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Abstract 

 

Ternary heterogeneous MWCNT@TiO2-C wave absorbent was firstly prepared, using 

glucose, MWCNT, and titanium isopropoxide as raw materials, through the 

solvothermal process followed by post-heat treatment. Afterwards, 

MWCNT@TiO2-C/silicone rubber wave-absorbing composites were fabricated via 

solution casting and subsequent curing process. XRD, Raman, XPS, and TEM 

analyses demonstrated the MWCNT@TiO2-C fillers were successfully synthesized 

with TiO2 and amorphous carbon coated on the surface of MWCNT. When the 

MWCNT@TiO2-C/silicone rubber wave-absorbing composites contained 25 wt% 

MWCNT@TiO2-C fillers and with the thickness of 2.5 mm, it displayed the minimum 

reflection loss of -53.2 dB and an effective absorption bandwidth of 3.1 GHz. 

Remarkable wave-absorbing performances for MWCNT@TiO2-C/silicone rubber 

composites could be attributed to the synergetic effect of interfacial polarization loss 

and conduction loss. 

 

Keywords: A. Polymer-matrix composites (PMCs); B. Electrical properties; D. 

Electron microscopy; E. Casting.  
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1. Introduction 

With the fast advancement of electronic technologies, electromagnetic waves have 

been widely applied in the areas of advanced detectors, radio communications, and 

military weapons [1, 2], which causes grievous electromagnetic pollution [3, 4]. 

Wave-absorbing materials can effectively absorb incident electromagnetic waves, 

converting them into heat or other energy, and have received extensive attention [5, 

6] . Wave-absorbing materials are usually composed of matrix materials (e.g. paraffin 

[7], polymers [8], and wave-transparent ceramics [9]) for the transmission of 

electromagnetic waves and the introduced absorbents (magnetic loss absorbents [10] 

and dielectric loss absorbents [11]) for the absorption of electromagnetic waves. 

Magnetic loss absorbents (such as ferrites [12], carbonyl metals [13], and magnetic 

metals [14], etc) present excellent wave-absorbing performances in relatively low 

frequency band. However, their practical applications in wave-absorbing field are 

greatly restricted by high density, easy oxidation, and magnetic agglomeration [15]. 

Besides, the existing magnetic materials hardly have magnetic response to the high 

frequency band between 8.2 and 12.4 GHz [16, 17]. In comparison, dielectric loss 

absorbents (e.g., carbon nanotube (CNT) [18], graphene [19], amorphous carbon [20], 

ZnO [21], BaTiO3 [22], and TiO2 [23], etc) have the advantages of low density, high 

thermal stability, and high dielectric constant value [24, 25]. CNT has attracted much 

attention in recent years due to its excellent electrical & thermal conductivity, and 

outstanding mechanical properties [26, 27]. Micheli et al. [28] fabricated epoxy resin 

(EP)/single-walled carbon nanotube (SWCNT) composites by blending-casting 

method. While the composites contained 3 wt% of SWCNT and with the thickness of 

9.7 mm, it displayed the minimum reflection loss (RLmin) of -19.0 dB and an effective 
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absorption bandwidth (EAB) of 1.7 GHz. Kong et al. [29] prepared silicone resin 

(PDMS)/multi-walled carbon nanotube (MWCNT) composites. It was found that 

when the content of MWCNT was 5 wt% and the thickness was 2.75 mm, the RLmin 

and EAB of the composites were -10.0 dB and 0 GHz, respectively. It can be seen that 

pure single CNT is insufficient to endow the materials with high wave-absorbing 

ability, mainly attributed to the fact that the conductivity (σdc) of pure single CNT is 

too high to ensure both the real part (ε’) and imaginary part (ε”) of dielectric constant 

(εr=ε’-jε”) reach optimal values [30]. 

In order to obtain the wave-absorbing materials with ideal absorbing ability, 

researchers prepared wave-absorbing materials by mixing low conductivity materials 

with CNT as absorbents [31]. Qing et al. [32] fabricated MWCNT/BaTiO3/EP 

composites employing the mixture of BaTiO3 and MWCNT as absorbent. When the 

composites contained 0.2 vol% MWCNT and 40 vol% BaTiO3 (the thickness was 

1.09 mm), the corresponding RLmin and EAB reached -12.0 dB and 3.0 GHz, 

respectively. Wang et al. [33] prepared MWCNT/ZnO/EP composites using the 

mixture of nano-ZnO and MWCNT as absorbent. The corresponding RLmin and EAB 

were respectively -13.7 dB and 2.1 GHz when the composites (1.5 mm in thickness) 

contained 12 wt% MWCNT and 8 wt% nano-ZnO. Recent years, researchers have 

found that loading materials with low conductivity on the surface of CNT can further 

optimize the wave-absorbing performances of materials [34]. Song et al. [35] loaded 

BaTiO3 on the surface of MWCNT using sol-gel method to obtain BaTiO3/MWCNT 

hybrid materials, finally to fabricate the BaTiO3/MWCNT/paraffin wave-absorbing 

composites. When the composites contained 70 wt% BaTiO3/MWCNT (the thickness 

was 1.4 mm), the RLmin and EAB were -34.4 dB and 3.5 GHz, respectively. Song et al. 

[36] prepared ZnO/MWCNT/paraffin wave-absorbing composites from 
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ZnO/MWCNT hybrid materials, which was made by co-precipitation method to coat 

ZnO on the surface of MWCNT. The RLmin of the composites with 40 wt% 

ZnO/MWCNT (the thickness was 3.0 mm) reached -30.0 dB and the EAB almost 

covered the entire X-band.  

TiO2 with low conductivity and amorphous carbon in wave-absorbing field have been 

discovered due to their light weight, easy fabrication, and excellent chemical stability 

[37, 38]. Wan et al. [39] synthesized TiO2@C core-shell nanocrystals by acetylene 

decomposition method, which was used to prepare wave-absorbing composites 

applying paraffin as matrix. When the thickness of the composites was 2.0 mm and 

contained 60 wt% of MWCNT, the RLmin and EAB reached -16.2 dB and 4.0 GHz, 

respectively. Song et al. [40] fabricated wave-absorbing composites with paraffin as 

matrix from highly ordered porous carbon (HOPC) synthesized via template method. 

When the composites contained 5 wt% HOPC and the thickness was 2.0 mm, the 

RLmin and EAB were -18.0 dB and 4.5 GHz, respectively. Nevertheless, there are few 

reports on the optimization of dielectric properties achieved through constructing the 

hetero-structures by combining CNT, TiO2, and amorphous carbon. 

In our present work, ternary heterogeneous MWCNT@TiO2-C absorbent was 

prepared using titanium isopropoxide, glucose, and MWCNT as raw materials by 

solvothermal process followed by post-heat treatment. Afterwards, 

MWCNT@TiO2-C/silicone rubber wave-absorbing composites were obtained through 

solution casting approach. Microstructures and morphologies for MWCNT@TiO2-C 

were analyzed applying X-ray diffraction (XRD), Raman spectra, X-ray photoelectron 

spectroscopy (XPS), and transmission electron microscopy (TEM). In addition, the 

mass fraction of ternary heterogeneous MWCNT@TiO2-C fillers affecting on the 

electrical conductivities, electromagnetic & wave-absorbing performances and 
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thermal stabilities of the MWCNT@TiO2-C/silicone rubber composites was 

investigated and discussed in detail, and the relevant wave-absorbing mechanism was 

also preliminarily explored. 

2. Experiments 

2.1 Preparation of ternary heterogeneous MWCNT@TiO2-C fillers 

1 mL titanium isopropoxide, 0.08 g MWCNT, and 0.2 g glucose were uniformly 

dispersed in 15 mL ethanol under sonication. The reaction mixture was subsequently 

transferred to a 50 mL autoclave and reacted at 180
o
C for 40 hrs. After cooled to 

ambient temperature, the reaction mixture was processed by centrifuge and the 

obtained sludge was then washed using ethanol for several times. The obtained solid 

was dried at 75
o
C for 24 hrs, which was then heated to 500

o
C at a heating rate of 

5
o
C/min and treated at 500

o
C for another 3 hrs under Ar atmosphere, finally to obtain 

the ternary heterogeneous MWCNT@TiO2-C fillers. 

2.2 Preparation of MWCNT@TiO2-C/silicone rubber wave-absorbing 

composites 

Silicone rubber (RTV 107) and appropriate amount of MWCNT@TiO2-C fillers were 

dissolved in n-hexane and mechanically stirred for 24 hrs. Tetraethyl orthosilicate (5 

wt% of silicone rubber) was introduced into the above mixture, followed by stirring 

for another 1 hr. Consequently, the reaction mixture was poured into a mold at 50
o
C. 

Finally, the obtained mixture was cured at room temperature for 24 hrs, to obtain the 

MWCNT@TiO2-C/silicone rubber wave-absorbing composites. Prepared samples 

were named according to the amount of MWCNT@TiO2-C used for fabricating the 

composites to be S0, S5, S15, S25, and S35, in responding to the content of 0 wt%, 5 

wt%, 15 wt%, 25 wt%, and 35 wt%, respectively.  

The information of the “Main materials” and “Characterization” details are presented 
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in the “Supporting Information”. 

3. Results and discussion 

3.1 Ternary heterogeneous MWCNT@TiO2-C fillers 

Fig. 1 showed the TEM and SAED images of MWCNT and MWCNT@TiO2-C. 

Pristine MWCNT displayed clear lattice fringes (Figs. 1(a, a’)). And the 

corresponding SAED image (Fig. 1(a’’)) presented the diffraction rings of (002) and 

(101) crystal planes. For MWCNT@TiO2-C (Figs. 1(b, b’)), TiO2 nanocrystals were 

attached onto the surface of MWCNT and amorphous carbon (around 5 nm in 

thickness) was covered on the outermost layer of MWCNT@TiO2-C. Meanwhile, 

apart from the diffraction rings of MWCNT, diffraction rings of anatase TiO2 (004) 

and (200) crystal planes also appeared (Fig. 1(b’’)), indicating TiO2 nanocrystals were 

sandwiched between outer amorphous carbon and inner MWCNT [41]. On one hand, 

glucose could promote the in-situ growth of TiO2 nanocrystals onto the surface of 

MWCNT. On the other hand, amorphous carbon from the carbonization of glucose 

could restrict the growth of TiO2 nanocrystals during solvothermal and annealing 

process. Consequently, the nano-sized TiO2 crystals were generated [42]. As shown in 

Figs. 1(b’-1, b’-2, and b’-3), MWCNT@TiO2-C possessed multiple heterogeneous 

interfaces, beneficial to the attenuation of electromagnetic waves induced by 

interfacial polarization [43]. 

XRD patterns of MWCNT and MWCNT@TiO2-C were shown in Fig. 2(a). MWCNT 

presented the peak (002) of graphite at 26.4° [44]. In comparison, apart from the peak 

(002), the diffraction peaks at 25.3°, 37.8°, 48.0°, 54.8°, 62.6°, 68.8°, 70.3°, and 75.2° 

in respective to the (101), (004), (200), (211), (204), (116), (220), and (215) crystal 

planes of anatase TiO2 also appeared for MWCNT@TiO2-C, suggesting the TiO2 

nanocrystals were successfully introduced onto the surface of MWCNT. Moreover, 
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the wide background peak (in the region of 20-35°) observed for MWCNT@TiO2-C 

indicated the existence of amorphous carbon layers. Fig. 2(b) depicted the Raman 

spectra of MWCNT and MWCNT@TiO2-C. Both D peak at 1347 cm
-1 

(disordered 

carbon) and G peak at 1580 cm
-1

 (sp
2
 hybrid graphite carbon) were observed for 

MWCNT. In addition to the D and G peaks, the characteristic peaks of anatase TiO2 at 

395 (B1g), 513 (A1g), and 635 cm
-1 

(Eg) appeared as well for MWCNT@TiO2-C [45]. 

According to Gaussian-Lorentzian fitting, the intensity ratio of D-band/G-band (ID/IG) 

for MWCNT was 0.2, whereas the corresponding ID/IG of MWCNT@TiO2-C was 0.5. 

This was mainly because the carbon layer decorated on MWCNT@TiO2-C was 

amorphous [41]. In addition, the existence of TiO2 could also reduce the sp
2
 carbon 

domains of MWCNT [46]. In Fig. 2(c), the peaks at 283.1, 532.4, and 978.8 eV 

observed for MWCNT respectively corresponded to C 1s, O 1s, and O KLL, revealing 

C and O in MWCNT, consistent with the result of Fig. S1. For MWCNT@TiO2-C, 

the characteristic peaks of Ti at 35.6 (Ti 3p), 60.9 (Ti 3s), 458.4 (Ti 2p), and 565.0 (Ti 

2s) eV also appeared. In Fig. 2(c’), MWCNT consisted of the peaks at 532.0, 532.8, 

and 533.8 eV, respectively corresponding to C=O, COO-, and C-OH [47, 48]. These 

oxygen-containing functional groups ensured the homogeneous dispersion of 

MWCNT in ethanol, beneficial to the formation of MWCNT@TiO2-C. Compared 

with MWCNT, the new peak of O 1s (Fig. 2(c’’)) at 530.6 eV and the peaks of Ti 2p 

(Fig. 2(c’’’)) at 459.3 and 464.8 eV observed for MWCNT@TiO2-C revealed the 

success formation of TiO2 on the surface of MWCNT [49]. 

3.2 MWCNT@TiO2-C/silicone rubber wave-absorbing composites 

Fig. 3(a) showed the effect of MWCNT@TiO2-C content on the electrical 

conductivity (σdc) values of the MWCNT@TiO2-C/silicone rubber wave-absorbing 

composites. The σdc value of pure silicone rubber (S0) was only 6.5×10
−10

 S/m. While 
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the amount of MWCNT@TiO2-C fillers was 5 wt% (S5), the σdc value reached up to 

9.9×10
−4

 S/m. As the content of MWCNT@TiO2-C fillers further increased to 35 wt% 

(S35), the corresponding σdc value reached the maximum of 0.6 S/m. This was 

because the MWCNT@TiO2-C fillers were randomly distributed inner silicone rubber 

matrix at lower MWCNT@TiO2-C content. Therefore, a small amount of conductive 

channels was formed, resulting in the increase of the σdc value. With the further 

introduction of MWCNT@TiO2-C fillers, more effectively conductive networks were 

formed, leading the further increase of σdc value [50]. Fig. 3(b) presented the complex 

permeability (μr=μ’-jμ”) of the MWCNT@TiO2-C/silicone rubber wave-absorbing 

composites. For all composites, the real part (μ’) and imaginary part (μ”) 

approximated to 1 and 0, respectively. And there was no obvious change for μ’ and μ” 

in the whole X-band (Permeability was mainly reflected in the low frequency band, 

and materials hardly had magnetic response in the high frequency band). As a result, 

the magnetic properties and losses of our fabricated composites could be ignored. The 

complex permittivity (εr=ε’-jε”) and dielectric loss tangent (tanδ) values of the 

composites were depicted in Figs. 3(c-f). The average values of real part (ε’), 

imaginary part (ε”), and loss tangent (tanδ) for S0 was 2.88, 0.07, and 0.02, 

respectively. With increasing the mass fraction of MWCNT@TiO2-C fillers, ε’, ε”, 

and tanδ values all showed incremental trend. For instance, the average values of ε’ 

increased to 4.21, 5.74, 8.29, and 11.57 for S5, S15, S25, and S35, respectively, while 

the average values of ε” increased to 1.03, 1.93, 3.13, and 5.08, respectively. Besides, 

the average value of tanδ was increased to 0.25, 0.34, 0.38, and 0.44, respectively. 

Firstly, with increasing the addition of MWCNT@TiO2-C fillers, more effectively 

conductive networks were formed (Fig. 3(a)), which would improve the dielectric 

properties of the composites. Secondly, introducing the MWCNT@TiO2-C fillers 
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could generate many heterogeneous interfaces. Under the external electromagnetic 

field, the charges would accumulate at the heterogeneous interfaces and result in the 

interfacial polarization relaxation, which would improve the dielectric properties [51]. 

Polarization relaxation could be studied via Debye relaxation theory (Eq.1), and the 

plot of ε’ versus ε” would be one single semicircle (Cole-Cole semicircle), in which 

each semicircle represented one Debye relaxation process [29].  

 
2 2

2’ ”
2 2

s s
             

   
                     (Eq.1) 

Where ε∞ and εs represent relative dielectric permittivity at high frequency limit and 

static permittivity, respectively. 

Fig. 4 demonstrated the Cole-Cole curves of the MWCNT@TiO2-C/silicone rubber 

wave-absorbing composites (S5-S35). There was no obvious Cole-Cole semicircle for 

S5, which was mainly attributed that the content of MWCNT@TiO2-C fillers was too 

low to have obvious effects on the dielectric properties of the composites. However, 

there were at least four obvious Cole-Cole semicircles in S15, S25, and S35, 

corresponding from many heterogeneous interfaces (interfaces between MWCNT and 

amorphous carbon, MWCNT and TiO2, TiO2 and amorphous carbon, and amorphous 

carbon and silicone rubber). 

Fig. 5(a) demonstrated the reflection loss (RL, calculated according to Eqs. S1-2) 

values of the MWCNT@TiO2-C/silicone rubber wave-absorbing composites (S0-S35) 

with the thickness of 2.5 mm at X-band. Wave-absorbing performance of S0 was very 

poor. With increasing the amount of MWCNT@TiO2-C fillers, the wave-absorbing 

ability of the composites increased firstly before showing a decreased trend. When the 

content of MWCNT@TiO2-C fillers was 25 wt%, the composites exhibited the 

optimal wave-absorbing performance by showing the minimum RLmin of -53.2 dB and 
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EAB of 3.1 GHz. Firstly, the impedance matching of MWCNT@TiO2-C fillers could 

reduce the electromagnetic waves on the surface of the composites, to ensure the 

unhindered entry of electromagnetic waves [52]. Secondly, the dielectric loss 

generated by MWCNT@TiO2-C/silicone rubber wave-absorbing composites could 

attenuate electromagnetic waves that entered the composites [53]. However, with the 

further addition of MWCNT@TiO2-C fillers, the deviated dielectric constant of S35 

from the optimal value caused the impedance difference, which would result in strong 

electromagnetic waves reflecting on the surface of the composites [53]. Therefore, the 

wave-absorbing performance was deteriorated and the respective RLmin and EAB 

were only -24.0 dB and 1.95 GHz, respectively. 

Fig. 5(b) showed the RL values of the MWCNT@TiO2-C/silicone rubber 

wave-absorbing composites S25 with various thicknesses. While the thickness of the 

sample was less than 2.5 mm, the wave-absorbing performances of S25 were 

gradually improved as the thickness increased. As the thickness reached 2.5 mm, the 

composite exhibited the optimal wave-absorbing performance, with the RLmin and 

EAB being -53.2 dB and 3.1 GHz, respectively. However, when the thickness was 

more than 2.5 mm, the corresponding wave-absorbing performance of S25 gradually 

deteriorated. This phenomenon was attributed to the destructive interference effects. 

While the thickness was an odd time of a quarter of wavelength, the reflected wave 

phase of upper surface was inverse to that of bottom surface, thus resulting in the 

destructive interference effects and the effective improvement of wave-absorbing 

performance [52]. In our work, 2.5 mm was an odd time of a quarter of wavelength, 

which thus resulted in the optimal wave-absorbing ability. Compared to the 

wave-absorbing performances for the composites reported in other works (Table S2), 

our fabricated MWCNT@TiO2-C/silicone rubber wave-absorbing composites also 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

demonstrated the optimal wave-absorbing performance. 

4. Conclusions 

XRD, Raman, XPS, and TEM analyses demonstrated the ternary heterogeneous 

MWCNT@TiO2-C fillers were successfully synthesized. When the 

MWCNT@TiO2-C/silicone rubber wave-absorbing composites contained 25 wt% 

MWCNT@TiO2-C fillers and with the thickness of 2.5 mm, it displayed the minimum 

reflection loss of -53.2 dB and the corresponding effective absorption bandwidth of 

3.1 GHz. Remarkable wave-absorbing ability was mainly attributed to the synergetic 

effect of interfacial polarization loss and conduction loss. Our fabricated 

MWCNT@TiO2-C/silicone rubber wave-absorbing composites possess potential 

applications in the field of electromagnetic protection. 
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Fig. 1 TEM images of MWCNT (a) and MWCNT@TiO2-C (b); HRTEM images of 

MWCNT (a') and MWCNT@TiO2-C (b'); SAED patterns of MWCNT (a'') and 

MWCNT@TiO2-C (b''); b'-1, b'-2, and b'-3 represent the magnified TEM images of 

regions marked with red rectangles 1, 2, and 3 in b', respectively. 
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Fig. 2 XRD (a), Raman (b), and XPS wide-scan spectra (c) of MWCNT and 

MWCNT@TiO2-C; O 1s high resolution XPS spectra of MWCNT (c') and 

MWCNT@TiO2-C (c''); Ti 2p high resolution XPS spectra of MWCNT@TiO2-C (c'''). 
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Fig. 3 Electrical conductivity (a), complex permeability (b), real permittivity (c), 

imaginary permittivity (d), dielectric loss tangent (e), and average value of complex 

permittivity (f) for MWCNT@TiO2-C/silicone rubber wave-absorbing composites. 
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Fig. 4 Cole-Cole curves of MWCNT@TiO2-C/silicone rubber wave-absorbing 

composites (S5-S35). 
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Fig. 5 Reflection loss values of the MWCNT@TiO2-C/silicone rubber 

wave-absorbing composites (a); Reflection loss values for S25 with different 

thicknesses (b); Schematic illustration of electromagnetic waves absorption 

mechanism (c). 
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