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Novel rGO/a-Fe;,03; composite hydrogel: synthesis,
characterization and high performance of
electromagnetic wave absorptiony

Hui Zhang,® Anjian Xie,® Cuiping Wang,® Haisheng Wang,® Yuhua Shen*?
and Xingyou Tian™®

A novel 3D composite hydrogel composed of reduced graphene oxide nanosheets and o-Fe;Os
nanoparticles (rGO/a-Fe,03) was synthesized via a two-step process in a solution phase technique. The
experimental results show the composite has an interconnected 3D porous network with micrometer
pores, and the a-Fe,O3 nanoparticles with the size of about 50-100 nm are uniformly dispersed onto
the thin graphene nanosheets. The rGO/a-Fe,O3 composite hydrogel exhibits excellent microwave
absorbability. Compared to a pristine reduced graphene oxide (rGO) hydrogel, the reported composite
hydrogel has both wider and stronger wave absorption achieved in the frequency range of 1-18 GHz.
The composite with a coating layer thickness of 5.0 mm exhibits a maximum absorption of —33.5 dB at
7.12 GHz and in particular, the product with a coating layer thickness of only 3.0 mm shows a
bandwidth of 6.4 GHz (from a frequency of 10.8-17.2 GHz) corresponding to reflection loss at —10 dB.
The excellent microwave absorption properties are ascribed to the improved impedance matching. Our
findings pave a way to design and prepare lightweight and high performance electromagnetic wave
absorption materials based on 3D graphene and other nanomaterials.

Introduction

Electromagnetic (EM) wave absorbing materials have attracted
much attention because of their potential applications in
wireless data communication, local area networks, satellite
television and self-concealing." Great effort has been made for
the development of high performance EM wave absorption
materials. Carbon based composite materials show very good
EM absorption properties and they have other important tech-
nical requirements for effective and practical EM wave absorp-
tion applications such as being light-weight, having high
complex permittivity values, etc.>* Graphene, a new kind of
carbon based material, has received significant attention in
recent years due to its unique electronic, mechanical, and
thermal properties since its discovery in 2004.>® Due to their
superior properties, graphene and their composites are used for
field effect transistors,” supercapacitors,®® lithium ion
batteries,'” gas sensors," chemical sensors,'” etc. Recently,
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scientists found out that chemically reduced graphene oxide
and their composites are believed to exhibit good microwave
absorption properties and can be used as wave absorbing
materials. Wang et al.'® studied the microwave absorption
property of chemically reduced graphene oxide (r-GO) and
concluded that the r-GO showed enhanced microwave absorp-
tion compared with graphite and CNTs, and high quality gra-
phene due to many defects and chemical groups. The dielectric
loss is the main microwave absorbing mechanism of r-GO. Such
as it is, the value of microwave absorption is —6.9 dB, not an
ideal material in microwave absorption applications. Further-
more, Guan et al.** synthesized hybrid Fe;O,/graphene nano-
composite with an assembled Fe;O, nanoparticle superlattice
on both sides of 1 nm graphene and found the composite
exhibited both enhanced dielectric losses and magnetic losses
at 1-18 GHz. Bi et al.* prepared a novel kind of bowl-like hollow
Fe;0,4/r-GO composite. The composite exhibited a maximum
absorption of —24 dB at 12.9 GHz. In addition to these,
researchers have also studied the microwave absorption prop-
erties of chemically reduced graphene (CR-G)/poly(ethylene
oxide) (PEO) composites,' h-Ni/GN and c¢-Ni/GN hybrid nano-
materials®® and graphene/polyaniline nanorod arrays.” They
found that the microwave absorption property would be effi-
ciently enhanced by incorporating these materials into gra-
phene sheets. However, all this research was confined to
study the microwave absorption property of two-dimensional
(2D) graphene and 2D graphene composites. Macroscopic
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three-dimensional (3D) graphene structures such as foams,
gels, and other networks have recently attracted extensive
attention because of the desire to realize practical applica-
tions.*>'***> However up to now, there has been no report on
studying the microwave absorption property of 3D graphene
and 3D graphene-based composite. Therefore, it is a great
challenge to design and prepare good EM absorbing materials
based on 3D graphene and other nanomaterials.

Here, a novel two-step process in a solution phase technique
for fabrication of macroscopic rGO/a-Fe,O; composite hydrogel
with 3D interconnected networks is reported. Although rGO/
Fe,0; nanoparticle composites have received great attention in
recent years,”?” they are used in lithium ion batteries, super-
capacitors, etc. There are no reports on this composite being
used in the EM wave absorption area. Moreover, previous works
are focused on Fe,O; nanoparticles anchored on 2D graphene
nanosheets. We are first to prepare an rGO/a-Fe,O3; composite
hydrogel for a 3D porous network structure. Furthermore,
previous researchers used Fe®" as the precursor, but we use
Fe;0, sol as the precursor because the nanoscale Fe;04 nano-
particles can homogeneously disperse in the GO aqueous
suspension and could be easily embedded into the graphene
network." During the hydrothermal process, the Fe;O, nano-
particles are oxidised to Fe,O; nanoparticles. As a-Fe,O;
nanoparticles are assembled into the 3D framework of gra-
phene, the EM wave absorption properties of the material are
significantly enhanced. The enhanced EM wave absorption
properties are attributed to better impedance matching of the
rGO/a-Fe,0; composite hydrogel. Moreover, the added amount
of the composite hydrogel into the paraffin matrix is only 8 wt%.
Thus, the rGO/a-Fe,0; composite hydrogel is very promising as
a lightweight EM wave absorbing material.

Experimental section
Preparation

Graphite oxide was synthesized from natural graphite powder
(325 mesh, Qingdao Huatai Lubricant Sealing S&T Co. Ltd.,
Qingdao, China) using a modified Hummers' method.*** To
prepare suspensions of GO, the graphite oxide was sonicated
(KQ 800KDV, Kunshan, China) in water for 1 h to give a brown
colloidal solution and then centrifuged (TG16-WS, Changsha,
China) at 4000 rpm for 20 min to remove any unexfoliated
materials.

rGO/a-Fe,O3 composite hydrogel was synthesized by a
hydrothermal method with GO and Fe;0,4 nanoparticles as the
raw materials. The Fe;O, nanoparticles were prepared by the
references.’®* In detail, 5.2 g FeCl; (32 mmol) and 3.18 g
FeCl,-4H,0 (16.0 mmol) were dissolved in 25 mL ultrapure
water with 0.86 mL of HCI, and then the mixture was added
dropwise into 250 mL of 1.5 M NaOH aqueous solution under
vigorous stirring. The black precipitate was obtained by
centrifugation at 6000 rpm (3 min), and the precipitation was
washed with ultrapure water 3 times. Then, 250 mL of a 0.01 M
HCl solution was added to neutralize the anionic charges on the
nanoparticles. The cationic Fe;O, nanoparticles were collected
by centrifugation at 10 000 rpm (10 min) and then freeze dried.
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The mixture containing 2 mg mL ™' GO and different concen-
trations of Fe;O, nanoparticles was sealed in a 20 mL Teflon-
lined autoclave and maintained at 180 °C for 12 h. Three
composites with the weight ratios of the raw material as GO to
Fe;0,4 nanoparticles, 4 : 5 (sample-1), 2 : 5 (sample-2) and 1: 5
(sample-3) were prepared. Then the autoclave was naturally
cooled to room temperature and the as-prepared hydrogels were
taken out with tweezers. Subsequently, the composite hydrogels
were freeze dried under vacuum for further characterization.
The corresponding as-synthesized products were named as
product-1, product-2 and product-3, respectively. For compar-
ison, the pure rGO hydrogel, a-Fe,O; nanoparticles and 2D rGO/
a-Fe,0O; composites were fabricated by the same hydrothermal
process using 2 mg mL™" GO, 10 mg mL™~" Fe;0, solution and
the mixture containing 0.3 mg mL~" GO and 0.375 mg mL ™"
Fe;0,4 nanoparticles (the weight ratio is the same as sample-1)
as the raw materials, respectively. All the reagents used for the
experiments were of analytical grade and used directly without
further purification. DI water was used in all the processes of
aqueous solution preparation and washings.

Characterization

As synthesized Fe;O, nanoparticles and hydrogels were char-
acterized by X-ray diffraction (XRD) using a DX-2700 X-ray
Diffractometer equipped with Cu Ko, sealed tube (1 = 1.5406 A).
The samples were scanned in the range between 5° and 80° with
a step size of 0.02°. Scanning electron microscopy (SEM) images
were performed on a Hitachi SU1510 scanning electron micro-
scope with energy-dispersive X-ray (EDX) analysis (INCA x-ACT).
Raman spectroscopy was performed on an inVia-Reflex Raman
Microscope equipped with a 532 nm laser in the range of 100-
2000 nm. X-Ray photoelectron spectroscopy (XPS) was per-
formed on an ESCALAB-MKII spectrometer (VG Co., UK) with Al
Kr X-ray radiation as the X-ray source for excitation. Trans-
mission electron microscopy (TEM) images on a Cu grid were
obtained using a JEM 2100 microscope and an accelerating
voltage of 100 kv. The thermogravimetric (TG) analysis of the
composite hydrogels were performed on a Q2000 thermogravi-
metric analyzer at a heating rate of 10 °C min ™" in air.

Electromagnetic measurements

The electromagnetic parameters of the samples (pure RGO
hydrogel, rGO/a-Fe,03; composite hydrogel) were measured in a
VNA, AV3629D vector network analyzer in the range of 1-18 GHz
after a full two-port calibration (SHORT-OPEN-LOAD-THRU).
The measured samples were prepared by uniformly mixing
8 wt% of the sample with a paraffin matrix. The mixture was
then pressed into toroidal shaped samples with an outer
diameter of 7.00 mm and inner diameter of 3.04 mm.

Results and discussions

The XRD patterns of the pure rGO hydrogel, Fe;O, nano-
particles, and the resulting composites of the rGO/a-Fe,0O;
composite hydrogels are shown in Fig. 1a. It can be seen that the
pure rGO hydrogel shows a very broad diffraction peak at 26 of
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Fig. 1 (a) XRD patterns of the as-synthesized samples (pure rGO hydrogel (1),
Fe304 nanoparticles (2), product-1 (3), product-2 (4) and product-3 (5)), and (b)
Raman spectra of the as-synthesized samples (GO (1), a-Fe,O3 (2), product-2 (3)).

ca. 25.0°, which means that all of the graphene oxide has been
transformed to reduced graphene oxide with significantly less
functionalities.’* Curve 2 is the XRD pattern of the Fe;O,
nanoparticles, the series of diffraction peaks at 260 = 30.2°,
35.5°, 43.3°, 53.6°, 57.2°, and 62.9° are assigned to reflections
from the (220), (311), (400), (422), (511), and (440) crystal planes
(JCPDS no. 01-076-5337). Curves 3, 4 and 5 are the composite
hydrogels with fabrication by different weight ratios of GO and
Fe;0, nanoparticles, they show similar XRD patterns corre-
sponding to the same hematite phase a-Fe,0; of rhombohedral
structure (space group R3c¢) (JCPDS no. 01-072-6226). Notably,
no obvious diffraction peaks for the pure rGO hydrogel can be
observed in the composites of the rGO/a-Fe,O; composite
hydrogels, which might be due to the relatively low diffraction
intensity of rGO hydrogel in the composites of the rGO/a-Fe,03
composite hydrogels.

The Raman spectra of GO, as-prepared a-Fe,0; nanoparticles
and rGO/a-Fe,0; composite hydrogel (product-2) are shown in
Fig. 2b. All characteristic bands of a-Fe,O; in the lower wave-
number range exist in the Raman spectrum for the rGO/a-Fe,03
composite hydrogel. But the intense feature at around 1310 cm™*
is shifted to 1335 cm™" in the composite. Maybe the band is
overlapped by the D band (around 1359 cm™ ") in the graphene
and formed a new peak at 1335 cm ™. Notably, the bands at about
1593 cm ' (G band) for the graphitized structures are also
observed in the composite, which confirms the presence of gra-
phene in the rGO/a-Fe,O3; composite hydrogel.
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Fig. 2 (a) The general XPS, (b) C 1s region, (c) Fe 2p region and (d) O 1s region
for the product-2.
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The elemental components of the rGO/a-Fe,O; composite
hydrogels is identified by XPS technique. Fig. 2a shows a general
XPS profile for rGO/a-Fe,O; composite hydrogel (product-2).
The figure reveals that the composite hydrogel is completely
composed of Fe, O and C elements. No other elemental signals
are detected in the general XPS spectrum. The strong C 1s peak
arises from the graphene in the sample. The intensities of all C
1s peaks of the carbon binding to oxygen (Fig. 2b) are very weak
indicating that the GO is reduced. The core level binding energy
at 711.2 and 724.6 eV are the characteristic doublets of Fe 2pj/,
and 2p,,, core-level spectra of Fe,0s, respectively, as shown in
Fig. 2c. Also, the corresponding satellite peak located at 719 eV
can be solely attributed to the presence of Fe** ions of
a-Fe,03.%*> The O 1s spectrum (Fig. 2d) with the peak positions
at the binding energies of 530.3 eV, 531.6 eV and 532.8 eV are
attributed to O 1s of a-Fe,O;, OH and H,O molecules,
respectively.®

Fig. 3a shows the SEM image of the pure rGO hydrogel. From
it, we can see the pure rGO hydrogel has an interconnected
three-dimensional porous network with submicrometer and
micrometer pores. We also investigate the morphology of the as-
prepared Fe;O, nanoparticles by TEM technique, and the size of
the nanoparticles is about 10 nm with homogeneous shapes
(Fig. 3b). The SEM image of the freeze-dried composite hydrogel
(product-2) is displayed in Fig. 3c. Clearly, it is also an

(e)

(9)

1
20pum 20pm

Fig. 3 SEM images of (a) pure rGO hydrogel, (c) product-2; TEM images of (b)
Fes04 nanoparticles, (d) product-2; (e) energy dispersive X-ray (EDX) analysis, EDS
mapping of (f) C, (g) O and (h) Fe elements of product-2.
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interconnected network with a porous structure, and the pores
are micrometers in size. It can be intangibly noted that many
nanoparticles decorated the wall of the graphene sheets.
Furthermore, the TEM image of Fig. 3d shows that the nano-
particles with a size of about 50-100 nm are anchored onto the
thin graphene sheets; no particles that are disassociated from
the graphene sheets were observed. In particular, energy
dispersive X-ray (EDX) analysis (Fig. 3h) suggests that the three
elements C, O and Fe are in the hydrogel. In order to know the
dispersion of o-Fe,O; nanoparticles in the 3D graphene
framework, we performed elemental mapping analysis of C, O,
and Fe (Fig. 3f-h) for the rGO/a-Fe,03; composite hydrogel. They
clearly verify the homogeneous o-Fe,O; throughout the 3D
macroporous framework. We used TG analysis to clarify the
weight ratio of a-Fe,O; nanoparticles in the composite hydro-
gel, the results are shown in Fig. S1.f The weight loss between
25-100 °C and 200-570 °C can be ascribed to the loss of
absorbed water and the pyrolysis of graphene, respectively.
From Fig. S1,T we can see the mass loading of a-Fe,O; to the
composite hydrogel is about 60 wt%, 76 wt% and 82 wt% in
product-1, product-2 and product-3, respectively.

On the basis of the above characterizations and analyses, we
propose a possible formation mechanism of rGO/a-Fe,O;
composite hydrogel as illustrated in Scheme 1. At the begin-
ning, it was a homogeneous suspension after mixing GO and
Fe;O, nanoparticles. During the hydrothermal process, the
reduced graphene oxide sheets are self-assembled into the 3D
hydrogel with interconnected networks driven by combined
hydrophobic and m— stacking interactions, due to the decrease
of oxygenated groups on the graphene.*'® Meanwhile, all the
Fe;O, nanoparticles homogeneously dispersed in the GO
aqueous suspension could be embedded into the graphene
network to form a 3D hydrogel.*® With the oxidation ability of
GO, the Fe*" ions in the Fe;04 nanoparticles are oxidized to Fe**
in the formation of «-Fe,O;.

We investigated the electromagnetic parameters (complex
permittivity and permeability) of the rGO/a-Fe,O; composite
hydrogels to reveal their microwave absorbing properties. Fig. 4
shows the real part (¢') and imaginary part (¢”") of the complex
permittivity of pure rGO hydrogel and its composites in the
frequency range of 1-18 GHz. The ¢’ and ¢” of pure rGO hydrogel
and rGO/a-Fe,0; composite hydrogel decreased with increasing
frequency in the 1-18 GHz range, which may be related to a
resonance behavior that was reported before.>**** The
composites have much lower ¢ and ¢’ than the pure rGO

| 3

. Fe,O,
g GO

o a-Fe,0,
g (GO

Hydrothermal
self-assembly

Stable Suspension

Hybrid Hydrogel

Scheme 1 Schematic illustration of the formation mechanism of the rGO/a-
Fe,03 composite hydrogel.
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Fig. 4 Electromagnetic characteristics of pure rGO hydrogel and the composite
hydrogel with different weight ratios of a-Fe,O3 nanoparticles in the 1-18 GHz
range: (a) real part of complex permittivity and (b) imaginary part of complex
permittivity.

hydrogel. And with increasing the content of o-Fe,O3, even
lower ¢ and ¢’ are achieved because o-Fe,O; is a kind of
semiconductor material, which leads to the conductivity
decreasing of the rGO/a-Fe,O; composite hydrogels. According
to the free electron theory, low conductivity would result in low
permittivity.**3*%*

To reveal the microwave absorption properties of the
composites, the reflection loss (RL) values are calculated
according to the transmission line theory as follows:

Zin = ZO(ﬂr/Sr)llztanh[j(Zchd/c)(ﬂrer)1/2] (1)
RL = 20log[(Zin — Zo)/(Zin + Zo)| (2)

where Z;, is the input impedance of the absorber, Z, is the
intrinsic impedance of free space. u, and ¢, are the relative
complex permeability and permittivity of the absorber medium,
f is the frequency of electromagnetic wave, d is the coating
thickness and c is the velocity of light. The calculated results are
shown in Fig. 5. It is surprising that the RL values for the pure
rGO hydrogel with a thickness of 2-5 mm are more than —8 dB
over 1-18 GHz. This demonstrates that pure rGO hydrogel has a
very weak ability to absorb EM waves. But the EM absorption
properties of the rGO/a-Fe,O; composite hydrogels are signifi-
cantly enhanced. It is noted that the absorption value is
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Fig. 5 Reflection loss curves for the (a) pure rGO hydrogel, the composite
hydrogel with a-Fe,03 weight ratios of (b) 60 wt%, (c) 76 wt% and (d) 82 wt%
with different thicknesses in the frequency range of 1-18 GHz.
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enhanced by increasing the weight percentage of a-Fe,O3. It can
be seen clearly that the a-Fe,O; weight ratio is 82 wt% with a
coating layer thickness of 5.0 mm exhibiting a maximum
absorption of —33.5 dB at 7.12 GHz. The bandwidths of RL
values below —10 dB (90% of EM wave absorption) are 6.4 GHz
in the range of 10.8-17.2 GHz when the sample only contains
8 wt% of the as-synthesized rGO/a-Fe,O; composite hydrogel
with a coating layer thickness only of 3.0 mm. Why does the
rGO/a-Fe,0; composite hydrogel exhibit a lower dielectric loss,
but have very strong EM absorption properties? Maybe imped-
ance match characteristics is an important concept relating to
microwave absorption. Too high a permittivity of absorber is
harmful to the impedance match and results in strong reflec-
tion and weak absorption.>*?

We also tested the EM wave absorption properties of a 2D
rGO/a-Fe,O3; composite. The calculated RL values are shown in
Fig. S2,7 it can be seen that the 2D rGO/a-Fe,0; composite has a
weaker ability to absorb EM waves than the 3D rGO/a-Fe,03
composite hydrogels (Fig. 5b) within the thickness range of 2-
5 mm. This can be explained that the unique 3D porous network
is another important reason for enhancing EM wave absorption
properties. Therefore, the 3D rGO/a-Fe,O; composite hydrogel
has a great many advantages for the desire to realize practical
and large-scalable applications.

Conclusions

In summary, a novel structure of a 3D rGO/a-Fe,O; composite
hydrogel with a prominently improved microwave absorption
property has been successfully synthesized via a two-step
process in a solution phase. The formation of «-Fe,O3 in the 3D
framework of the rGO hydrogel greatly decreases the dielectric
loss of the materials, therefore resulting in not only a wider
absorption band and a larger reflection loss, but also in a lighter
weight in the frequency range of 1-18 GHz. The reason may
originate from the unique 3D structure and impedance match
characteristics of microwave absorption. Additionally, the
microwave absorption property can be tuned easily by varying
the weight percentage of a-Fe,O; and the layer thickness of the
samples. It provides a facile method to fabricate a potential
kind of good microwave absorbing material which is light-
weight and has strong absorption and a wide absorption
bandwidth.
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