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Electronic waste (e-waste) recycling is one of the central frameworks of the circular economy. However,

most e-wastes consist of both organic and inorganic components, which significantly limits their clean

separation and recycling for repurposing. Herein, we demonstrate the use of a recyclable polymer

(vitrimer) as the encapsulation matrix to construct a recyclable thermoelectric device. An epoxy vitrimer

containing dynamic silyl ether linkage was employed as the device encapsulation to provide mechanical

support, conformability to surfaces, and more importantly, reprocessability. Benefiting from these

features, the resultant vitrimer encapsulated thermoelectric device not only showed an enhanced power

generation ability relative to the parent device, but also exhibited new alluring characteristics, such as

strong mechanical properties, operability under deformed conditions, clean separation capability, and

recyclability. Remarkably, the refabricated device retains its power generation performance,

demonstrating the reliability of this method. The strategy reported here can be generally applied to other

electronic devices, therefore contributing towards sustainable and circular utilization of resources.
Introduction

Electronic devices are becoming more ubiquitous in the current
rapid technological development era.1–4 With an increasing level
of complexity, many modern electronics consist of both organic
and inorganic components. Such a hybrid composition,
however, makes the resulting electronic wastes (e-wastes)
arduous to sort and separate, let alone recycle for remanu-
facturing. In 2021, approximately 50 million metric tons (Mt) of
e-waste ended up in landlls and/or the natural environment,
resulting in severe environmental consequences, and countless
investment expenditures. Moreover, the accumulated e-waste
amount is continuously growing and is projected to reach 70 Mt
by 2027. Therefore, designing electronic devices with facile
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separation ability and recyclability is a critical challenge for the
realization of a circular economy in this area.5,6

Thermoset plastics are traditionally employed in many parts
of electronic devices. They are three-dimensional (3D) inter-
connected polymer networks that consist of permanently
crosslinked polymer chains. This strong covalent connection
character allows thermosets to exhibit excellent mechanical
robustness, thermal stability, and chemical/creep resistance,
making themmaterials of choice for different end applications.
However, this structural feature compromises their reprocess-
ing/recycling/reshaping, resulting in serious environmental
concerns. In the case of e-waste containing thermosets, this
feature renders e-waste recycling even more difficult. It is
thereby necessary to develop new materials with good recycla-
bility to mitigate the environmental devastation caused by
plastic-related waste, including e-waste.

The emergence of dynamic covalent polymer networks
(DCPNs) serves as an extraordinary solution to tackle these
problems.7–9 They are living polymer networks derived from the
exchangeable covalent connection, thus allowing reprocessing
while simultaneously retaining the benets of thermosets. They
can behave as classical thermosets under service conditions,
while the rearrangeable network topologies enable them to be
reprocessed under certain external stimuli, such as heat, light,
pH, and solvent. Vitrimers are important DCPNs with the
dynamic associative mechanism, in which chemical bonds
break and reform via a single step simultaneously, thereby
enabling them to maintain a constant crosslinking density
J. Mater. Chem. A, 2022, 10, 19787–19796 | 19787
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Scheme 1 Schematic illustration of the reprocessing of vitrimers via a dynamic associativemechanism. The crosslink density of thesematerials is
almost constant during the reprocess.
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throughout the exchange process (Scheme 1).10–12 Encouraged
by the rapid development of sustainable society, different types
of reversible chemical reactions have been reported based on,
for example, transesterication,13,14 olen metathesis,15 dioxa-
borolane metathesis,16 and silyl ether exchange.17,18 In contrast
to dissociative DCPNs, vitrimers offer superior dimensional
stability and creep resistance, thus obtaining increasing atten-
tion in various real engineering applications, such as shape-
memory materials, self-healing materials, and material-rein-
forced composites.7 However, few examples have exploited the
potential of vitrimers for green electronic device fabrication.
Two excellent examples are the pioneering studies by Xiao and
coworkers who exploited dynamic polyimine to encapsulate
commercial thermoelectric (TE) legs using liquid metal as
interconnects to construct recyclable, healable, and stretchable
thermoelectric generators (TEGs).19,20 Besides, another elegant
study was by Wang and coworkers who investigated a jigsaw
puzzle-like healable triboelectric nanogenerator through
encapsulating a silver nanowire percolation network via
a dynamic disulde bond-based vitrimeric material.21

Motivated by the versatility of DCPNs, we explore the clean
separation and recyclability of polymer and metal/semi-
conductor constituents from the green electronic device re-
ported in this study. For this purpose, a exible TEG embedded
in a DCPN was prepared and tested. TEGs were chosen owing to
their technological importance, and their robustness against
wear and tear.22–24 They can be used to harvest electrical energy
from environmental waste heat. Vice versa, thermoelectrics
(TEs) can also be used to convert electricity into heat pumps,
serving as solid state refrigeration. In recent years, with the
rapid progress of exible electronics, exible TEGs have become
ever more crucial to providing an energy source for these ex-
ible devices.25–35

A typical TEG encompasses alternately connected p- and n-
type TE legs connected by metal electrodes (i.e. copper). The
performance of a TEG is directly proportional to its gure of
merit (zT ¼ S2sT/k, where S, s, and k denote the Seebeck coef-
cient, electrical conductivity, and thermal conductivity,
respectively). It is not surprising that the majority of efforts in
thermoelectric materials research have been focused on maxi-
mizing zT.36–41 However, besides zT, the overall performance of
19788 | J. Mater. Chem. A, 2022, 10, 19787–19796
a TEG also depends on other factors such as the quality of
electrical and thermal contacts.42–48 Therefore, the device
encapsulationmatrix plays a key role, not only in supporting the
mechanical robustness and imparting exibility but also as
a ller for the thermal and electrical insulation of the nal
device.49–51 Traditionally, once these devices are integrated, it is
very tedious to separate the exible polymer matrix from the
inorganic TE legs. For instance, most conventional TEGs are
encapsulated with rigid thermoset materials, such as cross-
linked polydimethylsiloxane, which are difficult to recycle,
consequently resulting in e-waste concerns aer usage.

To date, very limited studies have demonstrated exible
TEGs with excellent self-healability and recyclability by
combining thermoelectric chips and DCPNs.19,20 In these
studies, dynamic covalent polyimine has been used to connect
thermoelectric materials and liquid-metal electrical wiring to
obtain exible TEGs with high open-circuit voltage. However,
these are only performed on thin lm thermoelectric legs.
Therefore, more efforts are needed to design and fabricate new
DCPN encapsulated TEGs with enhanced performance and
recyclability due to their great potential for the development of
the circular materials economy.

In this work, we fabricate a recyclable and re-manufacturable
TEG device (i.e. BAA-TEG) by integrating TE legs with an epoxy
vitrimer matrix containing dynamic silyl ether bonds (BAA)
(Scheme 2). Like our initial hypothesis, the vitrimer encapsu-
lation exhibited robust mechanical performance and low
thermal diffusivity, providing strong support and efficient
thermal insulation for the resulting device. Compared to the
bare TEG assembly, the vitrimer encapsulated TEG system
exhibited a higher power generation performance with more
than 70 mW for temperature gradients below 30 K, enough to
power a small LED. Furthermore, unlike the conventional
unrecyclable TEG systems, this unique TEG system was able to
be separated simply to recover precious TE legs for reuse.
Importantly, the refabricated exible TEG device showed full
recovery of the energy harvesting performance, verifying the
effectiveness of this system. The strategy shown in this work can
be used as a guide for future recyclable thermoelectric device
construction, paving the way for the development of other smart
This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Schematic illustration of the fabrication of the vitrimer encapsulated TEG (named the BAA-TEG) (inset figure is the dynamic structure
of the vitrimer network showing repeated reprocessability).
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wearable electronics and their recycling at the end of their
lifespan.
Results and discussion
Synthesis and characterization of the epoxy vitrimer

The synthesis of the epoxy-based vitrimer (BAA) with an
exchangeable silyl ether bond is shown in Scheme S1 (ESI†).
Because of the high toughness and low viscosity, a commercially
available starting material, an epoxy monomer (bisphenol A
propoxylate diglycidyl ether, BAPDE) was selected to cure with 6-
amino-1-hexanol (AHO), and 3-aminopropyltriethoxysilane
(APTS) via facile one-pot and catalyst-free synthesis. The prog-
ress of this reaction was monitored by high temperature 1H
NMR and the concentrations of epoxy groups in BAPDE (3.01–
3.08 ppm) were determined based on the integrals of the NMR
peaks (Fig. S1a and b in ESI†). It shows that for the reaction at
60 �C, the concentration of epoxy groups (blue shadow) gradu-
ally decreased over time, while that of the product (red shadow)
increased, and nearly complete monomer conversion was ach-
ieved aer around 12 h. The structure of BAA was conrmed
using the FTIR technique. FTIR spectra of BAPDE and BAA are
shown in Fig. S1c (ESI†). Compared with the FTIR spectrum of
the BAPDE monomer, the disappearance of bands corre-
sponding to the epoxy group at 902 cm�1 (C–O stretching of the
oxirane ring) and 3057 cm�1 (C–H stretching of the oxirane ring)
was observed in that of the resultant BAA, demonstrating the
full conversion of the monomer. Besides, the synthesized BAA
This journal is © The Royal Society of Chemistry 2022
has a new broad peak around 3400 cm�1 which belonged to the
hydroxy group. A new absorption peak at 1000 cm�1 ascribing to
–O–Si– was also observed, demonstrating that the silyl ether
bond was successfully incorporated into the network.

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were utilized to investigate the thermal
stability of BAA. The initial thermal decomposition temperature
(Tdi, temperature at 5% weight loss) of BAA is around 298 �C
(Fig. S2, black line, in the ESI†) and no melting peak was
observed (Fig. S3, black line, in the ESI†), showing the good
thermal stability of the synthesized crosslinked polymer. This is
attributed to the robustness of the silyl ether linkage in the BAA
network.

The storagemodulus and glass transition temperature (Tg) of
BAA were investigated by dynamic mechanical analysis (DMA).
The storage modulus of BAA as a function of temperature is
shown in Fig. 1a, which reveals that BAA has a relatively high
storage modulus of 2500 MPa below Tg (41 �C) and a clear
rubber plateau above Tg, indicating the crosslinked structure of
BAA. The dynamic bond exchange feature of BAA was evaluated
by stress relaxation analyses at elevated temperatures (70, 90,
110, and 120 �C, respectively) via DMA as well. As shown in
Fig. 1b, the stress relaxation modulus decreased exponentially
over time, indicating that the crosslinked polymer was a vitri-
mer capable of relaxing stress for an extended time due to the
dynamic silyl ether exchange reaction. According to the Maxwell
equation for viscoelastic uids, the relaxation time (s*) was
determined as the time required to relax 1/e (36.7%) of the
J. Mater. Chem. A, 2022, 10, 19787–19796 | 19789
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Fig. 1 (a) Dependence of the storage modulus and tan delta (d) versus temperature for BAA. (b) Stress relaxation curves of BAA at different
temperatures. (c) Fitting of the relaxation time to Arrhenius' equation. (d) Tensile stress–strain curves of the original, first reprocessed, and second
reprocessed BAA material. (e) Photographs demonstrating the recycling of BAA. (f) Photo illustration of the BAA vitrimer in TBAF THF solution at
60 �C for 0 h (left) and 6 h (right). (g) Photo illustration of the BAA vitrimer in THF solution at 60 �C for 0 h (left) and 48 h (right).
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initial stress. With the increase in temperature, the exchange
rate becomes faster, and the obtained s* ranges from 736 s at 70
�C to 51 s at 120 �C. The activation energy (Ea) of the silyl ether
exchange reaction was calculated to be 55 kJ mol�1

tted using
Arrhenius' law (Fig. 1c). This result is consistent with previous
reports on other silyl ether based vitrimeric materials.52

The dynamic nature of silyl ether bonds has been conrmed
via the small-molecule model reaction (Fig. S4 in ESI†). The as-
designed model reaction was performed through trans-
methoxylation of phenol to methoxytrimethylsilane and proton
change (before and aer the reaction) was recorded using 1H
NMR. Fig. S4† shows the 1H NMR spectra of the reaction at time
zero and at 12 h at 100 �C. Compared with the spectrum of the
original equimolar mixture of model compounds, at 12 h, the
19790 | J. Mater. Chem. A, 2022, 10, 19787–19796
methoxysilane resonances (blue shadow in Fig. S4 in the ESI†)
obviously reduce, and a newborn peak belonging to the meth-
anol hydroxyl group appears (red shadow in Fig. S4 in the ESI†),
verifying the dynamic nature of this designed silyl ether bond
reaction.

Fig. 1d shows the tensile stress–strain curves of BAA with
a large fracture strain of around 160%, indicating the good
exibility of the resultant vitrimeric polymer. Besides, the BAA
network is capable of being reprocessed due to the dynamic silyl
ether linkage. Aer failure, the BAA sample was cut into small
pieces and subsequently hot-pressed at 120 �C, 10 bar for 10
min to fully reform the polymer network (Fig. 1d and e). The
tensile tests indicate that the mechanical properties of BAA are
almost fully recovered aer the reprocessing, suggesting the
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta00386d


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
1 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

5/
20

25
 3

:5
6:

11
 P

M
. 

View Article Online
retention of the network integrity (Fig. 1d). The slightly
increased modulus might be from the aging of the samples
during the reprocess. FTIR conrms that there was no signi-
cant change that occurred during the reprocessing of the
sample (Fig. S5, pink and red lines, in the ESI†). Besides, the
BAA network also displays on-demand self-healing behavior
ascribed to the reorganization of the network structure. To
visually demonstrate the self-healing properties of the polymer,
a dog-bone shaped specimen was broken into 3 parts, and then
the crack surfaces were put together followed by treating at 60
�C for 20 min. It was shown that the damaged specimen can be
easily healed back (Fig. S6 in the ESI†).

Furthermore, two other parameters, i.e. thermal conductivity
and degradability, are also essential for recyclable TEG devices.
Based on the thermoelectric device efficiency formula, main-
taining a high temperature difference is essential for achieving
high efficiency. In this regard, polymers with low thermal
conductivity enable a robust thermal gradient between the hot
and cold ends, thus ensuring the device's thermoelectric
performance. According to the temperature wave analysis, the
thermal conductivity of the BAA polymer was <0.5 W mK�1 at
room temperature, much lower than that of the thermoelectric
legs, making it suitable as thematrix. To achieve the recycling of
TEG legs, a clean separation of TEG devices by decomposing
polymer encapsulation is necessary. It is known that the uo-
ride reagent (i.e. tetrabutylammonium uoride, TBAF) has been
Fig. 2 Temperature dependent (a) electrical resistivity, (b) Seebeck c
Bi2Te2.7Se0.3.

This journal is © The Royal Society of Chemistry 2022
used to selectively remove silyl ether protecting groups.53 As
such, it is hypothesized that TBAF could be employed to cleave
the silyl ether linkage of the BAA network to achieve soluble
linear polymers to realize the separation of the TEG legs and
polymer matrix. For the demonstration, a piece of the BAA
specimen was immersed in THF solution at 60 �C. With the
addition of TBAF, BAA was completely dissolved aer 1 h
(Fig. 1f), while the specimen remained intact aer 48 h in the
absence of TBAF (Fig. 1g). This means that BAA networks can be
selectively decomposed by using TBAF solution, indicating the
separability of the subsequent thermoelectric device based on
BAA encapsulation. Apart from THF, we also probed the vitri-
mer solubility in other TBAF solutions, such as ethanol and
water. However, the vitrimer remained intact aer 48 h at 60 �C
in the latter solutions (Fig. S7†). On the other hand, TE legs
show good resistance in THF. Thus, TBAF THF solution was
selected to degrade the TEG in the following experiment. We
attribute the degradation ability of the vitrimer to the silyl ether
linkage in the network. To conrm that, a controlled experi-
ment was carried out. We attempted the degradation of
a reference thermoset network (named BTA) generated via the
reaction between BAPDE and tris(2-aminoethyl)amine (TAA)
(Fig. S8a and b†). A mixture of BTA (5 wt%) and TBAF THF (95
wt%) was heated at 60 �C for 48 h (Fig. S8c†). The thermoset
specimen remained intact, meaning that the TABF induced
degradation of polymer networks did not occur for the reference
oefficients, (c) thermal conductivity, and (d) zT of Bi0.5Sb1.5Te3 and

J. Mater. Chem. A, 2022, 10, 19787–19796 | 19791
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thermoset. This result supports our hypothesis that the
dynamic silyl ether linkage imparts the vitrimeric material with
not only a rearrangeable prole but also degradability. A
possible mechanism of the reaction between the silyl ether
bond and TBAF is also given in Scheme S2 in the ESI.† Inter-
estingly, the degraded polymer can be reused to regenerate
a new vitrimer. We puried the degraded polymer by removing
TBAF in water and converted it into a new vitrimer via reacting
with the crosslinker APTS (one of the starting materials)
(Fig. S9f–h and Experimental section 2.7 in the ESI†). According
to the FTIR, TGA, and DSC results, the re-generated vitrimer
exhibited similar structural (Fig. S5,† blue line) and thermal
properties (Fig. S2, blue line, and Fig. S3,† blue line) in
comparison to the original vitrimer, demonstrating the good
recyclability of the degrading polymer matrix.

Consequently, the DMA, TGA, tensile test, thermal conduc-
tivity measurement, and degradation test demonstrated above
suggest that the chemically recyclable and degradable BAA vit-
rimer with good thermal stability and low thermal diffusivity
can be a good candidate for a exible and recyclable thermo-
electric device.
Characterization of the thermoelectric setup

The thermoelectric setup was based on Bi0.5Sb1.5Te3 as the p-
type leg and Bi2Te2.7Se0.3 as the n-type leg and consists of 50
pairs of p–n legs connected by copper electrodes. To verify the
materials properties of both the p-type and n-type legs, Fig. 2
Fig. 3 Photo illustration of (a) the TE material assembly (50 couples), (
polymer solution, and (d) recycled BAA-TEG (photos of TEG cured at 80

19792 | J. Mater. Chem. A, 2022, 10, 19787–19796
shows the electronic and thermal transport of both materials.
Fig. 2a shows the resistivity vs. temperature of both Bi0.5Sb1.5Te3
and Bi2Te2.7Se0.3. The temperature prole generally shows
metallic behaviour, which is consistent with the degenerate
level of the carrier concentration in the materials. At high
temperatures (>400 K), the resistivity of Bi2Te2.7Se0.3 starts to
decrease due to the onset of bipolar conduction, resulting in
a higher carrier concentration. Fig. 2b shows the temperature
prole of Seebeck coefficients for both legs, with values above
200 mV K�1, consistent with optimally doped values for Bi0.5-
Sb1.5Te3 and Bi2Te2.7Se0.3 from the literature. In addition, from
the device point of view, the value of thermal conductivity of
both the p and n legs must be close to ensure a uniform
temperature gradient across the device. At around room
temperature, the thermal conductivity of both Bi0.5Sb1.5Te3 and
Bi2Te2.7Se0.3 lies at around 1 W mK�1, as shown in Fig. 2c.
Lastly, zT as high as 1.0 and 0.7 were obtained for Bi0.5Sb1.5Te3
and Bi2Te2.7Se0.3, respectively.

Based on the electronic and thermal transport data, the ideal
form factors for the device should be as close as possible to the
following values:

LnAp

LpAn

¼
�
rpkn

rnkp

�1=2

(1)

Based on the data from Fig. 2, the ideal form factor should
satisfy LnAp ¼ 0.978 LpAn, which is pretty close to unity. In other
b) original BAA-TEG, (c) recycled TE material assembly and degraded
�C).

This journal is © The Royal Society of Chemistry 2022
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words, the choice of using identical dimensions of 2 mm � 2
mm � 3 mm for both p type and n type legs is close to
ideal considering the respective thermoelectric properties of
both legs.
Characterization of the recyclable thermoelectric device

The developed vitrimer material (BAA) was utilized as a matrix
to construct TEG devices. The target vitrimer encapsulated
thermoelectric device (named the BAA-TEG) was fabricated by
simply immersing the thermoelectric setup in the polymer
solution and subsequently curing (Scheme 2, Fig. 3a, b and the
ESI†). In this BAA-TEG system, Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3
legs are immersed in the BAA matrix with a copper (Cu) layer
Fig. 4 (a) Output voltage and power as a function of current in the therm
represent the original device performance and line plot represents perfo
temperature gradient of the encapsulated device. (c) LED powered by th
the bare device, device under bending, and original encapsulated device
sulated device. (e) Comparison of the open circuit voltage and output p
bending, and recycled device.

This journal is © The Royal Society of Chemistry 2022
soldered on the top and bottom of the TE legs for the thermal
and electrical contacts. Leveraging the robust mechanical
strength and exibility of the BAA vitrimer support, the result-
ing BAA-TEG is easy to handle as a power generator. An attrac-
tive feature of this TEG system is the capability of recycling TE
legs for remanufacturing, prolonging the lifetime of the device,
and eventually decreasing the e-waste. At the end of its service
lifespan, unlike the conventional TEG systems, this system
enables clean separation of the metal and polymer parts to be
realized by decomposing the polymer matrix. We immersed the
BAA-TEG in TBAF THF solution at 60 �C for 8 h to completely
degrade the polymer network, and subsequently obtained the
bare TEG assembly (Fig. 3c and S9a–f†), which can be used to
oelectric device at various temperature gradients. The hollow symbols
rmance after recycling. (b) Output power density as a function of the
e device kept at a DT of 35 K. (d) Comparison of performance between
at a DT of 30 K, demonstrating better thermal contact in the encap-
ower for the original encapsulated device, bare device, device under

J. Mater. Chem. A, 2022, 10, 19787–19796 | 19793
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fabricate a new device either by re-encapsulating with a new
BAA matrix (half recycled BAA-TEG) (Fig. S10†) or via the reuse
of the degraded polymer with the addition of APTS as a cross-
linker (fully recycled BAA-TEG) (Fig. 3d), albeit with some
weight losses (73% weight is recovered) and discoloration.
Fig. 5 (a) Calculated resultant temperature gradient as a function of cu
current polarity is reversed. Thermal imaging camera showing (b) heating
be achieved within a few s after 0.5 A current is passed through the devi
device at various temperature gradients DT. (e) COP (coefficient of perfo

19794 | J. Mater. Chem. A, 2022, 10, 19787–19796
A homemade setup was employed to investigate the power
generation performance of the BAA-TEG. Fig. 4a shows the
details of the generated open-circuit (V) and output power (P) as
a function of current (I) at various temperature differences (10
K, 20 K, and 30 K). As can be seen, the output voltage V reaches
rrent through the device showing heating and cooling regions as the
mode and (c) cooling mode. Cooling temperature as high as 10 K can

ce (ESI Video†). (d) Cooling power as a function of current through the
rmance) as a function of current for the device at various DT.

This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d2ta00386d


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
1 

A
pr

il 
20

22
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

5/
20

25
 3

:5
6:

11
 P

M
. 

View Article Online
over 0.6 V, and the device yields a maximal output power of 70
mW at a moderate level of temperature gradient (DT ¼ 30 K)
(Fig. 4a (hollow symbols)). The gradient in the I vs. V curve
shown in Fig. 4a represents the total electrical resistance of the
device, which is around 1.35 U, consistent with the electrical
resistivity values of the respective legs (1.2 U) in Fig. 2. In
addition, the recycled device performance does not show
appreciable deterioration, as shown in the line plot in Fig. 4a.
The power generated as a function of temperature gradient of
both experimental and calculated data are shown in Fig. 4b. It is
worth noting that the experimental power output is slightly
lower compared to the theoretical values presumably due to the
additional contact resistance between the thermoelectric legs
and the copper contact. In addition, as mentioned above,
despite acting as a mechanical support for the TEG assembly,
vitrimer encapsulation also serves as a ller for thermal and
electrical insulation for the thermoelectric device, enabling less
thermal loss and imparting the resultant BAA-TEG with higher
open-circuit voltage and total power output in comparison to its
bare TE leg assembly, even under the bending condition (Fig. 4c
and d). Furthermore, the BAA-TEG was also able to power a 100
mW LED lamp at a temperature difference DT of 35 K, showing
the utility of the device (Fig. 4e).

Besides power generation, thermoelectrics can also be used as
cooling devices. Fig. 5a shows the temperature difference ach-
ieved as a function of current polarity and magnitude passed
through the device. With respect to the top side, negative current
(current moving from the bottom to the top side in the p-type leg
and top to down in the n-type leg) corresponds to heating, as
shown in Fig. 5b. In contrast, positive current (current moving
from the top to the bottom side in the p-type leg, and from
bottom to top in the n-type leg) corresponds to cooling, as shown
in Fig. 5c. It is noteworthy that in cooling mode, beyond 5 A
current, the magnitude of extra heat generated by Joule heating
starts to be higher than the cooling through the Peltier effect,
resulting in lower overall cooling (DT).

In terms of performance, higher cooling power can be ach-
ieved when the device is used at a lower temperature gradient
(DT), as illustrated in Fig. 5d. In addition, it is noteworthy that
the peak in cooling power in Fig. 5d is consistent with the
upturn in DT in Fig. 5a. It can be inferred that the optimum
current to achieve maximum cooling in this device is around 4.5
A. A more nuanced way of interpreting Fig. 5d is that at lower
DT, there is more capacity for further cooling, and therefore
higher cooling power.

Lastly, in terms of energy efficiency, the COP (coefficient of
performance) is the commonly used metric. It is dened as the
amount of cooling power achieved with respect to the amount of
total energy input needed. Therefore, a high COP is desirable in
any cooling device. For instance, a COP of 2 means that every 1
W of power consumption results in 2 W of cooling. Fig. 5e
shows the COP of the device as a function of current at different
DT. It is evident from the gure that a high COP can be achieved
by optimizing current and lowering DT. In other words, it is
much more energy efficient for the device to maintain lower
temperature gradient as opposed to a high temperature
gradient. For instance, for wearable applications to provide
This journal is © The Royal Society of Chemistry 2022
thermal comfort for humans, a moderate DT of 10 K is generally
required. This corresponds to the COP of 2 with 1 A current
passing through the device.

In conclusion, we demonstrated a exible, deformable, and
recyclable thermoelectric device for energy harvesting by inte-
grating the dynamic vitrimer matrix based on an exchangeable
silyl ether bond. This vitrimer encapsulation behaved as
a robust support and an effective insulation ller for the
resultant thermoelectric device. The developed BAA-TEG ther-
moelectric device offered superior mechanical strength and
operation convenience over its bare TEG assembly counterpart.
Additionally, the BAA-TEG displayed the improvement of
thermal contact and thermal gradient maintenance, ensuring
the higher power generation performances of more than 70 mW
for a moderate temperature gradient below 30 K. Taking
advantage of the cleavability of the silyl ether bond in the vit-
rimer material, we degraded the used thermoelectric device to
regenerate the precious TEG assembly, which was employed to
reprepare a new thermoelectric device with the full recovery of
the thermoelectric properties, demonstrating the concept of the
chemical recyclability of the thermoelectric material and the
effectiveness of this system. The signicance behind the recy-
clable thermoelectric device provides a facile and sustainable
approach for power generation in exible electronic systems.
We believe that the adoption of smart polymers in thermo-
electric devices may provide a new route for exible device
fabrication and promote e-waste recycling.
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