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A B S T R A C T   

The growing worldwide energy crisis and environmental issues have prompted the exploration of sustainable 
alternatives across different sectors, such as the automotive realm. Electric vehicles (EVs) have surfaced as a 
practical substitute for traditional fossil fuel-driven vehicles, with their efficacy being contingent upon the 
weight of the vehicle. In this investigation, we present polyphenylene sulfide (PPS) as an advanced engineering 
plastic, boasting exceptional resistance to high temperatures and chemical stability. Its versatility makes it 
suitable for a range of applications within the automotive industry. However, the thermal conductivity of PPS is 
lower than those of other engineering plastics. Therefore, a novel core–shell structure comprising magnesium 
oxide (MgO) and molybdenum sulfide (MoS2) was fabricated to enhance the thermal and mechanical properties. 
The core–shell structure was elucidated via a comprehensive analysis using various techniques. Furthermore, the 
PPS/MgO@MoS2/PA composites were synthesized to address the challenges associated with high filler ratios. 
Tensile strength evaluations and thermal conductivity assessments confirmed the effectiveness of the proposed 
materials for diverse engineering applications, particularly in EVs. Additionally, surface treatments with poly
formaldehyde and (3-aminopropyl)triethoxysilane (PA) improved the adhesion with the PPS matrix, which 
enhanced the mechanical tensile strength to 90 MPa. As the filler ratio increased, the MgO@MoS2 core–shell 
achieved a high through-plane heat conductivity of 4.07 W/m⋅K, which is 22 times compared to pristine PPS. 
Hence, this study provides valuable insights into the ongoing pursuit of sustainable automotive solutions by 
addressing the critical issues of energy efficiency, environmental impact, and materials science.   

1. Introduction 

The ongoing global energy crisis and its impact on carbon emissions 
pose a significant challenge. As a result, Electric automobiles (EVs) are 
garnering substantial attention in the automobile sector as credible al
ternatives to traditional fuel sources-powered vehicles. The efficiency of 
EVs, particularly in terms of fuel efficiency, is closely linked to the 
weight of their vehicle chassis. Consequently, there is a growing interest 
in identifying robust materials capable of replacing current components, 
thereby reducing overall vehicle weight and improving overall effi
ciency. Engineering plastics (EPs) have emerged as promising con
tenders in various industries, including automotive, due to their 
attractive qualities, such as cost-effectiveness, lightweight nature, ease 
of processing, and resistance to water. 

However, their widespread application of EPs has been hindered by 

several drawbacks. For instance, polycarbonate exhibits poor chemical 
stability [1,2], polyamide has high moisture absorption [3,4], poly
butylene terephthalate (PBT) is prone to hydrolysis when subjected to 
high-temperature molding [5,6], and polyvinyl chloride (PVC) and 
polyurethane are vulnerable to low and high temperatures [7,8]. These 
limitations restrict the widespread application of EPs in various fields. 
Polyphenylene sulfide (PPS) has emerged as an outstanding 
super-engineering plastic that can maintain chemical resistance, have 
dimensional stability and even withstand high temperature. The melting 
point of PPS (approximately 275 ◦C) is higher than melting points of 
other EPs, thus making it an attractive applicant for various 
applications. 

However, PPS exhibits a major disadvantage attributed to a consid
erably lower thermal conductivity value than that of other EPs. To 
address this issue, researchers have investigated the integration of 
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ceramic fillers such as boron nitride (BN) [9–11], aluminum oxide or 
nitride (Al2O3 or AlN) [11–13], and carbon materials [14,15] into the 
PPS to enhance its thermal and mechanical properties. Our group pre
viously reported PPS/glass fiber composites with MPTMS treated GO 
and polysiloxide-coated aggregated BN achieved 1.18 W/m⋅K [16]. 
Tantug et al. reported 50% synthetic graphite loaded PPS composite 
showed through-plane thermal conductivity of 1.65 W/m⋅K, which is 
4.7 times that of PPS [17]. Shi et al. reported polydopamine treated 
PPS/PDA-CNTs-SiC composite shows thermal conductivity of about 1 
W/m⋅K with 22% filler ratio [18]. However, thermal conductivity of PPS 
composites need to be more improved. 

In this study, we focused on environmentally-friendly magnesium 
oxide (MgO) and molybdenum sulfide (MoS2) to improve the thermal 
and mechanical properties of PPS. MgO exhibits several advantages, 
such as high thermal conductivity of 30–60 W/m⋅K, thermal stability at 
high temperatures, and high electrical resistivity; hence, it can be uti
lized for heat removal from various electronic devices. However, MgO 
has poor mechanical properties, which should be improved before 
application in automotive parts. In contrast, MoS2 shows good thermal 
stability and, unlike MgO, possesses excellent mechanical properties. 
However, the thermal conductivity of MoS2 is lower than that of MgO in 
the through-plane direction, 2 W/m⋅K while in-plane thermal conduc
tivity of MoS2 is 80–100 W/m⋅K. Considering the strengths and weak
nesses of MgO and MoS2, they were combined to form a core–shell 
structure providing excellent thermal and mechanical properties. MgO, 
displaying high thermal conductivity, was used as the core, and MoS2, 
exhibiting low through-plane thermal conductivity, was synthesized as a 
nanosheet to create a shell surrounding the MgO to fabricate heat path 
using in-plane direction. The recent studies of core–shell structure/ 
polymer composites indicated core–shell structure can easily enhance 
dielectric, mechanical or thermal properties of the composites [19–23]. 
Mixing the particles with this structure in a PPS matrix yielded a com
posite material with high thermal conductivity and improved mechan
ical performance. 

2. Results and discussion 

2.1. Elucidating the MgO@MoS2 core–shell structure and surface 
treatment 

The detailed experimental procedures, including the material syn
thesis and characterization, are provided in the Supplementary Infor
mation. The synthesis of the MgO@MoS2 core–shell structure was 
verified using the X-ray diffraction (XRD), X-ray photoelectron spec
troscopy (XPS) and field-emission scanning electron microscopy (FE- 
SEM) analyses, and the results are depicted in Fig. 1. The XRD pattern of 
MoS2 demonstrates the synthesis of MoS2 nanosheets without MgO 
particles, which agrees with the results of a previous study (PDF 
#37–1492) [24]. When the nanosheet structure has a few layers, the 
XRD pattern shows a broadening of the diffraction peaks. Characteristic 
peaks of the MoS2 nanosheets are observed at 33◦, 38◦, and 59◦ corre
sponding to the (100), (103), and (110) planes, respectively. The XPS 
Mo 3d and S 2p spectra indicated the MoS2 nanosheet was successfully 
synthesized. The Mo 3d5/2 peak at 229.5 eV indicated Mo elements was 
Mo(IV) ionic state with spin–orbit components of 3.15 eV and S 2p3/2 
peak at 162.4 eV was also corresponding to previous reports about MoS2 
[25,26]. The FE-SEM image of MoS2 (Fig. 1(d and e)) shows aggregated 
particles with various size ranges. While the synthesized MoS2 particles 
did not seem sheet morphology, the high-resolution FE-SEM image re
veals aggregated MoS2 nanosheets with sizes in the range of 2–30 nm. In 
Fig. S1, the FE-SEM image, energy dispersive spectrometer (EDS) 
elemental mapping and energy dispersive X-ray spectroscopy (EDX) also 
indicate the MoS2 nanosheets were successfully synthesized. The 
FE-SEM image (Fig. 1(f)) of MgO@MoS2 core–shell structure shows 
MoS2 sheet particles surrounding the MgO particles. Fig. S2 shows EDS 
elemental mapping and EDX of MgO@MoS2 core–shell structure. The 
morphology of MoS2 sheets was clearer and bigger than that of MoS2 
nanosheets which synthesized without MgO particles. In Fig. S3, the 
scanning transmission electron microscopy image and EDS elemental 
mapping indicated MgO particles aggregated forming core which can be 
distinguished as white region, and this can be also confirmed via EDS 

Fig. 1. (a) XRD pattern of synthesized MoS2 nanosheets. High-resolution XPS spectrum of (b) Mo 3d and (c) S 2p of MoS2 nanosheets. (d,e) FE-SEM image and high- 
resolution FE-SEM image of MoS2 nanosheets (f) FE-SEM image of MgO@MoS2 core–shell structure. 
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elemental mapping of field emission transmission electron microscopy. 
Mg and O elements are located in the center of the particle, and Mo and S 
elements appear to cover the Mg and O elements which can be seen as 
core–shell structure. 

To confirm the MgO@MoS2 core–shell structure, Fourier transform 
infrared spectroscopy (FT-IR) and thermogravimetric analysis (TGA) 
were performed. In Fig. 2(a), the FT-IR peaks at 615 and 1127 cm− 1 are 
assigned to Mo–S vibrations [26,27]. The FT-IR peaks at 667, 553, and 
409 cm− 1 are the characteristic peaks of MgO. The FT-IR peak at 1639 
cm− 1 indicates an –OH bond attached to the MgO surface [28,29]. TGA 
was conducted to verify the mass ratio of MgO to MoS2. The weight of 
MgO decreases gradually to 94%, whereas that of MoS2 decreases to 
87% at a temperature of up to 600 ◦C. The weight of the MgO@MoS2 
decreases to 92% owing to the thermal degradation of MoS2 and then 
gradually reduces to 90%. During the synthesis, MgO particles were 
added to MoS2 in a 5:3 wt ratio. The TGA results reveal a mass ratio of 
4:3 for MoS2 to MgO. Excess MoS2 nanosheets were removed via 
centrifugation owing to their low weight. Further, the formation of 
core–shell structure is challenging at the MoS2 to MgO weight ratio 
lower than 5:3, as shown in Fig. S4. 

To enhance the attachment between the PPS matrix and MgO@
MoS2, polyformaldehyde (polyoxymethylene; POM) and (3-amino
propyl)triethoxysilane (APTES) were coated on the MgO@MoS2 
core–shell structure (MgO@MoS2/PA). The FT-IR and XPS analyses 
were performed to confirm the POM and APTES coating. The FT-IR 
peaks observed at 900 and 1035 cm− 1 after coating could be attrib
uted to the C–O bonds of POM and Si–O bonds of APTES, respectively 
[30–33]. In Fig. 3(b), XPS survey spectrum of MgO@MoS2/PA indicated 
POM and APTES were successfully attached on the surface of MgO@
MoS2 core–shell structure by presence of Si elements. From the XPS S 2p, 
Mg 2p and Mo 3d spectra, MgO and MoS2 particles maintained their 
chemical bonding without any changes. The high-resolution XPS Si 2p 
spectrum in Fig. 3(f) shows the main peak properties of Si–O bonds after 
coating, and it is presumed that APTES is attached to the O of the POM to 
form Si–O bonds and due to Si–O bonding within the APTES structure 
[16]. The XRD pattern of MgO@MoS2/PA (Fig. S5) resembles that of 
MgO@MoS2 without any additional peaks, as POM and APTES show an 
amorphous structure. The Raman spectroscopy confirm that the coating 
process does not affect the chemical structure. Raman shifts at 398 and 
375 cm− 1 correspond to the peaks for MoS2 [26,34], and those at 140 
and 100 cm− 1 could be assigned to the peaks of MgO [35,36], con
firming that coating does not affect the MgO@MoS2 chemical structure. 
TGA was conducted to verify the stability of MgO@MoS2/PA at 300 ◦C, 

which is the temperature for composite fabrication using an extruder 
and injection molding process. In Fig. 3(h), Similar to that of the 
MgO@MoS2 core–shell structure, less than 5% weight change is 
observed for MgO@MoS2/PA up to a temperature of 300 ◦C, indicating 
their excellent stability at high temperatures. In Fig. S6, FE-SEM image 
and corresponding EDS elemental mapping and energy dispersive X-ray 
spectroscopy indicated the presence of POM and APTES on the surface of 
MgO@MoS2. 

2.2. Cross-sectional morphologies of PPS/MgO@MoS2/PA composites 
and its mechanical tensile strength 

The PPS composites with various filler ratio of MgO@MoS2 and 
MgO@MoS2/PA were fabricated via melting extrusion and then injec
tion molding processes. The molten composite’s viscosity becomes high 
with increasing filler ratio during extruding and injection molding, 
which is challenging to these processes. Therefore, the composites were 
fabricated up to a filler ratio of only 60%. 

In the FE-SEM image of the PPS/MgO@MoS2 composite (Fig. 4), The 
MgO@MoS2 core-shell structure was maintained despite the high tem
peratures and pressures of the extrusion and injection molding pro
cesses. When the filler ratio was less than 40%, there was little difference 
in cross-sectional FE-SEM images. In Fig. S7, the cross-sectional FE-SEM 
images show MgO@MoS2/PA particles were well randomly distributed. 
The FE-SEM images with high-resolution show without surface treat
ment, no adhesion is observed at the interfaces because there is no 
interaction between the PPS matrix and MgO@MoS2. By contrast, when 
the surface is treated with POM and APTES, the amine functional groups 
of APTES interact with the PPS matrix via hydrogen bonding, which 
enables improved adhesion with the PPS matrix at the filler interfaces. In 
previous studies, the compatibility between ceramic filler treated with 
silane material and PPS matrix was improved, resulting in improved 
thermal conductivity and mechanical strength [10,16,37]. As the filler 
ratio increases over 40%, MgO@MoS2 particles without surface treat
ment started to aggregate each other while MgO@MoS2/PA particles 
were well randomly distributed. The aggregation of untreated filler 
affected to mechanical and thermal properties. 

The differences in the universal testing machine (UTM) results are 
attributed to the difference in attachment between the PPS matrix and 
the MgO@MoS2/PA filler as shown in Fig. 5(a). The pristine PPS matrix 
exhibits a tensile strength of 60 MPa, which agrees with the results of 
previous research [10,16,38]. With increasing filler ratio, the tensile 
strength gradually increases up to 82 and 85 MPa for a filler ratio of 40% 

Fig. 2. (a) FT-IR spectrum of MgO@MoS2 core–shell structure. (b) TGA results of MgO, MoS2 and MgO@MoS2 core–shell structure.  
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Fig. 3. (a) FT-IR spectrum of MgO@MoS2 and MgO@MoS2/PA. (b) XPS survey spectrum of MgO@MoS2/PA. High-resolution XPS spectrum of (c) Mg 2p (d) Mo 3d 
(e) S 2p and (f) Si 2p of MgO@MoS2/PA. (g) Raman spectrum of MoS2, MgO@MoS2, MgO@MoS2/PA. (h) TGA results of MgO@MoS2 and MgO@MoS2/PA 

Fig. 4. (a) Cross-sectional FE-SEM images of (a) 50% PPS/MgO@MoS2 composite (b) 60% PPS/MgO@MoS2 composite (c) 50% PPS/MgO@MoS2/PA composite and 
(d) 60% PPS/MgO@MoS2/PA composite. 
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without and with surface treatment, respectively. When the filler ratio 
was less than 40%, the PPS matrix phase distribution of MgO@MoS2/PA 
filler and MgO@MoS2 filler was similar without agglomeration, so the 
tensile strength was improved without significant difference. However, 
when the filler ratio exceeds 40%, the MgO@MoS2 particles aggregate, 
increasing cracks in the PPS matrix and decreasing tensile strength for 
PPS/MgO@MoS2 composites. In PPS/MgO@MoS2/PA composites, sur
face treatment with POM and APTES facilitates the dispersion of fillers 
in the PPS matrix and increases the interfacial attachment between PPS 
matrix and MgO@MoS2 fillers, resulting in an increase in tensile 
strength to 90 MPa. By adding MgO@MoS2 or MgO@MoS2/PA fillers, 
like tensile strength, the elongation at break increased. However, PPS 
has very low elongation at break value of 3 %, elongation at break of 
both PPS/MgO@MoS2 and PPS/MgO@MoS2/PA composites was up to 5 
%. The Young’s modulus of the samples determined from the slope of the 
stress–strain curve. Up to 40 % filler contents, modulus of both com
posites increased compared to neat PPS. However, 50 and 60 % filler 
contents composites showed difference. The Young’s modulus of 
PPS/MgO@MoS2 composite decreased sharply, while that of 
PPS/MgO@MoS2/PA decreased slightly. This difference may be due to 
the aggregation of MgO@MoS2 filler as shown in Fig. 4. 

2.3. Thermal properties of the PPS/MgO@MoS2/PA composites 

Both MgO and MoS2 exhibit high thermal conductivity, showing 
values between 30 and 60 W/m⋅K and 80–100 W/m⋅K which is in-plane 
thermal conductivity for MoS2 sheets, respectively, whereas the PPS 
matrix displays poor thermal conductivity with a value of 0.18 W/m⋅K. 
Fig. 5(b) shows the thermal conductivities of the composites measured 
in the vertical direction for various filler ratios. As the filler ratio of PPS/ 
MgO@MoS2/PA composites increases to 60%, the thermal conductivity 
increases to 4.07 W/m⋅K while thermal conductivity of PPS/MgO@
MoS2 composites was only 2.91 W/m⋅K. Surface treatment with POM 
and APTES improves the adhesion between PPS and MgO@MoS2/PA, 
thereby improving the dispersibility of the filler, which facilitates the 
formation of a heat conduction path, enhancing the thermal conduc
tivity compared to that without surface treatment. Due to the non- 
uniform arrangement of fillers in the composite and low interface 

adhesion with the PPS matrix, the thermal conductivity was lower than 
that of PPS/MgO@MoS2 composites. The increase of thermal diffusivity 
of the PPS/MgO@MoS2 composites is a main factor for achieving high 
thermal conductivity. According to recently reported results of PPS 
composites as shown in Fig. 5(d), our PPS/MgO@MoS2/PA composites 
show high thermal conductivity. 

Additionally, the electrical resistivity of PPS/MgO@MoS2/PA was 
evaluated in Fig. 5(e), because MoS2 is an electrically conductive ma
terial. The electrical resistivities of the composites were measured using 
a four-point probe instrument. Because PPS and MgO are insulating 
materials, the electrical resistances of all composites are high, and they 
are considered insulators, although MoS2 is a conductive material. 
Furthermore, PPS composites have to maintain an insulating state for 
application in the automobile industry. Insulation is essential because 
non-insulated electric vehicle parts can result in severe problems such as 
fire, electric shock, or electric leakage due to the high battery voltage. 

3. Conclusions 

In this study, we fabricated PPS-based composites with high thermal 
conductivities and improved mechanical properties. MgO and MoS2 
nanosheets formed core–shell structures, and the surfaces were treated 
with POM and APTES to improve the interfacial adhesion between the 
PPS and the MgO@MoS2 filler. The core–shell structure and surface 
treatment were confirmed via XRD, XPS, Raman spectroscopy, TGA, FT- 
IR, and FE-SEM analyses. The fabrication of PPS/MgO@MoS2/PA 
composites demonstrated the challenges associated with a high filler 
content, which affects the viscosity during the extrusion and molding 
processes. Surface treatment played a crucial role in improving the 
attachment between the PPS matrix and the MgO@MoS2/PA filler, 
although particle breakage is observed at higher filler ratios. The me
chanical properties of the composites revealed that the tensile strength 
gradually increased with the increasing filler ratio of up to 40%. Sub
sequently, the MgO@MoS2 particle aggregation reduced the tensile 
strength. Surface treatment mitigated this effect, resulting in a relatively 
minor reduction in the tensile strength of the MgO@MoS2/PA com
posites. Thermal conductivity assessments revealed a considerable 
improvement in the composites with increased filler content, attributed 

Fig. 5. (a) Tensile strength, (b) Elongation at break, Young’s modulus and (d) Thermal conductivity of PPS/MgO@MoS2 composites with increasing filler contents. 
(e) Thermal diffusivity and thermal conductivity of PPS/MgO@MoS2/PA composites. (f) Through-plane thermal conductivity versus filler fraction of PPS/MgO@
MoS2/PA composites in comparison with other thermal conductive composites. (g) Electrical resistance of PPS/MgO@MoS2/PA composites with increasing 
filler contents. 
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to the formation of heat paths. The surface treatment further enhanced 
the thermal conductivity. Electrical resistivity measurements demon
strated that the composites maintained an insulating state, crucial to 
their application in EVs and other industries. Therefore, the systematic 
characterization and modification of MgO@MoS2 nanosheets combined 
with the surface treatment of PPS/MgO@MoS2/PA composites provided 
valuable insights into their behavior, and a considerable improvement in 
their structural, mechanical, and thermal properties, makes them 
promising candidates for various engineering applications, particularly 
in the automotive industry. 
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