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microwave attenuation ability as the wideband
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Magnetic carbon-based composites have been attractive candidates for electromagnetic (EM) absorption

due to their dual magnetic and dielectric loss ability. In this study, a novel magnetic carbon consisting of

N-doped graphitized carbon and magnetic Fe nanoparticles was produced. First, the graphitized carbon

doped with N has been demonstrated to be an efficient way to strengthen the conductivity loss ability.

Based on the N-doped graphitized carbon (NGC), the magnetic Fe nanoparticles were further decorated

on the NGC, which was not only favored the dielectric loss ability but also introduced the magnetic loss
ability. The electromagnetic absorbing properties of the NGC-Fe nanoparticles were evaluated in the
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frequency range of 2-18 GHz, and as expected, the sample exhibited the excellent wideband EM

absorbing ability, with an effective absorption region of 5.2 GHz under a thickness of 1.2 mm. Ulilization

DOI: 10.1039/d0na00548g

rsc.li/nanoscale-advances

1. Introduction

Recently, the rapid development of electronic technology allows
human beings to have a fast and convenient lifestyle. However,
the harmful effect, mainly resulting from electromagnetic (EM)
radiation is ever-increasing.'”* Now, the EM radiation pollution
has been regarded as the fourth pollution, following air, noise,
and water pollution.*® This serious EM issue has forced
researchers to develop EM materials that can dissipate the EM
waves thermally by their magnetic or dielectric loss capa-
bility.”*® To be a high performing EM absorbing material, the
absorption intensity, termed as reflection loss value (RL), needs
to be as low as possible.”>** In general, an RL value of —10 dB
has been the qualified value, corresponding to 90% of the
absorption coefficient."*** The frequency band with RL < —10
dB is a crucial factor to estimate the EM absorption perfor-
mance.'®"” To meet the requirements of practical application,
the thickness of EM absorbers should be as thin as possible.'®>°
Based on the above-mentioned demands, these selected EM
absorbers are better off to possess a lightweight feature.”***
Concerning this feature, the carbon material, particularly
graphitized carbon, has been regarded as a promising
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of element doping method consisted to modify magnetic carbon material can be a candidate for
producing wideband EM absorbers but showing thin thickness.

candidate material, which is not only due to the ultralight
density but also due to the high chemical stability, ease of
production, etc.>** At the initial stage, direct investigation of
the graphitized carbon material has received extreme interest.
For example, Zhang et al. reported a mesoporous hollow shaped
graphitized carbon, and the results indicated that the unique
structure would increase the performance a lot.>* Specifically,
a minimum reflection loss value of —39.4 dB was achieved
under a thickness of 3.6 mm. Sun et al. reported a graphitized
carbon derived from carbonized waxberry, with an RL,,;, value
of ~—15 dB under a thickness of ~3.0 mm.” Yang et al
produced a pore-controllable hollow carbon, which showed an
RL i, value of ~—9.0 dB, under a thickness of 3.5 mm.?® These
cases also tried to improve the EM absorption performance via
structural design. However, a wideband EM absorption was
obtained under a relatively thick thickness. According to Yin's
explanation, the loss mechanism of graphitized carbon has
mainly resulted from the dielectric loss.*® As two main parts of
dielectric loss, both polarization relaxation and conductive loss
ability are not enough to produce a wideband EM absorption
under a thin thickness, simultaneously.**-**

To strengthen the loss ability, the most efficient method is to
decorate the graphitized material with a magnetic material to
reach the dual magnetic and dielectric loss ability. For example,
Lu et al. synthesized a NiCo/C absorber by an in situ pyrolysis
method, with an effective absorption region of 4.5 GHz under
a thickness of 1.5 mm.*® Other similar magnetic decorated C,
such as Fe/C and FeCo/C, have been prepared, and all exhibited
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a wideband EM absorption ability under a thickness of <2.0
mm.*>* It is observed that a broad EM absorption is easier to
obtain under a thin thickness. Nevertheless, excessive amount
of magnetic components still would increase the density. If the
content of the magnetic faction is reduced, the performance will
increase significantly.

To maintain a strong EM loss ability but with a moderate
amount of magnetic material, herein, an element doing method
has been utilized. First, the graphitized carbon was doped with
an N element, which has been demonstrated to increase the
dielectric loss ability. Afterwards, the N-doped graphitized
carbon was decorated with a moderate amount of magnetic Fe,
which is used for the purpose of enhancing the magnetic loss
ability. Due to the synergistic effect of dual loss ability, the as-
prepared N-doped carbon/Fe sample exhibited a broad EM
absorption ability under a thickness of <2.0 mm.

2. Experiment section

2.1. Synthesis of N doped carbon

The N doped graphitized carbon (GC) was prepared by a sol-
vothermal method. In a typical synthesis of N-doped graphi-
tized carbon (NGC), 0.3 g of resorcinol was added into a solution
containing 10 mL of H,O, 30 mL ethanol and 1.5 mL aqueous
ammonia solution (NH3-H,O). After stirring for 20 min,
0.25 mL of formaldehyde and 100 mg of (NH,),CO;3 were co-
added into the above solution mixture and stirred for another
10 min. Next, the solution was transferred into a Teflon-lined
stainless steel autoclave and heated at 160 °C for 8 h. After
cooling down, the resultant precipitation was washed with
ethanol 3-5 times. The GC was made by a similar procedure,
without adding (NH,),CO; and ammonia aqueous solution.

2.2. Synthesis of the N-doped carbon/Fe sample

Typically, 100 mg of the above precipitate was added into a flask
with 75 mL glycol, followed by ultrasonication for 30 min. Then,
100 mg of Fe(acac); was added to the mixture and dissolved with
stirring for 20 min. Next, this mixture solution was transferred
to a Teflon-lined stainless-steel autoclave and heated at 200 °C
for 12 h. When the temperature cooled to room temperature,
the precipitation was obtained by centrifugation and washed
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with alcohol and distilled water. The as-prepared precipitate
was carbonized at 800 °C, under an N, atmosphere for 6 h at
a heating rate of 2.0 °C min . Finally, the N-doped graphitized
carbon/Fe was obtained. For comparison, the graphitized
carbon without N doping was prepared.

2.3. Characterization

The morphology structure and elemental composition of these
carbon materials were characterized by a field-emission scan-
ning electron microscope (FE-SEM, FEI, 200S). The phase
composition and covalent/chemical bonds of NGC-Fe were
recorded via an X-ray photoelectron spectroscopy (XPS, PHI
5000 VersaProbe systems), X-ray diffractometer (Bruker D8
ADVANCE X-ray diffractometer) and Raman spectrometer (Jobin
Yvon HR 800 confocal Raman system), respectively. An Agilent
E5071C was used to determine the relative permittivity and
permittivity in the frequency region of 2-18 GHz. A sample
containing 50 wt% of the as-prepared was pressed into a ring
with an outer diameter of 7.0 mm and an inner diameter of 3.04
mm.

3. Results and discussion

In this research, the N-doped graphitized carbon/Fe sample
(NGC-Fe) was synthesized via a three-step method. First, the N-
doped graphitized carbon precursor was prepared by a general
in situ polymerization process.*® Second, an organic-liquid
reaction was employed to form the N-doped carbon sphere/Fe-
precursor sample. Lastly, the as-prepared N-doped carbon
sphere/Fe-precursor was carbonized at a high temperature (800
°C) under N, flow. During the carbonized procedure, the N-
doped carbon precursor was converted to graphitized carbon.
Simultaneously, the exhibited Fe-precursor was undergoing
pyrolysis and was simultaneously reduced by the graphitized
carbon. For complete reduction, the carbonized time was set as
6 h. As a result, metallic Fe nanoparticles were formed and
loaded on the surface of the graphitized carbon. For compar-
ison, the graphitized carbon (GC) and N-doped GC were
simultaneously prepared. Fig. 1a shows the XRD patterns of
these samples. Clearly, both GC and NGC have an approximate
diffraction peak at 26 = 22.4°, which are assigned to the (002)
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(a) XRD patterns of GC, NGC and NGC-Fe samples; (b) EDS map of the NGC-Fe sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00548g

Open Access Article. Published on 11 March 2021. Downloaded on 2/9/2026 4:22:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale Advances
(a) (b) (c)
Graphitic N

; ; graphitized —_
Q) & 3
> S
 — Pyridine-N @ 7]
g 2 g
= pyrrolic N w— °_5

. : Ns] E—— Ci1s| Fe 3p

395 400 405 280 282 284 286 288 290 0 ; 4
700 720 740
B.E. (eV) B.E. (e.V) B.E. (eV)

Fig. 2 XPS spectra of the NGC—Fe sample: (a) N 1s; (b) C 1s; (c) Fe 3p.

crystal plane of carbon. The typical characteristic peaks are
located at 44.4 and 65.1° for NGC-Fe, which correspond to the
(111) and (200) crystal planes of «-Fe (JCPDS-06-0696). Besides,
the diffraction peaks of iron oxide were not found here,
revealing the high purity of the sample. The types of elements
were further detected by the EDS map. As observed in Fig. 1b, N,
O, C and Fe elements co-existed in the NGC-Fe sample, and this
result matched well with mappings (Fig. S1t). The doped
amount of N was nearly 11.2 wt%. Moreover, the amount of Fe
was closer to 45.6 wt%.

The bonding state of NGC-Fe was further characterized by X-
ray photoelectron energy spectra (XPS). As shown in Fig. 2a, N 1s
spectra had three distinct peaks at 397.2, 398 and 389.8 eV,
which are attributed to pyrrolic N, graphitic N and pyridine N,
respectively.’” However, for C 1s, it had three types of chemical
bonds, namely graphitized C, C-N and C-O bonds with the
binding energies of 284.6, 285.5 and 286.3 eV, respectively, as
plotted in Fig. 2b.*® In Fig. 2¢, the measured binding energies of
707.7 and 716.2 eV were observed for Fe, which are attributed to
the Fe (metallic Fe) 1/2 and 3/2 p, respectively.* Based on the
results of XPS, it was found that the N element was successfully
doped into the carbon. Moreover, the as-obtained Fe refers to
the metallic Fe and without other Fe oxides. These results
matched well with the XRD results. The ferromagnetic hyster-
esis loops at room temperature of NGC-Fe are provided in
Fig. 3. The saturation magnetization (M) of the sample was
about 101.3 emu g~ ', which is clearly higher than that of the
current ferrites (~70-90 emu g '), such as ZnFe,0,, CoFe,0y,
and Fe;0,.* In general, a larger M, value would make contri-
bution to the permeability value, as expressed by the following
equations:**?

w =1+ (M/H)coso 6))]

' = (M/H)sino (2)

where M is magnetization, H is the external magnetic field, and
o is the phase lag angle of magnetization behind the external
magnetic field. Relying on eqn (1) and (2), it was easier to find
that a high magnetization value was quite important to obtain

© 2021 The Author(s). Published by the Royal Society of Chemistry

a high real and imaginary part of permeability values (u' and
,u//).

The morphology and structural information of these
samples were observed by a field-emission scanning electron
microscope (FE-SEM). The as-synthesized GC possessed
a nanospherical structure with an average diameter of
~210 nm. These GCs displayed poor dispersive and linked with
each other, as shown in Fig. 4a. N-doped GCs have similar
structure as compared to GC. The size was also the same and
does not have distinct changes (Fig. 4b). The typically FE-SEM
images of NGC-Fe are presented in Fig. 4c and d, which
shows the nanospherical structure. Nevertheless, it is clearly
seen that the surface of GNC-Fe turned rough, which was due to
the exhibited Fe nanoparticles (NPs). Overall, the sizes and
structures can be maintained and are the same as GCs and NGC
(Fig. 5).

To have insight into the carbon component, these samples
were further detected by the Raman spectra. It was found that
all of these samples have two distinguishable peaks. The two
peaks at 1350 and 1590 cm™ " can be assigned to the D-band
from defects and the G-band from the graphited carbon.****
Usually, the ratio of D and G bands stands for the graphitization
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Fig. 3 Room temperature magnetic hysteresis loops of the NGC-Fe
sample.
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Fig. 4 Typically FE-SEM images of GC, NGC and NGC—-Fe samples: (a) GC; (b) NGC and (c and d) NGC—-Fe.
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Fig. 5 Raman spectra of GC, NGC and NGC-Fe samples.

level. Herein, the D/G ratios of GC, NGC, NS-SCS and NGC-Fe
were estimated to 0.86, 0.93 and 0.90, respectively. When
compared to GC, NGC has a higher I/I; ratio, which is attrib-
uted to the reduced graphitized carbon atoms.***” However, for
NGC-Fe, the ratio reduced significantly, which may be due to
the Fe-catalytic behavior.*® Regarding the Fe-catalytic behavior,
more non-graphitized carbon could be turned to sp” of carbon
and resulted in the enhancement of the graphitized level. To the
best of our knowledge, the graphitized level is highly associated
with the permittivity value, which indirectly influenced the
microwave absorption intensity.*’

In order to investigate the microwave absorption ability, the
reflection loss value was calculated according to the
transmission-line rule:**->

2346 | Nanoscale Adv, 2021, 3, 2343-2350
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Zin = Zo(uley) Ptanh[jQnfd(u.e,) *lc)] (3)
RL (dB) = 20l0g|(Zin — Z)(Zin + Zo)| (4)

where Z;, is the input impedance of the absorber, f is the
frequency of the electromagnetic wave, d is the coating thick-
ness of the absorber, and c is the light velocity. ¢, (&, = ¢ — j¢)
and p, (ur = &' — ju”) are the complex permittivity and perme-
ability, respectively. The two-dimension RL mappings of these
samples are compared in Fig. 6a—c. For pure GC, its RL values
were all higher than —5.0 dB at a given thickness range of 1.0-
5.0 mm. This meant that GC displayed poor EM absorbing
capability. The RL value of NGC improved significantly
compared to that of GC, even though the RL values did not
reach —10 dB. Compared to those of GC and NGC, the RL values
of NGC-Fe increased significantly. Fig. 6d-f lists the RL values
of samples at a commercial thickness (<2.0 mm). It is found that
at 1.0-2.0 mm GC and NGC has no effective absorption region.
However, for GNC-Fe, its minimum RL value (RLp,;,) can be up
to —22.1 dB, with a thickness of 1.0 mm only. Furthermore,
a maximum effective region of 5.2 GHz (12-17.2 GHz) under the
thickness of 1.2 mm possessed an excellent wideband EM
absorbing performance.

To reveal the contribution of N and magnetic Fe on the
performance, the electromagnetic parameters of these samples
were analyzed. First, the frequency dependence of permittivity
values, which included real and imaginary parts (¢, &), is
plotted in Fig. 7. In general, ¢ is the storage of the electrical field
ability, while dissipated ability is represented by ¢”.** In Fig. 6a,
the ¢’ value of NGC is about 10-9.5, which is higher than that of
GC (8.1-7.6) but much lower than that of NGC-Fe (21-12.7).
Similarly, GC has the lowest ¢” value (0.34-0.20), suggesting the
poor dielectric loss ability. The ¢” value of NGC was higher than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Reflection loss values: (a and d) GC; (b and e) NGC; (c and f) NGC-Fe.

that of GC, which may due to the improved dielectric loss
ability. The enhanced ¢” value resulted from the enhanced
conductivity and ultimately resulted in the boosted dielectric
loss ability.” In this case, it can be deduced that the GC doped
by N promotes the conductivity, which may due to the increased
carriers and mobility of electrons. These results were consistent
with recent findings. For NGC-Fe, its ¢” value further increased
up to ~3 times, which is not only due to N doping but also due
to the presence of metallic Fe. In this case, it can be concluded
that NGC-Fe has the strongest conductive loss ability. Besides,
a dielectric resonance peak was observed at ~14.0 GHz. Such
a dielectric resonance peak would originate from the interfacial
polarization behavior between NGC and Fe nanoparticles. In
general, the polarization effect can be seen by the Cole-Cole
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Fig. 7 Frequency dependence of permittivity: (a) ¢’ and (b) ¢”.
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semicircle. It is known that the relative complex permittivity can
be described by the following equations:**-*°

& — Ew ’ ”

Erzé‘m“'W:&‘ —J€

(5)

Here, the ¢, ¢, and 7 stand for static permittivity, relative
dielectric permittivity at a high-frequency limit, and polariza-
tion relaxation time, respectively. In this case, ¢ and ¢’ can be
calculated according to the following equations:*"*

/ + € — € (6)
€ =€t +t ——— 5
1+ (2nf)’
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Based on the eqn (6) and (7), ¢-¢” can be expressed as
above: %

"

P = (e - )’ (8)

(€ —ex) + (e

If the plot of ¢'-¢” is a semicircle, it is generally called the
Cole-Cole semicircle. Each Cole-Cole semicircle means one
Debye relaxation process, which is caused by the polarization
effect. It can be seen in Fig. 8 that only NGC-Fe appears in one
Cole-Cole semicircle, which indicates the existent of the
polarization effect.

In addition to dielectric loss, the excellent EM absorbing
performance of NGC-Fe is also attributed to the improved
permeability value. Fig. 9a plots the real part of the permeability
value (') as a function of frequency. Clearly, the u’ values of GC
and NGC are about 1.0 owing to the nonmagnetic feature.®* The
u' of NGC-Fe is about 1.4-1.3 owing to the exhibited magnetic
Fe. The magnetic loss value (u”) is shown in Fig. 9b. We
observed that u” of NGC and GC was closer to 0. The u” of NGC-
Fe was greater than 0.3, suggesting the magnetic loss ability.

2348 | Nanoscale Adv., 2021, 3, 2343-2350

absorbing ability of the NGC-Fe sample is attributed to three
factors:

(1) The doped N element increases the conductive loss
ability.

(2) After decorating with metallic Fe, the dielectric loss
ability was furthered increased, which was due to the boosted
conductive loss and interfacial polarization.

(3) Concerning the magnetic loss, the exhibited Fe also
contributes to the magnetic loss.

In this case, the superior EM absorbing performance of
NGC-Fe can be fully understood.

4. Conclusions

To summarize, an N-doped graphitized/Fe absorber was devel-
oped by a simple hydrothermal route and was used to deal with
EM pollution. The graphitized carbon doped by the N element
showed boosted dielectric loss ability. Based on NGC, magnetic
Fe nanoparticles have been used to further modify and induce
magnetic loss. The results revealed that after decorating with
magnetic Fe, the dielectric loss ability can be further strength-
ened and exhibited improved conductivity loss ability and
interfacial polarization behavior. Meanwhile, the magnetic Fe

© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles can induce magnetic loss ability. Owing to the
dual magnetic and dielectric loss ability, the sample shows the
largest effective absorption region of 5.2 GHz under a thickness
of 1.2 mm only. Employing the synergistic strategy is an
attractive method for developing high-performance carbon-
based EM absorbing materials.
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