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Abstract: In this paper, multi-walled carbon nanotubes (MWCNTs) were modified using ionic liquids (ILs), and silicone 

rubber/carbon nanotube composites were prepared. The surface of carbon nanotubes is coated with a layer of ionic liquid 

by non-covalent bond modification, and the van der Waals force between the carbon nanotubes is reduced to achieve the 

purpose of improving their dispersibility. The electrical conductivity of silicone rubber/carbon nanotube composites pre-

pared by modified carbon nanotubes is improved. The dispersion of modified carbon nanotubes in silicone rubber matrix 

and the interface interaction between carbon nanotubes and silicone rubber are analyzed by rubber process analyzer and 

scanning electron microscopy (SEM) tests. The effects of modified carbon nanotubes on electrical conductivity, mechan-

ical properties and electromagnetic shielding properties of silicone rubber composites were studied. The results show that 

the dispersion of carbon nanotubes in silicone rubber matrix is improved effectively through the modification of ionic liq-

uid, the conductive property of the composite is improved, the electromagnetic wave reflection of the composite is 

increased, and the electromagnetic shielding efficiency of the composite is improved, and the shielding efficiency is up 

to 26 dB.
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Introduction

Carbon nanotubes (CNTs) have been widely used as con-

ductive fillers in conducting composites since their appearance 

due to their unique structure and excellent electrical properties. 

Multi-walled carbon nanotubes (MWCNT) are one-dimensional 

tubular materials composed of single or multi-layer graphite 

sheets. CNTs have a large specific surface area, thermal con-

ductivity, and electrical conductivity, and the conductive com-

posite prepared by using CNTs as conductive filler has an 

extremely low percolation threshold.1,2

According to the conductive pathway theory, the conduc-

tivity of composite materials is that when the conductive filler 

is added to a certain amount in the matrix, the conductive net-

work is formed by connecting and contacting each other in the 

matrix.3

Conductive path theory regarding the conductivity of the 

composite material is good or bad about how many of the con-

ductive paths, and as the number of conductive filler com-

posites conductivity increased, but the conductive filler has a 

specific point in the process of increase, more than conduc-

tivity change happens after this point, the point is called the 

percolation threshold of the conductive fillers.4

Due to the length-diameter ratio of CNTs and the inter-

action of van der Waals forces, CNTs are very easy to aggre-

gate and tangle, which also leads to certain limitations in the 

†To whom correspondence should be addressed. 
1029393842@qq.com, 0000-0001-8797-8607
©2024 The Polymer Society of Korea. All rights reserved.
195

https://orcid.org/0000-0001-8797-8607
https://orcid.org/0000-0001-8797-8607
https://orcid.org/0000-0001-8797-8607
https://orcid.org/0000-0001-8797-8607
https://orcid.org/0009-0002-1249-221X
https://orcid.org/0009-0002-1249-221X
https://orcid.org/0009-0002-1249-221X
https://orcid.org/0009-0002-1249-221X


196 Y. Jing et al.

   

     

     

   

 

application of CNTs. In order to reduce the aggregation of 

CNTs, increase their compatibility with the composite matrix, 

and make them evenly dispersed in the composite matrix, it is 

necessary to modify the surface of CNTs.5,6

The surface modification methods of nano-fillers mainly 

include covalent bond, and non-covalent bond modification. 

Covalent bond modification is to modify the surface of the 

filler by exploiting the chemical reaction between the reactive 

functional groups on the filler surface and specific small mol-

ecules or polymers. Jiang et al. used a KH550 silane coupling 

agent to modify CNTs and explored the influence of the 

amount of KH550 on the conductivity of CNTs/silicone rubber 

composites. They found that when a small amount of KH550 

was added, CNTs were well dispersed in the silicone rubber 

matrix and were easy to form a conductive network, thus 

improving the conductivity of the composites. When the number

of KH550 components continues to increase, the conductivity 

of the composite is decreased. This is because CNTs are cov-

ered by excessive silane coupling agent and rubber molecular 

chain, which hinders the direct contact between CNTs and sil-

icone rubber matrix and makes it difficult to form a conductive 

network. Non-covalent bonding modification is realized by 

hydrogen bonding, π-π interaction, and other physical meth-

ods. Compared with covalent bond modification, non-covalent 

bond modification method is relatively simple and retains the 

intrinsic properties of nanofillers to a large extent. Jiang et al. 

compared the influence of covalent bond modification and 

non-covalent bond modification of CNTs on the electrical con-

ductivity of silicone rubber composites, and found that both 

modification methods can improve the dispersion of CNTs in 

the matrix of composites. When the CNTs content was 0.9%, 

the conductivity of the composites filled with non-covalently 

modified CNTs was four orders of magnitude higher than that 

of the composites filled with covalently modified CNTs, 

because the rubber molecular chains in the covalently mod-

ified composites were strongly adsorbed on the surface of 

CNTs, which hindered the direct contact of CNTs.7-10

The commonly used nanofiller modifier is generally not con-

ductive, and its adsorption to the filler surface through chemical 

reaction or physical action will hinder the direct contact of con-

ductive filler, thus hindering electron conduction. Conductive 

modifiers such as ionic liquids (ILs) have unique advantages in 

improving the conductivity of composites. The IL is an ionic 

system composed of organic cations and organic anions that are 

liquid at room temperature.

Due to the diversity of anions and cations, ILs is endowed 

with a series of excellent properties such as high conductivity, 

good stability, good solubility, high viscosity, and low vapor 

pressure. Subramaniam et al. modified MWCNTs with ionic 

liquid 1-butyl 3-methylimidazolium bisfluoromethylsulfonim-

ide salt ([BMIM]TF2N). BMIM modified CNTs through the 

π-π interaction, which improved the dispersion of CNTs in 

neoprene rubber and thus improved the conductivity of com-

posite materials. Jiji Abraham et al. modified MWCNTs with 

ionic liquid 1-benzyl-3-methylimidazolium chloride ([B2MIM]Cl)

to prepare CNTs/styrene butadiene rubber composite with 

electromagnetic shielding effect. When the filling amount of 

modified CNTs was 10 phr, the shielding effect of the composite

material reached 35 dB.

Electromagnetic shielding refers to the transmission of elec-

tromagnetic wave barrier or loss. The electromagnetic shielding 

performance of materials is usually characterized by shielding 

efficiency, shielding efficiency (SE) = reflection loss (SER)    

+ absorption loss (SEA) + multiple reflection loss (SEB). Shielding    

materials usually require high conductivity or permeability. 

According to the loss mechanism, it can be divided into three 

categories : absorption loss A is dominant, Reflection loss R    

is dominant or Absorption loss R is combined with reflection 

loss B. The electromagnetic shielding mechanism of composite 

materials is shown in Figure 1.

Experimental

Materials. The experimental materials used in this exper-    

iment are shown in Table 1.

Preparation of CNTs/ILs Composites. The modification    

of ionic liquid and CNTs is to grind in agate mortar for 30 min-

utes to get a black paste mixture. The mixture is ultrasonic in 

ethanol solution for 30 minutes, and then vacuum drying at 

Figure 1. Electromagnetic shielding mechanism diagram of com-

posite materials.
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50 ℃ for 48 hours to finally get the modified CNTs. The sam-            

ple is named ImLn, where I and L are the ionic liquid and CNTs 

respectively, and M and N are the number of CNTs and the 

ratio of ionic liquid to CNTs respectively. For example, I0L1

represents an unmodified CNT; I1L1 represents a modified 

CNT with a 1:1 ratio of ionic liquid to CNT. I5L10 indicates that 

the proportion of ionic liquid to CNTs is 5:1 and the number 

of modified CNTs is 10. The modification process of CNTs 

is shown in Figure 2.

Preparation of CNTs/ILs/silicone Rubber Composites.    

The silicone rubber was mixed in the mixing machine and 

packing shall be carried out in accordance with the certain pro-

portion, this process is to first make silicone rubber completely 

package on double roller roller, partial join quantitative packing, 

and then stay mixing mill completely after eating is expected 

to add double minimum curing agent, mixing 30 minutes, and 

then the final will be mixed evenly mixed gum out of silicone. 

Initial vulcanization is in the plate vulcanization machine 170 ℃,     

10 MPa under the condition of vulcanization for 10 minutes. 

The second stage of vulcanization is carried out in the digital 

display drying oven, the process requires two hours of sec-

ondary vulcanization treatment at 200 ℃.

Table 1. In The Materials of Experiment

Materials Types Manufacturer

Silicone rubber 110-1 Jue Silicone (China · Nanjing) Co., Ltd.

2,5-Dimethyl-2,5-di(tert-butylperoxy) hexane C-20 Shanghai McClean Biochemical Technology Co., Ltd. (China)

CNTs 9-16 Nanjing Xianfeng Nano Materials Technology Co., Ltd. (China)

Modified CNTs 9-16 Nanjing Xianfeng Nano Materials Technology Co., Ltd. (China)

Figure 2. Modification process of CNTs.

Table 2. Instruments of Experiment

Device Model Manufacturer

Two-roll mill XK-610 Qingdao Jinshui Hongyuan Machinery Co., Ltd. (China)

Flat vulcanizing machine 150Ton Xingtai Jiayu Machinery Manufacturing Co., Ltd. (China)

Rotor-less vulcanizer  FR-2117 Shanghai Farui Instrument Technology Co., Ltd. (China)

Vacuum drying oven     DHG-9035A Shanghai Yiheng Technology Co., Ltd. (China)

Ultrasonic disperser   VCY-1500 Shanghai Yanyong Ultrasonic Equipment Co., Ltd. (China)

Tensile testing machine TS2005b u-can Technologies Co., Ltd. (China)

Agate mortar 80 mm Lichen Technology Co., Ltd. (China)
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Instruments and Equipment. The experimental equipment     

and instruments used in this experiment are shown in Table 2.

Results and Discussion

Raman Spectra of Composites. Raman spectra of CNTs       

before and after modification are shown in Figure 3. Similar to 

graphite, two strong peaks can be observed. The peak value 

around 1600 cm-1 comes from tangential vibration of carbon 

atoms, which is called G peak. The peak at about 1300 cm-1 is 

known as the D-peak, which is due to significant defects or 

disturbances in the nanostructure. For the modified CNTs, the 

D and G peaks shift to some extent, but no new peak is 

observed as opposed to that of the unmodified CNTs. The 

upward shift of the spectra is due to the cationic π bond inter-

action between the ionic liquid and the CNTs or the π-π inter-

action between the multi-wall of the CNTs. In summary, the 

modification method is a physical modification, and there is no 

chemical damage to CNTs.

Scanning Electron Microscopy of Composites. As shown     

in Figure 4, when the ratio of ionic liquid to CNTs is 1:1, the 

dispersion of CNTs is poor and obvious entanglement occurs, 

because the amount of ionic liquid is insufficient to completely 

disperse CNTs. When the ratio of ionic liquid to CNTs is 4:1, 

the dispersion of CNTs is obviously improved and entan-

glement is reduced. This is because the modification of CNTs 

Figure 3. Raman spectra of the pristine and modified MWCNTs.

Figure 4. SEM of functionalization-MWCNTs (F-MWCNTs).

Figure 5. Effect of F-MWCNTs filling on the mechanical properties

of composites: (a) tensile strength and tearing strength; (b) elonga-

tion at break.
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by ionic liquid can effectively reduce the van der Waals force 

between CNTs, reduce the entanglement phenomenon of 

CNTs, and improve the dispersion of CNTs. Under the electron 

microscope, it can be clearly seen that with the increase of the 

proportion of ionic liquid, the dispersion of CNTs is enhanced, 

and the improvement of the dispersion of CNTs is the main 

reason for the good electrical conductivity of composites.

Mechanical Properties of Composites. As shown in Fig-       

ure 5, when the ratio of ionic liquid to CNTs is 1:1 (1 mmol 

ionic liquid modifies one CNT), it can be seen that the tensile 

strength increases from 1.92 MPa to 6.17 MPa and then 

decreases to 2.23 MPa. At 2 phr (phr: parts per hundred rub-

ber), 3, 5, and 7 phr, CNTs/silicone rubber composites have the 

reinforcing effect, and reach the maximum tensile strength (6.1 

MPa) and the maximum tearing strength (21 N/m) at 10 phr. The 

elongation at break of the composite is related to the filling 

amount of CNTs. When the filling amount of CNTs increases 

from 1 phr to 15 phr, the elongation at break of the composite 

decreases from 221% to 122%. The analysis shows that the sil-

icone rubber molecules are connected to many active sites on 

the CNTs, which can help the external force to better transfer 

to the CNTs. The effective transfer of load can effectively 

improve the tensile strength of composite materials, mainly 

because it prevents rubber cracks caused by stress concen-

tration.11-12 Due to the poor dispersibility of CNTs, increasing 

the amount of CNTs will lead to agglomeration, which will 

form a stress concentration point in the CNTs/silicone rubber 

composite and eventually lead to fracture. To sum up, the num-

ber of copies using modified CNTs has an obvious impact on the 

mechanical properties of the composites, which fill the amount 

of 10 phr, preparation of the composite material has the highest 

tensile strength and tearing strength, which shows that mod-

ified CNTs and the fusion of the silicone rubber matrix, further 

promotes the filler dispersion. Therefore, we took 10 parts of 

modified CNTs as the optimal level.

As shown in Figure 6, when the filling amount of CNTs is 

10 phr, the tensile strength increases from 6.03 MPa to 8.21 

MPa and then decreases to 6.24 MPa with the increase of ionic 

liquid usage. When the amount of ionic liquid was 40 mmol, 

the tensile strength of CNTs/silicone rubber composite reached 

the maximum 8.21 MPa, and 10, 20, 30, 40, 50 and 100 mmol all 

played a reinforcing role. The elongation at break decreased 

from 159% to 133% and then increased to 156%. The amount of 

ionic liquid has a significant impact on the fracture elongation 

of the composite material. Analysis suggests that when the 

amount of ionic liquid is less than 40 mmol, the CNT-rubber 

interfacial bonding is poor, leading to a decrease in the fracture 

elongation of the composite material. As the amount of ionic 

liquid increases, it plays a plasticizing role in enhancing the 

dispersion of CNTs in the silicone rubber matrix, thereby 

reducing the aggregation of CNTs and improving their rein-

forcing effect on the silicone rubber matrix. When the amount 

of ionic liquid is 0-40 mmol, the tensile strength of CNTs/sil-

icone rubber composites increases continuously. This is 

because the modification effect of ionic liquid on CNTs 

improves the dispersion of CNTs in rubber matrix. Thus, the 

mechanical properties of CNTs/silicone rubber composites 

were improved. However, when the usage tendency of 40-

100 mL, with the increase of ionic liquid usage, the dispersion 

of the CNTs increased, but the tensile strength of the com-

posite material didn't get the corresponding ascension, this is 

due to excessive amounts of ionic liquid had the effect of plas-

ticizer in the silicone rubber matrix influence the mechanical 

Figure 6. Effect of ILs filling on the mechanical properties of com-

posites (MWCNTs = 10 phr): (a) tensile strength & elongation at 

break; (b) tearing strength.
 Polym. Korea, Vol. 48, No. 2, 2024
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properties of CNT/silicone rubber composites.13 So I4L10 is the 

optimal level.

Dynamic Rheological Properties of Composites. The     

dynamic modulus of rubber decreases with increasing strain, a 

phenomenon known as the Payne effect. Payne effect is mainly 

used to characterize the interaction between filler and filler in 

rubber composites. The stronger the filler network structure is, 

the more obvious the effect will be.14-15 G' represents the destruc-

tion and reconstruction of filler network. As can be seen from 

Figure 7, when the filling amount of CNTs is 1-10 phr, the initial 

energy storage modulus is positively correlated with the filling 

amount of CNTs. As the filling amount of CNTs continues to 

increase, the initial energy storage modulus has a downward 

trend. When the strain is less than 10%, the energy storage mod-

ulus decreases rapidly, resulting in the destruction of the packing 

network structure. At this time, the destruction speed of the 

packing network is much faster than the reconstruction speed. 

However, when the damage of filler network reaches a certain 

degree, the energy storage modulus G' is no longer related to 

the strain, and G' tends to a constant value. The strength of the 

packing mesh can be shown by the decay value of the storage 

modulus. When the filling amount of CNTs is increased, the 

structure of the filler network is also enhanced. When the fill-

ing amount of CNTs is 10 phr, the packing network structure 

is the strongest, indicating that the dispersion of CNTs in the 

silicone rubber matrix is the best.16-18

Conductivity Test of Composites. CNTs can be thought of     

as wires through which electrons can be transferred freely. The 

insulating rubber matrix has conductivity beyond the critical 

concentration of CNT tubes, which is called the percolation 

threshold. As can be seen from Figure 8, when the mass frac-

tion of conductive filler is 1-5 phr, CNTs are isolated and dis-

persed in the insulating matrix, resulting in the increase of the 

distance between CNTs and the slow conduction of electrons. 

Furthermore, the conductivity of the matrix determines the 

conductivity of the composite material. When the mass frac-

tion of CNTs is 7 phr, the percolation network is initially 

formed, and the conduction can be completed by direct contact 

or electronic transition between the tubes, leading to a rapid 

increase in the conductivity of the composite material, which 

is the phenomenon of percolation. At this time, the critical mass 

fraction of filler is also known as the threshold of conductive 

percolation. Conducting more than to seepage threshold also 

represents the formation of conductive network, at this time, even 

if the increase in the amount of CNTs, also almost had no 

effect on conductivity of ascension, the conductive fillers and 

polymer matrix type of conductive composites were decided 

more than threshold, but distribution of conductive filler in 

matrix and matrix of the state of aggregation structure for more 

than 45 there is influence on the size of the threshold, in con-

trast, The conductivity of I5L10 sample has been improved obvi-

ously. The results show that the CNTs fully modified by ionic 

liquid form a good conductive network in rubber matrix. In 

addition, as the ionic liquid/CNT ratio further increases from 

1:1 to 5:1, a large number of CNT percolation paths are 

formed, and electrons can move freely in the whole frequency 

range. Therefore, a significant increase in electrical conduc-

tivity can be observed in 5:1 (I5L10) composites. When the ratio 

of ionic liquid continues to increase to 10:1 (I10L10), the con-

ductivity of the composite is not significantly improved. This is 

because at I5L10, the ionic liquid has optimized the modification 

of CNTs, and increasing the proportion of ionic liquid in the 

modified CNTs cannot further improve the dispersion of 

Figure 7. Effects of filling amount of F-MWCNTs on the storage 

modulus and the storage modulus attenuation of composites: (a) 

storage modulus; (b) decay of energy storage modulus.
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CNTs. Therefore, we chose I5L10 as the optimal formula.

Electromagnetic Shielding Performance Test of Composites.     

Electromagnetic waves are made up of two parts: electric and 

magnetic fields, which are perpendicular to each other and vary 

periodically. Various studies have been carried out on elec-

tromagnetic shielding effect in the field of nanocomposites, in 

which electrical conductivity plays an important role in shielding 

efficiency. In order to improve the electrical conductivity of the 

composite, conductive nanofiller is usually added into the insu-

lating matrix to improve the electrical conductivity of the com-

posite. The overall electromagnetic shielding performance is 

determined by three mechanisms, namely, reflection loss on 

the surface of shielding material, absorption loss of electro-

magnetic wave by shielding material, and internal multiple 

reflection loss of different interface radiation.19

In rubber composites, the cross-linking network of con-

ductive particles is the basic requirement of reflecting elec-

tromagnetic waves, and the electrical conductivity of composites 

is the main reason to produce excellent electromagnetic shield-

ing efficiency. The electromagnetic shielding performance of 

composites depends largely on the conductivity, dispersion and 

aspect ratio of the conductive filler in the polymer matrix. 

Among them, the conductivity and connectivity of CNTs play a 

crucial role in realizing electromagnetic shielding reflection.20-22

The research focus of this paper is to use ionic liquid modified 

CNTs in rubber matrix uniform dispersion to establish conductive 

network to achieve electromagnetic wave reflection. As shown 

in Figure 9, with the increase of mass fraction of CNTs, mate-

rial of electromagnetic shielding performance, this is because 

the quality as the CNTs number reaches 10, the conductive 

composite materials more than seepage threshold can be tran-

scended, and improve the material’s conductivity, eventually 

Figure 8. Effects of filling amount of F-MWCNTs on the conduc-

tivity of composites: (a) different loading amounts; (b) different ratios.

Figure 9. Effects of filling amount of F-MWCNTs on the electro-

magnetic shielding effect of composites: (a) different number of 

components; (b) different proportions.
 Polym. Korea, Vol. 48, No. 2, 2024
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making composite materials of electromagnetic shielding per-

formance is improved. The shielding efficiency of the com-

posite containing 10 modified CNTs was determined to be 26 

dB in the frequency range of 8 to 12 GHz. The fine network 

structure of CNTs promotes the conduction of more free elec-

trons, which ultimately helps the composite to reflect elec-

tromagnetic waves. In addition, the thin MWCNT network can 

also promote multiple scattering in the network due to its large 

specific surface area.23

In order to study the shielding mechanism, the total shield-

ing efficiency is further decomposed into reflection loss (SER) 

and absorption loss (SEA), and the electromagnetic shielding 

efficiency is calculated by the following formula.

(1)

(2)

where SER and SEA represent reflective electromagnetic shielding 

efficiency and absorption electromagnetic shielding efficiency 

respectively. S11 and S12 are called input reflection coefficient 

and reverse transmission coefficient respectively and are usu-

ally measured by vector network analyzer.

As shown in Figure 10, the electromagnetic shielding effi-

ciency caused by absorption and reflection (SEA and SER) 

increases with the increase of the mass fraction of ionic liquid. 

It can be seen from the experimental data that the contribution 

of reflection loss to electromagnetic attenuation is greater than 

that of absorption loss due to the increase of electrical con-

ductivity. To sum up, the shielding of electromagnetic waves 

by electromagnetic shielding silicone rubber is mainly com-

pleted by reflection loss.

Conclusions

In this paper, well-dispersed functionalized ionic liquids were 

coated on the surface of MWCNTs by cation-π bonds. The use 

of ILs improved the dispersion of CNTs in the silicone rubber 

matrix and reduced the agglomeration of CNTs, thus improv-

ing the reinforcing effect of CNTs on the silicone rubber 

matrix. The tensile strength of the composite material was sig-

nificantly affected by different amounts of ionic liquid. When 

the amount of ionic liquid was 40 mmol, the tensile strength of 

the composite material was the highest, which indicated that 

the modified CNTs were well fused with the silicone rubber 

matrix and further promoted the dispersion of the filler. In addi-

tion, due to the good dispersion and the generation of CNT con-

ductive network, the CNT/silicone rubber composites have 

high electrical conductivity and stable electromagnetic shield-

ing effectiveness in a wide frequency range. The conductivity 

and electromagnetic shielding effectiveness of CNT/silicone rub-

ber composites can be adjusted by changing the filling amount 

of conductive fillers. The maximum shielding effectiveness 

was 26 dB for a 3 mm thick shielded (8 GHz frequency) sam-

ple with 10 phr CNTs.
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