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The composites composed of Carbon nanotube (CNT) and inorganic magnetic materials are candidates for
broadband electromagnetic wave (EMW) absorbing materials (EWAM). However, poor interfacial compatibility
between CNT and inorganic magnetic materials limits the enhancement of broadband EMW absorption perfor-
mance. Herein, this study innovatively prepared the organic magnetic ionic liquid (MIL) with a zwitterionic
structure and combined it with CNT to obtain the “Magnetic ionic liquid/CNT composite gel” (MIL/CNT). In the
MIL/CNT, the energy of EMW is well attenuated through the multi-EMW dissipating routes, such as conductance
loss, polarization loss and magnetic loss. Remarkably, attributed to the zwitterionic structure, the stronger ionic
dipole polarization loss has been induced to dissipate the EMW, which achieved an effective absorption band
(EAB) of 7.5 GHz (9.44-16.94 GHz) and minimum reflection loss (RLy,) of —46 dB with 2.1 mm thickness at
15.8 GHz. The MIL/CNT composite demonstrated excellent broadband electromagnetic wave absorption, of-

fering a novel strategy for fabricating EMW defense materials with a wide operational frequency range.

1. Introduction

With the development of communication and radar technology,
multi-frequency range electromagnetic waves (EMW) have been
applied, however, they also induce serious electromagnetic interference.
Thus, achieving broadband electromagnetic wave absorption is a major
challenge in developing high-performance EWAM [1-3]. Relying on a
single electromagnetic dissipation mechanism inevitably leads to
insufficient performance, making it difficult to fulfill the aforemen-
tioned demands. Therefore, compound EWAM with multiple dissipating
routes gradually becomes the EMW development direction of EWAM.

The carbon nanotube (CNT) is an excellent candidate for EWAM due
to its low density, high specific surface area and excellent electrical
conductivity [4-7]. Unfortunately, poor impedance matching of CNT
caused by excessively high electrical conductivity leads to strong
reflection of EMW. Meanwhile, the single monotonic dielectric loss
route of CNT is negative for EMW attenuation at multi-band frequencies.

Thus, CNT used alone as EWAM hardly achieves satisfactory broadband
EMW absorbing performance [8,9]. Nevertheless, combining the inor-
ganic nano-magnetic materials with CNT, such as magnetic ferrite and
magnetic metal powder, can effectively enhance the effective absorption
band (EAB) through inducing the magnetic loss [8-13]. However, the
poor interfacial compatibility between CNT and inorganic magnetic
materials resulted in agglomeration, which is negative for wide fre-
quency EMW absorbing properties [14,15].

Recently, many reports have improved the compatibility between
CNT and inorganic magnetic materials. Our team reported a solvent-free
fluid Fe304 (S-Fe304) with an organic long-chain bilayer and S-Fez04/
CNT composites. The organic long chain in S-Fe304 can well modified
the interfacial compatibility between CNT and promote the uniform
dispersion of CNT. Thus, the S-Fe304/CNT composites achieved 5.2 GHz
of EAB [15]. Referring to the above work, the magnetic ionic liquids
(MIL) formed by imidazolium salts complexed with transition metal ions
[16-18], which have chemical and thermal stability. The MIL exhibits
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favorable compatibility and bendability with CNT due to the cation-n
interaction between them [19]. Thus, the MIL can be combined with
CNT to form gel-like composites, which are called “Bucky gel” [20]. In
the MIL/CNT composites, the MIL not only can optimize the dielectric
constants of CNT, approach the impedance of free space, reducing EMW
reflection, but also can attenuate the energy of EMW through conduc-
tion loss, ionic dipole polarization loss and magnetic loss from the
unique metal ionic group [21-24].

In this paper, the classical magnetic ionic liquid, 1-Butyl-3-methyli-
midazolium Tetrachloroferrate (Bmim[FeCl4]), was synthesized via
the complexing reaction between butyl-3-methylimidazolium chloride
([Bmim]Cl) and FeCls. Simultaneously combined with CNT to obtain the
gel-like composite, the Bmim[FeCl4]/CNT. Moreover, the zwitterion, 1-
propyl sulfonic-3-methylimidazolium (PIMSO3), and [Bmim]Cl together
complexed with FeCl; to form the zwitterionic MIL (PIMSO3Bim
[FeCly]), which enhances the combination between MIL and CNT
through ion-dipole or dipole-dipole interaction [19,20]. More interest-
ingly, the zwitterion induced stronger ionic dipole polarization loss.
Thus, besides the magnetism loss, a stronger dipole polarization
occurred in PIMSO3Bim[FeCl4]/CNT than Bmim[FeCl4]/CNT, while
optimizing the impedance matching, thereby achieving a broadband
EMW absorption performance. The Vector network analyzer (VNA),
spectrum and electron microscope technology, respectively, revealed
the EMW absorption performance and underlying EMW dissipating
mechanism of MIL/CNT.

2. Experiment section
2.1. Materials

CNTs were purchased from Chengdu Organic Chemicals Co., Ltd
(diameter: 5-15 nm, length: 50 pm and purity is 95 %). Other analytical
grade chemicals, the imidazolium salts, 1-propyl sulfonic-3-
methylimidazolium (PIMSO3) and 1-butyl-3-methylimidazolium chlo-
ride ([Bmim]Cl) were supported by Shanghai Chengjie Chemical Co.,
LTD. The pure chemicals, including methanols, were purchased from
Sino Pharm Chemical Reagent Co., Ltd. All chemicals were directly used
without purification.
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2.2. Fabrication of MIL/CNT

The preparation processes for various “Magnetic ionic liquid/CNT
composite gels” are illustrated in Fig. 1. The PIMSOs, [Bmim]Cl and the
mixture of PIMSO3; and [Bmim]Cl were mixed with CNT in a 50 mL
methanol in flask, respectively, and then sonicated for 1 h to form the
dispersion. Nitrogen (N3) was passed through the above dispersion for
20 min to displace the air. Subsequently, the FeCls was quickly added to
the dispersion and complexed with the imidazolium salt in methanol at
40 °C with magnetic stirring for 5h. Finally, various MIL/CNT, the
PIMSO3Bim[FeCl4]/CNT-1~3 and Bmim[FeCl;]/CNT were obtained
after removing the methanol through a rotary evaporator and vacuum
drying at 50 °C. The details of the material can be found in Table 1.

2.3. Characterization of morphologies and chemical structure

The morphologies of each sample were analyzed by a field-emission
scanning (SEM) and transmission (TEM) electron microscope (SEM,
Zeiss Gemini 300, Carl Zeiss Jena Ltd., Germany, TEM, JEM-2100, JEOL
Ltd., Japan). Raman spectra (inVia, Renishaw Ltd., Britain) were
recorded on a spectrometer with a 633 nm laser. Fourier transform
infrared spectroscopy (FT-IR) was performed via a PerkinElmer Spec-
trum Two FT-IR Spectrometer using the KBr pellet technique. X-ray
photoelectron spectroscopy (XPS) measurement of MIL/CNT was car-
ried out via a KRATOS AXIS-ULTRA DLD spectrometer using Al-Ka
radiation.

Table 1
Sample names, the amounts of CNT, FeCl; and imidazolium salt added for the
preparation of MIL/CNT.

Sample name CNT PIMSO3 [Bmim]Cl FeCl3(g)
(mg) (€3] (8)

Bmim[FeCl,]/CNT 500 0 1.746 1.62

PIMSO3Bim[FeCly]/CNT-1 300 0.68 0.873 1.62

PIMSO3Bim[FeCly]/CNT-2 500 0.68 0.873 1.62

PIMSO3Bim[FeCly]/CNT-3 800 0.68 0.873 1.62
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Fig. 1. Fabrication progress of MIL/CNTs.
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2.4. Measurement of electromagnetic and EMW absorption performance

EMW absorption tested samples were prepared by uniformly mixing
samples and paraffin with a mass ratio of 1:5. Then, the mixtures were
pressed into cylinder-shaped EMW absorbers (®q,; = 7.00 mm,
@i, = 3.00 mm). Employed the vector network analyzer (VAN, Agilent
N5245A) to get the electromagnetic parameters of the EMW absorber,
the permittivity and permeability of real parts (¢/, p') and imaginary
parts (¢”, u"), in the frequency range of 2-18 GHz through the built-in
algorithm of VAN based on transmission line theory. The EMW ab-
sorption performances, which were evaluated by Reflect Loss (RL), are
obtained through calculated electromagnetic parameters of samples
using equations (1) and (2) [25-27]. Where Z is the impedance of air,
Zin is the normalized input impedance of the materials, ¢ is the light
velocity, f is the electromagnetic wave frequency, d is the thickness of
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the material, and ¢ and u, represent the complex permittivity and
permeability of the composite medium, respectively.

Zin'ZO
= 1
RL(dB)=20Ig 7 1 7 1)
2nfd
Zin=2y \/;—"tanh |:J (ﬂ—f) VHEr } 2)
» c

The Four Prode apparatus (ST-2258, Suzhou Jingge Electronics Co
Ltd., China) was used to measure the electrical conductivities of MIL,
CNT and MIL/CNT. Magnetic measurements were conducted with a
superconducting quantum interference device (SQUID, MPMS XL-7,
Quantum Design). The arch method testing system with VAN (3671G,
Ceyear Co Ltd., China) was employed to measure the RL values of the
sample directly. The testing sample was prepared for the panel with a
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Fig. 2. SEM images of (a) Bmim[FeCl4]/CNT and (b-d) PIMSO3Bim[FeCl,]/CNT-1~3, TEM images of (e) PIMSO3Bim[FeCl4]/CNT-2 and (f) Bmim[FeCl4]/CNT, (g)

EDS mapping of PIMSO3Bim[FeCl4]/CNT-2.
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size of 180*180 mm before the test. The dielectric properties of MILs
were measured using an open-ended coaxial probe system linked with
the vector network analyzer (VAN, Agilent N5245A)

3. Results and discussion
3.1. Structure, morphology and properties of MIL/CNT and MIL

Macroscopic Bmim[FeCly]/CNT and PIMSO3Bim[FeCly]/CNT are
gel-like solids, as shown in Fig. 1. The gel-like states of MIL/CNT mainly
depend on the MIL. Similar to the prepared procedures of MIL/CNT, the
corresponding MILs were synthesized without CNT. The Bmim[FeCly]
and PIMSO3Bim[FeCly] are both black liquids at room temperature
(Fig. S1la). Among the two MILs, the PIMSO3Bim[FeCl4] exhibits higher
viscosity, approximately 15 Pa S, than Bmim[FeCl4] (0.005 Pa S) in
Fig. S1b. The PIMSO3Bim[FeCl4] with higher viscosity can be tightly
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combined with CNT.

The microstructures of Bmim[FeCl4]/CNT and PIMSO3Bim[FeCl4]/
CNT were investigated by SEM and TEM images as shown in Fig. 2. In
Fig. 2a—-d, the SEM images of each MIL/CNT express that the CNT, as the
skeleton, builds the three-dimensional (3D) network to tightly combine
with the Bmim[FeCly] and PIMSO3Bim[FeCl4], respectively. Mean-
while, Fig. 2b displays the CNT covered by PIMSO3sBim[FeCl4] and the
CNT can be seen increasingly exposed with increasing the CNT content
in Fig. 2c and d. The TEM images of PIMSO3Bim[FeCl4]/CNT (Fig. 2e)
and Bmim[FeCl4]/CNT (Fig. 2f) present the MIL loaded on the 3D
network of CNT. The SEM and TEM images demonstrate that the liquid
MILs (Bmim[FeCl4] and PIMSOsBim[FeCl4]) are tightly and stably
bound to the solid CNTs to form the composite. This strong association
results from cation-r and n-n interactions involving the imidazolium
cations [19,20]. Furthermore, the EDS mappings (Fig. 2g) expose the C,
N, O, S, Fe, and Cl elements in the PIMSO3Bim[FeCl4]/CNT.
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Fig. 3. (a) FT-IR, (b) Raman and XPS spectra of MIL/CNT: (c) Fe 2p, (d) Cl 2p, (e) S 2p and (f) O 1s spectra.
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The Spectral analysis results (Fig. 3 and Fig. S2) further express the
detailed chemical structure of MIL/CNT and MIL. In the FT-IR spectra of
MIL/CNTs (Fig. 3a), the absorption peaks at 1549 cm~!and 3114 cm™!
are attributed to C=N and C-H in the imidazole ring [28-30], which
appear in the FT-IR spectrum of PIMSO3 and [Bmim]Cl. Contrary to the
FT-IR spectra of CNT without obvious absorption peaks, the apparent
absorption peak of C=N (1549 cm 1) similarly appears on the FT-IR
spectrum of MIL/CNT, also reflecting the existence of the imidazole
ring in MIL/CNT. The FT-IR spectrum of PIMSO3Bim[FeCl4]/CNT shows
a signature peak of SO3 at 1040 cm ™! [29-32], which is absent in the
Bmim[FeCly]/CNT spectrum, verifying the distinct chemical structures.
Moreover, the FT-IR spectra of MIL/CNT are similar to the corre-
sponding MIL (Fig. S2a). Fig. 3b displays the Raman spectra of MIL/CNT
and CNT, respectively. The D band at 1347 cm™! and the G band at
1581 cm ™! are assigned to typical Raman peaks of CNT, which exhibit
the lattice defects of carbon atoms and tensile vibration of in-plane sp2
hybridization, respectively. The intensity ratio of the D and G bands
(Ip/Ig) of pure CNT is 1.20. After the CNT is composited with MIL, the
Ip/Ig values of MIL/CNT decrease to 1.14-1.17. Although the Ip/Ig
values of MIL/CNT are lower than CNT, their Ip/Ig values still approach
CNT, indicating that the lattice and Sp2 hybridization of CNT do not
destroy. Moreover, the Raman peaks at 334 cm ™' and 114 cm ™! can be
found in the Raman spectra of three MIL/CNTs, respectively. Remark-
ably, these absorption peaks (334 and 114 cm ™) simultaneously appear
in the Raman spectrum of MIL (Fig. S2b). These Raman peaks were
assigned to the symmetric stretching and bending of Fe>* complexing
anions ([FeCl4]” and [FeSOsCls]") [33,34]. Meanwhile, to explore the
structure of Fe>* complexing anions, XPS was employed to investigate
the chemical composition of three magnetic burkey gels as shown in
Fig. S3 and Fig. 3c-f. In Fig. S3, signals of C, O, Fe, Cl, S and N elements
are observed in the XPS survey spectra. The Fe 2p spectra (Fig. 3c)
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present two peaks at 712.1 and 717.9 eV, which are attributed to Fe
2p3/2 and Fe satellite peak, respectively [35,36]. In Fig. 3d, the Cl 2p
peaks at 196.8 and 198.3 eV could be related to imidazolic chloride salt
and organic chloride [35]. After complexing with FeCls, the Cl 2p peaks
of Bmim[FeCly]/CNT and PIMSO3Bim[FeCl4]/CNT significantly shift to
high binding energy. Among all the MIL/CNT, the Cl 2p peaks at 199.7
and 200.5 eV are attributed to metal chlorine (Fe-Cl) and organic
chloride [37]. In Fig. 3e, the S2p peaks at 166.2 and 167.3 eV are
assigned to the S2p1/2 and S2p3/2 from SO3 of PIMSO3 [38,39]. After
complexing with FeCls, the S2p peaks of PIMSO3Bim[FeCl3]/CNT move
to high binding energy (168.3 and 169.4 eV). Similarly, the O1s peak of
SO3 also shifts to high binding energy when PIMSOs is complexed with
Fe*'(Fig. 3f). The movement of S2p and Ols peaks can prove the co-
ordination effect between Fe>* and PIMSOs3, which form the complexing
ions ([FeSO3Cl3]).

Based on the Raman and XPS spectra, the formation of MIL is illus-
trated in Fig. S1c. For the Bmim[FeCly], the Fe3* coordinates with the
Cl” in [Bmim]Cl to form the complexing anions ([FeCl4]). Subse-
quently, the [FeCly]” combined with the imidazolium cation (IM™1) to
form the Bmim[FeCly]. In the Bmim[FeCly], because the ion pairs of
IM™-[FeCly] lack interaction, the Bmim[FeCl4] expresses the liquid state
with low viscosity at room temperature. Similarly, in PIMSOsBim
[FeCls], the SO3 in the PIMSO3 coordinate with Fe3* to form the com-
plexing anions ([FeSO3Cl3]), and because of the special zwitterionic
structure, each IM'-[FeSO3Cl3]™ ion pairs are linked by the covalent
bonds. Moreover, the zwitterionic structure results in the stronger ion-
dipole or dipole-dipole interaction between the IM'-[FeSOsCl3]" and
IM"-[FeCly]” [28,29]. Therefore, the PIMSO3Bim[FeCly] is an ionic
liquid with high viscosity.

The magnetic properties of the MIL and MIL/CNT are presented in
Fig. 4. The macroscopic magnetic phenomena of liquid Bmim[FeCly]

BN

—— Bmim[FeCl,/CNT
[ PIMSO,Bim[FeCI,//CNT-3
F—— PIMSO,Bim[FeCI,//CNT-2
L —— PIMSO,Bim[FeCl,J/CNT-1

=
o

A STk 00k 20K

Magnetic field (Oe)

Fig. 4. (a) macroscopic magnetic phenomena of Bmim[FeCl4] and PIMSO3;Bim[FeCl,4], (b) Magnetization curves of PIMSO3Bim[FeCl4] and Bmim[FeCl4] and (c)

magnetization curves of MIL/CNT.
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and PIMSO3Bim[FeCl4], attracted by a magnet, are exhibited in Fig. 4a.
The magnetization curves of MIL (Fig. 4b) express the paramagnetic
properties of two MILs. Their magnetic performance is attributed to the
[FeCl4]” and [FeSO3Cl3]™ [16,24]. The saturation magnetizations (Ms) of
PIMSO3Bim[FeCl4] and Bmim[FeCly] are 0.8 and 0.6 emu/g, respec-
tively. The slightly higher Ms in PIMSO3Bim[FeCly] is mainly attributed
to the restrained thermal motion of [FeCly]” and [FeSO3Cl3]™ by the
zwitterion [33]. After being composited with CNT, the magnetization
curves of MIL/CNT still reflect paramagnetic (Fig. 4c). The Ms of Bmim
[FeCl4]/CNT and PIMSOsBim[FeCl4]/CNT-1~3 are 0.60, 0.74, 0.65,
and 0.57 emu/g. Increasing the content of MIL boosts the Ms of
MIL/CNT.

The conductivities of MIL, CNT and MIL/CNT were summarized in
Table 2. Attributed to the ionic conduction caused by migration of IM™
and [FeCls], the Bmim[FeCl4] expresses the conductivity of
0.820*10~2 S/cm. Inducing the zwitterion, the ionic migration has been
weakened in PIMSO3Bim[FeCl4] due to the strong interaction of ion-
dipole. Thus, the conductivities of PIMSO3Bim[FeCly] decline to
0.046*102 S/cm. The conductivities of MIL/CNTs are higher than those
of MIL due to the CNT with high conductivity (>105 S/cm). The con-
ductivities of Bmim[FeCl4]/CNT and PIMSO3Bim[FeCly]/CNT-1~3 are
7.1, 3.93, 6.36 and 18.51 S/cm, which constantly rising with increasing
the CNT content.

3.2. Electromagnetic wave absorbing performance and mechanism

The EMW absorption performance of CNT, Bmim[FeCls]/CNT and
PIMSO3Bim[FeCl4]/CNT-1~3 was evaluated by the Reflect Loss (RL).
The RL of each based EMW absorber is calculated by equations (1) and
(2). Generally, the values of RL require less than —10 dB to achieve the
optimal EMW absorbing performance. The EWAM with Optimal per-
formance requires both strong absorbing strength and a broad band-
width. Figure S4 and Fig. 5 present RL curves and 2D RL contour plots of
different EWAM, respectively, illustrating the RL values and effective
absorption bands (EABs). The CNT based EMW absorber with poor EMW
absorption performance (RL > —10 dB) is presented in Fig. S4a. On the
contrary, the RL curves of all MIL/CNT based EMW absorbers fall below
—10 dB with different thicknesses as shown in Fig. S4b-e, indicating the
effective EMW absorbing performance of MIL/CNT. In the 2D RL con-
tour plots (Fig. 5), the regions enclosed by dashed lines are the regions of
RL < —10 dB, presenting the EABs of the MIL/CNT based EMW
absorbers.

In Fig.S4b and Fig. 5a, the Bmim[FeCl4]/CNT based EMW absorber
could reach —32 dB of minimum reflection loss (RLpi,) with 2.8 mm
thickness at 11.0 GHz and 5.2 GHz (7.04-12.24 GHz) of EAB,5x with
3.1 mm. For the PIMSO3sBim[FeCl4]/CNT-1 based EMW absorber, as
shown in Fig. S4c and Fig. 5b, RLyi, reaches —44 dB with 2.1 mm at
14.5 GHz, and the EAB,.x extends to 6.7 GHz (7.6-14.3 GHz) at 2.7 mm
of thickness. As the content of CNT increases, the EAByax and RLy, of
PIMSO3Bim[FeCl4]/CNT-2 based EMW absorber further enhance as
exhibited in Fig. S4d and Fig. 5c. RLpj, achieves —46 dB with 2.1 mm at
15.8 GHz. Notably, its EABp,ax extends to 7.5 GHz (9.44-16.94 GHz) ata
lower matching thickness (2.4 mm). However, excessive content of CNT

Table 2
The conductivities of CNT and MIL/CNT

Sample Conductivity (S/cm)
CNT >105%

Bmim[FeCly] 0.82%102
PIMSO3Bim[FeCl,] 0.046°1072
Bmim[FeCl4]/CNT 7.1
PIMSO;Bim[FeCl,]/CNT-1 3.93
PIMSO5Bim[FeCl,]/CNT-2 6.36
PIMSO5Bim[FeCl,]/CNT-3 18.51

# The conductivity of CNT are beyond the measuring range of Four
probe apparatus (105 S/cm).
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leads to poor EMW absorbing performance of PIMSO3Bim[FeCl4]/CNT-
3 based EMW absorber, presented in Fig.S4e and Fig. 5d. Although the
EABpax and RLp,j, of PIMSO3Bim[FeCl4]/CNT-3 based EMW absorber
are all achieved in the thickest thickness (1.8 and 1.6 mm), the EAB,.x
and RLpi, are only 5.4 GHz (10.64-16.04 GHz) and —30 dB, respec-
tively. The above EMW absorbing performances reflect that the excellent
EMW absorbing performance with super broadband absorption can be
achieved in the PIMSO3Bim[FeCl;]/CNT-1~2 containing the zwitterion
structure and a suitable content of CNT.

Meanwhile, compared to other reported CNT based EMW absorbing
materials as shown in Table 3, the MIL/CNT all present better EMW
absorbing performance. Especially for PIMSO3Bim[FeCls4]/CNT-2 based
EMW absorber, its EABp,x (7.5 GHz) exceeds others to a large degree.
Additionally, the PIMSO3Bim[FeCl4]/CNT is selected to be mixed with
Liquid Silicone Rubber and then cured to a composite with a size of
180*180%2.3 mm as shown in Fig. S5a. After the directly test by arch
method, the EMW absorbing performance of the composite is exhibited
in Fig. S5b, which achieve the RLy;, of —26 dB and EAB of 6.88 GHz.

The EMW absorbing capacity of EWAM is tightly dependent on their
electromagnetic parameters, relatively complex permittivity (e,=¢-je")
and permeability (u,=p/'-ju"). The permittivity and permeability of real
parts (¢, ) and imaginary parts (¢”, p") represent the storage and
dissipation of electromagnetic energy, respectively [49,50]. As shown in
Fig. 6a and b, the ¢ and &" of MIL/CNT based EMW absorbers are
located in ranges of 4-18 and 2-8, respectively, which is far less than the
CNT due to the lower conductivities of MIL/CNT (Table 2). The sub-
figures in Fig. 6a and b present the difference of ¢ and ¢” curves between
all MIL/CNT based EMW absorbers. The ¢ of the Bmim[FeCl,]/CNT and
PIMSO3Bim|[FeCly]/CNT-1~2 are approximate as shown in the sub-
figure of Fig. 6a, locating on 12-6.5. However, the ¢ of PIMSO3Bim
[FeCl4]/CNT-3 based EMW absorber increase to 16~8 with the rise of
CNT content. In the subfigure of Fig. 6b, the & values of PIMSO3Bim
[FeCl4]/CNT-1~3 are surpass Bmim[FeCl4]/CNT based EMW absorber
and achieve the highest ¢ values in PIMSO3Bim[FeCl4]/CNT-3 EMW
absorber at most ranges of 2-18 GHz. According to the free electron
theory, higher ¢” values are mainly determined by strong conductivity
(6), the towering ¢” values of CNT based EMW absorber result in the
highest conductivity of CNT (Table 2). The conductivities of MIL/CNTs
are far below CNT due to MIL hindering the electronic migration, which
leads to the decline of ¢'. Similarly, the ¢ values of PIMSO3Bim
[FeCl4]/CNT-3 based EMW absorber surpass other MIL/CNT based
EMW absorbers due to the higher conductivity of PIMSOsBim
[FeCl4]/CNT-3. However, the PIMSO3Bim[FeCl4]/CNT-2 shows
approximate conductivity to Bmim[FeCl4]/CNT, even the conductivity
of PIMSO3Bim[FeCl4]/CNT-1 are obvious lower than Bmim
[FeCl4]/CNT, the ¢ values of PIMSO3Bim[FeCl4]/CNT-1~2 based EMW
absorber are still higher than Bmim[FeCly]/CNT. Therefore, other fac-
tors also contribute to ¢ values. Generally, the & of MIL/CNT are
composed of conduction (¢)) and polarization (s;) loss as present in
equations. (3) and (4) [26,51,52]. Meanwhile, many resonance peaks,
reflecting polarization relaxation process, can be observed in ¢" curves of
MIL/CNT [53,54]. Notably, the resonance peaks of PIMSOsBim
[FeCl4]/CNT-1~3 EMW absorber show stronger amplitude than Bmim
[FeCl4]/CNT, revealing the existence of a stronger polarization relaxa-
tion process in the PIMSO3Bim[FeCl4]/CNT.

£'=¢ +e, 3)
) c
_ 4
G 2afey “)

As shown in Fig. 6¢ and d, the i’ and p" values of the CNT-based EMW
absorber stably approach 1 and 0, respectively, confirming its non-
magnetic response. In contrast, the x' and " curves of the MIL/CNT
composites fluctuate across the 2-18 GHz band, indicating a uniformly
weak magnetic response to the electromagnetic field.
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PIMSO3Bim[FeCl,]/CNT-3.

Table 3
Summarized EMW absorption performance of CNT based EMW absorbing ma-
terials reported in previous papers.

Samples RLin EABhax Thickness Ref
(dB) (GHz) (mm)
(RL < —10
dB)

FeCo/CNTs/HNTs -57.77 6.24 3.0 [11]
liquid-like Fe304/CNT —52.57 5.2 1.4 [15]
P[AVIm][FeCl4]/CNT/rGO —51.03 5.63 2.2 [34]
SiC@Co-CNT —57.67 2.63 3.75 [40]
CoO/CNT —25.9 4.5 3 [41]
FeCo/Cu/CNT —48.1 5.76 1.8 [42]
CNT/BaFe 15,019 —43.9 3.9 4.5 [43]
CNT-rGO-Co/Ni-MOF —43 4 1.5 [44]
r-GO/a-CNT/NCS —35.8 2.7 2.3 [45]
CoNiZnFe;04@CNT —30.11 4.11 3.0 [46]
Ti3CoTx@CNTs/Ni —64.60 6.1 2.7 [47]
MOF-derived Ni@CNT —44.40 4.3 1.5 [48]
PIMSO3Bim[FeCls]/CNT-2 —46 7.5 2.4 This
work

For the Bmim[FeCl]/CNT and PIMSO3Bim[FeCl4]/CNT-1~3 based
EMW absorbers, the x values range from 1.17-0.93, 1.58-0.97,
1.41-0.89, and 1.32-1.02, respectively, showing a positive correlation
with the Ms of the corresponding MIL/CNT composites. Correspond-
ingly, their x" values fall within the ranges of 0.24-0.013, 0.35-0.03,
0.36-0.07, and 0.23~(—0.07), respectively. Notably, multiple reso-
nance peaks are observed, suggesting the presence of multiple magnetic
resonance behaviors [50,51,54].

Based on the above electromagnetic parameters, the EMW dissi-
pating capacity and routes are exhibited in Fig. 7. The electric and
magnetic dissipating capacities are gradually depicted by loss tangent
(tan g = €' /¢ and tan 6y = u" /') [47,55]. In Fig. 7a, the tan g of pure
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CNT EMW absorber tower over other MIL/CNT based EMW absorbers,
indicating its strong dielectric loss ability. Meanwhile, the PIMSO3Bim
[FeCl4]/CNT-1~2 based EMW absorbers exhibit higher tandg values
than PIMSOsBim[FeCl4]/CNT-3 and Bmim[FeCl4]/CNT at most fre-
quency ranges, as shown in Fig. 7b, proving the strong dielectric loss
capacity of the PIMSO3Bim[FeCly]/CNT-1~2. The dielectric loss mainly
contributed to conductance and polarization loss. According to the
Debye relaxation theory, the &—¢" curves of all EMW absorbers are
plotted through equations (S1-S3) as shown in Fig. S6 and Fig. 7c. The
£—¢" curves consist of semicircles or lines, which represent the conduc-
tance and polarization loss, respectively [5,44]. The £—¢" curve of the
CNT based EMW absorber approach a long tail (Fig. S6), reflecting that
the conductance loss is the primary contributor to dielectric loss. The
¢’ curves of MIL/CNT based EMW absorber are composed of straight
lines and many semicircles (Fig. 7c), confirming the co-existence of
conduction and multiple polarization loss. The conduction loss results
from the electron conduction of CNT and ionic conduction of
IM*-[FeCl4]” in MIL. Linear segments gradually emerge and exhibit a
trend of increasing slope in the £-¢" curves of PIMSO3Bim[FeCly]/CNT
based EMW absorbers, indicating an enhancement of conduction loss
with increasing conductivity. The multiple polarization loss includes the
interfacial and dipole polarization losses. Remarkably, the PIMSO3Bim
[FeCl4]/CNT-1~3 based EMW absorbers present semicircles with the
bigger diameter compared to Bmim[FeCl,]/CNT, which revealed richer
polarization loss [1]. The stronger polarization loss may result from the
zwitterion-enhanced dipole polarization. To further verify the perspec-
tive, the permittivities of Bmim[FeCl4] and PIMSO3Bim[FeCl4] have
been directly tested (Fig. S7a and b). Compared to the £-¢” curves of two
MILs in Fig. S7c and d. The semicircles in the £-¢” curves of PIMSO3Bim
[FeCl4] also exhibit the bigger diameter than Bmim[FeCl4], reflecting
more polarization behavior in PIMSOsBim[FeCly]. Meanwhile, we
calculated the eI’; and ¢, by equations (3) and (4) as shown in Fig. S7e and

f, respectively. The ¢, of Bmim[FeCly] are higher than eI’; at 2-13.2 GHz
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complex permeability.

and lower at 13.2-18 GHz (Fig. S7e). However, the eI’; of PIMSO3Bim
[FeCly] totally surpass ¢, at 2-18 GHz (Fig. S7f). Moreover, the average
contribution ratios of e;; in Bmim[FeCl4] and PIMSO3Bim[FeCly] are
44 % and 89 %, respectively. The data clearly demonstrate a more
dominant role of polarization loss in PIMSO3Bim[FeCl,]. Furthermore,
the electrostatic potential maps (EPS) of Bmim[FeCl4] and PIMSO3Bim
[FeCl4] have been simulated through the Material Studio software based
on Density Functional Theory (DFT), which visualizes the charge density
(Fig. 7d). The positive and negative charges are displayed by orange and
blue, respectively. The color transforming from darker to lighter in EPS
corresponds to a decrease in local charge density. The more remarkable
color difference observed in the zwitterion of PIMSO3Bim[FeCly] in-
dicates enormous differences in charge distribution. Thus, zwitterion
induces a higher electrostatic potential difference (0.2530 eV) than
IM"-[FeCls]” of Bmim[FeCls] (0.2051 eV) as summarized in Table S1.
The higher electrostatic potential difference results in an enhancement
of the dipole moment. The dipole moment of PIMSO3Bim[FeCl4] (15.41)
is higher than Bmim[FeCl4] (9.21), which was calculated through the
process as presented in the supporting information 1. Thus, the zwit-
terionic structure with a high dipole moment leads to the stronger dipole
polarization loss in PIMSO3Bim[FeCl4]/CNT.

In Fig. 7e, different from the near-zero tandy of the non-magnetic
CNT based EMW absorber, the MIL/CNT based EMW absorbers exhibit
a measurable tandy (0.33 to —0.052), confirming the presence of mag-
netic loss in these composites. Among all MIL/CNT, the PIMSO3sBim
[FeCl4]/CNT-3 based EMW absorber shows the lowest tansy,, consistent
with its decline in Ms. Although the tandy values are smaller than the
corresponding tandg values, the dielectric loss is the main dominating
EMW loss route in MIL/CNT, the magnetic loss is not to be neglected.
The Co (Co=u"(4)%f ) parameters reveal the specific origin of
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magnetic loss as shown in Fig. 7f. The C values tend to a constant in the
frequency ranges, considering eddy loss [42]. However, the Cy values of
all MIL/CNT-based EMW absorbers vary across the 2-18 GHz band,
indicating that their magnetic loss originates primarily from magnetic
resonance behaviors caused by natural and exchange resonances
[45-48].

The favorable impedance matching and high attenuation constants
() are equally crucial factors for EWAM with outstanding performance,
which guarantee the minimum reflection and strong attenuation of
EMW, respectively. Attenuation constants (a) are typically calculated
using Equation (5), and the normalized characteristic impedance values
(|Zin/Zo|) are close to 1, indicating excellent impedance matching per-
formance [11,49,50]. The high conductivity of CNT (>105 S/cm)
endowed the prohibitively high permittivity (¢' = 110-20, ¢" = 300-50)
and tan 5g (2.8-4.5) in the CNT based EMW absorber, resulting in the
highest values of a (449-1702) as present in Fig. S8. However, the
excessive permittivity also leads to the values of |Z;,/Zy| far from 1
(Fig. 8a), leading to substantial reflection of EMW at the surface caused
by severe impedance mismatch. Conversely, the proper ionic conduction
of the MIL results in a composite (MIL/CNT) with lower conductivities
(Table 2), which leads to the moderate permittivity (¢ = 16-6.5 and
¢ = 6.5-2). Furthermore, the magnetic properties of MIL also contribute
to the optimization of impedance matching. Thus, |Zi/Zo| values of
MIL/CNT based EMW absorber are closer to 1 than CNT (Fig. 8b-e),
realizing the favorable impedance matching properties and minimum
reflection of EMW.

In Fig. 8f, the o values of PIMSO3Bim[FeCl4]/CNT-1~2 based EMW
absorber approach to Bmim[FeCly]/CNT in 2-8 GHz, and then
completely surpass Bmim[FeCl4]/CNT in 8-18 GHz. It is reflected that
the PIMSO3Bim[FeCl4]/CNT-1~2 owns the stronger EMW attenuating
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capacity, driven by the zwitterion enhanced polarization loss. Thus, the
PIMSO3Bim[FeCl4]/CNT-1~2 based EMW absorber presented better
EMW absorbing performance than Bmim[FeCl4]/CNT at 8-18 GHz.
Although the o values of PIMSO3Bim[FeCls]/CNT-3 based EMW
absorber are also higher than Bmim[FeCl4]/CNT at 8-18 GHz, even
higher than PIMSO3Bim[FeCl4]/CNT-1~2 at 12-18 GHz, its EMW
absorbing performance exhibits weakening. The main reason is that the
higher conductivity in PIMSO3Bim[FeCl4]/CNT-3 triggered slight
impedance mismatching.

Vorf |
a=— (ﬂé‘-ﬂé‘)+\/(ﬂe-ﬂ€)2+(ﬂe

Synthesized the above discussions, the MIL, PIMSO3sBim[FeCl],
combined with a certain amount of CNT to fabricate the PIMSO3Bim
[FeCl4]/CNT. Appropriate impedance matching characteristics of the
PIMSO3Bim[FeCl4]/CNT based EWM absorber enable EMW to effec-
tively penetrate. Meanwhile, the strongest o values at a wide frequency
range endow the PIMSOsBim[FeCl4]/CNT-1~2 broadband EMW
absorbing performance. The EMW is attenuated in the PIMSOsBim

+ ') 5
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[FeCl4]/CNT-1~2 through multiple dissipating routes as illustrated in
Fig. 9. Firstly, the effective conductive network formed by CNT provides
the paths for the jumping and migration of electrons, boosting the
electron conductance loss (Fig. 9a) [46,54-56]. Secondly, besides the
conductance loss of CNT, some freely moving ions(IM™ and [FeCly])in
the PIMSO3Bim[FeCly] can migrate under the alternating electric field
and trigger the ionic conductance loss to attenuate the EMW [57], as
shown in Fig. 9b. Meanwhile, the zwitterions, which possess high dipole
moments, formed multiple ion pairs and act as ionic dipoles [58]. The
ionic dipoles serve as the polarization center, triggering stronger dipole
polarization loss because their orientation cannot keep up with the
alternating electric field [59-61]. Similarly, as shown in Fig. 9c, the
heterojunction interfaces between the PIMSO3Bim[FeCl4] and CNT lead
to the attenuation of EMW through interfacial polarization loss [62,63].
Finally, the magnetic effect in [FeCl4]” and [FeSO3Cls]” certainly brings
the magnetic loss for dissipating EMW [34,64] (Fig. 9d). The energy of
EMW has been multiply attenuated through the synergistic coupling
effect of magnetic and dielectric losses, which obtained the broadband
EMW absorbing performance.
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4. Conclusion

The two MIL/CNTs, PIMSO3Bim[FeCl4]/CNT and Bmim[FeCly]/
CNT, were successfully fabricated in this paper. The MIL/CNTs
expressed the satisfactory EMW absorbing performance due to favorable
impedance matching properties and multiple EMW dissipating routes
such as ionic conductance, polarization and magnetic loss. Notably, the
PIMSO3Bim[FeCls]/CNT with the zwitterionic structure presented bet-
ter EMW absorbing performance than Bmim[FeCl4]/CNT. The zwit-
terion deeply optimized the permittivities of PIMSO3Bim[FeCl4]/CNT,
not only ensuring the suitable impedance matching performance, but
also enhancing the polarization loss utilizing the high dipole moment.
Therefore, the PIMSO3Bim[FeCl4]/CNT-2 based EMW absorber exhibi-
ted an RLy,jn of —46 dB and EAB,5x of 7.5 GHz, achieving effective EMW
absorption performance (RL < —10 dB) in the wide frequency range. The
EABpax of PIMSO3Bim[FeCl4]/CNT based EMW absorber shows wider
than many reported CNT-based EMW absorption materials. The MIL/
CNT composite demonstrates excellent broadband absorption, thus
establishing it as a viable material for next-generation, multi-band
electromagnetic defense and stealth applications.
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