, and a 3D-printed silicone sheath
functioning as the tribo-negative layer. As exhibited in
Figure 5H, the V,. of I-TENG decreases with increasing
temperature, resulting in a signal intensity reduction of
approximately 30% at 200°C. Nonetheless, as illustrated
in Figure 5I, although the maximum output signal of the
I-TENG sensor initially decreases with increasing process-
ing temperature and time, it eventually stabilizes. These
results imply that although high temperature does affect
voltage reduction to some extent, the stable output demon-
strates that the sensor can still function efficiently even at
200°C. This is due not only to the superior thermal stability
and triboelectric properties of the chosen tribo-materials

(double-network ionogel, aramid fibers, and silicone) but
also to its unique core-sheath structure design. Xing et al.
developed a highly flexible and long-lasting all yarns-
based TENGs (Y-TENGs) with exceptional resistance to
high temperatures.”! They accomplished this by utilizing
a straightforward two-step doubling process that involved
electrospinning and ancient twisting methods to incorpo-
rate silica aerogel into the polyimide (PI) nano-covered
layer. The resulting multiply and stabilized triboelectric
yarns were endowed with flame retardancy, heat insu-
lation, and high-temperature resistance. As displayed in
Figure 5J, the single triboelectric yarn possessed excellent
flexibility and fineness and was wrapped around conduc-
tive spiral fiber bundles through a nano-covered electro-
spinning to form a tightly packed core-sheath structure.
The produced triboelectric yarn was subjected to differ-
ent temperatures on an electromagnetic heating plate,
and the corresponding electrical output performance of
Y-TENG is depicted in Figure SK-M. From the figures, it
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FIGURE 5 (A)Schematic illustration of the rotating self-standing mode triboelectric nanogenerator (R-TENG) in the high-temperature
measurement platform. Inset is an optical photograph of the R-TENG. (B) Schematic diagram of the double support R-TENG. (C) Simplified
mechanical model of the R-TENG structure. (D-F) V., L., and Q. of the R-TENG with an Al sheet as support A after annealing at various
temperatures. (G) The assembly procedure and schematic diagram of the ionogel-based TENG (I-TENG). (H) V. of I-TENG sensors under
varying temperatures. (I)
illustration of aerogel nano-coated triboelectric yarns. (K and L) I, and V,, of triboelectric yarns at varying high temperatures. (M) V. of
yarns-based TENG (Y-TENG) under different temperature conditions. Source: (A-F) Reproduced with permission from Ref. [25]. Copyright
2018, Wiley-VCH. (G-I) Reproduced with permission from Ref. [76]. Copyright 2022, The Royal Society of Chemistry. (J-M) Reproduced with
permission from Ref. [51] Copyright 2022, Wiley-VCH.

V, of the I-TENG with consistent bending angles at varying temperatures handled for varied times. (J) Schematic

can be observed that the electrical output performance of
Y-TENG decreased slowly at the initial stage of heating
but significantly worsened when the temperature sur-
passed 400°C. This indicates that the triboelectric yarn
maintained good electrical output within the operating
temperature range of 25-400°C, and the upper limit tem- 3.2 | Structural design of TENG PTMs
perature was considerably raised when using prepared

enormous application prospects for energy generation and
motion detection in high-temperature and other high-risk
environments.

triboelectric yarns for fabricating Y-TENGs. This signifi-
cant breakthrough in organic tribo-materials’ temperature
upper limit has the potential to improve the working tem-
perature of textile-based TENG devices, thereby holding

TENG is an innovative energy harvesting technique
that combines CE and electrostatic induction effect to
offer several advantages, including low-cost, high-power
output, and superior energy conversion efficiency.39-82
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Typically, at least one of the triboelectric surfaces used
in TENG is composed of a polymer material,®>%* such
as polyvinylidene fluoride (PVDF),¥8 PI,1387 nylon,3889
polyacrylonitrile,”®”' and polytetrafluoroethylene.>
Compared to classical metal and inorganic tribo-materials,
polymer tribo-materials (PTMs) possess various functional
groups (-F, -CN, -COOH, and -CONH), which can facil-
itate charge transfer and capture during the CE process
through their unique hybrid orbital configurations.®+%
Furthermore, PTMs also offer numerous advantages,
including diverse material selection, excellent flexibility,
processability, extensibility, ductility, and lightweight,
making them the fundamental building blocks of TENG
technology.®%

3.21 | Chemical structure design of PTMs

Thermionic emission plays a crucial role in the basic
mechanism of CE, and it is an inevitable phenomenon
for nearly all tribo-materials.?>*”*> During the CE pro-
cess, electrons transferred to the tribo-surface can be
thermally excited and escape into vacuum, thereby hin-
dering the generation of tribo-charges and the energy
output from TENG.” It is widely recognized that the
thermionic emission effect imposes a significant restric-
tion on high-temperature TENG, with tribo-charges typ-
ically being dismissed above 200°C.>>?”37 Consequently,
the TENG cannot maintain effective electrical output in
high-temperature environments. To address this issue and
achieve high thermal charge stability, Tao et al. designed
fluorinated PI (F-PI) films with exceptional charge ther-
mal stability and high charge density by introducing strong
electron-absorbing groups such as trifluoromethyl (-CF3)
and sulfone (-SO,-) into the polymer backbone using
chemical structure design techniques for PTMs themselves
(Figure 6A).*> These F-PI films contain robust electron-
absorbing groups in their backbone, which can provide
a significant highest occupied molecular orbital and the
lowest unoccupied molecular orbital and numerous sur-
face states for charge transfer. The F-PI film, characterized
by a large band gap, exhibits a remarkable tribo-charge
density of 170 uC m~2, which is four times higher than
that of ordinary Kapton film.”®% Additionally, the incor-
poration of BaTiO; nanofillers into the F-PI matrix can
induce interfacial polarizations and electron deep traps,
further enhancing the tribo-charge density (200 uC m=2)
and thermal charge stability of the tribo-polymer.43100
Based on this BaTiOs;-doped F-PI film, Tao et al. devel-
oped a flutter-driven TENG (FD-TENG, Figure 6B) for
wind energy harvesting and high-temperature wind speed
detection. The FD-TENG demonstrated exceptional ther-
mal charge stability, maintaining 32% output performance

at 200°C compared with room temperature (Figure 6C-G).
This represents the highest reported thermal charge stabil-
ity for the triboelectric polymer at the time; however, there
still remains a concern regarding performance degradation
in frictional electric output under elevated temperatures.
This BaTiOs-doped F-PI has great potential for applica-
tion in self-powered sensors operating in hot air tunnels
and other harsh environments, while also providing a
viable strategy for harvesting environment energy under
high-temperature conditions.

The emergence of TENG provides a secure approach
to acquire eco-friendly energy and convert it into elec-
trical power. Polymer-based TENGs, in particular, have
shown great potential for powering flexible electronic
devices without the need for external power sources. How-
ever, the majority of polymer materials utilized in TENG
manufacturing are flammable and susceptible to melting
and dripping when exposed to temperatures up to 220°C.
This not only severely restricts the application of TENG
under extreme conditions but also poses a significant
risk to human health and safety.*+19:192 Advancements in
design principles of material structure have significantly
influenced the development of high-performance materi-
als for future applications.?’ To address these challenges,
researchers have explored new approaches to design-
ing high-performance TENG materials with enhanced
flame-retardant properties. For example, Guan et al. have
ingeniously crafted a flame-retardant TENG by means of
a one-pot melt polycondensation reaction, utilizing the
all-aromatic liquid crystal poly(aryl ether ester) (LCPpgg)
as their base material (Figure 6H,1).2° The high rigid-
ity main chain of LCP,gg not only endows the LCP-
TENG with outstanding anti-dripping and temperature-
resistance properties but also helps improve its fire-
resistance characteristics.'%31%* Moreover, the synthesized
LCP-TENG demonstrates exceptional electrical output
performance thanks to the high dielectric constant of
LCPagg (¢ = 4.8) and fibrous-structured morphology
(Figure 6I). Even under extreme conditions, such as com-
bustion at ~520°C for 16 s (Figure 6J,K), the LCP-TENG
device exhibits remarkable resilience by maintaining an
open-circuit voltage of over 65%. Furthermore, when con-
nected to a bridge rectifier (Figure 6L), the LCP-TENG
(2 x 2 cm?) can power LED bulbs adorned with seabird pat-
terns in a vivid green hue. Impressively, this light remains
visible even after 16 s of combustion, demonstrating that
LCP,gg is capable of delivering stable electrical output
performance under extreme environments (Figure 6M).
These results suggest that the LCP-TENG holds immense
potential in the realm of personal protective equipment,
encompassing fire-resistant energy harvesters and res-
cue systems for use in extreme environments such as
firefighting.
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FIGURE 6

(A) Chemical synthesis of polyimides film (e.g., 6FDA-TFDB). (B) Schematic diagram of a high-temperature wind energy

harvesting flutter-driven triboelectric nanogenerator (FD-TENG). The current of FD-TENG with (C) PMDA-ODA, (D) TFDB-6FDA, and (E)
1% BaTiO;-doped 6FDA-TFDB flaps. The current (F) and normalized current (g) of FD-TENG under varying temperatures. (H) Backbone
composition of LCP gy With the introduction of DHPE into LCP,z. (I) The design of LCP-TENG with intrinsic flame-retardancy. (J) The
image of the combustion of triboelectric polymers in a flame. (K) The V., Q,, and I, of LCP,gg-TENG after burning for 4, 8, and 16 s,
respectively. (L) The circuit diagram of charging system. (M) Photograph depicting the illumination of 17 LEDs pre- and postexposure to a 16-s
burn-in period. Source: (A-G) Reproduced with permission from Ref. [42]. Copyright 2021, Wiley-VCH. (H-M) Reproduced with permission

from Ref. [20]. Copyright 2022, Wiley-VCH.

3.2.2 | Physical structure design of PTMs

Polymer materials have a reputation for being vulner-
able in harsh environments, particularly under high-
temperature conditions.*1% This is especially relevant
when it comes to dielectric materials used in the pro-
duction of typical TENG, as they are often made up of
polymer films.3>#* In addition to the chemical structure
design of PTMs mentioned above, the special physical
structure design of tribo-materials can also enhance their
heat resistance and high-temperature electrical output
performance to some extent. As depicted in Figure 7,

Bui’s team has developed highly efficient PI tribo-surfaces
with customizable non-close packed microdome arrays
(md-PI) and customizable honeycomb patterns (hc-PI)
respectively.!0>106

Specifically, as illustrated in Figure 7A-C, Bui et al.
developed an improved phase separation (IPS) method to
imprint microdome pattern arrays on the surface of PI.1%°
This results in the construction of a microdome-patterned
PI (md-PI) with customizable non-close packed microbead
arrays, which enhances the effective contact surface area
and contact stress while taking advantage of the high
thermal and mechanical stability of PI. The md-PI-based
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md-PI_95-based triboelectric nanogenerator (TENG). (E) Power density of TENGs utilizing fluorinated PI (F-PI), Kapton and md-PI_95 under
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demonstrating the fabrication of the honeycomb pattern PI (hc-PI) film employing scalable solution coating processes. (H) Impact of
temperature on the output performance of hc-TENG. (I) Impact of temperature on the V. of TENGs assembled with Kapton, F-PI, and hc-PI.
(J) and (K) SEM images of hc-PI before and after being thermally annealed at 200°C for 2 h. (L) Electrical output of hc-TENG at an extreme
operating temperature of 200°C. Source: (A-F) Reproduced with permission from Ref. [106]. Copyright 2022, Elsevier. (G-L) Reproduced with
permission from Ref. [105]. Copyright 2022, American Chemical Society.

TENG (md-TENG) can effectively collect windmill energy
and vibration from the engine even in hot air and high
humidity environments, with excellent durability of over
16 000 contact-separation cycles and better electrical out-
puts at elevated temperatures. As revealed in Figure 7D-F,
the output voltage of the device exhibits a significant
increase with rising ambient temperature, reaching a max-
imum value of about 158 V at 60°C. In addition, the output
voltage of f-TENG (flat PI-based TENG) is much lower
than that of md-TENG at each temperature point due to

a significantly smaller surface area before tribo-surface
patterning. Notably, the power density of commercial Kap-
ton, f-PI (flat PI), and md-PI_95 (the md-PI prepared
with THF/MeOH of 95/5) also increases with tempera-
ture, consistent with previous studies.*?”3*> However,
there is an optimal temperature point for obtaining the
highest output due to the electron-driving-related factors
and material-related factors.*»#>197 The study identifies
60°C as the ideal operating temperature for obtaining the
optimal electrical output.
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In sequence, Bui et al. proposed a triboelectric that can
mitigate the typical defects of TENGs by utilizing a surface-
patterned high-temperature-resistant thermoplastic.!%
Specifically, the customizable honeycomb-patterned PI
(hc-PI, Figure 7G) was fabricated through a simple and
scalable IPS method. The excellent heat-resistant flexible
thermoplastic property of PI, along with the dead-end pore
honeycomb pattern array, optimized the electrification
efficiency of hc-TENG (hc-PI-based TENG, Figure 7H,I).
The fabricated hc-TENG demonstrated an exceptional
output power of 1.05 W m~2, which is 22 times higher
than the TENG assembled with normal flat PI. Notably,
hc-PI could withstand temperatures up to 200°C without
causing damage to the hexagonal honeycomb hole arrays
while maintaining high uniformity (Figure 7J,K). As a
result of this dimensional and structural stability, hc-
TENG can operate stably at 200°C (Figure 7L), implying
that it can be used at extreme temperatures up to 200°C
or even higher. The above results demonstrate that the
optimization of surface physical structures in PTMs serves
as an effective strategy for enhancing their triboelectric
output in high-temperature environments.

3.2.3 | Polymer composite tribo-materials
Synthetic polymer composite tribo-materials
Theoretical research on TENG devices reveals that tribo-
materials not only serve as friction materials but also as
storage mediums for friction charges.!%10 As such, the
output performance of TENG devices is heavily reliant on
the properties of the utilized tribo-materials. To achieve
more specific and superior properties, researchers have
developed triboelectric composites by doping and com-
bining other component characteristics with those of
the original tribo-materials.'!"!'* Remarkably, this strat-
egy has demonstrated its value in producing high-output
performance TENG devices. For instance, Cheng et al.
created an efficient ionic liquid (IL) elastomer-based
TENG (ILC-TENG, Figure 8A,B) that is flexible, stretch-
able, self-healing, environmentally stable, and durable
by utilizing carbon nanotubes (CNTs)-doped ILC as the
conductive electrode and electrospun PVDF/polyurethane
(PVDF/PU) nanofibrous membrane as the tribo-layer.'
The PVDF/PU was autonomously adhered onto the sur-
face of ILC electrode. After storing the assembled ILC-
TENG device at —20, 30, and 80°C for 12 h, respectively,
the relevant triboelectric output performance test results
(Figure 8C) demonstrated V. values of 177.44, 182.90, and
179.18 V at each temperature point respectively, indicating
excellent environmental thermal stability of the device.
As previously mentioned, polymers are currently the
primary alternatives utilized in various TENG applica-

tions due to their inherent advantages such as flexibility,
lightweight, and ease of large-scale preparation 333417
However, the use of most polymer alternatives is limited
by their flammability and melt-dripping issues, which can
result in not only shutdown of electronic equipment but
also dangerous fires. Therefore, it is crucial to develop
flame-retardant tribo-materials, particularly in aerospace,
transportation, fire protection, and other demanding appli-
cations. To address this issue, Chen et al. proposed a
facile, robust, and cost-effective solution-casting method
for preparing flame-retardant triboelectric polymer based
on PVA doped with PPA-PEI polyelectrolyte (Figure 8D).!>
The PVA/PPA-PEI film, containing 10 wt.% PPA-PEI, not
only self-extinguished immediately after the burner was
moved away but also improved its triboelectric properties
(Figure 8F-H). Furthermore, PVA/10 wt.% PPA-PEI-based
TENG (Figure 8E) could still maintain stable electrical
output within a wide temperature range (<70°C), mak-
ing it suitable for harsh environments. This study proposes
a feasible approach to enhance the electrical and flame-
retardant properties of conventional TENGs (c-TENGS),
as well as broaden their application in harsh environ-
ments through the incorporation of appropriate polyelec-
trolytes as flame-retardant additives. Similarly, Luo et al.
reported a robust and flame-retardant wood-based TENG
(FW-TENG), which was prepared using a three-step pro-
cess involving delignification, infiltration with bentonite
nanosheets, and hot-pressing, for self-powered building
fire protection.’® The FW-TENG demonstrated consis-
tent electrical output from room temperature to 150°C,
indicating its exceptional heat resistance.

Due to the susceptibility of TENG devices to high
ambient temperature,'®° researchers are compelled to
develop a new type of TENG with stable electrical perfor-
mance. Thereinto, Chen et al. crafted an AFE-based TENG
(AFE-TENG) with energy harvesting, protection, and fire
alarm capabilities by integrating 6AFE-25 (containing 25%
urea) and 1AFE-25 (containing 25% urea).'® Addition-
ally, the incorporation of CNTs and urea into 6AFE-25
has resulted in exceptional flame retardancy (Figure 8I).
Figure 8J illustrates the temperature-dependent triboelec-
tric effect of AFE-TENG within a range of 25-250°C. The
enhanced electron transfer rate resulting from elevated
temperatures leads to an increase in output voltage from
the initial value of 22.70-28.13 V,! thereby enabling it to
function as a wearable power source to activate electron-
ics. Additionally, the AFE-TENG could also serve as a
self-powered sensor to generate output electrical signals
during collisions (Figure 8K,L). From Figure 8K, it can be
observed that the peak voltage of AFE-TENG increased
from 10.42 to 13.33 V as the temperature rose from 25
to 250°C and when the descent height reached 50 cm,
indicating a positive correlation between electrical output
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(A) Schematic diagram depicting the structural composition of ionic liquid elastomer (ILC)-triboelectric nanogenerator

(TENG). (B) Cross-sectional SEM image of the ILC-TENG. (C) Comparative analysis of energy harvesting performance of ILC-TENG at
varying temperatures. (D) Chemical structure of phenyl phosphonic acid-branched polyethyleneimine (PPA-PEI) polyelectrolyte. (E) Outline
of the TENG’s structure and materials. In-operando V,, of (F) pure polyvinyl alcohol (PVA)-based TENG and (G) PVA/10 wt.% PPA-PEI-based
TENG triggered by DMA with rising temperature. (H) Comparison of the V. between the pure PVA-based TENG and PVA/10 wt.%
PPA-PEI-based TENG during a heating process. (I) Schematic diagram illustrating the fabrication process of the anti-impact and flame
retardant elastomers (AFEs). (J) V,,. values of the TENG at varying temperatures. (K) The correlation of electrical output of TENG with

temperature subjected to an impact force of 50 cm drop hammer. (L) 3D bar graph depicting the relationship between voltage, temperature
and falling height. Source: (A-C) Reproduced with permission from Ref. [114]. Copyright 2022, Elsevier. (D-H) Reproduced with permission
from Ref. [115]. Copyright 2020, Elsevier. (I-L) Reproduced with permission from Ref. [116]. Copyright 2022, Elsevier.

and temperature. Furthermore, Figure 8L demonstrates
the voltage and temperature-dependent electric properties
of AFE-TENG, providing further evidence that the device
maintains stable mechanical-electrical-thermal coupling
performance under various extreme conditions. Besides,
Wen et al. employed micro-nanocomposites to construct
a robust freestanding and single-electrode mode harsh-
environmental TENG (heTENG) with wear resistance,
high-temperature endurance, and high hardness, enabling
it to efficiently collect sliding/vibration energy and self-
powered vibration sensing.°® Remarkably, the heTENG
device can operate within a wide temperature range of —30

to 550°C. However, the impact of temperature on the out-
put performance of heTENG was not investigated in this
particular study.

Moreover, our group has conducted relevant and signif-
icant research in this field.'?*?! OQur efforts culminated in
the design of a groundbreaking thermo-regulating TENG
(Tr-TENG) that leverages phase change materials (PCMs)
to mitigate the thermal negative impact of PTMs and main-
tain high-temperature steady electrical performance, as
depicted in Figure 9A,B.1?° The Tr-TENG is composed of
a sheath/core electro-spun fiber membrane and conduc-
tive elastic fabric, enabling the simultaneous harvesting of
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FIGURE 9 (A) Flowchart depicting the process of fabricating a thermo-regulating triboelectric nanogenerator (Tr-TENG) through
coaxial electro-spinning technique. (B) TEM micrographs of the EFM3 electro-spun fiber membrane with a sheath/core structure. (C) V,,. of
the Tr-TENG based on EFM3 during the heating and cooling (the temperature range of Tr-TENG in the purple dotted box was 20-40°C,
which corresponds to the melting-phase-transition process of n-HD). (D) V. of the control TENG (conventional TENG [c-TENG]) based on
pure electro-spun poly(vinylidene fluoride-co-hexafluoropropylene) (polyvinylidene fluoride [PVDF]-HFP) fiber membrane (c-EFM) during
heating and cooling. Charging performance of (E) the Tr-TENG and (F) c-TENG as a capacitor (50 V, 0.47 uF) at different temperatures. (G)
Schematic diagram of Tr-TENG for application in wearable smart electronic devices. (H) Fabrication process for fatty acid-doped PVDF-HFP
films (PH-FA). Normalized voltage (I), current (J), and charge (K) of pure PVDF-HFP (PH) and stearic acid-doped PVDF-HFP (PH-SA) films.
(L) Stability and robustness evaluation of PH-SA-based TENG at 100°C. (M and N) V. of PH-SA-based TENG during continuous heating and
cooling. Photos of (O) PH and (P) PH-SA-based TENGs to light up six LEDs at varying temperatures. Source: (A-G) Reproduced with
permission from Ref. [120]. Copyright 2021, American Chemical Society. (H-P) Reproduced with permission from Ref. [121]. Copyright 2023,
Elsevier.

both mechanical and thermal energy. By integrating PCMs ~ mance of c-TENG deteriorated by 18.33%. Figure 9E,F
and triboelectric materials, as illustrated in Figure 9G,  presents the charging performance of the c-TENG and
the wasted mechanical and heat energy generated by fric-  Tr-TENG, which once again confirms that the fabricated
tion and thermal stresses in the environment could be Tr-TENG is capable of maintaining a stable electrical
effectively recycled and utilized. Results from Figure 9C,D output within a wide temperature range, effectively sup-
clearly indicate that the Tr-TENG could uphold a steady  pressing the negative effect of the heat energy generated
output performance without any deterioration resulting by friction and the environmental thermal energy on the
from the introduction of PCMs, even during continuous output performance of the TENG. More importantly, the
heating and natural cooling, whereas the output perfor- Tr-TENG exhibits high-efficiency thermal management
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ability, as shown in Figure 9F, resulting in improved
durability, reliability, and thermal comfort.

Additionally, recent studies have revealed that the incor-
poration of appropriate liquid lubrication not only confers
superlative wear resistance to TENGs by inhibiting the
wear and transfer of PTMs but also enhances their elec-
trical outputs.®31227125 In light of this, our group employed
blade coating technology to fabricate a series of fatty acid
(FA)-doped PVDF-HFP (PH-FA) PTM films with opti-
mized ratios, as depicted in Figure 9H.'?! Here, the FA
was utilized to enhance the electronegativity of PVDF-HFP
PTM and simultaneously employed as lubrication additive
to improve the wear resistance. As shown in Figure 91-K,
the PH-SA PTM exhibited exceptional electrical output
characteristics with V/Vzooms I11/Irooms and Q7/Qroom
(output efficiency) values at 100°C reaching unprece-
dented levels of 231.10%, 251.46%, and 234.01% respectively,
which have not been reported in previous studies related
to PTM-TENG.#2:42-44120.12L126.127 pyrthermore, the PH-
SA-based TENG exhibits exceptional stability, durability,
and repeatability as evidenced by its consistent output
performance during continuous heating and cooling ther-
mal cycles, even after three such cycles, and in high-
temperature environments up to 100°C (Figure 9L-N).
Moreover, in comparison to PH, the PH-SA-based TENG
could still illuminate six LEDs in a high-temperature
operating environment of approximately 100°C, with
no significant change in brightness (Figure 90,P). Our
research not only opens up new possibilities for devel-
oping advanced multifunctional TENGs with desirable
characteristics but also greatly promotes the application of
TENG electronic devices in harsh or extreme temperature
environments.

Natural polymer composite tribo-materials
Most synthetic polymer materials are associated with com-
plex fabrication processes. While their widespread use
in energy engineering,'?®"1*0 these materials present a
challenge to environmental sustainability due to their
origin from nonrenewable and hard-to-degrade petro-
chemicals in the natural environment.!*132 Conversely,
biomass-derived natural polymer materials offer an inex-
haustible and sustainable resource, presenting signifi-
cant advantages in the exploitation of high-performance
materials due to their unique hierarchical and porous
structure.!33134 Therefore, these natural polymer materials
present an appealing alternative to synthetic materials, as
they offer a more environmentally friendly and sustainable
option for the development of advanced materials.!3>137
Cellulose, which is widely found in green plants and
other biomass, is an abundant and sustainable natu-
ral polymer material with a unique multidimensional
structure, controllable surface chemistry, and excellent

thermal and chemical properties.!*4° It can exhibit
particular tolerability, compared to other dielectric mate-
rials, by reasonable physical and chemical regulation
while maintaining remarkable stability performance even
under extreme environmental conditions such as high
temperature and humidity.!3**! Therefore, the multi-
scale engineering optimization and further development
of cellulosic triboelectric materials with a wide range of
temperature resistance can pave the way for superior fea-
sibility in applying TENGs under adverse temperature
environmental conditions.

Recently, Luo et al. developed a wood-based TENG using
natural linden wood that underwent chemical pretreat-
ment and hot-pressing to remove lignin and hemicellulose
while retaining cellulose in a simple and effective three-
step strategy (Figure 10A,B). The as-synthesized TENG
maintained 60.5% of its original power output even at high
temperatures of up to 250°C, as depicted in Figure 10C."
In a similar vein, Wang et al. created a flame-retardant
cellulose-based TENG (FR-TENG) by incorporating BP
and PA as flame retardants, as illustrated in Figure 10D.1#?
The CNF-BP-PA/AgNWs composite film exhibited a lay-
ered structure of tannic acid-modified black phosphorus
nanosheet that acted as a physical barrier (Figure 10E),
whereas PA facilitated dehydration and coking of the com-
posite material, thereby synergistically achieving excellent
fire resistance and flame retardancy, resulting in a stable
electric output performance of FR-TENG, as demonstrated
in Figure 10F,G.

In addition, as described in Figure 11A, Gao et al. uti-
lized a combination of casting and hot-pressing strategy to
fabricate a novel chitosan/di-aldehyde nanocrystalline cel-
lulose (DANC)-based triboelectric material (CDTM) that
was used for energy harvesting in severe atmospheric
conditions.!? The stable Schiff base structure (Figure 11B)
formed between the amino group of chitosan and the alde-
hyde group of DANC enhanced the internal binding of
CDTM, ensuring its stability under harsh conditions.!*?
Meanwhile, the active amino group of chitosan improved
the electron-donating ability of the CDTM,'* thereby
improving the triboelectric output performance of CD-
TENG (Figure 11C,D). Importantly, the CD-TENG demon-
strated resistance to various environmental factors such
as temperature, humidity, and UV radiation (Figure 11E).
Experimental results (Figure 11F) showed that the V.
change rate of the constructed CD-TENG was signifi-
cantly lower than that of a regular paper matrix at 99
RH% and only 2% at 100°C, demonstrating excellent envi-
ronmental interference resistance. Zhao et al. presented
a three-step strategy (mild hydrolysis, freeze-drying, and
in situ growing, Figure 11G) for large-scale production
of bamboo/polyaniline triboelectric material (BPTM) with
unique nanostructures.}39 Figure 11H,I illustrates the
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(A) Process flow diagram for the production of fire retardant wood. (B) Structural diagram of flame-retardant wood-based

triboelectric nanogenerator (TENG) (FW-TENG). (C) Normalized voltage of the FW-TENG and natural wood-based TENG at different
temperatures. (D) Schematic diagram of tannic acid-modified black phosphorus nanosheets (TA-BPNS). (E) Preparation process for
fabricating TA-BPNS, phytic acid (PA)-doped cellulose nanofibers (CNF) (CNF-BP-PA) film, and CNF-BP-PA/AgNWs film. V. (F) and
V,.-temperature relationship curve (G) of CNF-BP-PA/AgNWs composite film at various temperatures. Source: (A-C) Reproduced with
permission from Ref. [18]. Copyright 2022, Elsevier. (D-G) Reproduced with permission from Ref. [142]. Copyright 2022, Elsevier.

hierarchical porous structure of BPTM and the underlying
working mechanism of BPTM-based TENG, respectively.
Due to the unique hierarchical porous structure of the
fabricated BPTM, the BPTM-based TENG retained 85% of
its triboelectric output characteristic even under extreme
temperatures (200 and —196°C) and continuous thermal
impacts (AT = 396°C), as demonstrated in Figure 11J-M.
These studies significantly expand the application scope
of cellulosic triboelectric material-based TENGs, offering
novel insights for developing next-generation self-powered
smart devices that can operate in extreme temperature
environments.

3.3 | PTMs-based HTO-TENG with
enhanced electrical output

The mechanisms of triboelectrification in polymers have
been the subject of intense debate in recent years due
to their critical role in mechanical energy harvesting by
TENG devices,'* prevention of electric discharge from
accumulated surface charge and protection of electric
devices,'#® as well as enhancement of particle separation in
filters.!*” The focus of this debate has centered on electron
transfer and covalent bond breaking as potential dominant
mechanisms for polymer triboelectrification. The latter
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FIGURE 11 (A)Schematic diagram illustrating the morphological transformation process during the preparation of
chitosan/di-aldehyde nanocrystalline cellulose (DANC) bio-based triboelectric materials (CDTM). (B) The interface binding effect between
chitosan and DANC. (C) Structural diagram of CDTM-based triboelectric nanogenerators (TENGs) (CD-TENG). (D) Comparison of the V.
between cellulose paper-based TENG and CD-TENG. (E) Structure diagram of cellulose paper and CDTM. (F) Changes in electrical output
stability of CD-TENG across a temperature range of 30-100°C. (G) Flowchart of the primary reaction process for fabricating
bamboo/polyaniline (PANI) triboelectric materials (BPTM). (H) Structural diagram of BPTM-based TENG and the hierarchical porous
architecture of BPTM. (I) Operating mechanism of BPTM-based TENG. (J) Sketch diagram depicting the mechanism of hierarchical porous
BPTM resistant to extreme environments. V. (K) and I, (L) of BPTM-based TENG after undergoing thermal treatment at 200°C and
low-temperature treatment at —196°C, respectively. (M) I,. of BPTM-based TENG after 10 impacts at temperatures ranging from —196 to
200°C. Source: (A-F) Reproduced with permission from Ref. [129]. Copyright 2023, Elsevier. (G-M) Reproduced with permission from Ref.
[130]. Copyright 2022, Wiley-VCH.

mechanisms, heterolytic covalent bond cleavage (heterol-
ysis or heterolytic fission) has been gaining recognition
as a credible mechanism for polymer triboelectrification.
In fact, Sutka et al. demonstrated for the first time that
the dramatic increase in triboelectrification of glassy poly-
mers upon transitioning to a rubbery state,'*> as well as

CE, can be modulated by intramolecular forces within the
polymer bulk and adhesive forces at the contact inter-
face. This confirms the breakage of covalent bond as a
mechanism for triboelectrification in polymer insulators,
without requiring chemical interaction between differ-
ent polymers.'*® As presented in Figure 12A,B, the net
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FIGURE 12 (A) Charge density shows a sharp rise as the temperature of the triboelectric nanogenerator (TENG) device reaches the

corresponding glass transition temperature (T,) of the polymer. (B) Charge density at a temperature above T, differs by an order of magnitude
from that at room temperature. (C) V,. and (D) I, of polymers at room temperature and temperatures above T,. (E) Schematic illustrations of
polyurethane (PU) below and above its T, of 55°C, respectively, depict the PU structure consisting of a hard segment and two types of soft
segments. (F) Temperature-dependent variation in the dielectric constant of PU. (G) Temperature-dependent maps of the work function for

PU and (H) its corresponding work function change. (I) Illustration of charge transfer mechanism pre- and post-surface rubbing of PU at

varying temperatures. (J)-(N) Temperature-dependent transferred charge density of PU. (O) Temperature-dependent variations in the
triboelectric voltage and current of PU. Source: (A-D) Reproduced with permission from Ref. [145]. Copyright 2020, The Royal Society of
Chemistry. (E-O) Reproduced with permission from Ref. [149]. Copyright 2020, Elsevier.

surface charge for all studied polymers exhibited a sig-
nificant increase by more than one order of magnitude
when the temperature reaches the glass transition point.
For instance, the surface charge of polycarbonate only
increased from 0.006 to 0.011 nC cm ™~ as the temperature
rises from room temperature to 110°C. Notely, the qual-
itative measures of electrical output for TENG devices,
such as V. and I, are also increased, as demonstrated in
Figure 12C,D. This research provides theoretical guidance
for the construction of TENG devices that can efficiently
collect high-temperature mechanical energy.

Meanwhile, recent studies on PU, a glassy polymer, as a
triboelectric material have confirmed the aforementioned

conclusion: When the temperature exceeds the glass tran-
sition temperature (Tg) of the glassy polymer, there is a
significant increase in electrical output for the relevant
TENG devices.'*’ Sohn et al. introduced a glassy polymer-
based PU as a tribo-layer to improve output performance
of TENG and proposed a new method for making TENG
devices operate stably and efficiently at elevated temper-
atures through friction.!*® Figure 12E illustrates the PU
structure consisting of hard and soft segments, with the
soft segment typically being a polyether block that can be
formed a reversible phase due to molecular motion.>%!
Above T,, PU undergoes a glass transition from a glassy
state to a rubbery state. From Figure 12F,H, the dielectric
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constant and work function of the PU tribo-layer initially
increased slightly with temperature, followed by a sudden
increase near Ty, which is in contrast to the general trend of
decreasing dielectric constants for conventional polymers
as temperature increases. As displayed in Figure 12G,H,
the work function of PU increased by 0.2 eV as sample
temperature rose from 30 to 70°C. It is well known that
the triboelectric output performance is directly affected by
the number of transferred triboelectric charges.'>>!>* From
Figure 12I-N, the transferred charge density of PU was
almost constant while the sample temperature increased
from 25 to 55°C, indicating that PU is in a glassy state. How-
ever, after undergoing a glass transition, the transferred
charge density drastically increased, indicating the rub-
bery state. Therefore, PU in rubbery state can store more
charges than in glassy state, leading to enhanced output
performance of TENG (Figure 120) due to higher dielectric
constant, work function, and trap sites. This finding not
only suggests an intriguing approach to increase the output
performance of TENG by reusing abandoned heat energy
but also offers a new perspective on selecting appropriate
polymers as a triboelectric layer.

3.4 | Other PTMs-based HTO-TENG

In Figure 13A, Graham et al. demonstrated the utiliza-
tion of plastics extracted from the waste stream and
electronic waste commonly found in households to fabri-
cate a smart-home-applicable TENG (SHA-TENG) capable
of harvesting mechanical energy generated by everyday
human activities.">* The electrical output was measured
after 15-min intervals while incubating the SHA-TENG
under varying temperature conditions. V,, measurements
were taken at regular intervals, as shown in Figure 13B,C.
The results indicated that the output performance of the
SHA-TENG remained stable even when subjected to harsh
environmental conditions, highlighting its potential as a
lightweight and durable device for smart homes. Simi-
larly, to address the issues of waste pollution and efficient
energy generation, Chougale et al. proposed a unique
approach utilizing discarded soda cans and plastic cups
through a simple function change (Funchange) TENG,
which offers the added benefit of avoiding chemical pro-
cessing (Figure 13D).>° As displayed in Figure 13E, the
Funchange TENG device exhibited exceptional output per-
formance. The effect of temperature on the tribolayers of
the Funchange TENG device was also tested at various
temperature conditions, with results indicating minimal
impact on its output performance. Such methods of uti-
lizing waste materials in high-performance TENG devices
provide a valuable reference for sustainable, convenient,
clean, and environment-friendly energy collection.

Additionally, as displayed in Figure 13F-N, Rodrigues,
Cheng, and Shi et al. also constructed a series of PTM-
based TENG devices.***>1?! The research findings indicate
that these devices could effectively harvest mechanical
energy at high temperatures of 70, 220, and 250°C respec-
tively, showcasing their potential for high-temperature
operation. Nevertheless, the electrical output performance
of the corresponding TENG devices shows considerable
attenuation under such elevated temperatures, presenting
challenges for the practical applications.

3.5 | Gel-based HTO-TENG

TENG represents an emerging technology in energy har-
vesting, medical treatment, and information technology.>®
As stretchable and multifunctional electronics continue
to advance, there is a growing demand for TENGs that
have comparable stretchability and functionality.!>” Unfor-
tunately, although there are many candidate materials for
flexible tribo-layers,"® options for flexible and bionic-skin
electrode materials are still quite limited. Traditional flexi-
ble conductive materials like silver paste, silver nanowires,
CNTs, and graphene are not ideal for mass production
due to their ultrahigh cost or complicated preparation
processes.”? 11 Therefore, it is urgent to explore and
develop high-performance flexible bionic-skin electrode
materials for TENGs used in electronics.

3.5.1 | Hydrogels/organohydrogels-based
HTO-TENG

Distinguished from conventional flexible conductive mate-
rials, hydrogels in solid form consist of hydrophilic poly-
mer networks that are swollen with water or ionic aqueous
solution and directly embed the conductive phase within
the polymer micro-networks.”’1%2 This unique feature
ensures the continuity of the conductive phase throughout
deformation processes, resulting in exceptional electri-
cal conductivity, stretchability, and adhesion.!%%16> Mean-
while, the 3D network architecture of hydrogels endows
them with outstanding mechanical properties,'*1% such
as high flexibility, softness, and elasticity, rendering them
an ideal material for realizing flexible and stretchable
TENGs.

Various efforts have been made to design and develop
flexible TENG devices capable of stable operation in
extreme environments due to the remarkable properties of
the aforementioned hydrogels.!%-1% Chen et al. fabricated
a thin hydrogel membrane using a solution replacement
treatment method.!> The double-network ionic hydro-
gel membrane serves as both the flexible electrode and
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FIGURE 13

(A) Components of the smart-home-applicable (SHA)-triboelectric nanogenerator (TENG). (B) and (C) SHA-TENG

durability test under different temperature conditions and measured V. curves. (D) Schematic diagram of the Funchange TENG utilizing
aluminum soda cans and disposable plastic cups. (E) Output performance of Funchange TENG under varying temperature conditions. (F)

Design of structural configuration for high-temperature triboelectric material testing setup. (G) Schematic depiction of the rotation

movement of the assembled device. (H) Temperature-dependent variation of the V,, for the assembled device under constant pressure
conditions. (I) Schematic diagram of the flame-retardant textile-based TENG (FT-TENG). (J) Relative voltage of the FT-TENG at different
temperatures, and the illustrations depict photographs of the device operating at 25, 140, and 250°C. (K) Schematic diagram of the polyimide
nanofiber-based TENG (PINF-TENG) characterized for energy harvesting at high temperatures. (L) V,, and (M) I, of the PINF-TENG under
different temperatures. (N) Normalized voltage and current of PINF-TENG. Source: (A-C) Reproduced with permission from Ref. [154].
Copyright 2020, Elsevier. (D and E) Reproduced with permission from Ref. [30]. Copyright 2021, Wiley-VCH. (F-H) Reproduced with
permission from Ref. [155]. Copyright 2020, Elsevier. (I and J) Reproduced with permission from Ref. [44]. Copyright 2020, American
Chemical Society. (K-N) Reproduced with permission from Ref. [45]. Copyright 2022, American Chemical Society.

triboelectric layer in the constructed EHTS device, demon-
strating excellent stretchability and a wide application
temperature range (—10 to 40°C). The output signals of
the EHTS are generated around a peak voltage of about
10 V without noticeable variations over a wide tempera-
ture range from —10 to 40°C. Bao et al. synthesized an
anti-freezing hydrogel via one-step radical polymerization
of acrylamide monomer in hydroxyethyl cellulose aque-
ous solution (Figure 14A),'% which improved mechanical
properties and provided water retention. As depicted in

Figure 14B, a single-electrode mode AH-TENG with a
sandwiched structure was constructed, with the AH serv-
ing as the conductive electrode and silicone rubber thin
layers employed as triboelectric layers at both top and
bottom. Analysis of the electrical output of AH-TENG
under different temperatures revealed that the V. and
I, at —20 and 20°C exhibited only a small difference
(Figure 14C). Furthermore, the AH-TENG could oper-
ate at a temperature of 60°C, but there was an obvious
attenuation in electrical output at 60°C compared to

85U80|7 SUOWIWOD 3AeaID 3| dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUe-SWB/W0o" A3 M ARelq 1 [pul|UO//:SANY) SUORIPUOD pue swie 1 8ys 89S " [7202/2T/62] uo ARiqiTauliuo A1im ‘(eng) Aseaiun Bueyeg Aq 96T ZSNS/Z00T OT/I0P/W0D A8 | 1M Aeiq 1 BuluO//Sdny WoI) papeo|umod ‘€ ‘¥202 ‘25512692



CAO ET AL.

‘SusMat | gy L=

= e e e e e e e e e e e e e e e - == = === — ==

(B)

I Hydrogen bonds
between PAM
macromolecules

Hydrogen bonds
between HEC
macromolecules

(©)

-~ b ] 5 ~ o
L =207 207 607
ASilicone Rubber |
-1 | 10+ |
1 S
1
[

Isc(pA)

o

/ Hydrogen bonds
= between PAM
-, macromolecules
and HEC
macromolecules

Voc (V)
g 2

80: : ‘ . . ' ‘J\_JI'\I/

|
1
I
I
|
I
|
1
1
1
1
(G) |
|
|
|
|
|
I
|
|
1
1
|

L
L
7

© AM O Li* @ CI” “» HEC macromolecules "2 PAM macromolecules Time (5)
= = = e o e e e e e e e e e e e e e e e e e o — - e mm mm m o e = -
| (D) (F)
I LA R A R R R 50
I I ssesvesssee 0°C 15°C 30°C 45°C 60°C
I g R 40f R
. = £ = 3}
| () 2 Vv i
>
| / = 20F
| v eecccec00e ( i sceoocs000e >°
R R 10
|
1 VHE [ CPH pu.n = = 0o} { URL JUTYL \lu.,J.l |
I 0 10 20 30 40 50 60
I W Metal wire Time (s)
Lo o o o o o o e e o e e o e o e e e e e e e e e e e e e e e e e e e e e o o)
FIGURE 14 (A)Schematic diagram of the polymerization process of anti-freezing hydrogels (AH). (B) Structural diagram of the

anti-freezing hydrogel-based triboelectric nanogenerator (TENG) (AH-TENG). (C) V,,. and I, of AH-TENG at —20, 20, and 60°C. (D)
Photograph of cellulose/PVA hydrogel (CPH). (E) Design of CPH-TENG. (F) Schematic illustration of the working mechanism of CPH-TENG.
(G) V,, of CPH-TENG at five distinct temperatures. Source: (A—C) Reproduced with permission from Ref. [166]. Copyright 2020, The Royal
Society of Chemistry. (E-G) Reproduced with permission from Ref. [167]. Copyright 2020, The Royal Society of Chemistry.

that at 20°C due to the competing effect between ther-
mal fluctuation and mechanical properties.*> Wang et al.
fabricated an ionic conductive CPH through a facile
and environment-friendly strategy with zero wastage, as
displayed Figure 14D.'” The V,. value of CPH-based
TENG exhibited no significant variation in the range of
0-60°C (Figure 14E-G), indicating that the CPH-based
TENG for energy harvesting showed resistance to tem-
perature change, further expanding the applicability of
self-powered wearable electronic devices.

Hydrogels possess excellent properties such as
electrical conductivity, flexibility, stretchability, and
biocompatibility,”*1> but their mechanical properties are
highly unstable due to water loss or absorption caused
by environmental factors during applications.”*176-178 Tg
address this issue, researchers have developed organohy-
drogels that replace water molecules with organic
solvent molecules to enhance antifreeze and water
retention capabilities."’”*'7® The resulting conductive
organohydrogels, including MMCOHs (Figure 15A-C),'¢°
PAAm-Clay-KI  organohydrogel (Figure 15D,E),'7°
PAAM-clay organohydrogel (Figure 15F-I),'" and AVN
organohydrogel (Figure 15JK),'> displayed superior
temperature resistance and stretchability, making them

ideal electrodes for TENG devices. These devices maintain
stable electrical output performance in a range of temper-
atures (—60 to 60, —20 to 80, —30 to 80, and —50 to 100°C)
due to the HTO characteristics of the organohydrogels.
Furthermore, Khan et al. created fully self-healing TENG
devices utilizing highly stretchable and anti-freezing
conductive self-healable organohydrogels (CSOs) as elec-
trode and nonconductive self-healable organohydrogels
(NSOs) as triboelectric materials. As-fabricated CSO-
TENG displayed increasing electrical outputs with rising
temperature (Figure 15L),'* which can be attributed to the
increased conductivity resulting from the free movement
of ions within the conductive organohydrogel at elevated
temperatures (Figure 15M). Conversely, lower outputs
were observed at subzero temperatures due to the ice
coating formed on the surface of the tribo-layer reducing
the active area.

3.5.2 | Ionogels/ionic elastomer-based
HTO-TENG

Ionogels, which are polymer networks saturated
with ILs,'®7° have garnered significant interest from
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FIGURE 15

(A) Schematic fabrication of environmentally tolerant polyacrylamide/montmorillonite/carbon nanotube organohydrogel

(MMCOHs). (B) Structural diagram of the anti-drying organohydrogel-based triboelectric nanogenerator (TENG) (AOH-TENG). (C) V,. of
AOH-TENG over a temperature range of —60 to 60°C. (D) Structure of the sandwich-like self-powered sensor device and the chemical
composition of PAAm-Clay-KI organohydrogel. (E) V. of the device following storage at various temperatures. (F) Schematic diagram of
organohydrogel-based TENG (OG-TENG). (G) Schematic illustration of PAAM-Clay organohydrogel. (H) V,,. versus temperature of the
OG-TENG and hydrogel-based TENG (HG-TENG). (I) Voltage profile of a 4.7 uF capacitor during charging by the OG-TENG. (J) Synthesis
process of PAM/PVA/NaCl (AVN) organohydrogels. (K) V,. of AVN-based organohydrogel-based TENG (OHS-TENG) at different
temperatures. (L) The comparative chart of V. with I, outputs at different temperatures (inset: structural schematic of the conductive
self-healing organohydrogels-based TENG device [CSO-TENG]). (M) Conductance of CSO at different temperatures. Source: (A-C)
Reproduced with permission from Ref. [169]. Copyright 2021, Wiley-VCH. (D and E) Reproduced with permission from Ref. [170]. Copyright
2022, The Royal Society of Chemistry. (F-I) Reproduced with permission from Ref. [171]. Copyright 2020, Elsevier. (J and K) Reproduced with
permission from Ref. [172]. Copyright 2020, American Chemical Society. (L and M) Reproduced with permission from Ref. [173]. Copyright

2021, Elsevier.

researchers because of their exceptional ionic conductiv-
ity, robust thermal and chemical stability, non-volatility,
and nonflammability.!®>!8! Tonic elastomers, on the
other hand, consist entirely of a network of cross-linked
polyelectrolytes and associated counter-ions without any
liquid component,'3133 which makes them naturally
resistant to leakage or evaporation. Consequently, both
ionogels and ionic elastomers demonstrate remarkable
environmental tolerance.

Recently, Liao,’®* Li,’® Sun,'®® and Zhang et al.,'?°
respectively, constructed TENG devices with a sandwich
structure utilizing four different ionogels as electrodes,
as depicted in Figure 16C,D and E-L. The ionogels pos-
sess excellent chemical and thermal stability, enabling the
abovementioned TENG devices to maintain relatively sta-
ble electrical outputs across various temperature ranges:
—20 to 40, —30 to 80, —20 to 100, and —20 to 110°C,
respectively. Additionally, Cheng et al. developed an ionic
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FIGURE 16

(A) Structure diagram of ionic liquid elastomer-based triboelectric nanogenerator (TENG) (ILC-TENG). (B) V,.

comparison of ILC-TENG at varying temperatures. (C) Synthesis procedure for PAA-Zn,/Zn0O,,/IL, ionogels. (D) V,. comparison of
self-healing ionogel-based TENG (SI-TENG) at varying temperatures. (E) Scheme of ionogel-based TENG (I-TENG) with a sandwich
architecture. (F) The temporal evolution of water or ionic liquid in TENGs. (G) The temporal weight retention of the ionogel and I-TENG. (H)
V,. and I of the I-TENG with time in a high-temperature environment (30% RH, 100°C). (I) The manufacturing process of the polymerized
ion-conducting elastomer (ICE). (J) Scheme of the sandwich-structured ICE-based ionic TENG (ICE-iTENG). (K) TGA curve of the ICE. (L)
Normalized V. value of the ICE-iTENG measured by contact-separation to a Nylon film at various temperatures. Source: (A and B)
Reproduced with permission from Ref. [114]. Copyright 2022, Elsevier. (C and D) Reproduced with permission from Ref. [185]. Copyright 2021,

Elsevier. (E-H) Reproduced with permission from Ref. [186]. Copyright 2019, Elsevier. (I-L) Reproduced with permission from Ref. [126].

Copyright 2020, Wiley-VCH.

elastomer-based TENG (ILC-TENG) with CNT-doped ILC
as the electrode and PVDF/PU nanofibrous membrane as
the tribo-layer (Figure 16A,B).!"* The TENG devices pro-
duced peak-to-peak V. of 177.44, 182.90, and 179.18 V at
—20, 30, and 80°C, respectively, indicating that the ILC-
TENG also maintains stable electrical output characteristic
over a wide temperature range.

More significantly, Lu and Zhang et al.’"13% inde-
pendently developed ionic conductive elastomer-based
TENG devices utilizing liquid-free cellulose-derived
ionic conductive elastomer (ChCl/urea-MCCM;q-AA,
Figure 17A,B) and solvent-free elastomeric ionic conduc-
tor (TEOA-PTA@LITFSI, Figure 17E,F) as electrodes. As
is widely recognized, the ability of triboelectric devices
to maintain their electric output characteristics under
extreme conditions is a crucial factor for TENG devices.
Notably, as depicted in Figure 17D,H, the electrical out-
puts of the PDES-TENG and sustainable TENG devices
displayed a noticeable increasing trend with rising
temperature up to 60°C, which may be attributed to a

decrease in internal resistance (i.e., an increase in ionic
conductivity, Figure 17C,G) of the ChCl/urea-MCCMj5,-
AA and TEOA-PTA@LITFSI ionic elastomers at high
temperatures.

3.5.3 | Aerogels-based HTO-TENG

Aerogel is a remarkable ultra-lightweight porous material
that replaces the liquid component of gel with gas,!8%-19
which is a typical bulk material with nanostructured solid
skeletons and open pores, offering excellent physical and
chemical properties such as ultra-low density, high poros-
ity, ultrahigh specific surface area, ultra-strong adsorption
capacity, and adjustable surface chemistry.'”!%2 These
exceptional characteristics make aerogel an ideal mate-
rial for various applications, offering broad prospects for
its use.!8%19 Recently, the feasibility of aerogel has been
widely explored in different fields, showcasing its potential
for diverse applications.!”
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FIGURE 17 (A)Schematic diagram depicting the crosslinking structure of cellulose-derived polymerizable deep eutectic solvents
(PDES)-based ionic conductive elastomer. (B) Schematic diagram of the fabricated PDES-triboelectric nanogenerator (TENG). (C) The
conductivity of ChCl/urea-MCCMj;,-AA (AA, acrylic acid; ChCl, choline chloride, MCCM, cellulose macro-crosslinker,) at various
temperatures. (D) The output performance of PDES-TENG under various conditions, including soaking, recycling, and different temperatures.
(E) Structure diagram of the elastomeric ionic conductor (TEOA-PTA@LITFSI). (F) Principles of operation for single-electrode-mode
sustainable TENG (SU-TENG). (G) Ionic conductivity of TEOA-PTA@LITFSI with varying levels of TEOA doping at —20, 30, and 80°C. (H)
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Copyright 2022, Wiley-VCH. (E-H) Reproduced with permission from Ref. [188]. Copyright 2022, American Chemical Society.

He et al. utilized a combination of traditional wet  high-risk environments. Although the V. of the TENG

spinning technology and emerging triboelectric tech- decreased as the temperature increased from 25 to 250°C
nology to create an SFA e-textile (Figure 18A) that is  (Figure 18G), it still retained 47.7% of its initial electrical
based on thermal-induced conductive aerogel fiber (TIC-  output at 250°C, indicating its high-temperature oper-
AF, Figure 18B-D).!* By incorporating Fe;0, nanopar-  ability and effective functionality across a wide range of
ticles and Ag NWs into calcium alginate-based AFs, the temperature environments.

researchers were able to achieve repeatable and highly Flame-retardant electronegative aerogel materials are
sensitive temperature monitoring as well as energy har- highly suitable for TENGs operating in extreme environ-
vesting for the SFA e-textile (Figure 18F). The resulting ments such as thermal power plants and aerospace.'”
SFA e-textile was then integrated into firefighting protec- However, the existing electronegative aerogel materials

tive clothing to provide wide-range temperature sensing are predominantly polymeric materials that require fur-
and repeatable fire warning capabilities, demonstrating ther enhancement in high-temperature stability and flame
its potential for enhancing the safety of firefighters in  resistance. Recently, a series of research explorations
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FIGURE 18

(A) The production of thermal-induced conductive aerogel fiber (TIC-AF) and self-powered fire alarm electronic textile

(SFA e-textile). Surface (B) and cross-sectional (C) SEM images of TIC-AF. (D) Photograph of SFA e-textile woven from TIC-AFs. (E)
Schematic diagram of the as-prepared triboelectric nanogenerator (TENG) by integrating the SFA e-textile and polytetrafluoroethylene
(PTFE) material. (F) V,. of the SFA e-textile-based TENG across a wide temperature range. (G) Relative voltage of the TENG under different
temperature conditions. (H) SEM images of the compressed poly(p-phenylene benzobisoxazole) aerogel (PBOA) films. (I) Schematic
depiction of PBOA/AI TENGs. (J) V,. and (K) current density of PBOA/Al TENGs performed at various temperatures. Source: (A-G)
Reproduced with permission from Ref. [194]. Copyright 2022, American Chemical Society. (H-K) Reproduced with permission from Ref.

[195]. Copyright 2019, Elsevier.

have been conducted in this field. For instance, Qian et al.
fabricated poly(p-phenylene benzobisoxazole) aerogels
(PBOAs) (Figure 18H) from poly(p-phenylene benzobisox-
azole) fibers and used it utilized them as the electroneg-
ative tribo-materials.!”> Subsequently, the as-fabricated
PBOA was paired with Al foil to construct PBOA/AI
TENGs (Figure 18I). As demonstrated in Figure 18IK,
the electrical output performance of the as-constructed
PBOA/Al TENGs remained almost unaffected within
the temperature range of room temperature to 350°C.
Moreover, these PBOA/Al TENGs exhibited a V,. of
32V, and a J, of 1.2 mA m~2 even at high tem-
peratures up to 350°C, demonstrating the potential for

application of triboelectrical devices in high-temperature
environments.

3.6 | Metal-organic frameworks
(MOF)-based HTO-TENG

MOFs are a type of crystalline porous materials consist-
ing of metal ions (or clusters) with multifunctional organic
ligands.!””"1%° Due to their porous feature, highly ordered
structure, and ability to be rationally designed and assem-
bled for desired versatility, they have been widely used in
energy conversion and storage applications.?’°2%2 Among

85U80|7 SUOWIWOD 3AeaID 3| dde 8Ly Aq peusenob e sejolie YO ‘SN Jo Se|nJ Joj ArIqIT8UIUO 48] UO (SUORIPUOD-PUe-SWB/W0o" A3 M ARelq 1 [pul|UO//:SANY) SUORIPUOD pue swie 1 8ys 89S " [7202/2T/62] uo ARiqiTauliuo A1im ‘(eng) Aseaiun Bueyeg Aq 96T ZSNS/Z00T OT/I0P/W0D A8 | 1M Aeiq 1 BuluO//Sdny WoI) papeo|umod ‘€ ‘¥202 ‘25512692



CAO ET AL.

7% | WILEY siLM

: . . I
| Cu PTFE || MOF-5 Al : ' 5 |
L) @Zn @ 0 @C OH —_
i Pressed ii) Releasin
I SIS . S 560] Without MOF-5  With MOF-5 | 3 38 WithoutMOF-5  withmor-s | |
""""" I S £ 19 |
I +H4+++ 44+ PR S ool &
I Electrostatic equilibrium -Electr_onflo-wing- § é 0 PP I
. m 2 00 MWWWWW =
= ‘ 3 3 19
i 2 2
l (iv) . Pressing_ (iii) Released ‘S -280 ] S |
58 8 +H++++++ g £ I
| BN .- - - - -- & ool g
|< = - - = ‘| o & 57 I
Tl e Time (<) Time (s I
I Electron flowing Electrostatic equilibrium
(H) o |
420 . , / 7
50°C 79 C 90 C 110°C 1307 10k 20k |
‘ 210
S
W q’ 0- I
I [
| $-2104 . ooe . I
©°
S -420 4 I
' 6307 ontinuous runnin
I -800 10°C 20°C 600 2 g p I
12 0 1001 _2002 3003 4004
Lom e Tmeeo’ UYL 2“"’_‘5’_ —— e o Time(s)
FIGURE 19 (A) The crystalline structure of metal-organic framework (MOF)-5. (B) Schematic illustration of MOF-5-based triboelectric

nanogenerator (TENG) device. (C) Surface and cross-sectional SEM images of MOF-5 film. (D) Operational mechanism of MOF-5-based
TENG device. (E) V,. and (F) I, of the TENG devices without and with MOF-5. (G) V,. of MOF-5-based TENG device at low temperatures
(such as 10 and 20°C). (H) V,. of MOF-5-based TENG device by hand slapping at various temperatures. (I) Stability assessment of
MOF-5-based TENG device. Source: Reproduced with permission from Ref. [32]. Copyright 2022, Elsevier.

different types of MOFs, isoreticular MOFs (IRMOFs), a
subfamily of MOFs with exceptional thermal and chemical
stability, tunable porosity, and high surface area,*>?%3 hold
great potential for fabricating ultra-durable triboelectric
and piezoelectric nanogenerators with superior environ-
mental stability. In a recent study by Shaukat et al., an
MOF (MOF-5 or IRMOF-1) was used for the first time to
fabricate a TENG for energy harvesting, as illustrated in
Figure 19A-D.* The TENG based on MOF-5 demonstrated
excellent electrical outputs (Figure 19E,F) including V. of
484V, I of 40 pA, and maximum instantaneous power of
3174 uW. Furthermore, the as-constructed TENG exhibited
stable output performances under untoward environmen-
tal conditions such as temperature variations ranging from
—10 to 130°C (Figure 19G-I), demonstrating its robustness
under challenging operational environmental. These find-

ings suggest that MOF-5 is a highly promising alternative
for constructing ultra-robust TENGs that can operate at
high temperatures.

4 | CONCLUSIONS AND OUTLOOK

With the increasing demand for energy in scientific
missions and extreme environments, HTO-TENGs have
demonstrated extensive potential applications in self-
powered microelectronics technologies under extreme
climate conditions (such as sensor networks and oil explo-
ration equipment), energy harvesting and conversion in
high-temperature industrial processes, aerospace fields,
and self-sustained wireless sensor networks in hot envi-
ronments. The efficient triboelectric energy harvesting at
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high temperatures has become a critical research area.
It is imperative and timely to comprehensively evalu-
ate the progress made thus far in creating self-powered
power source systems that are sustainable, self-sufficient,
durable, and capable of operating effectively even when
exposed to elevated temperatures. This review thoroughly
discusses the current research status and advancements
of HTO-TENG devices while emphasizing that developing
triboelectric functional layers with outstanding heat resis-
tance, stability, durability, stable dielectric performance,
and effectively suppressing or overcoming the electron
thermionic emission effect is pivotal for constructing
HTO-TENG devices. However, despite the recent surge in
HTO-TENG manufacturing, there are still some prominent
challenges that require further attention and resolution.

(1) The continuous improvement of TENG’s output per-
formance serves as a driving force for sustainable
development. First, high-temperature environments
pose higher demands on material performance, neces-
sitating the use of materials that maintain stability
and performance under high temperatures for TENGs.
Second, under such conditions, enhanced electron
thermionic emission effects may interfere with normal
charge collection. Effectively suppressing or overcom-
ing this effect is one of the challenges in the design
of TENGs. Furthermore, the mechanical stability of
these generators is also challenged at high tempera-
tures, requiring device design to maintain structural
integrity under extreme conditions. Lastly, increased
temperature may result in unstable energy output
which is unacceptable in certain applications. In
subsequent research, it is anticipated that a manu-
facturing technique for HTO-TENG devices can be
developed to significantly enhance power output, par-
ticularly in terms of current and power density, by
comprehensively considering the aforementioned four
aspects.

(2) As the demand for self-powered wearable electronic
devices continues to increase, there is a growing need
to manufacture HTO-TENG devices with improved
wear resistance, higher temperature limits, and
diversified functions such as softness, permeabil-
ity, biocompatibility, flame retardancy, self-healing
capabilities, and thermal management abilities.
These improvements will contribute to the rapid
advancement of this field and broaden its application
scope.

(3) The operating mechanism of HTO-TENGs is cur-
rently unclear. To provide guidance for exploring
new manufacturing strategies, more comprehensive
research should be conducted on the intrinsic operat-
ing mechanism of HTO-TENGs in subsequent studies.

Additionally, it is also necessary to develop an eval-
uation standard for the triboelectric performance of
HTO-TENGs.

(4) The future large-scale practical application of self-
powered electronic devices in extreme environments
necessitates the large-scale production and industrial-
ization of HTO-TENGs with exceptional performance.

In summary, there is an urgent need to develop more
advanced manufacturing strategies for the production
of HTO-TENGs with enhanced performance and multi-
functional integration. Exploring effective mechanisms to
suppress or overcome the inherent electron thermionic
emission effect will provide valuable theoretical guid-
ance for future research on efficient and multifunctional
HTO-TENGs, further promoting the rapid development
and practical application of this field. Further, over-
coming the challenges in high-temperature environments
will enable triboelectric devices to demonstrate broad
prospects for applications in various fields, thereby bring-
ing new possibilities for self-powering technology and
energy conversion.
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