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Abstract: Herein, A4 typing paper was used as a novel source to manufacture FeNiz and NiCy coated
carbon skeleton via facile routes. The product was examined for its ability to absorb electromag-
netic emission which can be a health hazard. The impact of precursor concentration on the final
electromagnetic wave absorption of samples was evaluated; the composite prepared under suitable
concentration possesses outstanding multiband absorption ability of —34.64 dB and —26.7 dB at
2.32 GHz and 17.2 GHz, respectively, together with an ultra-wide effective absorption bandwidth of
9.58 GHz at only 3.9 mm. The strong dipole polarization and broad frequency range of preferable
impedance matching, along with the coupling of other auxiliary mechanisms, are responsible for
this excellent property. The as-prepared absorber has great potency for multiband absorption of

electromagnetic waves.

Keywords: microwave absorption; multiband; dipole polarization; impedance matching; A4 typ-
ing paper

1. Introduction

Nowadays, due to the rapid development of technology in electronic information,
various radio-frequency equipment has sprung up in our daily lives, resulting in the su-
perfluous usage of electromagnetic waves (EMWs) and leading to great harm regarding
electromagnetic interference (EMI) of precise instruments and to human health [1-3]. In
order to overcome such problems, a great number of absorbers have been developed to
eliminate the energy of EMWs by transferring it to other energies for dissipation [4-6].
In general, the ideal EMWs absorber should meet the demands of broad effective ab-
sorption bandwidth (EAB), strong absorbing ability, low density and filmy thickness [7].
Thus, the relevant troubles caused by excessive microwave radiation could be solved by
these absorbers.

Up to now, numerous components of familiar materials have been utilized to absorb
microwaves to some extent, such as carbon materials [8-10], ferrites [11,12], magnetic
alloys [13,14], metal sulfides [15] and so on. As it is known that the microwave dissipation
capacity of onefold components is relatively limited in its monotonous absorbing mecha-
nism e.g., sole dielectric or magnetic loss, there is currently consensus that the combination
of different absorbing mechanisms is necessary to strengthen the electromagnetic absorbing
ability of composites [16-18]. Based on this, Zhao et al. [19] obtained core-shell Ni-Cu alloy
with minimal reflection loss of —31.13 dB and EAB of 3.4 GHz for a thickness of 1.5 mm. The
polarization generated from the heterogeneous structure, together with the magnetic prop-
erty, of the alloy promotes electromagnetic damping capacity of microwaves. Wu et al. [20]
synthesized a sandwich-like Fe3O,/Fe3S, composite with broad EAB of 5.03 GHz for 2
mm, which, owing to its unique microstructure, can endow excellent interface polarization,
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as well as conduction loss to this composite. Xie et al. [21] prepared a type of carbon coated
Co/Co0O nanoparticle with core-shell structure; here, the porosity of the hybrid greatly
increases its surface area, enhancing the interfacial polarization ability for microwave ab-
sorption. Furthermore, many investigations have employed carbon components to provide
sufficient dielectric loss, regulate impedance matching and reduce the final density of
composites, e.g., Hekmatara et al. [22] investigated the electromagnetic wave absorbing
performance of Fe30O4 modified MWCNTs, which were prepared via the typical wet chemi-
cal method. They discovered that the alignment of MWCNT /Fe3O, parallel to incident
electric vector showed an enhancement of microwave absorption. Xiao et al. [23] obtained
ultra-small Co/CNTs nanocomposites from the pyrolysis of a ZIF-67-based precursor,
which showed excellent performance in electromagnetic absorption with maximal reflec-
tion loss (RL) of —49.16 dB at 2.5 mm. Zhou et al. [24] adjusted the content of Ni and NiO
to correct the impedance matching of Ni/NiO@porous carbon composites, and achieved
wide EAB of 5.12 GHz at 2.7 mm and minimum reflection loss of —51.1 dB for 2.4 mm;
the porous carbon served as reductant to restore magnetic ions and offered commendable
dipolar polarization loss. Hou et al. [25] prepared a biomass-derived CoFe,O4/C/PANI
hierarchical composite with super-wide EAB of 8.88 GHz at 2.5 mm, this also attributed
enhanced polarization loss and multiple scattering. In addition, beyond the purpose of
excellent performance in absorbers, the economic and high-efficiency routes to prepare
microwave absorbing materials (MAMs) still have enough significance for the obtaining of
such carbon-based absorbents.

Consequently, herein a novel selection of A4 paper was transformed to carbon skeleton
for loading of magnetic NPs via a facile hydrothermal-calcination route. By regulating
the concentration of precursors, the electromagnetic parameters of composites could be
adjusted to achieve better impedance matching in broad band, and the ultra-wide absorbing
of microwave in multiple bands could also be observed, proving its practicability in
electromagnetic absorption to solve the problem of superfluous microwave radiation.

2. Experiments
2.1. Reagents

Analytical nickel nitrate hexahydrate (Ni(NO3),-6HO), ferrous sulfate heptahydrate
(FeSO4-7H,0) and urea (NH,CSNH;) were purchased from Chengdu Cologne Company,
Chengdu, China. All reagents mentioned above were put to use without any purification.

2.2. Preparation of C@(FeNi3/NiC,) Composites

As displayed in Figure 1, the C@(FeNi3 /NiCy) composites can be successfully obtained
via a simple co-hydrothermal and vacuum calcination method. In a typical process, 0.834 g
FeSO4-7H,0 (3 mmol), 2.61 g Ni(NO3),-6H,O (9 mmol) and 2.16 g urea (36 mmol) were
consecutively dispersed in 210 mL distilled water, followed by ultrasonic dispersion for
20 mins to get homogeneous solution. Afterwards, a piece of common A4 paper was cut
into two halves and folded along the longer side. Then, the folded paper was immersed
in the solution and poured into a 300 mL reaction autoclave for a hydrothermal process
of 140 °C/16 h. After reaction, the particle-loaded paper was washed with distilled water
and dried at 70 °C, which presented a yellow-green color. Finally, it was further calcined to
obtain the final product C1 at 500 °C for 2 h with a heating rate of 2 °C/min under vacuum
conditions. By adjusting the additional content of FeSO4-7H,0O, Ni(NO3),-6H,O and urea to
6/9/12 mmol, 18/27/36 mmol and 72/144 /288 mmol, respectively, the powders obtained
were marked as C2, C3, C4 for convenient description in the following sections.
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Figure 1. Synthetic route of C@(FeNis /NiCy) composites.

2.3. Characterization

The crystal phases were examined by X-Ray Diffraction (XRD, D8 ADVANCE X-ray
diffractometer, Bruker, Billerica, MA, USA), and the degrees of defect and graphitization
in the samples were measured by Raman spectrum with 532 nm excitation wavelength
(InVia Reflex, Renishaw, UK). Furthermore, transmission electron microscopy (TEM, Tecnai
G2 F30, FEI, Holland) and scanning electron microscopy (SEM, SU 8010, Hitachi, Japan)
were used to record the morphologies, selected area electron diffraction (SAED) and
element mapping of the composites. Finally, 40 wt.% of the obtained powders were
severally blended with paraffin and unfirmly pressed into ring shapes with 2 mm thickness,
3.04 mm inner diameter and 7 mm outer diameter, respectively. After that, by making use
of the coaxial transmission reflection method, the electromagnetic parameter of the samples
could be measured by a vector network analyzer (VNA, E5063A, Agilent, Santa Clara, CA,
USA). Then, based on the transmission line theory, the RL of hybrids, representing their
microwave absorbing ability, could be calculated as follows [26-28]:

/ 2nfd
Zin =2y ?tanh (J(fdy,&) 1
r

RL =201o g‘z )

_— 2
Zzn+Z0 ( )

Here, Zy, €, yir, f, d and c are the impedance in air, permittivity, permeability, frequency,
absorber thickness and light velocity in vacuum, respectively.

3. Results and Discussion

Figure 2a displays XRD curves of as-prepared C1-C4 composites. It obviously shows
three peaks at 44.3°, 51.5° and 75.9°, assigned to the (111), (200) and (220) planes of
FeNi; (PDF#38-0419). The formation of the alloy phase in the composites is due to high
temperature reduction of carbon [29]. While the remaining peaks at 29.4°, 36.2°, 39.9°,
43.2°,47.7° and 48.6° are generated from (111), (114), (204), (205), (123) and (009) planes of
NiCy (PDF#45-0979), owing to reaction between the excess nickel source and the carbon
component. No evident peaks for graphitized carbon can be observed in the composites,
which means the carbon component here may be in an amorphous state. Figure 2b displays
the Raman spectrum of these composites, with typical peaks around 1580 cm~! and
1340 cm~! are in G and D bands, respectively. The D band is related to disordered carbon
atoms e.g., defects, groups and grain boundaries etc., and the G band is generated from the
vibration of carbon atoms in plane, indicating the graphitization of carbon atoms [30,31]. It
shows that the D and G peaks wear off gradually from C1 to C4, owing to the increasing
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concentration of Fe and Ni sources in the precursor for the preparation of such composites,
resulting in reduction of carbon content in the final products. However, the strength ratios
of D to G peaks are 0.78, 0.81, 0.89 and 0.97, respectively; the increasing tendency indicates
more disorders can be acted on as sites of dipole polarization to strengthen the dielectric
loss of the C4 sample [32].
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Figure 2. XRD curves (a) and Raman spectrum (b) of C1-C4 composites.

The SEM images of C1-C4 composites are shown in Figure 3. They indicate that the
morphology of C1 presents laminated sheets with plentiful NPs bonded uniformly on
the surface. In Figure 3(b1-b3), it can be seen that the aggregation of bonded NPs seems
to become larger and some are embedded in the crack of the sheets. Nevertheless, the
aggregations that adhered on the surface appear in a state of scattered distribution in the
C3 sample. This dispersive aggregation would further stick together and form a large area
of loose structure with tiny filar particles implanted, as displayed in Figure 3(d3). The
porosity of the C4 sample is conducive to the multiple scattering loss of electromagnetic
waves and the reduction of density in the composite [33,34].

Here, the above C4 composite was selected as the typical case to be further observed via
the TEM technique. In Figure 4a, the formed NPs are all adhered to the laminated skeleton,
which is made up of amorphous carbon, as shown in Figure 4b. Moreover, Figure 4c also
indicates that there is a thin carbon layer coated on the surface of these NPs, migrating from
the carbon frame under the action of high temperature thermal diffusion [35]; this is an
important factor to optimize impedance matching of NPs in the composite [36]. Figure 4d
shows the crystal spacing of 0.204 nm in a large particle, corresponding to the (111) plane
of FeNi; phase, while the spacing of 0.248 nm and 0.209 nm in small particles are (114)
and (205) planes of NiCy. Besides, apart from (205) plane of NiCy, Figure 4e displays the
(200) plane of FeNij with crystal spacing of 0.177 nm as well. In addition, a large quantity
of defects can be found in NiCx particles and are marked in the dotted circle, foreboding
potential dipole polarization for microwave loss at these sites [37]. Figure 4f shows several
diffraction rings in SAED of reciprocal space, indicating the polycrystalline property of
these NPs. Furthermore, the representational points for (111) and (220) planes of FeNis
together with (114) and (205) planes of NiCy can be simultaneously observed, which is
in agreement with the results of XRD. The element mapping of Figure 4g reveals that the
Ni and Fe elements are located at the region of nanoparticles; however, the C element is
distributed within the whole frame.
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Figure 3. SEM images of C1 (al-a3), C2 (b1-b3), C3 (c1-c3) and C4 (d1-d3).

Usually, the electromagnetic wave absorption effect of MAMs can be characterized by
RL; a value lower than —10 dB stands for absorptivity above 90% [38]. Figure 5a indicates
that the maximum RL of C1 sample is —34.74 dB at 10.56 GHz for a thickness of 7 mm,
and the widest EAB is 5.01 GHz i.e., 3.22-4.82 GHz and 11.05-14.46 GHz at 5.69 mm. As
displayed in Figure 5b, the maximal RL of the C2 sample is —32.42 dB at 11.12 GHz for
6 mm. Also, decreasing thickness of 5.22 mm for broad EAB of 5.6 GHz (3.14-4.94 GHz
and 11.01-14.81 GHz) can be observed. Though the absorbing intensity of the C3 sample
reduces to —27.05 dB at 10.72 GHz, the related thickness also decreases to 5.5 mm and
the broadest EAB slightly increases to 5.72 GHz (3.02—4.7 GHz and 10.63-14.67 GHz) at
4.76 mm. It is surprising that the microwave absorbing ability of C4 composite enhances to
a large extent. Figure 5d shows that the optimized RL of —34.64 dB at low frequency region
of 2.32 GHz can be noted for 5 mm, there is another large RL of —26.7 dB at 17.2 GHz for
thinner thickness of 3.5 mm as well. Moreover, the broadest EAB has been greatly improved
to an ultra-wide range of 9.58 GHz (2.03-3.43 GHz, 9.37-12.96 GHz and 13.41-18 GHz) for
only 3.9 mm. The additional EAB of 2.28 GHz within the frequency range of 3.48-5.76 GHz
indicates its excellent absorption of low frequency microwaves at a thinner thickness of
1.58 mm. Most importantly, the electromagnetic absorption in multiband denotes the
extensive utility of this composite for complicated environments of microwave radiation.
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Figure 4. TEM images (a—c), HR-TEM images (d) and (e), SAED (f) and elements distribution (g) of
C4 composite.

In general, the electromagnetic parameters of permeability (u» = u,/’ — ju,”") and
permittivity (¢, = &’ — je,”’) are closely related with the electromagnetic behavior and
impedance matching property of the composite. Figure 6a shows the decreasing tendency
of ¢’ in all samples with increasing of frequency, owing to the dielectric dispersion effect
of delay in polarization process [39]. The ¢ of composites presents a pattern of firstly
increase and then decrease; particularly the C4 sample, which shows higher ¢, in the
low frequency range, indicating that its preferable low frequency absorbing capacity is
mainly due t dielectric loss, for this imaginary part means the dielectric dissipation of
electromagnetic wave energy in composite [40]. Hence, the dielectric loss tangent in
composites have the same change rule as the imaginary part, i.e., better dielectric tangent
of C4 in lower region and weak intensity in higher range; this is consistent with its RL.
Figure 6d displays the p,” of C1-C4 samples and it can be seen that these first increase and
then decrease for enhancement of frequency. Moreover, the y,” shows a similar tendency
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in Figure 6e; in which the lower values of C4 within the high frequency range indicate its
weaker magnetic dissipation. Thus, the tangent angle of magnetic loss also reveals this
distinction compared with the other three samples. Moreover, here the negative part of
permittivity can be explained by the Drude model. The oscillation would occur under high
frequency, due to the simple harmonic motion of free electrons from the alloy phase at
altering electromagnetic field, as well as the mechanism of negative permeability derived
from the law of electromagnetic induction, i.e., the direction of induced magnetic field is
opposite to the external magnetic field, which would cancel part of the external magnetic
field and thus lead to negative susceptibility [41].
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Figure 5. Electromagnetic wave reflection loss of C1 (a), C2 (b), C3 (c) and C4 (d).
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In order to further evaluate the effect of interfacial polarization in dielectric loss, the
Debye theory can be used to describe such polarization relaxation behavior [42,43]:

€s— €
I _ - s © 3
fr = fe 1+ (2rft)? ®
" 27t fT(es — €c0) o @

1+ @nrfr)*  2nfeo

where, &, €0, €9, 0 and T are the static permittivity, infinite permittivity, vacuum permittivity,
conductivity and relaxation time, respectively.
Based on above Equations (3) and (4), the relationship between ¢,” and ¢,” is expressed

as following [44]:
2 2
&€+ €0 7”2 €s — €0
(f'r‘sz) + ()" = (2) ®)

Formula (5) denotes the equation of a circle, which means one Cole-Cole semicircle
represents a relaxation process of interface polarization. In Figure 7a, four semicircles can
be observed in C1, suggesting the process of multiple polarization relaxation in this sample.
Three obvious semicircles in C2 and C3 suggest the weakened interface polarization effect
in these two samples. However, the further reduced Cole-Cole semicircles in C4 sample
illustrates that the interface polarization is not the main reason for its remarkable microwave

absorbing ability.
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Figure 7. Cole-Cole curves of C1 (a), C2 (b), C3 (c) and C4 (d).

In terms of magnetic loss, domain-wall resonance occurs in the MHz range and the
hysteresis dissipation in weak field could be neglected. The remaining exchange and nature
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resonance, and eddy-current loss take play in GHz range, in which the eddy-current loss

effect is characterized by the Cy parameter [45,46]:
" -2

Co =y (u) "f ' = 2mtpood*/3 (6)

The unchanged Cy forebodes the powerful eddy-current loss in the microwave ab-

sorption process. In Figure 8a, here the continuous declining of Cy in all samples indicates

insignificant eddy current dissipation in these composites. The dominating absorption in

C4 samples is attributed to dipole polarization produced by abundant defects as displayed

in Figures 2b and 4e. Besides, the comprehensive judgment of microwave transmission ca-

pacity in absorbers could be characterized by attenuation constant («), which is represented
as following [47-49]:

2
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Figure 8. Parameter for eddy current effect (a) and attenuation constant (b) in C1-C4 composites.

The larger « indicates a weaker transmission of microwave in composite. Figure 8b
shows the « of C1 and C2 are increasing first and then decreasing as frequency is enhanced,
while that of C3 and C4 would re-increase again after the aforementioned damping. It can
be obviously noted that the « of C4 possesses larger values within the lower and higher
frequency regions, which is why it has better absorption at the corresponding range.

Most importantly, impedance matching is a principal element in determining whether
the incident microwave could enter into the MAMs to be further consumed [50]. Figure 9
gives the impedance distribution of C1-C4 composites under different thicknesses. The
areas between two red lines of 0.8 and 1.2 are adaptive regions for acceptable matching
condition. Hence, it is obvious that the multiband matching of impedance in samples
promote their microwave absorption in these bands. Moreover, the reducing thickness
of matched impedance from C1 to C4 suggests the realizable EAB in thinner thickness,
especially the wider matching region of impedance in C4 composite provides its broad
EAB compared with other samples. Figure 10 displays the comparison of electromagnetic
wave absorption properties in these samples. Apparently the C4 possesses relatively
large RL with super-wide EAB at thinnest thickness. Moreover, the detailed microwave
absorbing performance of as-prepared C4 and other related EMW absorbers are shown in
Figure 11 [5,6,9-13,51,52]. It can be seen that the EAB of C4 is much wider than that of other
composites, though the thickness is 3.9 mm; indicating its wide prospect of application for
practical usage.
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Figure 10. Comparison of electromagnetic wave absorption properties in C1-C4 composites.
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4. Conclusions

In summary, herein a novel carbon source of A4 typing paper was employed to prepare
C@(FeNiz /NiCy) composite by facile hydrothermal and annealing routes. The influence of
precursor concentration on morphology, electromagnetic parameters and electromagnetic
wave absorbing performance of as-prepared hybrids were discussed. The C4 compos-
ite presents a multiband absorption phenomenon, which possesses the optimal RL of
—34.64 dB and —26.7 dB at 2.32 GHz and 17.2 GHz, respectively. Moreover, its super-wide
EAB of 9.58 GHz would be attained at only 3.9 mm. This excellent microwave absorption
ability is mainly owing to the better impedance matching in broadband and powerful dipole
polarization induced by abundant defects etc. Thus, the multiband absorber prepared here
has an expansive application prospect.
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