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In this work, we report on the large-scale room-temperature synthesis of Co superstructures using a facile liquid
phase reduction method in an aqueous medium. This method yielded pure Co powders within a short period
of time without the use of any surfactants. The morphological changes in the Co superstructures could be
controlled simply by varying the amounts of reducing agent (hydrazine hydrate). The morphology of the
Co powders systematically controlled from aggregated foliage to isolated microfoliage by increasing the
hydrazine hydrate addition from 4 ml to 8 ml. The morphology-dependent electromagnetic properties, includ-
ing the electric permittivity, and magnetic permeability, were investigated over the microwave frequency
range, 2-18 GHz. Co isolated microfoliage showed a maximum reflection loss (RL) of -32 dB at 9 GHz with a
matching thickness of 2.5 mm, whereas the aggregated foliage Co superstructures displayed a maximum RL
of -17 dB at 11 GHz with a matching thickness of 2.5 mm. The stronger absorption for isolated microfoliage
was ascribed to a continuous micro networks and vibrating microcurrent dissipation arise from size and shape
of the isolated microfoliage. The calculated RL suggested that the as-prepared samples were potential micro-
wave absorption candidates in the X-band region. 

Keywords: Co superstructures, microfoliage, aggregated foliage, microwave absorption, magnetic loss, mag-
netic permeability

1. INTRODUCTION

The development of electromagnetic materials that absorb
electromagnetic radiation has attracted significant attention
with the recent increase in electromagnetic interference prob-
lems as a result of the rapid development of high-frequency
circuit devices, electronic systems, and military application
instruments that operate in the gigahertz (GHz) range [1,2].
Electromagnetic wave-absorbing materials have an ability to
absorb electromagnetic energy and convert it into either ther-
mal energy or other forms of energy through the cooperative
action of electric, dielectric and magnetic loss [3]. On the basis
of electromagnetic energy lost mechanism, the absorbing mate-
rials may be categorise in to three types: resistance, dielectric
and magnetic loss materials. Practical applications demand
that ideal electromagnetic wave-absorbing materials should
provide the strong absorption, across a broad absorption bands,
the material should be low in density, function in the thin layer
form, and be low in cost [3].

Towards the development of good electromagnetic wave
absorbers, a variety of materials have been designed, synthe-
sized, and investigated for their utility in microwave absorption.
Such materials include graphene-Fe3O4 [4], Li0.4Mg0.6Fe2O4/
TiO2 nanocomposites [5], hierarchical Ni/SnO2 nanocom-
posites [6], graphene@Fe3O4 @SiO2@NiO nanosheets [7], and
Co/C composites [8]. Studies of these materials have revealed
that magnetic metallic materials are good candidate to increase
magnetic loss and microwave absorption by incorporating
into the composites. For example, metallic Co is one of the most
important ferromagnetic material for microwave absorption
because of its high saturation magnetization, high Curie tem-
perature and uniformly dispersed in an insulator matrix [9-11].
Hence, to improve microwave absorption characteristics, many
of the researchers have attempted to synthesize different Co
morphologies since the morphologies of the magnetic mate-
rials are deeply influenced the permittivity and permeability.
Such as the nanoplatelets [12], nano chains [13], hollow porous
spheres [14], sponge like nanoporous structures [15], micro-
flower like structures [16-19], hierarchical three-dimensional
superstructures [20]. However, all of the processes developed
above have need of complex precursors or surfactants, such
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as cobalt acetate, glycols, potassium-sodium tartrate, poly-
vinyl-pyrrolidine (PVP), and sodium dodecyl benzene sulfon-
ate. These processes require high temperatures, and long reac-
tion times. The limitations of these processes not only increase
the production costs, also introduce impurities and notice-
ably reduce the properties of the structures [21]. To the best
of our knowledge, the previously reported Co materials were
prepared at high temperature, long reaction times and use of
surfactants. Also the reflection loss (RL) of the previous reports
for the Co materials were not strong at the X-band region
(8.2-12.4 GHz). Therefore, it would be valuable to develop a
simple room-temperature method for the large-scale synthesis
of pure-phase Co superstructures. Morphological control over
the synthetic methods is necessary to further advance studies
of the morphology-dependent electromagnetic properties of
these materials and their microwave absorption characteris-
tics at the X-band region. 

In this study, we demonstrated a simple method for con-
trolling the morphology of pure Co powders at room tem-
perature using an aqueous phase reduction reaction without
the need for surfactants and templates. The morphology-depen-
dent electro-magnetic properties and the microwave absorp-
tion characteristics of the resulting Co superstructure materials
were studied as a function of frequency. The calculated RL
revealed that the prepared Co powders have potential appli-
cation to use as microwave absorbers. We also investigated
the mechanism underlying the morphology-dependent elec-
tromagnetic response and microwave absorption properties.

2. EXPERIMENTAL PROCEDURE

All chemicals used in this process were commercially available
in analytical grade purity and were used as received without
further purification.

2.1. Synthesis procedure of co superstructures
The Co powders were prepared at room temperature in a

3-necked round bottom flask equipped with a magnetic stir-
rer. In a typical procedure, 40 ml of an aqueous solution were
prepared by dissolving 1 g of CoCl2·6H2O, 0.2 g of citric acid
monohydrate, and a specific amount of triethyleneglycol monobu-
tyl ether (TREGBE) in deionized water under magnetic stir-
ring. After an intensive stirring over 10 min, NaOH solution
(10 ml, 5 M) was added to the above solution. Then 2-8 ml
of hydrazine hydrate was added to the system under vigorous
stirring respectively, and the color of the solution changed from
pink to dark blue at once. After the reaction had proceeded at
room temperature for 1 hour, the appearance of a large quan-
tity of black precipitate indicated the completion of the reaction.
The precipitate was separated from the solution by puting a
permanent strong magnet under the reaction flask and washing
with deionized water and then absolute ethanol three times
each. The resulted Co powders were obtained by vacuum dry-

ing of the wet precipitate at 40 °C for 24 h. 

2.2. Characterization
X-ray powder diffraction (XRD) data were collected over

the 2θ range of 30-80° by using a Bruker AXS D8 advanced
diffractometer with a Cu Kα radiation source (40 kV and 40 mA)
with Linxeye 1-D detector, a divergence angle of 0.2°, a step
size of 0.02°, and an acquisition time of 0.5 s per step. The
surface morphology of the prepared Co powders was observed
using a field emission scanning electron microscope (FESEM,
Hitachi, S-4800). The field dependent magnetization (M-H)
curves at room temperature were measured using a vibrating
sample magnetometer (VSM, Lakeshore 7304). The electro-
magnetic wave absorption properties of the Co powders with
different morphologies were studied using a network analyzer
(Agilent N5245A) over the frequency range 2-18 GHz. The
cylindrical toroidal samples (with an outer diameter of 6.95 mm
and an inner diameter of 3.05 mm) used for the electromag-
netic measurements were prepared by homogeneously blending
the Co powders with paraffin wax. Based on the Nicolson-
Ross-Weir theory, the relative permittivity and permeability
were determined using the T/R coaxial line method.

3. RESULTS AND DISCUSSION

For the synthesis of Co powders at room temperature, firstly
the metal hydroxides (Co(OH)2) were obtained by the addition
of citric acid monohydrate to the precursor via the formation
of metal citrate complex. The higher concentration (0.5 g) of
citric acid results the fused structures as shown in Fig. 1(a).
The formed metal hydroxides get hydrolyzed and release of
Co2+ from the addition of NaOH. Finally by the addition of
TREGBE, hydrazine hydrate led to the precipitate out the
Co. The basic condition favors the anisotropic growth, but
too much of base concentration adversely affected and the

Fig. 1. SEM images of the Co powders prepared with excess (a) citric
acid (b) NaOH (c) without the directing agent TREGBE (d) excess
amount of TREGBE.
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formation of unshaped structures was observed as shown in
Fig. 1(b). Excessive amounts of NaOH reduced the release
of Co2+ from Co(OH)2 and leading to the thermodynamic change
of nucleation and growth velocities [16]. The role of TREGBE
in the reaction was investigated by preparing a sample without
adding and with high amount of TREGBE holding all other
parameters constant. In the absence of TREGBE, only an
unshaped structures were obtained as shown in Fig. 1(c) and
in the case of high amount of TREGBE there is a formation
of some mixed structures shown in Fig. 1(d). Therefore, TREGBE
plays an important role as structure director in obtaining the
preferential oriented growth through the heterogeneous nucleation
sites which could be obtained by the interaction between
TREGBE molecules and Co particles via Vander Waals forces,
surface defects and active crystal surface generation on early
Co nuclei [16,22]. These Co nuclei can generate a magnetic
field that promotes the arrangements of newly reduced atoms
along the magnetic force lines [23]. 

Figure 2 shows the morphologies of as prepared products
with varying amounts of hydrazine hydrate additions. Figure
2(a) indicates that the product obtained by the addition of 2
ml hydrazine hydrate consisted of a large number of big

spheres composed of many small spheres. The addition of 3
ml hydrazine hydrate, produced a nearly aggregated foliage-
like structure as shown in Fig. 2(b). From the Fig. 2(c, d)
revealed that the addition of 4 ml hydrazine hydrate produced
a sample possessed only of well-assembled three-dimen-
sional (3D) aggregated foliage like Co superstructures which
are made by ensembles of foliage petals. Increasing the amount
of hydrazine hydrate to 6 ml, as shown in Fig. 2(e, f) yielded
a product with an enlarged aggregated foliage-like structure
along with some foliage petals. Further increasing the hydra-
zine hydrate to 8 ml, yielded only isolated microfoliage Co
superstructures, because of oriented attachment and self-assem-
bly of spherical cobalt grains.

The above results clearly indicated that aggregated foliage
and isolated microfoliage superstructures formed by the addi-
tion of 4, 8 ml hydrazine hydrate and whereas in other condi-
tions some intermediate structures were obtained. The formation
mechanism of Co superstructures is possible to investigate
on the basis of above results. It is reported that the morphol-
ogy and size of Co crystals are dependent on the competition
between nucleation and growth that can be altered by con-
trolling the reaction rate [24,25]. The kinetics of nucleation
and growth of reduced Co atoms may be well governed by
varying amounts of hydrazine hydrate. The fractal growth of
the aggregated foliage is normally linked with the diffusion-
limited aggregation (DLA) and nucleation-limited aggrega-
tion (NLA) processes [16]. Oscillations in the metal ion con-
centrations during the violent stirring provide another influential
factor to get the stable fractal formation and important for frac-
tal growth and side branching phenomenon [26]. With the
high concentration of hydrazine hydrate, the rate of reaction
is faster, the system is not in equilibrium, and the promotion
of DLA [27]. These conditions favor the formation of aggregated
microfoliage Co superstructures. With further higher concentra-
tion of hydrazine hydrate, increases the reaction system energy
and this additional energy served to get the isolated microfo-
liage through the cleavage of the side branches in aggregated
foliage structure.

Figure 3(a) shows the XRD patterns of the Co superstruc-
tures prepared with different amounts of hydrazine hydrate.
The diffraction peaks of the samples observed at 2θ = 41.64°,
44.49°, 47.28°, and 76.03° can be well-assigned to the (100),
(002), (101) and (110) planes of the hexagonal phase Co (JCPDS
05-0727). There are no distinctive peaks are detected for the
impure phases, such as Co oxides or hydroxides, revealed that
the as synthesized products are pure hexagonal-close-packed
(hcp) Co by our simple aqueous strategy at room temperature.
Especially, the relative intensities of the peaks corresponding
to the (002)/(100) planes is 3.2 (standard value is 3.0) and
(002)/(101) planes is 0.63 (standard value is 0.6) for isolated
microfoliage. For the other structures are also have cosiderably
higher values than the standard values. These results suggested
that the growth was not dependent on the morphology and it

Fig. 2. SEM images of the Co superstructures synthesized using vari-
ous amounts of hydrazine hydrate (98%). (a) Big sphere composed of
small spheres, obtained using 2 ml hydrazine hydrate; (b) nearly aggre-
gated foliage, 3 ml; (c, d) aggregated foliage like, 4 ml; (e, f) enlarged
aggregated foliage, 6 ml; (g, h) isolated microfoliage, 8 ml.
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was orientated preferentially along the [001]. Figure 3(b)
represents the magnetization hysteresis curves of Co super-
structures at room temperature. Among the all samples, 2 ml
sample have the minimum saturation magnetization value of
134.6 emu/g, 6 ml sample have the maximum saturation
magnetization value of 158.5 emu/g, respectively. The satu-
ration magnetization for the aggregated foliage and isolated
microfoliage structures was 147.11 emu/g and 139.69 emu/g,
respectively. The different saturation magnetization values
for these structures may attributed to the different crystallite
size in their structures and it was checked from the mean
crystallite sizes calculation from XRD data by using Scherrer
formula. The mean crystallite sizes of aggregated foliage,
isolated microfoliage structures are 15.3, 14.3 nm respectively.
So, these results are shown that the magnetic properties of
these structures are dependent on crystallite size. The coer-
civity of these two structures were 317.01 Oe and 323.46
Oe, respectively, and were higher values than that of bulk Co
(10 Oe) [28]. The enhancement of coercivities were ascribed
to the size dependent coercivity due to different magnetization
process usually observed in fine magnetic particles.

It is well known that the real parts of permittivity, permea-
bility are indicative of the electromagnetic energy storage capac-
ity, and in the otherhand the imaginary parts correspond to
the loss capacity. Figure 4 presents the frequency-dependent
electromagnetic properties of the Co superstructures over the
microwave frequencies 2-18 GHz. It can be seen that both
the real parts of permitvity (ε') and permeability (μ') of aggre-
gated foliage and isolated microfoliage Co decreased with
increasing frequency, which favored the electromagnetic wave
absorption due to the frequency dispersion effect. Figure 4(a)
exhibits the variation of real and imaginary permittivity as a
function of the frequency. The isolated microfoliage Co dis-
played larger real, imaginary parts compared to the aggregated
foliage Co superstructures. Broad resonance peaks in real part
permitivity centered at 9.24 GHz, 11.05 GHz for isolated micro-
foliage and aggregated foliage Co respectively. The imaginary
parts of these samples exhibit absorption peaks that coincided

with the resonance posotion in the real parts. Figure 4(b)
shows the real and imaginary part of the permeability as a
function of the frequency. The isolated microfoliage Co sam-
ple exhibited the higher imaginary part than the aggregated
foliage Co.

Figure 5(a) show dielectric and magnetic losses of the Co
superstructures. As we expected, it clearly shows that the
magnetic loss is higher than dielectric loss. The maximum
magnetic loss of aggregated foliage Co was 0.26 whereas for the
isolated microfoliage Co superstructures the maximum mag-
netic loss value was 0.32. To verify the detailed mechanisms of
the magnetic loss in the Co superstructures, we calculated
the contribution of eddy current loss using the eddy current
loss equation μ''(μ')-2 f -1 = 2πμod

 2 [1,29]. Here μo is the vac-
uum permeability, μ' is the real part of permeability, μ" is the
imaginary part of permeability,  is the conductivity, f is the
microwave frequency and d is the thickness of the sample.
According to the equation, if the magnetic loss results mainly
from eddy current loss, the values of ''(')-2 f -1 should be
constant over all frequencies. If not, the magnetic loss may
be ascribed mainly to natural and exchange resonances. Fig-
ure 5(b) shows that the values of ''(')-2 f -1 for the Co super-
structures decreased with increasing frequency. These results
indicated that magnetic loss in the Co superstructures was
mainly attributed to natural and exchange resonances. The first
resonance peak at low frequency was ascribed to a natural
ferromagnetic resonance that often appears at low frequency

Fig. 3. (a) X-ray diffraction patterns (b) Magnetization curves of the
Co superstructures prepared with different volumes of hydrazine hydrate.

Fig. 4. Frequency-dependence of the electromagnetic properties of the
Co superstructures with different morphologies (a) real part, imagi-
nary part of complex permittivity (b) real part, imaginary part of com-
plex permeability over the microwave range, 2-18 GHz.
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[12,30-33]. The second broad resonance peak at 10-15 GHz
in our Co superstructures was attributed to an exchange res-
onance, consistent with the values reported for magnetic mate-
rials [12,34-40].

In the microwave transmission lines, the attenuation constant
(α) and characteristic impedance (Z) are important parameters
for determining reflection loss. The attenuation constant was
calculated using the following equation [29].

+ (1)

where f is the microwave frequency and c is the velocity of
light. Figure 6(a) plots the frequency dependence of the
microwave attenuation in the Co superstructures. The high
magnitude of the attenuation constant over the microwave
frequency range of 2-18 GHz indicated the excellent micro-
wave absorption in the prepared Co superstructures. The
thickness dependence of the RL values was calculated and
shown in Fig. 6(b,c). The RL was estimated from the per-
mittivity (εr = ε'-jε") and permeability (μr = μ'-jμ") values
according to the following equations [14,29].

(2)

(3)

Here Z0 is the impedance of free space, and Zin is the input

impedance of the absorber, c is the velocity of light and d is
the thickness of the absorber. The matching frequency was
inversely proportional to the thickness (d) [6], and this rela-
tion ship is given by the 1/4 wavelength equation dm = nc/
4fm ( ). The aggregated foliage Co provided a maxi-
mum RL of -17.76 at 11.14 GHz with a matching thickness
of 2.5 mm. The effective absorption bandwidth was 3.52 GHz
from 9.60-13.12 GHz (Fig. 6(b)). A maximum RL of -31.08 dB
at 9.24 GHz was obtained for the isolated microfoliage Co
with a matching thickness of 2.5 mm, and the effective absorp-
tion bandwidth ( -10 dB) was 3.80 GHz from 7.43-11.23 GHz
as shown in Fig. 6(c). Note that the two Co superstructures
exhibited a maximum RL covers the X-band region (8.2-12.4
GHz) and the energy loss arose significantly from magnetic
loss than from dielectric loss. The isolated microfoliage Co

 2f 
c

-------------- 
   – =

 – 2  – 2+

RL 20 log Zin Z0– / Zin Z0+ =

Zin Z0 r/rtanh j 2fd/c  r/r =

r/r

Fig. 5. (a) Frequency-dependence of dielectric, magnetic loss (b) μ''μ'-2

f -1 of the Co superstructures with different morphologies over the
microwave range, 2-18 GHz.

Fig. 6. (a) The microwave attenuation of the Co superstructures, (b)
reflection loss (RL) for isolated foliage (c) reflection loss (RL) for
aggregated foliage Co superstructures with different thicknesses over
the microwave range, 2-18 GHz.
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superstructures provided the highest magnetic loss with a
high RL.

The superior electromagnetic-wave absorption for the iso-
lated microfoliage Co superstructure than the aggregated foli-
age structure can be attributed to the morphology of the isolated
microfoliage Co. The isolated microfoliage has connections
between large number of compacted spherical Co grains could
lead to the formation of continuous micro networks and vibrat-
ing micro current under the electromagnetic field [14]. Thus
the isolated microfoliage structures can acts as quasi-antenna
receivers and leads to enhancement of the penetration of
electromagnetic waves into the absorber, resulting in strong
absorption [3]. However, for the aggregated foliage structures
the energy attenuation was small compared to the isolated
microfoliage due to its shape and size. These results suggest
that the electromagnetic-wave absorption capabilities of Co
isolated microfoliage was higher than aggregated foliage and
considerably influenced by the detail morphology of the pre-
pared Co superstructures. 

4. CONCLUSION

In conclusion, we succeeded in preparing the isolated micro-
foliage and aggregated foliage-like Co superstructures by vary-
ing the amount of reducing agent (hydrazine hydrate) added
to the reaction flask. The synthesis proceeds on a large scale
at room temperature using an aqueous reduction method. Pure
hcp single phase crystal structure for the two types of Co mor-
phologies was observed. The aggregation mechanism, the struc-
ture directing agent TREGBE and the magnetization along
the direction of magnetic easy axis all contributed to the for-
mation of the aggregated foliage and microfoliage morphol-
ogies. The isolated microfoliage Co superstructures provided
higher values of Hc than the aggregated foliage superstruc-
tures and it was attributed to the shape anisotropy. The isolated
microfoliage Co provided higher dielectric and magnetic losses
than the aggregated foliage-like Co, ascribed to their differ-
ent morphologies. Magnetic loss contributed significantly to
the RL. The calculated RL indicated that the Co superstructures
provided optimal microwave absorption. A maximum RL of
-31.06 dB at 9.24 GHz with a matching thickness of 2.5 mm
was obtained for the isolated microfoliage Co superstructures.
The effective bandwidth (< -10 dB) with a RL is about 3.8 GHz
for the isolated microfoliage Co and 3.5 GHz for aggregated
foliage Co. The Co superstructures prepared through a simple
aqueous route provided a strong RL, and a broad absorption
band and showed promise for use as microwave absorption
materials in the X-band region.

ACKNOWLEDGEMENTS

This work was supported by a grant from the National Research
Foundation of Korea funded by the Korean government

(2016R1A2B4012847, 2013R1A4A1069528). This research
was also supported by the Pioneer Research Center Pro-
gramthrough the National Research Foundation of Korea
funded by the Ministry of Science, ICT and Future Planning
(2011-0027908).

REFERENCES

  1. H. Wua, L. Wang, and H. Wua, Appl. Surf. Sci. 290, 388
(2014).

  2. S. L. Wen, Y. Liu, X. C. Zhao, and J. W. Cheng, J. Appl.
Phys. 116, 054310 (2014).

  3. B. Zhao, W. Zhao, G. Shao, B. Fan, and R. Zhang, ACS Appl.
Mater. Inter. 7, 12951 (2015).

  4. C. Hu, Z. Mou, G. Lu, N. Chen, Z. Dong, L. Qu, et al. Phys.
Chem. Chem. Phys. 15, 13038 (2013). 

  5. P. Bhattacharya, G. Hatui, A. Mandal, C. Das, R. Kumar,
and T. C. Shami, J. Alloy. Compd. 590, 331 (2014).

  6. B. Zhao, B. Fan, G. Shao, W. Zhao, and R. Zhang, ACS
Appl. Mater. Inter. 7, 18815 (2015).

  7. L. Wang, Y. Huang, X. Sun, H. Huang, P. Liu, M. Zong, et al.
Nanoscale 6, 3157 (2014).

  8. R. Qiang, Y. Du, D. Chen, W. Ma, H. Zhao, X. Han, et al.
J. Alloy. Compd. 681, 384 (2016).

  9. L. Yan, J. Wang, X. Han, Y. Ren, Q. Liu, and F. Li, Nano-
technology 21, 095708 (2010).

10. Y. Kang, M. Cao, J. Yuan, L. Zhang, B. Wen, and X. Fang,
J. Alloy. Compd. 495, 254 (2010).

11. B. Wang, J. Zhang, T. Wang, L. Qiao, and F. Li, J. Alloy.
Compd. 567, 21 (2013).

12. J. Li, J. Huang, Y. Qin, and F. Ma, Mat. Sci. Eng. B 138,
199 (2007).

13. X.-L. Shi, M.-S. Cao, J. Yuan, and X.-Y. Fang, Appl. Phys.
Lett. 95, 163108 (2009).

14. C. He, S. Qiu, X. Wang, J. Liu, L. Luan, W. Liu, et al. J.
Mater. Chem. 22, 22160 (2012).

15. J. Kong, F. Wang, X. Wan, J. Liu, M. Itoh, and K. Machida,
Mater. Lett. 78, 69 (2012).

16. C. Wang, X. Han, X. Zhang, S. Hu, T. Zhang, P. Xu, et al.
J. Phys. Chem. C 114, 14826 (2010).

17. Z. Ma, Q. Liu, J. Yuan, Z. Wang, C. Cao, and J. Wang, Phys.
Status Solidi B 249, 575 (2012).

18. G. Tong, J. Yuan, W. Wu, Q. Hu, H. Qian, L. Li, et al.
Cryst. Eng. Comm. 14, 2071 (2012).

19. C. Wang, S. Hu, X. Han, W. Huang, and L. Tian, PLoS One
8, e55928 (2013).

20. S. L. Wen, Y. Liu, and X. Zhao, Adv. Powder Technol. 26,
1520 (2015).

21. J. Osuna, D. de Caro, C. Amiens, B. Chaudret, E. Snoeck,
M. Respaud, et al. J. Phys. Chem. 100, 14571 (1996).

22. Y. Li, J. Zhao, Y. Zhu, D. Ma, Y. Zhao, S. Hou, et al. Col-
loids Surface. A 356, 156 (2010).

23. J. Ye, Q. W. Chen, H. P. Qi, and N. Tao, Cryst. Growth Des.
8, 2464 (2008).



Co Metal Superstructures and Their Microwave Absorption Properties 411

24. P. Chai, X. Liu, Z. Wang, M. Lu, X. Cao, and J. Meng,
Cryst. Growth Des. 7, 2568 (2007).

25. X. H. Liu, R. Yi, Y. T. Wang, G. Z. Qiu, N. Zhang, and X.
G. Li, J. Phys. Chem. C 111, 163 (2007).

26. G. Zou, K. Xiong, C. Jiang, H. Li, T. Li, Y. Qian, et al. J.
Phys. Chem. B 109, 18356 (2005).

27. X. Zheng, L. Zhu, A. Yan, X. Wang, and Y. Xie, J. Colloid
Interf. Sci. 268, 357 (2003).

28. Y. L. Li, J. Z. Zhao, X. D. Su, Y. C. Zhu, Y. Wang, L. Q.
Tang, and Z. C. Wang, Colloids Surface. A 336, 41 (2009).

29. F. Wen, F. Zhang, and Z. Liu, J. Phys. Chem. C 115, 14025
(2011).

30. F. Ma, Y. Qin, F. Wang, and D. Xue, Scripta Mater. 63, 1145
(2010).

31. C. Kittel, Phys. Rev. 73, 155 (1948) 
32. R. Ramprasad, P. Zurcher, M. Petras, M. Miller, and P. Renaud,

J. Appl. Phys. 96, 519 (2004).

33. K. Rozanov, Z. Li, L. Chen, and M. Koledintseva, J. Appl.
Phys. 97, 013905 (2005).

34. A. Aharoni, J. Appl. Phys. 69, 7762 (1991).
35. Y. Yang, C. Xu, Y. Xia, T. Wang, and F. Li, J. Alloy. Compd.

493, 549 (2010).
36. L. J. Deng, P. H. Zhou, J. L. Xie, and L. Zhang, J. Appl. Phys.

101, 103916 (2007).
37. D. Mercier, J.-C. S. Lévy, G. Viau, F. Fiévet-Vincent, F. Fiévet,

P. Toneguzzo, et al. Phys. Rev. B 62, 532 (2000).
38. S. M. Park, Y. M. Koo, B. Y. Shim, and D. N. Lee, Met.

Mater. Int. 23, 220 (2017).
39. J.-B. Ahn, D.S. Kim, S.-Y. Yoon, and C. J. Choi, Korean J.

Met. Mater. 54, 275 (2016).
40. J.-H. Kim and S.-S. Kim, Korean J. Met. Mater. 53, 59

(2015). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


