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Results and discussion supplementary

SEM images in Fig. S1(a, b) depicts the surface of GnPs&MWCNTs@PBO
composites with two filler contents. During the formation of the thermally conductive
network in the GnPs&MWCNTs@PBO composites, the PBO fiber balls is believed to
play a role in "volume exclusion". This effectively increases the local concentration of
carbon nanofillers in the microscopic regions, creating more pathways for heat
conduction. In addition, the dense stacking structure of the carbon nanofillers
significantly enhances the interfacial interactions between the nanofillers, directly
reducing the interfacial thermal resistance and improving phonon transport. Additionally,
Fig. S1(c, d) illustrates the formation of a continuous thermally conductive network
structure by the deposition of carbon nanofillers on the surface of PBO fiber balls. The
strong interfacial interaction between carbon nanofillers and PBO fiber balls promotes
uniform filler deposition through n-n stacking. The inclusion of PBO increases the contact
area between different carbon nanomaterials, thereby enhancing the number of pathways
for thermal conduction. Fig. S1(e, f) shows SEM images of the cryo-fractured surfaces
of GnPs&MWCNTs@PBO/PEEK composites with a filler content of 19.31 vol%. The
blue dashed lines depict the tendency of MWCNTs to align vertically. It is evident that,
while a small fraction of MWCNTSs may align horizontally due to hot-pressing pressure,
the majority of these 1D structures prefer vertical alignment, forming continuous
pathways for thermal conduction. This alignment significantly enhances the through-

plane thermal conductivity of GnPs&MWCNTs@PBO/PEEK composites.
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Fig. S1 (a, b) GnPs&MWCNTs@PBO composites with two filler contents; (c) and (d) represent the
local enlarged images of (b); (e, f) SEM images of the cryo-fractured surface of

GnPs&MWCNTs@PBO/PEEK composites.
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Composites containing two or multiple fillers often exhibit a synergistic
enhancement in thermal conductivity. At a microscopic level, the “nano-microbridge”
effect created by varied fillers results in the formation of numerous crossing points or
contact lines, increasing the contact area of the fillers while simultaneously reducing the
contact area of the polymer-fillers. This reduction in interface thermal resistance
significantly enhances heat transfer efficiency. Thus, to attain an optimal ratio of GnPs
and MWCNTs in the composites, the GnPs&MWCNTs@PBO/PEEK composites were

fabricated using various ratios of carbon fillers, followed by the comparison of their

thermal conductivity. As indicated in Table S1, composites with a filler ratio of 7:3 (GnPs
: MWCNTs) demonstrated optimal thermal conductivity within the specified physical
parameters of the fillers. Therefore, this specific ratio was selected for the subsequent
experiments.
Table S1 TC values of the composites prepared by using various proportions of the fillers (with a total
filler content of 19.31 vol%).
Ratio of (GnPs and TC-In Plane (W-m-'K-
3 .m-1K-1
MWCNTS) TC-Through Plane (W-m~'K™") )

8:2 2.69 20.25

7.3 3.19 22.17

6:4 2.84 19.63

5:5 2.58 16.34
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GnPs&MWCNTs@PBO/PEEK and randomly blended control composites.
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1 Table S2 Parameters related to Rc fitting.

Sample Vc(Vol%) B Ko  Rc(KW1) Ry (m2-WK)
In plane-GnPs&MWCNTs@PBO/PEEK 6.69 047 47.0 7.94x103 4.58x108
Through plane-
13.49 0.37 8.2 1.74x104 2.09x108
GnPs&MWCNTs@PBO/PEEK
In plane-GnPs&MWCNTs/PEEK 6.34 039 4.0 6.06x10* 1.63x10¢
Through plane-GnPs&MWCNTs/PEEK 13.03 048 6.6 6.16x10* 1.60x10-¢
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Fig. S3 Comparison of the TC values of GnPs& MWCNTs@PBO/PEEK composites and previously

reported filled polymeric composites [1-11].
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2 Fig. S4 Infrared thermal images of the contrast samples at various heating durations.

3
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Simulation part

A 3D solid heat transfer model with a size of 1 mm X 1 mm X 1 mm was employed

to  facilitate = the computational process. The GnPs&MWCNTS/PEEK  and
GnPs&MWCNTs@PBO/PEEK composites were determined to have respective in-plane
thermal conductivities 0f 2.91 W-m-'K-! and 22.17 W-m"'K-!. A boundary heat source of
100 °C was applied to the left side of the model using the solid heat transfer module. All

other external boundaries were set as heat-insulated, with an initial temperature of 20 °C.
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The concentration of PBO used for modification significantly influences the thermal
conductivity of the PEEK matrices, as shown in Fig. S5. The results show a marked
enhancement in the thermal conductivity of PBO@PEEK composites compared to pure
PEEK. As shown in Fig. S5, the composites attained optimal thermal conductivity at a
filler ratio of 7:3 (PBO: PEEK), aligning with the specific physical parameters of the
fillers. The corresponding PBO to PEEK ratio was chosen for further experiments. As
illustrated in Fig. S5b, the thermal conductivity of GnPs&MWCNTs@PBO/PEEK
composites is demonstrably higher than that of GnPs/MWCNTs@PBO/PEEK
composites at a filler content of 19.31 vol%. Bridging 1D MWCNTs with 2D GnPs can
significantly enhance the through-plane thermal conductivity of nanocomposites. The
approach effectively enhances the interfacial contact area between fillers, thereby
significantly improving the overall thermal conductivity of

GnPs&MWCNTs@PBO/PEEK composites.
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Fig. S5 (a) Thermal conductivity data of GnPs&MWCNTs@PBO/PEEK composites with different
PBO concentrations; (b) Comparison of thermal conductivity of three composites at a filler content of

19.31 vol%.
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Equation part

The conductive percolation threshold of the composites was simulated according to
the classical Kirkpatrick-Zallen Eq. (S1), where ¢ and oydenote the conductivities of the
composites and fillers, respectively; ¢ denotes the number of dimensions associated with
the conductive network within the composites; and @ and @, represent the total volume
fraction and critical volume fraction of the fillers for electrical percolation.

0-0,

log o =log op+ tlog (1 2

)
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1 Table S3 Thermal characteristics of GnPs&MWCNTs@PBO/PEEK composites.

Weight loss temperature(°C)

Samples I, T Turr*(°C)
PEEK 562 589 283
2.85 Vol% 597 743 335
5.84 Vol% 595 753 338
8.97 Vol% 590 774 343
12.24 Vol% 596 781 346
15.68 Vol% 586 793 348
19.31 Vol% 589
2
3 "Heat-resistance index (7yg,)" 1s an effective parameter to assess the thermal stability

4 of the composites. Heat-resistance index (7xz;) was computed using the Eq. (S2):

Turi = 0.49*[Ts+0.6*(T30—1T's)]

6 Where, Ts5 and T3¢ were the decomposition temperature corresponding to 5% and

7 30% weight loss, respectively.
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