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Tuning microwave absorption properties of multi-
walled carbon nanotubes by surface functional groups
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ABSTRACT

Multi-walled carbon nanotubes (MWCNTSs) have been proven effective for
microwave absorption due to the high dielectric loss capacity; however, the
influence of surface functional groups on the absorption efficiency still remains
unknown. Herein, we investigated the microwave absorption properties of
pristine MWCNTs, hydroxyl-containing MWCNTs and carboxyl-containing
MWCNTs, evidencing the absorption efficiencies of > 33%, > 50% and > 45% at
8-18 GHz, respectively. Experimental characterizations reveal that the tunabil-
ity of microwave absorption capacity is originated from the atomic symmetry
breaking of surface structure for carbon nanotubes, leading to the differences of
electric conductivity and dielectric loss capacity. The present study provides an
insight into the structural origin of microwave absorption and has important
significance to design microwave absorption materials by chemical surface
engineering.
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disadvantage of overweight. The required micro-
wave absorbers usually possess lightweight, thin

Introduction

The microwave absorbers have been paid much
attention and studied extensively due to their wide
applications in both commercial and military pur-
poses, such as the avoidance of interference for
electronics and the design of invisible aircraft [1-6].
Among all the candidates, ferrites have attracted
great interests utilized as microwave absorbers with
their large resistivity and magnetic loss [7-12].
However, the applications of these magnetic materi-
als are severely limited by their unavoidable

thickness, wideband absorption and thermal stability
[13-17].

Since the discovery in 1991 [18], carbon nanotube
(CNT) has attracted considerable interest due to its
performance of electric conductivity, chemical sta-
bility, high aspect ratio and thermal stability [19-21].
Benefiting from the high dielectric characteristics,
CNT has exhibited promising potentials for micro-
wave absorption materials with the relatively light
density compared with the magnetic components.
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For example, Che and Liu reported that CNT/crys-
talline Fe nanocomposites and CNT/zinc oxide
whisker composites possess excellent microwave
absorption properties [22, 23]. Although achieving
these breakthroughs, the understanding of intrinsic
microwave absorption, affected by the surface
chemistry, is still virgin.

In this work, we report on the microwave absorp-
tion properties of three kinds of multi-walled carbon
nanotube (MWCNT), namely pristine MWCNT
(MWCNT-P), hydroxyl-containing MWCNT
(MWCNT-OH) and carboxyl-containing MWCNT
(MWCNT-COOH). Experimental data reveal that the
absorption efficiencies of MWCNT-P, MWCNT-OH
and MWCNT-COOH are > 33%, > 50% and > 45% at
8-18 GHz, respectively. With further experimental
characterization, it is found that the atomic symmetry
of surface structure for carbon nanotubes has been
broken by the surface functional groups. And it leads
to the differences of electric conductivity and dielec-
tric loss capacity. The proper electromagnetic impe-
dance matching emerged with a synergistic effect of
permeability and permittivity, resulting from the
decreasing electric conductivity. Moreover, an
appropriate balance between reflection capacity and
electromagnetic conversion capacity is observed, due
to the accordance between reflection coefficient and
dielectric loss.

Experiments
Electromagnetic measurements

The MWCNT-P, MWCNT-OH and MWCNT-COOH
were purchased from Beijing DK Nano Technology
Corporation, China, with an average length of 10—
30 pm, dimensions of < 8 nm and purity of > 98%.
The three kinds of MWCNT were mixed with
paraffin at a mass ratio of 1:2 and then heated toge-
ther at a constant temperature of 60 °C. Subse-
quently, the mixture was moved into a special model.
And a ring sample, with thickness of 3 mm and
inside and outside diameters of 3 mm and 7 mm, was
obtained. The electromagnetic parameters were
measured at 2-18 GHz by using a Keysight N5222A
vector network analyzer with a sweep oscillator and
an S-parameter test set. The electromagnetic wave
reflection (R), transmission (T) and absorption (A)
through the composites can be described directly by
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the S parameters as expressed by Egs. (1)-(3) [24],
which can directly indicate the microwave absorption
efficiency.

R=[Snf (1)
T = |Sy|? (2)
A=1-R—-T=1—|S1*—|Sul*. (3)

It is noted that the S;; and S,; values in dB should
be transformed to the reflection coefficient and the
transmission coefficient using S;;(dB) = 20 lg‘Sij‘
(i,j = 1,2.), respectively.

Microstructure characterization

Scanning electron microscope (SEM) images were
obtained using JEOL JSM-7001F field emission scan-
ning electron microscope at an accelerating voltage at
15 kV. X-ray photoelectron spectroscopy (XPS, Ther-
mal Scientific K Alpha) was performed with the
Phoibos 100 spectrometer. Raman spectra of the three
kinds of MWCNT were recorded on a Renishaw 1000
Raman spectrometer at the wavelength of the Raman
laser of 532 nm.

Results and discussion
Microstructure characterizations

The microstructures of MWCNT-P, MWCNT-OH
and MWCNT-COOH were initially characterized
using a scanning electron microscope (SEM) and are
presented in Fig. 1. SEM images shown in Fig. la—
confirm similar microstructure for the three kinds of
MWCNT. These images also show that the three
kinds of MWCNT remained intact with minimal
visible tube damage and have basically the same size
with an average length of 10-30 pm and a dimension
range of ~ 8 nm. Furthermore, the dispersion of the
three kinds of MWCNT in paraffin is shown in Fig. 2.
SEM images shown in Fig. 2a—f prove that the three
kinds of MWCNT can be uniformly dispersed in
paraffin matrix.

The chemical composition of MWCNT was ana-
lyzed by using the X-ray photoelectron spectroscopy
(XPS), and the results are shown in Figs. 3 and 4. The
quantitative data of the three kinds of MWCNT are
listed in Table 1. It can be seen that all the three kinds
of MWCNT contain C and O. Besides C and O, a little
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Figure 2 Dispersion of the three kinds of MWCNT in paraffin matrix. a, b SEM images of MWCNT-P; ¢, d SEM images of MWCNT-
OH; e, f SEM images of MWCNT-COOH.
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Figure 4 X-ray photoelectron spectroscopy analyses. a—¢ XPS spectra of O,y characteristic peaks of MWCNT-P, MWCNT-OH and

MWCNT-COOH.

content of N can be also observed from MWCNT-OH
and MWCNT-COOH. Furthermore, carbon is the
main component for the three kinds of MWCNT and
the content of it decreases in the order of MWCNT-P,
MWCNT-OH and MWCNT-COOH. Consequently,
the content of oxygen increases with the same order.
These observations indicate that MWCNT-COOH
contains the largest amount of oxygen-containing
functional groups among the three kinds of MWCNT.

The XPS spectra in the Cls region are presented in
Fig. 3, analyzing the binding states. Although there

Table 1 Atomic concentrations of C, O and N in the three kinds
of MWCNT

Element MWCNT-P MWCNT-OH MWCNT-COOH
(at.%) (at.%) (at.%)

C 96.8 92.4 92.0

(0] 32 5.0 6.7

N / 2.6 13

@ Springer

are many existing states of oxygen in the MWCNT, it
can be mainly divided into two sub-peaks of -C-O-
and -COO-at 285.8 eV and 289.1 eV [25-30]. The Cls
peak in all the XPS spectra shows a dominant peak
structure at a binding energy of 284.4 eV, which
corresponds to the graphitic carbons. In addition to
the carbon in the skeleton of MWCNT, the functional
group —C-O- can also be derived in the MWCNT-P,
as shown in Fig. 3a. Two peaks of -C-O- and -COO-
can be observed from the XPS spectra in the Cls
region of MWCNT-OH and MWCNT-COOH, as
shown in Fig. 3b, c. It can be concluded from Fig. 3
that the content of functional groups in the MWCNT-
COOH is the highest among all MWCNTs and the
content of carboxyl group in the MWCNT-COOH is
much higher than that in the MWCNT-OH.

As the strength of graphitic carbon peak is signif-
icantly higher than other peaks, the information of
functional groups containing carbon and oxygen
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cannot be clearly obtained in the C1 s region. So the
XPS spectra in the Ols region were investigated to
provide supplementary information shown in Fig. 4.
The width of Ols peaks of the three kinds of
MWCNT increases in the following order: MWCNT-
P, MWCNT-OH and MWCNT-COOH. Obviously,
the spectrum of MWCNT-P displays only one peak at
533.0 eV, which indicates the existence of —-C-O-,
while the spectrum of MWCNT-OH and MWCNT-
COOH displays two peaks corresponding to hydro-
xyl (C-OH) and carboxylic (COOH) [31-33]. More-
over, the difference between the relative contents of
—-C-O- and -COO- can be clearly distinguished
between MWCNT-OH and MWCNT-COOH. Com-
pared with MWCNT-COOH, MWCNT-OH contains
more -C-O- instead of -COO-. These further confirm
the results derived from Fig. 3.

As a very valuable tool to characterize carbon-
based nanostructures, the Raman spectra of
MWCNT-P, MWCNT-OH and MWCNT-COOH
taken at the wavelength of the Raman laser (1) of
532 nm are shown in Fig. 5 (a). For all samples, it
presents three main peaks, namely D peak at
~ 1344 cm™', G peak at ~ 1571 cm™ ' and 2D peak at
~ 2677 cm™'. The D peak corresponds to the first-
order scattering process of sp2 carbons. And it is
generally activated by the existence of vacancies,
surface functional groups, boundaries and other
defects. The G peak derives from the in-plane tan-
gential stretching of -C-C- in graphitic shells, and
the 2D peak is the second order of mode of the D

Figure 5 Raman (a)
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peak [34, 35]. It is found that the ratio of the inten-
sities of D peak and G peak (Ip/Ig) increases in the
order of MWCNT-P (0.77), MWCNT-OH (0.79) and
MWCNT-COOH (0.94). Hereafter, the average dis-
tance between two defect sites (Lp) can be estimated
by Eq. (4) [36, 37].

[2 = (1.840.5) x 107 x 2* x (Ip/Ic) . (4)

The obtained defect distances are 13.68 nm,
13.51 nm and 12.38 nm for MWCNT-P, MWCNT-OH
and MWCNT-COOH, respectively. Therefore, the
concentration of defect sites increases in the order of
MWCNT-P, MWCNT-OH and MWCNT-COOH.
Moreover, Fig. 5b shows the relationship between the
graphite domain size (L,) and the ration of Ip/Ig.
And the L, can be evaluated by Eq. (5) [38, 39]. It can
be found that the L, values decrease in the order of
MWCNT-P, MWCNT-OH and MWCNT-COOH. It is
therefore indicated that the incorporation of surface
functional groups could break the atomic-scale
structural symmetry of carbon nanotubes.

Ly= (24 x1071%) x 2* x (Ip/Is) . (5)

Electromagnetic properties

The electromagnetic response characteristics of the
three kinds of MWCNT were evaluated at 2-18 GHz
by a vector network analyzer. As shown in Fig. 6, the
scattering parameters (S parameters) of the three
kinds of MWCNT mixed with paraffin in mass ratio

(b)
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of 1:2 depend on the frequency and present the same
trend as frequency changes, all decreasing along with
the increasing frequency. To further investigate the
effect of functional groups containing carbon and
oxygen on electromagnetic properties, the S parame-
ters of the three kinds of MWCNT are compared, in
view of these results above. It is found that the Sy,
increases in the order of MWCNT-OH, MWCNT-
COOH and MWCNT-P, while the S,; increases in the
reverse order, resulting in the highest absorption
performance obtained by MWCNT-OH. The absorp-
tion efficiencies of MWCNT-P, MWCNT-OH and
MWCNT-COOH are > 33%, >50% and > 45% at
8-18 GHz, respectively.

In order to understand the mechanism of the
microwave absorption at different functional groups,
the dependence of the complex permittivity and
permeability on frequency was investigated. Fig-
ure 7a, b shows the dependence of the real part (&)
and imaginary part (¢') of complex permittivity on
the frequency. For all the samples, the values of ¢
decrease over 2-18 GHz with a rapid speed from 2 to
8 GHz and a slow speed from 8 to 18 GHz. Obvi-
ously, the ¢’ values decrease in the order of MWCNT-
P, MWCNT-COOH and MWCNT-OH at 2-8 GHz
and MWCNT-COOH, MWCNT-P and MWCNT-OH
at 8-18 GHz. For all samples, the ¢’ values decrease
with the increasing frequency at 2-18 GHz and the ¢”
values of MWCNT-OH and MWCNT-COOH are
much lower than the value of MWCNT-P. As a
dielectric material, the real part (¢) and imaginary
part (1”) of complex permeability of the three kinds
of MWCNT are reasonably thought to be 1 and 0,
respectively. The ¢ values correspond to the storage
capacity of electric energy. And a ¢ value close to x/

(b)
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generates a balance between permittivity and per-
meability, leading to an increased absorption per-
formance. In order to further understand the wax on
the electromagnetic properties at different functional
groups, the dielectric loss (tand,) was calculated by
Eq. (6) [40].
/!

tan o, = i—/ (6)

The dielectric loss is a critical factor to evaluate the
electromagnetic performance of materials. With
higher tan J, value, more electromagnetic energy can
be transformed into other forms of energy, mainly
thermal energy. The dielectric loss (tand;) was
investigated, and the results are shown in Fig. 7c. The
values decreased in the order of MWCNT-P,
MWCNT-OH and MWCNT-COOH, indicating a
decreased conversion capacity of electromagnetic
energy.

It should be noted that although the dielectric loss
of MWCNT-OH is not the highest, it presented the
best microwave absorption performance, which may
be resulted from the balance between the two key
factors. For MWCNT-P with high electromagnetic
conversion capacity, the energy has already been
reflected back before converted due to the high
reflection coefficient, resulting in a low absorption.
For MWCNT-COOH, the high reflection coefficient
and low electromagnetic energy conversion lead to a
low absorption performance. For MWCNT-OH, a
balance emerged between reflection coefficient and
electromagnetic conversion, and the best absorption
performance was obtained as a result. Furthermore, it
is found that the volume of nanotubes is basically the
same from the direct statistic observation based on
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Figure 6 Scattering parameters of MWCNT-P, MWCNT-OH and MWCNT-COOH mixed with paraffin in mass ratio of 1:2. a—c the
reflection coefficient (S1;), transmission coefficient (S,;) and absorption values.
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ratio of 1:2. a and b the real part and imaginary part of the relative complex permittivity; ¢ the dielectric loss and magnetic loss.

the SEM images. And with the analysis of Raman, it
can be concluded that the introduction of surface
functional groups increases the concentration of
defect sites and decreases the graphitic domain size,
leading to the breaking of the micro-symmetry of
carbon nanotubes. Therefore, it can be indicated that
the damage degree leads to higher reflection coeffi-
cient and lower electromagnetic energy conversion of
MWCNT-COOH than those of MWCNT-OH.

Two key factors should be satisfied for a good
electromagnetic absorber. One is the impedance
match, requiring the equality of the electromagnetic
parameters. The decreases in ¢ and ¢’ would inevi-
tably lead to the increase in impedance match when
¢ and p" are 1 and O, respectively. As shown in
Fig. 7, the MWCNT-OH displays the lowest ¢ and
lower ¢”, thus leading to the best impedance match.
The other one is the attenuation constant, which can
be calculated by Eq. (7) [41].

g
¢
2 o o ! 2
X \/(#//8” _//l/g/) _|_ \/(H//SH _'Lt/((_:/) +(8/# +8 #) .
(7)

As shown in Fig. 8, the dependence of « on the
frequency for the MWCNT-OH has the maximum o
among all samples in the whole frequency range,
indicating the excellent attenuation capacity. From
Eq. (7), it can be noticed that higher value of ¢’ and
lower value of ¢ would result in higher o. The
MWCNT-OH displays the lowest ¢ and higher ¢”,
thus leading to the best microwave absorption per-
formance, ascribed to its high dielectric loss capacity.

20
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Figure 8 Frequency dependence of the attenuation constant of
the three kinds of MWCNT.

Moreover, the S parameters of the three kinds of
MWCNT mixed with paraffin in mass ratio of 1:4 are
compared in Fig. 9. It can be seen that the trends of
S parameters are basically the same as mentioned
above. And the absorption efficiencies of MWCNT-P,
MWCNT-OH and MWCNT-COOH are 53%, 63% and
56% at 14-18 GHz, respectively.

The electromagnetic properties of the three kinds
of MWCNT mixed with paraffin at different mass
ratios are presented in Fig. 10. It can be seen that with
the reduced filling ratio of MWCNT, the real part and
imaginary part of complex permittivity of all the
three kinds of MWCNT decreased, showing that the
electromagnetic characteristics are only originated
from the dielectric nature of MWCNT. Thus, the
electromagnetic properties of the three kinds of

@ Springer
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MWCNT mixed with paraffin only in mass ratio of
1:2 were specifically discussed.

Conclusion

To conclude, the microwave absorption properties of

the three kinds of MWCNT, namely MWCNT-P,
MWCNT-OH and MWCNT-COOH, have been
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permittivity of MWCNT-P, MWCNT-OH and MWCNT-COOH;
d—f the imaginary part of the relative complex permeability of
MWCNT-P, MWCNT-OH and MWCNT-COOH.

presented. It is found that the absorption properties
of MWCNT depend on the surface functional groups.
The absorption efficiencies of MWCNT-P, MWCNT-
OH and MWCNT-COOH at 8-18 GHz are > 33%,
>50% and > 45%, respectively. Compared with
MWCNT-P, an absorption efficiency of 17% of
MWCNT-OH is significantly enhanced. The surface
functional groups containing carbon and oxygen
break the atomic symmetry of surface structure of
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carbon nanotubes, leading to the differences of elec-
tric conductivity and dielectric loss capacity. On the
one hand, the synergistic effect of complex perme-
ability and permittivity leads to a proper electro-
magnetic impedance matching. On the other hand,
the accordance between the reflection coefficient and
dielectric loss brings about an appropriate balance
between reflection capacity and electromagnetic
conversion capacity. Eventually, the tunability of
absorption capacity is observed. The present study
provides an insight into the structural origin of
microwave absorption and has important signifi-
cance to design microwave absorption materials by
chemical surface engineering.
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