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a b s t r a c t

The thermally conductive polymers used in modern microelectronic devices have been a hot topic around 
the world. Herein, we proposed a novel dual interface strategy to fabricate thermally conductive polymer 
with waste plastics and pyrrhotite (Pyr), and decipher the interface coupling mechanisms facilitated by 
carbon dots (CDs). First, through hot-pressing, the polymer composites (ABS/S@CD-Pyr) were fabricated 
using waste poly(acrylonitrile-co-butadiene-co-styrene) (ABS) and Pyr. The thermal conductivity (TC) of 
polymer composites was affected by various parameters, and the highest TC reached 1.68 W/m⋅K. Second, 
the interfacial coupling of ABS/S@CD-Pyr was elucidated via the systematical characterization and mo-
lecular dynamics (MD) simulation, and the chemical coupling (C–S and C]S bonds) and nanoscale effects 
of CDs were mainly responsible for the reduced interfacial thermal resistance and the enhanced thermal 
conductivity. Third, the other critical properties of polymer composites were estimated, and ABS/S@CD-
Pyr possessed good electrical resistivity, electromagnetic interference shielding performance, thermal 
stability, mechanical strength, thermal cycling, and water resistance. Finally, the applicability of proposed 
strategy was tested with various types of waste plastics, and in most cases, the TC of polymer composites 
was above 1.60 W/m⋅K. These findings would provide valuable insights into the high-value resource 
utilization of waste plastics and Pyr tailings.
© 2025 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi 
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons. 

org/licenses/by/4.0/).

1. Introduction

As the keystone of electronic components in all electronic 
products, integrated circuits tend to be smaller, faster, lighter, and 
cheaper [1,2]. This urgently requires the materials used for elec-
tronic packaging with excellent thermal conductivity (TC),

electromagnetic interference (EMI) shielding and electrical insu-
lation [3]. Plastics and ceramic have been widely utilized in elec-
tronic packaging, and more than 90 % of electronic components are 
encapsulated by plastics. Nevertheless, most plastics have a low TC 
(0.1–0.5 W/m⋅K), and this defect is regarded as the critical bottle-
neck to the large-scale application of plastic packaging in the age 
of 5G [4,5]. Recently, thermally conductive polymers have attrac-
ted ever-increasing attention due to light weight, low cost, recy-
clability, and chemical stability, particularly for filling-type 
thermally conductive polymers [5,6]. This tactic is to incorporate 
fillers with high TC into polymer matrix, and thus the TC of poly-
mer composites is affected by fillers. However, the widely used
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ceramic and carbon materials cannot take into account TC, elec-
tromagnetic shielding and insulation performance [7–11].

To address the exclusivity between TC and other key properties, 
the synergistic effects of multi-fillers have been explored. For
example, G€ orkem and Meral [12] reported that aluminum nitride
and boron nitride can improve the TC of polymers with good 
electrical insulation. In another study, Lee and Kim [13] reported 
similar findings using silver nanowire and aluminum nitride. 
However, this strategy suffers from great challenges due to the 
distinct properties of different fillers, leading to lower experi-
mental TC than that of theoretical calculations of polymer com-
posites. On the one hand, the large contact interfaces can increase 
the interfacial thermal resistance (ITR) between polymer matrix 
and fillers and the contact thermal resistance (CTR) between the 
fillers [14–16]. On the other hand, the homogeneous dispersion of 
fillers as a critical factor of thermal conduction is affected by the 
geometric factors of fillers, such as shape and size (but not limited) 
[14,17]. Based on the above intrinsic mechanisms, a few of pro-
posals have been proposed; e. g., the covalent functionalization of 
fillers has been used to enhance TC via reducing ITR and CTR [18]. 
Nonetheless, proposing new strategies to improve the interfacial 
adhesion, as well as improve the dispersion of fillers in polymer 
composites still remains challenging [14].

Recently, inspired by the satisfactory compatibility of 
styrene-butadiene-styrene (SBS) with polystyrene matrix, we 
have proposed a bidirectional bridging strategy using the sulf-
urated SBS (S-SBS) to fabricate thermally conductive polymers 
[19]. The polymer composites exhibited a drastically enhanced 
TC, owing to the reduced ITR between the polyethylene matrix 
and S-SBS, along with the covalent coupling between S-SBS and 
pyrrhotite (as fillers). Nonetheless, due to the intrinsic thermal 
resistance, the relatively low TC of SBS bridging could restrict 
the thermally conductive performance of polymer composites. 
In this case, selecting thermally conductive materials for 
improving bridging would be a fascinating strategy to further 
enhance the TC of polymer composites. Carbon dots (CDs) have 
attracted increasing attention from various fields, although their 
practical application was restricted by high cost [20,21]. Inter-
estingly, CDs exhibit a great compatibility with polymers and 
can increase the thermally conductive performance of resins due 
to nanoscale effects (i. e. effective penetration and dispersion) 
[22–24]. The rich functional groups of Ds make it a high-
potential interface-coupling enhancer for the TC enhancement 
of filled polymer materials [25,26].

In recent studies, almost all thermally conductive polymers 
reported utilize the virgin polymers [27,28]. Plastics are one of the 
most widely used materials in various industries due to low cost, 
stability, diverse functionality, and moldability [29,30]. 
Poly(acrylonitrile-co-butadiene-co-styrene) (ABS) is a major 
component in electrical and electronic equipment; in particular, 
the content of ABS in cathode ray tube monitors reach up to 89 % 
[31–33]. An effective utilization of this part of waste polymers will 
bring environmental benefits [34,35]. Given the great demand for 
thermally conductive polymers, using waste plastics as raw ma-
terials would be of important significance with environmental and 
resource benefits. Pyrrhotite (Pyr) is an associated mineral of 
sulfide mineral, and it is always directly discarded in tailings ponds 
due to less iron and sulfur, leading to land occupation, severe soil 
acidification and erosion [36]. Given the polysulfide structures, 
semiconduction, and magnetism, we speculate that Pyr would be 
an ideal filler to prepare thermally conductive polymers with 
insulation and electromagnetic shielding [37–39]. In contrast to 
the costly nanomaterials used as fillers in most of literature 
[16,40], the utilization of cheap Pyr can address both disposal and 
pollution problems.

Therefore, this study aims to elucidate the interface-coupling 
enhancement mechanisms of CDs and evaluate the multiple ca-
pacities of thermally conductive polymers fabricated with waste 
plastics and Pyr tailings. For these purposes, the main objectives 
were (a) to investigate the effect of parameters on the TC of 
polymer composites, i. e. filler and CDs fractions, K 2 S n concentra-
tion, and factors in hot-pressing; (b) to ascertain the interface-
coupling enhancement of CDs based on experiment and theoret-
ical calculation; (c) to systematically evaluate the multiple ca-
pacities of polymer composites, along with the applicability using 
different waste plastics. To the best of our knowledge, this is the 
first report to elucidate the interface-coupling enhancement of 
CDs within thermally conductive polymers. These findings could 
provide mechanistic and technical insights into the design and 
application of thermal conductive polymers using waste plastics 
and tailings. Given the cheapness of raw plastic materials and that 
the production of CDs in kilogram scale has been established [41], 
the thermally conductive polymers have powerful application 
prospect.

2. Materials and methods

2.1. Materials

Waste ABS, polystyrene (PS), and polycarbonate (PC) were 
purchased from the plastic recycling market (Changsha, Hunan 
province of China). The pristine ABS resin (<40 μm) was pur-
chased as comparison from Tingkai Co., LTD (Huizhou, Guang-
dong province of China). Pyr was collected after flotation of 
copper ores in mineral field (Anqing, Anhui province of China). 
The Pyr used in this study was obtained from the collected 
monoclinic Pyr through high-temperature phase transformation. 
The specific preparation details are as follows: The hexagonal 
Pry powder was prepared with the high-temperature phase 
transformation and quench by a typical water-cooled method. 
50 g of monoclinic Pyr powder was packed in a quartz boat and 
heated in an atmospheric tube furnace with nitrogen gas for 
30 min. The temperature rate was a 5 ◦ /min. After reaching 
450 ◦ C, the heat treatment was maintained for 12 h. After heat 
treatment, the obtained high-temperature powder was imme-
diately quenched and cooled in ice-cold distilled water. The 
collected powder was filtered and finally dried under vacuum at 
60 ◦ C for 8 h and sealed for storage, and the obtained powder 
was recorded as hexagonal Pry. The more preparation details 
and the properties of Pyr are summarized in Section S1 and 
Fig. S1 in Supporting information, respectively. Similar Pyr 
was also reported in our previous study [19]. The chemicals 
including ethyl alcohol, acetone, potassium polysulfide (K 2 S n ), 
SBS elastomer, sodium hydroxide, sulfuric acid, nitric acid, hy-
drochloric acid, and oil-filled sulfur were analytic reagents and 
purchased from Aladdin Pharmaceutical Co., LTD (Shanghai, 
China). Multiwalled carbon nanotube (CNT) with diameter of 
10–20 nm and length of 30–40 μm were provided by Aladdin 
Pharmaceutical Co., LTD (Shanghai, China). CDs were prepared 
via an aldol reaction reported in our previous study (Section S2) 
[41]. Then the active CDs was prepared in the following method: 
CDs (10 g) was carbonized by atmosphere tube furnace under 
N 2 , and the heating rate was 10 ◦ C/min. The carbonized CDs 
were obtained after being held at 900 ◦ C for 20 h. The carbon-
ized CDs were dispersed in a mixture of H 2 SO 4 (98 %) and HNO 3 
(68 %) with a volume ratio of 1:3 and then activated in a water 
bath at 85 ◦ C for 60 min. Then, the activated CDs were washed 
with pure water and ethanol, filtered through a 0.22 μm poly-
tetrafluoroethylene (PTFE) membrane, and dried at room tem-
perature for 24 h. The deionized water prepared via reverse
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osmosis based on an ultra-pure water machine was used 
throughout the experiments. Prior to fabricating thermally 
conductive polymers, the samples of waste ABS, PC, and PS, and 
monoclinic Pyr were pre-processed with the following proced-
ures: waste plastics or monoclinic Pyr samples were cleaned 
with deionized water and dried at 40 ◦ C for 24 h, crushed into 
fragments, and sieved through the 400 mesh. The crusher used 
can be seen in Fig. S2. Using monoclinic Pyr, hexagonal Pyr was 
prepared and used in this study to fabricate thermally conduc-
tive polymers [42].

2.2. Fabrication of ABS-S@CD-Pyr

The sulfuration of SBS and CDs (S-CDs) were performed prior to 
the fabrication of Pyr-filled thermally conductive polymer (ABS-
S@CD-Pyr). The sulfurized SBS was prepared by mixing SBS and 
oil-filled sulfur and held at 70 ◦ C for 15 min. The S-CDs samples 
were prepared via a typical hydrothermal method. In details, 1 g 
potassium polysulfide, 1 g activated CDs (see details in Section S2), 
and 50 mL deionized water were mixed and added into a PTFE-
lined stainless-steel autoclave, heated and kept at 160 ◦ C under a 
thermostatic oil bath for 24 h, and finally the S-CDs samples were 
obtained by washing centrifugation and drying under room 

temperature.
The ABS-S@CD-Pyr samples were fabricated by following pro-

cedures (Fig. 1). Firstly, S-CDs was added into 30 mL ethanol and 
treated using ultrasound for 5 min, Pyr was added and treated 
using ultrasound for 5 min, and then the mixed mixture of ABS and 
sulfurized SBS with a mass ratio of 3:1 was added and treated 
using ultrasound for 5 min. Secondly, the mixtures were filtered 
via the 0.22 μm polytetrafluoroethylene membrane, dried under 
vacuum at 40 ◦ C for 24 h, and grounded for 15 min using an agate 
mortar. Finally, the samples were subject to hot-pressing in a self-
designed equipment and various ABS/S@CD-Pyr were fabricated 
under different material ratio and hot-pressing conditions: the 
fraction of Pyr (50–95 wt%), the fraction of S-CDs (0.5–2.5 wt%), 
hot-pressing temperature (170–270 ◦ C), hot-pressing pressure 
(6–21 MPa), and hot-pressing time (10–40 min). The adoption of 
this hot-pressing temperature range during the experiment is 
mainly due to the fact that ABS is the main matrix of the composite

material. The heat distortion temperature of ABS is 110–120 ◦ C, and 
its pyrolysis temperature is 250–280 ◦ C (depending on different 
plasticizing additives). Too low or too low hot-pressing tempera-
ture will cause the composite material to fail to form. Too low a 
hot-pressing temperature is also not conducive to the occurrence 
of interfacial reactions, while too high a hot-pressing temperature 
will cause varying degrees of thermal decomposition of ABS, 
thereby destroying the thermal conduction network. For com-
parison, CNT was utilized to fabricate ABS/S@CNT-Pyr under 
similar procedures. Note that for easily measuring the capacities of 
thermally conductive polymers, ABS-S@CD-Pyr was processed to 
round sheet with a diameter of 20 mm and a thickness of 5 mm) or 
rectangular sheet (length is 20 mm, width is 10 mm, and height is 
5 mm).

2.3. Characterization

The morphological features were recorded by scanning elec-
tron microscope (SEM, MIRA3 TESCAN, Czech Republic) after gold 
spraying. The microstructural features were measured by trans-
mission electron microscopy (TEM, JEM2010, Japan Electronics Co., 
LTD, Japan). The functional groups were ascertained by Fourier 
transform infrared spectroscopy (FT-IR, Nicolet 6700, Thermo 
Fisher Scientific, USA). The crystallization was determined by X-
ray diffraction (XRD) using Cu Kα (λ = 0.15418 nm) radiation source 
(D8Advance, Bruker, Germany). The surface compositions were 
measured by X-ray photoelectron spectra (XPS, Thermo Scientific 
K-Alpha, England). The thermogravimetric and differential ther-
mal analyses (TGA, DSC) were measured with TGA (TGA-2-SF/ 
1100, Mettler Toledo) and DSC analyzers (DSC 3/DSC 3+), respec-
tively. Within measurement, the temperature rate was 10 ◦ C/min 
from 30 to 300 ◦ C under N 2 atmosphere.

By using Transient Plane Source Method (TPS) according to the 
ISO 22007-2008 standard, the TC values of polymer composites 
were recorded using a Hot Disk thermal analyzer (Hot Disk 2500-
OT, Sweden). At least triplicate measurements were recorded in all 
experiments. The infrared thermal imaging was recorded using an 
infrared thermal imager (FLIR-E4, Teledyne FLIR). Raman spectrum 

imaging was recorded by a Raman spectrometer (MacroRAM). The 
electrical resistivity of polymer composites with a 20 mm

Fig. 1. The schematic diagram for fabrication of ABS-S@CD-Pyr samples.
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diameter and a 5 mm thickness was measured with a Keithley 
6480 Picoammeter (Keithley, USA) under a constant voltage of 1 V. 
The EMI shielding coefficient and tangent of the dielectric loss 
angle were measured by a vector network analyzer (AV3629, China 
Electronics Science and Technology Corporation) in the band of 
8–12 GHz. The polymer composites were precisely cut to 22.86 
mm × 10.16 mm × 2 mm and tested by wave-guide method. The 
single column and single arm electronic tensile testing machine 
(LDS-5) was used to evaluate the tensile strength. The selected 
tensile rate was 5 mm/min.

2.4. Simulation methods

Given that the molecular dynamics (MD) simulation can pro-
vide a closer observation of the details of the interfacial transport 
phenomena than physical experiments, it was used to study the 
thermal transport of polymer composites. The MD simulation of 
polymer composites was performed using nonequilibrium mo-
lecular dynamics (NEMD) with the large-scale molecular 
massively parallel simulator (LAMMPS) package [43,44]. The 
timestep was chosen to be 0.25 fs, and a 10 Å cutoff was used for 
6–9 Lennard-Jones (L-J) potential, allowing for chain-chain in-
teractions between the third and fourth nearest-neighboring 
chains. The temperature gradient was created and maintained by 
Langevin thermostats controlling the temperatures of the two 
ends of the simulation domain. The temperatures of the heat sink 
and heat source regions were set to 15 K lower and higher than the 
average system temperature, respectively. The condensed-phase 
optimized molecular potentials for atomistic simulation studies 
(COMPASS) and the universal force field (UFF) were utilized to 
model polymers and CDs, and Pyr molecules, respectively. To make 
fair comparison among different materials, the materials were 
constructed by controlling the number of the segments in polymer 
chains so that the simulation domain lengths were around 50 nm 

at 300 K. From the minimized structures, the systems were 
simulated Isothermal-isobaric (NPT) ensembles for 1 ns with 1 
atom.

3. Results and discussion

3.1. The effect of components' fractions on thermally conductive 
performance

The fraction of fillers in polymer composites can strongly 
determine the thermally conductive performance [45,46]. In this 
regard, the effects of various components' fractions and hot-
pressing parameters on the TC values of polymer composites 
were investigated systematically (Fig. 2). It is necessary to note 
that for comparison, the effect of CNT, as another interface-
coupling enhancer, on the TC of polymer composites was 
included, since CNT with exceptional thermal (≈3000 W/m⋅K) and 
mechanical properties has been widely utilized as fillers of ther-
mally conductive polymers [9,47]. As displayed in Fig. 2a, the TC 
values of all polymer composites increased continuously with the 
fractions of Pyr, and there was a summit for various polymer 
composites. When the fraction of Pyr was 88 wt%, ABS/S@CD-Pyr 
had the largest TC (1.68 W/m⋅K), much greater than that of other 
polymer composites. In particular, ABS/CD-Pyr (even if CD was not 
sulfurized) possessed greater TC than that of both ABS/S@CNT-Pyr 
and ABS/CNT-Pyr. These results clearly demonstrated that in 
contrast to CNT, CDs was a more effective interface-coupling 
enhancer for improving the TC of polymer composites. Son et al. 
[24] reported similar findings for the impact of CDs on the thermal 
conductive performance of carbon nanosheets. This was mainly 
attributed to the greater compatibility of CDs with polymers and

the nano-size effects, leading to the uniform dispersion of CDs in 
polymer matrix [48–50]. In another study, the disordered disper-
sion of CNT in polymer matrix has been reported by Yu et al. [51], 
as a critical issue of CNT-filled thermally conductive polymers. This 
physical effect of CDs was expected to strengthen the interfacial 
coupling of fillers with polymers.

In addition, we found that the presence of CDs obviously 
increased the filling fraction of Pyr, and the highest TC of ABS/ 
S@CD-Pyr and ABS/S@CNT-Pyr was reached with Pyr fraction of 
88 wt% and 78 wt%, respectively. The content of fillers in polymer 
composites is generally limited to be less than 20 % due to possible 
aggregation [52]. However, in our case, the fraction of Pyr was 
substantially increased, possibly attributed to the well-dispersed 
fillers facilitated by CDs. For all the fractions of Pyr tested, the TC 
of ABS/S@CD-Pyr was much greater than that of ABS/CD-Pyr. 
Likewise, similar treads were found for counterparts containing 
CNT. This manifested that the sulfurization exhibited an obvious 
enhancement for the TC of polymer composites, and particularly 
such an effect was more markedly for CDs. To decipher this phe-
nomenon, we further studied the effect of K 2 S n concentration 
during the sulfurization on the TC of polymer composites (Fig. 2b). 
It was observed that as K 2 S n concentration increased to 24 g/L, the 
TC of ABS/S@CD-Pyr increased steadily to 1.68 W/m⋅K, and after-
wards the increased K 2 S n concentration displayed a strongly 
negative effect. Similarly, the increased K 2 S n (0–12 g/L) showed a 
slight enhancement on the TC of ABS/S@CNT-Pyr, and subse-
quently a reduction effect was found. The reasons were because 
the excess K 2 S n could induce the more precipitates, and thereby 
the newly formed interfaces would increase the ITR, in agreement 
with the previous reports [19].

On the other hand, due to the great compatibility and nano-size 
effect of CDs, the well-dispersed sulfurized CDs was inclined to 
bridge the interfacial void and to strength the interfacial coupling 
between Pyr and polymer matrix [25,50]. Meanwhile, the more 
sulfur-bearing moieties formed on the surface of CDs would 
endow it with strongly chemical interactions to reduce both the 
ITR between fillers and polymer matrix and the CTR between 
fillers [53,54]. As a result, the TC of polymer composites induced by 
the sulfurization of CDs was much greater than that of CNT. The 
effect of CDs or CNT fractions on the TC of polymer composites was 
further investigated (Fig. 2c). It can be seen that as CDs or CNT 
fractions increased, the TC of polymer composites firstly increased 
and then decreased; the TC of ABS/S@CD-Pyr and ABS/S@CNT-Pyr 
achieved maximum at the CDs and CNT of 1.5 wt% and 2.0 wt%, 
respectively. The greater TC of polymer composites at lower-
fraction of CDs than that of CNT was possibly attributed to the 
small size of CDs. The lower TC of polymer composites at higher-
concentration CDs or CNT was due to the disordered dispersion 
[46]. Generally, the findings provided preliminary evidence for the 
speculation made in 1. Introduction that CDs would be an effec-
tive interface-coupling enhancer for enhancing the TC of Pyr-filled 
polymer composites due to physical and chemical effects. Never-
theless, the more convincing evidence of mechanistic details for 
the speculation is still needed.

3.2. The effect of hot-pressed conditions on thermally conductive 
performance

Wang et al. [55] reported the parameters of hot-pressing 
impacted the homogeneity of polymer composites. Therefore, 
the effect of parameters in hot-pressing treatment on the TC of 
polymer composites was investigated (Fig. 2e–g). It was clearly 
seen that in almost all cases, increasing the temperature, pressure, 
and time of hot-pressing treatment exhibited a positive impact on 
the TC of polymer composites. In general, under high temperature
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and pressure, the fluidity of polymer matrix could be improved, 
and the physical spaces of interphase boundary of fillers with 
polymer matrix would be reduced, promoting the fabrication of 
homogeneous system and the formation of more strongly inter-
facial coupling. However, there were extremities for enhancing the 
TC values of polymer composites by increasing the parameters of 
hot-pressing treatment. These results are in agreement with the 
thermally conductive polymers containing the expanded graphite 
network reported by Wei et al. [56] and with graphene aerogel 
reported by Zhang et al. [57]. In details, the TC of ABS/S@CD-Pyr 
and ABS/CD-Pyr reached the highest values under 20 min, 
180 ◦ C, and 12 MPa, and 20 min, 180 ◦ C, and 15 MPa, respectively. 
Within all range of conditions tested, the polymer composites with 
CDs had greater TC than that of the counterparts with CNT. More 
importantly, the conditions to achieve the highest TC values of the 
polymer composites with CDs were more moderate than that with 
CNT. These findings provided more convincing evidence for the 
more effective interface-coupling of CDs than that of CNT, as dis-
cussed in the above sections. The comparison of TC between the 
polymer composites along with the raw materials (including

waste ABS and pristine ABS resin) was performed, as displayed in 
Fig. 2h. It can be found that the TC of polymers was substantially 
enhanced by the filling of Pyr along with the interfacial enhance-
ment of CDs; the corresponding enhancement efficiency exceeded 
about 1988 %.

3.3. Characterization of polymer composites

3.3.1. SEM measurements
To illustrate the dispersion and interfacial features of fillers in 

polymer matrix, we recorded the SEM images of polymer com-
posites, as well as the TEM of CNT and CDs (Fig. 3 and Figs. S3–4). It 
was clearly observed that CNT showed multi-walled features with 
a tube diameter of approximately 15 nm, in line with the widely 
used counterparts in CNT-filled thermal polymers [47,51]. The TEM 

images showed that CDs were well-dispersed with a diameter of 
about 5 nm. Overall, it was found that ABS/S@CD-Pyr exhibited a 
more homogenous structure than that of ABS/S@CNT-Pyr. As 
illustrated in Fig. 3a, ABS/S@CD-Pyr exhibited a relatively smooth 
surface with the well-distributed fillers (Pyr) in polymer matrix.

Fig. 2. The effect of fillers' fractions (a), potassium polysulfide concentration (b) during sulfurization, CDs or CNT fractions (c), along with time (e), temperature (f), and pressure 
(g) in hot-pressed treatment; the TC values (h) of various polymer composites and polymers, along with the images of raw materials.
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Importantly, it was apparent that the fillers were encapsulated by 
polymer matrix. These results provided solid evidence that the 
presence of CDs (although it cannot be observed) promoted the 
compatibility of Pyr and the polymers and the formation of 
extremely homogeneous polymer composites. In comparison, 
ABS/S@CNT-Pyr showed a rough morphology with some irregular 
particles and threadiness clusters; the former was the Pyr, and the 
latter was the clustered aggregates of CNT. Such dispersion and 
interfacial features clearly demonstrated that CNT failed to fabri-
cate the homogeneous system of polymer composites. This was in 
good agreement with the previous reports for the unordered dis-
tribution of CNT in polymers due to agglomeration and low 

compatibility [58]. In this case, in contrast to CNT, the reduced 
interfacial distance and the enhanced interfacial coupling induced 
by CDs were envisioned to fabricate the effective thermal-
conductive network.

3.3.2. XRD patterns
The crystallographic structures of polymer composites were 

characterized by using XRD patterns (Fig. 4a). It was obvious that 
the XRD of Pyr displayed a series of diffraction peaks centered at 
29.9 ◦ , 30.2 ◦ , 33.4 ◦ , 30.2 ◦ , 35.6 ◦ , 43.2 ◦ , 57.3 ◦ , and 62.6 ◦ , which 
were characteristic diffraction peaks of hexagonal pyrrhotite 
(PDF#24–0220). After filling into the polymer matrix, the 
diffraction peaks of Pyr were still prominent in all composites due 
to the high fraction of Pyr in polymer composites. More inter-
estingly, using CDs or CNT as the interface-coupling enhancers, it 
was found that the intensity of peaks at 30.2 ◦ , 35.6 ◦ and 62.6 ◦ 

increased apparently, demonstrating that the reactions occurred 
between these crystal planes and CDs or CNT [59]. The results of 
feature sharpening also indicate that this type of reaction leads to 
a higher degree of crystallinity at this interface. This phenomenon 
of increased crystallinity may be similar to the process of natural

rubber vulcanization-induced crystallization. Importantly, these 
changes in the intensity of these diffraction peaks were more 
prominent for CDs than that for CNT, and this phenomenon was 
strongly promoted by the sulfurization for both CDs and CNT. 
These findings clearly demonstrated that in comparison with CNT, 
the interface-coupling enhancement between the fillers and 
polymer matrix induced by the sulfurized CDs were more effec-
tive, in good agreement with the TC values of polymer 
composites.

3.3.3. FT-IR and Raman spectra
The changes in the functional groups of polymer composites 

were determined using FT-IR spectra (Fig. 4b). In the FT-IR 
spectrum of waste ABS, the characteristic bands at 2989 cm − 1 

and 2848 cm − 1 , 2911 cm − 1 , 2120 cm − 1 , 1626 cm − 1 and 
1447 cm − 1 , and 1493 cm − 1 were attributed to the ethylene, ar-
omatic ring, acrylonitrile, stretching in the aromatic ring, and 
nitrile group, respectively [31,60]. After fabricating polymer 
composites, most of typical FT-IR bands of ABS declined, mainly 
due to the high fraction of fillers. It was very interesting that 
some new bands at 477 cm − 1 , 570 cm − 1 , and 806 cm − 1 appeared 
in the FT-IR spectra of polymer composites, primarily corre-
sponding to the C–S and C]S groups [61,62]. This was consistent 
with a recent study reported by Zhao et al. [63] that the sulfur-
containing groups were incorporated in polymer composites via 
a similar hot-pressing treatment. Raman spectra were recorded 
to ascertain the interface coupling of polymer composites 
(Fig. 4c). In good agreement with the results of XRD and FT-IR, it 
was found in the Raman spectra of polymer composites that two 
newly formed peaks at 864 cm − 1 and 1052 cm − 1 , which were 
the stretching vibration of C–S and C]S groups [64,65]. It was 
reasonable to speculate that there was covalent bonding be-
tween S-CDs, Pyr, S-SBS, and waste ABS.

Fig. 3. The SEM images of ABS/S@CD-Pyr (a) and ABS/S@CNT-Pyr (b) with various magnitudes.
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3.3.4. XPS analysis
To verify the speculation, the XPS spectra along with the high-

resolution Fe 2p and S 2p regions of ABS/S@CD-Pyr and ABS/CD-
Pyr were determined to ascertain the chemical states of elements 
(Fig. 4d–f and Fig. S5). The relative proportion of fitted-peaks in 
the high-resolution Fe 2p and S 2p regions was summarized in 
Tables S1–2. Both for these two polymer composites, the high-
resolution Fe 2p was dominated by Fe(III)–O, Fe(III)–S, and 
Fe(II)–S peaks at binding energy of 714.7-707.6 eV. The Fe(III)–O) 
peak was possibly due to the oxidation reactions during the 
preparation of Pyr [38]. In comparison, a new peak at 707.6 eV 
[Fe(II)–S] was found in the high-resolution Fe 2p region of ABS/ 
S@CD-Pyr. This firmly manifested the reactions of S-CDs with
the Fe of Pyr. In the high-resolution S 2p, polythionate, SO4

2− (S
2p 1/2 ), SO4

2− (S 2p 3/2 ), SO3
2− (S 2p 1/2 ), S 0 , SO3

2− (S 2p 3/2 ), Sn2− , S–C,
S22− , and S 2− at 173.3–159.0 eV were identified [37]. In partic-
ular, the relative proportion of S–C in high-resolution S 2p region 
of ABS/S@CD-Pyr was high to 22.32 %, much greater than that of 
ABS/CD-Pyr (Tables S1–2). One possible reason for this phe-
nomenon was that S-CDs promoted the formation of more S–C 
moieties in interfaces than that of CDs. The presence of S–C 
moieties was in agreement with the findings of XRD, FT-IR, and 
Raman analyses, providing convincing evidence for the above 
speculation. Based on the analyses above, combined with the TC 
of polymer composites, it can be concluded that S-CDs was the 
effective interface-coupling enhancer to increase the TC of Pyr-
filled polymer composites via both physical and chemical ef-
fects. For the former, as confirmed by SEM images, the intro-
duction of S-CDs facilitated establishing the highly homogeneous 
system; for the latter, the formation of C–S and C]S groups in the 
interfaces of polymer composites was induced by adding S-CDs, 
as supported by XRD, FT-IR, Raman, and XPS results. These two 
main effects provided direct evidence for the speculation in

Introduction and were envisioned to reduce ITR and CTR, 
enhancing the TC of polymer composites [28,58].

3.4. MD simulation of interface transport of polymer composites

The MD simulation was performed to provide mechanistic in-
sights into the interaction of Pyr with ABS, S-CDs, and S-SBS. We 
found in the 3D differential charge density map (Fig. 5a–c and 
Fig. S6) that in all cases, the presence of efficient coupling was 
observed. The electron loss and gain regions gathered on the sul-
furation moieties of S-SBS and S-CDs, while this was not observed 
between Pyr and ABS. This manifested the strong chemical coupling 
occurred on the sulfuration moieties of S-SBS and S-CDs. Similar 
findings focusing on chemical coupling (C–S and S–S) between the 
sulfurated carbonaceous materials have been reported by Ren et al. 
[53] and Deliballi et al. [54]. In particular, the higher charge density 
was found between Pyr and S-CDs, suggesting the strong chemical 
interactions. As shown in Fig. 5d–f, Pyr/S-SBS possessed high 
phonon density of states and mean free path, manifesting that the 
energy loss of phonon induced by collision and the ITR were 
reduced. Pyr/S-CDs exhibited greater phonon group velocity, sug-
gesting the enhanced interfacial interactions. Using MD simulation, 
Luo and Lloyd [44] ascertained that the interface interactions 
greatly affected the efficiency of thermal transport, and the strong 
interactions resulted in larger interfacial thermal conductance. In 
this regard, the reduced ITR and the enhanced interactions are 
envisioned to enhance the interfacial thermal conductance, in good 
agreement with the experimental results. Likewise, these above 
findings were supported by the results of volumetric heat capacity 
along with temperature changes of thermal diffusion (Figs. S7–8). 
Clearly, constructing stronger C–C bonds directly between polymers 
and inorganic substances usually requires harsh reaction condi-
tions, whereas building chemical interactions between C and S is

Fig. 4. The XRD patterns (a), FT-IR spectra (b), and Raman spectra (c) of polymer composites and raw materials; the XPS Fe 2p high-resolution region (d) and S 2p high-resolution 
region (e) of ABS/S@CD-Pyr; the XPS Fe 2p high-resolution region (f) of ABS/CD-Pyr.
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relatively straightforward. The bond energy of C–S is around 272 kJ/ 
mol, whereas that of C]S is approximately 573 kJ/mol. The bond 
length of C–S is approximately 182 p.m., while that of C]S is 160 
p.m. In terms of chemical bond energy, the covalent interactions 
resulting from the bond energies of C–S and C]S are far greater 
than the electromagnetic and van der Waals forces that occur when 
the two substances come into direct contact. This stronger inter-
action force effectively reduces the scattering of dissonant phonons, 
thereby lowering the interfacial thermal resistance [66]. This is 
precisely the key factor affecting the heat transfer performance of 
filled thermal conductive polymers.

3.5. Mechanisms of CDs-induced interface-coupling enhancement

Based on the above experimental and theoretical calculation 
results, the interface-coupling enhancement mechanisms of S-CDs 
were proposed. The nanoscale effect and great compatibility endow 

CDs with efficient penetration, exhibiting a good fit with both Pyr 
and the polymer matrix via chemical bonding and size fitting, as 
illustrated in Fig. 6. It has been established that using fillers with 
various sizes and covalent functionalization were two main strate-
gies for enhancing TC of polymer composites [1,5]. However, the 
interfacial voids formed between polymer matrix and fillers 
severely restrict the availability of the covalent functionalization 
strategy. In our study, the uniform and nanoscale CDs possessed 
high specific surface area and increased the contact area with the 
other components. In this case, CDs would strongly reduce the

distance between molecular chains of polymer and fillers, and 
thereby the success probability and effectiveness of fabricating 
chemical interactions would be greatly improved. Based on this, S-
CDs would possess the combined advantage of the two main 
aforementioned strategies for enhancing TC of polymer composites. 
In a typical scenario, the following interface interactions were 
present: (a) Pyr directly interacted with the polymer matrix (ABS/S-
SBS homopolymer); (b) the nanoscale S-CDs effectively covered the 
surface of Pyr; (c) the composites with S-CDs and Pyr interacted 
with the polymer matrix. In the first interaction, due to the large 
size of Pyr, the number of polysulfide bonds formed was generally 
limited. By contrast, in the second interaction, numerous poly-
sulfide and C–S/C]S bonds were formed (as demonstrated by the 
above results) due to the nanoscale effect of S-CDs and the poly-
sulfide moieties of Pyr. In the third interaction, the C–S/C]S bonds 
between S-CDs and the polymer matrix can be formed, which was 
evidenced by the results of MD simulation. Based on these in-
teractions, the uniformly-distributed S-CDs in the polymer matrix 
fabricated an effective bridge for enhancing the interfacial coupling 
of Pyr with polymers, and in this case ABS/S@CD-Pyr possessed 
great prominent thermally conductive performance.

3.6. The performance evaluation for practical application

For practical application of thermally conductive polymers, the 
performance of thermal conduction, insulation performance, 
thermal stability, mechanical properties, and hydrophobicity is of

Fig. 5. The 3D differential charge density map of Pyr with ABS (a), S-SBS (b), and S-CDs (c); herein, the cyan regions indicate a decrease in electron density (electron loss), while 
the yellow regions represent an increase in electron density (electron gain); the phonon density of states (d), phonon mean free path (e), and phonon group velocity (f) of Pyr with 
ASB, S-SBS, and S-CDs.
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significant importance. For instance, the electrical and electronic 
equipment including switches, waterproof partitions, and frame 
materials has specific requirements for insulation, hydrophobicity, 
and mechanical strength, respectively. In this regard, to evaluate 
the practical performance of polymer composites in our study, the 
multiple practical performances need to be evaluated.

3.6.1. The simulation heating diffusion
The simulation experiment was performed focusing on the chip 

heat diffusion for practical application of thermally conductive 
polymer composites. As showed in Fig. 7a, a polyimide heating film 

with power of 5 W and thickness of 1 mm was placed within two 
identical composite polymers (prepared in our study) to simulate 
the heat diffusion scenario of a chip and its packing materials in a 
typical electrical and electronic equipment. The experiment setup 
was placed on the insulating foam board at a temperature of 25 ◦ C. 
The procedures of simulation experiment were: the polyimide film 

was heated for 15 min and then was subject to natural cooling. 
During the heating and cooling process, the surface temperature of 
the simulated device was recorded by an infrared camera.

The thermal imaging of simulated device is shown in Fig. 7b. 
For raw material (waste ABS), it can be seen that the thermal 
response started from approximately 30 s, and reached maximum 

temperature (78 ◦ C) after 15 min heating; after natural cooling for

5 min, its temperature was high at 42 ◦ C. By contrast, the heating 
response, maximum temperature, and natural cooling rate of 
polymer composites exhibited clear improvement. Particularly, a 
greater thermal response of ABS/S@CD-Pyr was found, and after 
heating for about 15 s, its temperature reached 28 ◦ C, indicating 
that its thermal response time was less than 15 s. Importantly, the 
maximum temperature of ABS/S@CD-Pyr was 35 ◦ C after heating 
for 1min, much lower than the maximum operating temperature 
of most electrical and electronic equipment. After natural cooling 
for 1 min, the temperature of ABS/S@CD-Pyr decreased to 25 ◦ C. 
These results manifested that ABS/S@CD-Pyr possessed a greater 
thermally conductive performance than that of other polymer 
composites. It should be noted that in our experiment, one side of 
the polymer composites was exposed to air and possessed heat 
exchange with the environment. However, for actual electrical and 
electronic equipment, both two sides of the chips are often in 
contact with solid components, which are envisioned to improve 
the heat exchange. In this case, it can be concluded that the 
polymer composites (particularly for ABS/S@CD-Pyr) showed 
great practical application potential.

3.6.2. The electrical resistivity
The good electrical insulation of the thermally conductive 

polymers is another key property and needs to be considered for

Fig. 6. The mechanisms of interface-coupling enhancement induced by CDs towards the TC enhancement of polymer composites.

Fig. 7. The schematic diagram of the simulative heat diffusion experiment (a) and the changes of infrared thermal images for various polymer composites (b).
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some practical applications [67]. Thus, we recorded the electrical 
resistivity of polymer composites with respect to CDs or CNT 
fractions and filler’s fraction (Fig. 8a and b). It can be found that as 
the increase of Pyr, CDs, or CNT, the electrical resistivity of most 
polymer composites showed decrease with varying degree, be-
sides ABS/S@CD-Pyr. It exhibited an increased electrical resistivity 
as CDs fraction increased slightly and a much more slowly 
decrease as Pyr increased than that of other polymer composites, 
as evidenced by the greater electrical resistivity of ABS/S@CD-Pyr 
than 10 11 Ω m. This was mainly attributed to the inherent structure 
of CDs as a polymer with ultra-short carbon chains and the strong 
electron-withdrawing effect of the polysulfide structure after 
sulfurization [68]. By contrast, ABS/CNT-Pyr and ABS/S@CNT-Pyr 
showed remarkable decrease with the increase of CNT and Pyr 
fractions due to the conductive networks of Pyr connected by 
conductive CNT. Although the sulfurization restricted the electron 
conduction, such an interconnected conductive network still 
greatly reduced the electrical insulation of polymer composites 
with CNT. Such an issue is often suffered from by most thermally 
conductive fillers, including graphene and metals [7]. These results 
indicated that ABS/S@CD-Pyr possessed great thermal conductiv-
ity and had excellent insulation performance.

3.6.3. The thermal stability
The thermal stability of polymer composites is a key charac-

teristic for practical application and the high sulfur content and 
active surface of Pyr make it easier to combust and desulfurize 
during heating. We performed the TGA and DSC analyses of 
polymer composites to ascertain the thermal degradation rate and 
heat absorption/release (Fig. 8c and d). It can be found in Fig. 8c 
that ABS/S@CD-Pyr showed the greatest thermal stability with 
lower thermal loss rate than 0.5 wt% at 300 ◦ C. By contrast, the

thermal loss rate of waste ABS was 3.5 wt% at 300 ◦ C. The results of 
DSC suggested that during the initial heating phase, all polymer 
composites showed a noticeable endothermic peak due to the heat 
absorption during the glass transition of the polymer matrix. 
Particularly, ABS/S@CNT-Pyr showed a much lower rate of heat 
absorption compared to the other counterparts. The reasons were 
the formed C–S and C]S and the presence of S-CDs, since the 
sulfur-bearing groups require the polymer to absorb more heat 
during the glass transition. When the temperature reached 180 ◦ C, 
the heat absorption rate of waste ABS, ABS/S@CNT-Pyr, and ABS/ 
CNT-Pyr rapidly decreased, and this exothermic reaction resulted 
from the gradual breaking and decomposition of polymer molec-
ular chains. In comparison, the exothermic reaction of ABS/S@CD-
Pyr was obviously weaker when the temperature was above 
180 ◦ C. This manifested that the C–S and C]S bonds formed within 
ABS/S@CD-Pyr endowed it with significant thermal resistance. 
Consequently, it was concluded that the presence of S-CDs clearly 
mitigated the inherent reactivity of Pyr, leading to good thermal 
stability of polymer composites.

3.6.4. The mechanical strength
For practical application, the mechanical strength of polymer 

composites is crucial for framing and structural materials. To 
evaluate the mechanical strength, the tensile tests of polymer 
composites were performed (Fig. 8e and f). The results indicated 
that all polymer composites showed similarly brittle fracture be-
haviors, while the maximum tensile strength was distinct. Spe-
cifically, the maximum strain before fracture for ABS/S@CD-Pyr 
was about 5.4 %, which was slightly lower than that of ABS/S@CNT-
Pyr. This was mainly attributed to the superior elongation perfor-
mance of CNT. Nevertheless, the chemical interactions (as proved 
above) induced by S-CDs compensated the shortcoming of ABS/

Fig. 8. The effect of CDs or CNT fraction (a) and filler’s fraction (b) on the electrical resistivity of polymer composites; the TGA (c), DSC (e), typical stress-strain curve (e), and the 
comparison of maximum stress (f) of polymer composites; in Fig. 8f, a, b, c, d, and e represent ABS/CNT-Pyr, ABS/S@CNT-Pyr, ABS/CD-Pyr, ABS/S@CD-Pyr, and commercial ABS, 
respectively.
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S@CD-Pyr, endowing it with a comparable maximum strain. In 
order to analyze the differences of mechanical strength between 
ABS/S@CD-Pyr and the commercial frame materials of electrical 
and electronic equipment, we conducted the comparison of the 
maximum tensile strength of polymer composites and commercial 
ABS (Fig. 8f). The results showed that ABS/S@CD-Pyr possessed the 
greatest maximum tensile strength (41.7 MPa), particularly greater 
than that of commercial ABS. Such an increase in the maximum 

tensile strength of ABS/S@CD-Pyr highlighted the combined effect 
of S-CDs.

3.6.5. The surface hydrophobicity
Inherently, the water resistance of polymer materials is a nat-

ural advantage, while that of polymer composites can be affected 
by the fillers. Given that Pyr exhibited poor hydrophobicity due to 
the high-energy surface, it was envisioned to decrease the water 
resistance of polymer composites. Thus, the hydrophobicity of 
polymer composites along with Pyr were evaluated by measuring 
contact angle. It was observed in Fig. S9 that the contact angle of 
waste ABS and Pyr was 110.5 ◦ and 62.0 ◦ , in good agreement with 
their inherently hydrophobicity and hydrophilicity, respectively. 
After fabrication of polymer composites, the hydrophobicity was 
reduced slightly with the contact angle of 90.5 ◦ –107.0 ◦ . Particu-
larly, the sulfuration reduced the contact angle of both ABS/S@CD-
Pyr and ABS/S@CNT-Pyr due to the introduction of polar groups 
[69]. In contrast to waste ABS, the slightly decreased contact angle 
of polymer composites for ABS/S@CD-Pyr was attributed to the 
complete encapsulation of fillers and S-CDs by the polymer matrix, 
as confirmed by SEM. In conclusion, the surface of polymer com-
posites still exhibited a higher contact angle than 90 ◦ , and thereby 
their water resistance was effective for practical application.

3.6.6. The EMI shielding performance
For application in automotive electronics, communications, 

and wearable devices, the EMI shielding is another crucial prop-
erty of polymer composites [2]. In nature, the EMI shielding ma-
terials can address the electromagnetic interference caused by the 
increasing integration and high-speed signal transmission, and its 
effectiveness is generally affected by the magnetic and electrical 
shielding effect. In this case, the fillers with magnetic shielding are 
considered as the promising alternative, and as envisioned, Pyr is a 
magnetic mineral magnetically separated from pyrite ores [36]. 
Herein, the total absorption coefficient (SE T ), absorption coeffi-
cient (SE A ), and reflection coefficient (SE R ) of polymer materials 
were tested and calculated (Section S3). It was found that the EMI

SE of ABS/S@CD-Pyr reached 43.1 dB, with a resistivity greater than 
10 11 Ω m (Fig. 9a). In addition, the SE R of ABS/S@CD-Pyr accounted 
for only 2.64 % of SE T , indicating that its EMI shielding effectiveness 
was largely dependent on absorption. Such a property endowed 
ABS/S@CD-Pyr with excellent EMI shielding effectiveness and high 
insulation performance. By contrast, the polymer composites with 
CNT showed a higher SE R , but a relatively lower SE T , suggesting 
that the EMI shielding of ABS/S@CNT-Pyr and ABS/CNT-Pyr mainly 
depended on reflection. Thus, the polymer composites with S-CDs 
showed great EMI shielding effectiveness. It is generally believed 
that materials with EMI reaching over 40 dB have moderate 
electromagnetic protection. ABS/S@CD-Pyr with EMI reaching 
43.1 dB in the X-band (8–12 GHz) is expected to be applied in fields 
such as aviation lightweight components, precision instruments, 
satellite reflector substrates, and shielding coatings [70–73].

3.6.7. The performance of thermal cycling
In practical application, the thermally conductive polymers in 

electronics and electrical equipment generally suffered from 

frequent fluctuations in temperature between high and low ex-
tremes. The thermal degradation and other changes of polymer 
composites induced by the repeated thermal cycling can clearly 
affect the lifespan. Thus, the high-low temperature cycling for 
ABS/S@CD-Pyr between 25 ◦ C and 100 ◦ C was performed using an 
infrared thermometer to record the surface temperature. Note that 
one cycle included heating from 25 ◦ C to 100 ◦ C and then cooling 
back down to 25 ◦ C. The results shown in Fig. 9b displayed the 
changes the TC of ABS/S@CD-Pyr with respect to the cycle number. 
At high temperatures (100 ◦ C), the TC of ABS/S@CD-Pyr gradually 
increased and eventually stabilized as the cycle number increased; 
by contrast, the TC gradually decreased at low temperatures 
(25 ◦ C). The reasons were that a small amount of incompletely 
formed polysulfide bonds would be completed by heat treatment 
at high temperature, resulting in a slightly increased TC; in 
contrast, at low temperature, the slightly decreased TC was mainly 
due to the irreversible molding shrinkage with the cycle number. 
However, the mobility of polymer chains at high temperature 
would mitigate the impact of such a shrinkage.

3.7. Environmental implications

Compared with other traditional fillers, using Pyr as a filler has 
significant environmental benefits [74]. Different filling systems can 
lead to significant differences in carbon emissions, and carbon 
emissions are the most direct indicator for evaluating the

Fig. 9. The electromagnetic shielding effect coefficients of various polymer composites and raw materials (a) and thermal cycling experiment of ABS/S@CD-Pyr (b).
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environmental benefits of a process. Therefore, we conducted a 
preliminary assessment of the direct carbon emissions (DCE) and 
indirect carbon emissions (ICE) of some fillers cited in this paper 
(Fig. S10). It can be seen that the ICE of different fillers is similar, and 
the main difference focus on the DCE. Some fillers have extremely 
high DCE due to harsh production conditions, while relatively 
mature filler systems have lower DCE. Due to the characteristics of 
the solid waste awaiting disposal in Pyr, the closed-loop utilization 
process has almost no DCE and only a small amount of ICE.

Due to durability and relatively low cost, plastics as one of the 
most widely used materials on the planet have resulted in the 
generation of immense waste plastics [75]. Most waste plastics are 
discarded, landfilled, and incinerated owing to the lack of effective 
recycling methods, severely aggravating environmental and 
resource crises [76]. Pyr as the associated mineral of sulfide min-
eral is considered a vital mineral waste in many mining situations, 
and has resulted in land occupation, severe soil acidification and 
erosion [77]. Currently, recycling of these bulk solid wastes, 
particularly for high-value products, is of significance with eco-
nomic, social, and environmental benefits. Towards electronic 
packaging in 5G, we reported an efficient strategy to fabricate 
thermally conductive polymers using waste plastics and Pyr tail-
ings, and elucidated the mechanisms of interface-coupling 
enhancement of CDs. First, the fabricated polymer composites 
exhibited prominent performance in thermal conductivity with TC 
of 1.68 W/m⋅K, greater than that of previously reported polymer 
composites using boron nitride, SiC nanowires, and fluorinated 
graphene aerogel as fillers in virgin resin [57,67,78]. Besides, the 
fabricated polymer composites possessed good electrical re-
sistivity, EMI shielding performance, thermal stability, mechanical 
strength, thermal cycling, and water resistance. Second, the 
mechanisms of interface-coupling enhancement of CDs along with 
the interfacial interactions of components in polymer composites 
were elucidated using experiments and MD simulation. The 
strengthened interfacial chemical coupling and the nanometer 
size effect of CDs were mainly responsible for the enhanced 
thermal conductivity of polymer composites. Finally, to evaluate 
the applicability of strategy proposed in our study, we used various 
waste and pristine plastics (ABS, PS, and PC) to fabricate thermally 
conductive polymers under different weight ratio and combina-
tion (Fig. 10 and Fig. S11). It was found that in all cases, the TC of 
polymer composites was within the range of 1.23–1.67 W/m⋅K, 
indicating that the strategy proposed in our study exhibited broad 
applicability. The findings not only provided valuable theoretical

framework for the design and application of thermally conductive 
polymers for electronic packaging, but also proposed novel stra-
tegies for recycling of waste plastics and Pyr tailings with envi-
ronmental, economic and social benefits.

4. Conclusion

In this study, the polymer composites with high thermal con-
ductivity were successfully fabricated via a dual interface strategy 
using both waste plastics and Pyr tailings, and the mechanisms of 
interface coupling enhanced by CDs were elucidated. The main 
conclusions can be made as follows:

• The TC of ABS/S@CD-Pyr was clearly affected by filler’s fraction, 
K 2 S n concentration, CDs' fraction, and parameters in hot-
pressing (time, temperature, and pressure); the highest TC of 
ABS/S@CD-Pyr reached 1.68 W/m⋅K;

• By introducing CDs, a homogeneous polymer matrix with 
uniformly distributed Pyr was fabricated; the enhanced inter-
face coupling and nanoscale effects by CDs reduced the ITR and 
CTR and promoted thermal conductivity;

• ABS/S@CD-Pyr showed prominent performance in electro-
magnetic interference shielding and electrical resistivity; the 
EMI SE and electrical resistivity of ABS/S@CD-Pyr were 43.1 dB 
and greater than 10 11 Ω m, respectively;

• ABS/S@CD-Pyr exhibited good thermal stability, mechanical 
strength, water resistance, and thermal cycling; particularly, 
the TC of ABS/S@CD-Pyr maintained stable after 15 times high-
low temperature recycling;

• Using different types of waste and pristine plastics (ABS, PS, 
and PC), the most polymer composites fabricated under various 
weight ratio of dual and triple mixtures exhibited a greater TC 
than 1.6 W/m⋅K;

Overall, this study only provided valuable insights into the 
fabrication and application of polymer composites with high 
thermal conductivity towards modern electronic packaging, but 
also exhibited promising prospect for high-value and sustainable 
utilization of waste plastics and Pyr tailings.
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