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ABSTRACT

Metallic iron particles are of great potential for microwave absorption materials due to their strong magnetic loss ability. However,
the oxidation susceptibility of metallic iron particles in the atmospheric environment is regarded as a major factor causing
performance degradation. Although many efforts have been developed to avoid their oxidation, whether partial surface oxidized
iron particles can improve the microwave absorbing performance is rarely concerned. In order to explore the effect of partial
surface oxidation of iron on its properties, the designed yolk—shelled (Fe/FeO,)@C composites with multiple heterointerfaces
were synthesized via an in-situ polymerization and a finite reduction—oxidation process of Fe,O; ellipsoids. The performance
enhancement mechanisms of Fe/FeO, heterointerfaces were also elaborated. It is demonstrated that the introduction of Fe-
based heterogeneous interfaces can not only enhance the dielectric loss, but also increase the imaginary part of the permeability
in the higher frequency range to strengthen the magnetic loss ability. Meanwhile, the yolk—shell structure can effectively improve
impedance matching and enhance microwave absorption performances via increasing multiple reflection and scattering
behaviors of incident microwaves. Compared to Fe@C composite, the effective absorption (reflection loss (RL) < -10 dB)
bandwidth of the optimized (Fe/FeO,)@C-2 increases from 5.7 to 7.3 GHz (10.7—18.0 GHz) at a same matching thickness of
2 mm, which can completely cover Ku-band. This work offers a good perspective for the enhancement of magnetic loss ability
and microwave absorption performance of Fe-based microwave absorption materials with promising practical applications.
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of ferromagnetic iron and antiferromagnetic/ferromagnetic iron
oxides, which are rarely discussed, especially how they affect the
permeability of the composite. When a ferromagnet (FM) is close
to an antiferromagnet (AFM) or a ferrimagnet (FI) with a
relatively larger magnetocrystalline anisotropy, the spins in the
AFM or FI will play a pinning effect to hinder the rotation of the
spins in the FM under a reversed magnetic field [16, 17]. Thus, an
increase of coercivity (H,) is realized which can make a significant
effect on the permeability of the composite, and the influence
mechanism is a worthwhile topic what we need to discuss.
Moreover, the rich defects in iron/iron oxides heterointerfaces are

1 Introduction

Microwave absorbing materials (MAMs) have widespread
applications in military stealth, communication security,
electromagnetic protection, and other fields [1-8]. Among them,
metallic iron particles are of great potential for microwave
absorption (MA) due to their strong magnetic loss ability
generated by large saturation magnetization (M) and high
complex permeability in GHz range [9]. It is widely believed that
the oxidation of metallic iron particles can result in decreased
magnetic loss ability and narrowed effective absorption bandwidth
(EAB) [10]. To protect the metallic iron particles from oxidation

and make them keep stable performance in atmospheric
environment, various Fe-cored nanostructures have been
developed, with the shells made of SiO, [11, 12], semiconductor
oxides [13], phosphates [14], carbon materials [15], and so on.
However, in fact, the slight surface oxidation may promote the
improvement of microwave absorption performance. Some
interesting phenomena can be induced by the exchange coupling

proved to strengthen polarization loss (g,") by inducing the
aggregation or rearrangement of charge carriers and providing
abundant active sites for polarization relaxation process [18,19].
Meanwhile, the presence of interfaces facilitates the change of the
electrons transmission mode and contributes to the conduction
loss (e.”) [20]. For instance, Liu et al. fabricated carbonyl iron
powder (CIP)/Fe;O, composites with Fe;O, shell and CIP core,
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and an optimal EAB of 6.3 GHz (8.7-15.0 GHz) was obtained
[21]. Wang et al. prepared Fe/Fe;O, composites via a simple one-
pot solvothermal method, which showed an integrated absorption
band (3.6-18 GHz) in a thickness (d) range of 1.4-5 mm [22].
Therefore, there is a possibility that the microwave absorption
performance of the metallic iron particles can be improved by
partial surface oxidation. Whereas, the drawbacks of high density
and severe aggregation problem of Fe-based absorbers still hinder
their practical applications [23].

Enfolding magnetic cores in carbon materials to form
core-shell structures is a reliable solution to reduce the filling ratio
of magnetic component and improve the dispersion of magnetic
particles [24, 25]. Furthermore, it also offers a chance to optimize
the impedance matching and strengthen dielectric loss ability to
improve MA performance. Over the past decade, great efforts
have been made to fabricate various core-shell structured
composites with Fe-based magnetic cores and carbon shells, such
as FeNi;@C [26], Fe/void/C [27], CoFe/C [28], Fe/Fe;C@graphite-
C [29], and heterostructured Fe;O,/Fe@C [30]. For most of
ferromagnetic/carbon  composites, the relative complex
permittivity is much higher than the relative complex permeability
and that makes it difficult to realize perfect impedance matching.
Although the permittivity of the composite can be easily tailored
by controlling the content of carbon materials, it is hard to
increase permeability or even maintain it as the frequency (f)
increases due to the Snoek’s limit and large eddy-current effects.
Usually, the permeability can be improved by modifying the
intrinsic parameters (such as saturation magnetization,
magnetocry-stalline anisotropy constant, and internal strain) or
adjusting the morphology and size of the MAMs (such as nano-
materialization, flattening, and fibering). For example, Zhou et al.
prepared flaky FeSiAl powders with enhanced complex
permeability by increasing the shape anisotropy of samples
through a ball milling process [31]. Liu et al. prepared
Nd(Fe,_,Co,),oV, compounds with different Co contents, and
samples with x = 02 and x = 0.3 show higher complex
permeability due to the improvement of saturation magnetization
[32]. However, few attempts have been made to improve the MA
performance of the composite in terms of improving the
imaginary part of complex permeability by a deliberate surface
oxidation treatment. It remains a great challenge to improve the
permeability and elucidate their performance enhancement
mechanisms for optimizing the MA performance of Fe-cored
carbon composites.

In this work, a finite oxidation strategy has been developed to
prepare a series of yolk—shelled (Fe/FeO,)@C composites with rich
heterogeneous interfaces using Fe,O;@polydopamine (PDA) as
precursors. The controlled carbon composition and finite
reduction-oxidation process lead to the transition of Fe,O; to
different magnetic cores (Fe/FeO, Fe/Fe;O,, and Fe). The
influence mechanisms of Fe/FeO, heterointerfaces on the
permeability and performance enhancement of the composites are
fully discussed. It is revealed that a slight oxidation is beneficial to
improve the MA performance of the ferromagnetic iron by
increasing the imaginary part of the permeability in the higher
frequency range, which provides a new insight into the
development of ferromagnetic/carbon materials with broad-band
effective absorption at a small thickness.

2 Experimental
2.1 Materials

Iron trichloride hexahydrate (FeCl;:6H,0O, > 99.0%), sodium
hydroxide (NaOH, = 96.0%), ethanol absolute (C,H;OH,
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> 97.0%), and dopamine hydrochloride (CgH;;NO,-HCl, > 99.0%)
were supplied by Chemical Reagent Co., Ltd. All chemicals were
not purified before using.

2.2 Synthesis of Fe,O; particles

Typically, a wine-red solution containing 16 mL C,H;OH, 32 mL
water (H,0), 10.80 g FeCl;-6H,0, and 0.68 g NaOH was added to
a 100 mL Teflon-lined stainless steel autoclave. Then, the
autoclave was put in an oven and maintained at 160 °C for 12 h.
The obtained purple precipitate was harvested by centrifugation
and washed by distilled water and C,H;OH alternately, then dried
inan oven at 70 °C for 24 h.

2.3 Synthesis of Fe,0;@PDA composites

The Fe,O;@PDA precursors were obtained by depositing a layer
of dopamine on the surface of Fe,O,. Firstly, 2 g Fe,O; powders
were distributed in tris-buffer solution (100 mL, pH = 8.5) by
ultrasonication for 1 h. Then, 120, 240, and 360 mg of dopamine
hydrochloride were added to the suspensions (the mass ratios of
Fe,O; and dopamine hydrochloride were 50:3, 50:6, and 50:9),
respectively, and the suspensions were magnetically stirred in the
presence of oxygen for 24 h. After that, the sediments were
gathered via centrifugation then dried at 70 °C in an oven. The
above synthesized Fe,0,@PDA precursors were successively
named as Fe,0;@PDA-1, Fe,0;@PDA-2, and Fe,0;@PDA-3. The
Fe,0;@PDA-4 sample was obtained by the second polymerization
of dopamine on the surface of Fe,0;@PDA-2, the mass ratio of
Fe,0;@PDA-2 and dopamine hydrochloride was 50:6.

24 Synthesis of yolk-shelled (Fe/FeO,)@C composites

The Fe,0;@PDA-1, Fe,0;@PDA-2, and Fe,0;@PDA-3
precursors were reduced under an atmosphere of Hy/Ar (v/v =
5:95) at 700 °C for 3 h in a horizontal tubular furnace, then the
atmosphere was switched to air as them cooled down. The
products were named as (Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and
(Fe/FeO,)@C-3, respectively. Similarly, the Fe@C composite was
obtained by heating Fe,O;@PDA-4 composite at 700 °C for 3 h
under H,/Ar (v/v = 5:95). The Fe/FeO, composite was obtained
using Fe,O; as the precursor directly in the same experiment
condition. The (Fe/FeO,)@C-600 was obtained by heating
Fe,0;@PDA-2 at 600 °C for 4 h in H,/Ar with a cooling process
in air.

2.5 Characterizations

The morphologies and microstructures of the products were
investigated by field emission scanning electron microscopy
(FESEM, Zeiss Sigma) and transmission electron microscopy
(TEM, FEI F20). The crystal phases of the products were
investigated by X-ray diffraction (XRD) meter (Rigaku) with Cu
Ka radiation. The surface information of the products was
conducted by X-ray photo-electron spectroscopy (XPS, AXIS
SUPRA"). Raman spectra were obtained by a confocal Raman
spectroscopy system (X-ploRA). The magnetic properties of the
products were characterized using a vibrating sample
magnetometer (VSM, Lake Shore 7404).

2.6 Electromagnetic measurements

The (Fe/FeO,)@C/paraffin samples were made into coaxial rings
with an inner diameter of 3.0 mm and an outer diameter of
7.0 mm, the mass ratio of (Fe/FeO,)@C powders and paraffin wax
was 6:4. The electromagnetic parameters of the samples in the
frequency range of 2-18 GHz were obtained by an Agilent vector
network analyzer (N5222A) using the coaxial-line method.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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3 Results and discussion

Figure 1 displays the synthesis process of yolk-shelled
(Fe/FeO,)@C composites schematically. Briefly, the Fe,0;@PDA
composites were prepared by coating a PDA layer on the surface
of Fe,O; particles via an in-situ polymerization in the presence of
oxygen. After that, the Fe,O;@PDA precursors were heated at
700 °C for 3 h under a reducing atmosphere (H,/Ar). Dopamine
can polymerize on the surface of almost any material under weak
base condition (pH = 8.5), which is beneficial to achieve a good
uniform coating of materials and maintain the morphology after
carbonization. So it is used as a carbon source in the present case.
During the high-temperature reduction of Fe,0;@PDA
composites, the Fe,O; core was gradually reduced to Fe and began
to shrink due to the loss of O components, resulting in the unique
yolk-shell structure. Meanwhile, the PDA layer was carbonized
into an amorphous carbon shell, and cracks or holes could occur
in the thinner parts of the carbon shell due to the evaporation of
H,0. By introducing air in the cooling process, the surfaces of few
particles that are not well encased in carbon shells were re-

Nano Res. 2023, 16(8): 11084-11095

oxidized. As the PDA shell thickness increases, the cracking of
carbon shells can be reduced and the oxidation degree will
decrease. It should be pointed out that the thickness of PDA shell
cannot be arbitrarily increased by a single deposition of dopamine.
If the concentration of dopamine in the reaction solution is too
high, the dopamine will polymerize in the solution rather than on
the surface of materials. The yolk-shelled Fe@C composite was
obtained by the secondary deposition of PDA and making the
cooling process take place in a reductive atmosphere, which
provides considerable feasibility for the study of structure-activity
relationship.

The morphologies of the as-prepared Fe,O; particles were
observed by SEM, indicating the products are ellipsoids with an
average length of 2.2 um (Figs. S1(a) and S1(b) in the Electronic
Supplementary Material (ESM)). The crystal structure of Fe,O,
particles was confirmed by XRD pattern (Fig. S1(c) in the ESM),
in which all diffraction peaks belong to pure a-Fe,O; (JCPDS No.
33-0664). As shown in Figs. 2(a)-2(c), the Fe,0;@PDA
composites remain ellipsoidal after the polymerization. The
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Figure1 Schematic diagram of the synthesis process of yolk-shelled (Fe/FeO,)@C and Fe@C composites.

Figure2 SEM images of (a) Fe,0,@PDA-1, (b) Fe,0,@PDA-2, and (c) Fe,0;@PDA-3. TEM images of ((d) and (g)) Fe,O;@PDA-1, ((e) and (h)) Fe,0,@PDA-2,

and ((f) and (i)) Fe,0;@PDA-3.
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core-shell structures of the Fe,O;@PDA composites can be
identified by TEM images (Figs. 2(d)-2(f)). The typical PDA shell
thicknesses of Fe,0;@PDA-1, Fe,0;@PDA-2, and Fe,0;@PDA-3
are 41.6, 753, and 133.3 nm, respectively (Figs. 2(g)-2(i)),
indicating the PDA layer thickness can be adjusted easily by
controlling the adding amount of dopamine hydrochloride to
some degree. Because the PDA layer is amorphous, the XRD
patterns of Fe,O;@PDA composites remain as a-Fe,O; (Fig. S1(d)
in the ESM).

Figure 3 displays the morphology and composition of the as-
prepared (Fe/FeO,)@C composites. The well-maintained ellipsoid
shapes of (Fe/FeO,)@C composites were observed in Figs.
3(a)-3(c). The XRD results show all samples have strong
diffraction peaks near 44.7°, 65.0°, and 82.5°, which fit well with
the body-centered cubic Fe (JCPDS No. 06-0696) (Figs.
3(d)-3(f)). In addition, weak peaks of iron oxides are also
observed. For (Fe/FeO,)@C-1 sample, three relatively weak
diffraction peaks at 36.0°, 41.8°, and 60.5° are attributed to FeO
(JCPDS No. 06-0615) phase. For the other two samples, the
diffraction peak at 35.4° belongs to the (311) crystal plane of Fe;O,
(JCPDS No. 19-0629). The diffraction peak intensity ratio of iron
oxide to iron can reflect the oxidation degree of iron to a certain
extent. Compared to Fe and iron oxides, the XRD diffraction
intensity of carbon shell for the (Fe/FeO,)@C composites is too
weak to be observed. The existence and the graphitization degree
of carbon shells were revealed by Raman spectrum. Generally,
there are two characteristic peaks at 800-2000 cm™ in a typical
Raman spectrum, the D band (~ 1350 cm™) is caused by out-of-
plane vibrations due to the presence of lattice disorders or defects
in materials, and the G band (~ 1580 cm™) results from the in-
plane vibrations of the sp>-bonded carbon atoms in a two-
dimensional (2D) hexagonal lattice [33]. Usually, the higher I/I;
value represents the lower graphitization degree of carbon
component. As shown in Fig. S2 in the ESM, the Ijy/I; values of
(Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and (Fe/FeO,)@C-3 were 0.93,
0.91, and 0.94, confirming the carbon shells of the composites are
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mainly amorphous carbon. Elemental mappings (Fig.3(g))
indicate the yolk-shell structure, where C distributes throughout
the grain and slightly enriches at the edges, Fe is located in the
smaller area of the core area of carbon distribution, and O occurs
with almost the same shape of Fe.

TEM and high-resolution TEM (HRTEM) were used to
characterize the structures and heterogeneous interfaces of the
(Fe/FeO,)@C composites (Fig.4). Due to the different contrast
between metal and carbon, clear gaps between the carbon shells
and the magnetic cores can be observed, identifying the yolk-shell
structures of the products (Figs. 4(a)-4(c)). As the PDA layer
thickness increases, the carbon shell thicknesses also increase
gradually for the three samples, which are 38.0, 64.8, and
121.4 nm, respectively (Figs. 4(d)-4(f)). The HRTEM image of
carbon shell shows irregular stripes (Fig.4(g)), suggesting its
amorphous characteristics. The visible lattice fringes of 0.24 and
0.26 nm in Fig. 4(h) are well matched with the (111) and (310)
planes of the cubic Fe;O, and the orientation anisotropy of
different FeO, particles can also be observed. These results
demonstrate the partial oxidation of the Fe core and the existence
of Fe/FeO,, FeO,/air, and FeO,/FeO, heterogeneous interfaces.
The magnetic Fe-based heterogeneous interfaces may contribute
to the magnetic coupling and pinning effects, leading to better
magnetic loss ability and microwave absorption performances.

The surface chemical composition and valence information of
the samples were investigated by XPS spectra, and all the samples
show obvious signals of C 1s, O 1s, Fe 2p,5, and Fe 2p,;, (Fig.5
and Fig. S3 in the ESM). Specifically, the peaks at about 284.7,
531.6, 710.31, and 725.2 eV in Fig.5(a) are attributed to C 1s,
O 1s, Fe 2p,3, and Fe 2p,,, respectively. The existence of carbon-
containing function groups is confirmed by the C 1s spectra. As
shown in Fig. 5(b), the C 1s spectra can be fitted into three peaks,
the peak at 284.7 eV is related to C-C groups, and the peaks at
286.1 and 288.8 eV correspond to C-OH or C-O-C groups and
carboxyl or ester groups, respectively [34,35]. The O 1s
spectra indicates the presence of Fe;O, and adsorbed oxygen-
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Figure3 Typical SEM images of (a) (Fe/FeO,)@C-1, (b) (Fe/FeO,)@C-2, and (c) (Fe/FeO,)@C-3. XRD patterns of (d) (Fe/FeO,)@C-1, (e) (Fe/FeO,)@C-2, and (f)
(Fe/FeO,)@C-3. (g) Elemental maps of the (Fe/FeO,)@C-2 composite.
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Figure4 Typical TEM images of the as-prepared (Fe/FeO,)@C composites. ((a) and

(Fe/FeO,)@C-3. ((g) and (h)) The HRTEM images of (Fe/FeO,)@C-2.
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(d)) (Fe/FeO,)@C-1, ((b) and (e)) (Fe/FeO,)@C-2, and ((c) and (f))
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Figure5 XPS spectra of the (Fe/FeO,)@C-2 composite: (a) survey spectrum, (b) C 1s spectra, (c) O 1s peak spectra, and ((d)-(f)) Fe 2p spectra and schematics of

exposed surface structures under different sputtering times.

containing groups, where the peaks (Fig. 5(c)) located at 530.0,
531.6, and 533.9 eV belong to lattice oxygen (Fe-O), adsorbed
oxygen-containing groups, and H,O, respectively [18,34]. In
order to explore the longitudinal distribution of different Fe
valence states of the (Fe/FeO,)@C composites, XPS depth profiles
for the samples were conducted via argon ion sputtering

R EZELL
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technology. By applying appropriate sputtering intensity and time,
the sample surface can be etched to different depths to get
subsurface information. Taking the (Fe/FeO,)@C-2 composite as
an example, Figs. 5(d)-5(f) show the Fe 2p spectra and schematics
of exposed surface structures under different sputtering times.
When the sputtering time t = 0, the peaks located at around
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710.31 and 723.03 eV are attributed to the Fe 2p,, and the Fe 2p,,
spin-orbit of Fe*. Figure 5(d) shows the fitted Fe 2p spectra, in
which the peaks located at around 710.31 and 723.03 eV are
attributed to the Fe 2p;,, and the Fe 2p,,, spin-orbit of Fe** species,
and the peaks centered around 713.63 and 725.15 eV are assigned
to the Fe 2p;, configuration and the Fe 2p,,, configuration of Fe*
species (Fig. 5(d)) [35]. Although the X-ray diffraction peaks of
metallic Fe are much stronger than that of Fe;O,, the Fe’ signal is
much inferior to those of Fe* and Fe* due to the partial surface
oxidization of Fe’ and restricted detection depth of the XPS
technique [18]. When the sputtering time ¢ = 200 s, a certain
depth of carbon shell near the sample surface is destroyed,
resulting in a small amount of Fe;O, and Fe core exposed to the
detection environment, and two obvious photoelectron peaks of
Fe 2p;), and Fe 2p,;, configurations of Fe’ can be observed, which
are located at 706.9 and 720.0 eV, respectively (Fig.5(e)). As
increasing the sputtering time to 400 s, a considerable part of Fe
core is disclosed, and the characteristic peak intensity of Fe” also
increases (Fig. 5(f)). The content of Fe can be expressed by the
peak-area ratio [Sg./(Sreo + Sre+ + Sk )] [35]. By analyzing the
Fe 2p spectra of the (Fe/FeO,)@C-2 composite under different
sputtering times, it is revealed that the peaking area ratio
[Seeo / (Skeo + Sex+ + Spe+ )] increases from 0, 0.178, to 0.186 with the
increase of sputtering time. These results indicate the oxidation
degrees of the samples can be changed by adjusting the adding
amount of dopamine. It also reveals that the magnetic core is
composed of outer iron oxides and central iron, which is
consistent with XRD and TEM results.

The magnetic hysteresis loops of the (Fe/FeO,)@C composites
were tested at room temperature, which are all S-shaped with
typical ferromagnetic characteristics (Fig. S4 in the ESM). Due to
the presence of amorphous carbon and iron oxides, the final
products all possess lower M, value than that of bulk Fe
(217 emu/g) [36]. As a result, the coercivity and saturation
magnetization values are 24.5 Oe and 167 emu/g, 23.5 Oe and
158 emu/g, and 27.6 Oe and 154 emu/g, corresponding to
(Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and (Fe/FeO,)@C-3 (Table S1 in
the ESM), respectively. The M, values of the three samples show a
downward trend, which may be caused by the increasing carbon
component [22].

To investigate the MA properties of the yolk-shelled
(Fe/FeO,)@C composites, the f-dependent reflection loss (RL)
values in 2-18 GHz with given d were calculated on the basis of
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transmission line theory using Egs. (1) and (2) [37, 38]. Where Z,,
Z.» and c represent the impedance of the free space, the input
impedance of the absorber, and the speed of light, respectively

Zin - ZO
RL (dB) = 201 1
(aB) = 201 722 1)
2
Zin=Zy, | %tanh(jand‘//A,sr) (2)

Figure 6 shows the three-dimensional (3D) and 2D RL maps of
the (Fe/FeO,)@C composites. It is obvious that all samples exhibit
an advantage of multi-band microwave absorption in the
thickness range of 1.0-4.5 mm. Among them, the (Fe/FeO,)@C-2
shows the widest EAB of 7.3 GHz (10.7-18 GHz), realizing the full
coverage of Ku band, and the minimum reflection loss at
13.6 GHz is —28.9 dB under 2.0 mm. At the same thickness, the
other two samples also display good MA properties. The EABs of
(Fe/FeO,)@C-1 (11.0-17.7 GHz) and (Fe/FeO,)@C-3 (10.7-
17.4 GHz) are both up to 6.7 GHz, and the minimum reflection
losses are —21.9 and —23.8 dB, respectively.

Aiming to find out the influence of electromagnetic parameters
on the MA properties of the (Fe/FeO,)@C composites, the relative
complex permittivity (¢, =& —je”) and the relative complex
permeability (u, =y’ —ju’) of the (Fe/FeO,)@C/paraffin
composites were compared (Fig.7). The ¢" and y'represent the
storage capacities of electric energy and magnetic energy, and &”
and u" represent the attenuation capacities of electric energy and
magnetic energy, respectively [39]. The ¢'values of (Fe/FeO,)@C-
1, (Fe/FeO,)@C-2, and (Fe/FeO,)@C-3 are in the ranges of
7.96-6.07, 8.39-6.07, and 8.03-6.21, respectively, all of them
exhibit a similar trend of decrease as the frequency increases (Fig.
7(a)). This phenomenon is mainly caused by the enlargement of
hysteresis of the polarization response of the dipole relative to the
electric field variation as frequency increasing. The &’ values of
(Fe/FeO,)@C composites show little difference, demonstrating the
carbon component has little influence on the dielectric constant
within a certain thickness of the carbon layer [40]. The " values of
(Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and (Fe/FeO,)@C-3 are in the
ranges of 1.47-1.76, 2.00-1.70, and 1.26-1.53, respectively (Fig.
7(b)). Based on the free electron theory [22], ¢” ~1/(2mpfe,), p
stands for resistivity, decreasing resistivity is helpful to improve the
¢" and further contributes to dielectric loss. The conductive
network generated by the aggregation of adjacent Fe particles will
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Figure 6 Three-dimensional RL maps and two-dimensional contour RL maps for ((a) and (d)) (Fe/FeO,)@C-1, ((b) and (e)) (Fe/FeO,)@C-2, and ((c) and (f))

(Fe/FeO,)@C-3 composites.
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Figure7 Frequency dependences of (a) &} (b) &", (c) ', (d) ¢", (e) tand,, and (f) tand, of the (Fe/FeO,)@C composites.

be restrained after amorphous carbon layer coating, resulting in
diminished space charge polarization [41]. Thus, the thicker
carbon shell will weaken the polarization of space charge, leading
to the small ¢” values of (Fe/FeO,)@C-3. In addition, the
fluctuations on &” curves are attributed to multiple polarization
relaxation and conductivity in terms of Debye relaxation theory
(42, 43].

According to the equation (y; — 1)f; = 2pM/(3m) (where y; is the
relative initial permeability, y is the gyromagnetic ratio, and f; is
the cut-off frequency), materials with a larger M, usually have a
higher u' value [44]. The u' values of (Fe/FeO,)@C-1 are slightly
higher than (Fe/FeO,)@C-2 and (Fe/FeO,)@C-3, which are in the
ranges of 1.61-1.17, 1.60-1.14, and 1.61-1.12, respectively (Fig.
7(c)). This can be attributed to the higher M of (Fe/FeO,)@C-1.
All of them decrease with the increasing of frequency in the range
of 2-18 GHz. In common cases, the 4" values usually decrease as
the frequency increases, especially in high frequencies [22,41,
44-49]. On the contrary, the p" values of the as-prepared
composites in this case all show an increasing trend in 2-18 GHz,
which are in the ranges of 0.21-0.33, 0.21-0.36, and 0.25-0.38,
respectively (Fig.7(d)). The (Fe/FeO,)@C-3 shows higher u”
values than (Fe/FeO,)@C-2 and (Fe/FeO,)@C-1, which can be
attributed to the decrease of oxidation degree. In addition,
intrinsic damping, surface effects, and interactions between the
particles also have an impact on the p”value [50]. This
incremental change of 4" may be caused by a movement of
resonance frequency towards higher frequency because of the
enhanced anisotropic field induced by the introduction of
Fe/oxides heterointerfaces, and that will be discussed in the later
part.

To better understand the MA mechanism of the (Fe/FeO,)@C
composites, the dielectric loss tangent (tand, = ¢"/¢) and magnetic
loss tangent (tand, = u"/u’) were calculated, which respectively
determine the ability of dielectric loss and magnetic loss [48]. The
tand, values of (Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and (Fe/FeO,)@C-
3 are in the ranges of 0.20-0.29, 0.24-0.29, and 0.17-0.24, and
their tand, values are in the ranges of 0.13-0.27, 0.13-0.31, and
0.16-0.34, respectively (Figs. 7(e) and 7(f)). Usually, the dielectric
loss mechanisms of absorbing materials include conductive loss
and polarization loss, the latter mainly comes from dipole
orientation polarization and interfacial polarization in 2-18 GHz
[51, 52]. In this work, the defects in amorphous carbon shells and

% £ % i
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grain boundaries between Fe and oxides can generate dipole
polarization acting as polarized centers under external
electromagnetic field [22,25]. Moreover, the charge-carriers
accumulated on Fe/oxides, oxides/void, and carbon shell/air
heterointerfaces will induce intensive interface polarization and
dielectric relaxation on the basis of Maxwell-Wagner relaxation
effect, thus improving dielectric loss ability and further enhancing
the microwave absorption performance [53,54]. The u"(u)?f*
values of the (Fe/FeO,)@C composites cannot keep a constant as
the frequency changes (Fig.S5(a) in the ESM), demonstrating
natural resonance and exchange resonance are the main sources of
magnetic loss resulting from magnetic coupling interaction,
pinning effect, and spin wave excitation [55, 56].

Excellent impedance matching and high attenuation ability are
of great significance for high-performance MAMs. The
attenuation constant (&) and the impedance matching coefficient
(Z) can be expressed as follows [57, 58]

yle/) + \/([4”8” —!4/5/)2 + (‘u/e// +H”£/)Z

(3)
_|Zn| | [ a2
Z—‘ZO —‘ srtanh<] . */P‘;E,)‘ (4)
The o values of (Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and

(Fe/FeO,)@C-3 are in the ranges of 25-280, 28-299, and 25-283,
respectively (Fig. S5(b) in the ESM), indicating (Fe/FeO,)@C-2
owns higher attenuation ability. The Z values of (Fe/FeO,)@C-1,
(Fe/FeO,)@C-2, and (Fe/FeO,)@C-3 are in the ranges of
0.14-1.22, 0.14-1.13, and 0.14-1.18, respectively (Fig. S5(c) in the
ESM). Generally, closer of impedance matching coefficient is to 1,
more electromagnetic waves can enter the absorbing material. The
Z values of the three samples in 2-18 GHz increase first and then
decrease as the frequency increases with a turning point around
12 GHz. The maximum Z value of (Fe/FeO,)@C-2 is lower than
(Fe/FeO,)@C-1 and (Fe/FeO,)@C-3, showing better impedance
matching. Therefore, a better MA property of the (Fe/FeO,)@C-2
composite is reasonable.

In order to explore the effect of heterogeneous Fe/Fe;O,
interfaces on MA performances, the Fe@C composite was
prepared using Fe,0;@PDA-4 (Fig. S6 in the ESM) as precursors.
The morphology, structure, and phase composition of the Fe@C
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composite were also investigated (Fig.8). The SEM and TEM
images (Figs. 8(a) and 8(b)) of Fe@C composite show the
yolk—shell structure with a carbon shell thickness of 97.2 nm. The
XRD pattern confirms that the Fe@C composite has no obvious
diffraction peak of iron oxides except cubic phase Fe (Fig. 8(c)),
and the presence of carbon component was proved using Raman
spectroscopy (Fig. S7(a) in the ESM). The magnetic hysteresis loop
of the Fe@C composite shows typical ferromagnetic characteristics
with a large saturation magnetization of 177 emu/g and a low
coercivity of 22.1 Oe (Fig.S7(b) in the ESM). The saturation
magnetization of iron is higher than that of iron oxides, thus the
iron content will affect the saturation magnetization. The higher
iron content of the Fe@C sample results its larger saturation
magnetization. In addition, the Fe/FeO, interfaces in (Fe/FeO,)@C
composites play a pinning effect by hindering the rotation of the
spins in the Fe core via exchange coupling effect, and a larger
coercivity is needed to overcome this resistance. Thus, the
coercivities of the (Fe/FeO,)@C composites were larger than
Fe@C.

The RL values and electromagnetic parameters of the
(Fe/FeO,)@C-2 composite and Fe@C composite were compared.
For the Fe@C composite under 2 mm, the optimal EAB is
5.7 GHz, which is much smaller than (Fe/FeO,)@C-2 (Figs. 8(d)
and 8(e)). According to the quarter-wavelength cancellation
model, the maximum RL value is achieved when the matching
thickness (t,,) and the matching frequency (f,,) satisfy the equation

tm:n/\/4:nc/(4fm\/|;4|\e|) (n =1, 3, 5..), where c is the
velocity of light [30]. Figures S8(a) and S8(b) in the ESM show the
dependence of t,, and RL values on f,, for (Fe/FeO,)@C-2 and
Fe@C composites at the wavelength of A/4. Because the |u||¢]
values of Fe@C are higher than that of (Fe/FeO,)@C-2 in the
whole tested frequency range of 2-18 GHz (Fig.S8(c) in the
ESM), the minimum RL of Fe@C composite at 2 mm thickness is

11091

shifted to a lower frequency. The ¢’ and ¢” values of the Fe@C
composite are in the ranges of 8.61-7.61 and 0.88-1.94 (Fig. 8(f)).
The ¢'values of the Fe@C composite are higher than (Fe/FeO,)@C-
2 in the whole testing frequency band due to its higher proportion
of carbon. However, the ¢” values of (Fe/FeO,)@C-2 are higher
than Fe@C in 2-18 GHz.

The Cole-Cole curves of the (Fe/FeO,)@C and Fe@C
composites have been further investigated to analyze the
contribution of &."and ¢,"to dielectric loss. For all samples, iron is
the main chemical component, resulting in low overall resistivities
and contributing to establish a good conductive network, thus the
values of ¢ "are significantly greater than that of &, (Figs. S9(a)
and S9(b) in the ESM). The average eand e,"values of
(Fe/FeO,)@C-1, (Fe/FeO,)@C-2, and (Fe/FeO,)@C-3 all are
higher than Fe@C (Figs. S9(c) and S9(d)), demonstrating the finite
oxidation strategy can effectively improve the dielectric loss of
Fe@C composite by improving both conductive loss and
polarization loss. By introducing a small amount of surface iron
oxides via the finite oxidation process, the differences in Fermi
energy and dielectric constant of iron and iron oxides will generate
Schottky barrier to form space-charge regions and electric fields,
which greatly promotes the hopping of positive and negative
charges across the Fe/FeO, heterointerfaces, thus strengthening
conduction loss (Fig. S9(c) in the ESM) [59]. Meanwhile, a large
number of lattice defects in the Fe/FeO, heterointerfaces will
induce the accumulation or rearrangement of spatial charges and
provide abundant active sites for dipole polarization. In addition,
the Fe/FeO, and FeO,/C heterointerfaces also generate
polarizations and capacitor-like structures, and further enhance
interface polarization loss. Thus, the polarization losses of the
(Fe/FeO,)@C composites are significantly improved (Fig. S9(d) in
the ESM). These results demonstrate this finite oxidation strategy
can effectively improve the dielectric loss of Fe@C composite by
improving both conductive loss and polarization loss (Fig. 8(g)).
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Figure8 (a) SEM image, (b) TEM image, and (c) XRD pattern of the Fe@C composites. The RL curves of (d) (Fe/FeO,)@C-2 and (e) Fe@C composites. The
frequency dependence of (f) &, (g) tand,, (h) y, and (i) tand, of Fe@C composites, for comparison, the corresponding values of (Fe/FeO,)@C-2 are also shown in these

figures.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



11092

The y"and p" values of the Fe@C composite are in the ranges of
1.61-0.99 and 0.22-0.37 (Fig.8(h)). The u' values of Fe@C are
smaller than (Fe/FeO,)@C-2 (Fig. 8(h)), which may be caused by
the pinning effect of lattice defects in Fe/Fe;O, heterogeneous
interfaces and magnetic coupling effect between Fe and Fe;O,,
leading to decreased domain wall displacement and improved
stray magnetic field energy [60]. The u" curve of Fe@C shows
some fluctuations, which may be caused by natural resonance and
exchange resonance resulting from magnetic coupling interaction,
pinning effect, and spin wave excitation. According to the
following equation [22,47,61]: 3nf, = y|H,, where y is the spin-
magnetic ratio, the natural resonance frequency f, will shift to
higher frequency region as the H, increases. In this work, the y"
value of (Fe/FeO,)@C-2 has no downtrend with the increasing
frequency in the high frequency range, as well as (Fe/FeO,)@C-1
and (Fe/FeO,)@C-3, which can be regarded as a movement of
resonance frequency towards higher frequency due to their larger
coercivity than Fe@C, resulting in higher y" values and magnetic
loss tangent values at high frequencies (Fig. 8(i)). In addition, the
(Fe/FeO,)@C-2 composite has higher « values and better
impedance matching than Fe@C (Fig.S10 in the ESM). These
results demonstrate that the introduction of heterogeneous
Fe/Fe;0, interface can adjust the ¢ and y, of the composites to
meet a good balance by increasing polarization relaxation and
promoting the shift of resonance frequency to higher frequencies.

To further explore the influences of chemical component and
Fe/FeO, heterointerfaces on the improvement of y", the Fe/FeO,
and (Fe/FeO,)@C-600 composites were prepared by controlling
the experimental condition. As shown in Figs. S11(a) and S11(b)
in the ESM, the Fe/FeO, particles fuse with each other due to the
lack of carbon sequestration and the (Fe/FeO,)@C-600 composite
remains a complete yolk-shell structure. The XRD patterns of
Fe/FeO, and (Fe/FeO,)@C-600 both show obvious diffraction
peaks of Fe;O, other than Fe, indicating the presence of Fe/FeO,
heterointerfaces and the higher oxidation degree of Fe/FeO, (Fig.
S11(c) in the ESM). The electromagnetic parameters and RL
values of Fe/FeO, and (Fe/FeO,)@C-600 composites were also
investigated (Figs. S11(d)-S11(h) in the ESM). For Fe/FeO,, both
of the ¢"and ¢" values are smaller than (Fe/FeO,)@C-2, which may
be caused by the removal of carbon components. Due to the
fusion of tens of micro-sized Fe/FeO, particles, a giant cross-
linked conductive network was formed, thus inducing strong eddy
current and skin effect. Under the alternating magnetic field, the
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current will concentrate on the surface of Fe/FeO,, resulting in the
partial invalidation of internal magnetic field and the y'and
" values of Fe/FeO, decline rapidly as the frequency increases. As
a result, the Fe/FeO, composite shows poor MA performances.
Compared to (Fe/FeO,)@C-2, the ¢'and ¢" values of (Fe/FeO,)@C-
600 both decrease significantly, but the ¢"and y" values show small
differences. Especially, the 4" value of (Fe/FeO,)@C-600 still keeps
a high value in 10-18 GHz without decline, demonstrating the
introduction of a small amount of iron oxides can really improve
the imaginary part of the permeability at high frequencies.
However, the EAB of (Fe/FeO,)@C-600 is smaller than that of
(Fe/FeO,)@C-2, which may attribute to the weak dielectric loss
and poor impedance matching caused by the decreased
permittivity. Thus, a proper reduction temperature is important
for achieving good impedance matching and MA properties.

The MA mechanisms of the yolk-shelled (Fe/FeO,)@C
composites are summarized as shown in Fig. 9. Firstly, the
yolk-shell structure greatly improves the impedance matching by
introducing large air space in the composite, which makes more
microwaves enter the absorbing materials easier. And it also
extends the propagation path and time of microwaves in
absorbing materials by enhancing multiple reflections and
scattering, and ultimately promotes the attenuation of incident
microwaves [62]. Secondly, the space charges, lattice defects,
surface functional groups of amorphous carbon shells, and
heterogeneous interfaces of Fe/FeO,, inside air/carbon shell,
FeO,/inside air, and carbon shell/air & paraffin can be seen as
“genes” and play a great “gene effect” in dielectric loss [63, 64]. On
the one hand, the difference in the Fermi level (E;) between FeO,
and Fe will lead to built-in electric fields and space-charge regions
at the interfaces, which contribute to the electro transport and the
spatial micro-current fields, thus increasing conduction loss [20].
On the other hand, the rich defects in amorphous carbon shells
and magnetic heterointerfaces can act as polarized centers to
promote dipole polarization. Meanwhile, the abundant
heterointerfaces will induce the accumulation of charge carriers,
which contributes to increase polarization relaxation and provide
a strong dielectric loss capability. The most importantly, the
introduction of FeO, is beneficial for the shift of resonance
frequency to higher frequency due to its high surface anisotropy
and the Fe/FeO, interfaces also play an importance role in pinning
effect and magnetic coupling, thus leading to better magnetic loss
ability and excellent MA performance.
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4 Conclusions

In summary, in order to explore the effect of partial surface
oxidation of iron particles on their MA properties, yolk-shelled
(Fe/FeO,)@C composites have been successfully prepared via a
finite oxidation strategy. It is concluded that the performance
enhancements are attributed to the accelerated electro transport
and the build of spatial micro-current fields by the difference in
the Eg between FeO, and Fe, the increased dipole polarization and
interface polarization by the rich defects in the composite, and the
improved permeability by the movement of resonance frequency
towards the higher frequency range. Meanwhile, the yolk-shell
structure can effectively improve impedance matching and
enhance microwave absorption performances via increasing
multiple reflection and scattering behaviors of incident
microwaves. The (Fe/FeO,)@C-2 composites with partial surface
oxidized iron cores show the best performance, the minimum
reflection loss is —28.9 dB at 13.6 GHz, and the EAB can reach
7.3 GHz (10.7-18 GHz) at 2.0 mm. This work provides a new
insight into the development of ferromagnetic/carbon materials
with broad-band effective absorption at a small thickness.
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