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A B S T R A C T

Multifunctional Polyimide (PI) with low dielectric and high thermal conductivity are widely utilized in high- 
signal-frequency and high-integration electronic devices, yet they are vulnerable to damage within complex 
operating environments. The development of such high-performance multifunctional composites with recyclable 
and repairable capability has represented significant challenges. Herein, novelty supramolecular PI nano
composites comprising Schiff base bonds and hydron bonding interactions via amino-terminated polyimide, 
functionalized boron nitride nanosheets and aldehyde-containing crosslinking agents maintain the inherent high 
thermal stability and tensile strength of conventional PI and demonstrate fully closed-loop pH-adjusted liquid- 
level and high-purity powder-level recyclability, as well as superior healing ability after various mechanical 
or electrical damage. The resultant PI nanocomposite exhibits notable comprehensive performance, with high 
recycled in-plane and through-plane thermal conductivity of 8.69 and 5.44 W m− 1 K− 1, low recycled dielectric 
constant of 2.98 at 1 MHz and excellent healed dielectric breakdown strength of 378.9 kV mm− 1, as well as high 
recovery rates. Furthermore, the repairable triboelectric nanogenerator based on the PI nanocomposite exhibits 
excellent shape tailorability and nearly-consistent output electrical performance. The concepts presented in this 
paper offer practical solutions for sustainable high-performance electronic materials and shed light on the in
tegrated structural design of green nanocomposites.

1. Introduction

Nowadays, polymer-based electronic materials are making a splash 
in emerging fields of integrated circuits (ICs) such as stretchable tran
sistors, electronic skin and brain-computer interfaces [1–4], among 
which polyimide (PI) stands out among the modern IC materials due to 
its ability to meet the basic process requirements for microelectronic 
multilayer circuits [5] with high-temperature stability, excellent corro
sion resistance, large-area fabrication capability and special photoli
thography characteristics [6,7]. However, with the rapid development 
of high-frequency ICs and high-power electronic devices, there is an 
urgent need for a multifunctional PI with low dielectric and high ther
mal conductivity to achieve stable signal transmission and efficient heat 
dissipation [8]. Moreover, polymer-based electronic devices are sus
ceptible to mechanical and electrical damage under the effect of 
multi-physical field coupling in complex application environments, 
resulting in performance degradation or even failure, such as chip 

interface materials under continuous thermal cycles, thin film transis
tors (TFT) that are repeatedly folded, and triboelectric nanogenerators 
(TENG) that are frequently separated from contact [9]. Unfortunately, 
most PIs, especially thermoset PIs, retain their permanent shape upon 
curing and are therefore unable to be healed or recycled at all [10]. The 
non-repairability and non-recyclability of PI have resulted in a signifi
cant amount of waste electrical and electronic equipment (WEEE) and 
loss of raw materials [11,12]. Therefore, the preparation of functional 
and sustainable PI can both extend the service life of high-performance 
electronic devices and reduce pollution to protect the environment and 
human health, which is of great significance for modern green 
electronics.

The green economy and sustainable development are placing new 
demands on PI electronic materials for decomposition recycling and 
restorative healing. While some recyclable or healing designs of PI 
materials have been reported, they often come at the cost of losing PI’s 
original comprehensive properties [13–19]. Susa et al. [15] synthesized 
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an efficient self-healing PI using long aliphatic branched diamine 
monomers, with the glass transition temperature (Tg) of below 17 ◦C and 
a tensile strength of only 6 MPa, which could not meet the dimensional 
stability of high-temperature circuit preparation and the durability for 
flexible circuit boards. Guo et al. [19] fabricated the healable and 
recyclable elastomers composed of rigid PI segments and soft poly 
(urea-urethane) (PUU) segments with hydrogen bonds. The recycled 
PI-PUU elastomers exhibited a high tensile strength of 142 MPa and 
thermal decomposition temperature (Td) of 320 ◦C, but the high number 
of polar groups in PUU significantly increased the dielectric constant 
and water absorption. Therefore, the preparation of chemically recy
clable and repairable PI without affecting its original performance is still 
a challenging proposition.

In order to develop repairable or healable polymeric materials while 
retaining as much of their original properties as possible, various dy
namic covalent bonds have been designed to achieve chemically 
reversible reactions or reprocessing [20–22], such as disulfide exchange 
[23], transesterification reaction [24], Diels-Alder reaction [25] and 
thiol-Michael chemistry [26]. However, these previously developed 
materials based on dynamic covalent bonds present certain limitations 
in terms of the reacquisition of pristine monomers, catalyst dependence 
and degradation of post-recovery performance [27,28]. Zhang et al. [29] 
fabricated a recyclable PI via carboxyl ligand exchange between the 
pendent carboxyl groups and the cyclic Ti-oxo cluster (CTOC) with labile 
carboxyl ligands. But the surface of CTOC was rich in unstable ligands, 
which rendered it susceptible to side reactions, affecting the purity of 
recovered monomers and recovery properties of recycled products.

Contemporarily, there have been several polyimide designs based on 
dynamic covalent bonding that demonstrate certain recycling or healing 
capabilities [9,30]. However, these designs focus solely on the polymer 
component, neglecting the consideration of inorganic fillers. Lyu et al. 
[31] were only able to incorporate up to 1 wt% of unfunctionalized 
graphene nanosheets in order to avoid any adverse effects on the healing 
and recycling properties of vanillin/PI matrix. However, the resulting 
nanocomposite exhibited a thermal conductivity of only 0.34 W m− 1 

K− 1, which falls short of the requirement for efficient heat dissipation 
during high-load operation. Wu et al. [32] prepared a self-healing poly 
(urethane-urea-imide) copolymer composited with 40 wt% aluminum 
nitride and liquid metal fillers with a thermal conductivity of 3.87 W 
m− 1 K− 1. And the thermal conductivity was reduced by about 10% by 
reprocessing the material after hot pressing due to the poor interfacial 
compatibility between the inorganic fillers and matrix. The failure to 
consider the organic-inorganic composite as a unified entity results in 
poor overall performance and deterioration of properties following 
recycling or healing.

In this study, the low dielectric and high thermal conductivity PI 
nanocomposites with fully closed-loop recycling and efficient healing 
are prepared by introducing Schiff base dynamic covalent bonds and 
non-covalent interactions via in-situ polymerization of PI small mole
cules, functionalized boron nitride nanosheets (BNNS) and crosslinking 
agents. The resultant supramolecular system exhibits high thermal 
conductivity (8.69 W m− 1 K− 1 for in-plane thermal conductivity) and 
low dielectric constant (2.98 at 1 MHz) with a performance recovery of 
97.6% and 98.7%, respectively, through expedient pH-adjusted liquid- 
level recycle. Moreover, the powder-level recycle of raw materials with 
high purity and high yields is achieved through the exploitation of sol
ubility differences. Efficient healing capability has been demonstrated in 
various types of damage and scales, including dielectric breakdown, 
corona and mechanical damage through decomposition- 
repolymerization and hot-pressure-assisted healing, where the dielec
tric breakdown strength of 378.9 kV mm− 1 and fractured-healed tensile 
strength of 51.78 MPa with a performance recovery of 97.9% and 
91.0%, respectively. This design provides applicable products for sus
tainable multi-functional electronic materials in modern electronic de
vices, as well as integrated design concepts for high-performance green 
chemistry in line with low-carbon development.

2. Experimental section

2.1. Materials

4,4’-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA, 98%) 
was supplied by Shanghai Darui Finechem Co., Ltd. (Shanghai, China). 
4,4’ (Hexafluoroisopropylidene)bis (p-phenyleneoxy)dianiline 
(6FBAPP, 97%) and benzene-1,3,5-tricarboxaldehyde (BTA, 98%) were 
purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, 
China). Hexagonal boron nitride (hBN) powder with 3 μm average 
lateral size was provided from 3M Technical Ceramics (Guangzhou, 
China). N-Methylpyrrolidone (NMP, 99.8%) was received from 
Shanghai Perfemiker Chemical Technology Co., Ltd. (Shanghai, China). 
Ethanol (99.7%) was supplied by GENERAL-REAGENT Co. Ltd. 
(Shanghai, China). Toluene (AR) and hydrochloric acid (HCl, AR) were 
bought from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
All chemicals were used as received without further purification. 
Deionized water was used throughout the experiment.

2.2. Synthesis of amino terminated polyimide (ATPI)

The polymerization and purification of ATPI prepolymer refer to 
these literatures [9,30]. The three-necked flask and stirrer were baked 
with a flame gun 3 times, and the diamine monomer and dianhydride 
monomer were placed in a vacuum oven at 60 ◦C overnight. First, 6 
mmol of 6FBAPP was dissolved in 30 mL of NMP and stirred for 10 min 
at room temperature. Then the solution was transferred to an ice-water 
bath and 3 mmol 6FDA was slowly added under N2 atmosphere. The 
precursor solution amino terminated polyamide acid (ATPAA) was 
formed after stirring for 22 h in a cold bath at 0 ◦C. Subsequently, 3 mL 
of toluene was added and heated at 210 ◦C for 9 h under N2 atmosphere 
in a Dean-Stark apparatus. After waiting for cooling, the solution was 
slowly added dropwise to a vigorously stirred 500 mL ethanol solution 
followed by the obtaining of a yellowish solid precipitation (ATPI). 
Finally, ATPI was collected by triple centrifugation and cold ethanol 
washing. It was dried in an oven at 60 ◦C for 24 h.

2.3. Preparation of functionalized boron nitride nanosheets (f-BN)

Simultaneously exfoliation and functionalization of hBN was ach
ieved in one step using a high-energy planetary ball milling. Our pre
vious studies have investigated the process parameters of ball milling 
hBN, including rotational speed, ball milling time, and zirconium beads 
ratio [33]. In short, hBN (1 g) and 6FBAPP (1 g) were loaded into a 50 
mL zirconia tank. The mixture was first rotated on a high-energy plan
etary ball mill at 500 rpm for 6 h (25 min forward, 25 min reverse and 5 
min stop, for a total of 420 min). Then 20 mL of ethanol was added and 
wet ball milling was continued for 1 h. After ball milling, the mixture 
was washed with ethanol followed by centrifuging at 1000 rpm for 2.5 
min to remove oversized nanosheets. Then, nanosheets were centrifuged 
5 times at 11,000 rpm for 10 min with the help of ultrasound to remove 
the free urea or diamine monomers from the solution. The product was 
dried in a vacuum oven at 60 ◦C for 24 h and the dried powder was 
ground to be ready to use.

2.4. In-situ polymerization of f-BN/PI/BTA nanocomposite films

In a typical procedure, the molar ratio of amine and aldehyde 
functional groups is maintained at a 1:1 ratio to ensure a high conver
sion of APTI, f-BN and BTA. A proportion of f-BN (0 g, 0.0437 g or 
0.0978 g) was dissolved into 2.8 mL of NMP solution and stirred at 70 ◦C 
for 4 h to achieve a well-mixed dispersion. After cooling to room tem
perature, 0.3612 g of ATPI and 0.03 g of BTA were added to the solution 
and stirred for 2 h. The mixed solution was quantitatively pipetted onto 
a glass plate in the oven using a syringe, heated up to 80 ◦C and held for 
30 min. Then increased to 250 ◦C at a rate of 1 ◦C min− 1 and held for 2 h, 
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resulting in the final 150 μm thickness of PI/BTA, 10 wt% f-BN/PI/BTA 
and 20 wt% f-BN/PI/BTA, respectively. The overall steps of the exper
iment are shown in Scheme S1. In addition, 20 wt% hBN/PI/BTA is used 
as a comparison sample for dielectric constant. The preparation process 
of 20 wt% hBN/PI/BTA is consistent with 20 wt% f-BN/PI/BTA.

3. Results and discussion

3.1. Design and synthesis of f-bn/PI/BTA systems

In contrast to the conventional preparation of polyimide-based 
nanocomposites (Fig. 1a), the innovative design of oligomers and re
inforcements, along with the integration of organic-inorganic hybrid 
systems, facilitates a breakthrough in the versatility and performance of 
recyclable and healable polyimide nanocomposites. As depicted in 
Fig. 1b, amino-terminated polyimide (ATPI) small molecule prepolymer 

Fig. 1. Schematic illustration of a) conventional PI nanocomposites and b) the molecular composition, reaction process, c) healing and recycling process of f-BN/PI/ 
BTA supramolecular systems with digital photos of ATPI, f-BN, BTA, f-BN/PI/BTA solution and film. d) FTIR of ATPAA, ATPI, PI/BTA and 20 wt% f-BN/PI/BTA. e) A 
comparison of the fundamental properties of 20 wt% f-BN/PI (this work), 20 wt% f-BN/PI/BTA, HTPI/80 ◦C (Advanced Materials, 2022) and DCPI (Advanced 
Materials, 2023).
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is synthesized via open-loop aggregation and thermal imidization of 
trifluoromethyl-containing diamine 6FBAPP and trifluoromethyl- 
containing dianhydride 6FDA in N-Methylpyrrolidone (NMP) at a 
molar ratio of 2:1. The Fourier transform infrared spectra (FTIR) in 
Fig. 1b and 1H proton nuclear magnetic resonance spectroscopy (1H- 
NMR) in Fig. S1 demonstrate the successful synthesis of ATPI. As pre
viously detailed in our study on molecular dynamics study of low 
dielectric polyimides, the colossal steric hindrance and stronger elec
trophilicity of trifluoromethyl substituents in ATPI significantly reduce 
the intermolecular charge transfer complex (CTC) effects, decreasing the 
polarization rate and dipole moment per unit volume [34]. Function
alized boron nitride nanosheets (f-BN) are prepared by a mechano
chemical exfoliation method of hexagonal boron nitride (hBN) with the 
same diamine monomer (6FBAPP) as polyimide substrate. Our previous 
study elucidates that 6FBAPP-modified f-BN features few lattice defects, 
high aspect ratios and chemical grafting modifications displayed in 
Fig. S2, significantly enhancing the compatibility with matrix and 
thermal transfer efficiency at the interface. Density functional theory 
(DFT) binding energy calculations reveal the successful grafting of 
amino-containing molecular chain segments onto f-BN (Fig. S2i) [35]. 
Highly dynamic crosslinked supramolecular structures are formed uti
lizing the aldehyde-based benzene-1,3,5-tricarboxaldehyde (BTA) as 
crosslinking agents, in conjunction with amino-capped prepolymers 
ATPI and amino-containing reinforcing phases f-BN via Schiff base re
action. Following the in-situ polymerization and curing at high tem
perature, the peaks representing the ATPI amino group and the BTA 
aldehyde group nearly disappear at 3440 and 1696 cm− 1, respectively, 
and a peak at 1596 cm− 1 representing –C––N appears in the FTIR spectra 
of PI/BTA and f-BN/PI/BTA films (Fig. 1d), indicating the thorough 
reaction of the amino and aldehyde groups to form the imine chemical 
bonds [30].

The complexation energies of the imidization reactions in solution 
calculated by DFT indicate the theoretical recycling and healing capa
bilities of f-BN/PI/BTA supramolecular structure (detailed calculations 
are presented in the Simulation section and Fig. S3 in Supporting In
formation). The calculated complexation energy for product PI/BTA is 
positive (ΔE298K

reaction = 6.463 kcal mol− 1) at room temperature, indicating 
that the complex formed is not stable enough compared to the reactant 
monomers, and the Schiff base reaction can be reversible [36]. Similarly, 
the amino group of the grafted chain segment of 6FBAPP-modified f-BN 
is capable of forming the reversible Schiff base reaction with 
aldehyde-contained BTA (ΔE298K

reaction = 3.083 kcal mol− 1). These reactions 
are driven in the positive direction due to the volatilization of product 
water in high-temperature environments, while the imine bonds can 
decompose back into the corresponding amino and aldehyde groups in 
certain acidic aqueous solutions. The breaking and reorganization of 
chemical bonds alter the topology of the polymer network at the mo
lecular level, resulting in dynamic crosslinked composites with recycling 
and healing capabilities as illustrated in Fig. 1c.

Taking 20 wt% f-BN/PI/BTA films as an example, the supramolec
ular system combines excellent low dielectric properties (dielectric 
constant k = 2.95, dielectric loss tanδ = 0.0077 at 1 MHz) and high 
thermal conductivity (8.90 W m− 1 K− 1 for in-plane thermal conductiv
ity) presented in Figs. S4a and b, which render it a promising candidate 
for use in high-frequency and high-integrity advanced electronic de
vices. Meanwhile, the dynamic crosslinked network based on an inte
grated organic-inorganic design displays remarkable thermal stability 
(T5% = 523 ◦C), mechanical properties (tensile strength σ = 57 MPa) and 
dielectric breakdown strength (E0 = 387.1 kV mm− 1) shown in S4c-d, 
thereby satisfying the preparation process of the circuit boards. It is 
noteworthy that, based on the Schiff base structure, this nanocomposite 
exhibits an average powder-level recovery of 91.03% for the component 
monomers and an average retention of properties after healing of 
96.25% (described in detail later). As summarized in Fig. 1e, the 
organic-inorganic integrated and newly designed supramolecular 

system 20 wt% f-BN/PI/BTA, in comparison to the conventional 20 wt% 
f-BN/PI nanocomposite and existing sustainable high-performance pol
yimide materials (HTPI/80 ◦C [37] and DCPI [9]), not only introduces 
superior recyclable and repairable features, but also evinces exemplary 
comprehensive performance.

3.2. Selective decomposition ability of f-bn/PI/BTA systems

For more extensive application prospects, supramolecular material is 
required to demonstrate stability in a greater variety of environments, 
and its recyclable and healable capabilities in turn entail that the ma
terial possesses highly efficient decomposition ability in specific cir
cumstances. As demonstrated in Fig. 2a, 20 wt% f-BN/PI/BTA 
nanocomposites show excellent dimensional stability with impercep
tible dissolution and swelling phenomena when immersed in various 
solutions, including sulfuric acid solution with pH = 2, aqueous sodium 
hydroxide with pH = 13, pure water, ethanol (EtOH), dimethylaceta
mide (DMAc), tetrahydrofuran (THF) and acetone (AC) stirring at 500 
rpm under ambient temperature for 30 days. The 20 wt% f-BN/PI/BTA 
system is a highly dense supramolecular complex composed of π-π in
teractions, hydrogen bonds and dynamic imine bonds illustrated in 
Fig. 2b, which reduces the entry of organic solvent molecules into the 
system, providing excellent chemical resistance. Furthermore, the tri
fluoromethyl functional group present in the ATPI exhibits high hy
drophobicity, thereby protecting the imine bond from hydrolysis. As a 
point of comparison, PI/BTA and 10 wt% f-BN/PI/BTA are completely 
decomposed in pH = 2 sulfuric acid solution displayed in Fig. S5. The 
deconvolution analysis of the high-resolution FTIR characteristic peaks 
of H-bonded C––O (1715 cm− 1) and free C––O (1738 cm− 1) displayed in 
Figs. S6a–c reveals that the proportion of H-bonded C––O rises from 
57.6% to 70.8% with the increase of f-BN, which proves the enhance
ment of hydrogen bonding in the 20 wt% f-BN/PI/BTA system [38]. 
X-ray diffraction (XRD) shown in Fig. S6d confirms that the diffraction 
peak representing the amorphous peak of 20 wt% f-BN/PI/BTA shifts 
towards larger angles, suggesting a reduction in the matrix chain 
spacing. The formation of additional imine bonds and hydrogen bonding 
interactions restricts the mean square displacement (MSD) of the chain 
segments within the nanocomposites (Figs. S6e and f). The total energy 
(valence energy and non-bonding energy) of supramolecular systems, as 
calculated by molecular dynamics, exhibits a marked increase with 
rising f-BN content in Fig. 2c. Therefore, the stronger interaction and 
reduced interchain spacing significantly enhance the solvent resistance 
of the 20 wt% f-BN/PI/BTA nanocomposite.

The recycling/healing of supramolecular systems is essentially the 
global/localized decomposition and reformulation of dynamic cross
linked networks, respectively. The degradability of PI/BTA and f-BN/PI/ 
BTA nanocomposites is investigated to determine their ability to 
decompose efficiently under relatively mild conditions. The residual 
solid mass of film samples is tested after immersing them in NMP solu
tions with varying HCl concentrations at room temperature and 60 ◦C 
for 30 min, respectively (Fig. 2d), and the time taken for complete 
decomposition at different temperatures (Fig. 2e). The optimal degra
dation condition for all PI/BTA films is the NMP solution containing 6 wt 
% HCl solution (12.27 mol/L HCl aqueous solution) at 60 ◦C, and 20 wt 
% f-BN/PI/BTA can be dissolved completely within 26 h. The 20 wt% f- 
BN/PI/BTA supramolecular system, comprising dynamic covalent 
bonding and strong non-bonding interactions, endows the material with 
targeted and selective decomposition capabilities, and also contributes 
to its versatility and durability in practical applications.

3.3. Recycling process and recyclability of f-bn/PI/BTA films

As presented in Fig. 3a, f-BN/PI/BTA possesses the capabilities of 
liquid-level recycle and powder-level recycle. The clipped film is 
immersed in a small glass vial containing 6 wt% HCl/NMP solution 
stirring at 500 rpm under 60 ◦C. The dynamic imine bonds in the PI/BTA 
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and f-BN/PI/BTA films can be dissolved completely in the solution, viz., 
dissociating solution. When the dissociating solution is poured onto a 
glass plate and heated to 250 ◦C for 2 h, the amino functional groups 
(ATPI and f-BN) and aldehyde functional groups (BTA) can be repoly
merized through dynamic covalent bonding, and obtains the recyclable 
f-BN/PI/BTA or PI/BTA films. The mechanism of liquid-level recycle is 
illustrated in Fig. 3b. The process of crushing, decomposing, cross- 
linking and curing of the film is referred to as a cycle of liquid-level 
recycle. Each cycle can be prepared cyclically using the film repoly
merized in the previous cycle. Fig. 3c shows the similar FTIR spectra of 
the original and 3rd recycled PI/BTA and f-BN/PI/BTA films, including 
the stretching vibration band of -C-N-C (1375 cm− 1), the stretching vi
bration peak representing –C––N (1595 cm− 1), and the symmetric and 
asymmetric vibrations of –C––O (1723 and 1784 cm− 1, respectively), 
which demonstrates the films retain their chemical structure after 
recycling. The thermal stability of f-BN/PI/BTA exhibited a notable 
decline, from 522 ◦C to 473 ◦C (Fig. 3d) after three liquid-level recycles. 
Concurrently, the 20 wt% f-BN/PI/BTA film achieves a tensile strength 
of 43.46 MPa after the third decomposition and recovery, which cor
responds to 73.12% of the original 20 wt% f-BN/PI/BTA film’s perfor
mance shown in Fig. 3e. As illustrated in Figs. S7–9, the thermal stability 
and mechanical properties of the f-BN/PI/BTA system exhibit a 
discernible diminution in comparison to the PI/BTA film without f-BN 
following the process of liquid-level recycle, which is attributed to the 
significant agglomeration of f-BN after recycling displayed in Fig. 3f. The 
stability of f-BN in aqueous dispersions is found to be pH-dependent in 
Fig. S10, which is essentially contingent upon the interaction between 
the functionalized group grafted on the nanosheets and the aqueous 
environment [39]. As the acidity of the aqueous solution increases, the 
zeta potential of the f-BN dispersions decreases, leading to a conspicuous 

tendency for agglomeration. Following the complete decomposition of 
the dissociating solution, the pH can be adjusted through the volatility of 
HCl to ensure that f-BN is restored to a homogeneous dispersed state. 
Taking 20 wt% f-BN/PI/BTA as an example, the initial pH of the fully 
decomposed dissociating solution is 0.45, which can be raised to 5.72 
after 10 h of stirring in an open bottle at 80 ◦C presented in Fig. S11. At 
this point, the f-BN dispersion exhibits high homogeneity without sig
nificant sedimentation within 12 h evidenced in Fig. S12. The 
cross-section scanning electron microscope (SEM) image of 20 wt% 
f-BN/PI/BTA after three cycles (Fig. 3g) demonstrates that the nano
fillers are distributed in a nearly anisotropic and homogeneous manner 
following pH-adjusted liquid-level recycle, and that the f-BN dispersion 
is as even as that observed in the original film (Fig. S13). The 
pH-adjusted liquid-level recycled 20 wt% f-BN/PI/BTA demonstrates 
remarkable stability of properties, reaching a T5% of 512 ◦C (Fig. 3h) and 
a mechanical strength of 49.84 MPa (Fig. 3i) after three cycles, which 
are 98.08% and 87.16% of the initial properties, respectively. The 
original and recycled 20 wt% f-BN/PI/BTA possess stable dielectric 
constant (k = 2.94–2.98) in Fig. 3l and dielectric loss (tanδ =
0.0077–0.0083) in Fig. S14a at 1 MHz, which also exhibits lower 
dielectric constant and dielectric loss than commercial Kapton film 
commonly used in electronics (k = 3.36, tanδ = 0.0123 at 1 MHz) dis
played in Fig. S14b. Also, compared to 20 wt% hBN/PI/BTA (k = 3.34, 
tanδ = 0.0122 at 1 MHz) shown in Fig. S14c, the f-BN with high aspect 
ratios and superb compatibility with PI matrix plays an important role in 
facilitating phonon transport efficiency and ameliorating the interfacial 
defects, obtaining the 20 wt% f-BN/PI/BTA nanocomposite with both 
high thermal conductivity and low dielectric properties. Meanwhile, the 
thermal conductivity and dielectric properties of 20 wt% f-BN/PI/BTA 
exhibit a high degree of consistency during the process of pH-adjusted 

Fig. 2. a) Digital images of 20 wt% f-BN/PI/BTA after immersion in various aqueous solutions and organic solvent at 500 rpm under room temperature for 30 days. 
b) schematic illustration of the f-BN/PI/BTA nanocomposite structure. c) The total energy change of PI/BTA, 10 wt% f-BN/PI/BTA and 20 wt% f-BN/PI/BTA. d) The 
residual mass of various PI/BTA samples with different HCl concentrations for 30 min under room temperature and 60 ◦C. e) The time required for various PI/BTA 
films (5 cm × 5 cm × 0.15 cm before clipping) to depolymerize complete with 6 wt% HCl concentration stirring at 500 rpm under different temperatures.
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liquid-level recycle, demonstrating the potential for reusable 
functionality.

Selectively recovery of targeted material from mixed polymer wastes 
or damaged devices is a major challenge, requiring the material with 
characteristic and efficient recovery properties under mild conditions to 
separate from other substances [40]. The f-BN/PI/BTA crosslinked 
network based on dynamic imine bonding has been demonstrated to be 
efficiently decomposed in 6 wt% HCl solution at 60 ◦C, and its mono
mers and fillers can theoretically be further isolated and purified by 

dissolution, extraction, filtration, evaporation and elution. To substan
tiate the recyclability of this supramolecular system in the practical 
application environments, two experiments are conducted illustrated in 
Fig. 4a: One, the mixed polymer waste contains a variety of plastics, 
including general plastics (polyethylene (PE), polypropylene (PP), 
acrylonitrile-butadiene-styrene (ABS)), engineering plastics (poly
phenylene ether (PPO), polycarbonate (PC), Kapton polyimide (com
mercial PI)) and degradable material (polylactic acid (PLA), 20 wt% 
f-BN/PI/BTA (this work)). Two, the discarded circuit board comprises 

Fig. 3. a) Schematic illustration of the closed-loop liquid-level recycle and powder-level recycle of the 20 wt% f-BN/PI/BTA film. b) Liquid-level recycling of f-BN/ 
PI/BTA based on reversible Schiff base reaction. c) FTIR spectra, d) TGA curves and e) stress-strain patterns of the original and liquid-level recycled 20 wt% f-BN/PI/ 
BTA without pH adjustment. Cross-sectional SEM images of the 20 wt% f-BN/PI/BTA nanocomposite after three liquid-level cycles f) without pH adjustment and g) 
with pH adjustment. h) TGA curves and i) stress-strain patterns of the original and pH-adjusted liquid-level recycled 20 wt% f-BN/PI/BTA. j) In-plane thermal 
conductivity, k) through-plane thermal conductivity and l) dielectric constant of the original and pH-adjusted recycled PI/BTA, 10 wt% f-BN/PI/BTA and 20 wt% f- 
BN/PI/BTA.
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wire (copper foil), electronic components (capacitor, resistor, LED) and 
substrate (20 wt% f-BN/PI/BTA). The chopped materials are dissolved 
in 10 mL solution of 6 wt% HCl/NMP solution and stirred at 60 ◦C for 26 
h. The 20 wt% f-BN/PI/BTA is selectively depolymerized in this rela
tively mild acidic solvent, while the other substances would not 
decompose and dissolve in this environment. The use of a sieve with 1 
mm holes allows for the separation of other substances, thereby enabling 
the retrieval of the degraded f-BN/PI/BTA solution. (The necessary 
quantity of NMP solution is employed to cleanse the sieve and residues.) 
To separate the f-BN nanofiller from the solution containing ATPI and 
BTA monomers, suction filtration is performed using a 0.5 μm filter 
membrane. Because the rich-aldehyde BTA is easily insoluble in hot 
water, while amino-terminated ATPI is completely insoluble in hot 
water, the ATPI would be precipitated by adding excessive hot deionized 
water into solution. Then, ATPI powder can be further separated by 
additional suction filtration using a 0.22 μm filter membrane. Eventu
ally, the BTA precipitates out of the mixed solution (HCl/NMP/H2O) 
through reduced pressure distillation (water bath temperature of 60 ◦C 

and vacuum degree of 80 mbar) and washed with an appropriate 
amount of n-hexane. All separated powders and monomers are treated in 
a vacuum oven at 80 ◦C overnight. The average recovery ratios of dried 
f-BN, ATPI and BTA are calculated at about 95.7%, 91.0% and 88.3%, 
respectively (Fig. S15). As shown in Fig. 4b–d, the FTIR of the recycled 
f-BN and 1H NMR of the recovery ATPI and BTA are closely similar to 
those of the pristine samples. The recycled f-BN possesses similar solu
tion dispersibility, stable chemical structure and excellent interfacial 
interaction with the matrix as the original f-BN (as shown in Fig. S16). 
The 20 wt% f-BN/PI/BTA can be prepared again using the recycled 
powder of monomer and nanofiller, and the material manifests exem
plary properties, including thermal stability, mechanical strength, 
thermal conductivity and low dielectric constant, which remain almost 
identical to those of the original nanocomposite (Fig. 4e–g). The high 
yields and high purity of the recovered nanofillers and monomers and 
the high consistency of properties after powder-level recycle not only 
demonstrate that f-BN/PI/BTA has the ability of closed-loop powder-
level recycle and can be stored in a stable solid phase, but also showcase 

Fig. 4. a) Photographs of the closed-loop recycling of the 20 wt% f-BN/PI/BTA from mixed plastics and discarded circuit board, including the depolymerization of 
thermoset nanocomposites, the separation of f-BN nanofillers, and the recovery of ATPI and BTA monomers. b) FTIR spectra of pristine and recycled f-BN. 1H-NMR 
spectra of pristine and recycled c) ATPI and d) BTA. e) TGA curves, f) stress-strain patterns, g) thermal conductivity and dielectric constant of the original and 
powder-level recycled 20 wt% f-BN/PI/BTA.
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the supermolecular system is environmentally friendly and sustainable, 
with the capability to be separated from mixtures and reprocess for 
reuse.

3.4. Efficient repairing and healing of f-bn/PI/BTA films

The materials, used as insulating and interlayer dielectric layers in 
electronic devices, are vulnerable to dielectric breakdown damage and 
corona damage, and repairing the damaged material is a more 
economical and convenient method than recycling and reassembly. In 
contrast to conventional thermosets, Schiff-based PI/BTA and f-BN/PI/ 
BTA materials exhibit efficient healing capability through localized 

decomposition in dissociating solution and repolymerization during 
curing. In the case of minor-scale damage, a small amount of dissoci
ating solution is applied and covered with a slide to prevent HCl from 
evaporating too rapidly. Following an interval at room temperature to 
permit the complete decomposition of damaged areas, the samples are 
transferred to an oven and heated to 210 ◦C for 30 min to repolymerize. 
As rendered in Fig. S17, PI/BTA displays an excellent capacity to repair 
the perforation on the surface, as well as the electrical treeing gap within 
the material resulting from dielectric breakdown. The combination of 
the large band gap of trifluoromethyl in ATPI [41], and the excellent 
breakdown resistance and thermal conductivity of BNNS [42,43] en
ables the f-BN/PI/BTA supramolecular system to mitigate the impact of 

Fig. 5. SEM images of a) dielectric breakdown damage and b) 24-h healed 20 wt% f-BN/PI/BTA. c) Weibull distribution of 20 wt% f-BN/PI/BTA for the original and 
different healed times after dielectric breakdown damage. SEM images of d) mechanical damage and e) 24-h healed 20 wt% f-BN/PI/BTA. f) Stress-strain curves of 
the original and 24-h healed PI/BTA and its nanocomposites. Insert: digital photos of the healing process and re-failure sample. Optical images of g) mechanical 
damage and h) hot-pressure healed 20 wt% f-BN/PI/BTA. i) In-plane and through-plane thermal conductivity of the original and hot-pressure healed 20 wt% f-BN/ 
PI/BTA. j) Schematic illustration of the healing process of the f-BN/PI/BTA film using dissociating solution and welding method.
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partial discharge breakdown and thermal breakdown. In addition, the 
continuous f-BN nanofiller pathway in 20 wt% f-BN/PI/BTA markedly 
diminishes the local field distortion and impedes the propagation of 
electrical treeing [44], which significantly leads to a substantial 
improvement in the dielectric breakdown strength (E0) of the nano
composites from 262.1 kV mm− 1 of PI/BTA to 387.1 kV mm− 1. More
over, the incorporation of f-BN to PI/BTA does not impact the efficacy of 
healing, where the surface defects can be repaired to a relatively flat 
topography (Fig. 5a and b). During the healing process, the dissociating 
solution penetrates into the gaps and is left for varying periods of time, 
and the thermoset PI/BTA and its nanocomposites exhibit remarkable 
dielectric breakdown repair ability after 24 h of dissociating decompo
sition (Fig. S18), in which 20 wt% f-BN/PI/BTA achieves an E0 of 378.9 
kV mm− 1 and shape parameter (β) of 19.7, with an E0 recovery rate of 
97.88%, as shown in Fig. 5c. Similarly, corona damage can be healed 
through the process of localized decomposition and repolymerization. 
The bombardment of the film surface by reactive ions results in the 
production of carbonized materials and grooves displayed in Fig. S19a
and c due to the molecular chain breakage and high-temperature 
decomposition [9], which can lead to a deterioration of insulating 
property. Following the removal of the carbonized materials using 
deionized water, the application of the dissociating solution and the 
overlaying of a slide allows the materials to regain a smooth and even 
surface (Figs. S19b and d) and a nearly consistent E0 demonstrated in 
Fig. S19e. The 20 wt% f-BN/PI/BTA exhibits an intrinsically high 
dielectric breakdown strength and demonstrates satisfactory perfor
mance recovery from the dielectric breakdown damage and corona 
damage, which is of great importance for the development of sustainable 
electrical and electronic materials that can significantly improve the 
lifetime and operational safety of electrical equipment [45].

Polymer materials are also commonly employed as substrates of 
flexible circuit boards and encapsulation of electronic devices, which are 
prone to wear and tear, or even fracture. For minor mechanical injuries, 
such as slight scratches caused by art knives displayed in Fig. 5d, the 
healing process of localized decomposition with dissociating solution 
and repolymerization is highly efficacious (Fig. 5e). The tensile stress- 
strain curves before and after the scratch repair in Fig. 5f reveal that 
the mechanical properties of the healed PI/BTA and f-BN/PI/BTA films 
are largely maintained, with a tensile strength of 52 MPa and an elon
gation at break of 3.7% for 20 wt% f-BN/PI/BTA. Furthermore, the 
scratches on the sample are located in the upper part, which becomes 
inconspicuous after healing, and the fracture location of the repaired 
sample is not necessarily at the original scratches. However, for the deep 
scratches, there are still visible internal cracks following the above 
healing process (Fig. S20) and the completely separated films cannot be 
healed just through dissociation and repolymerization. Considering 
high-temperature stress relaxation behavior of dynamic imine bonds, 
bonding between molecular chains can also be promoted under hot 
pressure [46,47]. To further assess the comprehensive repair capability 
of the supramolecular system, especially regarding large-scale me
chanical damage, welding method is conducted on the 20 wt% 
f-BN/PI/BTA films including localized decomposition and hot pressure. 
The cut samples are positioned as closely as possible along the edge, a 
small amount of dissociating solution is also dripped into the joints 
waiting for 2 h, and held under hot pressure at 210 ◦C with 3.0 MPa 
pressure for 30 min. As presented in Fig. 5g, h and S21, the completely 
cut films can be merged into one integrated piece, and the mechanical 
strength of the 20 wt% f-BN/PI/BTA reaches 51.78 MPa following three 
cycles of hot-pressure healing, representing a recovery of 91.02% of its 
original property. The DMA curves of healed 20 wt% f-BN/PI/BTA 
displayed in Fig. S22 also demonstrate the similar crosslinking degree 
and chain interactions to the original 20 wt% f-BN/PI/BTA after hot 
pressure healing. In addition, the thermal conductivity of healed 20 wt% 
f-BN/PI/BTA exhibits extraordinary retention, almost equal in-plane 
direction, and a minute decrease in the through-plane direction 
demonstrated in Fig. 5i. The dissociating solution decomposes some of 

the imine bonds at the damaged area or fractured edges and fills the 
voids at the defects or cracks. With the enhanced molecular motion of 
dynamically imine-bonded polymer at elevated temperatures and the 
shortening of the molecular chain spacing under high pressures, the 
reversible dynamic imine bonds begin to undergo rapid chain exchange 
reactions, and broken hydrogen bonds start to rebuild. Meanwhile, the 
free ATPI and BTA monomers and f-BN nanofillers in the dissociating 
solution repolymerize to form the Schiff base structure. The synergistic 
action facilitates the flattening of irregular areas and accelerates the 
reconnection of the fractured surfaces into a complete crosslinked 
network, as depicted in Fig. 5j.

Triboelectric nanogenerators (TENG), as an important component of 
energy harvesting devices and self-supplied energy sensing systems, 
demonstrate considerable potential for sustainable energy initiatives 
and the advancement of the Internet of Things (IoT) [48]. However, 
TENG is susceptible to material failure due to its operating environment, 
under the effect of multi-physical field coupling (mechanical friction, 
heat accumulation, dielectric breakdown, etc) [14]. The incorporation 
of healable materials into the construction of TENG can significantly 
prolong their operational lifespan and improve output consistency. The 
contact-separated TENG consists of a copper foil as the electrode layer 
and a positive friction layer, a negative friction layer made of 20 wt% 
f-BN/PI/BTA and a support polyvinyl chloride (PVC) sheet, displayed in 
Fig. S23. The initial evaluation of TENG output performance is based on 
a 20 wt% f-BN/PI/BTA with an effective area of 6 × 6 cm2 and a 
thickness of approximately 150 μm. Surprisingly, 20 wt% f-BN/PI/B
TA-based TENG exhibits satisfactory output performance with 
open-circuit voltage (VOC) of 78 V, short-circuit current (ISC) of 0.71 μA 
and short-circuit charge (QSC) of − 36.2 nC, respectively. Compared to a 
Kapton-based TENG of the same contact area and thickness presented in 
Figs. S24 and 20 wt% f-BN/PI/BTA-based TENG has an approximate 
3-fold performance improvement due to the strong 
electron-withdrawing effect of the trifluoromethyl groups in 6FDA-6F
BAPP shown in Fig. S25, which increases the charge density and elec
tronegativity [49,50]. As depicted in Fig. 6a, a square of 20 wt% 
f-BN/PI/BTA film is cut by a cut-off knife into two pieces, and one of the 
rectangular pieces is then cut into two 3 cm squares. When the negative 
friction layer of TENG is cut in half, its VOC, ISC and QSC decrease to about 
37 V, 0.33 μA and − 17.0 nC, respectively, as shown in Fig. 6b–d. The 
reason for this is due to the half decrease in the effective contact area 
which is one of the key factors affecting the output electrical perfor
mance of TENG [51]. Then these films are assembled to an area size and 
smooth surface close to the original film by welding method (the SEM 
images are shown in Fig. S26). As the two small squares are assembled 
and healed in turn, their VOC, ISC and QSC are gradually increased and 
eventually restored to near-original levels (75 V for VOC, 0.72 μA for ISC 
and − 34.9 nC for QSC). The excellent self-healing property of imine 
dynamic covalent bonding enables the 20 wt% f-BN/PI/BTA to recu
perate its original shape, allowing the unaltered contact area with pos
itive friction layer. Furthermore, the dielectric constant (Fig. 6e) and 
dielectric loss (Fig. 6f) of 20 wt% f-BN/PI/BTA film demonstrate stable 
properties within three hot-pressure healing cycles. Therefore, 20 wt% 
f-BN/PI/BTA-based TENG still maintains consistent output performance 
during the three hot-pressure healing cycles. In all, the healed dielectric 
breakdown, mechanical strength, thermal conductivity and dielectric 
properties of 20 wt% f-BN/PI/BTA are satisfactory and highly consis
tent, by the suitable repairing method contingent on the damage types 
and scales, which is anticipated to be employed as a high-performance 
electronic material for repairable electronic devices.

4. Conclusion

Polyimide nanocomposites containing Schiff base dynamic covalent 
bonds are prepared using amino-capped polyimide small molecules, 
amino-contained-functionalized boron nitride nanosheets and aldehyde- 
contained crosslinking agents. The synthesized polyimide 
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nanocomposite, 20 wt% f-BN/PI/BTA, maintains the high thermal sta
bility and high tensile strength of the conventional polyimide nano
composite (20 wt% f-BN/PI), while also possessing fully closed-loop 
recyclability and superior healing capability. After three pH-adjusted 
liquid-level recycles, 20 wt% f-BN/PI/BTA possesses high thermally 
stable temperature of 512 ◦C, in-plane and through-plane thermal con
ductivity of 8.69 and 5.44 W m− 1 K− 1, respectively, and a dielectric 
constant of 2.98 at 1 MHz. The recovery rates of in-plane and through- 
plane thermal conductivity are 97.6% and 97.1%, respectively, and the 
increase in dielectric constant is only 1.3%. Furthermore, the raw ma
terials can be recovered at the powder level by utilizing solubility dif
ferences, with yields of 95.7%, 88.3% and 95.7% for PI matrix, BTA 
crosslinker and f-BN nanofiller, respectively. The 20 wt% f-BN/PI/BTA 
also demonstrates excellent healing capabilities in mechanical scratches, 
dielectric breakdown, corona damage and fracture breakage through 
localized decomposition and welding method, with highly consistent 
properties. In application, the 20 wt% f-BN/PI/BTA-based TENG ex
hibits restorable output electrical performance due to its shape and 
dielectric recoverability through welding method. This strategy of using 
dynamic covalent bonding of Schiff base in preparing recyclable and 
repairable multifunctional polyimide material promotes the wider 
application and sustainable development of high-performance inte
grated circuit and electronic devices fields.
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