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ABSTRACT

Carbon and iron composites have drawn much attention for their unique elec-
tromagnetic properties. In addition, nitrogen doping of carbon can effectively
modulate the dielectric properties of carbon. Therefore, synthesis of N-doped
carbon and iron composites is an alternative method for obtaining high-effi-
ciency microwave absorption materials. In previous studies, the synthesis pro-
cess was very complicated including multistep routes. In this work, N-doped
carbon with embedded Fe/Fe;C was synthesized in-situ via pyrolysis of amino
phenol formaldehyde resin (APF) scattered with Fe,O; nanoparticles (APF/
Fe,03), which was obtained through a simple hydrothermal process. During the
heat-treatment process, the APF resin was converted into N-doped carbon, and
simultaneously, the Fe,O; was reduced to iron nanoparticles. Then, inevitably,
the iron nanoparticles reacted with carbon to form Fe;C at the interface between
the iron particles and carbon. Taking advantage of multiple heterogenous
interface, the interfacial polarization relaxation could be enhanced. Therefore,
the N-doped carbon with embedded Fe/Fe;C particles displays microwave
absorption with a maximum reflection loss of — 70 dB. Moreover, the effective
absorption bandwidth (reflection loss of less than — 10 dB) reaches 6.02 GHz at
a thickness of 2.13 mm. This study not only provides composites of N-doped
carbon with embedded Fe/Fe;C particles with excellent stable microwave
absorption but also offers a simple method for synthesizing N-doped carbon
with embedded Fe/Fe;C particles.
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Introduction

With the widespread application of electromagnetic
devices, the adverse effects of electromagnetic pol-
lution on ecosystems have become increasingly seri-
ous [1-3]. The application of microwave absorption
materials (MAMs) is an effective way to solve the
above problem. MAMs must possess the character-
istics of strong absorption, wide effective absorption
bandwidth, light weight and small thickness in
practical applications [4-6]. In fact, the microwave
absorption characteristics of MAMs are mainly
determined by their attenuation and impedance
matching. Impedance matching controls the entrance
of microwave into the material, while attenuation
determines the dissipation of the microwave energy
[7-9].

Among MAMSs, carbon materials, such as carbon
nanofiber [10, 11], carbon nanotube [12, 13], and
graphene [14-16], are widely investigated for their
light weight, good chemical stability, excellent
dielectric properties and tunable properties [17-19].
However, the microwave absorption performance of
traditional pure carbon materials is always restricted,
and it is challenging to achieve strong absorption and
wide bandwidth. To improve the microwave
absorption ability of carbon materials, creating a
hierarchical structure is a promising method. A
hierarchical structure not only modifies the density of
materials but also can provide more opportunities for
interaction between the microwave and absorber
[20-22]. Consequently, the attenuation of microwave
will be strengthened through multi-absorption and
scattering of incident microwave [23, 24]. Further-
more, recent studies have indicated that defects are
generated by N atoms-doping in graphene, which
can tune the physical and chemical properties of
carbon [25, 26]. Therefore, synthesizing N-doped
carbon materials with defect states is a promising
way to improve the microwave absorption perfor-
mance [27, 28]. For example, Zhou et al. reported the
doping of a three-dimensional graphene lattice with
nitrogen atoms, which could greatly improve the
dielectric loss [28]. However, the improvement of
microwave absorption performance of carbon mate-
rials is limited by modifying the carbon structure or
forms. Moreover, in addition to the dielectric and
resistance loss of carbon materials, the microwave
energy can be attenuated by magnetic loss [27-31]. In
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the latest research, constructing composites of carbon
materials decorated with ferromagnetic particles is a
well-established means to synthesize MAMs with
desirable microwave absorption [32-35]. Remarkably,
Liu et al. reported that porous carbon decorated with
even low Fe content can exhibit excellent microwave
absorption performance with an optimal reflection
loss of —29.5 dB at a thickness of 2.5 mm [36]. In
other studies, it has been found that various N-doped
carbon materials decorated by ferromagnetic metals
present enhanced microwave absorption perfor-
mance [37-41]. Liu et al. described the synthesis of
N-doped carbon nanofibers decorated with cobalt
nanoparticles, which presented the maximum reflec-
tion loss of — 25.7 dB at a thickness of 2 mm and
effective bandwidth (reflection loss over — 10 dB) of
4.3 GHz [42]. Yuan et al. researched the influence of
nickel and nitrogen contents on the electromagnetic
properties of nickel encapsulated nitrogen-doped
graphite sheets. The composites with the optimized
Ni content exhibited a maximum microwave
absorption of — 45 dB with a thickness of 4.0 mm
[43].

The common methods for synthesizing porous
carbon and ferromagnetic metal composites generally
involve multistep and template-using approaches,
that require presynthesis and complicated insertion
and removal procedures [18, 24, 41]. Herein, porous
N-doped carbon with embedded Fe/Fe;C nanopar-
ticles was synthesized in-situ through heat treatment
of amino phenol formaldehyde resin scattered with
iron oxide nanoparticles obtained by a simple
hydrothermal process. The synthesis process is
schematically illustrated in Fig. 1. 3-Aminophenol (3-
AP), hexamethylenetetramine (HMT) and FeCl;-6H,.
O were simultaneously dissolved in deionized water,
and then the solution was hydrothermally treated.
First, HMT decomposed into formaldehyde and
ammonia. Then, the formaldehyde reacted with
3-aminophenol under catalysis of ammonia to form
the aminophenol formaldehyde (APF) resin. At the

650 °C
3 h Hy+Ar
-4 3-AP APF I Carbon
HMT
® re*t ® Fe,0, @ Fe/FeC

Figure 1 Schematic illustration of the synthesis process of
N-doped carbon with embedded Fe/Fe;C particles.
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same time, the Fe’* hydrolyzed and deposited on the
APF to form the Fe,O5;/APF precursor. Finally, the
precursor was heat treated under a mixed atmo-
sphere of Hy/Ar (Hy 5 vol%) at 650 °C to prepare
composites of N-doped carbon with embedded Fe/
Fe;C particles. The composites present excellent
microwave absorption with an optimal reflection loss
of — 70 dB. Moreover, it is worth mentioning that the
as-synthesized composite exhibits an effective
absorption bandwidth of 6.02 GHz with a thickness
of 2.13 mm. This work provides a simple method for
synthesizing N-doped carbon with embedded Fe/
Fe;C particles with excellent microwave absorption
properties.

Experimental section
Materials

3-Aminophenol (3-AP) and hexamethylenetetramine
(HMT) were obtained from Aladdin Reagent
(Shanghai) Co. Ltd. Iron chloride hexahydrate
(FeCl5-6H,0) was purchased from Shanghai Macklin
Biochemical Co., Ltd. All the materials were analyti-
cal grade and used without further treatment.

Synthesis

In a typical experiment, 0.22 g (2 mmol) 3-AP, 0.08 g
(0.57 mmol) HMT, and 0.38 g (1.4 mmol) FeCl;-6H,O
were simultaneously dissolved in 80 mL deionized
water at 30 °C by mechanical stirring, and then the
solution was sealed in a 100 ml Teflon-lined stainless
autoclave. Then, the autoclave was placed in an oven
and kept at 160 °C for 4 h. The solid products were
separated and washed by vacuum filtration until the
filter liquor was neutral. The obtained samples were
dried in a vacuum drying cabinet at 60 °C. To study
the influence of additive amounts of Fe’* on the
structure and electromagnetic properties, the molar
ratios of Fe>" to 3-AP were modified to 0:1, 0.7:1, 1:1
and 2:1. To ensure complete Fe>" decomposition, the
usage amount of HMT was adjusted according to the
molar ratio of Fe’* to 3-AP. Then, the resultant pro-
duct was heat treated in a tube furnace under a
mixed atmosphere of H,/Ar (H, 5 vol%) at 650 °C for
4 h with a heating rate of 1 °C/min. The final Fe/C
composites obtained at different molar ratios of Fe’*
to 3-AP were defined as Fe/C-0, Fe/C-0.7, Fe/C-1
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and Fe/C-2. To study the interfacial polarization
between iron and Fe;C, the iron was removed by
etching the Fe/C-0.7 sample in 30 wt% tartaric acid
for 8 h and then washed by vacuum filtration until
the filter liquor was neutral and dried in an oven at
60 °C to obtain the Fe;C/C composite.

Characterization

TEM and HRTEM images of the composites were
obtained by transmission electron microscopy (TEM,
HITACHI HT7700) at 100 kV and high-resolution
transmission electron microscopy (HTEM, Tecnai
F20) at 200 kV, respectively. The crystalline phases of
the materials were recorded by X-ray diffrac-
tion(XRD, Rigaku D-max-2500/PC) with a scanning
speeds of 0.7 and 2°/min, respectively. Raman spec-
tra were obtained under ambient conditions on a
confocal Raman spectroscopic system (Horiba,
Xplora Plus). The elements of the sample surface
were measured by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250 Xi). The Brunauer-Emmett—
Teller (BET, ASAP 2020) method was used to analyze
the specific surface area of the materials. Thermal
gravimetric analysis (TGA) was carried out with a
NETZSCHSTA-449C in air at a heating rate of 5 °C/
min to 800 °C. The magnetic hysteresis loops were
obtained at room temperature through a vibrating
sample magnetometer (VSM, Lake Shore 7404). The
relative complex permeability and permittivity were
obtained from a vector network analyzer (Agilent
N5230A) in the frequency range of 2.0-18.0 GHz. The
test specimen was made into a ring with an outside
diameter of 7.00 mm, an inside diameter of 3.04 mm
and a thickness of 2 mm with a mass ratio of Fe/C
composite to paraffin of 1:1.

Results and discussion

Diffraction peaks in the XRD patterns (Fig. S1) of all
the precursors obtained with Fe’* can be indexed to
the standard patterns of Fe,O; (JCPDS No. 33-0664).
The XRD pattern of the APF precursor (Fig. S1)
without Fe®" indicates a broad peak corresponding to
amorphous material. The morphology of the precur-
sor was determined by the addition of Fe’'. As
observed in Fig. S2a, the APF precursor consists of
microspheres; however, the Fe,O3/APF precursor is
composed of net-like structures embedded with
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nanoparticles. When the reaction system contains
Fe®", hydrolysis consumes some OH~, which modi-
fies the catalysis of ammonia and ultimately alters the
polymerization of formaldehyde and 3-aminophenol,
resulting in differences between the morphologies of
APF and Fe,O3/APF. As a typical sample, the Fe;O3/
APF precursor obtained with a molar ratio of Fe’* to
3-AP of 0.7:1 was studied by XPS. Although the XRD
and SEM results indicate that there are Fe,O; parti-
cles in the precursor composites, the Fe peaks cannot
be observed in XPS (Fig. S3a), and the content of Fe is
only 0.29 at%. Therefore, there is virtually no iron on
the surface of the precursor due to the Fe,O5 particles
embedded in the APF matrix and the XPS
detectable depth of only several nanometers. The
high-resolution XPS spectrum of N 1s suggests the
existence of N in only one state of Ph-NH, with a
binding energy of 399.2 eV (Fig. S3b).

TEM images of Fe/C-0, Fe/C-0.7, Fe/C-1 and Fe/
C-2 obtained from heat treatment of the Fe,O3/APF
precursor are shown in Fig. S4. As observed, Fe/C-0
is still composed of spherical particles with a size
of ~ 325 nm (Fig. S4a), indicating that the morphol-
ogy will not be changed by carbonization of APF.
Again, it can be seen that the morphology of the Fe®*-
containing composites exhibits a net-like structure
embedded with particles (Fig. S4b-d). Compared
with the precursor, the size of the particles expands
to a certain extent. To observe the details of the

Figure 2 TEM image of (a)
sample Fe/C-0.7 (a), TEM
image of local magnification
of carbon matrix (b) and
HRTEM image of carbon
matrix (inset), TEM image of
local magnification of one
particle (c), HRTEM image of
shell of particle (d), HRTEM
image of core of particle (e),
elemental maps of
distributions of Fe, N and C in (d)
Fe/C-0.7 (f). A
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microstructure, a representative TEM image of sam-
ple Fe/C-0.7 is shown in Fig. 2a. As shown, the
particles are homogeneously dispersed in the net-like
carbon matrix. The high magnification of the carbon
matrix demonstrates its porous structure, as shown in
Fig. 2b, for example, the nanoholes indicated by the
arrows. The HRTEM image of the carbon matrix
inserted in Fig. 2b indicates that it is turbostratic
carbon with short range order [44]. Further observa-
tion discloses that the particles are encapsulated by a
shell coating. The local magnification of one typical
particle (Fig. 2¢) clearly indicates the existence of the
shell. HRTEM images of the shell and core of parti-
cles are shown in Fig. 2d, e that indicate that the
interplanar distances of the shell and core are
0.26 nm and 0.20 nm, corresponding to the Fe;C (200)
and o-Fe (110) crystal planes, respectively. The ele-
mental mapping of Fe/C-0.7 is shown in Fig. 2f. The
maps display the distributions of the N, C and Fe
within the observed structure. Obviously, Fe is only
distributed in the particles, indicating that Fe/Fe;C
particles are embedded in the nitrogen-doped carbon
matrix.

Figure 3a shows the XRD patterns of Fe/C-0.7 and
Fe;C/C. It is obvious that Fe/C-0.7 displays the
typical diffraction peaks of Fe;C (JCPDS No. 76-1877)
and a wide amorphous peak centered at 23.2° ascri-
bed to short range-order turbostratic carbon. In
addition, the three peaks located at 44.6°, 65.0° and
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Figure 3 XRD patterns of Fe/
Fe;C/C and Fe;C/C (the inset
is the local magnification of
the rectangle) (a), TG curves
of Fe/Fe;C/C and Fe;C/C (b),
Raman spectra of Fe/C
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82.3° are assigned to the (110), (200) and (211) planes
of a-Fe (JCPDS No. 65-4889), respectively. The XRD
result of Fe/C-0.7 is in accordance with those of
HRTEM. The disappearance of the Fe,O3 diffraction
peaks suggests that it has been completely trans-
formed. The formation of Fe;C is due to reaction
between reductive iron and carbon matrix at 650 °C.
According to the Rietveld refinement, the relative
contents of Fe and Fe;C in the crystalline phase for
Fe/C-0.7 are 13.4 wt% and 86.6 wt%, respectively. For
Fe/C-1 and Fe/C-2, the diffraction intensities of iron
become stronger (see Fig. S5), and the relative con-
tents of metal Fe in the crystalline phase are deduced
as 44.2 wt% and 73.1 wt%, respectively. Because the
stability of Fe;C is higher than that of iron, the iron in
the composites can be removed by 30 wt% tartaric
acid to obtain Fe;C/C [45]. Diffraction peaks are not
observed for iron in the XRD pattern of the Fe;C/C
sample, and the main peak of iron located at 44.6°
disappears at the local magnification of XRD, which
is inserted in Fig. 3a, indicating the thorough removal
of iron in the composites. The XRD results demon-
strate that the mass ratio of Fe to Fes;C in the com-
posites can be modified by
the proportion of raw materials. To further analyze
the composition of the composites, TG tests of sam-
ples Fe/C-0.7 and Fe;C/C are carried out in air
(Fig. 3b). Fe/C-0.7 and Fe;C/C have total weight

@ Springer

Relative Pressure/ P/Po

losses of 78.1 wt% and 81.3 wt%, respectively, cor-
responding to the carbon contents in the composites.
According to the difference values of weight loss in
composites, the Fe and Fe;C contents are estimated to
be approximately 3.2 wt% and 18.7% in Fe/C-0.7,
respectively. The mass ratio of Fe to Fe;C determined
by TG is very close to that calculated by XRD
refinement. To analyze the microstructure of the
carbon, Raman tests are carried out. As shown in the
Raman spectra (Fig. 3c), both carbon spheres (Fe/C-
0) and Fe/C composites exhibit two distinguishable
peaks attributed to D-bands (1350 cm™') and
G-bands (1595 cm ™). More interestingly, the ratios of
D-bands and G-bands (Ip/Ig) for the Fe/C compos-
ites (Fe/C-0.7, Fe/C-1 and Fe-C-2) are almost iden-
tical and are slightly higher than that of Fe/C-0 due
to the catalysis of iron [46, 47]. The value for Ip/I; is
higher than that of N-doped graphene [48], indicating
incomplete graphitization with short-range order,
which agrees with the results of the HRTEM images
and XRD. Nitrogen adsorption—desorption analysis is
utilized to further analyze the structural information
of the Fe/C composites. As observed in Fig. 3d,
sample Fe/C-0.7 presents a long and narrow loop at a
relative pressure (P/Py) between 0.3 and 1.0, corre-
sponding to the IV-type isotherm adsorption curve in
terms of IUPAC classification, which is a distinctive
characteristic of mesoporous materials [49]. The BET
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surface area and BJH pore size distribution of Fe/C-
0.7 are 451.7 m®* g~ ' and 2.16 nm (see insert of
Fig. 3d), respectively, conforming with the conclu-
sion of a mesoporous structure. Compared with the
most porous carbon [50], the synthesized porous
carbon has a lower BET surface area.

The surface chemical composition is analyzed by
XPS. The XPS survey of Fe/C-0.7 (Fig. 4a) demon-
strates binding energy peaks at 285, 400, 530 and
711 eV associated with Cls, N1s, Ols and Fe2p,
respectively. To further analyze the binding bonds of
the elements, high-resolution XPS spectra of Fe and N
are analyzed in Fig. 4b and c, respectively. As shown,
the spin-orbit Fe 2p;,, and Fe 2p;,, appear at
725.2 eV and 711.3 eV, respectively, corresponding to
Fe;C [51]. Pure Fe and iron oxides cannot be detected
by XPS, suggesting that the surface Fe is only present
as Fe;C. Moreover, the atomic ratio of Fe is only
1.43% in Fe/C-0.7 XPS, which is distinctly lower than
that of the XRD and TG results. As discussed above,
the Fe,O; nanoparticles are embedded in the APF
matrix. Therefore, the reduced Fe particles are still
embedded in the carbon matrix. FesC forms when
iron particles react with carbon. A part of the Fe;C is
exposed at the surface under carbonization of APF.
Therefore, Fe;C is the only possible component con-
taining Fe exposed on the surface of composites,
which guarantees the stability of the composites. In
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addition, the XPS can only analyze surface element
binding energy in several nanometers depth of sam-
ples. Therefore, XPS can only detect Fe;C in Fe/C-0.7.
As seen in Fig. 4c, the peaks at 398.6 and 400.9 eV are
assigned from N1s, which are associated with pyr-
idine nitrogen and graphitic nitrogen, indicating the
N-doping of carbon [48, 52]. The XPS survey
(Fig. 4d), Fe 2p (Fig. 4e), and N 1s (Fig. 4f) spectra of
Fe;C/C show results similar to those of Fe/C-0.7(Fe/
Fe;C/C). In addition, the atomic ratio of Fe in the XPS
results for Fe;C/C is 1.66%, which is close to that of
Fe/Fe;C/C. The XPS results for Fe;C/C further
confirm that the existence of Fe element on the sur-
face of the synthesized Fe/C composites is only
present as Fe;C.

The room-temperature magnetic hysteresis loops
of N-doped carbon embedded with Fe/Fe;C particles
are shown in Fig. S6. The saturation magnetization
(M) of samples Fe/C-0, Fe/C-0.7, Fe/C-1 and Fe/C-2
are 0.17 emu/g, 13.26 emu/g, 15.06 emu/g and
20.12 emu/g, respectively. The Fe/C composites
show low saturation magnetization due to the small
amount of iron in the composites. The decreasing
tendency of the magnetization values from Fe/C-2 to
Fe/C-0.7 mainly results from the reduction of in the
mass ratio of iron in the composites (as shown in the
XRD refinement).
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Figure 4 XPS survey (a), Fe 2p (b), N 1s (c) spectra of Fe/Fe;C/C and XPS survey (d), Fe 2p (e), N 1s (f) spectra of Fe;C/C.
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The frequency dependence of the electromagnetic
parameters for the carbon spheres and N-doped
carbon embedded with Fe/Fe;C particles is shown in
Fig. 5. As displayed in Fig. 5a and b, the ¢, values of
all the Fe/C samples show frequency dependence
over the frequency range of 2.0-18.0 GHz. The ¢, and
¢, values of the pure N-doped carbon spheres (sam-
ple Fe/C-0) decrease from 6.3 to 4.0 and 2.7 to 1.8 in
the measured frequency range, respectively. For the
N-doped carbon with embedded Fe/Fe;C particles,
both the ¢, and ¢’ values are evidently enhanced. In
detail, ¢, values of Fe/C-0.7, Fe/C-1 and Fe/C-2
gradually decrease from 12.0, 11.1, 10.7 at 2.0 GHz to
5.9, 5.8, and 5.4 at 18.0 GHz, respectively. The corre-
sponding ¢, values increase from 4.2, 3.0, and 3.4 at
2.0 GHz to 4.5, 3.5, and 3.7 at 3.2 GHz and then
decrease to 3.0, 2.6, and 2.4 at 18.0 GHz, respectively.
It is worth noting that the N-doped carbon with
embedded Fe/Fe;C particles and carbon spheres
exhibits frequency dispersion, which is beneficial for
improving the microwave absorption ability [53, 54].
According to the free-electron theory, both Fe and C
have certain electrical conductivities. Therefore, the
microwave energy can be diminished by conductive
loss in Fe and carbon composites. However, it is
difficult to form a conductive network because the Fe
particles dispersed in the porous turbostratic carbon
matrix are coated by a Fe;C shell, resulting in a low

@ Springer

electric conductivity. Although the conductive loss of
the composites is limited, the modest conductivity
not only favors the consumption of electromagnetic
energy but also guarantees good impedance match-
ing, ensuring the entrance of electromagnetic wave
into the composites [5]. In addition, polarization
relaxation is another very important factor influenc-
ing the dielectric loss of the composites. Compared
with the carbon spheres, the &/ curves of the N-doped
carbon with embedded Fe/Fe;C display fluctuations,
which is usually related to the attenuation of elec-
tromagnetic wave via polarization relaxation [55, 56].
As demonstrated by the results of Raman, XRD and
TEM, the graphitization degree of nitrogen doped
carbon is adjusted through the addition of iron. It is
worth noting that the carbon presents a turbostratic
structure with short range-order, which generates
microcurrent in the short range-order carbon under
electromagnetic wave. On the one hand, nitrogen
doping in carbon can produce abundant defects that
could serve as the dipole center and produce dipole
polarization relaxation, enhancing the dielectric loss
ability of the composites [27, 57]. On the other hand,
the difference between the conductivities of Fe, FesC
and turbostratic carbon lead to the accumulation of a
large amount of charge at the interface, resulting in
multiple interfacial polarization relaxations when
exposed to the electromagnetic field. Therefore,
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compared with the pure N-doped carbon spheres, the
composites of N-doped carbon with embedded Fe/
Fe;C possess higher permittivity because there are
multiple interfacial polarizations between the Fe/
Fe;C particles and N-doped carbon. The interfacial
polarization is affected by the mass ratio of Fe to
FesC. To further reveal the effect of interfacial
polarization on the dielectric loss, the electromagnetic
properties of Fe;C/C with the same microstructure of
Fe/Fe;C/C are studied. As expected, the ¢, values of
Fe;C/C are lower than those of Fe/Fe;C/C due to the
removal of iron (Fig. S7a). The ¢! values of Fe;C/C
are also lower than that of Fe/Fe;C/C in most fre-
quency ranges as a result of the disappearance of the
interface between Fe and Fe;C (Fig. S7a). In general,
multiple interfacial polarization relaxation plays a
critical role in determining the dielectric loss prop-
erties in the N-doped carbon with embedded Fe/
Fe;C composites. Moreover, porous structure in
N-doped carbon provides more opportunity for
contact between the microwave and absorber, lead-
ing to multiple reflection and scattering, which fur-
ther improve the attenuation property of the
composites [58, 59].

As shown in Fig. 5¢ and d, the values of the real
(1) and imaginary parts (u/) of the relative complex
permeability of N-doped carbon spheres are close to
1 and 0, respectively, which corresponds to the typ-
ical characteristics of nonmagnetic materials. The
values of u and u! of samples Fe/C-0.7, Fe/C-1 and
Fe/C-2 are similar and are maintained at approxi-
mately 1.02 and 0.02, respectively, with several small
fluctuations over the whole frequency range.
Although the magnetic properties in Fe/C-0.7, Fe/C-
1, and Fe/C-2 are different, which is determined by
VSM, the magnetic loss of the composites is very
close, expressed by the similar x and p;. The values
of 1 of the N-doped carbon with embedded Fe/Fe;C
composites are close to 0 over most of the investi-
gated frequency range, which is much lower than
that of iron particles [60, 61], revealing that the
magnetic loss is very limited. The low content of iron
and Fe;C in the composites is the main cause of the
low magnetic loss. The frequency dependences of the
. and y values of Fe;C/C are similar to those of Fe/
Fe;C/C (Fig. S7b), further confirming the small effect
of magnetic components on magnetic loss in Fe/
Fe;C/C composites. In view of the above analysis, the
enhancement of the attenuation capacity of N-doped
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carbon with embedded Fe/Fe;C composites mainly
originates from dielectric loss, especially multiple
interfacial polarizations. The small contents of iron
and Fe;C do not obviously generate magnetic loss.
However, the presence of iron nanoparticles has a
crucial catalytic effect on the carbonization of amino-
phenol formaldehyde resin, affecting the intense
dipole polarization in the carbon matrix. Further-
more, the Fe/Fe;C particles in the composites play a
critical role in interfacial polarization.

In general, the microwave absorption performance
of absorbers can be assessed through transmission
line theory [4, 62]:

RL(dB) =20 logl(Zm - 1)/(Z1n + 1)‘ (1)

2= o [ (22) ] o

The microwave absorption (MA) performances of
Fe/C-0, Fe/C-0.7, Fe/C-1, Fe/C-2 and Fe;C/C with
thicknesses of 1.0-5.0 mm over the frequency range
of 2.0-18.0 GHz are presented in Fig. 6 and Fig. S7c,
respectively. As detected, the MA performances of
the as-prepared composites are greatly influenced by
the addition of iron. The minimum value of reflection
loss for N-doped carbon sphere-sample Fe/C-0 is
— 13 dB at 7.44 GHz with a thickness of 5.00 mm
(Fig. 6a). The Fe/Fe;C particles embedded in the
N-doped net-like carbon matrix may boost the MA
performance, and the minimum values for Fe/C-0.7,
Fe/C-1, Fe/C2 and FesC/C are —57dB
(1456 GHz), —-50dB  (792GHz), —-70dB
(752 GHz) and — 53 dB (9.84 GHz) at matching
thicknesses of 2.13 mm, 3.55 mm, 3.88 mm, and
3.49 mm, respectively. For the purpose of compar-
ison, the RL in Fig. 6 end at — 50.0 dB. Additionally,
the RL curves corresponding to the minimum values
at matching thickness are shown in Fig. S8a. The
strong absorption intensity is one key factor for
microwave absorption materials. In addition, broad-
band response is another important characteristic of
highly efficient microwave absorption materials in
actual applications. The effective absorption band-
widths of Fe/C-0, Fe/C-0.7, Fe/C-1, Fe/C-2 and
Fe;C/C are 2.09 GHz, 6.02 GHz, 3.20 GHz, 3.18 GHz
and 4.40 GHz at the corresponding matching thick-
nesses, respectively. When the thickness is desig-
nated at 2.0 mm (Fig. S8b), the effective bandwidths
of Fe/C-0, Fe/C-0.7, Fe/C-1, Fe/C-2 and Fe;C/C are
0GHz, 52GHz  (12.8-18.0 GHz), 4.6 GHz
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Figure 6 Three-dimensional (a) 0 (b) 0
reflection loss (RL) maps of 0 10 10
samples Fe/C-0 (a), Fe/C-0.7 10
(b), Fe/C-1 (c), and Fe/C-2 A58 20 -20
(d) with thicknesses of ] =
1.0-5.0 mm 5 B0 [0 4 =
.0-5. ) 2 40! =
-40 -40
N 34 -50 F ) 14 2 3 ™ M.50
T s
en H:)a . quenc,, (GH:)s 1“\0“\%
(© L) 0
-10 -10
-20 -20
g g
= 30 3 -30
© x
-40 -40
-50 -50
(13.4-18.0 GHz), 3.8 GHz (14.2-18.0 GHz), and \/inf
2.2 GHz (15.8-18.0 GHz), respectively. The inte- N
grated effective absorption bandwidths (RL < — 10 o — ; i)
dB) from 1.0 to 5.0 mm of Fe/C-0, Fe/C-0.7, Fe/C-1 XA (eer — p8,) + \/ (beer — pioe,)” + (e + 1)
and Fe/C-2 are 848 GHz (6.56-15.04 GHz), (3)

13.68 GHz (4.32-18.0 GHz), 13.52 (4.48-18.0 GHz)
and 13.36 GHz (4.64-18.0 GHz), respectively. Based
on the above data, Fe/C-0.7, which contains the
lowest amount of Fe, is the optimal candidate among
these N-doped carbon Fe/Fe;C particle embedded
samples. Therefore, the molar ratio of Fe®* to 3-AP is
reduced to 0.5:1; unfortunately, the net-like structure
embedded with nanoparticles cannot be obtained, as
revealed in the TEM images (Fig. S9).

To estimate the superior attenuation ability of Fe/
C-0.7, the total attenuation constants (o) are calcu-
lated via the following equation [48, 56]:

(a) (b)g.55

As shown in Fig. 7a, the composites of N-doped
carbon with embedded Fe/Fe;C particles exhibit
larger value of o than that of carbon spheres (Fe/C-0),
and Fe/C-0.7 shows the maximum value among the
composites, confirming its superior attenuation abil-
ity. To determine the origin of the attenuation, the

dielectric loss factor (tand. = ¢’/¢,) and magnetic loss
factor (tand,, = u!'/ ) of the composites are exhibited
in Fig. 7b and ¢, respectively. As shown, the dielectric
loss factor of N-doped carbon with embedded Fe/
Fe;C particles is distinctly higher than that of the
frequency

carbon spheres in the range of

200} —o-Fe/C-0
-o—-FelC-0.7
150} —~—Fe/C-1
—~FelC-2

0.50}
0.45}
0.40} /)¢

3 100} e
HL _poo® < 035
50t 47 0.30
: -0.03} —FelC-2
0% 6 6 1012 14 16 18 0224 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

Frequency/ GHz

Frequency/ GHz

Frequency/ GHz

Figure 7 Total attenuation constants o (a), dielectric loss factor tand, (b), and magnetic loss factor tand,, (c) of samples Fe/C-0, Fe/C-0.7,

Fe/C-1, Fe/C-2.
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4.2-18.0 GHz, which indicates the superior dielectric
loss of the composites. Although the magnetic loss is
limited over the frequency of 2.0-4.2 GHz, as dis-
cussed above, the magnetic loss factor of the com-
posites is higher than that of the carbon spheres.
Therefore, over 2.0-4.2 GHz, the magnetic loss is
another important way for the total attenuation of the
composites. Overall, the dielectric loss factor of Fe/C-
0.7 is the highest among the composites over the
frequency of 3.0-18.0 GHz. Hence, the superior
attenuation ability of Fe/C-0.7 is mainly caused by
the dielectric loss ascribed to multiple interfacial
polarization relaxations and scattering of microwave
in the N-doped carbon with an appropriate content of
embedded Fe/Fe;C particles, resulting in good MA
performance.

The mechanisms of enhanced microwave attenua-
tion in N-doped carbon with embedded Fe/Fe;C

Incident microwave

Multiple scatteringin
porous carbon

@ Fe/Fe,C

[ Carbon

Figure 8 Schematic illustration of interfacial polarization and
scattering in N-doped carbon with embedded Fe/Fe;C particles.
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particles are illustrated in Fig. 8, which schematically
shows multiple interfacial polarizations, multiple
reflection and scattering in porous composite. The
interfacial polarization associated with the interface
between Fe;C-Fe, FesC—-C and carbon holes in the
composites is caused by their different conductivities
when irradiated under electromagnetic wave. In
addition, the porous structure of the N-dopled car-
bon embedded with Fe/Fe;C can lead to a geometric
effect for multiple reflection and scattering, providing
more opportunities for the attenuation of incident
microwaves. Compared with pure N-doped carbon
spheres and Fe;C/C, the Fe/Fe;C/C composites
indicate excellent MA performance determined by
the composition, morphology, and microstructure
that ultimately dictate the interfacial polarization in
the composite.

Table 1 displays a comparison of the strongest
microwave absorption, matching thickness and
effective bandwidth of Fe/C-0.7 with those of similar
composites in recent references, emphasizing the
prospective application of Fe/C-0.7 as an MAM with
excellent performance. The improvement in the
electromagnetic wave absorption for the synthesized
composites is mainly due to the unique microstruc-
ture and components obtained from the heat treat-
ment on the precursor of APF/Fe,O; with a net-like
structure. Due to the nitrogen atom doping in the
carbon matrix, there are many defects in the carbon,
which is beneficial to the dipole polarization in the
composite. In addition, the interface polarization is

Table 1 Comparison of microwave absorption of the various carbon and iron composites

Materials Maximum Effective bandwidth Corresponding Effective bandwidth Ref.
RL (dB) (RL < — 10 dB, GHz) thickness (mm) (2.0 mm, GHz)

Porous 3D Fe/C composites  — 58 5.3 3.95 <4.0 [48]

Fe/Fe;C@NCNTs — 46 1.0 4.97 3.0 [56]

Fe—C nanofiber — 44 - - 2.0 [57]

3D cross-linked Fe/C porous — 57 1.8 4.29 3.0 [63]
nanofibers

C/Fe;C nanocomposites — 41 3.0 3.50 5.6 [55]

Fe—Fe;C/C microspheres — 18 4.0 1.50 2.8 [64]

Centipede-shaped Fe/Fe;C/ - 32 2.6 2.00 2.6 [65]
MWCNT

Fe/Fe3C/C core—shell — 58 2.1 2.40 3.0 [66]
spherical chains

Core—shell Fe-Fe;C@C — 18 34 2.00 34 [67]

Porous N-doped carbon - 57 6.0 2.13 5.2 Our
embedded Fe/Fe;C work
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promoted due to the existence of a large number of
contact interfaces between different components with
different conductivities. In particular, the enhanced
microwave absorption performance of Fe/C-0.7
should be ascribed to the intense dielectric loss
caused by multiple interfacial polarizations between
Fe/Fe;C and N-doped carbon, which produces
enhanced dielectric loss and attenuation ability.

Conclusion

N-doped carbon with embedded Fe/Fe;C particles is
synthesized in-situ through pyrolysis of amino-phe-
nol formaldehyde resin (APF) scattered with Fe,Oj
nanoparticles (APF/Fe;O;), which was obtained
though a simple hydrothermal process. The as-syn-
thesized composites present high-efficient micro-
wave absorption with an effective absorption
bandwidth of 6.02 GHz at a thickness of only
2.13 mm. The microwave absorption of the as-syn-
thesized composites mainly comes from the multiple
interfacial polarization occurring between the differ-
ent mediums. This study indicates that N-doped
carbon with embedded Fe/Fe;C particles is a
promising high-efficient MAM.
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