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Abstract: The current scenario sees over 60% of primary energy being dissipated as waste heat directly
into the environment, contributing significantly to energy loss and global warming. Therefore, low-
grade waste heat harvesting has been long considered a critical issue. Pyroelectric (PE) materials
utilize temperature oscillation to generate electricity, while thermoelectric (TE) materials convert
temperature differences into electrical energy. Nanostructured PE and TE materials have recently
gained prominence as promising catalysts for converting thermal energy directly into chemical energy
in a green manner. This short review provides a summary and comparison of catalytic processes
initiated by PE and TE effects driven by waste thermal energy. The discussion covers fundamental
principles and reaction mechanisms, followed by the introduction of representative examples of
PE and TE nanomaterials in various catalytic fields, including water splitting, organic synthesis,
air purification, and biomedical applications. Finally, the review addresses challenges and outlines
future prospects in this emerging field.
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1. Introduction
1.1. Waste Heat Energy

With the rapid development of modern society, the severe environmental contami-
nation and greenhouse effect induced by the consumption of fossil fuel is requiring the
revolution of the energy structure in order to realize the Sustainable Development Goals
(SDGs) [1,2]. The final destination of all types of energies is heat, which is plentiful and
widely accessible from the ambient environment. In nature, heat sources are usually
the sunlight, geothermal energy, and exhausted heat from organisms. Moreover, large
amounts of extra waste heat are continuously generated from human activities. In the
human production process, only 1/3 of the primary energy can be harvested and utilized,
leaving 2/3 exhausted as waste heat. Therefore, there is a compelling need to harvest
waste heat from the environment, industrial production, and daily life. Exploring new and
efficient technologies for waste heat recycling is of great importance for the next generation
energy management.

1.2. Pyroelectric and Thermoelectric Materials for Converting Waste Heat to Chemical Energy

Basically, both pyroelectric (PE) and thermoelectric (TE) materials can be used for har-
vesting thermal energy to produce electricity. The difference is that pyroelectric materials
need a temporal temperature change, while thermoelectric materials require a temperature
gradient. PE materials, as non-centrosymmetric polar crystals whose internal polarization
changes through the slight movement of atoms inside the crystal structure depending
on temperature, have been widely studied for thermal fluctuations to electric conversion
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applications such as infrared temperature detectors [3,4]. On the other hand, in the case of
TE materials, when there is a temperature difference at the two ends, the charge carriers
tend to move from the high temperature side to the low temperature side, which can realize
electricity production [5–8].

In addition to direct electricity generation, recent advances have demonstrated in-
triguing effects for initiating and promoting catalytic redox reactions by nanostructured
PE [9–19] and TE materials, driven by heat fluctuation and temperature difference, re-
spectively. These two effects can be utilized for diverse applications such as pollutant
degradation, hydrogen generation, organic synthesis, disinfections, etc. [20–26], through
harvesting the universally existing thermal energy in the environment, human body, and
industrial production. Thus far, several reviews have been published on the PE catalysis
effect [9,27–30], while TE catalysis processes have received less attention. Therefore, a
comprehensive review is required to develop a systematical knowledge of these two effects
and their ability to utilize waste heat for driving green catalysis processes.

1.3. Purpose of This Review

In this review, we develop a comprehensive summary on PE- and TE-driven or
-assisted green catalysis driven by waste heat. We mainly focus on the fundamental
comparison of these two new catalytic effects, in terms of materials candidate, working
condition, mechanism, and potential application, by presenting the most representative
examples reported up until now. Firstly, we start with the introduction of the fundamentals
and basic principles behind the PE and TE effects. Then, the recent progress in the materials
and applications of PE and TE catalysis are presented. Finally, potential ways to further
promote the catalytic performance along with a brief outlook are proposed. A comparison
of these two catalytic effects is listed in Table 1. The potential applications of PE and TE
catalysis effects are illustrated in Figure 1, presenting the utilization of waste heat from the
natural environment, industry, and daily life to drive different catalytic reactions in the
field of clean energy production, environmental remediation, and disinfections.

Table 1. Comparison of PE and TE catalysis.

Materials Working Condition Mechanism

PE catalysis Pyroelectric materials Temperature fluctuation Polarization charges
TE catalysis Thermoelectric materials Temperature gradient Thermal-excited free charges
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2. Pyroelectric Catalysis
2.1. Pyroelectric Effect

Among the 32 crystalline point groups, 21 show non-centrosymmetry with piezo-
electricity, and 10 out of the 21 point groups correspond to PE materials [31]. Without
an external electric field, there is spontaneous polarization (Ps) existing in PE materials,
which will change depending on temperature (T). Therefore, under a temperature fluc-
tuation, the charges accumulated on the surface of PE materials will change with their
internal polarization.

Figure 2a summarizes an illustration of PE effect in response to the temperature
oscillation. At the temperature below Curie temperature (Tc), the system can hold its
spontaneous polarization. As the temperature increases (dT/dt > 0), the Ps experiences a
declining tendency due to the loss of electric dipoles, resulting in an imbalance between
screening charges and polarization charges. To compensate the imbalance, a current flow
will be generated under a short-circuit condition, or a potential difference will exist under
an open-circuit condition. On the contrary, in a cooling condition (dT/dt < 0), Ps increases
with decreasing temperature. The screening charges redistribute to the surface, resulting in
a current or electric field in the reverse direction. At a constant temperature (dT/dt = 0),
the built-in electric field is always balanced by screening charges at the surface. In this case,
there is no electric potential or current [9,28].

2.2. Mechanism and Key Factors of Pyroelectric Catalysis

Temperature variation is the driving force for the PE catalysis process. As illustrated
in Figure 2b, the PE polarization can be modulated by changing the temperature, gener-
ating the positive and negative charges that can induce surface electrochemical catalytic
reactions [32]. The temperature oscillation breaks the thermodynamic equilibrium in PE
materials, which will be reestablished due to the change of polarization states. Conse-
quently, adsorption/desorption of species from the electrolyte alternatively occur on the
surface of PE materials, resulting in more free carriers that participate in the redox reactions,
and the PE catalytic reaction continues. Therefore, the PE catalysis process provides a green
route to utilize waste heat from nature, such as day and night temperature alternation.

For PE materials, the PE coefficient (p) that indicates the charge release can be ex-
pressed as

p = dPs/dT (1)

As the temperature approaches Tc, p tends to be maximized. And when the tempera-
ture is above Tc, p returns to zero, since the ferroelectric state has been broken. Based on
p, the PE current (I) and potential (dV) across a PE material with a thickness of d and a
surface area of A under an open-circuit condition can be expressed as

I = p × A × dT/dt (2)

dV = p × d × dT/ε33 (3)

where ε33 is the material permittivity at constant stress.
The thickness of PE materials is crucial for the catalytic process. Through modulating

the dimension or microstructure of the materials, it is possible to tune the PE catalytic
performance. The direct relationship between the electric field strength and voltage is
readily apparent. Consequently, in the PE catalysis process, oxidation and reduction
reactions occur when the electric field strength reaches a sufficient level to ensure that the
corresponding voltage meets the requisite potential threshold. This principle is pivotal and
must be carefully considered in the design of PE catalysts. Second, temperature change
as the energy source is needed during the PE catalysis process. For the traditional PE
materials used as energy harvesters or sensors, researchers seek materials with high Tc
that will hold their polarization even at harsh conditions (i.e., T > 100 ◦C). However, in
the case of the PE catalysis processes, low-Tc materials are favored since the PE effect is
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always maximized near Tc. With the development of materials by rational design and
modification, pyroelectricity and suitable TC can be optimized, which improves the PE
catalytic performance.

Experimentally, there are two ways to couple PE effect with electrochemical reactions.
The first: PE modules perform as “batteries” outside the reaction environment, which firstly
convert temperature oscillation into electricity and then support the electrochemical redox
through an external circuit [14–16,33]. Using a rectification circuit, a constant current could
be kept holding the same type of reaction at a single electrode regardless of the periodically
changed current direction depending on the temperature oscillation. The second way is by
exploiting nanostructured PE materials to participate in the electrochemical reactions by
directly contacting the reactants and periodically realizing the catalysis at the same surface
depending on the temperature fluctuations.
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2.3. Recent Progress in Pyroelectric Catalysis

Based on the principle above, a great number of works both theoretical and experi-
mental have been published so far [11–16,32,33,35–40]. In this section, recent key progress
of PE nanomaterials for diverse catalysis areas, including water splitting, CO2 reduction,
biomedical applications, etc., will be discussed.

In 2016, Kakekhani et al. conducted a density function theory (DFT) calculation on the
PE catalysis of PbTiO3 towards the decomposition of NOx and oxidation of SO2, proposing
electrochemical redox under cyclically changing polarization conditions [35–37]. These are
the pioneering works in modelling the PE effect in electrochemical reactions.

The PE catalysis process has been utilized for water splitting to produce hydrogen, as
exemplified by Ba0.7Sr0.3TiO3 (BST) nanoparticles and CdS nanorods [32,40]. Xu et al. [32]
demonstrated the pyrocatalytic H2 production using BST NPs. The H2 yield was about
46.89 µmol·g−1 after 33 thermal cycles in the temperature range of 25 to 50 ◦C. In addition,
PE catalytic water splitting was also reported in other materials, such as BaTiO3 [41] and
2D black phosphorene [19]. Very recently, Au/BaTiO3 composite achieved a high H2
production rate of about 133µmol·g−1·h−1 under pulsed laser irradiation [41] (Figure 3).
Both experimental and theoretical analysis revealed that plasmonic local heating is a highly
efficient way to drive PE catalysis reactions.
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different conditions. (e) HR-TEM image of the Au/BaTiO3 nanocomposites. (f) Schematic illustration
of the mechanism for PE catalytic H2 generation using Au/BaTiO3 nanocomposites driven by surface
plasmon local heating. Reproduced from [41]. Copyright © Nature Publishing Group, 2022.

In addition to H2 production, PE nanostructured materials have also been utilized to
reduce CO2 to methanol. For example, it was reported that layered perovskite Bi2WO6
nanoplates can harvest heat energy from temperature variation, driving PE catalytic CO2
reduction for methanol at temperatures between 15 ◦C and 70 ◦C [42] (Figure 4). The
methanol yield was 55.0 µmol·g−1 after 20 temperature-changing cycles. This low-cost
and green catalytic CO2 reduction strategy provides a new route towards clean energy
production utilizing natural temperature variation.
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Beyond clean energy production, PE catalysis strategy has been also proven effective
for biomedical applications such as tooth whitening [18]. In 2022, Wang et al. demonstrated
a non-destructive and biocompatible tooth whitening strategy based on BaTiO3 nanowire-
based PE composite hydrogel (Figure 5). It was found that teeth stained with different
agents were completely whitened with BaTiO3 nanowire turbid liquid after 2000 thermal
cycles with a temperature fluctuation of 25 ◦C. Moreover, a prototype tooth whitening
dental brace using BaTiO3 nanowires combined with light-cured hydrogel showed excellent
chemical and structural stability. This work highlights the great prospects of a simple and
low-cost tooth whitening route by utilizing PE nanomaterials without additional equipment.
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Figure 5. (a) Illustration of temperature changes in oral environment. (b) Infrared imaging of
the temperature change in oral environment after drinking cold and hot water. (c) XRD pattern,
(d) Raman spectra and (e) SEM images of BaTiO3 nanowires. (f) Photographs of teeth under treatment
in turbid liquid of BaTiO3 nanowires with a temperature fluctuation of 25 ◦C. (g) Photographs of
teeth under treatment in pure water with a temperature fluctuation of 25 ◦C. Reproduced from [18].
Copyright © Nature Publishing Group, 2022.

Furthermore, the PE catalytic effect can also be applied to the synthesis of heterostruc-
tures. Through the PE effect, Liu et al. synthesized Ag/Pt/Pd/Au-BaTiO3 hybrid nanopar-
ticles by dispersing BaTiO3 nanoparticles in an AgNO3/K2PtCl4/Na2PdCl4/HAuCl4 so-
lution under fast temperature vibrations. The metal–BaTiO3 hybrid nanoparticles in turn
displayed better PE catalytic degradation efficiency of the dye solution [11]. This method
provides a new way of synthesizing metal–PE materials without the need for additional
reducing reagents.

3. Thermoelectric Catalysis Effect
3.1. Thermoelectric Effect

The development and application of TE materials has been a hotspot in the past few
decades due to the increasing global energy demand [43–46]. Based on the Seebeck effect,
TE materials can perform as energy suppliers by converting the temperature gradient into
electricity. As shown in Figure 6a, when a temperature difference (∆T) is introduced to both
ends of a TE material, the charge carriers will be driven to move from the hot side to the
cold side. Correspondingly, a potential difference (∆V) is generated. ∆V is proportional to
∆T, and their ratio is called the Seebeck coefficient (S = ∆V/∆T). The overall performance
of TE materials can be evaluated by a dimensionless figure of merit, ZT, expressed as

ZT = S2 × σ × T/κ (4)
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where σ is electrical conductivity, κ is thermal conductivity, and T is the absolute tem-
perature. The ZT of representative TE materials such as Bi2Te3 and PbTe is ≈1, which
is currently believed to be the standard requirement for practical applications [47,48]. In
pursuit of high conversion efficiency, several materials with high ZT values have been pro-
posed recently, most of which are semiconductors with ultralow κ, including Bi2Te3 [49–51],
PbTe [52,53], SnSe [7,54,55], BiCuSeO [56,57], AgSbSe2 [58], etc.

3.2. Thermoelectric Catalytic Effect

In addition to TE electricity generators, direct coupling of the TE effect and electro-
chemical process is a promising research direction for TE materials, since semiconductor-
based electrochemical reactions mostly take place under mild conditions [59]. The voltage
generated at a small temperature gradient in TE materials with large S can match most
of the reaction threshold in electrochemical redox. Unlike the PE materials that require a
constantly changing temperature with time, TE materials can keep a constant output if there
is a stable temperature gradient. The first report of TE effect-assisted water splitting dates
back to 1976, when solar energy was adopted as the heating source [60]. In this work, the
TE electricity generator is independent from the electrochemical reactor, performing as a TE
electricity generator assisting a photochemical cell for an electrolytic tank. In this system,
the efficiency of the TE generator is only 5%, but the total hydrogen production could be
increased by 20% [61]. Pornrungroj et al. demonstrated that photoelectrochemical reactors
can utilize this waste heat by integrating thermoelectric modules, which provide additional
voltage under concentrated light irradiation [62]. This thermal management approach
enables unassisted overall water splitting, even for PEC systems with insufficient photo-
voltage. As the external type of TE effect applied in electrochemical redox, it still cannot get
rid of the large amount of energy lost and the low efficiency during conversion between
heat and electricity. Therefore, in recent years, researchers are changing the focus on TE ma-
terials to driving intrinsic catalysis induced by temperature difference (Figure 6b), making
nanostructured TE materials to directly participate in the electrochemical redox reactions.
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3.3. Recent Progress in Thermoelectric Catalysis

In 2017, Sharifi et al., for the first time, experimentally demonstrated a novel ther-
moelectrocatalysis effect [24]. In their work, Sb2Te3 and BixSb2−xTe3 nanosheets were
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synthesized and assembled into a three-electrode electrochemical cell (Figure 7). By apply-
ing a temperature gradient of ~90 ◦C, a remarkable improvement in the increasing rate of
current density by voltage was observed, and the current density (−0.6 V vs. RHE) was
7 times higher than its value without a temperature gradient. Therefore, the electrocatalytic
current can be promoted using nanostructured TE materials in a hydrogen evolution reac-
tion (HER) by the thermoelectricity generated from temperature gradients. This finding
opens an entirely new way of utilizing TE materials to participate in electrochemical redox
reactions by directly contacting the reagents or electrolytes rather than performing as
external batteries. Inspired by this pioneering work, a number of studies have been carried
out on nanostructured TE materials as electrochemical catalysts [64,65]. In the following
parts, we will present some representative examples that utilize this new catalytic effect for
driving various redox reactions.
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of electrochemical cell placed on top of a TE generator system with a Peltier cooler and a thin
heater. Electrochemical measurements under different temperature gradients of (d) Sb2Te3 and
(e) Bi0.5Sb1.5Te3. Reproduced from [24]. Copyright © American Chemical Society, 2017.

For example, Achour et al. proposed a new concept of TE promotion of catalysis
(TEPOC), which is based on non-Faradaic electrochemical modification of catalytic activity
(NEMCA) [20]. The NEMCA, which involves a reversible change of catalytic properties
of metal catalysts deposited on solid electrolytes, can be obtained by applying a small
external electric current or voltage. Based on this principle, they proposed to use a TE
material to change the effective work function of catalyst particles to achieve a significant
increase in the catalytic activity of CO2 hydrogeneration. They developed an innovative
use of a mid-temperature TE material, BiCuSeO (a well-known oxide-based TE material
showing high S along with low κ [56,57]), as a supporter and promoter of a Pt catalyst for
CO2 hydrogeneration. As shown in Figure 8, they set up a reactor by placing the reaction
chamber on top of a hot plate to create a large temperature difference (~200 to 300 K)
between the bottom floor of the chamber and the hot surface of the BiCuSeO plate. As
a result, the author obtained a much higher catalytic efficiency at a larger temperature
gradient, suggesting a NEMCA from BiCuSeO. From a linear relationship between the
logarithm of the reaction rate and the TE Seebeck voltage, it was proposed that the TE effect
can change the Fermi level and therefore the work function of the electrons in the catalyst
particles supported on a TE material, leading to an exponential increase in catalytic activity.
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The authors also applied the same strategy for ethylene oxidation and found a significantly
promoted reaction rate by tuning the TE Seebeck voltage [31].
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catalytic reaction. (b) SEM image of Pt/BiCuSeO. (c) Energy levels of electrons in a TE material with
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Reproduced from [20]. Copyright © John Wiley & Sons, 2017.

TE effect-assisted electrochemical redox has also been found effective for biomedical
applications such as disinfections and cancer therapy [66]. In 2021, Lin et al. reported an
excellent hydrogen peroxide generation and environmental disinfection by utilizing Bi2Te3,
one of the most widely studied TE materials [22]. It was found that Bi2Te3 nanosheets can
produce H2O2 under a temperature gradient, since the conduction band potential is more
negative than the redox potential of O2/·O2

−. With a TE effect-induced built-in electric
field, the thermally activated negative charges rush from the hot side to the cold side of the
material. Therefore, the band energy decreases at the positive potential side and increases
at the negative potential side, tilting both the valence band and conduction band across
the material. The conduction band comes very close to the redox potential for generating
·O2

− radicals. Electrons from the conduction band can easily migrate to the solution and
produce H2O2 (Figure 9). They also tested some typical TE materials (Bi2Te3, Sb2Te3 and
PbTe) in comparison to TiO2 with no TE effect, confirming the crucial role of the TE effect.
The best performance was obtained in Bi2Te3, and the catalytic efficiency increased with the
increasing temperature gradient. Furthermore, the authors fabricated Bi2Te3 nanoplates on
carbon fiber fabric (CFF) and developed a thermocatalytic filter with antibacterial function,
which showed excellent and stable disinfection performance under a temperature gradient
for over 30 days.
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Nature Publishing Group, 2021.

TE effect-assisted disinfection was also reported in SrTiO3/Cu2Se p-n heterojunction
for an efficient TE cancer therapy using laser irradiation as the heating source [67]. Very
recently, electrospinning membranes containing rGO-Bi2Te3 nanosheets were shown to
exhibit high antibacterial efficiency in vivo (99.35 ± 0.29%), accelerated tissue repair ability,
and excellent biosafety. This study provided an insight into heterointerface design in photo-
thermoelectric catalysis [25]. In addition, thermoelectric nanostructured heterojunction of
Bi0.5Sb1.5Te3/CaO2 nanosheets combined with catalytic therapy, ion interference therapy,
and immunotherapy demonstrate excellent antitumor performance in female mice [68].

The optimization of air electrodes in zinc–air batteries (ZABs) is crucial for improving
their energy efficiency and overcoming challenges such as sluggish kinetics and mutual in-
terference of oxygen evolution and reduction reactions. Zheng et al.’s recent work presents
a novel approach to addressing these issues by introducing a new breathing air-electrode
configuration in rechargeable ZABs. This configuration utilizes both P-type and N-type
TE materials as charge and discharge electrodes, respectively [65]. Due to thermoelectri-
cally generated Seebeck voltages and carrier accumulation, the intrinsic oxygen catalytic
activity undergoes a notable enhancement. As a result, the breathing ZABs showcase a
remarkable reduction in the charge/discharge voltage gap alongside improved energy
efficiency. This work highlights the potential for future advancements in rechargeable
zinc–air battery technology.

4. Future Prospects

Coupling PE or TE effect with electrochemical catalysis is a promising approach to
convert thermal energy into chemical energy, especially to utilize the “waste heat” in
nature. On one hand, PE catalysis effect has the advantages of utilizing temperature
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fluctuations, such as the different sunlight irradiation conditions of daytime and night
and temperature vibrations from atmospheric circulation/ocean currents. Compared with
PE electrochemical catalysis, TE electrochemical catalysis is a relatively new direction in
utilizing waste heat with constant temperature difference. The temperature gradient from
both nature and industry can provide the driving force for TE electrochemical redox. Even
though a number of excellent works have been performed, the study of PE and TE catalysis
is still in the primary stage, and the efficiency is still far from the commercial requirement.
Further potential ways to improve the PE catalytic performance still need to be explored.

(1) PE catalysis.

It is important to develop new PE material systems (e.g., 2D materials) and tailor the
PE catalytic performance by modulating the microstructure and exposed crystal facets.
By advanced synthesis techniques, it is possible to optimize the PE catalysis activity in
different material candidates through quantum confinement, epitaxial strains, etc.

Searching for PE materials with low Tc is also a promising direction for the develop-
ment of high-efficiency PE catalysts, since most of the temperature oscillations in nature
are mild in form, like temperature changes of the atmosphere between daytime and night,
temperature fluctuation in bodies of water, and even organism temperature fluctuations.

The previous studies on PE catalysis lack the quantitative analysis of energy input
and calculation of thermo-to-chemical energy conversion efficiency. In the future, multiple
effects can be coupled with the PE effect to utilize diverse types of energies. For example,
coupling with photocatalysis involves solar energies, and coupling with piezoelectric
catalysis can combine mechanical vibrations [69,70].

(2) TE catalysis.

The TE catalytic effect is a rather new phenomenon. The role of materials, manufactur-
ing methods, and ZT values on their TE catalytic performance need to be clarified. First, the
TE catalytic performance is sensitively dependent on the TE properties of materials. There-
fore, searching for materials with both high TE performance and feasible redox potential is
important for developing TE catalysts. For example, in the case of water splitting, many
wide-band gap semiconductors are possible candidates, like TiO2, SrTiO3, ZnO, etc. With
proper doping, these materials can be turned into TE materials. For example, it has been
found that Nb/La-doped SrTiO3 shows very high S due to the heavy effective mass of Ti
3d orbital [71–73]. Adopting these materials can simultaneously fulfill high S and suitable
band structure, bringing enhanced performance. Second, quantum size effect has been
proven effective in enhancing the performance of TE materials. Hicks and Dresselhaus
proposed a low-dimensional enhancement effect of TE performance by decreasing the
dimension of TE materials below the de Broglie wavelength of the charge carriers, which
could create a boost in S without sacrificing σ [71,74–76]. At the same time, attributed to
the boundary scattering, low-dimensional materials also display much lower κ than the
bulk samples. Combining the quantum confinement effect into TE catalysis may also be an
effective way to further improve the TE catalytic performance.

Despite recent progress, understanding of the fundamental mechanisms that govern
thermal-to-chemical energy conversion and the design of optimal TE catalytic materials
is in the early stages. The accurate evaluation of the overall thermal-to-chemical energy
conversion efficiency in nanostructured TE materials has not been realized yet. Another
great challenge that limits the application of TE catalysts is the difficulty of forming a steady
and controllable temperature gradient at the nano-/microscale.

The previous research efforts on TE catalytic materials indeed hold significant promise
for advancing catalytic applications in many fields. Herein, we attempt to delve deeper into
some potential application scenarios. For example, one can use the temperature difference
between a chamber and the outside ambient environment to drive chemical reactions,
placing TE nanomaterials on the inner surface of the reactors. In addition, TE materials
may also offer an alternative approach to convert exhaust gases from automobiles into
non-toxic byproducts by utilizing TE materials within the exhaust system, driven by the
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high temperature difference between inside and outside. This application could lead to
the development of more economical exhaust systems for vehicles, potentially replacing
conventional noble metal-based catalysts. Moreover, TE nanomaterials are promising for
biomedical applications, utilizing the small temperature difference of human body and the
surrounding environment.

In summary, with potential applications in a variety of catalysis processes, PE and TE
catalytic materials and devices are being studied extensively. Our perspective provides a
summary of the state-of-the-art research in this emerging interdisciplinary field, describes
the key advances, and illustrates the potential applications of PE and TE catalytic material
systems. Its promising prospects in energy, environmental, and biomedical technologies in
a wide array of temperature ranges define an opportunity to combine waste heat harvesting
and green catalysis processes into industrial production and environmental protection. By
leveraging PE and TE catalytic materials, it becomes feasible to initiate and sustain chemical
reactions efficiently. This green catalytic technology will greatly promote waste heat energy
utilization efficiency. Further research and development in this area holds the potential to
revolutionize catalysis and contribute to sustainable technological advancements.
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