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ABSTRACT

Incorporating the dielectric polarization effect induced by atomic-scale struc-

tural defects is an effective strategy to improve the electromagnetic absorption

performances of materials. Herein, the defect concentration of multiwalled

carbon nanotubes (MWCNTs) could be tuned by irradiation time under the

2.45 GHz microwave, depending on the localized ‘‘heat’’ effect. The defect

density of the mostly optimized MWCNTs treated by irradiation for 4 min

reached a maximum, presenting the defect distance (LD) of 10.83 nm and the

concentration (nD) of 2.7691011 cm-2, achieving the maximum effective

absorption bandwidth of 5 GHz, which is higher than original-carbon nan-

otubes (CNTs) (3.9 GHz). Different from the previous integration of CNTs and

heterogeneous magnetic metals, the present work demonstrates a simple

microwave irradiation approach for tailoring the electromagnetic absorption

properties of MWCNTs by engineering the defect concentration, and this could

be extended to variable carbon-related materials and diverse applications.

Introduction

With the rapid development of electronic information

technology, various types of digital and high-fre-

quency electronic and electrical equipment radiate a

large number of electromagnetic waves of different

wavelengths into space, thus causing electromagnetic

interference. Therefore, the research of microwave

absorbers has attracted wide attention to improve the

anti-interference ability of electronic devices and

solve the pollution problem of electromagnetic wave

[1–6].

Since its discovery in 1991 [7], the unique structural

characteristics, conductivity and mechanical proper-

ties of CNTs indicate that it has a broad development

prospect in the field of microwave absorption mate-

rials [8, 9]. Generally speaking, CNTs is a typical
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dielectric loss material, and the microwave loss

capacity is closely related to the polarization of

internal dipoles. In addition, tubular structure gives it

a high specific surface area, so multiple scattering of

electromagnetic waves can occur inside [10]. In recent

years, some excellent CNTs microwave absorbing

materials mainly rely on complex permittivity (er-

= e0 ? ie00), complex permeability (lr = l0 ? il00) and

their impedance matching, usually with the aid of

CNTs/ferromagnetic metal composites or CNTs/

polymer composites [11–15]. However, the synthesis

methods of such complex composite materials are

generally complicated, and the mechanism of inter-

action between them is still under discussion [16, 17].

Recently, studies have shown that CNTs containing

defects exert high real permittivity and can be uti-

lized as promising dielectric loss materials with

electromagnetic absorption [18]. Therefore, Li and

Chen et al. used this property of defective CNTs to

introduce them into carbonyl iron-based composite

materials, and improved their microwave absorption

properties by doping effect and electromagnetic

matching [19]. Wei and Yin et al. prepared CNTs

with different defect concentrations on porous Sc2-

Si2O7 matrix by using chemical vapor deposition

method and adjusting reaction time. The resulting

defects were dipole polarized, thus affecting the band

gap of carbon nanotubes and providing new thinking

for the development of electromagnetic absorbing

materials [20]. Wu et al. [21] prepared cerium oxide

nanoparticles decorated MWCNTs composites with

oxygen-rich vacancy defects by hydrothermal

method, in which the three-dimensional conductive

grid and oxygen vacancy are beneficial to improving

the electromagnetic absorption performance. Con-

ventional CNTs microwave absorbing materials are

mostly composed of magnetic metal and dielectric

carbon components, and the complex components

constructed make it difficult to understand the

interaction between electromagnetic waves and sub-

stances. Considering that the introduction of defects

into MWCNTs causes changes in microwave

absorption characteristics, here we construct pure

defective MWCNTs.

In this study, we regulated the microwave

absorption properties of MWCNTs by modulating

the degree of defects. The result reveals that a simple

treatment with microwave irradiation can effectively

adjust the defect concentration of MWCNTs and

reaches the maximum defect degree in 4 min, which

leading to the obvious change of microwave

absorption performance.

Experiments

Preparation

MWCNTs were purchased from Nanjing Pioneer

Nano Material Technology Co., Ltd., with average

length of 10–30 lm, dimensions of\ 8 nm and purity

of [- 98%. 2 g of MWCNTs were dispersed in

100 ml of 6.82 mol/L HNO3, and refluxed in a three-

necked flask at 140 �C for 9 h. After cooling down to

room temperature, the solution was filtered through

a PTFE membrane with a pore size of 0.22 lm and

rinse with deionized water until the pH of the filtrate

was around 7. The produced product was dried in an

oven at 60 �C for 12 h. Finally, under the protective

atmosphere of argon, 0.5 g of MWCNTs were treated

with microwave irradiation for 0 min, 2 min, 4 min,

6 min, 8 min and 10 min, respectively, named MI0-

CNTs, MI2-CNTs, MI4-CNTs, MI6-CNTs, MI8-CNTs

and MI10-CNTs. A household microwave oven with

a frequency of 2.45 GHz was utilized for microwave

irradiation.

Characterization

Microstructure characterizations: A Raman microscope

(model R-XploRA Plus, Horiba, Kyoto) was used to

perform Raman spectroscopy analysis at a laser

excitation wavelength of 532 nm, with a power

attenuation of 1 mW. X-ray diffraction (XRD) was

recorded by a Rigaku SmartLab X-ray diffractometer

with CuKa (k = 0.154 nm) radiation at a voltage of

30 kV and a current of 30 mA at a scan step of 0.02�.
Electromagnetic measurements: The Vector Network

Analyzer (Keysight N5222A) was calibrated via a 2

port short-open-load-thru (SOLT) architecture to

measure electromagnetic parameters at 2–18 GHz, in

which the MI-CNTs was mixed with the paraffin at

mass fraction of 20 wt%.
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Results and discussion

Microstructure characterizations

Raman spectroscopy has been utilized in this work to

examine the changes of defects in irradiated

MWCNTs, as shown in Fig. 1a, d. Meanwhile, the

Raman spectra of MI6-CNTs and MI10-CNTs have

been shown in supplementary Fig. S1 which has been

employed to prove the relationship between micro-

wave irradiation time and defect density. For all

samples, there are three characteristic peaks, which

are the D peak at 1350 cm-1, the G peak at 1596 cm-1,

and the 2D peak at 2699 cm-1. It is well known that

the D-peak of carbon-based materials is derived from

the first-order scattering process of sp2 carbon atoms,

representing the first-order scattering of A1g mode,

the G-peak is derived from the stretching motion of

sp2, corresponding to the first-order scattering of E2g

mode, and the 2D peak is the second-order mode of

the D-peak, derived from the double resonance pro-

cess involving two phonons with opposite motions

[22, 23]. Among them, the increased ratio between the

intensities of the D peak and the G peak (ID/IG) can be

explained in terms of an enhanced density of struc-

tural defects degree of sample, which is triggered by

Figure 1 Raman spectra of five kinds of MWCNTs. a Raman
spectroscopy of D, G and 2D bands of original-CNTs and MI0-
CNTs; b ID/IG for original-CNTs and MI0-CNTs; c the crystalline
domains La, defect distance LD, and defect sites nD for original-
CNTs and MI0-CNTs; d Raman spectroscopy of D, G and 2D

bands of MI0-CNTs, MI2-CNTs, MI4-CNTs and MI8-CNTs; e ID/
IG for MI0-CNTs, MI2-CNTs, MI4-CNTs and MI8-CNTs; f the
crystalline domains La, defect distance LD, and defect sites nD for
MI0-CNTs, MI2-CNTs, MI4-CNTs and MI8-CNTs; g schematic
diagram of defect changes during microwave irradiation.
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the increasing deviation of the crystalline arrange-

ment from perfect hexagonal planar C network [24].

As shown in Fig. 1b, it has been found that the defect

density of MWCNTs treated by HNO3 etching for 9 h

increased compared with the original MWCNTs.

Etching MWCNTs with nitric acid can control the

defect concentration on the one hand, and dissolve

the amorphous carbon and metal catalytic particles

such as Fe and Ni remaining in the preparation

process of MWCNTs on the other hand, to achieve

the purpose of further purification. The oxidation

process modified the surface of carbon nanotubes

and formed functional groups such as carboxylic (–

COOH), carbonyl (–C=O) and hydroxyl (–OH) on the

surface, adding more active sites which can respond

to subsequent microwave irradiation experiments.

With the increase in microwave irradiation time, the

defect density in MWCNTs begins to decrease,

increases after 2 min, and finally reaches the maxi-

mum at 4 min, as displays in Fig. 1e. The decreased

defect density in MI2-CNTs indicates that the struc-

tural arrangement of MWCNTs has been improved

after microwave irradiation process, which is caused

by the structural reorganization from defect struc-

tures to hexagonal planar C network by absorbing the

thermal energy [25]. Figure 1c, f exhibits three

parameters related to defects can be calculated based

on empirical formulas. The average distance between

two defect sites (LD) can be estimated by Eq. (1)

[22, 26–28]:

L2
Dðnm2Þ ¼ 1:8 � 0:5ð Þ � 10�9 � k4 � ID=IGð Þ�1 ð1Þ

where k is the incident wavelength of the Raman

laser, and ID and IG represent the intensities of the D

and G peaks, respectively. The obtained defect dis-

tances are 10.66 nm, 10.53 nm, 11.10 nm, 10.15 nm

and 10.33 nm for original-CNTs, MI0-CNTs, MI2-

CNTs, MI4-CNTs and MI8-CNTs, respectively. The

nD represents the concentration of the defect sites,

which can be expressed by using Eq. (2) [29], the

calculations are 2.8591011 cm-2, 2.9291011 cm-2,

2.6291011 cm-2, 3.1591011 cm-2 and 3.0391011 cm-2,

respectively.

nD cm�2
� �

¼ ½ 1:8 � 0:5ð Þ � 1022=k4� � ðID=IGÞ ð2Þ

The values of the graphite domain size (La) which

are evaluated based on Eq. (3) [30, 31] are 15.14 nm,

14.79 nm, 16.43 nm, 13.73 nm and 14.24 nm, respec-

tively. Obviously, the decrease in La, LD and the

increase in nD indicate that increasing the microwave

irradiation time for more than 2 min will destroy the

atomic structure symmetry of the carbon nanotubes,

thereby increasing the degree of defects in MI4-CNTs

and MI8-CNTs. The defect density reaches a maxi-

mum at 4 min during microwave irradiation.

LaðnmÞ ¼ 2:4 � 10�10
� �

� k4 � ID=IGð Þ�1 ð3Þ

Figure 2a, b represent the X-ray diffraction (XRD)

patterns of MI0-CNTs, MI2-CNTs, MI4-CNTs and

MI8-CNTs, respectively, illustrating a typical gra-

phite structure. It could be found that the samples

irradiated by the microwave possess a structure

similar to that of graphite crystal, which indicates

that the process does not change the overall structure

of the MWCNTs. Figure 2a depicts prominent

diffraction peaks appear near 26�, 45� and 54� corre-

spond to the (002), (100) and (004) crystal planes of

crystalline graphite, according to graphite in the MDI

Jade database (JCPDS No. 26-1076) [32, 33]. The

strongest and sharpest diffraction peak of C (002)

shows that the structure of the samples was irradi-

ated by microwave without obvious damage.

XRD is a very effective tool for measuring crystal

size and interlayer spacing. Measurements of crystal

size (D) can be calculated from the peak C (002)

which is present at approximately 26� at 2h and the

Scherrer equation [34]. Thus, as shown in Fig. 2b, the

crystal sizes (D) are 5.07 nm, 5.48 nm, 4.92 nm and

5.06 nm, respectively. A decrease in grain size in a

carbon material causes a broadening of the XRD

peak. Therefore, the sample irradiated by microwave

for 4 min has the widest FWHM, that is, the lowest

crystallinity. However, amounts of it are very little,

because the crystal structure of the sample does not

change drastically. Crystal refinement leads to an

increase in crystal boundary, and the arrangement at

the crystal boundary is often distorted and prone to

various types of defects, so the defect degree increa-

ses, which is consistent with the test results of

Raman. An increase in the degree of defects in the

MWCNTs causes the diffraction peak to shift slightly

toward the low diffraction angle, resulting in the

larger interplanar spacing [35]. The interplanar

spacings (d) which are calculated based on Bragg

equation [36] are 0.18 nm, 0.16 nm, 0.21 nm and

0.17 nm, respectively. It is clear that MI4-CNTs has

the largest interplanar spacing, corresponding to the

13874 J Mater Sci (2020) 55:13871–13880



phenomenon that the diffraction peak was inclined to

a low angle caused by the maximum defect density.

Electromagnetic properties

As a heating mode from the inside out, microwave

heating can directly act on the reaction sample itself

to achieve a macroscopic and uniform thermal effect.

In condensed matter physics, microwave heating

mechanisms are generally divided into three types:

dipolar polarization heating, ion conductor heating

and microwave skin effect. For the nitric acid treated

MWCNTs, the dipolar polarization heating would

contribute the preparation, ascribed to the increasing

content of oxygen-containing functional groups such

as hydroxyl (–OH) and carboxylic (–COOH) which

exhibit polar effect in nature. Under the irradiation of

an external microwave energy with a fixed frequency

of 2.45 GHz, the corresponding functional groups in

the sample would act as the dielectric dipolar and

thus oscillate produce violent friction between each

other. Consequently, the external microwaves energy

causes dielectric polarization and transforms the

electromagnetic energy into thermal energy, which

displays as a macroscopic thermal effects [37].

To understand the effect of microwave irradiation

on the microwave absorption capacity of MWCNTs,

we analyzed the electromagnetic properties of

MWCNTs at 2–18 GHz using a vector network ana-

lyzer. Figure 3a, b show the variation of S11 and S21

with frequency, where S11 and S21 represent the

reflection coefficient and the transmission coefficient,

respectively. Simultaneously, in order to compare

quantitatively, the microwave absorption character-

istics of these four MWCNTs are calculated using

Eq. (4) [38, 39]. The calculated results are shown in

Fig. 3c.

A ¼ 1 � S11j j2� S21j j2 ð4Þ

From Fig. 3c, it can be seen that the microwave

absorption coefficient of the MWCNTs with defects

irradiated by microwave is constantly changing with

the reaction time. It is clear that the MI4-CNTs with

the highest defect concentration has the best micro-

wave absorption coefficient, which is consistent with

the result of the defect density in the Raman spec-

trum. As a result, this phenomenon indicates that

MWCNTs with high defect density can produce more

polarized positions and can act as electron channels

in a low energy state [40], resulting in a higher con-

tribution of defective carbon nanotubes to microwave

absorption performance than graphitized carbon

nanotubes.

To look into the mechanism of microwave

absorption, the variation of complex permittivity and

complex permeability with frequency ranging from 2

to 18 GHz was studied, as shown in Fig. 4a–d.

Studies on the real part of the complex permittivity of

these four MWCNTs find that MI4-CNTs is higher

than the other three samples at 2–6 GHz, and multi-

ple resonance peaks occurs at 6–16 GHz. This indi-

cates that high defect content can be used as a

polarization center, thus improving the ability to

store electromagnetic energy. At the same time, all

the e0 curves on the whole show a decreasing trend

with increasing frequency, indicating that the polar-

ization is delayed under the change of the electric

field at a high frequency. In Fig. 4b, the change of the

imaginary part of the complex permittivity is more

complicated. When the microwave irradiation time is

less than 2 min, the imaginary part is completely

Figure 2 Phase component
characterizations of MI0-
CNTs, MI2-CNTs, MI4-CNTs
and MI8-CNTs. a X-ray
diffraction patterns; b grain
size (D) and interplanar
spacing (d).
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reduced. However, when the microwave irradiation

time increases to 4 min, the opposite trend is shown.

Continue to extend the response time to 8 min, there

is a decline in the results. In particular, the multiple

resonance peaks of imaginary part for these four

MWCNTs samples could be observed at *8 and

Figure 3 Microwave absorption performances (scattering parameters) of MI0-CNTs, MI2-CNTs, MI4-CNTs and MI8-CNTs. a The
reflection coefficient (S11) values; b the transmission coefficient (S21) values; c the absorption coefficient (A) values.

Figure 4 The relatively
complex permittivity and
permeability of MI0-CNTs,
MI2-CNTs, MI4-CNTs and
MI8-CNTs. a The real part of
the relatively complex
permittivity; b the imaginary
part of the relatively complex
permittivity; c the real part of
the relatively complex
permeability; d the imaginary
part of the relatively complex
permeability.
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15 GHz, which is associated with the difference of

polarization relaxation behavior occurring in the

different samples. There are three main sources of

polarization relaxation have been exhibited in recent

studies: the so-called electronic polarization, ionic

polarization, and dipolar polarization [41]. Since the

first two polarization behaviors generally occur in the

infrared or higher frequency range, the dipolar

polarization effect could take domain and thus cause

the charge distribution with the increasing defect

content at microwave frequency range. Obviously, in

the Raman characterization, when the microwave

irradiation time are 4 min and 8 min, the defect

density is higher, and the dipole polarization effect at

this time increases accordingly. The increased defects

in the MWCNTs enhance the polarizable effect and

increase the dielectric loss, which is mainly because

of the MWCNTs is a typical dielectric loss mecha-

nism material. Under the microwave irradiation,

electric dipoles are formed on the surface of

MWCNTs, which generates the polarization current.

In addition, the change of the complex permeability

is complex. The real part and imaginary part are

about 1 and 0, respectively, as shown in Fig. 4c, d.

This phenomenon indicates that the etching process

of dilute nitric acid plays a certain role in the pre-

treatment process, and the influence of the magnetic

catalyst particles is avoided. When testing the elec-

tromagnetic performance through the coaxial air line,

since the wires of the standard calibration original are

particularly sensitive to the errors caused by the

calibration and measurement test ports, the test data

of the series of samples seem to have certain fluctu-

ations. Therefore, we also provide another new

absorbing performance data in supplementary

Fig. S2 and Fig. S3, in contrast to the original data.

To further study the microwave absorption capa-

bilities affected by microwave irradiation, the reflec-

tion losses(RL) of the MI0-CNTs, MI2-CNTs, MI4-

CNTs and MI8-CNTs are estimated by calculation of

complex permittivity (er = e0 ? ie00) and permeability

(lr = l0 ? il00) using transmission line theory (Eq. (5)

[42]. The impedance input of the absorber can be

expressed by Eq. (6) [43].

R dBð Þ ¼ 20 lg
Zin � 1

Zin þ 1

����

���� ð5Þ

Zin ¼
ffiffiffiffiffi
lr
er

r
tanh i

2pf
c

ffiffiffiffiffiffiffiffi
lrer

p
d ð6Þ

where c represents the speed of light in free space, f is

the frequency, and d is the thickness of the absorber.

Figure 5a–h show the three-dimensional reflection

loss mapping plots of the four MWCNTs irradiated

by microwaves at a thickness ranging from 0.1 mm to

5 mm. MI0-CNTs that has not been exposed to

microwave irradiation exhibit moderate microwave

absorption characteristics at 2–18 GHz, and its mini-

mum reflection loss is at 4.6 GHz is - 34.38 dB. After

microwave irradiation with different durations, the

minimum reflection loss of MI2-CNTs, MI4-CNTs

and MI8-CNTs are - 23.22 dB at 18 GHz, - 34.95 dB

at 5.4 GHz, and - 45.74 dB at 13.8 GHz, respectively.

It is worth noting that Fig. 5i–p provide calculation of

the reflection loss curve and bandwidth of MI0-

CNTs, MI2-CNTs, MI4-CNTs and MI8-CNTs, where

the effective bandwidth is when the reflection loss is

below - 10 dB. The corresponding bandwidth, at

which point the absorption efficiency of MWCNTs is

90%. Figure 5i, m show that the effective absorption

bandwidth of MI0-CNTs is 3.9 GHz and the thickness

ranges from 1.6 to 2 mm. In contrast, the effective

absorption bandwidth of MI2-CNTs, MI4-CNTs and

MI8-CNTs are concentrated at 10.8–16.7 GHz,

12.5–17.5 GHz and 12.5–17.5 GHz, and the absorber

thicknesses are 2.6–3.5 mm, 1.6–2 mm and 1.6–2 mm.

When the reflection loss is lower than - 20 dB, that

is, the absorption efficiency is 99%, the absorption

bandwidth of MI4-CNTs and MI8-CNTs are concen-

trated at 14.9–17.2 GHz and 15.5–17.3 GHz when the

absorption thickness is 1.6 mm. Based on the current

requirements for thin thickness, light weight, strong

absorption capacity and absorption bandwidth of

microwave absorbers, the MI4-CNTs has the opti-

mum reflection loss among the four samples, which

showing that the microwave absorption performance

of MWCNTs is enhanced as the degree of defects

increases. Hence, combining with the defect intensity

which has been revealed in previous characteriza-

tions, it can be seen that the defect density can be

significant adjusted and further influenced the

microwave absorption property. The corresponding

performance modification could be attributed to the

existence of different defect structures. These defect

structures could destroy the structural symmetry at

the atomic scale, leading to the separation of space

charges and thus forming the electric dipoles. Under

the external electromagnetic energy, these dipoles

could oscillate and lead to dipolar polarization at the
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defect sites, the polarization could thus improve the

dielectric loss capacity and microwave absorption

performance.

Conclusion

In this work, the microwave absorption characteris-

tics of MWCNTs improved by microwave irradiation

were studied. We found that the defect concentration

changes with the microwave irradiation time, which

leads to a series of changes in microwave absorption

performance. In particular, there has been evidence

that proper microwave radiation increases the den-

sity of defects in MWCNTs, and defects become

centers of polarization, resulting in an increase in

dielectric loss, thereby improving microwave

absorption performance. The present study provides

an efficient way to improve the microwave absorp-

tion properties by adjusting the density of defects

through microwave irradiation instead of the con-

ventional complicated process.
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