
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
:0

5:
31

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Graphene-wrapp
aSchool of Civil Engineering and Architecture

132012, PR China
bSchool of Chemistry, Beihang University

wanggsh@buaa.edu.cn
cCollege of Chemistry and Materials Engin

University, Beijing 100048, PR China. E-ma

† Electronic supplementary informa
10.1039/d1ra06050c

‡ These authors contributed equally to
co-rst authors.

Cite this: RSC Adv., 2021, 11, 31499

Received 10th August 2021
Accepted 3rd September 2021

DOI: 10.1039/d1ra06050c

rsc.li/rsc-advances

© 2021 The Author(s). Published by
ed pine needle-like cobalt
nanocrystals constructed by cobalt nanorods for
efficient microwave absorption performance†

Shu-Qing Lv,‡a Peng-Zhao Han,‡b Xiao-Juan Zhang*c and Guang-Sheng Wang *b

Magnetic metal nanocrystals tend to be advanced microwave absorption substances as they possess

simultaneous dielectric and magnetic losses. In this study, the metallic cobalt (Co) nanocrystals with

a pine needle-like nanostructure constructed by one-dimensional Co nanorods have been successfully

prepared through the polyol approach. By regulating the amount of reduced graphene oxide (rGO),

rGO/Co nanocomposites with different mass ratios were acquired. Experimental results demonstrate

that the rGO/Co nanocomposites display excellent microwave attenuation capacity. The minimum

reflection loss value can reach �57.8 dB at 12.43 GHz with a filler loading of 20 wt% at 1.8 mm.

Moreover, the effective absorption bandwidth covers the frequency range of 4.2–15.5 GHz with an

integrated thickness of 1.5–4.0 mm. The main absorption mechanisms include dielectric loss caused by

dipole and interfacial polarization and magnetic loss arising from ferromagnetic resonance and eddy

current loss. In addition, the special nanostructure effect is also beneficial to improve the EM wave

absorption performance.
Introduction

To alleviate the negative impact of electromagnetic interference
(EMI) and EM pollution caused by the booming development of
intelligent electronics and wireless communication technolo-
gies, massive efforts have been devoted to fabricating efficient
microwave absorbents that are thin and lightweight with a wide
band and strong absorption.1–3 In general, components and
nanostructures are deemed as two crucial factors for adjusting
EM parameters and microwave attenuation capacity.4 Many
researchers have veried that the magnetic/dielectric nano-
composites could absorb the incident EM waves and transform
them into heat or other forms of energy through the multi-
component effect.5–8 Nevertheless, the preparation process of
multi-component materials is intricate and difficult.

In recent decades, magnetic materials such as ferrites,
magnetic oxides and magnetic metals have been extensively
applied in the EM wave absorption area as they possess simul-
taneous dielectric and magnetic losses. For instance,
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Shanenkov et al.9 synthesized the hollow ferritic microspheres
via the plasma dynamic method. Their experimental results
demonstrated that the hollow magnetic microspheres exhibited
a minimum reection loss (RL) value of �36 dB and ultra-wide
effective absorption bandwidth of 11.9 GHz at only 2 mm. Lv
et al.10 fabricated porous 3D ower-like Co/CoO and found that
the heat treatment temperature had a signicant effect on their
EM wave absorption properties. The optimal RL value reached
�50 dB when the annealing temperature was 400 �C. In addi-
tion, Che et al.11 studied the microwave absorption performance
of hierarchical CoNi microowers of different sizes and
discovered that the 2.5 mm CoNi microowers obtained the
minimum RL value of �28.5 dB at 6.8 GHz, while the 0.6 mm
owers achieved a broader absorption bandwidth (6.5 GHz).
Other magnetic nanomaterials such as MnFe2O4 nano-
particles,12 Fe microakes,13 Co3O4 nanoparticles14 and porous
heterogeneous Fe7Co3/ZnO nanosheets,15 have all turned out to
be ideal microwave absorption candidates.

It is well known that combining dielectric/magnetic constit-
uents and appropriate nanostructures is an effective strategy
which can implement their synergistic effects to obtain more
superior absorbents.16 To date, graphene-wrapped nanomaterials
with special nanostructures such as a NiFe2O4 hollow particle/
graphene hybrid,17 ower-like BiFeO3 microspheres/graphene
nanocomposites,18 and thorny Ni nanowires/graphene aerogel19

have proved to own preferable microwave absorption ability.
Among these excellent microwave absorption materials, one-
dimensional (1D) nanomaterials enable changes in the elec-
tronic structure and energy band structure due to the edge and
RSC Adv., 2021, 11, 31499–31504 | 31499
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Fig. 1 (a) and (b) SEM images, (c) TEM image of pine needle-shaped
Co nanocrystals; (d) TEM image and SAED image of individual Co
nanorods.
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directional transmission effects, thus effectively improving their
electromagnetic characteristics.20,21 In addition, 1D nano-
materials have great directional anisotropy, which can overcome
the disadvantage of low magnetic permeability at high frequen-
cies.22 Compared with other nanostructures, 1D nanostructural
materials possess an excellent aspect ratio. It is found that under
the excitation of electromagnetic waves, 1D nanomaterials can
provide longer channels for the dissipation and transformation
of current, which is conducive to the further consumption of
electromagnetic energy.23,24

Herein, our group has synthesized metallic pine needle-like
Co nanocrystals that are constructed by Co nanorods and then
compounded with a rGO and polyvinylidene uoride (PVDF)
matrix to investigate their microwave attenuation capacities.
The experimental results indicate that the mass ratio of rGO/Co
and ller loading play a vital role in determining the EM wave
absorption performance of rGO/Co/PVDF composites.
Compared with the Co/PVDF composites, the rGO/Co/PVDF
composites exhibit optimum microwave absorption properties
with strong reection loss intensity (RLmin ¼ �57.8 dB, 12.43
GHz, 1.8 mm) and a broad absorption bandwidth that covers
11.3 GHz under a ller loading of 20 wt% at 1.5–4.0 mm when
the mass ratio of rGO/Co reaches 1 : 4. The excellent attenua-
tion abilities of rGO/Co/PVDF composites are a result of the
combination of dielectric and magnetic losses.

Experimental

All the chemicals were commercially purchased and employed
without further purication.

Preparation of cobalt laurate powder

5.994 g of sodium laurate (C12H23NaO2) was dissolved into 40mL
of distilled water by stirring for 30 min at 60 �C. Next, 2.498 g of
CoCl2$6H2O was dissolved in a centrifuge tube containing 5 mL
of distilled water. The centrifuge tube was oscillated for 10 min
and the solution in it was transferred to a constant pressure
funnel. The solution was then added to the sodium laurate
solution at a constant rate under stirring for another 30min until
the cobalt chloride solution was nished. The resultant precipi-
tate was washed several times with distilled water and methyl
alcohol and nally dried at 60 �C for 24 h.

Preparation of cobalt (Co) nanocrystals

Along with 2.059 g of cobalt laurate powder prepared above,
0.579 g of hexadecylamine (HDA) and 0.007 g of RuCl3 were
dissolved into 60 mL of 1,2-butanediol by stirring for 30 min at
80 �C. Subsequently, the above suspension was transferred into
a Teon-lined stainless-steel autoclave and reacted at 250 �C for
80 min. When the reaction is done, the solution was cooled to
room temperature. The resultant products were cleaned with
absolute ethanol three times and nally dried at 60 �C.

Preparation of rGO/Co nanocomposites

First, 0.5 g of graphene oxide (GO) powder was dispersed in
300 mL of distilled water. Then, 2500 mL of ammonia water and
31500 | RSC Adv., 2021, 11, 31499–31504
165 mL of hydrazine hydrate were added and reacted at 95 �C for
2 h to obtain reduced graphene oxide (rGO) dispersion. The as-
prepared Co nanocrystals were added into the rGO dispersion,
and their controlled mass ratios were 1 : 1, 1 : 2, 1 : 3, 1 : 4, 1 : 5
and 1 : 6, respectively. Finally, the mixed solution was ultra-
sonicated at room temperature for 2 h and then washed several
times with distilled water and absolute ethanol to obtain rGO/
Co nanocomposites.

Characterization

The morphology and microstructure were characterized via
scanning electron microscopy (SEM, Quanta 250 FEG) and
transmission electron microscopy (TEM, JEM-2200FS). The
cross-section microstructure and elemental composition were
observed and determined by a eld emission scanning electron
microscope (FESEM, JSM-7500F). The X-ray diffraction patterns
(XRD) with Cu Ka radiation were recorded in the 2q range of 5–
90� by an X-ray diffractometer (D/MAX-1200).

Microwave absorption measurement

Before testing, the Co/PVDF and rGO/Co/PVDF lms were
fabricated by a solution blended process according to our
previous research and then pressed into a cylindrical sample
(4out ¼ 7.00 mm, 4in ¼ 3.04 mm).25,26 The complex permittivity
and permeability were measured via the coaxial method in the
frequency range of 2–18 GHz on a vector network analyzer
(N5230C PNA-L, Agilent Technologies).

Results and discussion

To observe the morphology and nanostructure of Co nano-
crystals, Fig. 1a and b show the SEM images of the pine needle-
shaped Co nanocrystals. It is found that the Co nanocrystals are
constructed by 1D Co nanorods. The average diameter of the Co
© 2021 The Author(s). Published by the Royal Society of Chemistry
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nanorods is about 30 nm and the length is in the range of 100–
500 nm. The TEM image shown in Fig. 1c further clearly
displays the pine needle-shaped morphology of Co nano-
crystals. In addition, the selected-area electron diffraction
(SAED) image shown in Fig. 1d indicates the polycrystallinity
characteristic of the sample.

In order to explore the formation mechanism of magnetic
Co, Fig. 2 exhibits the SEM images of pine needle-shaped Co
nanocrystals under different reaction time periods. It is known
that the precursor salt RuCl3 is reduced by 1,2-butanediol to
form heterogeneous nanospheres at the beginning of the reac-
tion.27,28 Moreover, it can be observed that the unreacted cobalt
laurate nanoparticles aggregate on the surface of these nano-
spheres. As the reaction progresses, the Ru nuclei begins to be
nanocrystallized. When the Ru nuclei with an appropriate size
appears, the Co nanoparticles start to reduce and gather on the
surface of the Ru nuclei. However, the nanorod structure of Co
nanoparticles is not obvious at the initial stage (Fig. 2b). With
the further extension of the reaction time, due to the different
growth rate of each crystal face of the hexagonal close-packed
phase, the growth rate along the c-axis is signicantly faster,
which makes the nanorod-like structure more obvious and the
aspect ratio increases continuously. As a result, the pine needle-
shaped Co nanocrystals can be clearly observed (Fig. 2c and d).

To verify the crystal structure of the as-synthesized Co
nanocrystals, Fig. S1† demonstrates their XRD pattern. The
diffraction peaks at 2q ¼ 41.7�, 44.78�, 47.6�, 62.7� and 75.9�

corresponding to the (100), (002), (101), (102) and (110) planes,
which are assigned to the hexagonal close-packed phase of Co
(JCPDS no. 05-0727). Aer compounding with rGO nanosheets,
the XRD pattern of rGO/Co nanocomposites is almost the same
as that of Co nanocrystals, indicating the addition of rGO has no
effect on the crystal structure of the magnetic Co. Moreover, the
Fig. 2 SEM images of Co nanocrystals under different reaction times:
(a) 20 min; (b) 40 min; (c) 60 min and (d) 80 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
diffraction peak of GO powder at �10� disappears in the XRD
pattern of rGO/Co nanocomposites demonstrating that the GO
has been reduced effectively (Fig. 3b). From the SEM images of
the rGO nanosheets and rGO/Co nanocomposites shown in
Fig. 3a and c, the Co nanocrystals can be coated by rGO nano-
sheets and the pine needle-like morphology still retained. To
verify the dispersion of rGO/Co nanocomposites in the PVDF
matrix, the cross sectional FESEM images of the rGO/Co/PVDF
membrane and EDS elemental mappings of Co and C
elements manifest that the rGO/Co nanocomposites were
uniformly dispersed into PVDF.

To evaluate the EM wave absorption efficiency, the reection
loss (RL) values are calculated by the following theoretical
formula based on the transmission line theory:29,30

RL ¼ 20 lg

����Zin � Z0

Zin þ Z0

���� (1)

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mr

3r
tanh

�
j
2pfd

c

ffiffiffiffiffiffiffiffi
mr3r

p �s
(2)

where Zin is the input impedance, and Z0 is the impedance of
free space. 3r and mr are the complex permittivity and perme-
ability, respectively; f and d are the tested frequency and the
thickness of an absorber, respectively, and c is the light velocity.
Fig. 4a displays the RL values of rGO/Co/PVDF composites
Fig. 3 FESEM image of (a) rGO nanosheets and (c) rGO/Co nano-
composites; (b) XRD patterns of GO and rGO/Co nanocomposites; (d)
cross sectional FESEM images of rGO/Co/PVDF membrane; EDS
elemental mappings of (e) Co and (f) C element.

RSC Adv., 2021, 11, 31499–31504 | 31501
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Fig. 5 The RL values for rGO/Co/PVDF composites (rGO/Co ¼ 1 : 4)
under different filler loadings: (a) 10 wt%; (b) 15 wt%; (c) 20 wt% and (d)
25 wt% within different thicknesses.
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within various mass ratios of rGO/Co (1 : 1, 1 : 2, 1 : 3, 1 : 4, 1 : 5
and 1 : 6) at a thickness of 1.8 mm (20 wt%). It can be found that
the microwave absorption intensity is closely related with the
mass ratios of rGO/Co, theminimumRL value reaches�57.8 dB
at 12.43 GHz when the mass ratio of rGO/Co is 1 : 4. Addition-
ally, the EAB covers the frequency range from 4.2 to 15.5 GHz at
1.5–4.0 mm. For comparison, Fig. 4b and c exhibit the RL curves
of rGO/Co/PVDF composites and Co/PVDF composites under
a ller amount of 20 wt% at different thicknesses, respectively.
It is obvious that the wave absorption intensity and effective
absorption bandwidth (EAB) of rGO/Co/PVDF composites are
more superior to that of Co/PVDF composites due to the addi-
tion of rGO nanosheets. On the other hand, the Co/PVDF
composites possess dual-peak absorption compared with rGO/
Co/PVDF composites. Fig. 4d indicates that the optimal ller
loading is 20 wt% for Co/PVDF composites.

Apart from the mass ratio of rGO/Co, the ller loading and
simulation thickness can also inuence the microwave attenu-
ation capacity to a large extent. Fig. 5 shows the RL curves of
rGO/Co/PVDF composites (rGO/Co¼ 1 : 4) at 1.5–5.0 mmwithin
ller loadings of 10 wt%, 15 wt%, 20 wt% and 25 wt%. The
results indicate that the ller amount and thickness are able to
regulate the microwave attenuation capacity effectively. It is
clear that the optimal ller loading is still 20 wt%. Furthermore,
it can be summarized by comparing the results of Fig. S2–S6†
that the additive amount of rGO nanosheets have obvious
inuence on the microwave absorbing properties of rGO/Co/
PVDF composites. The higher the doping amount of rGO, the
smaller the loading amount of rGO/Co with best absorbing
performance. Moreover, with the increase in thickness, the
absorption peak shis to the low frequency region due to the
one-quarter wavelength theory.31

In order to explore the wave absorption mechanism of rGO/
Co/PVDF composites, the EM parameters of these samples
Fig. 4 The RL curves of (a) rGO/Co/PVDF composites under different
mass ratios of rGO/Co at a thickness of 1.8 mm and (b) rGO/Co/PVDF
composites (rGO/Co ¼ 1 : 4) within different thicknesses under
20 wt% filler loading; the RL curves of Co/PVDF composites under (c)
different thicknesses within 20 wt% filler loading and (d) various filler
loadings at 3.7 mm.

31502 | RSC Adv., 2021, 11, 31499–31504
synthesized under different mass ratios of rGO/Co at the same
loading (20 wt%) were investigated and the results are shown in
Fig. 6. In general, the 30 and m0 represent the storage capability of
electric and magnetic energy, respectively, while 300 and m00 are
related to the ability of dissipating the EM energy.32 It is
observed that with the increase in the loading ratio of rGO, the
30 values augment obviously, which proves that rGO could to
Fig. 6 (a) Real part and (b) imaginary part of permittivity, (c) real part
and (d) imaginary part of permeability, (e) dielectric loss and (f)
magnetic loss of rGO/Co/PVDF composites with different mass ratios
of rGO and Co.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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improve their dielectric performance due to the interfacial
polarization effect derived from the pine needle structure and
rGO nanosheets. In addition, both of the 30 and 300 values for
rGO/Co/PVDF composites increase distinctly with the increase
in the ller loading, but they are all larger than that of Co/PVDF
composites, indicating that the existence of rGO can improve
their dielectric polarization ability and dissipative capacity
effectively. However, the addition of rGO did not signicantly
affect the m0 and m00 values, suggesting that the effects of rGO on
the magnetic loss is limited (Fig. 6, S7 and S8†).

In general, the tangent of dielectric loss (tan d3 ¼ 300/30) and
magnetic loss (tan dm ¼ m00/m0) refer to dielectric loss and
magnetic loss ability, respectively. In Fig. 6e and f, it is notable
that the tan d3 values are larger than tan dm values in 2–18 GHz,
demonstrating that the dielectric loss is predominant for rGO/
Co/PVDF composites. For Co/PVDF composites, it can be
observed that the tan dm values are larger than tan d3 values in 2–
8 GHz, while the tan dm values are smaller than tan d3 values in
8–18 GHz. The results show that the magnetic loss is predom-
inant at lower frequency, while the dielectric loss is predomi-
nant at higher frequency, because of which the Co/PVDF
composites display dual-peak absorption characteristics
(Fig. S8e and f†). The dielectric loss mainly arises from the
dipole polarization formed by Co nanocrystals and rGO itself,
and multiple interfacial polarization among rGO, Co and PVDF.
Themagnetic loss for magnetic rGO/Co nanocomposites mainly
includes ferromagnetic resonance and eddy current effect.33

The eddy current loss is characterized by C0 ¼ m00(m0)�2f�1. If the
magnetic loss is attributed to the eddy current loss, C0 will
remain constant.34 As shown in Fig. S9,† the C0 values almost
remain unchanged from 6 to 18 GHz, demonstrating that the
eddy current loss exists in this frequency range.

Briey, the efficient microwave absorption of the rGO/Co/
PVDF composite is caused by simultaneous dielectric and
magnetic losses. Fig. 7 displays the possible EM wave absorp-
tion mechanisms of rGO/Co/PVDF hybrids. Apart from the
dielectric loss derived from dipole orientation polarization and
multiple interfacial polarization and magnetic loss caused by
ferromagnetic resonance and eddy current loss, the pine
needle-like Co nanocrystals provide more reection and scat-
tering active sites for incident EM waves. On the other hand,
Fig. 7 The microwave absorption mechanism of rGO/Co/PVDF
composite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
this special structure can make full use of the advantages of
electron transport and supply a longer current dissipation and
conversion channel, which is convenient for further dissipation
of EM energy by extending their transmission path.35

Conclusion

In summary, the pine needle-like Co nanocrystals wrapped with
rGO nanosheets have been successfully fabricated via a facile
polyol process and ultrasonic blending. The growth mechanism
of these pine needle-shaped Co nanocrystals is also investigated
by controlling the reaction temperature. It is concluded that the
microwave absorption properties of rGO/Co/PVDF composites
are closely associated with the mass ratio of rGO/Co, the ller
loadings and the simulation thickness. When the mass ratio of
rGO/Co is 1 : 4, the minimum RL value reaches �57.8 dB at
12.43 GHz within the ller loading of 20 wt% (1.8 mm), and the
EAB covers the frequency range from 4.2 to 15.5 GHz by tuning
the thickness from 1.5 to 4.0 mm. Both the wave absorption
intensity and EAB of rGO/Co/PVDF composites are more supe-
rior to that of Co/PVDF composites due to the combination of
dielectric and magnetic losses. This study provides new
research ideas for typical magnetic metal nanomaterials with
unique nanostructures for application in the eld of microwave
absorption, making them candidates for novel EM wave
absorbents.
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