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In this work, Ni-doped SnO,@MWCNTs composites were synthesized by a facile
one-step hydrothermal method. The morphology and structure of the as-prepared
composites were characterized by XRD, SEM, TEM, XPS, FT-IR and Raman. It was
found that SnO; nanoparticles were successfully anchored on the MWCNTs with a
diameter of 3-5 nm and the Ni*" had successfully doped into SnO,@MWCNTs.
Moreover, the effect of doped Ni molar percentage on the electromagnetic parameters
and microwave absorbing properties of the Ni-doped SnO,@MWCNTs composites
were studied in the 2-18 GHz frequency range. The results showed that the
composites with 28.2% doped Ni content exhibited the best microwave absorbing
properties. The maximum RL reached -39.2 dB at 8.2 GHz with a thickness of 2.5 mm,
and the bandwidth of RL lower than -10 dB was 3.6 GHz (from 12.6 to 16.2 GHz)
with a thickness of 1.5 mm. The excellent microwave absorbing properties could be
attribute to the good impedance match, Debye relaxation, interfacial polarization and
the high conductivity of MWCNTs component. It was believed that the Ni-doped
SnO,@MWCNTs composites could be used as a new type of microwave absorbing

materials against electromagnetic pollution.
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1. Introduction

Microwave absorbing materials have attracted much attention due to the
increasingly electromagnetic (EM) pollution problems, which not only influence the
performance of electronic devices, but also be harmful to the health of human
beings. ' ** Carbon nanomaterials, especially multi-walled carbon nanotubes
(MWCNTs) have attracted significant interest in microwave absorption field due to
their excellent physicochemical properties, such as good chemical stability,
lightweight, high electrical conductivity, low cost and unique one dimensional tubular
structure.”*>°

In order to meet the requirements of new type microwave absorption materials,
such as thin thickness, light weight, wide absorption frequency band and strong
absorption, it is necessary to decorate or fill in/on MWCNTs to improve microwave
attenuation capacity.®**'®!"For example, Lu et al. reported that MWCNTs decorated
with ZnO nanocrystals had highly efficient microwave absorption properties at
elevated temperature.” Wang et al. fabricated MWCNT/CdS nanocomposites via a
one-step chemical co-precipitation approach and found that the composites exhibited
excellent microwave absorbing properties, i.e. the maximum reflection loss (RL)
reached -45 dB with a thickness of 1.5 mm and the absorption bandwidth of RL lower
than -15 dB was 2.4 GHz."' Tin oxide (SnOy) is one of the most important n-type
semiconductor materials with a wide band gap of 3.6 eV at room temperature.'® It has
many unique properties such as high optical transparency, electrical conductivity and

chemical sensitivity, which made it become an attractive material for application in

3 15, 16

dye-Sensitized solar cells, * field effect transistors, '* catalysis and

gas-sensing”’ls. In recent years, SnO, has attracted significant attention due to its

: : . 192021 : :
remarkable microwave absorption properties.” " As is well known, the microwave
3
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absorption performance can be determined by the complex permeability/permittivity
and EM impedance matching. For the MWCNTs/semiconductor nanocomposites, the
lack of permeability lead to the poor EM impedance matching, indicating that the
desired EM absorption performance can not be reached in the present system.

Magnetic metal doping is an effective way to solve this problem. Compared
with Fe and Co, Ni possesses the higher relative permeability and good anti-oxidation
performance, leading to that Ni have better magnetic loss and be widely used as the
microwave absorbers. Nickel has been extensively used in the field of microwave
absorption, owing to its easy preparation and low cost.”>*> However, Ni would
induce an eddy current by microwave in the GHz range because of its high electrical
conductivity. To alleviate this problem, an effective way is to prepare complex
structures of Ni or synthesize Ni-based composites, such as Ni@Al,O3, Ni@TiO,
core-shell particles, Ni-ZnO and so on, which have been synthesized and their EM
performances have been investigated in detail.'****

Based on our other work (submitted to other Journal), we synthesized magnetic
metal (Fe, Co, Ni) doped ZnO/Al composites, and discussed the microwave
absorption of the composites. The results showed that Ni ions doping ZnO/Al
composites have the best microwave absorption.

In addition, due to the nearly equal ionic radii of Ni*" ions (0.69 A) and Sn*" ions
(0.71 A),** Ni ions can effectively substituted Sn ions. Therefore, the synthesis of
Ni-doped SnO,/MWCNTs is imperative if it is to be used as the microwave absorber.
However, to the best of our knowledge, there are no references on the microwave
absorption properties of magnetic metal ion such as Ni-doped SnO,@MWCNTs
composites has been reported so far.

In the present study, the Ni-doped SnO,@MWCNTs composites were prepared
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by a facile one-step hydrothermal method. The structure, morphology and interfacial
interactions between Ni-doped SnO, and MWCNTs were explored. Moreover, the
effect of doped Ni molar percentage on the electromagnetic parameters and
microwave absorbing properties of the Ni-doped SnO,@MWCNTs composites were
investigated. The resulting composites is promising and lightweight for a practical use

of electromagnetic wave absorption applications in the areas of stealth technology.

2 Experimental Section

2.1 Materials

MWCNTs of 5-15 nm in diameter and 10-20 um in length were provided by Chengdu
Organic Chemcials Co. Ltd. HNO; solution (65 wt%), HCI solution (38 wt%),
ammonia solution (25 wt%), SnCly-5H,0 and Ni(NOs),-6H,0 were purchased from
Sinopharm Chemical Reagent Co. Ltd. All the chemical reagents were analytical
grade and were used without further purification. Water was purified by deionization

and filtration with a Millipore purification apparatus (18.2 MQ-cm).

2.2 Modification of MWCNTs

MWCNTs were treated by refluxing in 65 wt% HNO; at 120 °C for 6 h to prepare
functionalized MWCNTs. The acid-treated MWCNTs were washed several times with
deionized water until pH became neutral and then dried in a vacuum oven at 60 °C for

24 h.

2.3 Preparation of Ni-doped SnO,@MWCNTs composites

The Ni-doped SnO,@MWCNTs composites were prepared via a facile hydrothermal
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method. Typically, the acid-treated MWCNTs (0.04 g) was firstly dispersed in 40 mL
of deionized water by ultrasonication for 2 h. Then, HCI (38%, 0.7 mL), SnCly-5H,O
(1.55 g) and Ni(NO3),-6H,0 with different Ni*" molar percentage against (Ni*" + Sn*")
(0%, 5.5%, 10.7%, 20.0%, 28.2%, and 35.4%) were added into the above aqueous
dispersion of MWCNTs under magnetic stirring until completely dissolved. Next,
NH;-H,0 (25 wt%) was added drop-wise into the reaction mixture to adjust the pH
equal to 9. After that, the reaction mixture was transferred into a 100 mL Teflon-lined
stainless steel autoclave and reacted at 160 °C for 18 h. Lastly, the resulting products
were separated by centrifuging and washed with ethanol and de-ionized water several
times until pH became neutral and then dried in a vacuum oven at 55 °C for 24 h. For
comparison, the SnO,@MWCNTs composites were also prepared by similar

hydrothermal procedures without adding Ni(NOj3),-6H,0.

2.4 Materials characterization

The crystalline structure of the synthesized samples were characterized by X-ray
diffraction (XRD) using a LabX XRD-6000 (Shimadzu, Japan) with Cu-Ka radiation
(4= 0.154 nm) in the scattering range (26) of 10-80° with a scan rate of 2 °/min. The
Raman spectra were acquired at room temperature using LabRAM-HR (Horiba Jobin
Yvon, France) over the range of 500-3400 cm™. The Fourier transform infrared
(FT-IR) spectrum of the samples were recorded in the wave number range of
400-4000 cm™ using a Nicolet 380 spectrometer (Thermoscientific, USA). The
surface morphology analysis of the materials was performed by field emission
scanning electron microscopy (FESEM) (FEI-Sirion200, Netherlands), transmission
electron microscopy (TEM, JEOL-2010, Japan), field emission transmission electron

microscopy (FEI-Tecnai G2 F30 S-TWIN, USA), X-ray photoelectron spectroscopy
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(XPS, Thermo ESCALAB 250XI, USA). The electromagnetic parameters were
measured at room temperature using a vector network analyzer (VNA, AV3629D,
China) in the 2-18 GHz frequency range. Coaxial specimens for electromagnetic
parameters were prepared by uniformly dispersing samples in molten paraffin wax,
and then molding into toroid-shaped samples with an outer diameter of 7.0 mm and

inner diameter of 3.0 mm. The weight ratio of composite with paraffin wax was 3:1.

3 Results and discussion

3.1 Schematic illustration of the synthesis procedure

Fig. 1 shows a schematic illustration of the synthesis process of Ni-doped
SnO,@MWCNTs composites. After reflux at 120 °C for 6 h in concentrated HNO;,
some functional groups, such as -COOH and -OH groups, and defects could be
generated on the MWCNTSs surfaces. These functional groups and defects provided
locations for the deposition of Sn*" and Ni**. After hydrothermal treatment at 160 °C
for 18 h, the SnO, nanocrystals were in situ generated on the surface of MWCNTs due
to the electrostatic interactions between Sn*" and the functional groups and thus the

Ni-doped SnO,@MWCNTs composites were obtained.

3.2 Morphological analysis

Fig. 2(a) and (b) show the typical SEM images of MWCNTs and SnO,@MWCNTs
composites. From Fig. 2(a), it can be seen that the smooth morphology of outer
surface of the MWCNTs. As shown in Fig. 2(b), some particles are dispersed in
MWCNTs matrix, however, it is hardly determine the morphology and size. Fig.
2(c)~(e) present the typical TEM images of MWCNTs, SnO,@MWCNTs and
Ni-doped SnO,@MWCNTs composites, respectively. Fig. 2(c) shows that the

MWCNTs has an outer diameters around 50-60 nm and an inner diameters about 10

7
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nm and length in several micrometers, respectively. As shown in Fig. 2(d), very fine
SnO, nanoparticles are deposited onto the surfaces of MWCNTSs. The aggregation of
SnO, nanoparticles are hardly observed and they are uniformly distributed on the
surface of MWCNTs with a diameter in the range of 3-5 nm. Fig. 2(e) and (g) depict
that after doping with nickel ions (Ni*"), SnO, nanoparticles are much more densely
loaded on MWCNTs surfaces compared with un-doped SnO,@MWCNTs in Fig.
2(d).

Fig. 2(f) shows the EDS elemental composition of Ni-doped SnO,@MWCNTs
composites. It is clearly shows that the peaks associated with C, Sn, Ni, O elements
are present. The HRTEM image of Ni-doped SnO,@MWCNTs composites shown in
Fig. 2(h) also reveals the crystalline structure of the composites, and the crystalline
lattice spacing (0.35 nm) and (0.22 nm) can be assigned to the (110) plane and (220)
plane of SnO,, respectively. Based on the TEM and HRTEM analysis, it can be seen
that the structure of SnO,@MWCNTSs was not changed, and Ni ions has successfully

doped into SnO,@MWCNTs.

3.3 Structural analysis

The crystal structure of Ni-doped SnO,@MWCNTs composites with different doped
Ni contents was characterized by XRD, as shown in Fig. 3(a). The three typical
diffraction peaks at 20 = 26.5°, 33.8°, 51.6° can be assigned to the (110), (101), (211)
crystal planes of SnO,, respectively (JCPDS 41-1445)." The broad diffraction peak at
26 = 26.5° (110) plane of SnO, overlapped with the peak of the graphitic reflection
from MWCNTs. The average crystalline size can be estimated by Scherrer's

25
formula®:
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K2
B IBCOSQ (1)

Where D is the grain diameter, K (0.89) is the shape factor, A4 is the X-ray wavelength
of Cu Ka radiation (0.154 nm), & is the Bragg angle, and £ is the experimental
full-width half-maximum of the respective diffraction peak. Therefore, the calculated
average diameter of SnO, nanoparticles was about 3-5 nm, which is in accordance
with the results of TEM images.

To explore the effect of doped Ni content on the crystalline structure of Ni-doped
SnO,@MWCNTs composites, the (101) and (211) characteristic diffraction peaks are
monitored. From Fig. 3(b), it can be apparently seen that as the doped Ni molar
percentage increases from 0 to 35.4%, the 26 of (101) and (211) diffraction peaks
shift right from 0.15° to 0.85° and from 0.55° to 1.86°, respectively. Besides, the plane
of (101) intensity decreases and the plane of (200) enhances with the doping
percentage increasing. However, there is no characteristic diffraction peaks of Ni
species can be detected, which may be due to the high dispersion of the Ni
nanoparticles with too small particle sizes to be identified by the conventional XRD
method. When the Ni doping percentage more than 35.4%, the XRD results are
showed in the supplement information. Additionally, the lattice constant a and ¢ of
Ni-doped SnO,@MWCNTs composites exhibit in Table 1. According to the lattice
parameters of the composites, the lattice constant a and ¢ are changing when Ni ions
doping into SnO,@MWCNTs. Because the ion radius of Ni*" (0.69 A) is smaller than
that of Sn*" (0.71 A), the decrease of lattice constant of SnO,@MWCNTs is caused
by the substitution of Sn atoms of SnO, lattice by Ni atoms. So the lattice constant of
Ni-doped SnO,@MWCNTs with different Ni molar percentage are less than the

SnO,@MWCNTs lattice constant values (a=b=4.76930, ¢=3.16126).° Combined the
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results of EDS, XRD and HRTEM analysis, it can be deduced that the Ni*" cation
have systematically entered the crystal lattice of SnO, without deteriorating the
original crystal structure. Therefore, the Ni-doped SnO,@MWCNTs composites were
successfully synthesized by a facile hydrothermal method.

In order to confirm the presence of the surface compositions and chemical state
of MWCNTs, XPS was carried out to further confirmation. Fig. 3(c) shows the wide
span spectra of SnO,@MWCNTs and Ni-doped SnO,@MWCNTs composites, which
indicates that these two spectra are the same except the Ni peaks were arose in the
latter one. In Fig. 3(d), the spectrum of C 1s shows four peaks at 284.6 eV, 285.6 eV,
286.7 eV and 288.9 eV, corresponding to C-C or C=C in the aromatic rings, C-O,
C=0, and O-C=0 groups of acid MWCNTs, respectively.”’ The O 1s peaks at 531.0
eV, 531.6 eV and 532.8 eV shown in Fig. 3(e), referring to C=0 or O-Sn-O group, the
absorbed oxygen within the crystalline and C-O in the MWCNTs.?**For the spectrum
of Sn in Fig. 3(f), the peaks of Sn are loaded at 487.5 eV and 495.9 eV, which are
assigned to Sn 3ds;,; and Sn 3d;z,. The energy gap of Sn 3ds;, and Sn 3ds;is 8.4 eV,
and this spin-orbit splitting is assigned to the lattice of Sn*" ions in tin oxide.”*** In
terms of Ni element chemical state, Fig. 3(g) exhibit the spectrum of Ni in Ni-doped
SnO,@MWCNTs composites. The peaks at 856.6 eV and 862.6 eV are assigned to Ni
2ps, and its satellite structure, while peaks at 874.3 eV and 880.5 eV are attributed to
Ni 2p;, and its satellite structure. Herein, the energy difference between Ni 2p;,, and
Ni 2p3p2 is 17.7 eV, which is different from that of NiO (18.4 eV),*'** suggesting that
the Ni ions is present in SnO,@MWCNTs. Besides, among the broad peak at 862.6
eV, there are two low shoulder peaks at 861.4 eV and 864.2 eV, indicating Ni-O
binding is present in Ni-doped SnO,@MWCNTs. The Ni-O binding is from the

substitution of Ni ion to Sn**. According to integral area and the atomic ratio of Ni to

10
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the whole composites (4.59%), the amount of Ni-O binding is estimated to be about
2%. Meanwhile, XPS also show the C, Sn, O elements in the SnO,@MWCNTs, while
C, Sn, Ni, O elements in the Ni-doped SnO,@MWCNTSs, which consistent with the
EDS results. Considering these results above, indicates that the doping of Ni ions
substituted Sn site of the lattice and Ni-O binding was exiting in the Ni-doped

SnO,@MWCNTs.

3.4 FT-IR spectra

Fig. 4 depicts the FT-IR spectra of MWCNTs, SnO,@MWCNTs, and Ni-doped
SnO,@MWCNTs, respectively. The FT-IR spectrum of MWCNTs confirmed the
presence of oxygen-containing groups, such as C-OH at 3440 cm™, and C=0 in the
carboxylic acid moieties at 1744 cm™. Other characteristic vibrations were the O-H
deformation peak at 1640 cm™, the C-O stretching peak at 1079 cm™, and the C-H
in-plane bending vibration peak at 1383 cm™. The appearance of peaks at 2928 and
2860 cm™ correspond to C-H asymmetric stretching of the -CH; and -CH, group. The
SnO,@MWCNTs composites has similar FT-IR spectrum as MWOCNTs. The
characteristic band at 608 cm™ is assigned to the stretching of O-Sn-O vibration,
which indicates that the incorporation of SnO, particles on the MWCNTs. Ni-doped
SnO,@MWCNTs composites have similar FT-IR spectrum as SnO,@MWCNTs.
However, the strength of absorbing peaks around 400-800 cm™ in Ni-doped

SnO,@MWCNTS significantly decreases due to the Ni*" doping.

3.5 Raman spectra
Raman spectroscopy is a powerful and non-destructive technique for the

characterization of interactions or bonding between two co1np0nen‘[s.19’33’34 Fig. 5

11
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shows the Raman spectra of MWCNTs, SnO,@MWCNTs and Ni-doped
SnO,@MWCNTs composites, respectively. It is notably showed that all the three
samples present three characteristic peaks, namely the D band (<1350 cm™ ), the G
band (~1580 cm™ ) and the 2D band (~2700 cm™), which correspond to the first-order
vibration of sp’ bond, the in-plane vibration of sp® bond and the second-order
vibration of sp3 bond, respectively.19 Moreover, the interactions between the
MWCNTs and SnO; nanoparticles are clearly shown by the slight red shift in the
peaks of MWCNTSs from 1355 to 1351 cm™ in the D band and from 2708 to 2704
cm™ in the 2D band." The Ip/I; (strength ratio of D band to G band ) value decreases
from 0.85 to 0.78 after SnO, nanoparticles were deposited on the surface of MWCNTs,
which may be due to the defects on the surface of MWCNTs were covered by SnO,
nanoparticles.® Significantly, the Raman spectra of Ni-doped SnO,@MWCNTs
composites shows slight blue shift compared with SnO,@MWCNTs composites. The
peaks at D band shifts from 1351 to 1358 cm™ and the 2D band from 2704 to 2711
cm’™l. The Ip/lg value increased from 0.78 to 0.88, indicating that the interactions
between MWCNTSs and SnO, become stronger as the doping of Ni*". Interestingly, the
G band remains the same peak at 1581 cm™ for all three samples. It can be deduced
that the introduction of SnO, and Ni** do not change the structure of the MWCNTs,

and Ni*" had successfully doped into SnO,@MWCNTs.

3.6 Microwave absorbing properties
The microwave absorbing properties of Ni-doped SnO,@MWCNTs can be
characterized by the parameter reflection loss RL. According to the transmission line

theory, RL can be calculated by the following equations:*>*%’

12
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Z. -1
RL\dB)=201g—— 2
(dB)=201g Z,-,,”‘ ©)

z, - \/2‘: tanh{ J(@j ‘g‘—} 3)

Where Z;, is the input impedance of absorber, d is the thickness of the absorber, and ¢
and f'are the velocity of light and the frequency of microwave, respectively. & = g%j&”
and u,= u ~ju ”are the complex permittivity and complex permeability of the absorber
material, respectively.

As illustrated in Fig. 6(a), for Ni-doped SnO,@MWCNTs composites with
different doped Ni molar percentage, the values of real permittivity &"tend to decrease
with the increase of frequency over the whole frequency range (2-18 GHz). The
values of ¢’ are in the range of 9.96 to 25.46 from 0% to 35.4% doped Ni molar
percentage, respectively. Meanwhile, in Fig. 6(b), the imaginary permittivity £” values
of Ni-doped SnO,@MWCNTs composites is fluctuating in the range of 2-18 GHz,
which first declines, and then increases with three peaks. The values of £” are in the
range of 4.29 to 15.67 from 0% to 35.4% doped Ni molar percentage, respectively. It
is well known that high value of ¢”is harmful to the microwave absorption, which
might lead to the impedance mismatch. The high values of &” of Ni-doped
SnO,@MWCNTs might come from interfacial polarization, which may results from
the SnO, nanoparticles deposit on the surface of MWCNTs. Combined Fig. 6(a) with
(b), it can be seen that the Ni-doped SnO,@MWCNTs composites with 10.7% doped
Ni molar percentage, both the £” and &” curves are much higher than any other
composites, indicating the worst impedance mismatching characteristic.

Fig. 6(c) and (d) show the real permeability 4’ and imaginary permeability u”

curves of Ni-doped SnO,@MWCNTs composites with different doped Ni molar

13
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percentage, respectively. It is found that in Fig. 6(c), the values of 4’ are in the range
of 0.92 to 1.39 from 0% to 35.4% doped Ni molar percentage, respectively, almost
fluctuating around the constant 1 (u’=~ 1). As shown in Fig. 6d, the values of u ”are in
the range of -0.44 to 0.23 from 0% to 35.4% doped Ni molar percentage, respectively,
fluctuating around the constant 0 (u ”~ 0).

In general, magnetic loss mainly come from eddy current effects, natural
resonance, and exchange resonance in the microwave frequency. The eddy current
effects is related to the thickness (d) and the electrical conductivity (o) of the material,

which can be calculated by the equation®’:

K= 2, (p) od’ f 13 )
where uo is the permeability of vacuum. From the equation, if magnetic loss only
come from eddy current effects, the values of u(u)>f' should be constant when
frequency is varied. However, as demonstrated in Fig. 6(e), the values u(u ’)'2f1 of
Ni-doped SnO,@MWCNTs show some peaks, which means that the magnetic loss is
not mainly originated from eddy current effects as the Ni-doped SnO,@MWCNTs
composites showing little magnetic loss.””

To further demonstrate the microwave absorbing properties of Ni-doped

SnO,@MWCNTs composites, the dielectric loss tangent (tand, =¢&"/&' ) and
magnetic loss tangent (tand, = 4"/ u') are plotted against frequency, respectively. As

illustrated in Fig. 6(f), the values of tand, for the Ni-doped SnO,@MWCNTs
composites change from 0.34 to 0.93 from 0% to 35.4% doped Ni molar percentage,
respectively. Meanwhile, when the doped Ni molar percentage is less than 10.7%, the

values of tand, are higher than that of SnO,@MWCNTs. However, when the doped

Ni molar percentage is more than 10.7%, the values of tano. become lower than that

14
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of SnO,@MWCNTs. These results suggest that the Ni-doped SnO,@MWCNTs
composites have distinct dielectric loss properties with different doped Ni molar
percentage. Fig. 6 (g) shows that the values of tand, change from -0.38 to 0.21 from
0% to 35.4% doped Ni molar percentage, respectively. Comparing Fig. 6(f) with (g),
it can be obviously observed that the values of tand, are much higher than tané, for all
samples, indicating that Ni-doped SnO,@MWCNTs composites are a kind of
dielectric loss types microwave absorbing materials.

Additionally, effective microwave absorber should accord to two factors. One is
the impedance matching between the complex permittivity and the complex
permeability, the other is electromagnetic microwave attenuation of the microwave
absorber. Yet, the EM was determined by the attenuation constant a, suggesting in the

following equation3 940,

\/E n_.n r ! n_n r ! n_.n r !
aZTdX\/(ue ~ W)t (e~ s + (e + ') ()

where f'is the EM-wave and c is the velocity of light. Fig. 6(h) shows the frequency
dependence of the attenuation constant in the range of 2-18 GHz. Notably, it can be
found that the Ni-doped the SnO,@MWCNTs-paffin composites curves similarly
each other. The high attenuation constant of the composites for different Ni ions molar
percentage shows the excellent attenuation, but a high « value does not indicate a

. : . 40,41
strong dielectric loss or magnetic loss,

which may result from the impedance
mismatching especially for 10.7% molar percentage of Ni ions doping. While for the

28.2% molar percentage of Ni ions doping shows the best impedance matching,

exhibiting the best microwave absorption.

To further understand the mechanism of dielectric loss of the microwave

15
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absorber, the Debye dipolar relaxation is often related, permittivity can be expressed
by the following equation:'~"*

E =& +—gs_g°° =g —jg" (6)
T 1+ j2Afr /

Where &, &., f, 7 are the static permittivity, relative dielectric permittivity at
high-frequency limit, frequency and polarization relaxation time, respectively.

Therefore, £”and £”can be deduced by:

r_ 8s _800

=g, +—1+( pr (7
" __ 27#2'(85‘ _goo)

& _—“_(2@[)22_2 3

According to eqn (7) and (8), the relationship between &”and &” can be described as

following:

, &, +E, 2 e (& &, :
[g_ . ]+(g)_[ s ] ©)

!

E =

2 +é&, (10)

Based on eqn (9), the curves of (¢~&’) would be a single semicircle, denoting as
the Cole-Cole semicircle. Each semicircle represents one Debye relaxation process.
Fig. 7 shows that there are at least three semicircles in each curve of Ni-doped
SnO,@MWCNTs with different doped Ni molar percentage. These results indicate
that the Debye relaxation process can enhance the microwave absorbing properties of
Ni-doped SnO,@MWCNTs composites. However, the Cole-Cole semicircle are
distorted, suggesting that other mechanisms such as conductance loss, interfacial
polarization or oxygen defects may beneficial to the microwave absorption.””*

Fig. 8(a) to (f) show the calculated RL curves of Ni-doped SnO,@MWCNTs

16
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composites of different Ni doped molar percentage with different matching
thicknesses of microwave absorbing layer in the range of 2~18 GHz. It can be seen
that the maximum RL towards the low frequency with the increase of thickness. Fig.
8(a) depicts that the maximum RL reaches -21.6 dB at 8.6 GHz for SnO,@MWCNTs
composites with a thickness of 2 mm. For 10.7% Ni-doped SnO,@MWCNTs
composites, the maximum RL can reach up to -14.7 dB at 3.7 GHz with a thickness of
1.5 mm as shown in Fig. 8(c). When the Ni doped molar percentage was 10.7%, the
microwave absorbing properties was poor compared to the other five percentage
composites, just because the mismatch between the absorber and the air. The
maximum RL values is of small change when the Ni doped molar percentage less than
10.7% (Fig. 8(b)), while with the doping content increasing (Fig. 8(d) to (f)), the
change of the maximum RL becomes larger, and the largest maximum RL belongs to
28.2% Ni doping percentage in Fig. 8(e). For 28.2% Ni-doped SnO,@MWCNTs
composites, the maximum RL reaches -39.2 dB at 8.2 GHz with the thickness of 2.5
mm. Further increases Ni doping percentage, however, the value of maximum RL
changes slightly, and almost keep constant. Similarly, the widest microwave
absorption located at 28.2% and 35.4% (Fig. 8(f)) Ni doping percentage, which can
reach 3.6 GHz. Considering the maximum RL and the widest microwave absorption,
the optimal doped Ni molar percentage is 28.2%, at which the Ni-doped
SnO,@MWCNTs composites presents the excellent microwave absorbing properties,
possibly due to the best impedance match characteristic.

The possible mechanisms of microwave absorption for Ni-doped
SnO,@MWCNTs composites are schematic illustration in Fig. 9. On one hand, the
small size of SnO, nanoparticles is about 3-5 nm, which can be act as polarization

center, enhancing the interfacial polarization effect too.** Small size particles possess
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high anisotropy, which also make contributions to the microwave absorption.'” On the
other hand, the Debye relaxation process is beneficial to attenuate the incident
electromagnetic wave, and the high conductivity of MWCNTs plays an important role
in the formation of conductive network.’ Besides, Ni ions doping can make it easier to
form a conductive network in SnO,@MWCNTSs composites. In addition, Ni ions
doping can change the lattice parameters of SnO,@MWCNTs, Ni ions substituted
Sn*" ions in the lattice of tin oxide, lattice deformation can be good for the microwave
absorption of SnO,@MWCNTs composites. Additionally, the large aspect ratio and
the existence of residual defects and groups of the Ni-doped SnO,@MWCNTs
composites could cause multiple reflections,” which will further enhance the
microwave absorbing ability. In general, the enhanced microwave absorbing
performance of the composites is attributed to the synergistic effects of the MWCNTs,
Ni ions, and SnO, nanoparticles. Only with impedance match, high conductivity, high
attenuation and reduced eddy current of the three components can make Ni-doped
SnO,@MWCNTs composites have better microwave absorbing properties. Therefore,
the Ni-doped SnO,@MWCNTs composites have a great potential as lightweight and

high-efficiency electromagnetic wave absorbers.

4. Conclusions

In summary, the Ni-doped SnO,@MWCNTs composites were synthesized by a facile
one-step hydrothermal method. XRD and TEM analysis demonstrated that SnO,
nanoparticles were successfully anchored on the surface of MWCNTs with a diameter
of 3-5 nm. Raman spectra results indicated that the interactions between MWCNTSs
and SnO, became stronger as the doping of Ni*" and the Ni*" had successfully doped

into SnO,@MWCNTs composites. The Ni-doped SnO,@MWCNTs composites with

18
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28.2% doped Ni molar percentage showed the best microwave absorbing properties,
i.e. the maximum RL reached -39.2 dB at 8.2 GHz with a thickness of 2.5 mm and the
bandwidth of RL < -10 dB was 3.6 GHz at the thickness of 1.5 mm. It was believed
that the Ni-doped SnO,@MWCNTs composites were attractive candidates for light

weight and high-efficiency electromagnetic wave absorbers.
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Fig. Captions

Fig. 1 A schematic illustration of the synthesis process of Ni-doped SnO,@MWCNTs

composites.

Fig. 2 SEM images of MWCNTs (a) and SnO,@MWCNTs composites (b), TEM

images of MWCNTs (c), SnO,@MWCNTs composites (d) and Ni-doped

SnO,@MWCNTs composites (e¢) and (g), the EDS spectrum of Ni-doped

SnO,@MWCNTs composites (f), and HRTEM image of Ni-doped SnO,@MWCNTs

(h).

Fig. 3 XRD patterns of Ni-doped SnO,@MWCNTs composites with different doped
Ni molar percentage at 260 = 10-80° (a) and at 26 = 30-55° (b).

XPS spectra of SnO,@MWCNTs and Ni-doped SnO,@MWCNTSs composites:

wide span (c), C 1s spectrum (d), O Is spectrum (e), Sn 3d spectrum (f) and

Ni2p spectrum of Ni-doped SnO,@MWCNTSs composites (g).

Table. 1 Lattice constant of Ni-doped SnO,@MWCNTs composites with different Ni
molar percentange.

Fig. 4 FT-IR spectra of MWCNTs, SnO,@MWCNTs composites and Ni-doped

SnO,@MWCNTs composites.

Fig. 5 Raman spectra of MWCNTs, SnO,@MWCNTs composites and Ni-doped

SnO,@MWCNTs composites.

Fig. 6 Frequency dependence on real parts (a) and imaginary parts (b) of the complex

permittivity, real parts (c¢) and imaginary parts (d) of the complex permeability, the

value of u"(u)*f" of Ni-doped SnO,@MWCNTs composites with different doped Ni

molar percentage as a function of frequency (e), and the dielectric loss tangents tan Je

(f) and magnetic loss tangents tan Jy, (g) of Ni-doped SnO,@MWCNTs composites

with different doped Ni molar percentage, attenuation constant of Ni-doped
20
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SnO,@MWCNTs-paraffin composites with different doped Ni molar percentage
versus frequency (h).

Fig. 7 &’ ~¢&” curves of Ni-doped SnO,@MWCNTs composites with different doped
Ni molar percentage.

Fig. 8 Reflection losses for Ni-doped SnO,@MWCNTs composites with different
doped Ni molar percentage at different thicknesses in the frequency range of 2-18
GHz.

Fig. 9 Schematic illustration of possible microwave absorption mechanisms of

Ni-doped SnO,@MWCNTs composites.

MWCNTs Acid-MWCNTs

SnCl,-5H,0
Ni(NO,),"6H,0
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Fig. 1
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(a)| Ni-doped SnO,@MWCNTs (b)| Ni-doped SnO,@VWCNTs
iy (100 (101)
L |7 o
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Lattice constant/(A)
Samples a=b c
0% Ni-doped SnO,@MWCNTs 4.76930 3.16126
5.5% Ni-doped SnO,@MWCNTs 4.73722 3.18232
10.7% Ni-doped SnO,@MWCNTs 4.74240 3.18576
20.0% Ni-doped SnO,@MWCNTs 4.72681 3.19510
28.2% Ni-doped SnO,@MWCNTs 4.73879 3.18593
35.4% Ni-doped SnO,@MWCNTs 4.73742 3.18841

Table. 1
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