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Fe;0, nanosheet arrays grown on both surfaces of graphene can
be achieved by combining a mussel-inspired polydopamine
adhesive and ethylene glycol-mediated process. Polydopamine is
utilized not only as an efficient linker molecule that binds Fe;0,
nanosheets to the graphene, but also as a carbon source during
heat treatment to vyield the three dimensional (3D)
graphene@carbon@Fe;0, nanosheet arrays architecture. After
the growth of Fe;O, nanosheet arrays with accompanied
reduction of graphene oxide into graphene, the 3D architecture
exhibits outstanding microwave absorption properties. The
simulated value of maximum reflection loss can reach -52.8 dB at
9.5 GHz with a sample thickness of 2.7 mm. The improved
absorption capacity arises from the synergy of dielectric loss and
magnetic loss, as well as the enhancement of multiple interfaces
among graphene, carbon and Fe;0, nanosheets. Furthermore, the
synthesis strategy presented here can be expended as a facile
approach to synthesizing related graphene-based 3D
nanostructures for functional design and applications.

1.Introduction

Recently, great efforts have been made towards development of
high efficiency and lightweight microwave absorbents to effectively
eliminate the increasing adverse electromagnetic interference and
radiation problems.“ln particular, graphene-based nanostructures
are becoming more and more attractive utilized in electromagnetic
(EM) absorptions, including graphene-supported or -wrapped
nanostructures.”® Firstly, graphene promises to be a superior
building block for constructing electromagnetic wave absorbers,
owing to its remarkable physical properties including large surface
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area, high conductivity and good thermal conductivity.11 Taking
advantage of the benefits of conductive graphene and the
introduced other lossy materials, as well as the interfacial and
synergistic effects, the graphene-based nanostructures may result
in strong EM absorption properties. Ren et al developed a new
strategy, i.e., a seed-assistant method, to fabricate three
dimensional (3D) SiO,@Fe;0, core/shell nanorod array/graphene
architecture, and the maximum reflection loss reached -31.9 dB
with a sample thickness of 2.5 mm.2 Li et al. reported a single
polyol method to fabricate graphene/Fe;0, hybrids with a
maximum reflection loss of -30.1 dB at 1.48 mm matching
thickness.”®> Chen et al. introduced a new method for the
preparation of graphene/polyaniline hybrids using a one-step
intercalation polymerization of aniline inside the expanded
graphite, and the results showed that the poor EM absorption
properties of graphene could be significantly improved after the
separation of graphite into graphene based hybrids. The maximum
reflection loss reached —36.9 dB at 10.3 GHz with the thickness of
3.5 mm." However, the intrinsic poor impedance matching in such
graphene/polymer systems hinders further improvement of
application performances. Similarly, graphene decorated with
inorganic  nanocrystals generally aggregate with uneven
distribution, leading to possible “dead areas” with null components,
which also reduces the EM absorption properties. Therefore, design
of a facile synthesis that ensures lossy nanocrystals uniformly
decorated on the whole of the graphene nanosheets without
aggregation is urgently needed.

Herein, we developed an efficient multi-step conversion
approach to growing Fe;0, nanosheets on the sufaces of graphene
to form 3D graphene@Fe;0, nanosheet architectures. In order to
ensure the Fe;0, nanosheets grow uniformly on the both surfaces
of graphene, polydopamine (PDA) was utilized to act as an efficient
linker molecule that binds Fe;O, nanosheets to the graphene,
inspired by the adhesion mechanism of mussels.” Furthermore, the
PDA can also act as a carbon source during heat treatment to yield
3D graphene@carbon@Fe;0, nanosheet arrays architectures. Due
to the special morphology, multi-interfacial polarization and
impedance matching, the 3D graphene@carbon@Fe;0, nanosheet
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arrays exhibited very good EM absorption properties, including
strong attenuation to EM wave and lightweight characteristics.

2. Experimental section
2.1 Preparation of graphene@carbon@Fe;0, nanosheet arrays

RGO@PDA was prepared by the simultaneous reduction of GO with
dopamine hydrochloride and the self-polymerization of dopamine
according to the reference.”” Then, RGO@PDA (10 mg) was
dispersed into ethylene glycol (100 mL) with ultrasonication, and
then FeCl;-6 H,0 (0.6 g), urea (1.5 g) were added. This mixture was
stirred at 50 °C for 2 h. Next, the solutiotn was subsequently heated
and refluxed at =195 °C. When the mixture turned green, indicatng
the formation of iron alkoxide on the RGO@PDA. Afetr further 5
min, the reaction was stopped and the mixture was cooled to room
temperature. The precipitates were separated by centrifugation,
washed with pure ethanol and dried in acuum at 40 °C for 12 h.
Last, the precipitates were calcined at 500 °C for 3 h under an argon
atmosphere to obtain the final composites of
graphene@carbon@Fe;0,.

2.2 Characterization

The morphologies were characterized on a field emission scanning
electron microscopy (FE-SEM, JEOL, JSM-7001F) and a transmission
electron microscopy (TEM, JEOL, JEM-2100F). X-ray diffraction
(XRD) analyses were carried out on a Philips X'Pert PRO X-ray
diffractometer with a CuKa radiation. The Raman spectra for the
samples were obtained on a Laser Raman spectroscopy (InVia,
RENISHAW) using a 514 nm argon ion laser. The complex
permeability and permittivity were measured on a vector network
analyzer (AV3618, CETC, China) in the frequency of 2-18 GHz. The
samples were mixed with wax and prepared as the toroidal shape
with an outer diameter of 7.0 mm, an inner diameter of 3.04 mm
and a thickness of 3.0 mm. The mass ratios of the samples to wax
were set to be 3:7.

3. Results and discussion

The processes involved in the formation of the 3D architecture, are
illustrated in Scheme 1. First, graphene oxide (GO) was modified by
PDA, leading to the reduction of GO into reduced graphene oxide
(RGO). Importantly, the coated PDA can absorb and immobilize the
Fe®' by the strong coordination ability of the catechol groups,le‘17
resulting in forming metal nanoparticles by an in situ nucleation
(step 1). Next, these nanoparticles served as “seeds” for the growth
of iron alkoxide nanosheets on the surfaces of RGO@PDA under the
ethylene glycol (EG)-mediated process (step 2). Finally the 3D
graphene@carbon@Fe;0, nanosheet arrays can be obtained by a
calcination of the RGO@PDA®iron alkoxide (step 3).

2| J. Name., 2012, 00, 1-3
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Scheme 1. The growth processes of 3D

graphene@carbon@Fe;0, nanosheet arrays.

Fig. 1la and b shows the morphologies of RGO@PDA@iron
alkoxide after the EG-mediated process by scanning electron
microscopy (SEM). Growing nanosheets on both surfaces of
RGO@PDA can be clearly found, forming interesting 3D
architectures (Fig. 1a), and the iron alkoxide nanosheets are mostly
grown upright with close and homogeneous on the RGO@PDA
support as shown in Fig. 1b. The further investigations also revealed
that the PDA used in the current system played an important role in
the formation of such sheet-like structures, since only the
aggregation of Fe;0, nanosheets with flower-like morphology
would be formed without the PDA coating on the GO surface
(Figure S1, ESIT). Additionally, each reaction stage was also traced
to investigate the growth mechanism of such architecture by SEM
(Figure S2, ESIT). After thermal treatment, the 3D
graphene@carbon@Fe;0, nanosheet arrays were obtained and still
maintain their original morphology (Fig. 1c). However, the size of
the nanosheets decreases obviously, and many pores present in the
nanosheets, due to the phase transformation of iron alkoxide to
Fe;0, (Fig. 1d). Such an interesting structure was also viewed under
transmission electron microscopy (TEM; Fig. 1e), and the diffraction
rings in the SAED pattern (inset of Fig. le) correspond to (220),
(311), (400), (511) and (440) crystalline planes of Fe;0,.
Furthermore, clear lattice fringes are observed in the high
resolution TEM (HRTEM) image (Fig. 1f), and the spacing labeled in
the image is about 0.253 nm, corresponding to (311) plane of Fe30,.
Also the inset in Fig. 1f shows the fast Fourier transform pattern of
HRTEM image, further proving that the Fe;0, nanosheets are single
crystalline.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 SEM images of RGO@PDA®@iron alkoxide nanosheet arrays (a,
b) and graphene@carbon@Fe;0, nanosheet arrays (c, d). TEM
image (e), inset showing SAED pattern, and HRTEM image (f), inset
showing the fast Fourier transform pattern of
graphene@carbon@Fe;0, nanosheet arrays.

The phase structures evolution of the intermediate products
obtained at various stages were characterized by X-ray power
diffraction (XRD) (Fig. 2a), After GO modified by PDA, the sharp
diffraction peak in GO (26 = 10.7) disappears, and a new broad
diffraction peak (26 = 25.3) appeares in the RGO@PDA, indicating
the successful introduction of PDA, with accompanied reduction of
GO."™! After EG-mediated process, a strong diffraction peak appears
(26 = 18.7), which agrees well with the reported iron alkoxide.™ For
graphene@carbon@Fe;0,, the detected diffraction peaks can be
indexed in the cubic inverse spinel structure of Fe;O, (JCPDS card,
file no. 19-0629), indicating the phase transformation from iron
alkoxide to Fe;0,. Additionally, no characteristic peaks of graphene
are observed, suggesting that the Fe;O, could prevent the
restacking of the graphene, and the graphene nanosheets are
disordered in the graphene@carbon@Fe;0, hybrids. Moreover, the
significant structural changes of the carbon framework occurring
during each stage were also reflected in their Raman spectra (Fig.
2b). Except two characteristic peaks, corresponding to the D band
at ~1340 cm™ and G band at ~1590 cm™, a new peak at 667 em™
can be clearly identified. It corresponds to the A;; mode of Fe304,m

This journal is © The Royal Society of Chemistry 20xx

proving the presence of Fe;0, in the hybrids. The intensity ratio of
D and G bands (lp/lg) in GO (0.76), RGO@PDA (0.84) and
graphene@carbon@Fe;0, (0.89) increases gradually, suggesting
that GO is reduced to graphene.u’ 2 The G band shift in carbon-
based composite is related to the charge transfer between carbon
and other compounds.zs’ 2 Therefore, the observed G band shifts
by 5 cm® from 1593 cm (RGO@PAD) to 1598 cm™
(graphene@carbon@Fe;0,) can be attributed to the charge
transfer from graphene to Fe;0,, supporting the formation of Fe-O-
C bonds between Fe;0, and graphene sheets.”
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Fig. 2. XRD pattern and Raman spectra of graphene@carbon@Fe;0,
nanosheet arrays.

The electromagnetic wave absorption properties were
investigated by mixing 30 wt% of the samples with paraffin. The
reflection loss (RL) curves of the as-obtained products were
calculated by the measured values of the relative complex
permittivity and permeability at a given frequency and layer
thickness according to the transmission line theory, which is
summarized as the following equations:25

(Zm ’Zo)
(Z,+2,)

R, =20log

(1)
Z,=Zg1 /¢, tanh[j(Z;rfd/cxlgrﬂ,J @)

where Z;, is the input impedance of the absorber, Z; is the
impedance of free space, and c is the velocity of light in free space,
respectively. Fig. 3a showed the calculated RL curves of the as-
obtained products in the frequency range of 2~18 GHz with
thickness of 2.7 mm. For common applications, it requires the
microwave absorbing materials possess a RL value lower than -10
dB which means 90% of incident microwave can be absorbed.
Herein, the RL value of GO is very poor and RL was no more than -3
dB, and the RL value of RGO@PDA is still low, although it can reach
-11.4 dB. Additionally, the as-prepared flower-like Fe;0, shows the
maximum RL of -13.9 dB. Satisfying, the as-prepared 3D
graphene@carbon@Fe;0, nanosheet arrays exhibit outstanding
microwave absorption properties. The maximum RL can be
achieved to -52.8 dB at 9.5 GHz and a broad absorption bandwidth
of 3.3 GHz (RL values exceeding -10 dB) covers the 8.1-11.4 GHz.
Moreover, the RL of the graphene@carbon@Fe;0, with different
thicknesses were also calculated (Fig. 3b). The absorption
bandwidth with the RL exceeding -10 dB can be adjusted from 3.8
to 18 GHz for the absorber with thickness of 2.0-5.0 mm. Notably,
with increasing thickness, the frequency corresponding to the
maximum RL peaks can move toward low frequencies and two RL
peaks can be observed with increasing the sample thickness of
more than 4.0 mm. This can be well explained by the quarter-
wavelength cancellation model %’
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Fig. 3. Comparison of RL between the graphene@carbon@Fe;0,
nanosheet arrays, Fe;0,, RGO@PDA and GO with a thickness of 2.7
mm (a), and frequency dependence of RL for the
graphene@carbon@Fe;0, nanosheet arrays with different
thicknesses (b).

To understand the EM absorption enhancement mechanism of
the graphene@carbon@Fe;0, nanosheet arrays, the dependence
of the complex permittivity and permeability on frequency was
investigated. Where the real parts of the complex permittivity (€')
and permeability (i) represent the storage capability of electric
and magnetic energy, and imaginary parts the complex permittivity
(¢” ) and permeability (u”) associate with the loss capability of
electric and magnetic energy.28 The complex permittivity and
permeability behaviors of graphene@carbon@Fe;0, were studied
as shown in Fig. 3. It is noting that the € and €"values of
graphene@carbon@Fe;0, are larger than those of GO and
RGO@PDA (Fig. S3, ESIT), indicating the high storage and loss ability
of the microwave energy. Furthermore, € is an expression of
polarization ability of a material which mainly arises from dipolar
polarization and interfacial polarization at microwave frequency.zg’
* In this case, the increasing €' may be ascribed to the dipolar
polarization provided mainly by abundant surface functions and the
defects in the graphene@carbon, and the interfacial polarization
mainly from the interfaces in Fe;0,-carbon-graphene and a large
amount of interfaces among Fe;0, nanosheets. These contribute to
the dielectric loss according to Debye Theory.31 Another
contribution to the dielectric loss is from conductivity loss
originating from the 3D graphene@carbon@Fe3;0,4, which benefits
from the excellent conductivity of graphene@carbon. Fig. 4b
showed the frequency dependence of the p'and p” of complex
permeability of graphene@carbon@Fe;0,. Generally, the imaginary
part W’ is related to the magnetic loss. Thus higher u"’ of
graphene@carbon@Fe;0, lead to greater magnetic loss compared
with those of GO and RGO@PDA (Fig. S3b, ESIt). The enhanced
magnetic loss of materials originates mainly from natural
resonance, exchange resonance and eddy current loss.** The values
of ;1"(;1’)'2]’1 are almost constant in 10-18 GHz (Fig. S4, ESIt).
Therefore the magnetic loss of graphene@carbon@Fe;0, is mainly
originated from natural resonance, exchange resonance in 2-10 GHz
and eddy current loss in 10-18 GHz. Moreover, the dielectric loss
tangent (tanSe=€"/g’) and the magnetic loss tangent (tandu=p"/u’)
are two important factors to evaluate microwave absorption
properties for an absorber. The largest value of loss tangent
indicated the higher capacity of converting electromagnetic waves
to other forms of energy.33As shown in Fig. 4, the values of tande
and tandu for graphene@carbon@Fe;0, are obviously improved
compared to these of GO and RGO@PDA shown in Fig. S3,

4| J. Name., 2012, 00, 1-3

indicating the high capacity of converting electromagnetic waves to
other forms of energy.
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Fig. 4 Frequency dependences of complex permittivity and
dielectric loss (a), and complex permeability and magnetic loss (b)
for the graphene@carbon@Fe;0, nanosheet arrays.

Based on the above analysis, the dipolar polarization and
interfacial polarization will result in strong dielectric losses and take
place at high frequency, and eddy current losses which lead to high
magnetic losses also take place at high frequency, while natural
resonance, exchange resonance work at low frequency. This
complementary effect is helpful for the electromagnetic absorption
properties, due to the better impedance matching, which is the
important key factor for the enhanced microwave absorption
properties. The impedance matching degree can be validated by a
delta-function method by means of an equation: A = |sinh2(de)—
M|, where K and M can be determined by the relative complex
permittivity and complex permeability.?'4 The smaller delta value
implies better EM impedance matching. The delta values, smaller
than 0.2, correspond to the RL below -8 dB. Based on the method
proposed in ref. 34, the -calculated delta value maps of
graphene@carbon@Fe;0, is shown in Fig. 5. The large dark blue
area indicates the excellent microwave absorption properties.

2 4 6 8 10 12
Frequency (GHz)

14

16 18

Fig. 5 Calculated delta value map of graphene@carbon@Fe;0,
nanosheet arrays.

In addition, EM wave attenuation in the interior of the absorber
is another one of the important key factors for a remarkable
absorption material. The attenuation constant a, determining the
dissipation properties of materials, can be expressed by34

a=@”xJ(u'a'—uwW(M—wf e

This journal is © The Royal Society of Chemistry 20xx
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where f and c are the frequency and velocity of light, respectively.
The frequency dependence of a for GO, RGO@PDA and
graphene@carbon@Fe;0, is displayed in Fig. 5. It is clearly seen
that the graphene@carbon@Fe;0, have the largest a in the entire
frequency range, suggesting its outstanding absorption.

licrowave receiver
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Fig. 6 Schematic illustration of a plausible electromagnetic wave
absorption mechanism for the graphene@carbon@Fe;0, nanosheet
arrays.

On the basis of the above discussion, a plausible electromagnetic
wave absorption mechanism for the 3D graphene@carbon@Fe;0,4
nanosheet arrays is proposed, as depicted in Fig. 6. When the
graphene@carbon@Fe;0, is subjected to electromagnetic wave
radiation, the Fe;0, nanosheets grown on the surfaces of
graphene@carbon are expected to act as antennae receivers
allowing electromagnetic waves to penetrate into the interior of the
absorber as much as possible the electromagnetic wave energy
transfers in the form of microcurrent.”® The Fe30, nanosheets can
convert more and more electromagnetic energy to microcurrent,
due to the increase in impedance matching. The microwave current
generated is then required to transmit along one sheet-like
structure to another. During transmission, the graphene@carbon
serves as an electrically conductive network. A large part of the
electric energy could be attenuated due to the resistance of the
graphene@carbon. Moreover, the special structure leads to defects
and multi-interfaces  (carbon-Fe;0,, Fe;0,-Fe;0, and carbon-
graphene), which can cause additional space charge polarization
and interfacial polarization with the associated relaxation.*®>®
These also could stimulate the electron polarization, favoring the
attenuation electromagnetic wave.

Conclusions

In summary, we developed an efficient strategy to fabricate a
3D architecture of graphene@carbon@Fe;0, nanosheet arrays
by a mussel-inspired polydopamine adhesive, in which Fe;0,
nanosheet were almost grown perpendicularly on both
surfaces of graphene sheets. After introducing Fe;0,
nanosheet arrays with accompanied reduction of GO into
graphene, the 3D architectures exhibit outstanding EM
absorption properties. The maximum reflection loss value can
reach -52.8 dB at 9.5 GHz with the sample thickness of 2.7 mm.
The improved EM wave absorption properties is realized by
the synergistic effects of magnetic loss in Fe;O0, nanosheet

This journal is © The Royal Society of Chemistry 20xx
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arrays and dielectric loss in graphene@carbon. Furthermore,
the synthesis strategy presented here can be expended as a
facile approach to synthesizing related graphene-based 3D
nanostructures for functional design and applications.
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Fe;04 nanosheet arrays can grow on graphene by a mussel-inspired polydopamine
adhesive towards remarkable enhancement in electromagnetic absorptions.



