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ABSTRACT
Vitrimers offer an innovative approach to recycling polymer waste, crucial in 
addressing the environmental impact of electronic devices and circular econ-
omy. The increasing role of electronics in various industries has heightened 
concerns regarding material consumption, electronic waste, landfill costs, and 
energy usage. Vitrimers, as adaptable polymer networks, employ dynamic 
cross-linkages that activate bond exchange reactions under external stimuli, 
enabling topology rearrangements. These networks are instrumental in devel-
oping sustainable electronics, offering rehealability, shape memory, recyclabil-
ity, and reprocessing capabilities. This review examines the latest research on 
vitrimers in sustainable materials for electronic devices, exploring various che-
mistries in vitrimer design and their impact on device properties. It highlights 
the potential of vitrimer topology rearrangement and exchange reactions in 
creating shape memory, self-healing, and recyclability properties. Additionally, 
the review categorizes vitrimer-based electronic devices, including triboelectric 
generators, wearable electronics, electro-skins, sensors, supercapacitors, elec-
tromagnetic shielding, soft actuators, flexible electronics, printed circuit boards, 
ionotronics, moisture generators, and thermoelectric devices. The article aims 
to foster further research on vitrimers in industrial applications, promoting the 
development of sustainable electronics.
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1. Introduction

With development of human tools and the gradual change of life and daily 
needs, the development of technologies related to these changes has 
become equally important [1–3]. This has caused electronics to become 
a key concept today so that it can be transformed into technologies based 
on pharmaceutical, security, information technology, electronic skins, energy, 
and other fields in the future [4–8]. Apart from the current research in the 
development of electronics, the future of materials used in new designs of 
electronic devices is also a crucial issue. Polymers are one of the things that 
have entered the field of electronics today to advance electronics with their 
special properties [9,10]. Today, one of the most important problems in the 
world is to deal with pollution caused by these polymeric materials, which 
may limit the benefits of using polymers. In this regard, recent research has 
introduced some types of polymer networks called vitrimers, possessing 
dynamic and adaptable covalent networks. They can use different chemistry 
to a structural rearrangement that ultimately leads to the properties such as 
high flexibility, shape memory, self-healing, reprocessability, and recyclability 
[11–13]. Therefore, the use and introduction of vitrimers to electronic devices 
can be the beginning for the development and design of a sustainable and 
eco-friendly design with unique properties, such as shape memory, reproces-
sability, rehealability, and recyclability. This review article explores recent 
advancements in using vitrimers for developing sustainable electronic mate-
rials and devices and covers their unique properties such as shape memory, 
self-healing, and reprocessing. After examining the properties with the che-
mical structure of vitrimer and the type of exchange reaction applied in the 
synthesis, it also highlights a discussion of recycling and sustainability. 
Furthermore, this review classifies the types of vitrimer-based electronic 
devices in today’s industries. It includes several sections such as vitrimer- 
based triboelectric generators, wearable electronics, electro-skins, sensors, 
supercapacitors, electromagnetic shielding, soft actuators and soft robotics, 
flexible electronics, printed circuit boards, ionotronic, moisture generators, 
and thermoelectric devices. This review article is expected to motivate more 
research in the use of vitrimers in industrial applications for the development 
of sustainable electronics.

2. Recycling

2.1. Physical and chemical recycling of polymer waste

Before examining vitrimerization strategy, it is better to introduce the general 
types of recycling methods in general polymer waste, especially electronic 
waste. Generally, these techniques are classified into two main groups of 
physical (mechanical) and chemical recycling.

252 A. ENAYATI-GERDROODBAR ET AL.



2.1.1. Physical recycling
One of the best methods in polymer waste recycling is physical or mechanical 
recycling. Concurring to ASTM D7209–06 and ISO 15,270 benchmarks [14,15], 
this technique comprises two fundamental categories including primary 
[16,17] and secondary [18,19] recycling. In other words, primary recycling is 
known as a process of re-extrusion, re-use, and closed-loop. But secondary 
recycling represents downgrading. Recent secondary methods based on 
dissolution/reprecipitation, additive manufacturing (three-dimensional (3D) 
printing) [20,21], and pure cycle technology [21] are used in physical recy-
cling. In addition to the mentioned items, blending and fabrication of com-
posites [22–26], utilizing additives [27–29], and addition of chain extenders 
are also included in this classification. Among all the methods mentioned in 
the classification, injection moulding, extrusion, rotational moulding, and hot 
pressing are very popular. The traditional method of primary physical recy-
cling includes the steps of shredding, crushing, milling, and additional clean-
ing [16]. The traditional method of secondary physical recycling is also based 
on cutting and shortening of polymer chains, which does not harm the 
chemical structure of the polymer while reducing the molecular weight. 
Also, to preserve the final properties of the recycled product, using stabilizers 
and applying conditions such as drying, applying vacuum, and degassing can 
be mentioned. [18]. Among the advantages of the primary physical recycling 
method, which is also known as closed-loop recycling, are: reproducing the 
same polymer product in a completely clean (pre-consumer), environment- 
friendly method, maintaining the primary properties of the polymer, and 
versatility with various processing methods such as injection moulding, 
extrusion, rotational moulding, and heat pressing. However, regarding the 
disadvantages of primary physical recycling, it is possible to mention things 
such as having additional steps such as shredding and milling, and cleaning 
steps [16,17,30]. It pointed out the advantages of secondary physical recy-
cling such as the stability of the chemical structure of the polymer and 
maintaining the final properties of the product by using adding a group of 
stabilizers and applying conditions such as drying, vacuum, and degassing. 
The disadvantages of this include the loss of molecular weight and solvent 
extraction to distinguish the polymer from other waste materials [20,21]. 
Additive manufacturing (open-source (OS) 3D printing) is one of the emer-
ging methods in physical recycling. Advantages such as being economical, 
reducing greenhouse gas emissions, and not using solvents are advantages in 
the direction of this method becoming more widespread. But the most 
important disadvantage of this method is the low recycling rate [20,31].

Along with all the existing limitations in all kinds of physical recycling 
methods, existing pollutions are also important. Generally, pollutants are 
divided into two categories: volatile organic contaminants (VOCs) [32–34] 
and solid contaminants. Existing physical recycling processes can cause 
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negative effects at the molecular and morphological level. In fact, this action 
leads to the oxidation of residues, which causes the creation of carbon- 
centred (alkyl) and oxygen-centred (alkyl) free radicals leading to the trans-
formation of the structure [35]. Degassing, Filtration and Supercritical fluid 
techniques are also used to remove contamination [33,34,36].

2.1.2. Chemical recycling
Chemical recycling is another important strategy for polymer waste manage-
ment. The most important advantage of this method is to regain primary 
monomers and other primary reactants. This strategy incorporates pyrolysis 
[37], solvolysis (chemolysis) [38], hydrogenolysis [36], hydrosilylation [39], 
hydroboration [40], cyclodepolymerization of condensation polymers [41], 
and cross alkane metathesis (CAM) [42]. The pyrolysis method is available in 
two types: thermal and catalytic. Using the catalytic method requires less 
activation energy and the selectivity of the product is higher. Therefore, 
higher thermal stability, which results in easier separation of gas and liquid 
products. Another effective technique in breaking the chemical structure of 
polymers is solvolysis, including the carbonyl bond [43]. The sort of strategy 
that falls under this category depends totally on the dissolvable that’s uti-
lized; Illustrations incorporate glycolysis (ethylene glycol) [44], hydrolysis 
(water) [45], methanolysis (methanol) [43], aminolysis (amine) [46], and 
ammonolysis (smelling salts) [47]. In all these methods, catalysts can be 
used to increase product selectivity and facilitate the recycling process. In 
another case, condensation polymers can be changed catalytically into 
macrocyclic oligomers (MCOs) through cyclodepolymerization (CDP), also 
known as ring-closing depolymerization. In a summary of the disadvantages 
of the chemical recycling method, some parameters are highlighting such as 
high energy requirement, expensive equipment, existence of complex che-
mical reactions, solvent recovery, and catalyst deactivation.

2.2. Physical and chemical of electronic waste

2.2.1. Physical recycling
This method is known as one of the simplest methods and includes the lowest 
cost in equipment and energy [48]. But due to their adaptability in the direction 
of progress over time, they have a suitable potential to be used. Also, this method 
is known as the most widely used method in electronic waste recycling in 
developed countries such as the European Union and the United States. There 
are three important techniques in this method, which are: supergravity separa-
tion, electrostatic separation, and inverse flotation. In the first case, i.e. 
Supergravity separation, the effective separation of metals from other materials 
is based on centrifugal force. Gravitational force with high intensity will cause 
separation based on difference in melting temperature. The innovation has been 
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effectively connected to recuperate uncommon soil metals, valuable metals, 
aluminium combinations, and other metals from various mechanical squanders 
[49]. When the supergravity field is applied, it causes selective melting of metals, 
which will cause their separation. The molten metal phase is ejected into the 
environment under centrifugal force while the undissolved solid particles remain 
[49,50]. After this stage, the melted metals can be collected after the freezing 
process. One of the most important parameters in increasing separation effi-
ciency is intense mixing and heat transfer under supergravity, which causes 
homogenization and diffusion. Regarding the effect of gravity coefficient and 
temperature on separation, the work of Meng et al. can be mentioned [49]. 
The second technique is Electrostatic separation, which is based on the differ-
ence in electrical conductivity of metallic and non-metallic particles in crushed 
waste and will lead to selective separation. Also, this technique separates metals 
with high purity while preserving the bromine-containing non-metals intact for 
further recycling. It should be noted that the cost of the equipment available in 
this method is moderate and leads to sustainable and comprehensive recycling 
[49,50]. Effective factors in separation efficiency include particle size distribution, 
feed rate, electric field strength and roller rotation speed. The third well-known 
and widely used method is Inverse flotation, which is a froth flotation technique 
that can be used to recycle metals and plastics from electronic waste. This 
technique is based on the natural hydrophobicity difference of the components 
and provides the possibility of cost-effective and relatively simple separation. This 
technique is used to separate non-metallic components in a mixture of crushed 
waste due to preferential flotation [51]. For e-waste, reverse melting is preferable 
to direct melting of metals or plastics because the smaller metal fraction is 
separated and product loss is avoided. It should be noted that metals comprise 
less than 30% of electronic waste and this amount reaches more than 30% for 
plastics. Therefore, using this method and floating plastics, the separation of 
metals will reach the maximum [51]. Due to the hydrophobic nature of plastics 
and the hydrophobicity of metals in the waste mixture, when air bubbles enter, 
the plastics will stick to the bubbles and float, and the metals will remain in 
suspension. This means that the two phases can be separated without the use of 
chemical additives. The direct flow of metals becomes ineffective due to low 
natural hydrophobicity [51].

2.2.2. Chemical recycling
Although the physical recycling method requires cheap equipment, it has the 
ability to separate hazardous substances such as halogens and heavy metals 
from e-waste [52]. For this reason, chemical recycling has also been intro-
duced and three of the most widely used techniques of this method are: 
dimethylformamide technique, supercritical fluid technique, and pyrolysis. 
Dimethylformamide is the investigated technique and is used especially for 
waste printed circuit boards (WPCBs). An innovation in this method is the use 
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of the organic solvent dimethylformamide (DMF) to dissolve the brominated 
epoxy resin (BER) that binds the layers of metals and glass fibres in WPCBs 
[53]. This newly developed method can reduce hazardous emissions while 
separating metals, glass fibre, and BER. The noteworthy point is that in order 
to increase the recycling efficiency, the solvent dissolution kinetics should be 
used to optimize the conditions. Supercritical fluid (SCF) is the second emer-
ging method that is also environmentally friendly. The main advantage of SCF 
treatment is the rapid, complete, and green release of hazardous substances 
such as flame retardants, and the release of metals for recycling [54]. This 
method works based on the use of solvents such as water, CO2, or alcohol in 
conditions above the critical point, which include fluids that allow them to 
dissolve and react entirely with organics in the waste [54]. It is also an 
addition that for future research and industrialization of this method, design-
ing suitable reactors is essential. However, experimental results confirm that 
supercritical fluids can recycle e-waste [54]. The third discussed technique is 
Pyrolysis. In general, this process is known as a thermochemical decomposi-
tion process that breaks down organic materials by heating them to high 
temperatures, typically between 300–1200°C without oxygen. Through the 
thermal decomposition of non-oxygen organic matter, there are many ben-
efits for waste management, energy production and chemical treatment [55]. 
Another point is that the lack of presence of oxygen prevents the combustion 
process and gives the opportunity to break down the residual macromole-
cular structure into smaller pieces. In order to control the relative amounts of 
transfer due to hydrolysis, parameters such as temperature, heating rate, 
pressure, and residence time should be controlled [55].

3. Concept of vitrimers

3.1. Covalent adaptive networks

The basis of the design of this class of materials goes back to the concept 
of covalent adaptable networks (CANs). These networks are also formed 
using dynamic covalent bonds (DCBs) and energetically, they are part of 
the bonds that can be broken by applying special conditions or stimuli, 
such as heat, pH, and UV light (Figure 1(a)) [56,57]. Among these bonds, 
we can mention esters [58], urethanes [59], disulphides [60], imines [61], 
silicon-oxygen [62], and boron-oxygen [63]. Here, CANs are divided into 
dissociative and associative categories (Figure 1(b)), which is based on the 
reversibility of dynamic bands. The difference is that in the type of asso-
ciative CANs, the bonds are broken, and new bonds are formed at the 
same time where density of transverse connections in the polymer net-
work remains constant. However, in dissociative CANs, the elimination/ 
addition mechanism is advanced, the result of which is the breaking of 
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bonds and the failure to re-form all of them, and this means the lack of 
stability in the density of transverse connections in the polymer network 
after reprocessing [56,57,64]. Figure 2 shows the types of common che-
mistries in the synthesis of vitrimeric polymer networks based on catalytic 
and non-catalytic categories [57,65,66]. It should be mentioned that for 
a complete study of the types of vitrimer chemistry with details and 
mechanisms, you can refer to two references [56] and [57] of this article.

Figure 1. (a) stimuli for CANs (reproduced from reference [56] under open access creative 
commons license) and references [64] by the permission Elsevier), (b) schematic mechanism 
of dissociative and associative exchange reaction (reproduced from reference [57] by the 
permission of Elsevier).
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3.2. Characterization of vitrimers

3.2.1. Transition temperatures
There are various characterization methods for vitrimers that track and reveal 
different characteristics. The first one in vitrimers is the transition tempera-
tures. In general, there are two transition temperatures in vitrimers: glass 
transition temperature (Tg) and topology freezing transition temperature (Tv). 

Figure 2. Common DCBs for synthesis of vitrimers (reproduced from reference [57] by 
the permission of Elsevier and reference [65] under open access creative licence).
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The first transition temperature is the concept of regular and segmental 
movement of polymer chains, which changes the polymer state from rigid 
to a mouldable state [56,57,67]. This transition temperature can be measured 
using dynamic mechanical analysis (DMA) or differential scanning calorimetry 
(DSC). For the second one, it is worth mentioning that the exchange reactions 
start around that temperature, and above that, we will have rapid exchange 
of dynamic bonds. The result of these reactions is the change of the beha-
viour of the polymer network from viscoelastic solid to a viscoelastic liquid 
[56,57]. After this transition, the viscosity reaches 1012 Pa⋅s, which suggested 
as a critical parameter to follow Tv. [64]. Notably, the properties of this 
vitrimeric network can be overshadowed by the placement of Tv, which can 
be below or above Tg. In most vitrimers, this temperature is below Tg, so 
below this temperature, the network is completely rigid and becomes elastic 
solid as the temperature increases between Tg and Tv, and finally it reaches 
viscoelastic liquid at Tv. On the other hand, Tv can be potentially below the Tg 

[12], and in this case, there is no segmental movement below the glass 
transition temperature, and all the exchange reactions are also frozen, and 
finally, after passing this temperature, the viscosity decreases. Methods such 
as dilatometry, stress relaxation, and aggregation-induced-emission (AIE) 
luminogens can be used for detection of Tv [68].

3.2.2. Chemical characterizations
3.2.2.1. GC-MS. Gas chromatography-mass spectrometry (GC-MS) is 
a general and versatile tool for samples that contain relatively small mole-
cules. In this technique, there is a heated column that separates the com-
pounds in a sample based on their boiling point difference, and identification 
is also done by a mass spectrometer. This tool is also very useful for identify-
ing the concentration of components in the sample [69]. This technique is 
also used in CANs to monitor exchange reactions in small-molecule model 
compounds linked with the same bonds used in CANs. In this regard, it is 
possible to link to the desired dynamic band [69]. During these exchange 
processes, new compounds will be formed that will have different retention 
times and can be seen through GC-MS [70–73]. Also, by checking the con-
centration of A-A, B-B and B-A in the sample, the dynamic bond exchange 
reaction can be checked in more detail, which was done by Snyder et al. in 
2018 [74] and Li et al. in 2021 [72]. It is worth mentioning that this technique 
has also been used to show dynamic balance, which can be attributed to the 
research of Anales et al. [75]. It is worth mentioning that the coupling of this 
technique with other existing techniques can also provide a useful tool in 
investigating the side products of CAN degradation processes, which can be 
mentioned in the work of Li et al. where coupled TGA-GCMS was used for 
thiourethanes [76].
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3.2.2.2. NMR. Nuclear magnetic resonance (NMR) can also be used to check 
and track exchanges. The limitation of GC-MS was that compounds with a low 
boiling point could be detected whereas higher molecular weights can also 
be studied via NMR. This technique has been used in the study of small 
molecular models to describe exchange conditions in a variety of cross- 
linked systems such as polyesters, polyurethanes, and guanidines [75,77,78]. 
It is worth mentioning that the 1 h NMR technique has been used to inves-
tigate the functional groups in the synthesis of CANs and also to optimize the 
exchange conditions, including the catalyst load and temperature [75]. In 
addition, this technique has been used to clarify the type of exchange 
mechanism, such as transesterification kinetics via 1 h NMR for phthalate 
monoester compounds [79]. In addition, its NMR studies made it possible to 
classify exchange reactions into two cases, associative or dissociative. The 
kinetics of imine exchange via transimination and imine metathesis mechan-
isms for hydrocarbon and ethylene oxide-based polymers are also studied by 
Schoustra et al. via this method [78]. In addition to thermally activated 
exchange processes in CANs, photo-activated exchange processes have also 
been carried out and followed using NMR technique. In this regard, Barsoum 
et al. showed that the use of photo-switchable internal catalysis can control 
the bond exchange kinetics between boronic ester and free diol [80].

3.2.2.3. FTIR. Fourier-transform infrared spectroscopy (FTIR) has a more 
limited application than the other mentioned methods in describing the 
bond evolution in the covalent dynamic network. However, this technique 
can be used in the destruction of these networks. In this regard, Gamardella 
et al. have investigated the degradation mechanisms in thiourethane CAN 
[81]. Taplan et al. using ATR-FTIR also proved that the chemical composition 
of CANs does not change during recycling [82,83]. In addition, variable 
temperature FTIR (VT-FTIR) can be used to describe and track the changes 
of bonds in a vitrimeric network containing CANs with temperature [84,85]. In 
this regard, Bongiardina et al. used the VT-FTIR technique to determine the 
kinetics of bond formation in the thiol-thioester reaction by measuring time 
to check the dynamic equilibrium [86]. Therefore, it can be concluded that the 
FTIR technique is useful when the change of functional groups is severe, and 
this requires that the functional groups are presented with a high concentra-
tion during the exchange process. In addition, FTIR characterization is not 
well-suited to solvent-borne exchange reactions, as the signal from exchange 
compounds is often drowned out by the solvent signal [69].

3.2.3. Recyclability and reprocessing
Some techniques can be used to check the recyclability process of vitrimers, 
including rheometry and DMA, stress relaxation, and dilatometry. The first 
two cases, rheometry and DMA, both can be used to evaluate the viscoelastic 
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properties of the dynamic network [56,57,87], and the difference between 
these two methods is in the type of measurement, which originates from the 
difference in the type of applied force. This is because compressive forces in 
DMA and shear forces in rheometry have priority [88]. In the explanation of 
the third possible method, stress relaxation, it should be added that vitrimers 
are subjected to a constant strain and the resulting stress during the test is 
checked by measuring the relaxation modulus [89–91]. In the last method, 
dilatometry, the difference in the volume occupied by a thermoset and 
a vitrimer is compared. The thermosets occupy a smaller volume due to non- 
dynamic bonds and experience a lower coefficient of thermal expansion 
[87,92–94]. There are techniques for tracking the reprocessing of vitrimers, 
which can be mentioned such as compression moulding, welding, and extru-
sion. Finally, there are also techniques for tracking the reprocessing of vitri-
mers, which can be mentioned, such as compression moulding, welding, and 
extrusion [94–96].

3.2.4. Degradation temperature
Degradation temperatures are important because dynamic bonds in CANs 
are often activated by heating [83,97]. This temperature is defined as 
a temperature above which an irreversible change is observed in the struc-
ture of the polymer network. The application temperature of vitrimers should 
be lower than this temperature in order to prevent the chemical destruction 
of the network [98]. The technique used to determine this temperature is 
thermogravimetric analysis (TGA), which is used by measuring the change in 
mass as a function of temperature in a controlled atmosphere. Generally, in 
polymer networks without solvent, the degradation temperature is the tem-
perature at which the polymer network loses 5% of its mass [69].

4. Application of vitrimers in advanced electronics

4.1. Vitrimer-based triboelectric nanogenerator and wearable 
electronics

The most electronic devices are based on energy storage systems such as 
batteries and capacitors. For the development of wearable electronics, it is 
needed to reduce the dimensions of the design and reduce the weight of the 
parts, which is necessary to have a table and sustainable power supply. 
Considering this point, it should be said that so far mechanical energy caused 
by human movement in wearable electronics has been the ideal source of 
energy. Therefore, the use of traditional electromagnetic generators is no 
longer compatible, and due to reasons, such as heavy weight, bulky volume, 
and inflexibility, they are in the role of energy harvesters. Therefore, today, 
triboelectric nanogenerator (TENG) technology that is based on contact 
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electrification and electrostatic induction has become a promising source 
that could harvest energy from the surrounding environment, which could be 
used as wind, waves, vibration, motion, and even friction [99–103]. Firstly, we 
studied elastomeric vitrimer network containing silver nanowire using dis-
ulphide dynamic bands, which was used for the synthesis of mechanical 
energy harvester and tactile sensing element, i.e. designing a vitrimer based 
triboelectric nanogenerator (VTENG) (Figure 3(a)). Among the properties 
resulting from this design, we can mention fast structural/functional recovery 
due to the presence of disulphide bonds and shape adaptivity or configur-
ability, and this self-repair helps increasing the lifespan of the energy har-
vester, which is a new method in the design of flexible TENG (Figure 3(b)). 
Also, other properties can be mentioned as changing 2D to 3D structures of 
this flexible and stretchable VTENG, which can be enlarged in the form of 
jigsaw puzzles [104]. The next case in the field of self-healable triboelectric 
nanogenerators (SH-TENGs) has taken advantage of another vitrimerization 
chemistry. According to Cheng’s group’s results, one of the mechanisms for 
designing dynamic bands to achieve vitrimers is hindered urea chemistry 
employing a bulky urea group, typically t-butylamine group, attached to one 
of the urea nitrogen atoms [105,106]. Among the advantages of using this 
chemistry, it is degradable and less expensive, and by using facile step- 
growth polymerization of various polyamines, including multifunctional 
bulky amines with polyisocyanates, they can be easily synthesized 
[107,108]. In this case, reprocessable PHU networks have been used, focusing 
on the synthesis of PHU networks centres on the synthesis of a four-arm star- 
hindered amine (T-NH) that can be used for step-growth polymerization with 
a polydimethylsiloxane (PDMS)-based diamine (PDMS-DA) and 
a polyisocyanate under catalyst-free condition (Figure 4). The examination 
results of this vitrimeric network have shown that the network is flexible and 
has excellent mechanical properties, such as tensile strength as high as 1.7 
MPa at break. It is also worth mentioning that this network has shown fast 
and cyclic self-healing properties and is reprocessable under mild conditions, 
enabling the recovery of triboelectric performances after the complete heal-
ing of the damaged surfaces. In addition, surface polarization increases the 
dielectric constant with the highest triboelectric output performance (169.9  
V/cm2), which can be used in the design of mechanical energy-harvesting 
devices with stretchability and high recoverability properties (Figure 4) [109].

In the continuation of the investigations related to triboelectric 
nanogenerator (TENG) as a soft electrical power source, it has been 
emphasized on properties such as self-healable, stretchable, and trans-
parent at the same time with dynamic band chemistry of imine. In this 
regard, a thin film with buckled Ag nanowires/poly(3,4-ethylenediox-
ythiophene) composite electrode is sandwiched with self-healable 
PDMS elastomers [110]. By activating the imine dynamic mechanism, 
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the repair efficiency of 94% has been reported, and by adjusting the 
buckling wavelength of the electrode, two properties of stretchability 
and transparency of the soft TENG can also be controlled. It is also 
reported that TENG with 50% stretchability and 73% transmittance can 
recover the electricity generation even after a cut, which means 100% 
recovery efficiency [110].

The use of repairable and recyclable triboelectric nanogenerators based on 
an epoxy-derived vitrimer (EV) is also studied. Here, flexible and elastomer- 
like EV films can act as the tribo-material, which are prepared by solvent-free, 
and quasi-thermoforming approach. To design this vitrimeric network, trans-
esterification-type bond-exchange reactions have been used, and the excel-
lent mechanical properties and recyclability of the materials are among its 
most important characteristics. Also, the results showed that by taking the 

Figure 3. (a) chemical structure of the materials used in vitrimeric polymer network 
synthesis, (b) self-healing results via disulfide metathesis catalyzed by an organic base in 
vitrimer network (reproduced from reference [104] by the permission of John Wiley and 
sons).

SMART MATERIALS & METHODS 263



triboelectric signal as a probe for network evolution, there is reparability and 
recyclability, and 98% repair is reported [111]. Imine-vitrimer elastomer (IVE) 
has also been used for the development of flexible and compressible TENG 
with circular life cycles and outstanding electrical output. This vitrimeric 
network contains PDMS segments, which are synthesized by cross-linking 
3-methoxy-4-(oxiran-2-ylmethoxy) benzaldehyde (MB) with PDMS-NH2, the 
TENG designed with this vitrimeric style is known as IVE-TENG. Due to imine 
bonds, compressibility along with high electrical output has also been 
observed, so that output voltage density and short-circuit current density of 

Figure 4. Overview of reversible exchange reaction of dynamic-hindered urea bonds in 
PHU network during heating and two step reaction paths for PHU vitrimeric network 
(reproduced from reference [109] by the permission of ACS).
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IVE-TENG are measured to be 506.4 kV m−2 and 21,620 μA m−2, respectively 
[112]. Also, stretchable and self-healable vitrimer triboelectric nanogenerator 
(VITENG) with the property of high stretchability and good healability is 
investigated, which is based on elastomeric PDMS-based vitrimer (VPDMS) 
which compensates for the mechanical defects of TENG. This vitrimeric net-
work is synthesized from diacrylate poly(dimethylsiloxane) (AA-PDMS) via 
a fast thiol-Michael reaction, which includes 2,3-dihydroxypropyl methacry-
late (DHPMA) and increases the flexibility and transesterification reaction 
efficiency. This factor has caused 100% repair efficiency and also showed 
good performance with an output voltage of 135 V under a load of 10 N [113]. 
Ionic cross-linked transcarbamoylation vitrimer network has also been used, 
which has the properties of triple shape memory and thermomechanical 
performances. For the synthesis of this vitrimeric network of dual-cross- 
linked poly(acrylonitrile-co-butyl acrylate-co-hydroxyethyl methacrylate-co- 
zinc methacrylate) (Zn-PABHM), a facile and one-pot free radical polymeriza-
tion is used. Based on Figure 5(a), it is clear that a divinyl carbamoyl derivative 
(HEMAH) was synthesized from the reaction between 1,6-diisocyanato- 
hexane and hydroxyethyl methacrylate, which acted as a crosslink for 
dynamic transcarbamoylation anchor point. Then, dual cross-linked poly 
(acrylonitrile-co-butyl acrylate-co-hydroxyethyl methacrylate-co-zinc metha-
crylate) (Zn-PABHM) is synthesized (Figure 5(b)). The results showed that the 
presence of ionic cross-linking helps stabilizing the permanent shape and two 
temporary shapes of the obtained vitrimer ionomer [114]. The use of ionic 
liquid to dimethylglyoxime-urethane (DOU)-based CANs is reported to adjust 
both reversible bond dynamics and polymer chain mobility using chemical 
coupling and physical lubrication. This synthesis was based on the introduc-
tion of functional small-molecule additive, an ionic liquid (1-ethyl-3-methyli-
midazolium bis(trifluoromethyl-sulfonyl) imide, [EMI][TFSI]) to DOU group, in 
which the presence of liquid ion can catalyse dynamic band exchange [50]. 
Also, the ionic liquid has the ability to break the hydrogen bond between the 
chains and cause an increase in mobility, which results in a decrease in the 
activation energy of dynamic reactions from 110 to 85 kJ mol−1. In addition, 
the presence of the ionic liquid causes conductive properties and the concept 
introduces ionic CAN (iCAN) which can be a powerful tool in the construction 
of wearable electronics responsive to multiple stimulations including tem-
perature, strain, and humidity [115].

4.2. Vitrimer-based electro-skin

TENGs have been highly regarded in the application of electronic skin due to 
their flexibility, structural diversity, and self-powered properties [116–118]. 
Double-crosslinked self- healing PDMS (DCS-PDMS) was considered to achieve 
elasticity and special mechanical properties. In this network, imine chemistry 
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was also used for dynamics, which ultimately self-healed the network due to 
the formation of H-waves between MXene and lightly cross-linked PDMS. 
According to Figure 6, DCS-PDMS is synthesized using polycondensation 
reaction of aminopropyl terminated PDMS (NPDMS) with isophorone diisocya-
nate (IPDI) and terephthalaldehyde (TPAL). It is worth mentioning that the 
presence of isocyanate group of IPDI and the amino group on NPDMS can 
form urea and cause hydrogen bonding; so, IPDI can cross-link the aldehyde 
group on TPAL and the amino group on NPDMS. Also, the reports related to 
the self-healing of the samples are also shown in Figure 6 [119].

4.3. Vitrimer-based sensors

The use of elastomer-based devices is a key practice in the design of stretch-
able electronics, which today includes strain sensing (Figure 7(a)) [120–122]. 
One of the requirements for creating intelligent interaction between electro-
nics and users is to introduce human-readable visual readouts such as colour 
diversity. In this regard, the use of structural colours derived from the inter-
action of light with nanostructures based on photonic crystals (PCs) is used 
[123,124]. One of the most important innovations was created when mixing 

Figure 5. (a) synthesis of carbamoyl-containing divinyl crosslinker (HEMAH), (b) synth-
esis of Zn-pabhm vitrimer, (c) schematic of exchanging mechanism via transcarbamoy-
lation reaction in the Zn-pabhm vitrimer (reproduced from reference [114] by the 
permission of ACS).
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colloidal PCs with elastic polymer matrices leading to colour change during 
stretching [125,126]. One of the studies conducted in this regard is photonic 
vitrimer-based electronics (PVBEs) through manipulating synchronous struc-
ture variations of PCs and carbonized cotton textile (CCT) induced by vitrimer 
deformation. Therefore, poly(urethane-urea) vitrimer elastomers were 
synthesized using the polycondensation method between polytetramethy-
lene ether glycol (PTMG), poly(1,4-butanediol) bis(4-aminobenzoate) 
(PBDAB), isophorone diisocyanate (IPDI) and glycerine (GLY). The results 
showed that in addition to excellent mechanical properties and high flex-
ibility, 93% efficiency of self-healing has also been achieved (Figure 7(b)) 
[127]. Also, the introduction of PCs and CCT into vitrimer caused 

Figure 6. (a) synthesis of DCS-PDMS, (b) self-healing behavior (reproduced from refer-
ence [119] by the permission of Elsevier).
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simultaneous colour variation and electromechanical performance upon 
stretching. However, the self-healing mechanism in this vitrimeric network 
was the exchange of dynamic urethane bonds. In such a way that the inter-
face between the two parts is separated, new covalent bonds are formed by 
bond exchange reactions (Figure 7(c)) [127,128]. In addition, high- 
performance composite strain sensors based on vanillin vitrimeric network 
have also been discussed, and silver nanowires (AgNW) have also been used 
due to their excellent conductivity and mechanical flexibility. It is also worth 
mentioning that one-pot reactions involving the thiol-epoxy and aldehyde- 
amine were carried out to synthesize vanillin-based vitrimers. The results 
showed that good adhesion and stable properties between the lower and 
upper layers were achieved due to the proper interaction between the film 
and the filler, and high UV absorption ability was observed due to the 
formation of Schiff base network. It also confirms the results of wide linear 

Figure 7. (a) PVBE incorporated with a controller unit for wireless sensing system, (b) 
PVBE upon various strain content, (c) PVBE self-healing mechanism via exchange 
reaction (reproduces from reference [127] by the permission of Elsevier).
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response range (0 to 100%) and a high gauge factor (15.8) [129]. The synthesis 
of self-healable photonic vitrimer using photonic crystals based on elasto-
meric matrix is also reported. At first, elastomeric vitrimers were synthesized 
by polycondensation of hydroxyl-terminated polybutadiene (HTPB), polyte-
trahydrofuran (PTMG), glycerol (GLY), and isocyanate (IPDI). Here, in addition 
to the attractive property of self-healing, optical functions, specifically bright 
structural colour and colour-changing ability under strain, i.e., mechanochro-
mism, are also visible. Other reported properties of this elastomeric vitrimeric 
network include high toughness, large strength, excellent optical creep- 
resistance, and excellent durability. Due to the band gap of photonic crystals 
and the presence of dynamic covalent network, self-repairing capability of 
structural colour and visualized mechano-chromism during stretching is also 
available, which causes the use of this vitrimeric network in interactive sensor 
for visual monitoring human motion without an external power supply [130]. 
The use of MXene acrylate vitrimer network (MAVIN) in the application of 
electromechanical sensor development is also reported. This vitrimeric net-
work has a low glass transition temperature, which is due to the use of flexible 
siloxane backbone (PDMS) in the process of vitrimer synthesis [131]. Also, the 
high concentration of hydroxyl groups, particularly in the proximity of ester 
bonds (β-hydroxyl ester), can accelerate the transesterification rate [132]. It is 
noteworthy that the activation of this exchange reaction requires heat, which 
may cause the oxidation of MXene in the presence of solvent [133], which can 
be prevented by a thiol-Michael addition reaction. Also, due to strong micro-
wave absorption by Ti3C2Tx, damaged MAVIN sensor can be repaired by 
microwave radiation with a high healing efficiency of 92.4% within 1 minute 
and voltage stability of 3 volts [130].

4.4. Vitrimer-based supercapacitors and electromagnetic shielding

Smart devices based on paper-based composite are also a group of materials 
that have recently received much attention in electronics, especially cover 
electronics and flexible energy storage and supercapacitors [134,135]. In this 
application, one of the researches deals with the synthesis of flexible original 
paper with pencil-drawing (OPD) @ polyaniline (PN)-vitrimer (V) hybrid using 
a combination of painting, electropolymerization, and dip-coating methods. 
Therefore, paper-based materials are classified into three layers, one layer of 
conductive graphite is on the (near) surface of both sides of the paper 
covered with pencil, which makes the paper (near) surface conductive and 
creates conditions for electropolymerization of high capacity PN nanofibers. 
The next layer is vitrimer (V), which is incorporated into the OPD@PN hybrid 
on the (near) surface of both sides of paper, and OPD@PN-V layers are used as 
supercapacitor electrodes and an insulating separating layer between the 
two electrodes [136]. It should be mentioned that a double ring precursor 
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was prepared for the vitrimer synthesis at first. For this, diphenyl carbonate 
was used to heat at 140°C and after adding bis(trimethylolpropane), the 
reaction was carried out at the same temperature for 48 hours. After that, 
ether is added to the obtained bicyclic precursor and it was stirred for two 
hours to remove diphenyl carbonate. Bicyclic precursor and tris (2-ami-
noethyl) amine dissolved in a proper amount of DMSO were used for the 
synthesis of vitrimer (Figure 8(a)). The results show that in addition to the 
special properties obtained by the supercapacitor such as easy moulding, 
self-healing, and shape memory, ultrahigh gravimetric and areal specific 
energy (power) density of 56 Wh kg−1 (78 kW kg−1) and 785 μWh cm−2 (286  
mW cm−2) has been obtained in terms of cyclic stability [136]. It is also worth 
mentioning that one of the inevitable growing pollutions in the world is 
electromagnetic pollution. In addition, due to the growth of the use of 
flexible wearable electronics, the use of high-efficiency electromagnetic 
shielding (EMI) is necessary to maintain human health [137,138]. In this 
regard, the research study confirms the synthesis of a vitrimeric composite 

Figure 8. (a) synthesis of vitrimer (reproduced from reference [136] by the permission of 
Elsevier), (b) EMI shielding mechanism of CPPA composite and CPPA-V composite shape 
memory behavior (reproduced from reference [139] by the permission of ACS).
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that is prepared from growing metallic silver nanoparticles inside the cellu-
lose paper (CP) modified with polydopamine (PDA) and is called CP@PDA@Ag 
(CPPA) composite and has properties such as induced electromagnetic 
shielding, sensing, Joule heating, and antimicrobial. Also, due to its high 
flexibility, this composite has the ability to bend and twist, and due to the 
synergy of silver nanoparticles and porous conductive fibre networks, it has 
high conductivity, i.e. 2090 S/m and remarkable EMI shielding performance 
reaching 51.3 dB in the thickness of 0.17 mm. To achieve the shape memory 
properties of this composite, a vitrimer has been used by polymerizing 
a bicyclic precursor with tri (2-aminoethyl) amine and it is called CPPA-V, 
which is shown in Figure 8(b) [139].

4.5. Vitrimer-based soft actuators and soft robotics

Sensors and transducers provide the interaction between robots and the 
environment [140,141]. Among the disadvantages in their design, we can 
mention rigidity, lack of self-healing, and biodegradability [142–144]. In 
other words, electronics are designed without considering the issue of 
longevity and stability. Today, in this field, the focus is on introducing 
the concepts of environmentally friendly, degradability, and recycling in 
order to avoid scarcity, toxicity, short lifetime, and recycling complexity, 
and this is because electronic waste is the fastest growing type of waste. 
Therefore, in this regard, one of the reports on biobased and biodegrad-
able vitrimer as a binder for a conductive ink comprising graphene nano-
platelets (GnPs) and carbon nanofibers (CnFs) has been used [145]. It is 
worth mentioning that this ink is mentioned as green ink because soybean 
oil as a precursor was used in the synthesis of vitrimer along with ethanol 
solvent. These inks can be applied to different substrates such as natural 
rubber, paper, and glass. They have also been used in human-imitating 
soft robotic skin due to its self-healing properties with a glass transition 
temperature of 10°C, suitable mechanical properties, and low resistance 
conductivity (10−4 Ω m). In addition to the above, achieving characteristics 
such as temperature sensitivity, degradability, recycling of the substrate 
and the coating itself in ethanol solvent for this synthetic vitrimer is also 
worth mentioning (Figure 9) [145]. It should be mentioned that soft 
actuators have the ability to change their shape, volume, and dimensions 
due to the application of an external stimulus such as light [146,147], heat 
[148–150], electricity [151,152], moisture [153,154], magnetism [155], and 
solvent [156], which can lead them to be nominated in the development 
of smart and sustainable electronics [157–159]. Therefore, in this applica-
tion, it is important to apply the special properties obtained in other 
investigated cases. In this regard, multifunctional, recyclable, thermoset-
ting, and vitrimer-based soft actuators are reported that respond to four 
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stimuli. For the synthesis of this vitrimer network, hot-pressing carbonized 
silk fabric (CSF) into the surface of vitrimers was used and it was called 
CSF-vitrimer. The vitrimer of the epoxy is synthesized from the mixture of 
diglycidyl ether of bisphenol A and dodecanedioic acid, heating at 180°C, 
and the presence of triazabicyclodecene [160].

4.6. Recyclable vitrimers for flexible electronics

Today, the use and development of flexible electronics has become a serious 
competitor for electronics based on Si wafer or glass plate [161,162]. Flexible 

Figure 9. (a) vitrimer conductive coating (VCC) recycling process with SEM images of the 
neat and recycled VCC20 coating on glass via ratio between the resistivity obtained after 
recycling neat sample, (b) vitrimer conductive coating strain and strain relaxation 
behavior for 24 h (reproduced from reference [145] under open access creative license).
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electronics can revolutionize the future of the electronics industry due to 
features such as lightweight, robust, stackable, foldable, and the ability to be 
twilled by printing method [163,164]. For sustainable electronic design, it is 
very common to use two polymers, polyethylene terephthalate (PET) and 
polyethylene naphthalate (PEN), which are also recyclable and rehealable. 
However, due to the linear structure of these polymers, they have poor 
dimensional stability at high temperature and inappropriate resistance to 
solvent [165]. Generally, to strengthen these properties, metallic nano-wires 
/nanoparticles or metal liquids are used, which can cause metal oxidation, 
toxicity, leakage, and limited stretchability and bendability. Nowadays, the 
use of malleable thermosets has been suggested as a sustainable alternative 
way due to the presence of features such as excellent mechanical properties, 
high resistance to solvent, reprocessability, and recyclability [166,167]. In this 
classification, one of the attractive polymers is cross-linked polyimines, in 
which bond exchange reactions through reversible imine chemistry can be 
activated [168,169]. This network can be reprocessed using the depolymer-
ization reaction and completely recycled, which also have restorative proper-
ties. Therefore, in this regard, one of the studies deals with the synthesis of 
flexible conductive composite based on malleable polyimine thermosets and 
multiwalled carbon nanotubes (MWCNTs). The results of this network showed 
that the production method was very cheap and simple, and at the same 
time, they showed good conductivity, bendability, and stretchability, and also 
rehealability, reprocessability, and recyclability (Figure 10) [170]. Another 
result is that this network can be easily changed into different shapes without 
compromising the conductivity. The reason for using MWCNTs as 
a conductive filler is its unique tubular structure, extremely high aspect 
ratio, and excellent stiffness and strength [170].

4.7. Recyclable vitrimer-based printed circuit boards

At the end of the life of electronic components, printed circuit boards (PCBs) 
constitute a significant part of electronic waste that is dangerous for the 
environment. Due to the fact that most of them are composed of heat-hard 
epoxies and are irreversible, their recycling faces challenges [171]. Therefore, 
in order to solve this challenge of recyclability, steps have been taken that are 
mentioned in one of the studies using sustainable PCB solution using trans-
esterification vitrimers (vPCBs). In the recycling cycle, it is worth mentioning 
that at first fibre-reinforced vitrimer (GFRV) composites are prepared. In 
the second stage, by using the ability of exchange bands in the vitrimeric 
network, physically damaged vPCBs have been repaired for more than four 
cycles while maintaining the mechanical and electrical properties. The third 
stage also belongs to the overall recycling of vPCBs. In this stage, some 
solvents cause swelling of vitrimer, which will cause disintegration of 
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transesterification vitrimer composites with solid inclusions and metal attach-
ments (Figure 11) [172]. The results report 98% recovery of the vitrimer 
polymer and 100% recovery of glass fibres, and even a 91% recovery of the 
solvent at the end of the recycling process. Also, the results of the comparison 
between vPCB and PCBs in life-cycle assessment (LCA) have shown 47.9% 
improvement in global warming potential (GWP), 65.5% in ozone depletion 
potential, and 80.9% in human cancer [172].

4.8. Vitrimer-based ionotronic devices

Ionotropic is a concept that is effective for integration with electronics. In 
addition to electrons, ionotronic devices also rely on ion-based charge effects. 
These devices have created a new field for creating electrically switchable 
memories [173]. Ionogels are a group of materials that consist of ionic liquid 
enclosed in a polymer network that forms the mobile ions of the ionic headlight 
and the presence of the polymer network causes softness, elasticity, and stability. 
These materials can be a blend of thermoplastic and ionic liquid (IL), or confine-
ment of IL in a cross-linked polymer network [174] and they have abilities such as 
healing, welding, reshaping, and recycling which makes them a hope for sustain-
able soft electronics. In this regard, researchers vitrimer ionogel based on 

Figure 10. Schematic for synthesis of flexible vitrimer-mwcnt composite with reshaping, 
recyclability and rehealability mechanism and results (reproduced from reference [170] 
by the permission of ACS).

274 A. ENAYATI-GERDROODBAR ET AL.



transesterification was synthesized via the epoxy ring-opening reaction with 
carboxylic acids of functionalized poly (ethylene glycol) (PEG) and triglycidyl 
ether crosslinkers in the presence of the ionic liquid 1-ethyl-3-methylimidazolium 
bis (trifluoromethylsulfonyl)imide (EMIm TFSI) (Figure 12) [175]. The results 
showed that due to the plasticizing effect and the introduction of mobile ions, 
in the presence of 50 wt. % EMIm TFSI, 300% strain, low elastic modulus (60 kPa) 
and 2.6 × 10 4 S cm−1 conductivity have been obtained. Also, the presence of 
EMIm TFSI increases the chain mobility, which facilitates the transesterification 
reaction of exchangeable β-hydroxy ester linkages, which results in increased 

Figure 11. Synthesis of glass fiber-reinforced vitrimer composite with bond exchange 
via enables healing and recyclability when heated beside fully recyclable PCB process 
(reproduced from reference [172] by the permission of springer nature).
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efficiency. This vitrimeric network was also used as a strain sensor, soft electrode, 
and ionic cable [175].

4.9. Vitrimer-based moist-electric generators and thermoelectric 
devices

Another interesting recent application is related to unique microscopic inter-
actions of water with functional materials in order to develop moist-electric 
generators (MEGs) and extract green energy directly from water [176–178] 

Figure 12. Synthesis route of ionogel-based vitrimer with surface bonding mechanism 
(reproduced from reference [175] by the permission of Elsevier).
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because water, as a recyclable resource, absorbs 35% of the incident solar 
energy [179]. Finally, problems such as non-recyclability, lack of self-healing, 
weak mechanical resistance and other issues caused vitrimers to enter the 
field in this application as well. Therefore, in this direction, moist-electric 
generators (MEGs) based on a polyhydroxyurethane (PHU) vitrimer have 
been developed. This vitrimer was synthesized based on amines and cyclic 
carbonates in an environmentally friendly way (Figure 13), which is dynamic 
covalent bond-based networks with plenty of dangling hydroxyl groups. The 
results showed that unlike traditional polymer MEG, vitrimer moist-electric 
generators (VMEGs) have shown high and stable voltage outputs at high 
temperature and high humidity without structural collapse [180]. Also, after 
doping with Ti3C2, VMEG finds the ability to simultaneously convert water and 
solar energy into electrical energy and provide continuous power for electro-
nic devices, such as timers, under a natural environment. The property of self- 
healing and transparency is also noteworthy for these VMEGs [180]. In recent 
years, thermometric devices have been another concept that has been used 
to generate energy and develop sustainable electronics. In this application, 
like other applications, the resulting waste has become a challenge that can 
limit the scope of application of these devices [181,182]. Therefore, in this 
direction, an epoxy vitrimer matrix containing dynamic silyl ether bonds has 
been used to develop stable thermoelectric generators (TEGs) with the ability 
to recycle and reprocess. The results have shown that the use of dynamic silyl 
ether linkage was employed as the encapsulation device inducing excellent 
mechanical properties, conformability to surfaces, and more importantly, 
reprocessability. Another feature of this system is low thermal penetration, 
which supports suitable thermal insulation. Compared to common TEG, 
vitrimer encapsulated TEG system has shown higher power generation up 
to 70 mW for temperature gradients below 30 K that is enough as a power 
source for a small LED. Also, this system has the ability to be separated for 
reuse, as well as the ability to recycle that the remanufactured device retains 
its power generation performance [183].

5. Remarkable conclusions

Existing traditional methods for recycling polymer waste as an important 
concern of the world have some merits. Expenditure, polymer molecular 
weight loss, solvent recovery, existence of energy-consuming processes 
such as crushing, cleaning, pressing and heating are the most famous of 
them. These reasons caused attention to be focused on vitrimer strategy as 
a new method to maintain the structure and final properties of polymer.

The synthesis and development of the new materials with special proper-
ties is imperative in electronics developments today. This however leads to 
a substantial rise of electronic waste, which can be a serious warning for 
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environmentalists. To simultaneously solve the problem of electronic pollu-
tion control and turn them into valuable materials that preserve desired 
properties, opinions have been drawn from a new class of polymers that 
use covalent dynamic bonds in their chemical structure, which ultimately 
leads to the synthesis of polymer networks. These adaptable polymer net-
works are named vitrimers, which benefit from two very important transition 
temperatures, namely Tg and TV. Thanks to the presence of these two transi-
tion temperatures, along with the dynamic nature of chemical bonds, the 
rearrangement of the topology is achieved by the application of an external 

Figure 13. Synthesis of the PHU vitrimer from BCC (bis (6-membered cyclic carbonate)) 
and TREN (tris(2-aminoethyl) amine) with exchange reaction mechanism for healing and 
recycling (reproduced from reference [180] by the permission of royal society of 
chemistry).

278 A. ENAYATI-GERDROODBAR ET AL.



stimulus. This is a prelude to the induction of special properties such as self- 
healing, shape memory, reprocessability, and recyclability.

Several dynamic band chemistries are of interest in the field of 
electronic synthesis materials research, which include disulphide, hin-
dered urea, imine, transesterification, transcarbamylase dimethyl glyox-
ime urethane, and ionic chemistry-based covalent adaptable networks. 
This review article aimed to explore recent research on vitrimers for 
developing sustainable electronic materials and devices. After a full 
introduction of the applied chemistry in the synthesis of vitrimeric 
networks, the obtained properties were reported and their correlation 
with the chemical nature of the network was mentioned. Our goal in 
this article was to achieve electronic devices with shape memory, 
rehealability, and recyclability properties simultaneously to increase 
the lifespan and efficiency. The main results/opinions based on this 
review can be detailed below:

● The use of vitrimer chemistry has been one of the most effective ways to 
achieve the shape memory property. From our viewpoint, this can be 
the basis for the design of shape programmable electronic devices.

● In the investigated cases, the use of vitrimer chemistry has also resulted 
in achieving the reparability property. This property can further develop 
the future of self-healing electronics, which is critical in increasing 
performance efficiency and uptime.

● The use of vitrimer chemistry provides the potential to achieve simulta-
neous properties including rehealability, shape memory, reprocessabil-
ity and recycling. It is believed that such synchronization will be one of 
the most important mechanisms in increasing the lifespan of devices 
and maintaining their quality and performance.

● All the synthesized samples are able to maintain their mechanical prop-
erties well after recycling. This result is proof of the usefulness for 
combination vitrimer networks with electronic applications.

● It is possible to advance designing and properties towards the use of 
other dynamic band chemistries such as bronic-ester, silyl-ether, acetal, 
carbonate, carbamide, thioether, and dixoborolane for a multifunctional 
design.

Regarding the industrialization of this strategy, it can be said that, it originates 
from the concepts of chemical and mechanical recycling and is a suitable 
method to maintain the final properties of the recycled product. Until today, 
no articles have been reported about the industrialization of vitrimerization 
on a real and large scale. It is probably due to challenges such as the cost of 
the equipment and the special pilot required to perform vitrimerization such 
as expensive reactive extrusion and so on.
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Abbreviations

[EMI][TFSI] (1-ethyl-3-methylimidazolium bis(trifluoromethyl-sulphonyl) imide
2D Two-dimensional
3D Three-dimensional
AA-PDMS Diacrylate poly(dimethylsiloxane)
AgNW Silver nanowires
AIE Aggregation-induced-emission
CANs Covalent adaptable networks
CCT Carbonized cotton textile
CnFS Carbon nanofibers
CP Cellulose paper
CSF Carbonized silk fabric
DCBs Dynamic covalent bonds
DCS-PDMS Double-crosslinked self- healing PDMS
DHPMA 2,3-dihydroxypropyl methacrylate
DMA Dynamic mechanical analysis
DOU Dimethylglyoxime-urethane
DSC Differential scanning calorimetry
EMI Electromagnetic shielding
EMIm TFSI 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide
EV Epoxy-derived vitrimer
GFRV Fiber-reinforced vitrimer
GLY Glycerin
GnPs Graphene nanoplatelets
GWP Global warming potential
HEMAH Divinyl carbamoyl derivative
HTPB Hydroxyl-terminated polybutadiene
iCAN ionic covalent adaptable network
IL Ionic liquid
IPDI Isophorone diisocyanate
IVE Imine-vitrimer elastomer (IVE)
LCA Life-cycle assessment
MAVIN MXene acrylate vitrimer network
MB 3-methoxy-4-(oxiran-2-ylmethoxy) benzaldehyde
MGEs Moist-electric generators
MWCNTs Multiwalled carbon nanotubes
NPDMS Aminopropyl terminated PDMS
OPD Original paper with pencil-drawing
PBDAB Poly(1,4-butanediol) bis(4-aminobenzoate)
PCBs Printed circuit boards
PCs Photonic crystals
PDA Polydopamine
PDMS Polydimethylsiloxane
PDMS-DA Polydimethylsiloxane-based diamine
PEG Poly(ethylene glycol)
PEN Polyethylene naphthalate
PET Polyethylene terephthalate
pH Potential of hydrogen or power of hydrogen
PHU Polyhydroxyurethane
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PN Polyaniline
PTMG (Poly(tetramethylene ether)glycol)
PVBEs Photonic vitrimer-based electronics
SH-TENGs Self-healable triboelectric nanogenerators
TEGs Thermoelectric generators
TENG Triboelectric nanogenerator
Tg Glass transition temperature
T-NH Four-arm star-hindered amine
TPAL Terephthalaldehyde
Tv Topology freezing transition temperature
Ultra Violet UV
V Vitrimer
VITENG Vitrimer triboelectric nanogenerator
VMEGs Vitrimer moist-electric generators
vPCBs Vitrimer-based PCBs
VPDMS Polydimethylsiloxane-based vitrimer
VTENG Vitrimer based triboelectric nanogenerator
Zn-PABHM Poly(acrylonitrile-co-butyl acrylate-co-hydroxyethyl methacrylate-co- 

zinc methacrylate)
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