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ABSTRACT: The porous three-dimensional (3-D) flower
structures assembled by numerous ultrathin flakes were favor
for strengthen electromagnetic absorption capability. However,
it still remains a big challenge to fabricate such kind of
materials. In this study, an easy and flexible two-step method
consisting of hydrothermal and subsequent annealing process
have been developed to synthesize the porous 3-D flower-like
Co/CoO. Interestingly, we found that the suitable heat
treatment temperature played a vital role on the flower-like
structure, composition, and electromagnetic absorption
properties. In detail, only in the composite treated with 400
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°C can we gain the porous 3-D flower structure. If the annealing temperature were heated to 300 °C, the Co element was unable
to generate. Moreover, when the annealing temperature increased from 400 to 500 °C, these flower-like structures were unable to
be kept because the enlarged porous diameter would wreck the flower frame. Moreover, these 3-D porous flower-like structures
presented outstanding electromagnetic absorption properties. For example, such special structure enabled an optimal reflection
loss value of —50 dB with the frequency bandwidth ranged from 13.8 to 18 GHz. The excellent microwave absorption
performance may attribute to the high impedance matching behavior and novel dielectric loss ability. Additionally, it can be
supposed that this micrometer-size flower structure was more beneficial to scatter the incident electromagnetic wave. Meanwhile,
the rough surface of the ultrathin flake is apt to increase the electromagnetic scattering among the leaves of the flower due to

their large spacing and porous features.
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1. INTRODUCTION

Arising from the rapid development of electronic devices,
wireless communication tools, and local area networks,
electromagnetic interference (EMI) has greatly threatened
human health and disturbed various commercial or industrial
equipment.' ™ Thus, the demand for electromagnetic absorb-
ents has become urgent over the past years. It is well-known
that an electromagnetic absorbent is a type of functional
material that is able to absorb incidence of electromagnetic
wave effectively and then convert it into thermal energy.*> The
ideal absorbing materials must have light weight, strong
absorption, thin thickness, and broad frequency.® Several
factors, such as morphology, geometry and microstructure,
are crucial in determining the electromagnetic absorption
properties.” Currently, different morphologies of absorbents
have been fabricated by various methods, containing one-
dimensional (1-D; nanowires, nanoparticles),* " two-dimen-
sional (2-D; flake, nanodisks)'*" and three-dimensional (3-D;
tubes, sphere, urchin-like structure)."*™'® For example, SiC
nanowires with 20—80 nm in diameter, several tens of
micrometers in length have been developed by reducing the
multiwall carbon nanotubes (MWCNTs) and silicon vapor
from molten salt medium. The minimum reflection loss value
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(RL,;,) reached as high as —17.4 dB at a coating thickness of 4
mm."” Meanwhile, the well-defined hexagonal flake-shape iron
with a thickness of about 100—500 nm and edge length of 5 ym
has been produced by hydrogen reduction of a-Fe,O;
microflakes, and the optimal reflection value was up to 15.3
dB.*® Sun et al. compared the electromagnetic absorption
performance of CoO nanobelts, submicrometer spheres, and
bulks and found that the nanobelts have the highest reflection
loss value of —12.3 dB at a thickness of 3 mm.>" Therefore, we
conclude that these shapes of absorbent with different sizes and
crystal structures have a vital influence on the electromagnetic
absorption that may result from electronic polarization,
magnetic loss, and so on. Considerable attention has been
focused on the monodispersed flower shape of absorbing
materials due to its fascinating advantages. Generally, most of
the microwave absorbents have difficulties in improving the
permeability in high frequency regions because of its large eddy
current (the strong magnetic field induced by the eddy current
can cancel the external magnetic field and cause low
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permeability and poor microwave absorption).””** However,
some reports pointed out that the absorbing materials with
flake-like structures can efficiently suppress the eddy current
due to its high resonance peak at a high frequency range.** A 3-
D flower structure consisting of numerous flake-shaped
structures has been regarded as a promising microwave-
absorbing material. More importantly, the special 3-D structure
may scatter the electromagnetic wave among the layers of
flower and increase the microwave absorption properties.
Various flower-shaped absorbing materials have been success-
fully synthesized, such as Ni with a RL,;, value of —17 dB at 13
GHz,>® FeNi@C with a RL,;, value of —47.6 dB at 3.17 GHz.>®
But, these flower-shaped absorbing materials consist of a high
density of cobalt or nickel, which is not beneficial for
lightweight microwave absorbing material. In order to solve
this problem, porous materials are regarded as an effective way
to meet the demand of light absorption.”” >’

In this study, we designed a novel porous 3-D flower-like
Co/CoO structure as a new type of microwave absorption
materials. These well-defined flower structures consist of
numerous large ultrathin flakes, which exceed the Snoek
limitation. At the same time, the porous structure with a lower
density can be used as lightweight microwave absorption
material. In additional, the layer spacing of the flakes in each
flower structure is relatively favorable for electromagnetic
scattering.

2. EXPERIMENTAL SECTION

2.1. Materials. Cobalt acetate (Co(OAc),), urea, and poly-
vinylpyrrolidone (PVP, K30) were purchased from Nanjing Chemical
Reagent Co. Methanol were purchased from the Sinopharm Chemical
Reagent Co. All of the chemical reagents were analytically pure and
used without further purification.

2.2. Preparation of Porous Flower-Shaped Co/CoO Compo-
site. The flower-shaped Co/CoO composite was prepared by a simple
solvothermal approach. The typical experimental procedure is as
follows: 0.5 g of polyvinylpyrrolidone (PVP) was dissolved in 50 mL
of methanol under magnetic stirring for 10 min. Then, 0.5 g of cobalt
acetate and 0.25 g of urea were added into the solution and ultrasonic
treated for 20 min to form a clear red solution. Subsequently, the
mixed solution was transferred into a Teflon-lined stainless steel
autoclave with a capacity of 100 mL. The hydrothermal process was
carried out at 200 °C for 6 h, and then the mixture was allowed to cool
to ambient temperature. The final products were washed with ethanol.
Finally, the product was dried in a vacuum at a temperature of 60 °C.
In the second stage, 0.1 g of the as-prepared precursor was heated at
400 °C/500 °C (marked in S1 and S2) for 2 h with a slow increase
rate of 1 °C/min and with nitrogen gas (N,) as the protective gas.

2.3. Characterizations. Phase analysis was tested by the powder
X-ray diffraction (XRD) patterns (Bruker D8 ADVANCE X-ray
diffractometer) using Cu Ko radiation (4 = 0.154178 nm with 40 kV
scanning voltage, 40 mA scanning current. A Hitachi S4800 type
scanning electron microscopy (operated at an acceleration voltage of
3.0 kV and equipped with an energy dispersive X-ray spectroscopy)
were used to observe the morphology features and sizes. The
morphology of the composite was further characterized by trans-
mission electron microscope (TEM, JEM JEOL 2100). The magnetic
properties including coercive force and saturation magnetization were
performed by a vibrating sample magnetometer (VSM, Lakeshore,
Model 7400 series) at room temperature. The XPS spectrum was
measured in a PHI 5000 VersaProbe systems using an Al Ka X-ray
source and operating at 150 W. The Brunauer—Emmett—Teller (BET,
ASAP2020) was utilized to analysis the specific surface and pore size.
The S parameters including S11, S12, S21, and S22 will be tested by an
Agilent PNA NS224A vector network analyzer using the coaxial-line
method which the samples prepared by homogeneously mixing the
paraffin wax and sample (mass ratio was 1:1) and then pressing into
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toroidal-shaped samples (®,,, 7.0 mm; ®,, 3.04 mm). Afterward,
software which has been installed in Agilent PNA can calculate the ¢/,
€”, p', and p” values. Finally, the RL value with different thickness can
be calculated by using the following formulas.>**'

Ziy = Zou/e, tan h [j(2nfd/c)] [ieE, (1)
RL(dB) = 201ogl(Z,, — Zo)/(Z;, + Z)! )

where Z;, is the input impedance of the absorber; f is the frequency of
electromagnetic wave, d is the coating thickness of the absorber; c is
the velocity of electromagnetic wave in free space; and ¢, (¢, = ¢’ —
je") and p, (u, = p' — ju") are the complex permittivity and
permeability of the absorber, respectively.

3. RESULTS AND DISCUSSION

3.1. Morphology and Microstructure of Precursor.
During the solvothermal process, the precursor salt (Co-
(OAc),) can be divided into two reaction process under
alkaline solution, as expressed in the following:

Co(CH,CO0), + 20H™ = Co(OH), + 2CH,CO0
(1)

@)

It is worth pointing out that for reaction 2, decomposition of
Co(CH;COO0), should satisfy the conditions of high temper-
ature and high pressure. During the solvothermal process, the
sealed autoclave with a high temperature of 200 °C may
generate the high pressure and thus result in the occurring of
reaction 2.

Derived from the XRD patterns analysis of the precursor, it is
found from Figure 1a that these strong diffraction peaks at 22.2,
32.7, 33.3, 37.7, 45.1, 50.9 and 58.2° can be easily ascribed to
the crystal planes of Co(OH), (JCPDS card No. 02-0925).>* In
fact, the color of pure Co(OH), presents pink while the as-
prepared precursor appearing in this study is slight dark (Figure
la, inset), demonstrating that the precursor is not single
component and may still exist the CoC,0,. Nevertheless, there
is still no distinct evidence to prove the presence of crystalline
CoC,0, just from the XRD patterns due to its probable
amorphous state. Herein, further measurements, including
energy disperse spectroscopy (EDS) and Fourier transform
infrared (FT-IR), are carried out to analyze the composition.
First, the EDS spectrum shows the presence of Co, O, and C
elements, which proves the probable presence of CoC,0O,
(Figure 1b). (Before EDS, the sample was put in the single-
crystal Si substrate to rule out the C element coming from the
conductive adhesive). Subsequently, the precursor was tested
by the FT-IR spectrum as displayed in Figure 1c. Obviously, the
wavenumbers at 1065, 1160—1460, and 1630 cm™ belong the
C—-C, O—C= and C=O0 bands, suggesting the presence of
CoC,0,. Thus, we may deduce that the as-prepared precursor
is composed of Co(OH), and CoC,0,. In additional, the
wavenumber at around 586 cm™' is attributed to the
characterization vibrating peak of Co(OH), and is consistent
with the XRD result.

The morphology feature of the precursor was displayed in
Figure 2. It can be seen that the precursor presents 3-D flower-
like shape, and the size of monodisperse flower structure is
within a narrow region of 2—4 yum. Further magnifying the
flower reveals that the flower-like structure consists of
numerous smooth ultrathin-sheet structures with uniformly
thickness of about 20 nm. From the element mappings of
Figure 2(c—f), we can observe that the C, O, and Co is

Co(CH,C00), = CoC,0, + C,H,
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Figure 1. (a) XRD patterns (b) EDS and (c) FT-IR spectra of the as-
prepared flower-like precursor; (a, inset) photograph of the as-
prepared precursor.

uniformly distributed in the flower structure, whereas the
density of C is less dense than that of Co and O element,
meaning the mass ratio of CoC,0, is less than Co(OH),.

3.2. Morphology and Microstructure of the Co/CoO.
The Co/CoO composite is prepared by a simple heat treatment
process under the flowing nitrogen gas, and the temperature is
set at 300 to 500 °C for 2 h, respectively. As shown in Figure 3,
there are six main diffraction peaks located at 36.5, 42.6, 44.2,
51.1, 61.6, and 75.8° in S1 and S2, which can be assigned to the
(111), (200), and (220) crystal planes of CoO (JCPDS card
No. 65-2902) and (111), (200), and (211) of Co (JCPDS card
No. 15-0806), respectively. However, it should be pointed out
that the Co diffraction peaks are not present in the sample
prepared at 300 °C. The Co diffraction peaks of S2 are
obviously strong. As a result, we deduce that the apparent
increase of Co diffraction peaks intensity may be caused by the
increased mass of Co in the composite. Such a phenomenon
can be explained by the following. When the precursor under
the heat treatment process, a series of reactions is acquired as
expressed in the following equations:

Co(OH), = CoO + H,0 3)

CoC,0, = CoO + CO + CO, )
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Figure 2. (a and b) SEM images and (c—f) elements mapping of the
flower-like precursor.
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Figure 3. XRD patterns of the Co/CoO prepared at 300—500 °C.

CoO + CO = Co + CO, (5)

It is clearly observed that the metal Co results from the
decomposition of CoC,0,. For reaction 4, it is an endothermic
process, so the equilibrium constant, K, increases as the
temperature constantly increases, and more and more CO is
generated as the temperature increases from 400 to 500 °C.
Afterward, the CoO is reduced to Co. Such a result is
consistent with XRD patterns and the magnetic properties (see
below). However, reaction S still needs a relatively high
temperature, although it is an exothermal process (AH = —45.1
kJ/mol < 0), which can explain why we cannot achieve Co
element at a lower temperature of 300 °C.

The X-ray photoelectron spectrum was also performed to
analyze the form of Co. As shown in Figure 4, the binding
energy values of Co 2p;/, are located at 780.1 and 778.6 eV,
which can be corresponded to CoO and Co, respectively.”***
To test the weight ratio, we used a facile hydrogen gas
reduction (reduce CoO to Co and the loss weight is represent
for the O element resulting from the CoO) and the result
indicates that the Co weight ratio is 34.2 wt % for S1 and 39.2
wt % for S2, respectively.

DOI: 10.1021/acsami.5b01654
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Figure 4. XPS spectra of the porous 3-D flower-like precursor.

Figure S reveals the FE-SEM and TEM images of the Co/
CoO composites. It is noted from Figure Sab that S1 still

Figure 5. (a—c) SEM images of the porous 3-D flower-like Co/CoO
at different magnification (prepared at 400 °C), (d) HR-TEM image
of the porous 3-D flower structure (prepared at 400 °C), and (e) SEM
image of the sample prepared at 500 °C.

maintains its special flower shape. However, the porous
structure originates from the loss of H,O; O then left empty
spaces as the pores in the leaf of the flower structure. The HR-
TEM image selected from the leaf of the flower structure
suggests that there are two types of lattice spacing; one is 0.245
nm, corresponding to (111) crystal plane of CoO, while the
other is 0.204 nm, ascribing to (111) crystal plane of Co
element. This consequence demonstrates the presence of Co
and CoO (Figure 5d and inset). When the temperature was
further increased to 500 °C, the porous flower shapes collapsed,
and numerous ultrathin flakes without regular morphology
emerged (Figure Se). That can be explained that as the
temperature increased further, the size of the pores would
enlarge due to the exceeding reduction of CoO and the loss of
more O elements. Finally, the enlargement of porous size could
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not support the frame of the flower structure and resulted in
collapse.

The BET date (Figure 6) implies that the specific surface
area (Sgpr) of both the samples (sample S1 and S2) is not

50 100 150 200 250
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5_ Pore Diameter (nm)
0
—S1
51 —s2
00 02 04 06 08 10

Relative Pressure (P/Po)

Figure 6. N, adsorption—desorption isotherms of the porous 3-D
flower-like Co/CoO; (inset) pore size distribution plots.

large; the Sggr of S1 is about 9.2 m?/g, slightly higher than the
Sger of S2, 8.44 m*/g. Such small Sypr values may attribute to
the micrometer sizes of S1 and S2. However, the pore size of S2
was mainly around 65 nm, which is bigger than the 25 nm of S1
pores. The result further demonstrates that after increasing the
heating temperature, a small part of CoO reduced and led to
the enlargement of the pore size.

The hysteresis loss has been measured at room temperature
by the vibrating sample magnetometer (VSM). From Figure 7,
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Figure 7. Hysteresis loop of the Co/CoO prepared at 400 (S1) and
500 °C (S2).

it is not difficult to find that S2 has a higher magnetization value
of about 76 emu/g, while that of S1 is about 62 emu/g. In
addition, S1 exhibits a higher coercive force value (H; 309.64
Oe) than that of S2 (178.75 Oe). It is worth noting that a large
H_ value is always benefic for high-frequency resonance based
on the following equation:**"

K= uMH_/2 (6)
H, = 4IKI/3pu M, (7)
2af =rH, (8)

where p, stands for the universal value of permeability in free
space (47 X 107 Hm™"), r is the gyromagnetic ratio, and H, is
the anisotropy energy. From the equation, a high H, value is
related to a high k value, which results in a greater value of H,.

Finally, a high value of f, is obtained.

DOI: 10.1021/acsami.5b01654
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Figure 8 shows the calculated reflection loss value for the
Co/CoO composites prepared under different temperatures. In
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Figure 8. Reflection loss curves of the Co/CoO samples prepared at
(a) 400 and (b) 500 °C and (c) the contour map of the RL,;, < 10
dB for the Co/CoO prepared at 400 °C (d) the contour map of the
RL,;, < 10 dB for the Co/CoO prepared at 500 °C.

general, the RL,;, value less than —10 dB is comparable to
attenuate 90% of incident electromagnetic wave, and thus, the
RL_;, < —10 dB has been regarded as an ideal microwave
absorption materials. It can be observed that the RL peaks of
each composite shift to a lower frequency range as the
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increasing thickness. The shifting peaks can be explained by the
1/, wavelength equation.””

by = nc/4f, (eu) )
where t,, and f,, represent for the matching thickness and
frequency of the RL,;, peaks, respectively, u,. and ¢, are the
complex permeability and permittivity, respectively, at matching
frequency, and C is the velocity of light. Sample S1 has superior
microwave absorption properties in both the RL,;, value and
frequency width as compared with S2. An optimal RL,;, of —50
dB is obtained at 7.2 GHz for S1 with a coating thickness of 3.5
mm (Figure 8a). Moreover, when the composite has a thin
coating thickness of 2 mm, sample S1 still exhibits the excellent
microwave absorption properties, which the effective frequency
bandwidth is up to 4.2 GHz (13.8—18 GHz) and the minimum
reflection loss value reaches —22 dB. But for S2, the RL,;, value
cannot even reach —10 dB with a thickness of 2.5—3.5 mm.
The best RL,;, is just —12 dB with a coating thickness of 2 mm.
From Figure 8c,d, we can conclude that SI1 has a better
microwave absorption property at identical coating thickness.

To investigate the probable mechanism for electromagnetic
absorption performance, we displayed the electromagnetic
parameters of the two composites in Figure 9. Actually, an
absorbent with excellent microwave absorption may rely on the
high impedance matching behavior, meaning the absorbent can
let more and more electromagnetic wave incidence in it. For
high impedance matching properties, material should meet the
needs of the complex permeability and permittivity equally.
Meanwhile, a big imaginary part of €” and y” value is also quite
important and represents the attenuation ability of the
electromagnetic wave. Figure 9a shows the real/imaginary
permittivity value; S1 exhibits a relatively lower &’ value (6.5—
8.7) and a large &” value (1—5.7), which may lead to not only
poor impedance matching behavior but also strong electro-
magnetic attenuation. However, S2 has a better magnetic loss
ability; both the real and imaginary parts of the permeability
value are all slightly larger than those of S1 (Figure 9b) due to
the increase of magnetic metal Co. From Figure 9¢,d, we can
conclude that the S1 has the stronger dielectric loss ability and
a relatively weaker magnetic loss behavior. Hence, we introduce
the attenuation constant @ to describe the integral attenuation
ability based on the following equation:>®

a= J2nf

[4

< i

_ ”/E/)Z + (/4/8” + ﬂllgl)z
(10)

where f is the frequency. It is clearly seen from Figure e that
sample S1 presents a bigger attenuation constant value in the
whole frequency range. In other words, the excellent microwave
absorption properties of S1 are mainly attributed to the good
impedance matching and strong dielectric loss.

As a result, we may conclude that the enhanced electro-
magnetic absorption may attribute to the following factors: (1)
the relatively lower & value and big &” effectively increase the
impedance matching properties. (2) S1 exhibits a stronger
dielectric loss ability. As we know, the larger &” value is related
to a lower p value based on the free electron theory (&”=1/
zreop_f).39’40 However, the p value is affected by many factors
including polarization, composition, morphology, and size. In
this study, the weight ratio of S1 is slightly less than that of S2,

=) + e
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Figure 9. Electromagnetic parameters of the Co/CoO samples: (a)
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constant.

which can rule out the influence of the composite. Duan et al.
have demonstrated that the dipole polarization is dominant.*"**
The lattice defects caused by the difference of ionic radius (Co
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and CoO) serve as the polarized center. The dipoles need more
and more energy to alternate the direction due to their
damaged lattice structures. Such a process may increase the
attenuation electromagnetic ability. (3) The porous 3-D flower
structure with a larger layer spacing (300—600 nm) could lead
to a multi-scatter among the leaves of the flower structure.
What’s more, the porous structures with a rough surface further
increase the scattering intensity.

4. CONCLUSION

In this study, we designed a novel porous 3-D flower structure
of Co/CoO by a simple heated treatment process. These 3-D
flower structures present a porous feature with a pore diameter
range of ~25 nm. When the temperature is increased to 500
°C, the flower structures collapse due to the excessive reduction
of CoO and result in the enlargement of the pore size, which
causes them to collapse. The calculated reflection loss implies
that the porous 3-D flower-like Co/CoO present attractive
electromagnetic absorption properties. The effective frequency
bandwidth is up to 11 GHz (7—18 GHz) with the coating
thickness of 2 mm. Furthermore, the optimal frequency value
for porous samples can reach —50 dB, higher than the —12 dB
of the sample heated at 500 °C. The improved microwave
absorption properties may come from the high impedance
matching behavior and large ¢”. Meanwhile, the special 3-D
flower structure benefits electromagnetic wave scatter and
results in enhanced microwave absorption properties.
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