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1. SEM analyses of functionalized CFs

Figure S1. (a) ZIF-8-CF, (b) MOF-5-CF and (c) UiO-66-(COOH)2-CF.

 Figure S1 showed the surface morphology of ZIF-8-CF, MOF-5-CF and UiO-66-

(COOH)2-CF. Numerous ZIF-8 nanoparticles in situ uniformly surface of PDA-CF and 

tightly attached to the fibers (Figure S1a). As shown in Figure S1b, the MOF-5 crystals 

evenly distributed and grew around the PDA-CF. Furthermore, Figure S1c indicated 

the formation of a dense UiO-66-(COOH)2 crystal layer on the surface of carbon fibers. 

Therefore, the three kinds of crystals were not simply physically deposited on the fiber 

surface, but form a certain chemical interaction with fibers. This chemical bonding 

could effectively prevent the crystals falling off under working conditions. 



2. XRD, FTIR, XPS and Raman analyses of modified CFs

The crystallinity of pristine CF, PDA-CF, ZIF-8-CF, MOF-5-CF, UiO-66-

(COOH)2-CF and multiscale MOFs was determined by the X-ray diffraction. As shown 

in Figure 4a, various fibers all displayed a broad peak located at 2θ = 25.5°, which was 

assigned to the typical graphitic stacking structure of carbon fibers1. The ZIF-8-CF 

exhibited several new characteristic peaks2 located at 2θ = 7.4°(011), 10.5°(002), 

12.7°(112), 14.7°(022), 16.4°(013), and 18.1°(222), consistent with the ZIF-8 crystal 

in Figure S2b. The diffraction peaks located at 2θ = 6.8°(200), 9.8°(220), and 

15.5°(400) were attributed to the MOF-5 crystal as reported in the literature3. The above 

typical peaks could also be observed in MOF-5-CF in Figure 4a. The XRD pattern of 

UiO-66-(COOH)2 crystal showed two sharp characteristic peaks at 2θ =7.4°(111) and 

8.5°(002) as reported by Hua and his coworkers4. These typical diffraction peaks could 

also be found in UiO-66-(COOH)2-CF in Figure 4a. The new and sharp characteristic 

peaks on the MOFs-CF were absent in pristine CFs, suggesting the immobilization of 

multiscale MOFs crystals on the surface of carbon fibers.

FTIR spectra of pristine CF, PDA-CF, ZIF-8-CF, MOF-5-CF, UiO-66-(COOH)2-

CF were observed in Figure 4b. Compared with pristine CF, the PDA-CF displayed a 

new weak absorption band at 3422 cm−1, which could be assigned to O-H stretching 

vibration and N-H stretching vibration. The result was consistent with Chen and his 

coworkers5. The Zn-O characteristic stretching vibrations6 was characterized by 440 

cm-1. The ZIF-8-CF showed the characteristic absorption peaks at 1582 cm-1, 3121 cm-1 

and 2910 cm-1, which could be ascribed to the C=N stretching in imidazole ring and the 

aromatic and aliphatic C-H stretch vibrations7, respectively. Furthermore, the typical 

FTIR spectra of ester function should indicate three strong characteristic absorption 

peaks about 1725 cm-1 belonged to C=O and 1160 cm-1, 1310 cm-1 belonged to C-O-C. 

Because of the conjugative effect of benzene, the absorption peak of -C=O- shifted to 

around 1670 cm-1 in MOF-5-CF and UiO-66-(COOH)2-CF3, 8. The absorption peaks of 

1147 cm-1 and 1303 cm-1 in MOF-5-CF and UiO-66-(COOH)2-CF were associated with 

the symmetric and asymmetric -C-O-C- stretching band of ester function with benzene9. 



Moreover, the most interesting Zr-O symmetric and asymmetric stretching vibrations10 

at 622 and 560 cm-1 were observed in Figure 4b. The above results were consistent with 

the results of SEM and XRD, further confirming the in situ growth of multiscale MOFs 

on the CFs surface. 

The surface chemical performances of various CFs including pristine CF, PDA-

CF, ZIF-8-CF, MOF-5-CF, UiO-66-(COOH)2-CF were analyzed by X-ray 

photoelectron spectroscopy (Figure 4c-f). From the wide spectra, ZIF-8-CF, MOF-5-

CF and UiO-66-(COOH)2-CF indicated the typical Zn 2p and Zr 3d peaks, which were 

absent from pristine CF and PDA-CF in Figure 4c. Moreover, the detailed XPS analysis 

could be observed in Figure 4d-f, suggesting the formation of homogeneous MOFs 

layer on the PDA-CF surface. The ZIF-8-CF and MOF-5-CF both exhibited a Zn 2p 

fitting peak, conforming the results reported by Shah and his coworkers11, 12. 

Furthermore, the UiO-66-(COOH)2-CF also showed a typical Zr 3d peak located at 

183.0 and 180.5 eV as reported in the literature10. The XPS results further conformed 

the successful growth and immobilization of MOFs crystals on the fibers surface.

The molecular structure of pristine CF, PDA-CF, ZIF-8-CF, MOF-5-CF and UiO-

66-(COOH)2-CF was analyzed by the Raman spectra and related results were shown in 

Figure 5c. Two strong peaks, D band (1350 cm-1) and G band (1600 cm-1) could be 

obviously observed in the recorded Raman spectrum, indicating that a series of 

chemical treatments did not affect the structural integrity of carbon fibers. The intensity 

ratio ID/IG was 1.05 for pristine CF, while those of PDA-CF, ZIF-8-CF, MOF-5-CF and 

UiO-66-(COOH)2-CF were 1.06, 1.24, 1.13 and 1.07, respectively. The value (R) of 

ID/IG is related to the degree of graphitization and disorder. The slight increasement in 

the intensity ratio value of PDA-CF could be attributed to the introduction of certain 

structure defects during preliminary ultrasonic treatment. Moreover, owing to the 

MOFs crystals with defective structures, the value of R tends to increase compared to 

the pristine carbon fibers, meaning the rising of disorder carbon atom number on the 

CFs surface. 



3. Dynamic friction coefficient of samples under different working conditions

Figure S2. The effect of (a) different rotational speed and (b) pressure on the dynamic friction coefficient 
of the composites.

The effects of brake pressure and rotational speed on the dynamic friction 

coefficient of the composites were investigated as shown in Figure S2a-b. Whether the 

increase in the working rotational speed or the brake pressure, it would lead to the 

decrease of the dynamic friction coefficient. With the rotational speed changes from 

1000 to 3000 r/min, the temperature of the interface went up significantly during this 

process, causing the composites to thermal degrade and the friction coefficient to 

decrease. Moreover, under higher brake pressure, the engagement time of the 

mechanical interlock between the materials and friction pairs decreased. In the 

meanwhile, a large amount of lubricating oil was squeezed onto the friction surface to 

form a thicker oil film, thereby covering the protrusions and reducing mechanical 

contact. In addition, compared with the control sample (P0), the modified samples, 

especially P1, could work well under the conditions of heavy loading and high speed.
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