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Abstract
In this study, a polyphenylene sulfide (PPS)-based composite was developed by incorporating triazine-based covalent organic 
frameworks (TCOFs) and glass fibers (GFs) to simultaneously address the challenges of thermal insulation and flame retar-
dancy in high-temperature environments. The TCOF structure was engineered via an Ostwald ripening process to exhibit 
a highly porous, partially crystalline architecture, enabling multiscale phonon scattering and effectively hindering thermal 
transport. In parallel, surface-modified GFs served as a reinforcing scaffold, enhancing mechanical strength and promoting the 
formation of a robust char layer during combustion. The resulting hybrid composites demonstrated significantly reduced ther-
mal conductivity, reaching as low as 0.056 W·m–1·K–1, and outstanding flame retardancy, consistently achieving UL-94 V-0 
ratings across all formulations. Morphological analyses confirmed the development of dense, thermally stable char structures 
in the presence of both fillers. Mechanical testing further revealed that the dual-filler network enhanced the storage modulus 
and maintained tensile performance, despite the inherent brittleness introduced by the fillers. These findings underscore the 
synergistic effects of TCOFs and GFs in creating multifunctional PPS composites with superior thermal insulation, flame 
resistance, and mechanical durability, making them strong candidates for advanced thermal management applications.

Keywords  Thermal insulation · Triazine-based covalent organic framework · Polyphenylene sulfide · Glass fiber · Flame 
retardancy

1  Introduction

Thermal management in high heat-generating environ-
ments, such as electronic devices, electric vehicles, and 
energy storage systems, has become a critical challenge in 
modern industry [1, 2]. The increasing power density and 
integration of these systems inevitably lead to excessive heat 
generation, resulting in thermal accumulation and localized 
overheating [3, 4]. These thermal issues can degrade system 

performance, reduce device lifespan, and, in severe cases, 
pose fire hazards [5]. Consequently, there is a pressing need 
for thermal insulation materials that offer high thermal 
resistance, low density, heat resistance, and mechanical sta-
bility [6, 7].

Polymer-based composites have gained considerable 
attention as promising thermal insulation materials due to 
their processability, design flexibility, and low density—
advantages that help mitigate the brittleness and processing 
challenges associated with conventional inorganic insula-
tion materials [8, 9]. Among available polymers, polyphe-
nylene sulfide (PPS) is widely used across industries as both 
a structural and insulating material, owing to its excellent 
heat resistance, chemical resistance, mechanical strength, 
and dimensional stability. However, despite exhibiting an 
LOI value of ~ 38% and achieving a UL-94 V-0 rating, 
which reflect its intrinsic flame resistance, PPS still faces 
challenges due to its relatively high thermal conductiv-
ity (approximately 0.2–0.3 W·m−1·K−1) and limited char-
forming ability. These factors restrict its effectiveness in 

 *	 Jooheon Kim 
	 jooheonkim@cau.ac.kr

1	 School of Chemical Engineering, Chung-Ang University, 
Seoul 06974, Republic of Korea

2	 Department of Intelligent Energy and Industry, 
Graduate School, Chung-Ang University, Seoul 06974, 
Republic of Korea

3	 School of Mechanical and Aerospace Engineering, Nanyang 
Technological University, Singapore, Singapore

http://crossmark.crossref.org/dialog/?doi=10.1007/s42114-025-01483-y&domain=pdf


	 Advanced Composites and Hybrid Materials           (2025) 8:401   401   Page 2 of 18

high-temperature insulation and flame-retardant systems, 
particularly under prolonged thermal exposure [10, 11].

To overcome these limitations, a variety of fillers—
including inorganic materials (e.g., alumina, silica, boron 
nitride) and carbon-based additives (e.g., carbon nanotubes, 
graphene, carbon fibers)—have been incorporated into PPS 
[12, 13]. Inorganic fillers can enhance flame retardancy and 
thermal resistance, but their high density and rigid struc-
ture often compromise mechanical flexibility and process-
ability [14]. Carbon-based fillers contribute to mechanical 
reinforcement and thermal stability, but their inherently high 
thermal conductivity undermines their suitability for thermal 
insulation [15, 16]. Additionally, achieving uniform disper-
sion and strong interfacial adhesion often requires complex 
processing steps [17]. Despite the individual advantages of 
these fillers, they face structural and functional limitations 
in simultaneously satisfying the combined requirements 
of thermal insulation, flame retardancy, and mechanical 
durability.

In this study, a PPS-based composite was developed by 
integrating triazine-based covalent organic frameworks 
(COFs) and glass fibers (GFs), resulting in a material with 
a continuous three-dimensional porous network, high ther-
mal stability, and excellent mechanical properties. The COFs 
were synthesized with a grid-like porous architecture via an 
Ostwald ripening process [18, 19]. This architecture, com-
bined with the continuous fibrous morphology of GF, formed 
an interconnected, multiphase three-dimensional network 
within the PPS matrix, comprising both amorphous and 
crystalline domains. This hybrid network effectively sup-
pressed phonon propagation in amorphous regions and dis-
rupted heat conduction pathways in crystalline regions. The 
COFs also exhibited a thermal decomposition temperature 

exceeding 300  °C, enhancing overall thermal stability, 
while the nitrogen-rich triazine ring structure contributed 
to improved flame retardancy, achieving UL-94 V-0 certifi-
cation. Simultaneously, the GF acted as a reinforcing phase, 
promoting structural integrity and forming a continuous net-
work that enhanced mechanical strength. This synergistic 
interaction between COFs and GF enabled the development 
of a robust, continuous three-dimensional porous network, 
which significantly improved the composite's thermal insula-
tion, flame retardancy, and mechanical performance. These 
results underscore the potential of the developed composite 
as a high-performance multifunctional material for thermal 
insulation and flame-retardant applications under extreme 
operating conditions.

2 � Results and discussion

2.1 � Characterization of the fillers

Figure 1 presents a schematic overview of the composite 
fabrication process. Detailed experimental procedures are 
available in the Supporting Information.

The morphology of the synthesized triazine-based cova-
lent organic framework (TCOF) and GF, both before and 
after surface treatment, was analyzed using field-emission 
scanning electron microscopy (FE–SEM) and transmis-
sion electron microscopy (TEM), as shown in Fig. 2. The 
as-synthesized TCOF (Fig. 2a) exhibited spherical parti-
cles with smooth surfaces. After 24 h of aging, the parti-
cle surfaces became notably rougher, and internal cavities 
formed (Fig. 2b), a transformation attributed to dissolu-
tion and recrystallization during Ostwald ripening. This 

Fig. 1   Schematic illustration of the composite fabrication process
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structural evolution is driven by the instability of amorphous 
domains, leading to material reprecipitation along the par-
ticle periphery.

TEM analysis revealed that the pristine TCOF (Fig. 2c) 
possessed a dense, void-free internal structure. Its high-
resolution image (Fig. 2d) lacked lattice fringes, indicating 
a fully amorphous phase. In contrast, the ripened TCOF 
(Fig. 2e) developed multiple internal voids, and the corre-
sponding high-resolution image (Fig. 2f) showed partially 

ordered lattice fringes at the particle edges, suggesting local-
ized crystallization. The measured lattice fringe spacing was 
approximately 0.36 nm, corresponding to the (100) plane of 
the imine-linked framework, as further supported by diffrac-
tion peaks observed in the XRD pattern (Supporting Fig. S1 
and Fig. 4a). This confirms the formation of short-range 
crystalline order in the outer shell during Ostwald ripening.

The formation of the covalent organic framework 
proceeds through a Schiff-base condensation between 

Fig. 2   FE–SEM images of TCOF before (a) and after (b) Ostwald ripening. TEM and high-resolution TEM images of TCOF before (c, d) and 
after (e, f) ripening. FE–SEM images of pristine GF (g), silane-treated GF (h), and hybrid filler TCOF-GF (i)
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1,3,5-tris(4-aminophenyl)benzene (TAPB) and 2,5-dihy-
droxyterephthalaldehyde (Dha), yielding extended imine 
(–C = N–) linkages. FT-IR and solid-state  13 C NMR spectra 
confirmed the complete consumption of the amine (–NH₂) 
and aldehyde (–CHO) groups, along with the appearance 
of characteristic imine peaks at ~ 1610 cm⁻1 and 155 ppm, 
respectively, indicating the successful establishment of the 
covalent framework. The overall reaction can be represented 
as:

During synthesis, Ostwald ripening plays a critical role 
in governing the morphology and crystallinity of the frame-
work. Smaller crystallites gradually dissolve and redeposit 
onto larger ones, leading to the formation of hollow spheri-
cal COFs with mesoporous shells. This recrystallization pro-
cess not only minimizes surface energy but also enhances 
long-range order and structural uniformity. The evolution of 
such mesoporous shells intrinsically impacts the mechani-
cal behavior of the composites. The fusion of nanoscale 
crystallites reduces structural defects and increases rigid-
ity, facilitating more efficient stress transfer across the 
filler–matrix interface. Moreover, the hollow mesoporous 
architecture provides internal free volume and hierarchical 
porosity that act as stress-dissipating domains, which buffer 
external loads and suppress crack propagation [20]. Previ-
ous studies have further emphasized that interfacial elastic-
ity and stress–relaxation phenomena strongly influence the 
stabilization of ripening-derived structures, thereby affecting 
their long-term mechanical stability [21]. Consequently, the 
combined effects of improved crystallinity and hierarchi-
cal morphology endowed by Ostwald ripening contribute 
significantly to the enhanced rigidity and crack resistance 
of the composites.

3Ar − NH
2
+ 3Ar� − CHO → COFnetworkwith − C = N − linkages + 3H

2
O

For the GF, the pristine sample (Fig. 2g) displayed a 
smooth, featureless surface, indicative of the absence of 
surface functionalization. After silanization (Fig. 2h), the 
surface roughness increased and nanoscale fragments were 
observed, confirming the successful grafting of silane cou-
pling agents. The final hybrid filler (Fig. 2i) exhibited uni-
form anchoring of TCOF particles on the GF surface, vali-
dating effective integration via surface treatment.

The elemental composition of both TCOF and silane-

treated GF was examined using energy-dispersive X-ray 
spectroscopy (EDS), as shown in Fig. 3. The TCOF sample 
(Fig. 3a) exhibited prominent signals of C, O, and N, con-
sistent with the presence of triazine and imine functionali-
ties within the covalent organic framework. The detection of 
nitrogen further confirms the incorporation of triazine core 
units into the framework structure. In the case of the GF 
(Fig. 3b), elemental mapping revealed strong signals of Si 
and O, as expected for the silicate backbone. Additionally, 
the presence of sulfur (S) was detected, indicating success-
ful grafting of the 3-(trimethoxysilyl)propyl methacrylate 
(MPTMS) silane coupling agent, which contains a thiol-
derived functional group. These results confirm that the GF 
surface was chemically modified through silanization.

The structural and thermal properties of the TCOF and 
GF were analyzed using X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), and thermogravi-
metric analysis (TGA), as shown in Fig. 4. Figure 4a displays 
the XRD patterns of TCOF before and after 24 h of Ost-
wald ripening. The as-synthesized TCOF exhibited a broad 
background signal with a weak diffraction peak at approxi-
mately 2θ ≈ 5.7°, corresponding to the (100) reflection of 
the imine-linked COF framework. This is characteristic of a 

Fig. 3   EDS elemental mappings 
of a) TCOF and (b) silane-
treated GF
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largely amorphous material with limited ordering. Follow-
ing Ostwald ripening, an additional peak appeared near 2θ 
≈ 9.5°, along with a shoulder around 26°. These features are 
attributed to partial crystallization and π–π stacking interac-
tions between aromatic domains in the outer shell, indicating 
that crystallization initiates at the particle surface during 
ripening [22]. These findings are consistent with the short-
range ordering observed in the HRTEM images (Fig. 2f and 

Supporting Fig. S1). The appearance of sharper diffraction 
peaks in the ripened TCOF further supports the formation 
of longer-range crystalline order. This morphological trans-
formation is likely driven by enhanced interfacial stability 
and reduced Laplace pressure during ripening, which pro-
mote mass migration from the particle interior to the shell 
and lead to progressive cavity formation. Such a mechanism 
aligns well with previously reported crystallization pathways 

Fig. 4   (a) XRD patterns of TCOF before and after 24 h Ostwald ripening. (b) FT-IR spectra of TCOF, ripened TCOF, and H2O2-treated TCOF. 
(c) FT-IR spectra of GF before and after H2O2 treatment. (d) TGA curves of TCOF and GF under a nitrogen atmosphere
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in other highly crystalline 3D COF systems undergoing Ost-
wald ripening [23].

Figure 4b presents FT-IR spectra of pristine TCOF, rip-
ened TCOF, and H₂O₂-treated TCOF. All samples exhib-
ited characteristic vibrational bands at 1609.9 cm⁻1 (C = N 
stretching), 1500.3 cm⁻1 (C–N stretching), and 1296.3 cm⁻1 
(C–N in triazine rings), confirming the presence of imine 
linkages and triazine units. After Ostwald ripening, a slight 
increase in the relative intensities of the C = N and C–N 
bands was observed, suggesting increased framework 
densification and improved structural ordering [23]. The 
H₂O₂-treated TCOF showed a new broad absorption band 
at 3301.9 cm⁻1, attributed to O–H stretching, indicating the 
incorporation of hydroxyl groups through surface oxida-
tion. Additionally, a shoulder at 1724.2 cm⁻1 appeared, cor-
responding to C = O stretching, likely resulting from par-
tial oxidative cleavage during treatment. Figure 4c shows 
the FT-IR spectra of GF before and after silane modifica-
tion using MPTMS. Both samples featured characteristic 
Si–O–Si asymmetric stretching at 1090 cm⁻1 and Si–O–Si 
symmetric stretching at 802 cm⁻1. Following silanization, 
new absorption bands appeared at ~ 2950 and 2924 cm⁻1, 
corresponding to C–H stretching from the propyl group in 
the MPTMS molecule. Simultaneously, the intensity of the 
broad –OH band near 3380 cm⁻1 increased due to hydrolyzed 
silanol formation. These spectral changes confirm the suc-
cessful surface modification of the GF with MPTMS [24].

TGA was conducted under a nitrogen atmosphere to 
assess the thermal stability of the fillers (Fig. 4d). Both the 
as-synthesized and ripened TCOF exhibited a single-step 
thermal degradation beginning at approximately 310 °C, 
attributed to the decomposition of the imine-linked frame-
work. The onset and profile of thermal degradation were 
nearly identical between the two, indicating that the intro-
duction of partial crystallinity via ripening had little influ-
ence on the overall thermal stability. In contrast, the GF 

showed minimal weight loss up to 750 °C, consistent with 
the high thermal resistance of its silicate backbone [25]. The 
hybrid TCOF–GF displayed a reduced weight loss compared 
to pristine TCOF, reflecting the contribution of the thermally 
stable GF component.

Figure 5 presents the FTIR and XRD results of the hybrid 
TCOF–GF filler. In the FTIR spectrum, the characteristic 
imine (C = N) stretching of TCOF (~ 1620 cm⁻1) and the 
Si–O–Si vibration of GF (~ 1100 cm⁻1) were both observed, 
confirming the coexistence of the two components. Impor-
tantly, the emergence of a Si–O–C band indicated successful 
grafting of the COF framework onto the fiber surface. The 
XRD pattern further supported this hybridization, show-
ing the typical (100) reflection of TCOF at ~ 5.7° alongside 
the broad amorphous hump of GF centered at ~ 23°. These 
results collectively verify that the hybrid filler retained the 
structural features of both TCOF and GF while establishing 
interfacial bonding between them.

The surface chemical states of TCOF, GF, and their 
hybrid filler were examined using high-resolution X-ray 
photoelectron spectroscopy (XPS), as shown in Fig.  6. 
The C 1 s spectrum of pristine TCOF (Fig. 6a) was decon-
voluted into five distinct components at binding energies 
of 284.01, 284.45, 285.10, 286.17, and 287.63 eV, corre-
sponding to C = C, C–C, C = N, C–N, and C–O bonding 
environments, respectively. These features are attributed to 
aromatic and π-conjugated carbon systems, imine linkages, 
triazine units, and minor oxygen-containing groups such as 
ethers or residual aldehydes. The N 1 s spectrum of pristine 
TCOF (Fig. 6b) showed three components at 398.34, 399.17, 
and 400.07 eV, attributed to pyridinic nitrogen (C = N), 
triazine-type nitrogen, and C–N groups, respectively. The 
dominant peak at 399.17 eV confirms the structural integrity 
of the triazine framework. After H₂O₂ treatment, both the 
C 1 s (Fig. 6c) and N 1 s (Fig. 6d) spectra displayed sub-
tle changes. The C–O peak at 287.63 eV became slightly 

Fig. 5   FTIR spectra and XRD 
patterns of hybrid TCOF–GF 
filler
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more prominent, and the C–N contribution at 400.07 eV 
increased modestly, indicating mild surface oxidation and 
minor protonation of terminal nitrogen atoms. Nevertheless, 
the overall peak positions and distributions remained largely 
unchanged, demonstrating that the conjugated COF frame-
work and triazine structure were retained despite surface-
level functionalization.

For GF, the Si 2p spectrum of the untreated sample 
(Fig. 6e) showed a single peak at 103.42 eV, correspond-
ing to Si–O–Si bonding within the silicate network. After 
MPTMS treatment (Fig. 6f), the peak position remained 
essentially unchanged, indicating that the underlying sili-
cate framework was intact. However, slight peak broadening 
was observed, likely due to the formation of Si–O–C and 

Fig. 6   High-resolution XPS spectra of TCOF, GF, and TCOF–GF 
hybrid fillers: (a) C 1 s spectrum of pristine TCOF, (b) N 1 s spec-
trum of pristine TCOF, (c) C 1  s spectrum of F–TCOF, (d) N 1  s 
spectrum of F–TCOF, (e) Si 2p spectrum of GF, (f) Si 2p spectrum 

of silane-treated GF, (g) C 1 s spectrum of TCOF–GF hybrid, (h) N 
1 s spectrum of TCOF–GF hybrid, (i) Si 2p spectrum of TCOF–GF 
hybrid
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Si–C bonds from the organosilane, with new components 
emerging at 102.58 eV (Si–C) and 103.05 eV (Si–O–C). The 
XPS survey scan (Fig. S2, Supporting Information) further 
confirmed MPTMS grafting on GF, showing the presence of 
S and Si signals with corresponding atomic% values. Com-
plementary O 1 s spectra are provided in the Supporting 
Information (Fig. S3), which corroborate these observations.

In the case of the TCOF–GF hybrid filler, the C 1 s spec-
trum (Fig. 6g) exhibited contributions from both TCOF- and 
silane-related species, including C = C, C–C, C = N, C–N, 
C–O, and an additional Si–C component at 283.6 eV, con-
firming chemical linkage between the organic framework 
and silane-modified GF. The N 1  s spectrum (Fig. 6h) 
retained the characteristic signals of pyridinic nitrogen, tria-
zine nitrogen, and C–N groups, indicating preservation of 
the TCOF framework on the hybrid surface. Meanwhile, the 
Si 2p spectrum (Fig. 6i) showed Si–O–Si as the dominant 
feature, along with contributions from Si–O–C and Si–C, 
where the relative intensities changed compared with pure 
GF, providing evidence of interfacial coupling between 
TCOF and GF.

Figure 7 presents nitrogen adsorption–desorption iso-
therms and BJH (Barrett–Joyner–Halenda) pore size distri-
bution curves for TCOF before and after the Ostwald ripen-
ing process. The isotherm of as-synthesized TCOF (Fig. 6a, 
black line) displayed a typical Type I profile, indicative of 
a predominantly microporous structure with limited nitro-
gen uptake at high relative pressures. The corresponding 

Brunauer–Emmett–Teller (BET) surface area and total 
pore volume were measured to be 359.5 m2/g and 0.190 
cm3/g, respectively, consistent with the compact morphology 
observed in TEM images (Fig. 2c). These results confirm 
that the pristine TCOF had a dense structure with restricted 
accessible porosity.

In contrast, the ripened TCOF (Fig. 6a, red line) exhib-
ited significantly enhanced nitrogen adsorption, along with a 
well-defined H3-type hysteresis loop, which is characteristic 
of slit-shaped mesopores formed between agglomerated par-
ticles or interparticle voids. The BET surface area increased 
dramatically to 1067.2 m2/g, while the total pore volume 
reached 0.839cm3/g, signifying a substantial improvement in 
internal porosity. This dramatic transformation is attributed 
to Ostwald ripening, where less stable, amorphous regions 
dissolve and reprecipitate at the outer shell [26]. This pro-
cess results in the formation of hollow interiors and porous 
shells while maintaining the particle framework. Evidence 
of this transformation is visible in TEM images (Fig. 2e), 
which show the formation of voids, as well as in the emer-
gence of crystalline fringes (Fig. 2f and Fig. S1).

The BJH pore size distribution analysis (Fig. 7b) further 
confirmed the development of hierarchical porosity. While 
the as-synthesized TCOF exhibited negligible mesopore 
contribution, the ripened TCOF demonstrated a broad dis-
tribution of mesopores ranging from 4 to 20 nm. This hierar-
chical pore architecture is particularly beneficial for thermal 
insulation applications, as it enhances phonon scattering, 

Fig. 7   (a) Nitrogen adsorption–desorption isotherms and (b) BJH pore size distribution curves of TCOF before and after the Ostwald ripening 
process
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reduces thermal bridging, and suppresses heat transfer 
[27]. The mesopores (4–20 nm) observed in ripened TCOF 
(Fig. 6b) are consistent with the Knudsen regime, where 
pore-wall collisions dominate transport in the 2–50 nm range 
[28]. In contrast, micropores (< 2 nm) are strongly affected 
by adsorption phenomena and thus contribute minimally 
to phonon scattering, in agreement with reports that ultra 
micropores primarily act as adsorption sites while larger 
pores produce stronger scattering signals [29]. Therefore, 
the mesopores, rather than micropores, play the dominant 
role in suppressing thermal conductivity via Knudsen scat-
tering, as illustrated in Fig. 9. Therefore, the observed poros-
ity evolution not only improves structural accessibility but 
also enhances the thermal insulating performance of TCOF 
as a filler material.

2.2 � Cross‑sectional morphologies of composites

The fracture surface morphologies of PPS composites were 
examined by FE-SEM to investigate microstructural evolu-
tion and filler–matrix interactions (Fig. 8a–i). The neat PPS 
matrix (Fig. 8a) exhibited a relatively smooth and featureless 

fracture surface, indicative of limited energy dissipation and 
inherent brittleness.

With the addition of 1 and 3 wt% of ripened TCOF 
(Fig.  8b and 8c), the fracture surfaces became notably 
rougher and displayed crack deflection features. These 
changes suggest enhanced toughness, likely due to the rein-
forcing effect of the hierarchical porous TCOF filler. At a 
higher loading of 5 wt% TCOF (Fig. 8d), the fracture mor-
phology became even more irregular, characterized by tor-
tuous crack paths and the presence of voids. This suggests 
a disruption of crack propagation and increased interfacial 
contact area, both contributing to improved energy dissi-
pation. The PPS/GF30 composite (Fig. 8e) exhibited clear 
evidence of fiber pull-out, indicating that although silane 
treatment improved the chemical affinity between the fiber 
and matrix, complete interfacial bonding was not achieved. 
This indicates an improvement in chemical affinity between 
the fiber and matrix, although complete interfacial bonding 
was not achieved.

Notably, the dual-filler composites containing both TCOF 
and GF (Fig. 8f–h) exhibited more compact and integrated 
fracture surfaces, with fewer interfacial voids and reduced 

Fig. 8   SEM images of fracture 
surfaces of (a) PPS, (b) PPS/
TCOF1, (c) PPS/TCOF3, (d) 
PPS/TCOF5, (e) PPS/GF30, 
(f) PPS/TCOF1–GF30, (g) 
PPS/TCOF3–GF30, (h) PPS/
TCOF5–GF30, and (i) PPS/
TCOF5–GF30 (non-ripened). 
All GFs were surface-treated 
with silane
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fiber pull-out compared to the single-filler systems. These 
observations reflect improved filler dispersion and stronger 
interfacial adhesion, indicating a synergistic interaction 
between the nanostructured TCOF and silane-treated GFs. 
Among these, the PPS/TCOF5–GF30 composite (Fig. 8h) 
displayed the most continuous and densely packed mor-
phology, consistent with enhanced mechanical integrity. In 
contrast, the composite incorporating non-ripened TCOF 
(Fig. 8i) exhibited fragmented filler domains and weak 
matrix adhesion. This highlights the critical role of the Ost-
wald ripening process in developing effective filler–matrix 
interfaces and achieving the desired composite performance. 
As a control, a simple physical mixture of PPS/COF and 
GF was also examined, which showed no distinct interfacial 
interactions compared to the hybrid filler system (Fig. S12).

2.3 � Thermal properties of the composites

The thermal conductivity of PPS composites containing 1, 
3, and 5 wt% TCOF was evaluated to assess how porous 
filler content influences heat transfer (Fig. 9a). The com-
positions and corresponding thermal conductivity values 
of the PPS composites are summarized in Table 1. Unless 
otherwise noted, all TCOF samples underwent 24 h of Ost-
wald ripening. Neat PPS exhibited a thermal conductivity of 
0.211 W·m–1·K–1, which progressively decreased to 0.162, 
0.141, and 0.119 W·m–1·K–1 with increasing TCOF content. 
This substantial reduction is primarily attributed to the hier-
archical porosity developed during ripening. The ripened 
TCOF features a high specific surface area (1067.2 m2/g), 
large pore volume (0.839cm3/g), and broad pore size dis-
tribution (4–20 nm), all of which contribute to multiscale 
phonon scattering. In particular, mesoporous regions pro-
mote the Knudsen effect, wherein the phonon mean free path 
becomes comparable to pore dimensions, thus significantly 
suppressing thermal conduction. Additionally, π–π stacking 
and localized surface crystallization within TCOF enhance 
phonon reflection and interface mismatch, enabling an effi-
cient multidimensional phonon scattering network.

To explore the synergistic effects of nanostructured 
TCOF and GF, the TCOF content was varied from 1 to 5 
wt% while maintaining GF at a constant 30 wt% (Fig. 9b). 
The PPS/GF30 composite alone showed a thermal conduc-
tivity of 0.154 W·m–1·K–1, which further decreased to 0.112, 
0.071, and 0.056 W·m–1·K–1 upon the addition of 1, 3, and 
5 wt% TCOF, respectively. This trend indicates enhanced 
phonon scattering enabled by the dual-filler architecture. 
By contrast, the PPS/TCOF5–GF30 composite containing 
non-ripened TCOF displayed a significantly higher thermal 
conductivity of 0.085 W·m–1·K–1, confirming the critical 
role of Ostwald ripening in generating an effective porous 
shell for phonon suppression.

TGA was conducted to evaluate thermal decomposi-
tion behavior (Fig. 9c). Neat PPS began to degrade around 
520  °C, while PPS/TCOF5 and PPS/GF30 both exhib-
ited slightly delayed onset of degradation. Notably, PPS/
TCOF5–GF30 showed the highest thermal stability, with 
the decomposition temperature further shifted to a higher 
range and enhanced char yield. This trend is attributed to the 
thermally robust imine and triazine structures in the TCOF 
framework and the inorganic stability of GF, indicating the 
synergistic contribution of both fillers. These findings con-
firm that the incorporation of structurally stable, ripened 
TCOF and GF not only enhances thermal insulation but also 
improves high-temperature durability by forming a more 
resilient composite network.

The Agari–Uno model was applied to analyze the ther-
mal conductivity of PPS composites (Fig. 9d, Table S1). In 
this model, C1 reflects the ease of forming continuous filler 
networks, whereas C2 represents phonon scattering at inter-
faces [30]. For PPS/TCOF–GF, the increased C1 indicates 
that the hybridization of porous TCOF and fibrous GF pro-
motes a more effective conductive network, consistent with 
recent reports on filler dispersion and network formation in 
composites [31]. Furthermore, the relatively low C2 value 
(0.67) quantitatively reflects enhanced phonon scattering, 
which arises from the porous–crystalline duality of TCOF 
(mesoporous core and partially crystalline shell, Fig. 10). 
This structural duality, in combination with the anisotropic 
geometry of GF, synergistically intensifies phonon scatter-
ing and accounts for the observed reduction in thermal con-
ductivity of the hybrid composites. As detailed in the Sup-
porting Information, the calculated model exhibited close 
agreement with experimental values, reaffirming the trend 
of thermal conductivity reduction with increasing TCOF 
content. Notably, the extracted parameter C2 was signifi-
cantly low, indicating that the TCOF domains did not form 
continuous thermally conductive networks but rather acted 
as effective phonon-scattering barriers.

In the TCOF–GF hybrid system, the model fitting 
revealed an even steeper decline in thermal conductivity, 
associated with a further reduction in the C2 value. Despite 
the intrinsic thermal conductivity of GF, the presence of 
TCOF disrupted potential conductive pathways and intensi-
fied phonon scattering at heterogeneous interfaces. These 
results underscore a synergistic effect arising from the 
dual-filler architecture, wherein interfacial mismatch and 
hierarchical structuring collectively contribute to enhanced 
thermal insulation.

To complement the Agari–Uno analysis, the Hamil-
ton–Crosser model was further applied with shape factors 
of n = 3 for TCOF and n = 6 for GF, together with a correc-
tion factor (ηs) to account for interfacial resistance and pore-
induced scattering. As summarized in Table S3 and illus-
trated in Figure S6 (Supporting Information), the corrected 
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predictions show improved agreement with experimental 
data, while the remaining deviation highlights multiscale 
phonon scattering in the hierarchical TCOF–GF networks.

Figure 10 schematically illustrates the synthesis pathway 
and structural evolution of TCOF and its hybridization with 
glass fiber (GF) for thermal insulation applications. The 

polymerization of BTCA and TAPB yields uniform amor-
phous TCOF spheres, which undergo a crystallization-driven 
Ostwald ripening process at 70 °C. During this process, 
imine exchange dynamics promote surface-oriented crystal-
lization, while the inner amorphous core gradually dissolves, 
resulting in a hierarchical structure comprising a crystalline 

Fig. 9   (a) Thermal conductivity of PPS composites containing 1–5 
wt% ripened TCOF. (b) Thermal conductivity of dual-filler systems 
(TCOF-GF30), including non-ripened TCOF. ((c) TGA of selected 

PPS composite samples. (d) Thermal conductivity predictions using 
the Agari–Uno model
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outer shell and an amorphous porous interior [32]. This 
anisotropic transformation is critical for thermal insulation, 
as the outer crystalline domains induce phonon reflection, 
while the internal mesoporosity facilitates extensive pho-
non scattering through the Knudsen effect [33]. Subsequent 
grafting onto silane-treated GF enables the formation of a 
hybrid filler (TCOF–GF), where TCOF domains are hetero-
geneously anchored along the GF surface. This architecture 
combines the rigidity and dispersion benefits of GF with the 
multidimensional phonon-scattering capability of the TCOF 
shell, leading to synergistically enhanced thermal insulation 
performance in polymer composites Figure 11.

As shown in Fig. 12(a), neat PPS exhibits two sharp 
heat release rate (HRR) peaks with the highest intensity, 
reflecting rapid and uncontrolled volatile release during 
decomposition. The incorporation of TCOF or GF leads to 

a noticeable decrease in peak HRR, and the hybrid PPS/
TCOF5–GF30 displays the most pronounced suppression, 
confirming its superior capability to mitigate heat release. A 
similar trend is observed in the cumulative total heat release 
(THR, Fig. 12b), where the hybrid composite records the 
lowest total value, indicating a significant reduction in com-
bustible fuel generation. Smoke evolution is also influenced 
by the fillers; the total smoke production (TSP) profiles in 
Fig. 12(c) demonstrate that PPS/TCOF5–GF30 produces the 
least smoke, consistent with the reduced release of aromatic 
and sulfur-containing volatiles identified in the TG–FTIR 
analysis. Furthermore, the mass retention curves (Fig. 12d) 
reveal that the hybrid retains the largest char fraction, sig-
nifying the formation of a dense and stable carbonaceous 
layer. This compact char effectively impedes heat and oxy-
gen transfer, while the nitrogenous volatiles (NH₃, HNCO) 

Table 1   Composition and 
thermal conductivity of PPS 
composites

Category Sample TCOF (wt%) GF (wt%) Thermal conduc-
tivity (W m–1·K–1)

Neat matrix PPS 0 0 0.211
Single-filler PPS/TCOF1 1 0 0.162

PPS/TCOF3 3 0 0.141
PPS/TCOF5 5 0 0.119
PPS/GF30 0 30 0.154

Hybrid PPS/TCOF1-GF30 1 30 0.069
PPS/TCOF3-GF30 3 30 0.063
PPS/TCOF5-GF30 5 30 0.059
PPS/TCOF5-GF30
(non-ripened)

5 30 0.092

Fig. 10   Schematic illustration of the thermal insulation mechanism in the PPS composite
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detected in TG–FTIR act in the gas phase to dilute flam-
mable species and quench radicals. The combination of 
condensed-phase barrier action and gas-phase inhibition 
explains the synergistic flame-retardant performance of PPS/
TCOF–GF composites, manifested as reduced HRR, lower 
THR, suppressed smoke release, and enhanced char yield.

Vertical UL-94 flame tests were conducted to evaluate 
the flame retardancy of PPS composites. As shown in Fig. 
S8 and summarized in Table 2, all tested composites—
including neat PPS and filler-loaded variants—achieved a 
UL-94 V-0 rating, with limiting oxygen index (LOI) values 
up to 41.3%. Post-burning images (Fig. S8b) revealed that 
the char layers formed in composites containing TCOF and 
GF were more compact and continuous than those of neat 
PPS, suggesting enhanced thermal shielding.

The superior flame retardancy observed can be attrib-
uted to the characteristics of the incorporated fillers. TCOF, 
enriched with nitrogen-containing triazine rings, enhances 

flame resistance by releasing inert gases during decompo-
sition and promoting the formation of a stable, insulating 
char layer. Its imine-linked framework contributes additional 
thermal stability, delaying degradation—a trend corrobo-
rated by the TGA results (Fig. 9d) [34, 35].

GF acts as a physical scaffold that reinforces the char 
layer and helps maintain the composite’s structural integrity 
during combustion. The combination of TCOF and GF in 
hybrid systems establishes a hierarchical filler architecture 
that enhances barrier formation by effectively obstructing 
both heat and oxygen penetration into the material. This lay-
ered protection contributes significantly to thermal shielding 
and flame suppression [36].

Overall, the outstanding flame-retardant performance 
of the PPS/TCOF–GF composites arises not only from the 
intrinsic flame resistance of PPS but also from the syner-
gistic interplay between the nitrogen-rich, char-promoting 
TCOF and the thermally stable, reinforcing GF. These 

Fig. 11   (a) shows the FTIR spectra of the evolved gases from neat 
PPS and the composites. Neat PPS exhibits typical degradation 
features of sulfur-containing aromatic polymers, including H₂O 
(≈3736  cm⁻1), CO₂ (2360, 2344, 2310, and 670  cm⁻1), carbonyl-
containing volatiles (≈1794 cm⁻1), SO₂ (1361 and 1151 cm⁻1), H₂S 
(2615–2550 cm⁻1), and aromatic fragments near 1510 cm⁻1. With the 
incorporation of TCOF, additional nitrogenous species such as NH₃ 
(930–965 cm⁻1), a broad hydrazine-related band (≈950–1000 cm⁻1), 
and HNCO (≈2270  cm⁻1) appear, suggesting a gas-phase flame-
retardant action from the triazine framework. PPS/GF30 shows a 
similar volatile profile to neat PPS but with reduced intensities and 
delayed maxima, consistent with the barrier effect of the fiber net-
work. The hybrid PPS/TCOF5–GF30 combines both features: nitrog-
enous volatiles are evident, while the sulfur- and carbonyl-related 
bands are attenuated and shifted to higher temperatures, confirming 

a synergistic mechanism of gas-phase dilution and condensed-phase 
blocking, (b) provides the temperature-resolved FTIR spectra of PPS/
TCOF5–GF30, which highlight the sequential release of different 
gaseous species during decomposition. At lower temperatures, H₂O 
and CO₂ dominate the spectrum, while with increasing temperature, 
the emergence of NH₃ and HNCO bands indicates the decomposi-
tion of the triazine framework. At the same time, the intensity of SO₂ 
and H₂S bands is significantly reduced and their evolution shifted to 
higher temperature compared with neat PPS, reflecting suppression of 
sulfurous volatiles by the hybrid structure. This temperature-resolved 
analysis demonstrates that the hybrid composite not only delays the 
onset of decomposition but also alters the volatile composition toward 
nitrogenous species, thereby reducing the fuel contribution of sulfur-
ous gases and providing an additional gas-phase inhibition pathway.
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findings underscore that strategically engineered filler com-
binations can further elevate the flame resistance of already 
flame-retardant polymer matrices without resorting to halo-
genated additives.

To further investigate the flame-retardant mechanisms, 
SEM analysis was performed on the post-combustion char 
residues (Fig. S9). Neat PPS (Fig. S9a) exhibited a severely 
fragmented and porous char morphology with widespread 

Fig. 12   Cone calorimeter results of PPS and its composites: (a) HRR, (b) THR, (c) av-HRR, and (d) TSP

Table 2   UL-94 rating and LOI values of PPS-based composites

Sample UL-94 Rating LOI (%)

Neat PPS V-0 38.2 ± 0.1
PPS/TCOF5 V-0 40.5 ± 0.1
PPS/GF30 V-0 39.7 ± 0.2
PPS/TCOF5–GF30 V-0 41.3 ± 0.1



Advanced Composites and Hybrid Materials           (2025) 8:401 	 Page 15 of 18    401 

microcracking and structural collapse, indicating insufficient 
thermal stability and weak char-forming capability. In con-
trast, the PPS/TCOF5 sample (Fig. S9b) formed a relatively 
continuous and dense char structure, with interconnected 
carbonaceous domains and reduced crack propagation. This 
is attributed to the thermal decomposition of TCOF, which 
generates stable aromatic and nitrogen-containing frag-
ments that promote char formation and enhance structural 
retention.

The PPS/GF30 composite (Fig. S9c) retained a fibrous 
framework in the residue, where the glass fibers are clearly 
visible and embedded within the char layer. These fibers act 
as a thermally stable skeleton, although partial delamina-
tion and local voids suggest limited matrix-fiber bonding 
during combustion. Remarkably, the PPS/TCOF5–GF30 
hybrid composite (Fig. S9d) displayed the most cohesive 
and compact char layer, with minimal porosity and a sponge-
like cellular structure, indicating effective reinforcement of 
the carbonaceous network. This morphology supports the 
synergistic interaction between TCOF and GF, where TCOF 
promotes stable char formation and GF maintains physical 
integrity, jointly contributing to enhanced flame retardancy.

2.4 � Mechanical properties of composites

The mechanical performance of the composite films was 
assessed through tensile testing, as shown in Fig. 13. Fig-
ure 13a illustrates the tensile behavior of neat PPS and com-
posites incorporating various amounts of TCOF. Neat PPS 
exhibited a tensile strength of 58.6 MPa and an elongation at 
break of 2.37%, consistent with its inherently brittle nature. 
Upon incorporating 1–5 wt% TCOF, a progressive decrease 
in tensile strength was observed, reaching 50.9 MPa at 
5 wt%. This reduction is attributed to weak filler–matrix 
interfacial bonding and stress concentrations arising from 
the rigid and porous nature of the TCOF particles [37]. Simi-
larly, the elongation at break decreased with higher TCOF 
content, suggesting that the porous filler limited polymer 
chain mobility and flexibility within the matrix.

Figure 13c presents the stress–strain behavior of compos-
ites reinforced with 30 wt% GF, with and without TCOF. 
The PPS/GF30 composite showed a marked improvement in 
tensile strength, increasing to 84.9 MPa, primarily due to the 
high stiffness and load-bearing capacity of the aligned GFs. 
However, this enhancement came at the cost of reduced duc-
tility, with elongation at break falling to 1.50%. The incorpo-
ration of 5 wt% TCOF into the GF-reinforced system (PPS/
TCOF5–GF30) led to a slight decrease in tensile strength 
to 76.7 MPa.

The addition of GF countered the brittleness induced by 
TCOF. In the hybrid system, PPS/TCOF5–GF30 exhibited 
a tensile strength of 76.7 MPa, slightly lower than PPS/
GF30 (84.9 MPa). This modest reduction can be attributed 

to partial coverage of the GF surface by the rigid, porous 
TCOF particles, which may reduce the effective PPS–GF 
contact area and introduce localized stress concentrations 
despite silanization. Similar effects have been observed in 
nanofiller-modified systems, where enhanced reinforce-
ment was often accompanied by minor changes in adhesion 
[38]. Taken together, these results imply that while minor 
interfacial disturbances may occur, the overall adhesion is 
largely preserved and the multifunctional benefits (thermal 
insulation and flame retardancy) justify this trade-off. High-
magnification SEM images of the GF–TCOF–PPS interfaces 
(Fig. S4) further confirm the enhanced filler–matrix adhe-
sion and reduced interfacial voids.

Dynamic mechanical analysis (DMA, Fig. S11) revealed 
that the hybrid composites exhibited an increased storage 
modulus compared with neat PPS, confirming the reinforc-
ing contribution of the dual-filler network. In addition, the 
tan δ peak shifted slightly toward higher temperatures, sug-
gesting restricted chain mobility due to improved interfacial 
interactions. Although the incorporation of TCOF led to a 
moderate reduction in tensile strength compared with PPS/
GF30, the hybrid composites maintained balanced mechani-
cal performance with enhanced stiffness and interfacial 
compatibility.

3 � Conclusion

A novel PPS composite system was successfully devel-
oped through the co-integration of hierarchically porous 
triazine-based COFs and silane-treated GFs. The TCOFs, 
synthesized via Ostwald ripening, featured a mesoporous 
core and a partially crystalline outer shell, facilitating effec-
tive phonon scattering. As a result, the thermal conductiv-
ity was reduced from 0.211 W·m⁻1·K⁻1 (neat PPS) to 0.056 
W·m⁻1·K⁻1 in the PPS/TCOF5–GF30 hybrid composite. 
Concurrently, the incorporation of GF enhanced the tensile 
strength from 58.6 MPa (neat PPS) to 84.9 MPa in PPS/
GF30. Although the hybrid PPS/TCOF5–GF30 composite 
exhibited a slightly lower tensile strength of 76.7 MPa, it 
maintained comparable elongation at break, reflecting a 
well-balanced mechanical performance. The resulting com-
posites also demonstrated outstanding flame-retardant prop-
erties, achieving UL-94 V-0 ratings and an LOI value up to 
41.3%. Notably, the hybrid composites formed dense, crack-
resistant char layers, providing an effective barrier during 
thermal degradation. Overall, the dual-filler strategy signifi-
cantly improved thermal insulation, flame retardancy, and 
preserved robust mechanical properties of the PPS matrix 
without the use of halogenated flame retardants. These find-
ings demonstrate a promising pathway for designing high-
performance polymer composites tailored for thermally 
demanding and safety–critical applications.
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