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Abstract 

The comprehension of the interactions between the building blocks in the hybrids 

can give us an insight into the design and application of high efficient electromagnetic 

wave absorption materials. Herein, we report a facile in situ thermal decomposition 

route for the fabrication of superparamagnetic Fe3O4 nanocrystals anchored on the 

hydrophobic graphene nanosheets as synergistic electromagnetic wave absorbers. The 

microstructures and interactions of the Fe3O4/graphene hybrids are systematically 

investigated, which suggests that the Fe3O4 nanocrystals are uniformly decorated and 

chemically bonded on the surface of graphene nanosheets without obviously 
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conglomeration or large vacancies. The Fe3O4/graphene hybrids show hydrophobic 

and superparamagnetic characteristics. Combing both the benefits of 

superparamagnetic Fe3O4 nanocrystals and electric graphene, the Fe3O4/graphene 

hybrids show a maximum reflection loss (RL) of -40 dB at 6.8 GHz with a matching 

thickness of 4.5 mm, and the effective absorption bandwidth (RL<-10 dB) is 4.6-18 

GHz with the absorber thickness of only 2-5 mm. However, due to the lack of 

dielectric loss, only a weak RL of -5 dB is obtained in the bare Fe3O4 nanocrystals. 

The remarkably enhanced electromagnetic wave absorption properties of the 

Fe3O4/graphene hybrids are owing to the effective impedance matching and 

synergistic interaction. Moreover, compared with other reported graphene-based 

electromagnetic wave absorption materials, the hydrophobic Fe3O4/graphene hybrids 

prepared in this work are considered to be more stable and suitable to be applied in 

some particular environmental conditions such as raining. 

 

Introduction 

With the increasing demand for solving the growing electromagnetic interference 

(EMI) problems derived from the rapid development of wireless communication 

devices, considerable theoretical and experimental researches have been focused on 

the design and exploration of effective electromagnetic wave absorption materials 

which could effectively attenuate the electromagnetic waves by converting them into 

thermal energy or dissipating them through interference.
1-4

 Traditionally, the 

high-efficiency electromagnetic wave absorption materials are requested to possess 

Page 2 of 46Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



four characteristics, including strong adsorption, broad band adsorption, light weight 

and thin matching thickness. The complex permeability (μr = μ' – jμ'') and permittivity 

(εr = ε'–jε'') play a leading role on the performance of the electromagnetic wave 

absorption materials. Much effort have been made on the magnetic loss materials such 

as Fe,
5
 Co,

6
 Ni

7
 and ferrite,

8
 as well as the dielectric loss materials including ZnO,

9
 

TiO2,
10

 MnO2,
11

 CuS,
12

 BaTiO3,
13

 graphene/polyaniline,
14

 SiC/NiO
15

 and 

MWCNTs/SiO2.
16

 However, the impedance match condition is usually out of balance 

for the unilateral magnetic or dielectric loss materials, resulting in a weak 

electromagnetic wave absorption performance or narrow frequency bandwidth. 

Therefore, the exploration of magnetic/dielectric hybrids has attracted much attention, 

for example, Fe3O4/ZnO,
17

 Ni/TiO2,
18

 Ni/BaTiO3,
19

 FexOy/SiO2
20 

and so on, which 

have been proved to possess high electromagnetic wave absorption characteristics. 

But the large density greatly limits their potential industrial applications. To solve the 

above problems, decorating or coating the magnetic nanocrystals with carbon 

materials is believed to be a good candidate as lightweight electromagnetic wave 

absorbers.
21-24

 Graphene is promised to be superior building blocks for constructing 

electromagnetic wave absorbers, owing to its remarkable physical properties 

including large surface area, high electrical conductivity, good thermal conductivity, 

flexibility and strong mechanical stiffness.
25

 Therefore, decorating graphene with 

inorganic nanocrystals has been one of the most effective approaches to construct 

innovative hybrids with special properties.
26-29

 Specially, taking advantage of the 

combined benefits of magnetic nanocrystals and conductive graphene, the magnetic 
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nanocrystals/graphene hybrids show great potential as novel light-weight 

electromagnetic absorption materials.
30-50

 The synergistic interaction effect between 

the magnetic nanocrystals and graphene may result in better absorption characteristic. 

The thermal energy converted by the absorbed electromagnetic wave can spread 

rapidly due to the remarkable thermal conductivity of graphene nanosheets. Among 

the magnetic component, Fe3O4 nanostructures have attracted extensive interest as 

electromagnetic wave absorbers because of their unique properties, such as moderate 

saturation magnetization value (Ms), high Curie temperature, good thermal stability 

and high chemical stability.
51

 Therefore, graphene nanosheets decorated by Fe3O4 

nanomaterials have been widely utilized as electromagnetic wave absorbers.
38-50

 

However, the magnetic nanocrystals supported on the graphene are generally 

aggregated with uneven distribution, leading to possible “dead area” with null 

magnetic components. Besides, for practical applications, the electromagnetic 

absorption materials should also possess antioxidation capability and corrosion 

resistant ability. However, to our best knowledge, the magnetic nanocrystals/graphene 

hybrids employed in above studies are usually hydrophilic or easily oxidized, which 

restrict their potential applications in some specific environment like humid climate. 

Moreover, for the magnetic nanocrystals-based absorber, a small coercivity is 

beneficial, which can improve the permeability and enhance the magnetic loss.
52

 

Therefore, superparamagnetic magnetic nanocrystals are favorable. Based on the 

foregoing, the development of hydrophobic Fe3O4/graphene hybrids in which 

monodispersed superparamagnetic Fe3O4 nanocrystals are decorated on the whole 
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graphene nanosheets without aggregation is urgently needed for future practical 

applications. However, up to now, investigations on the preparation and 

electromagnetic wave absorption properties of such hydrophobic graphene-based 

hybrids have yet to report to date. 

In this work, we have successfully prepared hydrophobic superparamagnetic 

Fe3O4/graphene hybrids by a facile in situ thermal decomposition route. Although the 

obtained hybrids show relative moderate electromagnetic wave absorption properties, 

several advantages make them attractive. First, the synergistic interaction between 

Fe3O4 and graphene plays a key role in the enhanced electromagnetic wave absorption. 

Second, the Fe3O4 nanocrystals are superparamagnetic which is favorable for 

improving absorption. Third, the monodispersed Fe3O4 nanocrystals are uniformly 

decorated on the whole graphene nanosheets without aggregation, suggesting no 

“dead area” of null magnetic components for absorption. Fourth, in comparison with 

the magnetic metal/graphene hybrids, the Fe3O4/graphene hybrids are antioxidized. 

Finally, the hybrids are hydrophobic which is beneficial for practical application. 

These results suggest that the novel hydrophobic magnetic graphene-based hybrids 

are promised to be innovative electromagnetic wave absorption materials for practical 

applications. In addition, the synthesis route is a promising strategy for the 

preparation of other hydrophobic graphene-based hybrids. 

2. Experimental section 

2.1 Materials 

All the chemical reagents used in this work were of analytical grade without further 
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purification. Natural graphite flake powders were purchased from Beijing Creative 

Biological Engineering Materials Co. Ltd. Iron acetylacetonate (Fe(acac)3, 99%), 

oleylamine (C18H37N, 70%), benzyl ether (C14H14O, 90%) and 1-octadecene (ODE, 

C18H36, 90%) were bought from Aldrich. 

2.2 Synthesis of hydrophobic Fe3O4/graphene hybrids 

Graphene oxide (GO) was prepared from natural flake graphite through a modified 

Hummers method.
53

 Fe3O4@graphene hybrids were fabricated by in-situ thermal 

decomposition route. In a typical process, 20 mg of GO was dissolved in the solvent 

composed of 10 ml of oleylamine and 10 ml of 1-octadecene and ultrasounded for 4 h 

to produce few-layer oleyamine-modified GO. Then 200 mg of Fe(acac)3 was added 

into the above GO-contained solution and ultrasounded for another 0.5 h to make sure 

the precursor dissolve in the solution completely. The mixture solution was 

deoxidized and dehydrated at 120 
o
C for 1 h under a flow of argon, and then heated to 

200 
o
C and maintained for 1 h. Finally the solution was quickly heated to 315 

o
C, and 

refluxed at this temperature for 2 h. When the reaction was finished, the black 

solution was cooled down to room temperature naturally. The Fe3O4/graphene hybrids 

were precipitated by adding ethanol, followed by centrifuging (10000 rpm, 3 min). 

The precipitates were washed and purified by ethanol/hexane (1:1) for several times. 

The Fe3O4/graphene hybrids were dispersed in hexane for further characterization. 

2.3 Synthesis of Fe3O4 nanocrystals 

For comparison purposes, bare Fe3O4 nanocrystals were fabricated by the similar 

thermal decomposition strategy. Typically, Fe(acac)3 (2 mmol) was dissolved in 20 
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ml of benzyl ether with 1, 2-duodecanediol (10 mmol), oleylamine (6 mmol) and oleic 

acid (6 mmol). The solution was then deoxidized and dehydrated at 120 
o
C for 1 h 

under Ar atmosphere. The solution was then heated to 200 
o
C and maintained for 2 h. 

Finally, the reaction mixture was heated to 290 
o
C and refluxed for another 2 h. The 

precipitation process of the bare Fe3O4 nanocrystals is similar with that of 

Fe3O4/graphene hybrids. The XRD pattern and TEM images of the bare Fe3O4 

nanocrystals are shown in Fig. S1 and Fig. S2 (supporting information). The bare 

Fe3O4 nanocrystals show spherical shape with diameter of about 8 nm, which is the 

same with that of the Fe3O4 nanocrystals decorated on the graphene nanosheets. 

2.4 Characterization 

The morphology of the products were characterized using field-emission scanning 

electron microscopy (SEM, Hitachi S-4800, Japan) and high-resolution transmission 

electron microscope (HRTEM, FEI Tecnal G
2
 F20) embedded with energy-dispersive 

X-Ray spectroscopy (EDX, Oxford Instrument), high angle annular dark field 

(HAADF) and scanning transmission electron microscopy (STEM). The crystal 

struccture were carried out by X-ray diffraction instrument with Cu Kα radiation 

(λ=1.5418 Å) (XRD, X’pert powder, Philips). Fourier transform infrared spectroscopy 

(FTIR) of the products was analyzed by a 170SX spectrometer in the range of 

400-4000 cm
-1

. Raman spectra were performed on an in Via Reinishaw confocal 

spectrometer with 633 nm laser. The surface composition and oxidation state of the 

products was obtained by the X-ray photoelectron spectroscopy (XPS, 

ESCALAB210). The magnetic properties of the products were studied by vibrating 
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sample magnetometer (VSM, Lake Shore 7,304). Electron spin resonance (ESR) 

spectrum of the products was recorded at room temperature in X-band (8.984 GHz) 

by a JES-FA300 spectrometer (JEOL). 

2.5 Electromagnetic measurements 

The electromagnetic wave absorption properties of the bare Fe3O4 nanocrystals and 

Fe3O4/graphene hybrids were investigated by a network analyzer (Agilent 

Technologies E8363B) in the frequency range of 0.1-18 GHz by coaxial wire method. 

The composite samples for electromagnetic wave absorption measurement were 

fabricated by mixing paraffin with 50 wt% samples and pressed into toroidal shape 

(ψout: 7.00 mm, ψin: 3.04 mm). The complex permeability and permittivity were 

computed from the experimental scattering parameters through the standard 

Nicholson-Rossand Weir theoretical calculations.
54

 

3. Results and discussion 

Formation process of the hydrophobic Fe3O4/graphene hybrids 

Taking advantage of the multifunctional (bridging, reducing and capping) features 

of oleylamine, we reported a simple in situ thermal decomposition approach for the 

synthesis of hydrophobic Fe3O4/graphene hybrids. The whole formation process is 

schematically illustrated in Fig. 1. Hydrophobic Fe3O4/graphene hybrids were 

fabricated by in situ thermal decomposition of organometallic compounds in the 

presence of oleylamine-modified GO in high-boiling organic solvent, in which 

oleylamine acts as a linker and surfactant. First, oleylamine was chemically bonded 

with the oxygen-containing functional groups on the surface of GO nanosheets by 
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ultrasound approach, forming oleylamine-modified GO nanosheets. Owing to the 

strong covalent interactions between the oxygenic groups of GO and amine groups of 

oleylamine, the colloidal suspensions of oleylamine-modified GO nanosheets show 

high stability. Then, organometallic compounds were absorbed and coordinated onto 

the oleylamine-modified GO nanosheets, which is due to the absorption interactions 

between the hydrophobic groups of oleylamine-modified GO and organometallic 

compounds. Finally, monodisperse Fe3O4 nanocrystals were anchored on the surface 

of oleylamine-modified GO nanotheets through a robust in situ thermal 

decomposition strategy, in which the nucleation and growth were completely 

separated by adjusting the aging temperature. Oleylamine acts as both the alternative 

reducing agent and capping agent, leading to the formation of monodispersed Fe3O4 

nanocrystals. Besides, the hydrophobic Fe3O4/graphene hybrids show high stability 

against ultrasound. Oleylamine is also used as bridging agent and provides interfacial 

interactions between the graphene nanosheets and Fe3O4 nanocrystals. 

Characterization of the hydrophobic Fe3O4/graphene hybrids 

The crystallographic structure of Fe3O4/graphene hybrids was characterized by 

XRD, as shown in Fig. 2. The positions and relative intensities of all the diffraction 

peaks can be well indexed to the Fd3m cubic spinel structure of Fe3O4 (JCPDS card 

NO.22-1086). No other impurity phases were detected. The obvious sharp peaks 

indicate that the samples are high crystalline. The broadening effect of the diffraction 

peaks is due to the small crystalline structure of Fe3O4 nanocrystals. Based on the 

Scherer’s formula, the grain size of Fe3O4 nanocrystals in the Fe3O4/graphene hybrids 
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is estimated to be about 8 nm. No characteristic peaks of graphene (broad stacking 

peak at about 26 °) were observed, suggesting that the attachment of Fe3O4 

nanocrystals could prevent the restack of the graphene and the graphene nanosheets 

are disordered in the Fe3O4/graphene hybrids.
55

 

The morphologies of GO and Fe3O4/graphene hybrids were examined by SEM 

and TEM. The typical SEM images of GO and Fe3O4/graphene hybrids are shown in 

Fig. 3. The exfoliated GO powder shows 2D layered structures with crumpled flaky 

wrinkles (Fig. 3 (a)). After in situ growth, it is clearly seen that tiny Fe3O4 

nanocrystals were uniformly modified the surface of graphene nanosheets, forming 

sandwich-like structures (Fig. 3 (b)). 

   Fig. 4 shows the typical TEM images of GO and Fe3O4/graphene hybrids. After 

re-disperse into hexane, GO was transferred onto the holey carbon film on the copper 

grid for TEM measurement. As shown in Fig. 4 (a) and (b), the GO shows typical 

crumpled paper-like structures with many wrinkles on the surface and scrolling on the 

edge of the nanosheets. Besides, the GO nanosheets are almost transparent, indicating 

that it is very thin. The selected area electron diffraction (SAED) pattern of GO is 

shown in the inset of Fig. 4 (a). The bright diffraction spots with two sets of six fold 

patterns indicate that the GO has high crystalline nature with a hexagonal 

closed-packed (HCP) phase structure. Fig. 4 (c) and (d) present the TEM images of 

Fe3O4/graphene hybrids at different magnifications. The translucent graphene 

nanosheets are uniformly decorated by tiny Fe3O4 nanocrystals without aggregation 

and no large vacancy is observed on the surface of graphene nanosheets. No Fe3O4 
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nanocrystals are found on the carbon film of copper grid without graphene. These 

results suggest a possible chemical bonding attraction between the graphene 

nanosheets and Fe3O4 nanocrystals. The histogram of size distribution of Fe3O4 

nanocrystals is shown in Fig. S3. The average diameter of the Fe3O4 nanocrystals is 

approximately 8 nm, which matches well with the crystalline size estimated by XRD 

pattern. This result indicates that each individual particle is a single crystal.
56

 The 

histogram can be fitted with a Gaussian distribution with a 7% standard deviation, 

suggesting that the Fe3O4 nanocrystals on the graphene nanosheets are monodispersed 

with a narrow size distribution. The inset of Fig. 4 (c) shows the SAED pattern of 

Fe3O4/graphene hybrids. The bright and distinguishable diffraction rings suggest the 

high crystalline feature of the samples. The diffraction rings can be indexed to be 

(311), (400), (422), (511) and (440) lattice planes, demonstrating the formation of 

face-centered cubic (fcc) structure of Fe3O4, which is accordant with the XRD result. 

The inset of Fig. 4 (d) reveals the HRTEM image of individual Fe3O4 nanocrystals. 

The interplanar spacing distance for the Fe3O4 nanocrystals is measured to be 0.258 

nm, which corresponds to the (311) crystallographic plane of Fe3O4. 

   To further determine the position of Fe3O4 nanocrystals decorated on the graphene 

nanosheets, HAADF-STEM technique was used to investigate the morphology of 

Fe3O4/graphene hybrids. HAADF-STEM image, sometimes called Z-contrast image 

(Z, the atom number), has been proved to be an ideal tool for the characterization of 

heterogeneous hybrids.
28,57

 The Z-contrast image could provide a better distinction 

between Fe3O4 (average Z ≈ 16) and C (Z = 6). Fig. 4 (e) and (f) show the 
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HAADF-STEM images of Fe3O4/graphene hybrids with different magnifications. The 

Fe3O4 nanocrystals with larger average atom number present bright dots like star and 

the graphene nanosheets with lower atom number show relative grey color like cloud. 

It is clearly seen that the Fe3O4 nanocrystals are uniformly decorated on the graphene 

nanosheets without aggregation, which is consistent with the above TEM results. 

  Raman and FTIR spectroscopy were employed to characterize the chemical 

bonding and surface functionalities of GO and Fe3O4/graphene hybrids. Fig. 5 (a) 

shows the Raman spectra of GO and Fe3O4/graphene hybrids. Two characteristic 

peaks are observed at ~ 1340 cm
-1 

and ~ 1590 cm
-1

, which correspond to the D
 
and G 

band, respectively. The G band is attributed to the first-order scattering of 

E2g-vibration mode, which corresponds to the in-plane vibration of sp
2
 carbon 

domains in the hexagonal lattice of graphene nanosheets. The D band is associated to 

the K-point phonons of A1g mode, which is due to the vibration of sp
3
 carbon domains 

in the plane terminations of disordered graphite.
28

 The intensity ratio of D and G band 

(ID/IG) is relative with the disordered structure of carbon. Compared with GO, the 

Fe3O4/graphene hybrids reveal an obviously enhanced value of ID/IG, suggesting that 

the presence of more numerous but smaller sp
2
 carbon domain resulted from the 

reduction process of GO during the formation of Fe3O4/graphene hybrids. These 

results are further demonstrated by FTIR and XPS technologies as bellow. 

   The FTIR spectrum of Fe3O4/graphene hybrids is shown in Fig. 5 (b). The broad 

band located at 3425 cm
-1

 is attributed to the combination of O-H deformation 

vibrations in graphene and N-H stretching vibrations in the carboxamide bond. The 
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peak at 1545 cm
-1

 is assigned to the combination of N-H deformation vibrations and 

C-N stretching vibrations in the carboxamide bond. The peak at 1170 cm
-1

 is resulted 

from the mixed C-N stretching and N-H bending vibrations in the amido bond. The 

peaks at 2918 and 2946 cm
-1

 are due to the asymmetric and symmetric stretching 

vibrations of -CH2 groups of the long CH2 chains of oleylamine. The peak at 1462 

cm
-1

 is owing to the deformation vibration of – CH3 groups in the edges of oleylamine 

and graphene. The peak at 594 cm
-1

 is associated to the stretching vibrations of Fe-O 

bonds in Fe3O4. All the results suggest that Fe3O4 nanocrystals are chemically bonded 

on the surface of graphene nanosheets using oleylamine as the linker by the amidation 

reaction.
58

 Therefore, the Fe3O4/graphene hybrids can be easily dispersed in the 

nonpolar solvents and possess hydrophobic characteristics as shown in Fig. 5 (c). 

Besides, the hydrophobic Fe3O4/graphene hybrids dispersed in nonpolar solvent can 

be separated from the solvent by using an applied magnet (Fig. 5 (c)). 

The chemical composition of the samples was further examined by XPS spectra, 

as shown in Fig. 6. Fig. 6 (a) shows the full scan XPS spectra of GO and 

Fe3O4/graphene hybrids. Three sharp peaks with binding energy at 285, 530 and 711 

eV are associated to C 1s, O 1s and Fe 2p, respectively, suggesting the presence of C, 

O and Fe elements in the Fe3O4/graphene hybrids. To further study the electronic 

states of the elements, high-resolution XPS spectra are characterized. The Fe 2p 

spectrum of Fe3O4/graphene hybrids (Fig. 6 (b)) shows only two characteristic peaks 

at 711.4 and 725.1 eV, which are originated from Fe 2p3/2 and Fe 2p1/2, respectively. 

These results demonstrate the formation of Fe3O4 nanocrystals in the hybrids. In the O 
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1s spectrum (Fig. 6 (c)), the binding energy for the peak of O 1s shifted from 532.6 

eV in GO to 530.4 eV in Fe3O4/graphene hybrids, which is due to the lattice oxygen 

in Fe3O4. Fig. 6 (d) and (e) reveal the C 1s spectra of GO and Fe3O4/graphene hybrids, 

respectively. The C 1s spectrum of GO (Fig. 6 (d)) show four deconvoluted peaks 

with binding energy of 285.0, 286.1, 287.1 and 288.9 eV, which are associated to the 

C-C/C=C in aromatic rings, C-OH, C-O-C and C=O groups, respectively. For the 

Fe3O4/graphene hybrids, the peaks of C 1s spectrum (Fig. 6 (e)) are mainly due to the 

non-oxygenated carbon groups (C-C/C=C) and the relative area ratios of oxygenated 

functional groups (C-O-C/C=O) are obviously decreased, which demonstrate that the 

oxygenated functional groups were partly removed. The XPS results indicate that GO 

was reduced during the reaction process. The existed residual defects and groups 

during the reduction of GO may provide defect polarization relaxation and groups’ 

electronic dipole polarization relaxation, which may be favorable for electromagnetic 

wave absorption applications.
59

 

Magnetic properties of the hydrophobic Fe3O4/graphene hybrids 

Fig. 7 (a) shows the magnetic hysteresis loops of the bare Fe3O4 nanocrystals and 

Fe3O4/graphene hybrids measured at room temperature. The saturation magnetization 

(Ms) of the bare Fe3O4 nanocrystals and Fe3O4/graphene hybrids is 63 and 46 emu g
-1

, 

respectively, which is smaller than that of the corresponding bulk Fe3O4 (92 emu g
-1

). 

These smaller Ms values are mainly due to the surface spin canting and dead magnetic 

layer on the Fe3O4 nanocrystals. Besides, in comparison with the bare Fe3O4 

nanocrystals, the smaller Ms value is owing to the weight-fraction of non-magnetic 
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graphene nanosheets.
31

 The magnetic hysteresis loops for both the samples show 

S-like shape with no coercivity and remanence, indicating the superparamagnetism 

nature, which is believed to be beneficial for high-performance electromagnetic wave 

absorption materials working at high frequency range.
31

 

To further determine the microscopic magnetic information of the Fe3O4/graphene 

hybrids, ESR spectra of GO, bare Fe3O4 nanocrystals and Fe3O4/graphene hybrids 

were performed at room temperature, as shown in Fig. 7 (b). The principle of ESR 

technology depends on the transition between Zeeman components of the electronic 

levels, which can be used to investigate the interactions of magnetic moment with the 

neighboring and more distant local environment.
52

 The ESR spectrum of GO shows 

no resonance band with low signal-to-noise ratio, indicating its non-magnetic 

characteristic, which is accordant with that of the MWCNT.
52

 The ESR spectra for 

both the bare Fe3O4 nanocrystals and Fe3O4/graphene hybrids reveal a nearly 

symmetric signal with resonance band at 306 and 310 mT, respectively, indicating the 

superparamagnetic characteristic of Fe3O4 nanocrystals at room temperature. The 

shifts of resonance band originated from the local electronic environment of the 

unpaired electrons. When Fe3O4 nanocrystals are chemically bonded onto the 

graphene nanosheets, the line width is obviously enhanced from 41 mT of Fe3O4 

nanocrystals to 55 mT of Fe3O4/graphene hybrids. The broaden effect of line width 

for the Fe3O4/graphene hybrids is possibly due to the spin disorder originated from the 

antiferromagentic interactions between the neighboring spins in Fe3O4 nanocrystals. 

These results suggest that the graphene nanosheets can reduce the dipolar interactions 
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between the Fe3O4 nanocrystals and make them easily align with the external 

magnetic field.
60

 The ESR results indicate that the chemically bonded graphene 

nanosheets increase the exchange interactions and reduce the dipolar interactions 

between the Fe3O4 nanocrystals, leading to the change of magnetic moment. 

Electromagnetic wave absorption performance of the hydrophobic 

Fe3O4/graphene hybrids 

When the electromagnetic wave is incident on the single-layer absorber backed by 

a metal plate, part of the incident electomagnetic wave is consumed by the absorber, 

part is reflected from the air-absorber interface (front interface), and part is reflected 

from the absorber-metal interface (back interface). The consumption of the incident 

electromagnetic wave convert into heat and spread to the environment. If the 

electromagnetic wave absorption characteritic is strong enough, the reflected 

electromagnetic wave is so weak that cannot be detected. 

The electromagnetic wave absorption properties were investigated by mixing 50 

wt% of the samples with paraffin. The reflection loss (RL) curves of a single layer 

absorber backed by a metal plate were obtained according to the transmit line theory, 

which is calculated using the relative complex permeability and permittivity at a given 

frequency and absorber thickness as expressed by the following equations:
31

 

0

0

20log in

in

Z Z
RL

Z Z





                 (1) 

     1/ 2 1/ 2

0 / tanh 2 /in r r r rZ Z j fd c    
       (2) 

where Zin is the input impendence of absorber, Z0 is the impedance of air, μr is the 

relative complex permeability, εr is the relative complex permittivity, f is the 
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frequency of electromagnetic wave, d is the thickness of absorber, and c is the 

velocity of light in vacuum. A RL value of -10 dB is comparable to 90% of 

electromagnetic wave absorption, which is considered to evaluate the electromagnetic 

wave absorption efficiency of absorbers. 

Fig. 8 shows the three-dimensional representations of variations of the RL values 

versus frequency at different thicknesses for the bare Fe3O4 nanocrystals and 

hydrophobic Fe3O4/graphene hybrids. The absorption peaks for both the composites 

shift to low frequency range as the thickness increases. The RL values for the bare 

Fe3O4 nanocrystals (Fig. 8 (a)) can hardly reach -10 dB with the thickness range of 

1.0-5.0 mm in the whole frequency range and the maximum RL value is only -4.4 dB. 

The weak absorption ability suggests that the bare Fe3O4 nanocrystals cannot be used 

for the practical electromagnetic wave absorption applications. When the 

superparamagnetic Fe3O4 nanocrystals are covalently decorated on the surface 

graphene nanosheets, the absorption properties of hydrophobic Fe3O4/graphene 

hybrids (Fig. 8 (b)) are tremendously enhanced. The RL values exceeding -10 dB can 

be achieved in wide frequency range of 4.6-18 GHz with the absorber thickness of 

2.0-5.0 mm. A maximum RL value of -40 dB is obtained at 6.8 GHz with a matching 

thickness of 4.5 mm. The hydrophobic Fe3O4/graphene hybrids possess remarkable 

enhanced absorption characteristic from C to Ku band (4-18 GHz), peculiarly covering 

the whole X-band (8-12 GHz) and Ku-band (12-18 GHz) which is of great 

significance for the military radar and direct broadcast satellite (DBS) owing to the 

high resolution imaging and precision target identification.
40

 These results indicate 
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that the addition of graphene nanosheets is significant for the enhancement of 

absorption properties of hydrophobic Fe3O4/graphene hybrids, which has been 

demonstrated before.
61

 Compared with the bare graphene (a maximum RL value of 

-6.9 dB)
59

 and Fe3O4 nanocrystals (Fig. 8 (a)), the enhanced absorption performance 

of hydrophobic Fe3O4/graphene hybrids is attributed to the synergistic effect between 

light-weight graphene and superparamagnetic Fe3O4 nanocrystals. Accompanying 

with the hydrophobic characteristic, the Fe3O4/graphene hybrids prepared in this work 

are promised to be good candidate for electromagnetic wave absorption materials in 

future practical applications in particular environmental conditions such as raining. 

To investigate the possible mechanism for the enhancement of electromagnetic 

wave absorption properties, the frequency dependence of complex permeability (μr = 

μ' – jμ'') and permittivity (εr = ε'–jε'') for the Fe3O4 nanocrystals and hydrophobic 

Fe3O4/graphene hybrids are measured. The real part of complex permeability (μ') and 

complex permittivity (ε') represent the storage capability of magnetic and electric 

energy, respectively. The imaginary part of (μ'' and ε'') is related to the dissipation 

capability of magnetic and electric energy, respectively. Fig. 9 (a) shows the 

frequency dependence of complex permeability for the bare Fe3O4 nanocrystals and 

hydrophobic Fe3O4/graphene hybrids. The real part (μ') of complex permeability for 

the bare Fe3O4 nanocrystals slowly decreases from 2.4 to 1.5 by increasing the 

frequency from 0.1 to 3.5 GHz, and then maintains at 1.5 with a slightly fluctuation in 

3.5-18 GHz. For the hydrophobic Fe3O4/graphene hybrids, the μ' value reduced from 

2.2 to 1.4 with the increase of frequency from 0.1 to 5 GHz, and maintains at 1.4 in 
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the range of 5-18 GHz. It is clear that the μ' value of Fe3O4 nanocrystals is slightly 

reduced when they were embedded by graphene. This can be relied to the reduction of 

Ms value after combination with nonmagnetic graphene. The variation between the 

bare Fe3O4 nanocrystals and Fe3O4/graphene hybrids can be negligible. This is 

possibly due to the low weighted-fraction of nonmagnetic graphene. The low relative 

complex permeability can be attributed to the small sized of magnetic Fe3O4 

nanocrystals as well as the Snoek limit at high frequency range. The imaginary part 

(μ'') curves for both the samples show a broad at about 1 GHz. According to the 

ferromagnetic resonance theory,
62

 the natural resonance frequency (fr) can be 

expressed by the following equations: 

2
r efff H






                     (3) 

1

0

4

3
eff

s

K
H

M


                     (4) 

Where γ/2π is the gyromagnetic ratio (28 GHz T
-1

), Heff is the effective magnetic field, 

K1 is the magnetocrystalline anisotropic coefficient for the Fe3O4 (-11.8×10
3
 J m

-3
) 

and μ0Ms is the saturation magnetization (0.68 T). The calculated natural resonance 

frequency based on the above equations is 0.95 GHz, which is accordant with the 

experimental data (≈ 1 GHz). This result suggests that the resonance band for both the 

samples is ascribed to natural resonance of Fe3O4. The broad resonance band is 

believed to induce strong magnetic loss capabilities, which is promised to enhance the 

electromagnetic wave absorption. The magnetic loss for magnetic absorption 

materials mainly originates from the magnetic hysteresis, domain-wall displacement, 
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natural resonance, exchange resonance and eddy current effect.
63

 The magnetic 

hysteresis loss is caused by the irreversible magnetization, which can be neglected 

due to the superparamagnetic characteristic of the samples in this work. The domain 

wall resonance usually located at much lower frequency range (1-100 MHz) in the 

multi-domain materials, indicating that the domain-wall resonance loss can be 

excluded due to the single domain characteristic of the Fe3O4 nanocrystals and 

gigahertz frequency. The eddy current loss is related to the electric conductivity (ζ) 

and thickness of the samples, which can be evaluated by the following equations:
38

 

'' ' 2 1 2

0( ) 2r r f d     
             (5) 

where μ0 is the permeability of vacuum. If the magnetic loss is only related to the 

eddy-current loss, the values of   
  (  

 )      should be constant with the variation 

of frequency. Fig. S4 shows the frequency dependence of   
  (  

 )      for the bare 

Fe3O4 nanocrystals and hydrophobic Fe3O4/graphene hybrids. For the bare Fe3O4 

nanocrystals, the values of   
  (  

 )      are almost constant in the high frequency 

range of 4.5-18 GHz. The values of   
  (  

 )      for the hydrophobic 

Fe3O4/graphene hybrids are constant in relative narrow frequency region of 7-18 GHz. 

It is clear that the bare Fe3O4 nanocrystals have obvious eddy current effect, and the 

high frequency range of the eddy current effect decreases by the introduction of 

graphene. These results suggest that the magnetic loss in the hydrophobic 

Fe3O4/graphene hybrids is mainly originated from natural resonance in 0.1-7 GHz and 

eddy current effect in 7-18 GHz. 

   Fig. 9 (b) shows the frequency dependence of complex permittivity for the Fe3O4 
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nanocrystals and hydrophobic Fe3O4/graphene hybrids. The real part (ε') and 

imaginary part (ε'') of the bare Fe3O4 nanocrystals are nearly independent on 

frequency, which are almost constant with only an inconspicuous undulation (ε' ≈ 4 

and ε'' ≈ 0.07). It is clear that the ε'' value is almost zero in the whole frequency 

range, which suggests that the bare Fe3O4 nanocrystals have negligible dielectric loss. 

For the hydrophobic Fe3O4/graphene hybrids, the complex permittivity is extremely 

enhanced in the whole frequency range. The ε' and ε'' values decline from 18.3 to 5.1 

and 5.6 to 2.1, respectively, 4.5 and 80 times larger than that of the bare Fe3O4 

nanocrystals at 0.1 GHz. The enhancement of complex permittivity is related to the 

increased electric polarization and electrical conductivity by the existence of graphene 

in the Fe3O4/graphene hybrids, which is favorable for enhanced complex permittivity 

according to the free electron theory,
63

   
           . The complex permittivity of 

the hydrophobic Fe3O4/graphene hybrids displays a gradually decreased tendency 

with the increase of frequency. This frequency dispersion behavior is related to the 

increased lagging behind of dipole polarization response with respect to the electric 

field change.
64

 Impedance matching characteristic (       (    ⁄ )   ) is an 

important parameter for electromagnetic wave absorption.
52,65,66

 The impedance 

characteristic of the absorber should approach that of the free space, resulting in zero 

reflection at the front surface of the absorber. However, the modulus of the ratio 

between the complex permeability and permittivity |    ⁄ | for the Fe3O4/graphene 

hybrids is far away from unity, suggesting that the electromagnetic wave absorption 

of the Fe3O4/graphene hybrids is quite different from the traditional impedance 
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matching condition. 

   Magnetic loss and dielectric loss are another two possible factors for 

electromagnetic wave absorption.
66-68

 In order to investigate the dominating 

mechanism for the enhanced absorption properties of Fe3O4/graphene hybrids, the 

frequency dependent magnetic loss tangent (tanδμ = μ''/μ') and dielectric loss tangent 

(tanδε = ε''/ε') of bare Fe3O4 nanocrystals and Fe3O4/graphene hybrids are calculated, 

as shown in Fig. 10. With the introduction of graphene, the Fe3O4/graphene hybrids 

show similar low tanδμ but improved tanδε. These results suggest that the lightweight 

graphene plays a key role on the improvement of dielectric loss, which is of great 

significance for the electromagnetic wave absorption. Moreover, the reduction 

process of GO may generate many defects in the carbon 2D lattice, resulting in high 

ε'' and improved dielectric loss.
31

 In the whole frequency range, the values of tanδε are 

obviously larger than that of the tanδμ, which indicate that dielectric loss plays a key 

role in the enhanced absorption properties of Fe3O4/graphene hybrids. Furthermore, 

the dielectric loss may also caused by the dipole polarization and interfacial 

polarization at microwave frequencies.
1,65

 The Fe3O4 nanocrystals have numerous 

surface atoms with local breaking of symmetry due to the surface effect, causing 

increased diploes and dipole polarization. Besides, the well dispersed Fe3O4 

nanocrystals anchored uniformly on the surface of graphene nanosheets may 

introduce more extra interfaces, leading to interfacial polarization and stronger 

associated relaxation occurred at the nanocrystals/graphene interfaces.
69

 These 

polarization effects may also contribute an increase of dielectric loss. 
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   In addition, electromagnetic wave attenuation in the interior of absorber is an 

important key factor for a remarkable absorption material. The attenuation constant (α) 

determines the attenuation performance of materials, which can be denoted by the 

following formula:
65

 

     
2 2

'' '' ' ' '' '' ' ' ' '' '' '2 f

c


                  

    (6) 

where f is the frequency of the electromagnetic wave and c is the velocity of light. 

The frequency dependence of α for the bare Fe3O4 nanocrystals and Fe3O4/graphene 

hybrids is displayed in Fig. 11. In is clearly seen that the Fe3O4/graphene hybrids have 

larger α in the entire frequency range, suggesting that the better attenuation 

performance of materials. 

   The absorber thickness is one of the critical parameters, which determines the 

intensity and position of the maximum RL value. To investigate the physical 

phenomenon, the quarter-wavelength matching model (λ/4) was adopted, in which the 

maximum RL can be achieved at a certain frequency if the absorber thickness satisfies 

by the following equation:
21,31

 

4 4
m

m r r

n nc
t

f



 
 

    (n=1, 3, 5,…)        (7) 

where tm is the thickness of absorber, λ is the wavelength of the electromagnetic wave, 

fm is the peak frequency of the maximum RL, μr and εr are respectively the modulus 

of the measured μr and εr at fm, and c is the velocity of light in a vacuum. According to 

the quarter-wavelength matching condition, when the absorber thickness satisfies the 

formula (7), the two energing reflected electromagnetic wave from the air-absorber 
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interface and absorber-metal interface are out of phase by 180 º, leading to an 

extinction of them on the air-absorber interface. Fig. 12 (a) reveals the variations of 

RL curves versus frequency of the Fe3O4/graphene hybrids at ten thicknesses. Based 

on the quarter wavelength model, a simulation of the thickness (tm) versus peak 

frequency (fm) for the Fe3O4/graphene hybrids is displayed in Fig. 12 (b). The red stars 

are the matching thicknesses (denoted as tm
exp

) versus the peak frequency (fm), which 

were directly achieved from the RL curves in Fig. 12 (a). Obviously, the red stars are 

exactly located around the λ/4 curve, which suggests that the relationship between 

matching thickness and peak frequency for the electromagnetic wave absorption of 

Fe3O4/graphene hybrids obeys the quarter-wavelength matching condition. 

Furthermore, the quarter-wavelength matching theory is believed to be of great 

significance to guide the design of absorber thickness for electromagnetic wave 

absorption, once the corresponding complex permeability and permittivity are 

obtained. 

Conclusions 

In summary, a facile in situ thermal decomposition route is developed to fabricate 

hydrophobic Fe3O4/graphene hybrids, in which monodispersed superparamagnetic 

Fe3O4 nanocrystals are uniformly decorated and chemically bonded on the graphene 

nanosheets without aggregation or large vacancies. In comparison with the bare Fe3O4 

nanocrystals and graphene, the hydrophobic Fe3O4/graphene hybrids show enhanced 

electromagnetic wave absorption characteristic. The hydrophobic Fe3O4/graphene 

hybrids show a maximum RL value of -40 dB at 6.8 GHz with a matching thickness 
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of 4.5 mm and a broad bandwidth (RL ≤ -10 dB) in 4.6-18 GHz range for the 

thicknesses of 2.0-5.0 mm. Such enhanced absorption properties of the 

Fe3O4/graphene hybrids is ascribed to the synergistic effect of superparamagnetic 

Fe3O4 nanocrystals and light-weight graphene, including magnetic loss from 

superparamangetic Fe3O4 nanocrystals, dielectric loss from the light weight graphene, 

interfacial polarization between the Fe3O4 nanocrystals and graphene, and high 

attenuation efficiency. The relationship between absorber thickness and frequency of 

the absorption peak for the Fe3O4/graphene hybrids obeys the quarter-wavelength 

matching theory, facilitating the design of absorber thickness for electromagnetic 

wave absorption. Moreover, the hydrophobic characteristic is believed to be more 

stable and suitable to be applied in some particular environmental conditions. These 

results suggest that the hydrophobic Fe3O4/graphene hybrids have great potential for 

the manufacture of electromagnetic wave-absorbing devices with light weight, high 

efficiency and adaptability to environment. In addition, the facile synthesis of 

hydrophobic Fe3O4/graphene hybrids presented in this work also opens the 

opportunities to prepare other functional nanoparticle/graphene hybrid systems with 

hydrophobic characteristic for future industrial applications. 
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Figure captions 

Fig. 1 Schematic illustration for the formation of the hydrophobic Fe3O4/graphene 

hybrids and their application for electromagnetic wave absorption. 

Fig. 2 XRD patterns of the Fe3O4/graphene hybrids. 

Fig. 3 SEM images of (a) GO and (b) Fe3O4/graphene hybrids. 

Fig. 4 TEM images of (a, b) GO and (c, d) Fe3O4/graphene hybrids. Insets of Fig. 3 

(a), (c) and (d) show the SAED pattern of GO, SAED pattern of Fe3O4/graphene 

hybrids and HRTEM image a single Fe3O4 nanocrystal in the Fe3O4/graphene hybrids, 

respectively; (e, f) HAADF-STEM images of Fe3O4/graphene hybrids. 

Fig. 5 (a) Raman spectra of GO and Fe3O4/graphene hybrids; (b) FTIR spectra of 

Fe3O4/graphene hybrids; (c) schematic of the hydrophobic characteristic and magnetic 

separation of Fe3O4/graphene hybrids. 

Fig. 6 XPS spectra: (a) wide scan of GO and Fe3O4/graphene, (b) Fe2p spectra of 

Fe3O4/graphene, (c) C1s spectra of GO, (d) C1s spectra of Fe3O4/graphene, and (e) 

O1s spectra of GO and Fe3O4/graphene 

Fig. 7 (a) Magnetic hysteresis loops of the bare Fe3O4 nanocrystals and 

Fe3O4/graphene hybrids; (b) ESR spectra of GO, bare Fe3O4 nanocrystals and 

Fe3O4/graphene hybrids. 

Fig. 8 Three-dimensional representation of RL values for the paraffin-based 

composites (50 wt%): (a) pure Fe3O4 nanocrystals and (b) Fe3O4/GO hybrids. 

Fig. 9 The frequency dependence of (a) complex permeability and (b) complex 

permittivity for the bare Fe3O4 nanocrystals and hydrophobic Fe3O4/graphene hybrids 
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Fig. 10 Frequency dependence of (a) magnetic loss tangent and (b) dielectric loss 

tangent for bare Fe3O4 nanocrystals and Fe3O4/graphene hybrids. 

Fig. 11 Frequency dependence of attenuation constant for bare Fe3O4 nanocrystals 

and Fe3O4/graphene hybrids. 

Fig. 12 (a) Frequency dependence of RL curves for the Fe3O4/graphene hybrids (50 

wt%) with ten thicknesses; (b) simulations of the absorber thickness (tm) versus peak 

frequency (fm) for the Fe3O4/graphene hybrids (50 wt%) under λ/4 model. 
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Fig. 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 34 of 46Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Fig. 12 
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