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Abstract
Carbon fibers (CF)/epoxy composites are widely utilized in aerospace and transportation due to their light weight and high specific 
strength/modulus. However, poor interfacial binding between CF and the epoxy matrix leads to phonon scattering and inefficient load 
transfer, causing heat accumulation and reduced service life in high-power electronic systems. In this study, CF was coated with a styrene, 
benzocyclobutene, and methyl methacrylate units containing polymer layer mixed with carbon nanotubes (CNT) through impregnation and 
drying. The polymer layer was then thermally crosslinked to obtain the polymer and CNT coated CF (CF@(CNT/P)). CF@(CNT/P) was then 
applied as reinforced fibers and epoxy resin containing a liquid crystal structure as the matrix to prepare CF@(CNT/P)/epoxy composites. The 
π-π interactions and hydrogen bonds between CF and epoxy resin were enhanced by the benzene ring and ester groups in the polymer, 
thereby improving the interfacial binding between epoxy resin and CF. CF@(CNT/P)/epoxy composite showed enhanced load-bearing and 
thermal conduction performance. When the mass fractions of CNT and copolymer in CNT/P/dichloromethane (DCM) solution were 0.03 wt% 
and 0.1 wt%, respectively, the CF@(CNT/P) had the best interfacial binding to the epoxy resin. The interlaminar shear strength and flexural 
strength of the CF@(CNT/P)/epoxy composite increased from 23.7 and 252.5 MPa of CF/epoxy composite to 31.4 and 369.1 MPa, 
respectively. Meanwhile, the in-plane (λ∥ ) and through-plane (λ⊥) thermal conductivity values were improved from 7.15 and 0.31 W/(m·K) of 
CF/epoxy composite to 10.08 and 0.58 W/(m·K), respectively. The CF@(CNT/P)/epoxy composite also demonstrated an electromagnetic 
interference shielding effectiveness of 38.6 dB which has broad application in high-power electronic information systems.
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1. Introduction
Carbon fiber (CF)/epoxy composites demonstrate many advantages, such as light weight, high specific strength, and high specific 
modulus. They are often used as substrates and housings for electronic systems in unmanned aerial vehicles and intelligent driving 
vehicles[1-3]. With the rapid development of aerospace and transportation, the electronic components in these systems are becoming 
increasingly high-frequency, high-power, and high-density[4,5]. These inevitably lead to rapid heat accumulation in the electronic 
systems, seriously threatening their operational stability and service life, and impose higher demands on the thermal conductivity of 
CF/epoxy composites[6,7].

However, the intrinsic thermal conductivity of the epoxy matrix is usually lower than 0.2 W/(m·K)[8-10]. Moreover, the surface of CF is 
highly inert, making it difficult to interact with the epoxy matrix. In addition, the CF surface is grooved[11,12], leading to voids or 
defects between the CF and the epoxy matrix, resulting in poor interfacial binding and blocking the thermal conduction paths in the 
epoxy composite[13,14]. Therefore, the thermal conductivity of CF/epoxy composites is difficult to meet application requirements[15,16]. 
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By introducing mesogenic units into the epoxy monomer to generate an ordered structure during curing[17,18], phonon scattering can 
be effectively reduced, endowing the epoxy matrix with higher intrinsic thermal conductivity[19-21]. Furthermore, introducing an 
interfacial compatibilizer on the CF surface will improve the interfacial compatibility and binding between the epoxy matrix and CF, 
which therefore enhances the thermal conduction and mechanical properties of the composite[22-24]. For instance, Jiang et al.[25] 
prepared CF, which was coated with polydopamine (PDA). The high density of catechol and amino groups in PDA formed strong π-π 
stacking and hydrogen bonding interactions with CF and epoxy resin, improving the compatibility between CF and epoxy resin and 
reducing interfacial defects. The λ⊥ of the modified CF/epoxy composite was increased from 1.51 W/(m·K) of the neat CF/epoxy 
composite to 1.66 W/(m·K), and its interlaminar shear strength (ILSS) increased from 24.8 to 28.4 MPa. However, the thermal 
conductivity of CF/epoxy composites usually showed limited improvement by coating the CF surface with only a polymer itself.

Studies have shown that introducing carbon-based nanofillers with high thermal conductivity and polymers with specific structures 
into the composite interface can further increase thermal conduction pathways and improve heat transfer efficiency[26-28]. Huang 
et al.[29] used a poly(p-phenylene benzobisoxazole) (PBO) precursor to impregnate CF grafted with graphene oxide (GO), followed by 
high-temperature oxazole cyclization to obtain CF-GO@PBO. The results showed that the λ⊥ of the CF-GO@PBO/epoxy composite was 
85.8% higher than that of the CF/epoxy composite. Yu et al.[30] prepared pitch-based CF (PCF) which was coated with modified 
graphene nanoplatelets (mGNP) and PDA (mGNP@mPCF). The high adhesiveness of PDA improved the interfacial binding within the 
composite while mGNP constructed thermal conduction pathways between fibers and increased fiber surface roughness to enhance 
mechanical interlocking with the epoxy matrix. The results showed that the λ⊥ of mGNP@mPCF/epoxy composite increased from 
0.46 W/(m·K) for the PCF/epoxy composite to 0.74 W/(m·K), and its flexural strength increased from 265.4 to 315.8 MPa. Therefore, 
carbon-based nanofillers can effectively improve thermal conductivity and also serve as nano-reinforcement points during load 
bearing through mechanical interlocking, endowing the composite with excellent mechanical properties[31,32]. However, the surface 
of carbon-based nanofillers is highly inert[33,34], and the polymer main chains of PBO and PDA are composed of rigid benzene 
rings[35,36], which limits the spreading of the polymer and carbon-based nanofillers on the CF surface, leading to easy agglomeration 
and defect formation. Therefore, their modification effect needs further improvement.

In this study, styrene (S), benzocyclobutene (BCB), and methyl methacrylate (MMA) were employed to synthesize a random copolymer 
of P(S-co-BCB-co-MMA) through reversible addition-fragmentation chain transfer (RAFT) polymerization. P(S-co-BCB-co-MMA) and 
carbon nanotubes (CNT) were then applied to coat CF via the strategy of impregnation and drying. After thermal crosslinking of BCB 
units, CF uniformly coated with CNT and P(S-co-BCB-co-MMA) was obtained, denoted as CF@(CNT/P). The CF@(CNT/P)/epoxy 
composite was then prepared via an “impregnation-layering-hot pressing” method, where the epoxy contained conventional epoxy 
(E-51) and liquid crystalline epoxy (liquid crystalline epoxy (LCE), as shown in Figure 1). The structural and surface morphology of 
CF@(CNT/P) were characterized using X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and atomic force 
microscopy (AFM). The effects of the structural composition and morphology of CF@(CNT/P) on the mechanical properties, thermal 
conductivity, and thermal resistance of the CF@(CNT/P)/epoxy composite were analyzed and investigated.

Figure 1. Schematic diagram of the preparation of thermally conductive CF@(CNT/P)/epoxy composite. CNT: carbon nanotube; BCB: benzocyclobutene; MMA: methyl 

methacrylate; CF: carbon fiber; DDM: 4,4’-diaminodiphenylmethane; DCM: dichloromethane; LCE: liquid crystalline epoxy.
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2. Methods
2.1 Main raw materials
CF fabric, T-300, was purchased from Toray Industries, Inc. (Japan). P(S-co-BCB-co-MMA) was synthesized according to our previous 
study (Scheme S1 and Figure S1)[37]. LCE was synthesized according to our previous work[38]. Dichloromethane (DCM, 98%), acetone 
(98%), anhydrous ethanol (98%), CNT (95%, inner diameter = 5~12 nm, outer diameter = 30~50 nm, length = 1~10 μm), 
4,4’-diaminodiphenylmethane (DDM), and bisphenol A epoxy resin (E-51) were all purchased from Shanghai Macklin Biochemical 
Technology Co., Ltd. (China).

2.2 Modification of CF with P(S-co -BCB-co -MMA)
The CF fabric was immersed in acetone for 24 hours, rinsed with ethanol, dried in an oven at 80 °C for 12 hours, and then cooled to 
room temperature. To verify the optimal amount of the random copolymer, appropriate amounts of P(S-co-BCB-co-MMA) were 
dissolved in DCM to prepare P(S-co-BCB-co-MMA)/DCM solutions with mass fractions of 0.1 wt%, 0.2 wt%, and 0.3 wt%, respectively. 
The pretreated CF was immersed into the above solutions. After DCM evaporation at 60 °C, CF covered with P(S-co-BCB-co-MMA) was 
obtained. It was then heated at 250 °C for 10 minutes under a N2 atmosphere to crosslink the BCB units. After cooling to room 
temperature, the P(S-co-BCB-co-MMA)-modified CF was obtained (denoted as CF@P-1, CF@P-2, and CF@P-3, respectively).

2.3 Preparation of CNT/copolymer hybrid coating modified CF
Appropriate amounts of CNT, P(S-co-BCB-co-MMA), and DCM were mixed under ultrasonic conditions for 10 minutes to prepare a 
series of CNT/P(S-co-BCB-co-MMA)/DCM mixtures (the mass fractions of CNT in the mixtures were 0.01 wt%, 0.02 wt%, 0.03 wt%, and 
0.04 wt%, respectively). The acetone-pretreated CF fabric was immersed in the above mixtures, and then the same treatment 
procedure as that used for preparing CF@P was applied to obtain CF@(CNT/P), denoted as CF@(CNT/P)-1, CF@(CNT/P)-2, CF@(CNT/P)-3, 
and CF@(CNT/P)-4, respectively.

2.4 Preparation of CF@(CNT/P)/epoxy composites
Bisphenol A epoxy resin (E-51) was first added to a polytetrafluoroethylene beaker and stirred at 150 °C for preheating. After 
becoming clear and transparent, LCE was added, dissolved, and stirred evenly to obtain an E-51/LCE (mol:mol = 9:1) mixture. An 
appropriate amount of curing agent, DDM, was added to the above mixture (the molar ratio of active hydrogen from amino groups to 
epoxy groups was 1:1). The mixture was prepolymerized at 150 °C to a gel state, then cooled to room temperature, and acetone was 
added in proportion (vol:vol = 1:1) to prepare an impregnating resin. An appropriate amount of CF@(CNT/P) was immersed in the 
above impregnating resin to obtain CF@(CNT/P)/epoxy prepreg (resin content was fixed at 40 wt%). After the prepreg was layered (6 
layers), it was cured at 150 °C (within the liquid crystal state of LCE) under 10 MPa pressure for 6 hours, then cooled and demolded to 
obtain the CF@(CNT/P)/epoxy composite. The CF/epoxy and CF@P/epoxy composites were prepared using the same method as 
controls.

2.5 Characterizations
The characterizations are shown in Supplementary materials.

3. Results and Discussion
3.1 The structure of CF@(CNT/P)
Fourier transform-infrared spectroscopy (FT-IR) was used to characterize and analyze the surface functional groups of CF, CF@P, and 
CF@(CNT/P) (Figure 2a). The FT-IR spectrum of CF only showed very few characteristic absorption peaks with low intensity. It was 
mainly attributed to the strong surface chemical inertness of CF, which was composed of a low-polar and highly crystalline flake 
graphite structure[39]. After modification by P(S-co-BCB-co-MMA), CF@P showed characteristic absorption peaks at 1,727 cm-1 and 
1,450-1,600 cm-1, corresponding to the O-C=O group and the benzene ring in the side chain of P(S-co-BCB-co-MMA), respectively, 
indicating that P(S-co-BCB-co-MMA) was successfully coated on the surface of CF[37]. Compared with CF@P, CF@(CNT/P) also showed a 
characteristic absorption peak at 3,400 cm-1 attributed to the hydroxyl groups on the CNT surface[40]. In addition, the characteristic 
absorption peak for O-C=O shifted from 1,727 to 1,722 cm-1, and the characteristic absorption peak for the benzene ring skeleton 
vibration shifted from 1,452 to 1,450 cm-1, indicating that CNT formed hydrogen bonding and π-π stacking interactions with the BCB 
units and the benzene rings of P(S-co-BCB-co-MMA), respectively[41,42].

X-ray diffraction (XRD) was then applied to characterize the crystal structures of CF, CF@P, and CF@(CNT/P) (Figure 2b). CF showed a 
characteristic peak at 29.7o corresponding to the crystal plane of the crystalline flake graphite structure of CF. After modification with 
CNT and P(S-co-BCB-co-MMA), this characteristic peak showed no obvious change for CF@P and CF@(CNT/P), indicating that the 
surface modification had no significant effect on the crystal structure of CF[43-45]. Figure 2c shows the XPS spectra of CF before and 
after modification with CNT and P(S-co-BCB-co-MMA), and the corresponding element contents are listed in Table S1. CF displayed a 
low O content. Its C1s peak mainly consisted of C-C bonds (284.5 eV) and small amounts of C-O bonds (285.9 eV), C=O bonds (286.9 eV), 
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and O-C=O bonds (288.8 eV) (Figure 2c1), indicating poor surface activity. For CF@P, the relative content of O on the surface increased, 
while the relative content of C decreased. The peak areas of oxygen-containing functional groups in its high-resolution C1s spectrum 
increased significantly, and a characteristic peak (π-π*) attributed to π-π stacking appeared at 291.0 eV (Figure 2c2)[46,47]. These 
changes were attributed to the high oxygen content of the O-C=O side groups in P(S-co-BCB-co-MMA) and the π-π interactions 
between the benzene rings in the side groups and CF. For CF@(CNT/P), the introduction of CNT, which had a high C content, caused a 
slight decrease in the O content on the fiber surface[48], but the oxygen-containing functional group content (O/C ratio = 0.25) was still 
higher than that of CF (O/C ratio = 0.18). In addition, the π-π* peak remained, and its shape was essentially unchanged (Figure 2c3), 
further confirming the presence of π-π interactions between P(S-co-BCB-co-MMA) and both CF and CNT.

Figure 2. FT-IR spectra (a); XRD curves (b); XPS spectra (c) of CF, CF@P; and CF@(CNT/P), and the high-resolution XPS C1s spectra (c1-c3). FT-IR: Fourier transform-infrared 

spectroscopy; XRD: X-ray diffraction; XPS: X-ray photoelectron spectroscopy; CF: carbon fiber; CF@(CNT/P): carbon fibers coated with carbon nanotubes/polymer layer.

SEM was applied to characterize the surface morphology of CF, CF@P, and CF@(CNT/P) (Figure 3a,b,c). The surface of pristine CF 
displayed a grooved structure with a diameter of about 6.65 μm (Figure 3a). The diameter and coating thickness of CF@P increased 
from 6.71 μm and 0.03 μm of CF@P-1 (Figure 3b) to 7.12 μm and 0.23 μm of CF@P-3 (Figure S2) with increasing mass fraction of 
P(S-co-BCB-co-MMA), respectively. Besides, the surface of CF@P-3 showed clumpy aggregates (Figure S2b). In addition, when the 
solution concentration of P(S-co-BCB-co-MMA) was 0.1 wt%, the CF@P-1/epoxy composite exhibited the highest ILSS of 27.3 MPa and 
flexural strength of 327.1 MPa (Figure S3), indicating that the interfacial binding between CF@P and the epoxy resin was optimal at this 
treatment concentration[49]. Therefore, this mass fraction (0.1 wt%) of P(S-co-BCB-co-MMA) solution was selected for subsequent 
preparation of CF@P. As shown in Figure 3c and Figure S4, when the CNT mass fraction in the CNT/P(S-co-BCB-co-MMA)/DCM mixture 
was low, the CF@(CNT/P)-1 and CF@(CNT/P)-2 (Figure S4) surfaces had few CNT, and the CNT was difficult to orient. As the CNT mass 
fraction in the mixture increased, the amount of CNT on the CF surface increased, and the degree of orientation improved (Figure 3c). 
When the CNT mass fraction in the mixture reached 0.04 wt%, CNT agglomeration occurred on the surface of CF@(CNT/P)-4 
(Figure S4c).

This is because, when the polymer solution concentration was low, the molecular chains of P(S-co-BCB-co-MMA) could easily 
disperse in DCM and fully spread on the CF surface. Increasing the polymer concentration tended to cause entanglement and 
agglomeration of the molecular chains, forming clumpy aggregations. In addition, due to the low boiling point of DCM, during its 
rapid volatilization, the tension generated by the shrinking liquid-gas interface exerted a force toward the gas on the CNT with a 
relatively large diameter, light weight, and high rigidity, making them prone to orientation. While the P(S-co-BCB-co-MMA), which 
had high flexibility, strong freedom of movement, and contained benzene rings and ester groups, had a stronger interaction with CF 
and was more likely to adhere to the surface of CF[50]. When the CNT mass fraction was low, the relatively high content of 
P(S-co-BCB-co-MMA) interacting with CF restricted the orientation of CNT, resulting in fewer oriented CNT. As the CNT mass fraction 
increased, the orientation effect became stronger, overcoming the restriction of the interactions between P(S-co-BCB-co-MMA) and 
CF, leading to more oriented CNT[51]. However, when the CNT mass fraction further increased, the viscosity of the mixture increased 
as well, making it difficult to spread uniformly on the CF surface, thus causing agglomeration. Moreover, when the CNT mass fraction 
in the CNT/P(S-co-BCB-co-MMA)/DCM mixture was 0.03 wt%, the CF@(CNT/P)-3/epoxy composite exhibited the highest ILSS of 
31.4 MPa and flexural strength of 369.1 MPa (Figure S3), indicating that at this mass fraction, the interfacial binding between 
CF@(CNT/P) and the epoxy resin was optimal. Therefore, this CNT mass fraction in the mixture was selected for subsequent 
preparation of CF@(CNT/P).
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As shown in the AFM images (Figure 3a1,b1,c1) and roughness parameters (Figure 3d) of CF, CF@P, and CF@(CNT/P), the surface of 
pristine CF exhibited relatively high roughness. Its arithmetic mean deviation of the profile (Ra) reached 22.2, and the ratio of the root 
mean square roughness (Rq) to Ra was relatively large[52,53], being 1.22. The surface roughness of CF@P was 14.3, and the Rq/Ra value 
decreased to 1.15. The Ra value of CF@(CNT/P) significantly increased to 30.3, with an Rq/Ra value of 1.34. This is because some CNT 
were distributed on the CF surface at certain orientation angles, which increased the height difference on the CF@(CNT/P) surface. 
According to the contact angles of the three fibers with water and diiodomethane and the calculated surface energy results 
(Figure 3e,f), the contact angles of CF@P and CF@(CNT/P) with both liquids were significantly lower than those of CF, and the polar 
component of the surface energy (γd) increased. This is attributed to the polar groups introduced by P(S-co-BCB-co-MMA) and the 
large specific surface area formed by the high surface roughness of CF@(CNT/P), which improved contact with water and 
diiodomethane, facilitated infiltration of the fibers by epoxy resin, and enhanced the binding between the fibers and the resin[54,55].

Figure 3. SEM (a-c) and AFM (a1-c1) images of CF, CF@P, and CF@(CNT/P); Roughness parameters (d); Contact angles between fibers and water and diiodomethane (e); 

Calculated surface energy (f). SEM: scanning electron microscopy; AFM: atomic force microscopy; CF: carbon fiber; CF@P: poly(styrene-co-benzocyclobutene-co-methyl 

methacrylate)-coated carbon fibers; CF@(CNT/P): carbon fibers coated with carbon nanotubes/polymer layer.

3.2 Mechanical properties of CF@(CNT/P)/epoxy composite
The binding characteristics between the three types of fibers and the epoxy matrix were investigated through the ILSS fracture 
surfaces of the fibers with epoxy resin (Figure 4a,b,c) and the ILSS test results (Figure 4d). It can be seen that the CF@(CNT/P)/epoxy 
composite exhibited the highest ILSS of 31.4 MPa, which was 32.4% higher than that of the CF/epoxy composite (23.7 MPa), and higher 
than that of the CF@P/epoxy composite (27.3 MPa). This is because the ILSS mainly depends on the binding ability between CF and the 
epoxy matrix. Due to the grooved structure (Figure 3a), strong inertness, and low surface energy (Figure 3f) of CF, it was difficult to be 
infiltrated by epoxy resin, resulting in micro-voids between CF and the epoxy matrix (Figure 4a). As a result, stress cannot be 
effectively transferred between CF and the epoxy matrix. During loading, such voids became stress concentration points, which 
caused the CF to detach from the epoxy matrix and resulted in interlayer sliding failure. Besides, the surface of the CF contained 
almost no residual epoxy resin[56]. However, CF@P had a higher surface energy, which facilitated the infiltrating of CF by epoxy resin 
and reduced interfacial defects and voids. After ILSS testing, the amount of epoxy resin adhered to the CF surface increased 
(Figure 4b), indicating that the benzene rings and ester groups in P(S-co-BCB-co-MMA) could enhance π-π interactions and hydrogen 
bonding at the interface between CF and the epoxy matrix. This is beneficial for stress transfer between CF and the epoxy matrix, 
resulting in a higher ILSS. For the fracture surface of the CF@(CNT/P)/epoxy composite, the CF was covered by epoxy resin, indicating 
good binding between CF and the epoxy matrix, with failure mainly occurring through fracture of the epoxy resin (Figure 4c). This 
indicated that CF@(CNT/P) further enhanced stress transfer at the interface through mechanical interlocking with epoxy resin, 
endowing it with the highest ILSS[57,58].
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Figure 4. SEM images of ILSS fracture surfaces of CF/epoxy composite, CF@P/epoxy composite, and CF@(CNT/P)/epoxy composite (a-c); test results of ILSS (d); flexural 

strength (e); and tensile strength (f). SEM: scanning electron microscopy; ILSS: interlaminar shear strength; CF: carbon fiber; CF@P: poly(styrene-co-benzocyclobutene-co-

methyl methacrylate)-coated carbon fibers; CF@(CNT/P): carbon fibers coated with carbon nanotubes/polymer layer.

In addition, the flexural strength and tensile strength of the CF@(CNT/P)/epoxy composite reached 369.1 and 617.3 MPa, respectively 
(Figure 4e,f), which were higher than those of the CF/epoxy composite (252.5 and 582.6 MPa, respectively) and the CF@P/epoxy 
composite (327.1 and 592.4 MPa, respectively). This further demonstrated that the interfacial binding between CF and the epoxy 
matrix was effectively improved, and that the surface modification of CF did not reduce the tensile properties of the composite. 
Meanwhile, the improved interfacial binding between CF and the epoxy resin helped reduce interlaminar slippage during tensile 
loading, endowing the composite with high tensile strength.

3.3 Thermal conduction and thermal performance of CF@(CNT/P)/epoxy composites

Figure 5a shows the λ∥ and λ⊥ results of CF/epoxy, CF@P/epoxy, and CF@(CNT/P)/epoxy composites. It can be seen that the 
CF@(CNT/P)/epoxy composite exhibited the highest λ∥ and λ⊥ of 10.08 and 0.58 W/(m·K), respectively, which were 41.0% and 87.1% 
higher than those of the CF/epoxy composite (λ∥ = 7.15 W/(m·K), λ⊥ = 0.31 W/(m·K)), and also higher than those of the CF@P/epoxy 
composite (λ∥ = 7.88 W/(m·K), λ⊥ = 0.39 W/(m·K)). This is mainly attributed to the effective construction of more through-plane 
thermal conduction pathways within the composite after CF modification with P(S-co-BCB-co-MMA) and CNT (Figure 5b and 
Figure S5), resulting in an improvement in through-plane thermal conductivity.

It can be seen that the λ∥ of the composites was higher than the λ⊥. This is because when heat flowed in the in-plane direction, the 
CF acted as continuous thermal conduction pathways, resulting in less phonon scattering. In contrast, when heat transferred in the 
through-plane direction, it had to pass through an "epoxy-CF-epoxy" path, encountering numerous interfaces, which led to 
significant phonon scattering. In addition, the biphenyl units of LCE formed a regular structure in epoxy[26], which constructed 
thermal conduction pathways between CF and reduced phonon scattering during heat transfer[59,60]. Therefore, the λ∥ and λ⊥ of the 
CF/epoxy composite with LCE were higher than those of the CF/epoxy composite without LCE (Table S2 and Table S3). However, 
pristine CF had strong surface chemical inertness, making it difficult for epoxy resin to infiltrate CF, leading to voids at the interface 
and weak interfacial binding (Figure 4a). After modification with P(S-co-BCB-co-MMA), epoxy resin effectively infiltrated CF@P with 
higher surface energy, reducing interfacial voids and achieving better binding (Figure 4b), which helped reduce phonon scattering at 
the interface of the CF@P/epoxy composite during heat transfer, endowing it with higher thermal conductivity. In the 
CF@(CNT/P)/epoxy composite, the interfacial binding between CF@(CNT/P) and epoxy resin was the best (Figure 4c), which was more 
favorable for heat flow transfer at the interface. Moreover, the surface of CF@(CNT/P) contained CNT with high thermal conductivity 
(Figure 3c), which helped construct thermal conduction pathways between CF, forming a more complete three-dimensional thermal 
conduction network within the composite and endowing it with the best thermal conductivity[61].

According to the infrared thermal images and curves of the composites on the surface of the 100 °C constant-temperature flatbed 
thermal platform (Figure 5c,c1), the surface temperatures of the CF/epoxy and CF@P/epoxy composites were lower than that of the 
CF@(CNT/P)/epoxy composite under the same heating time. After 30 s of heating, the surface temperatures were 86.1, 90.6, and 
93.2 °C, respectively. Moreover, the surface temperature distribution of the CF@(CNT/P)/epoxy composite was uniform, which was 
consistent with the thermal conductivity test results, indicating its best thermal conductivity.
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The thermal conduction mechanisms of the thermally conductive composites were analyzed using the ILSS fracture (SEM images, 
Figure 3 and Figure 4a,b,c) and finite element simulation (Figure 5d,d1,d2 and Table S4). By applying a heat source of 100 °C at the 
bottom of the microscopic model (Figure S6), the temperature of each part under steady-state conditions was simulated. It can be 
seen that in the CF/epoxy composite, the temperature between the fiber layers decreased significantly, with the upper surface 
temperature reaching only 43.8 °C, indicating that the interfacial voids between CF and the epoxy matrix disrupted efficient heat flow 
transfer at the interface. After modification with P(S-co-BCB-co-MMA), the infiltration of the epoxy matrix was improved, defects and 
voids were reduced, and heat conduction at the interface was enhanced, raising the upper surface temperature to 51.0 °C. For the 
CF@(CNT/P)/epoxy composite, the upper surface temperature reached 83.1 °C, which was significantly higher than those of the above 
two composites. This is attributed to the fact that there is a lower temperature difference at the interface between the fibers and the 
resin in the simulation of CF@(CNT/P)/epoxy composite (Figure S7), indicating that the introduction of CNT with excellent thermal 
conductivity can effectively construct thermal conduction pathways between CF and reduce the thermal resistance, endowing the 
composite with superior thermal conductivity[62-64]. Further comparison between the CF@(CNT/P)/epoxy composite and other 
modification methods for CF reinforced composites showed that the method presented herein can effectively improve the thermal 
conductivity and mechanical properties of the composite (Figure S8 and Table S5).

Figure 5. The λ∥  and λ ⊥ test results of CF/epoxy, CF@P/epoxy, and CF@(CNT/P)/epoxy composites (a); The schematic diagram of the thermal conduction path (b); The 

infrared thermal images and curves during the 100 °C heat source heating process (c-c1); The finite element simulation results of microstructure thermal conduction (d-d2); 

TGA (e), and DMA storage modulus (f) and loss factor curves (g). CF: carbon fiber; CF@P: poly(styrene-co-benzocyclobutene-co-methyl methacrylate)-coated carbon fibers; 

CF@(CNT/P): carbon fibers coated with carbon nanotubes/polymer layer.

As shown in Figure 5e and Table S6, the main thermal weight loss temperature range of the three composites was 350~700 °C, which 
was mainly attributed to the decomposition of epoxy resin at high temperatures (Figure S9). Among them, the CF@(CNT/P)/epoxy 
composite exhibited the highest thermal resistance index (THRI)[19], reaching 200.3 °C. This indicated that the modification of CF with 
P(S-co-BCB-co-MMA) and CNT was beneficial for restricting the thermal decomposition of epoxy resin molecules through interfacial 
interactions, endowing the composite with higher thermal resistance. In addition, as displayed by the DMA storage modulus and loss 
factor curves of the composites (Figure 5f,g), the CF@(CNT/P)/epoxy composite showed the highest storage modulus of 32.4 GPa at 
50 °C, which was 65.3% higher than that of the CF/epoxy composite (19.6 GPa), and also higher than that of the CF@P/epoxy composite 
(22.7 GPa). This was attributed to the improved interfacial binding between CF@(CNT/P) and the epoxy and the mechanical 
interlocking effect. Furthermore, the CF@(CNT/P)/epoxy composite exhibited the highest glass transition temperature of 139.1 °C, 
which was higher than those of CF/epoxy (127.8 °C) and CF@P/epoxy (131.1 °C) composites. This further demonstrated that the 
interfacial binding between CF and the epoxy matrix in the CF@(CNT/P)/epoxy composite was more excellent, and the interphase 
restricted the movement of epoxy resin segments at high temperatures, endowing the CF@(CNT/P)/epoxy composite with better 
performance for high-temperature applications[65,66]. This is beneficial for avoiding deformation during high-temperature heat 
transfer processes, ensuring the effective performance of its thermal conductivity[67,68].
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3.4 Electromagnetic shielding performance of thermally conductive CF@(CNT/P)/epoxy composite
As shown in Figure 6a,a1, the CF@(CNT/P)/epoxy composite exhibited the best electromagnetic interference shielding effectiveness 
(EMI SET, 38.6 dB), which was significantly higher than those of the CF/epoxy (23.6 dB) and CF@P/epoxy (23.7 dB) composites, and 
mainly relied on reflection of electromagnetic waves (Figure S10a). This is because the CF@(CNT/P)/epoxy composite constructed 
conductive pathways between CF by introducing CNT with high electrical conductivity, resulting in better electrical conductivity 
(Figure S10b). As a result, when electromagnetic waves were incident on the surface of the CF@(CNT/P)/epoxy composite, impedance 
mismatch occurred, reflecting a large amount of electromagnetic wave energy[69-71]. Furthermore, finite element simulation of the 
electric potential change of the composite under an electromagnetic field (Figure 6b,b1 and Table S7, with electromagnetic waves 
incident from the top of the composite model) showed that the electric field intensity of the CF@(CNT/P)/epoxy composite decreased 
more rapidly along the direction of electromagnetic wave propagation. The average electric field intensity at the bottom was 0.14 V, 
which was significantly lower than that of the CF/epoxy composite (0.47 V), indicating that the introduction of CNT could effectively 
reduce the penetration of electromagnetic waves into the composite interior[72].

Figure 6. Electromagnetic shielding effectiveness of CF/epoxy, CF@P/epoxy, and CF@(CNT/P)/epoxy composites (a-a1); Electric field intensity under the microscopic structure 

electromagnetic field (b-b1); Finite element simulation of macroscopic structure electromagnetic shielding performance (c); Photos of electromagnetic shielding in wireless 

charging scenarios (d). CF: carbon fiber; CF@P: poly(styrene-co-benzocyclobutene-co-methyl methacrylate)-coated carbon fibers; CF@(CNT/P): carbon fibers coated with 

carbon nanotubes/polymer layer.

A rectangular waveguide was used to simulate the electromagnetic shielding performance of the CF@(CNT/P)/epoxy composite 
(Figure 6c and Table S8). Electromagnetic waves were emitted from Port 1 and propagated toward Port 2 along the X-axis, with the 
electric and magnetic field components oscillating orthogonally along the Y-axis and Z-axis, respectively. When the 
CF@(CNT/P)/epoxy composite was not introduced into the rectangular waveguide model, the electric field intensity of the 
electromagnetic waves between the two ports remained constant, appearing as alternating blue-purple and white colors, with the 
absolute maximum electric field intensity of the electromagnetic waves being 0.71 V. After introducing the CF@(CNT/P)/epoxy 
composite into the rectangular waveguide model, the electric field intensity of the electromagnetic waves between Port 1 and the 
composite increased significantly, reaching an absolute maximum electric field intensity of 0.97 V. However, the intensity of the 
electromagnetic waves after passing through the composite decreased markedly (appearing as a relatively uniform purple color), 
further demonstrating that the CF@(CNT/P)/epoxy composite had excellent electromagnetic wave reflection capability.

In addition, the electromagnetic shielding performance of the CF@(CNT/P)/epoxy composite was verified using a wireless charging 
device (Figure 6d). When a mobile phone was placed on the wireless charger, it started charging immediately. However, when the 
CF@(CNT/P)/epoxy composite was placed between the wireless charger and the mobile phone, the mobile phone could not be 
charged, indicating that the CF@(CNT/P)/epoxy composite had good electromagnetic shielding performance.

4. Conclusion
FT-IR, XPS, SEM, and AFM results indicated that CNT and P(S-co-BCB-co-MMA) were simultaneously functionalized onto the surface of 
CF to obtain CF@(CNT/P). CNT were uniformly distributed on the CF surface, and P(S-co-BCB-co-MMA) bound to CF through hydrogen 
bonding and π-π interactions, effectively increasing the surface energy of CF and improving its wettability with the epoxy matrix as 
well as its interfacial binding. The CF@(CNT/P)/epoxy composite exhibited an ILSS of 31.4 MPa and a flexural strength of 369.1 MPa, 
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with λ∥ and λ⊥ values of 10.08 W/(m·K) and 0.58 W/(m·K), respectively. All these values were higher than those of the CF/epoxy 
composite (ILSS: 23.7 MPa, flexural strength: 252.5 MPa, λ∥: 7.15 W/(m·K), λ⊥: 0.31 W/(m·K)). In addition, the CF@(CNT/P)/epoxy 
composite also demonstrated excellent electromagnetic shielding properties by exhibiting the best EMI SET of 38.6 dB, which was 
significantly higher than those of the CF/epoxy (23.6 dB) and CF@P/epoxy (23.7 dB) composites. This work provides a promising 
strategy to make a load-bearing, thermally conductive, and electromagnetic shielding material to be utilized in high-power 
electronic information systems.

Supplementary materials
The supplementary material for this article is available at: Supplementary materials.
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