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Strawberry-like Co/C/Fe/C core-shell hierarchical flowers (CSHFs) consisting of separated Fe/C
nanoparticles (NPs) anchoring on a Co HF surface were prepared by decomposing Fe(CO)s in the
presence of Co HFs. Changing the decomposition temperature (T4) and Fe(CO)s volume (6) could also
facilely modulate the phase structure, surface morphology and composition of the products. The low T4
and small ¢ helped form Co/C/Fe/C CSHFs with a strawberry-like plasmon surface. The diameter and
interparticle spacing-dependent electromagnetic properties were investigated at 2-18 GHz. The
interparticle-spacing-to-diameter ratio determines the plasmon resonance and coupling. The
permittivity and permeability enhanced by strong plasmon resonance were exhibited by Co/C/Fe/C
CSHFs formed at 6 = 3-4 mL with the interparticle-spacing-to-diameter ratio of 1.36-0.76. The
collective oscillation of the conduction band electrons and near field on the Co/C and Fe/C surfaces
generated a surface plasmon resonance and coupling, which were responsible for significantly enhanced
permittivity and permeability with negative values. In view of the synergistic effect of the enhanced
permittivity and permeability, dual dielectric relaxations, dual magnetic resonances, high attenuation and
good impedance matching, Co/C/Fe/C CSHFs with particle size of 110 + 20-380 + 100 nm and
interparticle spacing of 150 + 50 nm were excellent absorbers that feature strong absorption, broad
bandwidth and light weight. An optimal reflection loss (R) of —45.06 was found at 17.92 GHz for an
absorber thickness of 1.6 mm, and the frequency range (R, = —20 dB, 99% absorption) was over 2-18
GHz. Our findings demonstrated that optimally designed plasmonic heterostructures must be fabricated
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following strategies have been applied: (1) designing and
preparing porous/hollow materials for microwave absorp-

1. Introduction

The widespread use of electrical and electronic devices has
motivated researchers to exploit new microwave absorption
materials (MAMs) to address the ever-increasing electromag-
netic (EM) radiation pollution. Given their advantages, such as
abundant reserves, low cost, high saturation magnetization (M;)
and high permeability, soft magnetic metals (e.g., Fe, Co, Ni and
their alloys) are candidates for microwave devices.'”> However,
their high density hinders their applications as lightweight and
broadband absorbers. To reduce the weight of MAMs, the
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tion;**° (2) selecting low-density materials (e.g., graphene,'"*>
expanded graphite (EG),”* CNTs'*"” and carbon-based
composites'®) as absorbers; (3) decreasing the filling mass/
volume fraction of absorbers in a matrix by enhancing permit-
tivity (e, = ¢ — jé¢”) and permeability (u, = p' —ju").* According
to the equation t, = nA/4 = nc/(4fm/ |u:||er] ),**** high levels
of permeability and permittivity are critical in achieving thin
and light MAMs. As such, considerable efforts have been
directed toward improving permittivity and permeability.
Permittivity can be significantly improved by constructing
hybrids or composites for multi-interfaces, which forms an
electric network,*® enhances shape anisotropy**** or generates

2
plasmon resonance.* Snoek's law, (u, — 1)f; = 37 ATM,"?

where v is the gyromagnetic ratio, indicates that the static
permeability (us) and resonance frequency (f;) of magnetic
absorbents cannot increase simultaneously due to low M.

This journal is © The Royal Society of Chemistry 2019
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Several measures, including enhancing M,*® restricting eddy
current effects,”* adjusting the anisotropic field**** or intro-
ducing an additional geometric field,”® can be adopted to
enhance permeability. However, extensive adjustments of
permeability remain challenging on account of Snoek's limit.

In recent years, plasmonic metal nanostructures have
become a hot topic in various fields due to their unique optical,
photothermal, photoelectromagnetic and photoacoustic prop-
erties, which are ideal for potential applications in electronic
and photonic devices.***® When conduction band electrons
inside metals collectively oscillate, the plasmon resonance
generates strong optical absorption, scattering and EM plas-
mon field, which strongly depends on the size, shape, distri-
bution, electronic charge and dielectric environment of the
metal particles. Although excellent progress has been achieved
in the study of metals (e.g., Au, Ag, Cu and Al) and their plasmon
resonance optical responses in the ultraviolet, visible and near-
infrared regions,***” few studies have explored the plasmon-
resonance-enhanced microwave EM and absorbing perfor-
mances in microwave frequency ranges of magnetic metals
(such as Co, Ni and Fe).

Our recent studies have found that Fe;O, nanorings (NRs)*
and EG/Fe;O0, NR composites™ exhibit distinctly enhanced
permittivity and permeability at 2-18 GHz due to plasmon
resonance. The enhancement effect strongly depends on NR
size, distribution and content. These findings have motivated
our subsequent studies on magnetic metals (e.g., Co, Ni and Fe),
which are expected to be designed as new plasmon-resonance
microwave absorbers to overcome the limitation of Snoek's
law for the following reasons. (1) Their high conductivity favors
the formation of free charge density waves on the metal surface.
These waves can interact with the incident EM wave to generate
surface plasmon resonance (SPR). (2) Strong electrical and
magnetic coupling can be generated between pairs of Fe/C NPs
and between Fe/C NPs and Co HFs, leading to an enhanced EM
field. (3) The combination of Co and C is ideal for the enhanced
impedance matching of the absorber and for a broader band-
width. (4) According to the equation u” = M,/3uoHxe,"
combining Co with Fe can realize a high M, and can enhance
permeability.”” To date, Co-based composites, such as CNTs/
Co@C,* Co@C,*® Co/CoO nanofibers,* FeCo/graphene,* FeCo/
C composites,” FeCo/C nanofibers,*® FeCo microspheres,*
CosFe,;/C microspheres,®® FeCo nanoparticle/nano porous
carbon,** FeCo nanochains* and Co,Fe; and Co,Fe;@SiO,
nanospheres," have been synthesized via electrospinning, facial
wet-chemical route, solvothermal method, arc-discharge tech-
nique and liquid-phase reduction. However, few studies have
investigated the synthesis and EM performance of Co/C/Fe/C
core-shell hierarchical flowers (CSHFs) with a strawberry-like
surface. Moreover, the potential of Co/C/Fe/C CSHFs with
strawberry-like surface as surface plasmons (SPs) to enhance
permeability and permittivity at 2-18 GHz remains unclear.

Inspired by our previous study, we synthesized a composite
of Fe/C nanoparticles (NPs) with tunable sizes and gaps
anchored on the Co HF surface through a facile hydrothermal-
chemical vapor decomposition (CVD) route. Benefitting from
the synergy of plasmon resonance and coupling, our original
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findings demonstrated that the ¢/, ¢, u’ and yu” values of the
strawberry-like Co/C/Fe/C CSHFs were higher by 0.2-5.2,
24 489.9-1100.0, 0.63-1.2 and 0.26-31.35 times, respectively,
than those of pure Co HFs. The effects of the diameter and
interparticle spacing of Fe/C NPs on permittivity and perme-
ability were examined. In addition, the enhancement mecha-
nism of microwave absorption was illustrated.

2. Experimental section
2.1 Synthesis

All chemical reagents used were of analytical grade and were
used as received without any further purification.

The synthesis of Co/C/Fe/C CSHFs involved two steps. In the
first step, Co hierarchical flowers (HFs) were synthesized via
a facile hydrothermal method in the presence of CoCl,-6H,0,
NaOH, water and hydrazine hydrate (N,H,-H,0).** The second
step was a CVD route for Co/C/Fe/C CSHFs. Briefly, 3.0 mL of
Fe(CO)s and 0.5 g of Co HFs loaded with a 1.2 cm x 9.0 cm X
1.0 cm ceramic vessel, respectively, were placed into a hori-
zontal pipe furnace. Under Ar, the furnace temperature was
elevated from room temperature to 250 °C in 30 min and then
was maintained for 2 h. Finally, the system was cooled slowly to
room temperature under Ar and a black solid product was
deposited at the bottom of the vessel, indicating the formation
of Co/C/Fe/C CSHFs. The morphological and structural modu-
lations of the products were easily achieved by changing
Fe(CO)s volume (6 = 1 mL, 2 mL, 3 mL, 4 mL and 6 mL) and
decomposition temperature (T4 = 250, 300, 400 and 500 °C).

2.2 Characterization

The surface morphology and microstructure of the samples
were examined on a Hitachi S-4800 field-emission scanning
electron microscope (FE-SEM, 5 kV), JEM-2100F high
resolution-transmission electron microscope (HR-TEM, 200 kV)
and the corresponding selected-area electron diffraction
(SAED), respectively. The element components of the samples
were determined by a Horiba EX-250 energy dispersive X-ray
spectrometer (EDX). The phase structure of the samples was
analyzed from 10° to 90° on a D/MAX-IIIA X-ray diffraction
(XRD) using Cu Ko radiation (A = 0.15406 nm, 10° min~").
Raman spectra were recorded on a Renishaw RM10000 Raman
spectrometer to analyze the crystallization of carbon. Surface
analysis of samples was performed using an ESCALAB 250Xi X-
ray photoelectron spectrometer.

2.3 Performance measurement

A Model 7404 vibrating sample magnetometer (VSM, Lake-
Shore, USA) was used to measure the static magnetic perfor-
mances of the samples at room temperature.

For the fabrication of cylindrical toroidal samples used for
EM parameter test, Co/C/Fe/C CSHFs were uniformly dispersed
in paraffin (mass fraction of 25-40%) and then the mixtures
were pressed into the cylindrical toroidal samples with inner
diameter of 3.04 mm, outer diameter of 7.0 mm and a thickness
of ca. 3.5 mm. From the coaxial line method, an Agilent N5230A

RSC Adv., 2019, 9, 22644-22655 | 22645


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04988f

Open Access Article. Published on 22 July 2019. Downloaded on 6/12/2026 10:01:49 PM.

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

(cc)

RSC Advances

vector network analyzer was applied to test the relative complex
permeability (e, = ¢ — j¢”) and permittivity (u, = w' — ju”) of the
sample-wax composites at 2-18 GHz.

3. Results and discussion

3.1 Synthesis and characterization of the typical samples

Co/C/Fe/C CSHFs were synthesized by CVD of Fe(CO)s in the
presence of Co HFs at 250-500 °C for 2 h under Ar. Scheme 1
presents the synthesis procedure of the Co/C/Fe/C CSHEFs,
which involves two major steps. The first step is the hydro-
thermal synthesis of Co HFs at 140 °C for 2 h. The detailed
formation mechanism of this process has been described in our
previous work.*® The SEM images show that the Co HFs have
a smooth surface and consist of several leaf-like flakes that are
100 nm thick (Fig. S1t). These flakes expand from the same
centre and assemble into a flower-like architecture about 6 um
in diameter (Fig. S17). The second step is the CVD for forming
Co/C/Fe/C CSHFs, and the involved chemical reactions are as
follows:

Fe(CO),(g) 2 Fe| + 5CO(g) 1 1)
2C0(g) F-A? C(s) + COy(g) 1 2)

First, Ar carrier gas with gaseous Fe(CO)s is flowed into the
reaction zone, and gaseous Fe(CO); is adsorbed on the CO HF
surface. Then, the pyrolysis of Fe(CO)s produces numerous Fe
nanocrystals and CO on the Co HF surface (reaction (1)). Finally,
under the catalytic roles of Fe and Co (reaction (2)), CO further
decomposes and produces C films on the Fe and Co surfaces as
CO, is produced, leading to the formation of Co/C/Fe/C CSHFs.

The typical products generated at Tq = 250 °C via CVD still
keep the hierarchically flower-like configuration (Fig. 1a and b)
but rough surface. Surface SEM observation shows that
numerous separated nanoparticles (NPs) with the size of 110 +
20 nm are uniformly anchored on Co HF surface; these NPs are
parted from one another; the interparticle spacing is 150 +
90 nm. This structure looks like the surface of strawberry and
thus is defined as strawberry-like heterostructure here (Fig. 1c).
TEM analysis in Fig. 1d further reveals that numerous NPs are
evenly distributed over Co HF surface with a narrow

CVD of Fe(CO); in
the present of Co HFs
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for Co HFs
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Scheme 1 Self-assembly of Co/C/Fe/C CSHFs.
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Fig.1 (a—c) Low magnified and high magnified SEM images, (d and e)
TEM images, (f) SAED pattern, and (g) EDX spectrum and (insets in (g))
mapping analysis of the typical products obtained via thermal
decomposition of 3 mL Fe(CO)s at 250 °C for 2 h.

distribution in average size of 110 £ 20 nm. In the high-
magnified TEM image of Fig. 1e and 3-5 nm C shell coats on
the surfaces of Fe NP and Co HF uniformly. The clear and strong
spots in the SAED pattern (Fig. 1f) confirm the single crystal
nature of Co and the weak diffraction rings as narrow marked
come from the polycrystalline Fe NPs. The above results indi-
cate the formation of Co/C/Fe/C CSHFs. EDX analysis (Fig. 1g)
determines the presence of C, Co and Fe elements; the atomic
ratio of Co and Fe elements is about 51.69; and Fe and Co
elements are distributed over the hierarchical flower (insets in
Fig. 1g). These data suggest that the resultant products after
CVD are mainly composed of Co/C/Fe/C CSHFs.

3.2 Modulation over the diameter and interparticle spacing
of Fe/C NPs

To adjust the diameter and interparticle spacing of Fe/C NPs in
Co/C/Fe/C CSHFs, we systematically investigated é and T4. Low-
power SEM images in Fig. S27 reveal that the samples obtained
at various ¢ still keep the hierarchically flower-like shape
(Fig. S21); in the high-power SEM images (Fig. 2a-f), a lot of Fe/C
NPs are homogenously embedded on the shells of Co/C/Fe/C
CSHFs to form a strawberry-like surface. The diameter and
interparticle spacing of Fe/C NPs in Co/C/Fe/C CSHFs can be

Coating C film on
Fe and Co surface

on Co HF

Fe(CO)s(g) <--------
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Fig.2 SEM images of the samples obtained at 250 °C with various ¢ of (a

and b) 2 mL, (cand d) 4 mL and (e and f) 6 mL. (g) Element composition

as a function of ¢. (h and i) XRD patterns of the samples obtained under various 4.

adjusted via varying ¢ from 2 mL to 6 mL (Fig. 2a—f). Fe/C NPs
are aggregates of numerous small nanocrystallites. At 6 = 2
(Fig. 2a and b), 3 (Fig. 1c), 4 (Fig. 2c and d) and 6 mL (Fig. 2e and
f), the Fe/C NPs display average diameters of 90 + 10, 110 =+ 20,
195 £ 40 and 380 + 100 nm, respectively and the interparticle
spacing between Fe/C NPs is approximately 240 + 130, 150 £ 90,
148 + 30, and 145 £ 50 nm, respectively. The reason for such
changes is that the high concentration of Fe(CO)s formed at
large ¢ induces the high nucleation and growth rates of Fe,
giving rise to an increased diameter. In addition to the diameter
and interparticle spacing of Fe/C NPs, controlling ¢ can adjust
the components of the Co/C/Fe/C CSHFs. EDX analysis reveals
that when Ty is kept constant (250 °C) and 6 is varied from 0 mL
to 6 mL, the Co content decreases from 100% to 60.07%, the C
content increases from 0% to 30% and the Fe content increases
from 0% to 9.93% (Fig. 2g and S37).

The XRD was further used to confirm the phase structure of
the samples, as shown in Fig. 2h and i. The samples obtained at
Tq = 250 °C with various ¢ exhibit the similar diffraction peaks.
Hereinto, five peaks denoted by % at 41.68°, 44.76°, 47.57°,
62.73° and 75.94° can well match with the (100), (002), (101),
(102) and (110) crystal planes of the hexagonal close-packed
(HCP) Co metal (space group P6;/mmc1(194); a = 2.503 A, ¢ =
4.060 A; JCPDS no. 05-0727). The two peaks denoted by V at
44.76° and 65.0° are related to the (110) and (200) crystal planes
of the body-centred cubic (BCC) Fe [Im3m (229), JCPDS 65-4899].
As shown in Fig. 2i, the peak corresponding to the (110) facet of
cubic Fe gradually increases with ¢ varying from 4 mL to 6 mL
due to the increased Fe content. C leaves no trace in all samples.

This journal is © The Royal Society of Chemistry 2019

In general, the utilized X-ray diffractometer can only detect
phases that are =1.5%. According to EDX data (Fig. 2g), these
phenomena are due to the amorphous C with low crystallinity
rather than low content. The preceding EDX and subsequent
XPS analyses confirm the existence of Fe’. However, no signif-
icant diffraction peaks associated with Fe® are detected at 6 = 1-
3 mL due to the low Fe content, the amorphous structure and
the very close peak position of the Co peak at 44.76° to the Fe
peak at 44.66° (Fig. 2i). As such, the Co peaks at 44.76° broaden
and shift to a low degree (Fig. 2i). The EDX, XRD and subse-
quent XPS (Fig. 3) data suggest that all samples formed at 250 °C
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Fig.3 XPS spectra of the typical samples obtained at 250 °C: (a) survey
spectra, deconvolution of (b) O 1s, (c) C 1s, (d) Co 2p, and (e) Fe 2p.
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with various ¢ are composed of HCP Co, BCC Fe and amorphous
C.

XPS provides information on the surface state and elemental
composition of the most external surface (below 10 nm thick-
ness) of the typical samples, as shown in Fig. 3. The binding
energies of all elements are calibrated with the binding energy
of C 1s (284.8 eV). In the full spectra (Fig. 3a), four elements (Fe,
Co, O, and C) are detected in all samples. The peaks centred at
59.4,102.0, 713.0 and 781.3 eV corresponded to Co 3p, Fe 3p, Fe
2p and Co 2p.*”” The other peaks at 284.0 and 531.5 eV are
attributed to C 1s and O 1s, respectively. With regard to O, the
measured O 1s spectra exhibit two fitting curves (Fig. 3b). The
peak at 529 eV can be assigned to lattice oxygen ions O, which
confirms the presence of Co- and Fe-based oxides on the surface
of the samples with 4-10 nm thickness. The other peak at
531 eV originated from the contribution of surface oxygen,
including the absorbed oxygen species as hydroxyl, carbonate
groups, etc.*® In Fig. 3c, the C 1s signal in all samples shows an
asymmetric tailing partially due to the intrinsic asymmetry of
the graphite peak and oxygen surface complexes.*® The
measured peaks are fitted with two curves, which correspond to
the following functional groups: C-C (284.8 eV) and C=O
carboxyl group (288.8 eV). The 80-90% peak area of the C 1s
peak originate from the contribution of C-C (284.8 eV), which
corresponds to graphite. The C layer in the products formed at
250 °C mainly contain the functional groups of C-C (284.8 eV)
and C=0 carboxyl group (289 eV). In Fig. 3d, the Co 2p spectra
are resolved into 6-7 peaks. The peaks at 781.0 and 778.5 eV are
designated to Co%* and those at 780.1, 782.3, 785.3 and
788.2 eV are ascribed to Co;0,4.*° As shown in Fig. 3e, the Fe 2p
spectra can be fitted into six curves. Among them, the two peaks
at 719.0 and 707.1 eV are attributed to Fe®** the two peaks at
711.6-713.0 and 726.0 eV are ascribed to Fe*',*> and the two
peaks at 710.5 and 724.0 eV are characteristic peaks of Fe>*.*
Both the Fe*" and Fe®" species confirm the existence of oxides
on the surface.

Raman spectroscopy is a noninvasive technique, which is
used to characterize the surface structural and electronic
properties of Co HFs and Co/C/Fe/C CSHFs. As shown in Fig. 4,

Relative intensity (a.u.)

1000 1500
. -1
Raman shift (cm™)

500

Fig. 4 Raman spectra of the samples obtained under various é.
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several strong characteristic scattering peaks are found for Co
HFs at around 200-750 cm™'. These peaks correspond to the
five Raman-active modes (F,q, Eg, Fég, and A;g) of Coz0,,**
indicating the present of Co;0, on Co HF surface. Meanwhile,
the strong peaks confirm that the localized surface plasmon
(LSPR) generates in the interface of Co and Co3;0, at around
200-750 cm ™. In this nonradiative process, plasmon resonance
energy from the metal nanostructures contained in the local-
ized plasmonic oscillations is transferred to the semiconductor,
which enables scattering and absorption of light.*® These scat-
tering peaks are still observed in Co/C/Fe/C CSHFs with low
intensity, indicating very small amounts of Co;0, layer on Co
HF surface. Based on the forementioned XPS data, the peak
shift and the appearance of new peaks may be associated with
some iron oxides (Fig. 3d). The Raman spectra of C shell in Co/
C/Fe/C CSHFs show two peaks, the stretching G mode
(1598 cm™ ') and the D mode (1338 cm ™), which come from
first-order Raman scattering and are usually assigned to zone
center phonons of E,; symmetry and K-point phonons of A,
symmetry, respectively.’”*' The D band reflects the structural
defects and disorders within carbon, whereas the G band results
from the planar vibrations of the highly oriented sp> hexagonal
graphite carbon. Therefore, the intensity of D band and G band
is determined by the contents of disordered carbon and ordered
graphitic carbon, respectively. The D and G peaks are signifi-
cantly increased at 6 = 3-4 mL. The enhanced Raman spec-
troscopy is generally related to the peculiar dispersion of the
electrons in graphite carbon, not only of their vibrations.”” The
collective oscillations of 7t electrons generate the plasmon
resonances and plasmon absorption.*** In general, the inten-
sity ratio of G to D peaks (Is/Ip) is used to express the graphi-
tization degree of carbon. The larger I;/I, value represents the
higher graphitization degree of carbon. In Fig. 4, a similar
intensity of the order-induced G band (1598 cm™ ') is observed
relative to that of the D band (1338 cm™") for the Co/C/Fe/C
CSHFs with peak intensity ratios (Ig/Ip) in the range 0.86 < I/
I < 1.06. This indicates that the C shell in Co/C/Fe/C CSHFs
have the low graphitization degree, matching very well with the
TEM and XRD data (Fig. 1e and 2h). Our data demonstrate that
Co030, layer and C shell can induce the LSPR in Co/C/Fe/C
CSHFs at 200-750 cm™ ' and 1338-1598 cm ™, respectively.
The T4 affects Co/C/Fe/C CSHFs in the following three
aspects: the first aspect is to adjust the diameter and interpar-
ticle spacing of Fe/C NPs in Co/C/Fe/C CSHFs. The samples
consist of hierarchical flowers with a strawberry-like surface
(Fig. S471), which varies with T4 (Fig. 5a-f). The average diameter
of the Fe/C NPs decrease from 40 + 10 nm at 300 °C (Fig. 5a and
b), to 30 & 10 nm at 400 °C (Fig. 5¢ and d) and to 25 £+ 5 nm at
500 °C (Fig. 5e and f). The interparticle spacing reduces from 45
+ 15 nm at 300 °C (Fig. 5a and b) to 40 & 15 nm at 400 °C (Fig. 5¢
and d) and to 38 &+ 12 nm at 500 °C (Fig. 5e and f). Fig. 5g shows
the diameter and interparticle spacing as functions of T4. When
the Fe(CO)s volume is maintained (2 mL) and Ty is increased
from 300 °C to 500 °C, the diameter and interparticle spacing of
Fe/C NPs growing on the Co HF surface decrease. The reason for
this change is that T4 directly determines not only the decom-
position speeds of Fe(CO)s; and CO but also the nucleation and

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a—f) SEM images, (g) diameter and interparticle spacing as functions of Ty, (h) element composition, and (i and j) XRD patterns of the

samples obtained via CVD of 2 mL of Fe(CO)s at different Ty4: (a and b) 300 °C, (c and d) 400 °C, and (e and f) 500 °C.

growth rates of Fe and C. At a high Ty (i.e., 500 °C), the high
decomposition rates for Fe(CO); and CO accelerate the nucle-
ation and growth of Fe and C, respectively. Under the catalytic
effects of Fe nanocrystals, amorphous C rapidly forms and
grows on the Fe NP surface. The C shell on the Fe NP surface
hinders the enlargement of Fe NPs, causing small Fe/C NPs to
grow on the Co surface. By contrast, at a low Tg4, the low
decomposition speed of CO is unconducive to the formation of
the C shell. Therefore, the diameter of Fe NPs can increase
without hindering the C shells.

The second aspect is to tune the component of the products.
EDX analysis (Fig. S5T) reveals the coexistence of Co, Fe and C
along with a small quantity of O. O may have originated from
the oxide layer on the Co and Fe surfaces. The mass fractions of
Co, Fe and C as functions of Ty are shown in Fig. 5h. As Ty is
increased from 250 °C to 500 °C, the Co mass fraction decreases
from 83.68% to 26.38% and the C mass fraction increases from
13.68% to 72.73%. The Fe mass fraction presents an inverted V
change tendency and reaches the maximal value of 5.93% at Ty
= 300 °C (Fig. 5h). The increase in the Fe mass fraction at 250-
300 °C is due to the decomposition of Fe(CO)s, which is
promoted by the elevated T4. The decrease at 300-500 °C is due
to the inhibition of the rapidly formed C shell.

The third aspect is to influence the phase structure of the
products, as revealed by X-ray diffraction (Fig. 5i). The samples
obtained at Tq = 250-300 °C show the similar diffraction peaks.
From the stand cards (JCPDS no. 05-0727, JCPDS 65-4899), we
may reasonably conclude that the products formed at 250-
300 °C are composites of HCP Co, BCC Fe and amorphous C. In
Fig. 5i, the peaks marked by ¥ and 4 are assigned to the face-

This journal is © The Royal Society of Chemistry 2019

centred cubic (FCC) Co [Fm3m (225), JCPDS 15-0806] and cubic
CosFe, [Pm3m (221), JCPDS 48-1817], respectively. As shown in
Fig. 5j, a diffused peak at the (110) crystal plane from FCC Co
emerges at 400 °C, indicating that HCP Co begins to transform
to FCC Co at 400 °C. A similar phase transformation from HCP
Co to FCC Co also occurs at 700 °C (ref. 50) and 427 °C.** As
a result of alloying cubic Fe with cubic CosFe, into FCC Co at
500 °C, the diffused peak at the (110) crystal plane disappears at
400 °C, and a diffused peak at the (111) crystal plane appears at
500 °C. The products obtained at 400 °C are composed of HCP
Co, FCC Co and BCC Fe, whereas the products obtained at
500 °C are mixtures of HCP Co and CosFe; alloys.

Additional experiments were also conducted, which revealed
that the products formed at high T4 and large 6 were Co/C/Fe/C
CSHFs with a compact Fe/C NP film (Fig. 6). Our data demon-
strate that changing T4 and 6 can facilely modulate the phase
structure, surface morphology and composition of the prod-
ucts. A low T4 and small ¢ aid in the formation of Co/C/Fe/C
CSHFs with a strawberry-like surface.

3.3 Static magnetic properties

The effects of 6 on the static properties were studied, as shown
in Fig. 7. All samples obtained at various ¢ display a ferromag-
netic behaviour with typical S-type magnetic hysteresis loops
(Fig. 7a). M, varies over the range of 149.09-144.85 emu g "
(Fig. 7b) and reaches the maximal value of 149.09 emu g ' at 6 =
1 mL, which is lower than the theoretical M, values of bulk Co
(157.3 emu g~ ') and bulk Fe (217.5 emu g~ ').*> The Co/C/Fe/C
CSHFs reported here consist of diamagnetic C, ferromagnetic
Co and ferromagnetic Fe. Thus the M, variation can be
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Fig. 6 SEM images of the samples obtained under 6 = 4 mL and
various T4 of (a and b) 300 °C and (c and d) 400 °C.

attributed to the large crystal size, high crystallinity, high Fe
content and low C content of the CSHFs. Fig. 7b presents that
the coercivity (H.) of the Co/C/Fe/C CSHFs initially increases
and subsequently decreases as ¢ increases from 1 mL to 6 mL.
H_ reaches the maximum of 255.6 Oe at 6 = 4 mL. This value is
considerably greater than those of bulk Co (10 Oe)** and Co HFs
(213.82 Oe). The enhanced H, at 6 = 0-4 mL is generally related
to the surface pinning role of antiferromagnetic phases (e.g., C
or Coz0,4) on the surface of ferromagnetic phases (Co or Fe).**

3.4 EM properties

The complex permeability and permittivity are two key factors
that influence the microwave absorption properties and are
investigated at 2-18 GHz, as shown in Fig. 8. Fig. 8a and b depict
the plots of the complex permittivity of the Co/C/Fe/C CSHFs.
The Co/C/Fe/C CSHFs formed at 6 = 3 mL exhibit the negative ¢’
at 17.2-18 GHz; the ones formed at 6 = 4 mL take on the

200

100+

s

M_(emug™)

144

o 1 2 3 4 6
Volume (mL)

Fig. 7 (a) Magnetic hysteresis loops of the samples obtained under
various 6. (b) H. and Mg as functions of 6.
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enhanced EM parameters for Co/C/Fe/C CSHFs with strawberry-like
surface.

Electron cloud

negative ¢’ at 10.4-18 GHz. The negative permittivity is generally
generated because the original electric field is lower than the
sum of the induced electrical fields and the polarization-
electrical field.>*® In the present study, the plasmon resonance
on the Co/C and Fe/C plasmon surfaces generates the highly
induced electrical fields,***” giving rise to the negative permit-
tivity. ¢’ and ¢” initially increase and subsequently decrease with
increasing 6. ¢’ and ¢” varied in the ranges of —27.3-143.5 and
—0.19-433.8, respectively, and reach their maximum at § = 3-
4 mL (¢/: —27.3 to 143.5; ¢”: 39.8 to 433.8). These values are —3—
15 times and —50 091-7666 times those of the Co HFs (¢’: 9.0-
9.7; ¢’: —0.19-0.05) and are much higher than those of CosFe,/C
core-shell microspheres (¢': 12-25; ¢”: 8-17),** FeCo@C core—
shell NPs (¢': 2-12.5; ¢”: 1-4)*® and FeCo microspheres (¢': 4.4-
4.8; ¢’ = 0.5).*2 The high ¢ and ¢” values correspond to the high
storage and loss capacities, respectively, of the electric energy
for Co/C/Fe/C CSHFs.

The enhanced permittivity reported here can be due to the
synergistic effect of strong dielectric polarization, dual relaxa-
tions and plasmon resonance caused by the high conductivity,
unique heterostructure and strawberry-like surface of the Co/C/
Fe/C CSHFs. First, the higher conductivity of the Co/C/Fe/C
CSHFs than that of the Co HFs (Fig. 8c) and the lower work
functions of Fe (4.5 eV) than that of Co (5.0 eV)*® promote the
generation and transfer of free electrons inside Co and Fe. The
structural defects in the outer C shell, which have been
confirmed by TEM and Raman analysis, can act as polarization
centers under the EM wave irradiation.®® Under an alternating
EM field, the local movement of bound charges and the varia-
tion of dipole moments enable space charge and electron
polarizations, leading to increased permittivity. Seen from
Raman data in Fig. 4 and EDX data in Fig. 2g, the Co/C/Fe/C
CSHFs obtained at ¢ = 4 mL have low Ig/Ir and high C

This journal is © The Royal Society of Chemistry 2019
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content, therefore more polarization centers caused by the
defects in disordered C generate the high electron polarizations
and permittivity.

Second, according to the Maxwell-Wagner-Sillars effect,”
more free electrons accumulate at the interfaces of Co/C and Fe/
C to form numerous dipoles, causing strong interfacial polari-
zation under the fluctuating EM field (Fig. 8b). In the unique
heterostructure of the Co/C/Fe/C CSHFs, the additional inter-
faces between metals (Co, Fe) and C and between Co/C and Fe/C
are responsible for the higher interfacial polarization and
permittivity of the Co/C/Fe/C CSHFs than the Co HFs. The Cole-
Cole curves (described by the curve of ¢’ versus ¢') verify the dual
relaxation mechanism of the Co/C/Fe/C CSHFs (Fig. 8e and f).
According to Debye theory®** ¢ and ¢” satisfy the formula:

&+ €2 & — €02
(81_ S 3 ) +(s//)2:<s 3 ),where €. and e are the

optical and static permittivity, respectively. As shown in Fig. 8f,
the Co/C/Fe/C CSHFs exhibit two Cole-Cole semicircles with
different radii, corresponding to the dual relaxation processes.
The dual relaxation are mainly derived from the interfacial
polarization between metals (Co, Fe) and C and between Co/C
and Fe/C. The larger diameter of the Cole-Cole semicircles in
Fig. 8f than those in Fig. 8e indicate the stronger dielectric
relaxations of the Co/C/Fe/C CSHFs than the Co HFs. The
irregular semicircles indicate the coexistence of electron
polarization, dipolar polarization® and Debye relaxation.
Third, we may reasonably deduce from Raman data (Fig. 4)
that SPs can form in the metal-dielectric heterostructure,®®
which plays a key role in the permittivity enhancement. For the
Co/C/Fe/C CSHFs with a strawberry-like surface and interface,
the metal-dielectric interfaces of Co/C and Fe/C function as two
kinds of SPs, i.e., PSP (Fig. 8h) and LSP (Fig. 8i). Plasmonic
enhancement in EM parameters is achieved by two possible
mechanisms: (i) under an alternating EM field, the free elec-
trons inside Co and Fe oscillate collectively to form a plasmon
resonance, which considerably enhance polarization and
permittivity; (ii) the near-field coupling of EM fields. Nano-
structures function as antennas that concentrate incident EM
wave on the metal surface and generate intense near-fields,
which can be orders of magnitude higher than incident EM
wave. At the metal-dielectric interfaces of the planar Co/C and
Fe/C, the collective oscillation of free electrons creates a strong,
oscillating near field via PSP mode (Fig. 8h). In a plasmonic Fe/C
NP, the excited electrons confined within the volume of the Fe
NP produce highly energetic local EM fields via LSPR mode
(Fig. 8i). The spatial confinement effect of these plasmonic
heterostructures induces highly intense near fields, thereby
enhancing the local electric fields and permittivity. The near
field on one NP can interact with that on a neighboring particle
in close proximity. This phenomenon is defined as plasmon
coupling, which depends on interparticle interactions. The
plasmon resonant peak shifts significantly to a low frequency
with increasing particle size®” and increasing interparticle
spacing.®® The shift declines exponentially with increasing
interparticle spacing. The plasmon coupling becomes stronger
when the interparticle spacing varies from around 10 nm to
shorter. In this study, the diameter increases and the

This journal is © The Royal Society of Chemistry 2019
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interparticle spacing decreases with ¢ varying from 1 mL to
6 mL (Fig. 8g) and the interparticle-spacing-to-diameter ratio
determines plasmon resonance and coupling. Strong scattering
and absorption are generated when the incident EM wave is in
the region of the resonance wavelength of Fe/C NPs. A strong
plasmon resonant peak occurs at 6 = 3-4 mL with the
interparticle-spacing-to-diameter ratio of 1.36-0.76. The reso-
nant peak disappears at 6 = 2 mL as the interparticle spacing
becomes 2.49 times of the diameter, giving rise to a weak
plasmon coupling. Similarly, Zhang et al.®® have found that the
shift drops to zero when the interparticle spacing exceeds
approximately 2.5 times of the diameter. No resonant absorp-
tion peak is observed at 6 = 6 mL with an interparticle-spacing-
to-diameter ratio of 0.40. The probable reason is that the large
diameter corresponds to the small specific surface and large
radius of the curvature, which decreases charge density and
adversely affects the formation of plasmon resonance. Addi-
tionally, the disordered C shells in the Co/C/Fe/C CSHFs exhibit
the higher electrical resistivity than those of Co and Fe due to
the disordered microstructure and defects.” The disordered C
shell plays an insulation protection role on the Co and Fe
surface similarly to SiO,, Al,O; and TiO,. In this case, the
permittivity decreases with shell thickness. These also explain
why the ¢ and ¢” of the Co/C/Fe/C CSHFs sharply reduce at 6 = 6
mL. Based on the above analysis, the distinct increase in ¢ and
¢ at 6 = 3-4 mL should be ascribed to the synergistic effect of
dielectric polarization, multiple relaxations and plasmon reso-
nance; the decrease at ¢ = 6 mL mainly is owing to the insu-
lation protection role of the disordered C shell and the
weakened plasmon resonance.

Also, the plasmon resonance contributes greatly to perme-
ability and magnetic loss. The negative values of u” are found
for Co/C/Fe/C CSHFs (Fig. 9b), indicating that magnetic energy
is radiated out of the Co/C/Fe/C CSHFs. The radiated energy is
probably due to the local movement of bound charges and the
variation of dipole moments on the Co/C and Fe/C surfaces,
which produces an AC electric field. According to the Maxwell
equations, the AC electric field can induce a magnetic field.” In
this study, the plasmon resonance generates the significantly
enhanced electric field, which induces a magnetic field under
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Fig.9 Frequency dependence of the (a) real ('), and (b) imaginary (1")
parts of the complex permeability, (c) the ratio of My/H, as a function of
6, and (d) eddy current loss (denoted by u”(u)"3f"Y) for the samplb-
tained under various 6.
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an alternating EM field. The negative permeability will generate
when the induced magnetic field is higher than the original
magnetic field.”” The Co/C/Fe/C CSHFs with a strawberry-like
surface exhibit the enhanced permeability. x' and u” exhibit
an inverted U change trend and reach the maximum values (u':
3.47-4.06; u”: —1.3-4.6) at 6 = 3 mL. The maximum y' and u”
values are 3.4-3.9 times and —7.9-39.3 times that of Co HFs (u':
1.01-1.08; u”: 0.09-0.17) (Fig. 9a and b), respectively. These
values are significantly higher than those of the CosFe,/C core-
shell microspheres (u”: —0.1-0.05),>* FeCo/C core-shell NPs (u":
0.2-1.5)*® and FeCo microspheres (u”: 0.05-0.19).*> The high
and u” values correspond to the high storage and loss capac-
ities, respectively, of the magnetic energy.

Permeability enhancement is generally related to a high M,"®
low eddy current effects® or a large anisotropic field.** High M,/
H. values also contribute to permeability enhancement."
However, the M/H. values reported here present a U-type
change trend with increasing ¢ (Fig. 9c) and are minimal at
0 = 3-4 mL. Thus, we have a conclusion that plasmon resonance
and coupling play a more crucial role in permeability
enhancement than a high M; and a low H.. For Co/C/Fe/C
CSHFs with a strawberry-like surface, the excited electrons
confined within the volume of the Fe NP and at the interfaces of
Co and C produce the strong near field via LSPR and PSP modes,
respectively (Fig. 8h and i). The strong near field can improve
the EM wave absorption** (Fig. 8h and i). The strong near field
extends into the Co/Fe and C layers, where the magnetic portion
produces an enhanced permeability. Meanwhile, the collective
oscillation of confined electrons produces the strong plasmon
resonance under LSPR mode (Fig. 8i). Co/C/Fe/C CSHFs with
strawberry-like surface exhibit larger u” values than CSHFs with
compact particle film, meaning that the LSP mode is conducive
to the increase in the u” values.” Similar phenomena are also
reported for ZnO/Ag/ZnO thin films.™

The Co/C/Fe/C CSHFs exhibit a dual-resonance behavior in
the u” curves (Fig. 9b). The weak peak below 4.43 GHz is generally
associated with the natural resonance. The weakened in natural
resonance may be caused by strong and wide plasmon reso-
nance. The natural resonance frequency (f;) of the Co/C/Fe/C
CSHFs shifts to a smaller frequency than that of Fe nanowires
(5.6 GHz)™ probably due to the small shape anisotropy and size
effect. The wide and strong peaks at 11-18 GHz are related to the
“exchange mode” resonance caused by the surface effect, small
size effect and spin wave excitations.” In this study, the
“exchange mode” resonance is due to the plasmon resonances,
Le., the collective oscillation of conductive electrons inside Co
and Fe under the action of EM waves. The peak intensity varies in
the following order: I3y, > Ismr > Iime > Temr, > Iomr > Imr. The
variations in the intensity and position of the resonance peaks
presented here are probably due to the synergistic effect of the
interparticle spacing and particle size of Fe/C NPs.

The influence of plasmon resonances on the magnetic loss can
also be confirmed by eddy current loss. Eddy current loss is
calculated using the formula /(1) %f * = 2mwue0d?®/3, where uy is
the vacuum permeability, ¢ is the conductivity, and d is the sample
thickness. In Fig. 9d, the eddy current loss shows a weak peak for
all samples below 6 GHz, strong and broad peaks at 9-18 GHz for
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Co/C/Fe/C CSHFs at 6 = 1-4 mL, and nearly constant at 6-18 GHz
for pure Co HFs and Co/C/Fe/C CSHFs at 6 = 6 mL. According to
the skin effect criterion," the magnetic loss at 2-6 GHz originate
from the natural resonance for all the samples, whereas the
magnetic loss at 6-18 GHz originate from the eddy current loss for
pure Co HFs and Co/C/Fe/C CSHFs at 6 = 6 mL and from the
plasmon resonance for Co/C/Fe/C CSHFs at 6 = 1-4 mL.

The microwave absorption performances of the samples were
obtained by optimizing the mass fraction and the sample thick-
ness. The data are listed in Fig. 10, S61 and Table 1. As shown,
four clear differences can be observed between the absorption
performances of Co/C/Fe/C CSHFs and pure Co HFs. The first is
the difference in the cancellation models. The A/4 cancellation
model is used for the Co/C/Fe/C CSHFs, whereas the 31/4
cancellation model is utilized for the Co HFs. The absorbing
band of the Co/C/Fe/C CSHFs shifts toward a lower frequency
compared with that of the Co HFs, indicating the better low-
frequency absorbing ability of the former. The second is the
broad effective bandwidth (R, = —10 dB). The Co/C/Fe/C CSHFs
formed at 6 = 3-6 mL exhibit a significantly broader bandwidth
of 4.08-5.6 GHz than that of pure Co HFs (2.8 GHz). The third is
the strong absorption. The Co/C/Fe/C CSHFs formed at 6 = 4~
6 mL exhibit a stronger absorption (—45.06 to —41.09 dB) than
pure Co HFs (—39.06 dB). The fourth is the light weight. The Co/
C/Fe/C CSHFs formed with a strawberry-like surface at 6 = 3-
6 mL have a lower filling mass fraction (25-30 wt%) than the Co
HFs (40 wt%). The density is 1.12-1.27 g cm ™ for the Co/C/Fe/C-
paraffin composites and 1.36 g cm ® for the Co-paraffin
composites, meaning lighter weight of the former. Comparative
analysis indicates that the Co/C/Fe/C CSHFs formed at ¢ = 4-
6 mL exhibit a strong absorption and a broad bandwidth at a low
filling mass fraction (Fig. 10). Thus, they are eminently suitable
for MAMs with strong absorption, broad bandwidth and light
weight (Table 1). These data indicate that when the size of Fe/C
NPs with an interparticle spacing of 150 + 50 nm varies in the
range of 110 £ 20-380 £+ 100 nm, the Co/C/Fe/C CSHFs exhibit
a significant plasmon resonance, which enhances the EM and
gives rise to excellent microwave properties (Table 1). The
optimal EM wave absorption performance is exhibited by the Co/
C/Fe/C CSHFs formed at 6 = 4 mL with a diameter of 195 &+ 40 nm
and an interparticle spacing of 148 £+ 30 nm. A minimum
reflective loss (Ry) of —45.06 dB is found at 17.92 GHz, which
corresponds to an absorber thickness of 1.6 mm. The Ry, (below
—20 dB) is obtained over 2.0-18.0 GHz at the absorber thickness
range of 1.35-9.0 mm (Table 1). Table 1 shows that the Co/C/Fe/C
CSHFs formed at 6 = 4 mL have a significantly enhanced
microwave absorption, a lower filling ratio, a stronger absorption
and a broader bandwidth.

Anyhow, the superior EM absorption performances of Co/C/
Fe/C CSHFs obtained at ¢ = 3-6 mL containing strong absorp-
tion, broad bandwidth, thin thickness and light weight are
mainly ascribed to the core-shell, metal-dielectric and hierar-
chical heterostructures of Co/C/Fe/C CSHFs with strawberry-like
surface, as shown in Fig. 11. (i) In this study, the thin and light
MAMs can be achieved via increasing EM parameters of the Co/
C/Fe/C CSHFs and decreasing the filling mass/volume fraction
of absorbers in a matrix. The core-shell and metal-dielectric

This journal is © The Royal Society of Chemistry 2019
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paraffin composites containing various mass fractions of samples formed at various 6.

heterostructures with strawberry-like surface can enhance the
permittivity due to the space charge polarizations, dual dielec-
tric relaxations and plasmon resonance and coupling. The
permeability is enhanced due to ferromagnetic resonance and
exchange mode” resonance, which is induced by plasmon-
resonance and coupling. (ii) The strong absorption is ascribed
to high attenuation constant and plasmon resonance

absorption of Co/C/Fe/C CSHFs. Co/C/Fe/C CSHFs with
strawberry-like surface have much higher attenuation constant
than pure Co HFs owing to high dielectric loss and magnetic
loss caused by heterostructures with the strawberry-like surface
(Fig. S7at). The high attenuation constant means that more EM
waves are absorbed by MAMA via converting them into thermal
energy or interfere. Meanwhile, Co/C/Fe/C CSHFs function as

Table 1 Comparison of microwave absorption performance of the Co/C/Fe/C CSHFs with other absorption materials

Filling mass  Optimal f(GHz), dy (mm), Frequency range Bandwidth (GHz)

Fe(CO)s volume (mL) fraction (%) Ry value (dB) (optimal R;) (R; <—20dB) (GHz), (Ry< —20dB) (R < —10 dB) Ref.

Co flower 66.7 —25 5.6 — — 3 76

CNTs/Co@C 60 —23.2 4.9 — — <2 3

Co@C 50 —39.6 9.6 — — 3.8 28

FeCo/graphene 50 —40.2 8.9 2.0-8.0 2.3-12.8 <4.5 30

FeCo/C composites 70 —43.8 13.7 — — 5.44 2

FeCo microspheres 40 —30.8 11.4 1.2-2.0 10.9-15.6 <3.5 32

CosFe,/C microspheres 35 —44.4 10.2 1.4-2.0 9.7-15.2 4.1 33

Co,0; 70 —78.4 — — — 6.7 1

FeCo nanoparticle/nano 50 —21.7 15.2 2.0 14.8-16.0 5.8 34

porous carbon

Co HFs 40 —39.06 9.36 1.25-1.3 8.29-14.6 2.8 This work
4.5-7.8 16.5-17.55

Co/C/Fe/C CSHFs (1 mL) 40 —34.52 3.92 3.3-5.1 3.12-4.88 2.96 This work

Co/C/Fe/C CSHFs (2 mL) 40 —20.92 2 5.4-5.5 2-2.32 1.44 This work
5.7-6.1

Co/C/Fe/C CSHFs (3 mL) 30 —27.59 17.6 1.2-1.5 13.76-14.72 4.08 This work

Co/C/Fe/C CSHFs (4 mL) 25 —45.06 17.92 1.35-9.0 2.0-18.0 5.6 This work

Co/C/Fe/C CSHFs (6 mL) 30 —41.09 8 2.8-4.5 4.56-8.4 5.44 This work

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 Microwave absorption mechanism of Co/C/Fe/C CSHFs with
strawberry-like surface.

antennas that concentrate EM wave on the Fe and Co surface
and generate intense near-fields. On the strawberry-like surface,
Fe/C NPs interact each other by near-field coupling of EM fields
while the enhanced plasmon resonance increases the total EM
energy absorption. Additionally, hierarchically flower-like
structures randomly distributed in the matrix can exhibit
multiple scattering and further increase the attenuation of the
electromagnetic wave. (iii) In core-shell structure, the disor-
dered C shell with high electrical resistivity plays an insulation
protection role on the Co and Fe surface, which therefore
improves the impedance matching and widens the bandwidth
(Fig. S7b¥).

4. Conclusions

Using hydrothermal-chemical vapor decomposition, we fabri-
cated Co/C/Fe/C CSHFs at various interparticle spacing and sizes
of Fe/C NPs for plasmon-resonance-enhanced microwave
absorption. The diameter and interparticle spacing of Fe/C NPs
were 25 + 10-380 £+ 100 nm and 38 £ 12-240 + 130 nm,
respectively, which could be changed by adjusting 6 and Ty
through a carefully devised kinetically tuned procedure. A low Ty
and small ¢ contributed to the formation of a strawberry-like
plasmon surface. Owing to plasmon resonance and coupling,
the Co/C/Fe/C CSHFs with a strawberry-like surface exhibited
negative permittivity and permeability, significantly enhanced
permittivity and permeability, multiple resonances and attenua-
tion compared with the Co HFs. These features suggest that Co/
C/Fe/C CSHFs have great potential as excellent absorbers with
strong absorption, broad bandwidth and light weight. The Co/C/
Fe/C CSHFs with a particle size of 110 £+ 20 nm and an inter-
particle spacing of 150 £ 90 nm exhibit an enhanced microwave
absorption. The minimal R; of —45.06 dB is reached at 17.92
GHz. The frequency range (R;, = —20 dB) of 16 GHz ranges from 2
GHz to 18 GHz, and the R, values below —10 dB (90%

22654 | RSC Adv., 2019, 9, 22644-22655
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attenuation) reaches 5.6 GHz. This finding can effectively guide
the design and fabrication of plasmon resonance absorbers for
broadband and lightweight microwave absorption.
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