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ABSTRACT
A yolk-shell structured Co-C/Void/CosSs ternary composite composed of a Co
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the sulfidation of a Co-based zeolitic imidazolate framework and subsequent
© Tsinghua University Press pyrolysis. The composition and interior cavity of the Co-C/Void/CosSs composite
and Springer-Verlag GmbH could be precisely modulated by controlling the sulfidation reaction. Due to
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Nature 2018 synergistic effects, the Co-C/Void/CoySg exhibited excellent and tunable microwave-
absorbing properties. The optimized Co-C/Void/CosSs, having a loading of 25 wt.%
KEYWORDS and thickness only 2.2 mm, displayed an ultrabroad absorption bandwidth

yolk-shell structure, of 8.2GHz at high frequencies. Moreover, the composite could achieve an

metal organic framework, extremely high reflection loss of -54.02 dB at low frequencies by adjusting its

sulfide, loading to 30 wt.%. This study provides a new insight into promising lightweight

microwave absorption, microwave-absorbing materials with ultrabroad absorption bandwidths and

broad bandwidth strong low-frequency absorption.

1 Introduction

The electromagnetic radiation and interference
produced by electronic devices and wireless com-
munication have detrimental impacts on device
performance, information safety, human health, and
the environment [1-4]. Materials capable of eliminating
electromagnetic waves therefore attract considerable
attention for civil and military applications. Strong
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microwave absorption can be achieved in traditional
magnetic or dielectric absorbers such as ferrites,
metallic magnets, and ceramics. Lightweight, thin
materials with broad absorption bandwidths are in
significant demand for practical applications, and these
properties are far beyond the capabilities of traditional
absorbers [5, 6]. Among various innovative options,
the construction of core—shell and yolk—shell structured
absorbers containing dielectric and magnetic com-



4170

ponents is stimulating considerable interest, because
the microwave-absorbing properties can theoretically
benefit from the synergistic and interfacial effects
between the core and shell [7, 8]. In particular, the
yolk—shell structure has the potential to reduce the
absorbing layer density due to its unique advantages
of large surface areas, low density, and interstitial
cavity formation [9-11]. Moreover, the tunable cavity
between the yolk and shell is favorable for modulating
the effective permittivity and producing multiple
reflections within the cavity, providing more oppor-
tunities to improve the comprehensive properties.
So far, many yolk—shell structured absorbers such as
Ni/Void/SnO, [12], Fe;0,/Void/C [13], Fe;O,/Void/ZrO,
[14], and CoNi/Void/TiO, [9] have exhibited strong
microwave absorption with reflection losses (RL),
exceeding —40 dB in the high frequency region (8-18
GHz). However, it remains a significant challenge for
most yolk—shell structured absorbers with low matrix
loadings to achieve strong microwave absorptions in
a wide frequency-band range. An efficient microwave
absorption in the L and S bands (1-4 GHz) is highly
desirable because of the wide use of Wi-Fi devices and
mobile phones in this frequency range [15]. Generally,
strong microwave absorption in L/S bands is achieved
with a thick absorbing layer (thickness > 5 mm), which
is not appropriate for some practical applications.
Thus, the development of a low-frequency absorber
with a thin profile is an urgent need for handling
electromagnetic interference and pollution.

Recently, Ji's group prepared Co-based zeolitic
imidazolate framework (ZIF)/carbonyl iron core—shell
composites, and obtained a yolk-shell structured
Co-C/Void/carbonyl iron composite by taking advantage
of the volume contraction of the ZIF core during
pyrolysis [16]. This yolk-shell composite exhibited
a strong microwave absorption (RL = -49.2 dB) and
broad absorption bandwidth (6.7 GHz) at a relatively
low loading of 40 wt.%. This work inspired us to
design and fabricate ternary composite absorbers
using ZIF as the core. First, the ternary composition
can create abundant heterointerfaces in composites,
which could enhance microwave absorption by
strengthening interfacial polarization. Moreover, the
porous core derived from ZIF pyrolysis is favorable
for reducing the composite density with respect to
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the solid cores. Unfortunately, the cavity between the
core and the shell which formed by ZIF contraction
during pyrolysis could not be tuned over a wide
range. In light of the abovementioned advantages of
cavities, increasing the volume of the cavity may
offer a new opportunity to enhance the microwave-
absorbing performance.

In addition, it is well known that the modulation
of magnetic and dielectric components to achieve
good impedance matching is crucial for improving
microwave absorption properties [17, 18]. In prior
research on yolk-shell structured absorbers, the
magnetic/dielectric component ratio was usually
optimized by changing the shell thickness while fixing
the core volume, or vice versa. However, the increase
of shell or core size may raise the absorber’s density.
To solve this issue, it is suggested that the amounts
of magnetic and dielectric components be changed
simultaneously and oppositely. In this way, it is much
easier and more effective to improve the impedance
matching while reducing the absorber density.

In this work, we used Co-based ZIF as the template
to synthesize a yolk—shell structured Co-C/Void/CosSs
(Co-C/Co4Ss) ternary composite by sulfidation reaction
and subsequent pyrolysis (Fig. 1). Co nanoparticles
(NPs) were embedded in amorphous carbon, forming
the “yolk” of the composite, while CosSs NPs assembled
into a uniform shell that encapsulated the Co-C yolk.
By precisely controlling the sulfidation time, the
magnetic/dielectric component ratio and the void
volume could be modulated simultaneously. Due to
the well-designed interior void, the synergistic effect,
and the interface effect among ternary components,
the Co-C/CoySs composite with low loading (< 30 wt.%)
in a paraffin matrix not only exhibited an ultrabroad
absorption bandwidth of 8.2 GHz in the X and Ku
bands but also achieved a strong microwave absorption
(RL=-54.02 dB) in S band.

2 Experimental section
2.1 Materials

Cobalt nitrate hexahydrate (Co(NO;),6H,O, 99%),
thioacetamide (TAA), 2-methylimidazole (98%), methanol
(99%), and ethanol (99%) were purchased from
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Sinapharm Chemical Reagent Co., Ltd. The above
reagents were of analytical grade and used without
further purification.

2.2 Preparation of ZIF

ZIF polyhedrons were synthesized through a solvo-
thermal reaction. Briefly, 0.984 g of 2-methylimidazole
was dissolved in 150 mL of methanol, followed by the
addition of 0.873 g of Co(NO;),-6H,O. After magnetic
stirring for 5 min, the solution was aged at room
temperature for 24 h. Then, the purple precipitate was
collected by centrifugation, washed with ethanol, and
dried under vacuum.

2.3 Preparation of ZIF/sulfide

The ZIF/sulfide core-shell composite was synthesized
by an anion-exchange reaction. Under ultrasonication
and magnetic stirring, 40 mg of ZIF powder was
dispersed in 40 mL of ethanol. Afterwards, 0.18 g of
TAA was added to the suspension and maintained at
60 °C for 10, 20, 60 and 120 min. The Co:S mole ratio
was 1:2.4. The corresponding samples were marked
as ZIF/S-2, ZIF/S-3, ZIF/S-4, and ZIF/S-5, respectively.
Additionally, 40 mg of ZIF powder was dispersed in
40 mL of ethanol, followed by addition of 90 mg of
TAA, and maintained at 60 °C for 10 min. The Co/S
mole ratio was 1:1.2. The corresponding sample is
marked as ZIF/S-1. Finally, the above precipitate was
washed with ethanol and dried under vacuum.

2.4 Preparation of Co-C/Co0,Ss

Co-C, Co-C/CoSs and CoSs-CoS composites were
obtained by annealing the as-prepared pure ZIF
and ZIF/sulfide powders at 600 °C for 2 h under Ar
atmosphere with a heating rate of 3 °C/min. The final
products were named Co-C (without sulfidation),
Co-C/CoySg-1 (half TAA amount, sulfidation time
t, = 10 min), Co-C/Co0ySs-2 (£, = 10 min), Co-C/Co0ySg-3
(£ = 20 min), Co-C/Co0ySs-4 (¢, = 60 min), and Co,Sg-CoS
(t; = 120 min), respectively. “Co-C” denotes the ZIF-
derived composite in which Co NPs were embedded
in a carbon matrix. “Co-C/Co,Ss” represents the yolk
(Co-C)-shell (CoySg) structured ternary composites.
“Co0ySs-CoS” marks the hollow binary composite con-
sisting of Co,Ss and CoS phases. The overall synthetic
process is illustrated in Fig. 1.
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Figure 1 Synthetic processes of the Co-C/CosSg composite.

2.5 Characterization

The crystal structure of the samples was identified
using an X-ray diffractometer (XRD; Rigaku D/MAX-
2500). The morphology and microstructure of the
samples were investigated by field-emission scanning
electron microscopy (FESEM; JEOL-JSM7500) with
energy-dispersive X-ray spectroscopy (EDS) equipment
and a transmission electron microscope (TEM; JEOL-
JEM2100). The composition of the composites was
determined by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES; ICPS-7500). The
specific surface area and pore-size distribution were
tested on a QDS-MP-30 volumetric gas sorption
instrument. The elemental valence states of the samples
were analyzed by X-ray photoelectron spectrometer
(XPS; VG ESCALab 220i-XL). Raman spectra were
carried out via an in Via Laser Raman spectrometer
using a 532 nm laser. The samples used for electro-
magnetic parameter measurements were prepared by
mixing composites with paraffin at different loadings.
The mixture was then pressed into a toroidal shape
with an outer diameter of 7.00 mm and an inner
diameter of 3.04 mm. The complex permittivity and
complex permeability were measured by an Agilent
N5230C network analyzer in the frequency range of
2-18 GHz.

3 Results and discussion

3.1 Crystal structure

The crystal structures of the intermediate and final
products were characterized by XRD. Figure 2(a)
shows the XRD patterns of the ZIF before and after
sulfidation reaction. The sharp and strong diffraction
peaks of pure ZIF reveal its high crystallinity. After a
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well-controlled reaction with TAA, the diffraction
peaks from ZIF weakened as sulfidation time and
TAA amount increased, whereas no signals from
sulfides could be detected. These findings imply that
the crystalline ZIF gradually converted to amorphous
sulfides through the reaction between ZIF and sulfur
ions released by the decomposition of TAA. When
the sulfidation time increased to 2 h, the diffraction
peaks were almost invisible in the XRD pattern as
a result of the complete conversion to amorphous
sulfides.

Figure 2(b) presents the XRD patterns of the samples
calcined under Ar atmosphere. The sample calcined
from pure ZIF consisted of amorphous carbon and
metallic cobalt, while the samples derived from
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Figure 2 (a) XRD patterns of precursors: curves (1)—(6)
correspond to ZIF, ZIF/S-1, ZIF/S-2, ZIF/S-3, ZIF/S-4 and
ZIF/S-5, respectively. (b) XRD patterns of the calcined products:
curves (1)—(6) correspond to Co-C, Co-C/CogSg-1, Co-C/CoSs-2,
C0-C/C04Sg-3, Co-C/CoySg-4 and CoySg-CoS, respectively.
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ZIF/sulfide precursors contained different phases. If
the sulfidation reaction of the precursor was mild,
as is the case for the calcined samples of Co-C/Co,Ss-1
and Co-C/CosSs-2, the dominant phases were carbon
and cobalt together with a small amount of Co,Ss with
cubic spinel structure (JCPDS no. 190364). As the
sulfidation time of the precursors increased, the CooSs
content in the calcined composites gradually increased,
while the cobalt and carbon contents decreased and
finally disappeared, as observed in the XRD patterns
of Co-C/C0ySs-3 and Co-C/C0ySg-4. When the sulfidation
time extended to 120 min, a mixture of CoySg and CoS
(JCPDS no. 750605) phases existed in the calcined
sample Co,Ss-CoS.

3.2 Morphology and microstructure

The morphology and microstructure of the precursors
prepared under different sulfidation conditions and
their corresponding calcined samples were charac-
terized using SEM and TEM. Figures 3(a) and 3(c)
show the SEM and TEM images of pristine ZIF, and
display typical rhombic dodecahedra with smooth
surfaces. The dodecahedra had a narrow size dis-
tribution with a typical edge length of ~ 500 nm. After
calcination, the obtained Co-C composite retained the
original morphology while its surface became concave
and rough (Fig. 3(b)). The reduced Co NPs embedded
in the amorphous carbon matrix were uniformly
distributed over the entire dodecahedron particle

(Fig. 3(d)).

Figure 3 SEM images of (a) pristine ZIF and (b) Co-C com-
posites. TEM images of (c) pristine ZIF and (d) Co-C composites.
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Figure 4 presents the SEM images of ZIF/sulfide
precursors and the corresponding calcined samples.
As observed in Figs. 4(a), 4(c), 4(e), 4(g) and 4(i), after
different sulfidation reactions the ZIF/sulfide precursors
inherited the morphology of ZIF particles. The particle
size did gradually decrease as the sulfidation time
increased. When the Co,Sg shell was thin, Co NPs
derived from the decomposition of residual ZIF
core could still be clearly observed on the surface of
Co-C/Co0454-1 particles (Fig. 4(b)), although the amount
of Co was much lower than that of the Co-C composite
(Fig. 3(b)). As the CoySs shell grew thicker, Co NPs
disappeared from the particle surface, as seen in
Figs. 4(d), 4(f), 4(h) and 4(j). Detailed information on
composition was obtained by ICP-AES measurements,
and the results are summarized in Table S1 in the
Electronic Supplementary Material (ESM). From Co-C/
C0ySg-1 to Co-C/Co0oSs-4, the carbon content decreased
from 91.8 at.% to 38.0 at.% while the sulfur content
increased from 1.2 at.% to 28.1 at%.
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Figure 5 provides the representative TEM images
to demonstrate the morphology and microstructure
evolutions of the samples with enhanced sulfidation.
Various yolk-shell and hollow nanostructures were
obtained by precisely tuning the reaction time and
TAA amount. Figure 5(a) shows the image of a ZIF/S-1
precursor, which reveals a core-shell structure
consisting of a ZIF core and a sulfide shell with a
thickness of ~ 25 nm. A narrow gap between the core
and shell was formed because the dissolution of ZIF
was faster than the deposition of sulfide (Fig. S1(a)
in the ESM). The high-magnification TEM image
in Fig. 5(b) confirms the amorphous structure of the
sulfide shell, which is consistent with the XRD results.
After thermal annealing, the obtained Co-C/Co0ySs-1
sample exhibited a typical yolk-shell structure, as
observed in Fig. 5(c). The gap between the Co-C core
and CoySs shell was enlarged compared to that of the
precursor due to the volume shrinkage of the core
at high temperatures. In contrast to the amorphous

Figure 4 SEM images of (a) ZIF/S-1, (b) Co-C/CoSs-1, (c) ZIF/S-2, (d) Co-C/CoySs-2, (e) ZIF/S-3, (f) Co-C/CoySs-3, (g) ZIF/S-4,
(h) Co-C/CoySg-4, (i) ZIF/CoS-5, and (j) CogSg-CoS. The scale bar represents 500 nm.

Figure 5 TEM images of (a) ZIF/S-1, (b) amorphous sulfide shell in ZIF/S-1, (c¢) Co-C/CoySg-1, (d) CoySg shell in Co-C/CoySs-1,
(e) Co-C/Co09Sg-2, (f) Co-C/Co4Ss-3, (g) Co-C/CoySg-4, and (h) CoySg-CoS.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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shell in ZIF/S-1, the outer shell of Co-C/Co0,S¢-1 was
composed of CosSy NPs with an average size of ~5 nm
(Fig. 5(d)). As the sulfidation reaction was enhanced,
the gap between yolk and shell in the calcined samples
became larger (marked by two red lines in images), and
simultaneously the curvature of the dodecahedron
edge increased (Figs. 5(e)-5(g)). When the sulfidation
time was increased to 60 min, the gap in Co-C/Co,Ss-4
became ambiguous. The representative element
mappings of Co-C/Co.Ss-3 further confirm that the
core of the particle is composed of cobalt and carbon,
and the shell is cobalt sulfide (Fig.S2 in the ESM).
As the sulfidation time reached 120 min, the particles
evolved into hollow structures, as shown in Fig. 5(h).
The corresponding selected area electron diffraction
(SAED) pattern in Fig. S1(b) in the ESM reveals
the polycrystalline nature of the composite, and the
coexistence of CoS and Co,Sg phases.

3.3 Carbon structure and elemental valence state

Detailed structural characterizations of the carbon
components in Co-C and Co-C/CoySs composites were
conducted using Raman spectroscopy. As shown
in Fig. 6(a), all the Raman spectra displayed peaks
at ~ 1,340 and 1,580 cm™, which are denoted as the
D band and G band, respectively. The D band is
associated with a disordered carbon or defective
graphitic structure, while the G band is a typical feature
of graphitic layers [19]. Generally, the graphitization
degree of carbon materials can be evaluated by the
intensity ratio of the D to G bands (Ip/Ic) [20, 21]. The
In/Ig values for the samples are approximately 1.09,
indicating that the carbon components were highly
disordered, and the sulfidation reaction did not change
their degree of disorder.

XPS measurements were performed to investigate
the elemental valence states of the representative
Co-C/Co04Ss-3 composite. The C 1s spectrum in Fig. 6(b)
shows the presence of C-C/C=C (284.7 eV), C-S
(285.7 eV), and C=0O (288.4 eV) species. Figure 6(c)
provides the Co 2p XPS spectrum containing Co 2ps,
and satellite peaks. The deconvolution results revealed
four peaks belonging to Co’ at 778.3 eV, Co* at 781.2 eV,
Co?" at 783.2 eV, and a satellite peak at 787.3 eV. The
Co" species originated from the Co NPs which were
embedded in amorphous carbon, while the Co* and

Nano Res. 2018, 11(8): 41694182
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Figure 6 (a) Raman spectra of Co-C and Co-C/CoySg composites,
curve (1)+(5) corresponds to Co-C, Co-C/CoySg-1, Co-C/CooSg-2,
Co0-C/Co0ySg-3 and Co-C/CoySg-4, respectively. XPS spectra of
Co0-C/Co0Sg-3: (b) C 1s spectrum, (c) Co 2ps), spectrum, and (d)
S 2p spectrum.

Co? components arised from the CosSs and CoS
phases [22]. In addition, the S 2p spectrum was fitted
with four peaks as presented in Fig. 6(d). The peaks
at 161.8 and 163.2 eV could be assigned to S 2p;, and
S 2py in metal sulfides [23]. The peak at 164.7 eV was
attributed to C-S, which indicated that some sulfur
atoms bonded to carbon atoms [24, 25]. The strong
peak at 168.8 eV was ascribed to oxidized sulfur species
(SO,) produced by the adsorbed oxygen on the CoySs
surface [25, 26].

3.4 Porous characteristics and magnetic properties

The porous character of the representative calcined
samples Co-C/Co4Ss-1, Co-C/Co0ySs-3, and Co,Ss-CoS
was investigated by nitrogen adsorption-desorption
analysis. As shown in Fig. 7, all the measured samples
displayed a typical type-IV isotherm with a hysteresis
loop in the relative pressure P/P, range 0.45-1.0,
revealing the mesoporous structure of the composites
[27]. As sulfidation time was extended, the Brunauer—
Emmett-Teller surface area (Sger) of the composites
decreased from ~293.0 to ~ 59.3 m?/g due to the decrease
in size of the porous Co-C core and the increase in
size of the low-surface-area Co,Sg shell, while the
pore size remained below 5 nm. Figure 53 in the ESM
shows the field-dependent magnetization curves of
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Figure 7 Nitrogen adsorption—desorption isotherms of (a) Co-C/CoySg-1, (b) Co-C/CoySg-3, and (c) CosSg-CoS, inset: corresponding

pore-size distribution.

the calcined samples. The presence of metallic Co NPs
produced typical ferromagnetic behaviors in the Co-C
and Co-C/CoySs samples. The saturated magnetization
(M,) monotonously decreased from 28.2 to 3.3 emu/g
as the Co,Sg content increased. In contrast, the
Co0ySs-CoS sample exhibited a paramagnetic state
owing to the complete phase conversion from the
ferromagnetic cobalt phase to paramagnetic CosSs
and antiferromagnetic CoS phases [28].

3.5 Reflection loss

Transition metal-carbon composites and transition-
metal sulfides have been studied extensively for their
application as catalysts [25, 29, 30], batteries [31, 32],
and supercapacitors [33]. Here, we explored their
application in a microwave-absorbing field. To
evaluate the microwave-absorbing properties, we
selected five representative composites with obvious
differences in composition and microstructure for
electromagnetic parameter measurements. The as-
prepared composites were uniformly dispersed in a
paraffin matrix with the same loading of 30 wt.%. The
RLs of the samples were calculated using the measured
complex permittivity and complex permeability based
on the transmission line theory [34, 35]

Zo =Zy(u.)e)"? fémh[]'(27Tff)(,ur8r )I/Z/CJ (1)
RL = 201log |=in_Z0 2
87 17, @

where Z, and Z;, are the characteristic impedance
of free space and the input impedance of absorber,
respectively, €, and  are the complex permittivity and

permeability of the absorber, respectively, f is the
frequency of electromagnetic wave, ¢ is the thickness of
absorber layer, and c is the velocity of light. Figure 8(a)
compares the RL values of the Co-C, Co-C/CosSs-1,
Co-C/C0ySs-3, Co-C/C0ySg-4 and CoySs-CoS samples
with layer thicknesses of 1.0-5.0 mm. Relative to Co-C
and CoySg-CoS binary composites, the Co-C/CoqSs
ternary composites with optimized composition and
structure displayed enhanced microwave-absorbing
properties with |RL| values above 10dB, which
achieved 90% attenuation of incident microwaves.
Among all the samples, the Co-C/C0ySs-3 composite
exhibited the strongest microwave absorption, and its
RL value exceeded -10 dB even at a layer thickness
as thin as 1.0 mm. Currently, it is still a challenge
to achieve 90% microwave absorption at absorber
thicknesses as low as 1.0 mm. Therefore, it is expected
that the Co-C/Co0ySs-3 composite may potentially be
applied as an ultrathin absorbing layer.

Furthermore, we systematically investigated the
microwave absorbing properties of the Co-C/Co4Ss-3
composite with different loadings (10 wt.%, 20 wt.%,
25 wt.%, and 30 wt.%). The composites with loadings
of 10 wt.% and 20 wt.% did not show effective
microwave absorption ([RL| < 10 dB) at 1.0-5.0 mm
(Fig. S4 in the ESM). As the loading increased to
25 wt.%, the composite displayed strong microwave
absorption in both low- and high-frequency regions
(Figs. 8(b) and 8(c)). The gradual shift of the RL peak
towards lower frequencies with the increasing layer
thickness followed the quarter-wavelength cancellation
law [36, 37]. Currently, one of the biggest challenges
for microwave absorbing materials is broadening
the effective absorption bandwidth (i.e., obtaining
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Figure 8 (a) Comparison of RL values of Co-C, Co-C/Co¢Sg-1, Co-C/C0¢Sg-3, Co-C/CoySg-4 and CoySg-CoS samples at a layer
thickness of 1.0-5.0 mm (loading of 30 wt.%). Frequency dependences of reflection losses of Co-C/Co¢Sg-3 composites with loadings

of ((b) and (c)) 25 wt.% and ((d) and (e)) 30 Wt.%.

an absorption bandwidth with RL value lower than
-10 dB). Interestingly, the Co-C/C0,Ss-3 composite
with a loading of 25 wt.% possessed an ultrabroad
absorption bandwidth up to 8.2 GHz at a layer
thickness of 2.2 mm, covering the range of 9.8-
18.0 GHz. It is noteworthy that the actual absorption
bandwidth of Co-C/CoySs-3 composite could be even
wider than 8.2 GHz because the testing frequency
ended at 18 GHz.

Additionally, it is attractive to find that the
Co-C/Co0ySs-3 composite achieved strong microwave
absorption in S band (2-4 GHz) within a layer
thickness of 5.0 mm (Fig. 8(d)). Recently, Tong et al.
reported a strong low-frequency microwave absorption
of Fe;O,/C nanorings [20]. When 60 wt.% of Fe;O,/C
nanorings were dispersed in paraffin, the sample
displayed a minimum RL of -55.68 dB at 3.44 GHz

with a layer thickness of 6.2 mm. Herein, the Co-C/
Co0yS5-3 composite showed a comparable microwave
absorption in S band with a much lower loading of
30 wt.%. As seen in Fig. 8(e), the minimum RL value
was -54.02 dB at 3.04 GHz with a layer thickness
of 4.89 mm. Although the Co-C/Co0,Ss-3 composite
achieved a strong low-frequency absorption using a
thinner layer and a lower loading in comparison with
the previous report, further studies are still required
to broaden the effective absorption bandwidth to
meet the demands of low-frequency applications.

3.6 Microwave absorption mechanism

To understand the mechanisms for the excellent
microwave absorbing properties, the complex per-
mittivities and permeabilities of the different composites
were analyzed below. Figures 9(a)-9(e) show the real
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(¢') and imaginary parts (¢”) of complex permittivities,
which represent the storage and loss capabilities of
electric energy, respectively [38, 39]. The Co-C/Co,Ss-3
and Co-C/Co,Ss-4 ternary composites had larger ¢ and
¢" values than those of the others; particularly, the
Co-C/Co0ySs-3 exhibited the largest ¢” values, ranging
from 6.8 to 11.6, and strong resonant peaks over
the entire frequency range, which implied its strong
dielectric-loss capability. Additionally, Fig. S5 in the
ESM presents the ¢ and ¢” curves of Co-C/Co0ySs-3
composites with loadings from 10 wt.% to 30 wt.%.
Both the ¢’ and ¢” values monotonously increased as
the loading was raised, following the effective-medium
theory. Meanwhile, the resonant peaks in the ¢” curves
became much stronger. The strong resonant peaks in
the ¢" curves of the Co-C/ CoySg-3 and Co-C/CoySs-4
composites suggest enhanced dielectric relaxation
behaviors. According to the Debye relaxation theory,
the relative complex permittivity (¢,) can be expressed
by the equation [40, 41]

E —&
0

s

©)

©

g =¢&—-je" =6, +—"—
1+jor

where 7, w, €, and ¢., are polarization relaxation time,
angular frequency, static permittivity and relative
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permittivity at the high-frequency limit, respectively.
It can thus be deduced that

E.—&
S 0

doe 4)
8" — wT(gS _goc) (5)
1+ (w7)?

From Eg. (3), it can be seen that in Egs. (4) and (5), €'
and ¢” follow the relationship

(e'-¢,) +(e") =(s,-¢,)

(6)

Therefore, the plot of ¢’ versus ¢” should be a single
the Cole-Cole
semicircle, and each semicircle denotes one Debye

semicircle, usually defined as
relaxation process. As shown in Fig. 9(f), both the &'-¢"
curves of Co-C/Co,5;s-3 and Co-C/CoySg-4 composites
displayed several overlapped Cole—Cole semicircles,
revealing the multiple Debye polarization relaxations.
As is well known, the accumulated charges at the
heterointerfaces between different dielectric media can
produce dipole moments, thus generating Debye-like
relaxations under an alternating electromagnetic field
[42—-44]. Such relaxations could be called interfacial

polarization relaxation or Maxwell-Wagner polarization
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Figure 9 Frequency dependences of ¢’ and &” for (a) Co-C, (b) Co-C/Co,Ss-1, (¢) Co-C/CooSs-3, (d) Co-C/CoySs-4, and (e) CoySg-CoS
composites with the same loading of 30 wt.%. (f) Plots of ¢'—¢" of Co-C/CoySg-3 and Co-C/CoySg-4 composites. Inset: the enlarged
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relaxation. In Co-C, Co-C/Co0sSg and Co0ySs-CoS com-
posites, the accumulation of free charges at Co-C and
CoySs-CoS interfaces could produce intense interfacial
polarization relaxations. Additionally, the above
reported XPS spectra of C and S for the Co-C/Co4S;
composite indicated the presence of C-O and S-O
bonds due to the adsorption of oxygen from air. Thus,
dipoles could form at the void/C and void/CosSs
interfaces because of the different electronegativi-
ties of O and C (or S), causing Debye polarization
relaxations under an alternating electromagnetic field.
Similarly, Debye polarization relaxation also occurred
at the C—Co,Sg interface in terms of the formation of
C-S bond. As sulfidation time increased, the volume
of Co-C core gradually decreased and the content of
sulfide shell increased. As a result, the interfacial
polarizations at the Co/C and C/void interfaces
weakened, whereas the Co.Sg-related interfacial
polarizations increased. Thus, the permittivity of
the composite could achieve the largest value at the
optimum composition, which was just proved to be
the Co-C/Co045;-3 composite.

Figure 10 and Fig.S6 in the ESM illustrate the
frequency dependence of the permeability of Co-C
and Co-C/CoySg ferromagnetic composites. In the
low frequency range, the Co-C composite with the

Nano Res. 2018, 11(8): 41694182

highest saturated magnetization possessed the largest
permeability (u' and u"), while the formation of the
sulfide shell decreased the permeability of Co-C/CoqSs.
The imaginary part of permeability (u") represents
the loss capability of magnetic energy. It was found
that the " curves showed obvious resonance behaviors
with multi-peaks appearing in 2-18 GHz. Generally,
the resonant peak at a low frequency is derived from
the natural ferromagnetic resonance [45, 46], while
the other resonances are assigned to non-uniform
exchange resonance modes at a higher frequency [20].
In contrast to the natural resonant frequency (f;) of
bulk Co, which is located the megahertz frequency
range, the f. of the composites shift considerably to
higher frequencies due to the enhancement of the
anisotropy field H, according to the equation 2nxf, =
yH, (7 is the gyromagnetic ratio) [47, 48]. Since H,
is directly proportional to the anisotropy constant, K,
(K = 2ntMH,), the increase of H, could be ascribed to
the small size-effect induced increase in K of Co NPs
[49]. Based on Chen’s study, the K value of Co NPs
with a size of 15-50 nm is in the range of 5 x 10° — 30 x
10° erg/cm?, much higher than that of bulk Co (2.7 x
10° erg/cm?®) [50]. Therefore, the f, of Co-C and Co-C/
CoySs composites could shift to gigahertz frequency,
which promotes magnetic loss.
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Figure 10 Frequency dependences of u' and u" for (a) Co-C, (b) Co-C/Co¢Ss-1, (c) Co-C/Co¢Sg-3, (d) Co-C/CoySg-4, and (e)

CoySg-CoS composites with the same loading of 30 wt.%.
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From Figs. 9 and 10, it is seen that the &¢” and u”
of the Co-C/CosSs composites do not decay at high
frequencies (above 9 GHz), implying that the microwave
dissipation capability of the samples is quite stable.
Compared with the value of u", the larger ¢" value
reveals the dominant contribution of dielectric loss to
microwave attenuation over the entire frequency
range. It is well known that ultimately, microwave
dissipation depends on the combined effects of dielectric
and magnetic losses [16]. To evaluate the microwave
dissipation capability, the attenuation constants (&) of
the above samples were calculated as

V2nf “
¢ @)
\/(,u"é‘"—,u'g’)+\/(,u"é‘"—ﬂ'g’)z +(#rgll+#r!gr)2

As presented in Fig. 57 in the ESM, the Co-C/C0,Ss-3
composites with high loadings of 25 wt.% and 30 wt.%
possessed large « values, which is an essential reason
for strong microwave absorption.

Additionally, it has been widely accepted that the
microwave absorbing property of a material does
not exclusively depend on the microwave attenuation
inside the absorber; impedance matching that deter-
mines the reflection of incident microwaves at the
air-absorber interface is a necessary precondition for
microwave absorption [51, 52]. A detailed study of
impedance matching is important for understanding
the broad absorption bandwidth at a high frequency
for the Co-C/Co04Ss-3 composite. Ideal impedance
matching involves a 1Z;,/Z,| value of 1.0, which
corresponds to the complete entrance of the incident
microwave into the absorber with zero reflection [53].
Figure S8 in the ESM shows the frequency depen-
dencies of RL and |Z,/Z,| values for Co-C/C0,Ss-3
composites with loadings of 25 wt.% and 30 wt.%. It
is clear that the effective absorption bandwidth is
closely related in the impedance matching condition.
When the loading of the Co-C/C0,Sg-3 composite in
matrix was 25 wt.%, the |Z;,/Z,| value was close to
1.0 in a wide frequency range; specifically, it fluctuated
between 0.7 and 0.9 in the range 10-18 GHz, implying
the entrance of incident microwave into the absorber
to a large extent [54]. This frequency region coincided
with the broad effective absorption bandwidth.
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According to Ji’s report, a moderate ¢’ value in the
range of 10-30 is favorable to the improvement of
the impedance-matching behavior [7]. Therefore, the
proper &' of Co-C/Co0ySs-3 composite (25 wt.%) benefits
the impedance matching. The good impedance
matching together with the large attenuation constant
endows the sample strong microwave absorption in
a wide frequency range at high frequency. As to
the composite with a loading of 30 wt.%, the good
impedance matching only occurred at low frequency
in a quite narrow region, thus resulting in the narrow
absorption bandwidth.

Based on the above analysis, we can summarize a
scheme to illustrate the mechanism of microwave
absorption in the Co-C/CosSs composite. As shown
in Fig.11, the incident microwave first enters the
absorber with a good impedance match. Subsequently,
the microwave can be dissipated by multiple loss
modes including dielectric loss, mainly from multiple
interfacial polarization relaxations, as well as magnetic
loss from the ferromagnetic and exchange resonances
of the Co NPs. Besides, the large cavity between the
porous core and sulfide shell could promote microwave
dissipation by repeatedly reflecting the incident
microwaves, as illustrated in Fig. 11(b) [8, 36]. Mean-
while, the air in the cavity ensures the penetration of
most incident microwaves into the porous core with
a smaller impedance gap [9, 16].

@ Dipole

Figure 11 Schematic illustration of the microwave attenuation
mechanisms in Co-C/CoySg composite. (a) Interfacial polariza-
tions in Co-C/CooSg. (b) Microwave reflection in cavity.

4 Conclusions

A Co-C/CosSs composite with a yolk—shell structure
was synthesized using Co-based ZIF as a template,
followed by a sulfidation reaction and final annealing.
The components and microstructure of the composite
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could be well tuned by controlling the sulfidation
reaction. The optimized light and thin Co-C/Co,Ss
composite exhibited an ultrabroad absorption band-
width at a high frequency and an extremely strong
microwave absorption at a low frequency. The excellent
microwave-absorbing behavior could be ascribed to
the large interfacial polarization effect derived from
abundant heterointerfaces, the synergistic effect between
magnetic and dielectric components, and the tunable
cavity between core and shell. This study suggests
a new opportunity to develop microwave absorbers
with ultrabroad absorption bandwidths and strong
low-frequency absorptions.
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