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A B S T R A C T

The self-assembled three dimensional (3D) hybrids nanostructure containing uniform growth of vertical carbon
nanotubes (VCNTs) with faceted iron oxide nanoparticles (f-Fe3O4 NPs) on the surfaces of reduced graphene
oxide nanosheets (rGO NSs) is achieved using microwave assisted approach. The formation of hierarchical 3D f-
Fe3O4-VCNTs@rGO hybrids, using microwave method is a rapid, simple, and inexpensive synthetic route. First,
the VCNTs grow with help of Fe NPs, and after oxidizing of Fe NPs in form of f-Fe3O4 NPs, the growth has
terminated resulting in formation of small size (< 500 nm) VCNTs containing f-Fe3O4 NPs on its tip. The defect-
and oxygen-rich sites of rGO NSs favor the heterogeneous nucleation and growth of f-Fe3O4 NPs on the tip of
VCNTs. The synthesized 3D f-Fe3O4-VCNTs@rGO hybrid shows the improved electromagnetic interference (EMI)
for microwave shielding effectiveness (SE) as compared to both rGO NSs and Fe3O4 NPs@rGO NSs materials.
This 3D f-Fe3O4-VCNTs@rGO hybrid demonstrates the shielding effectiveness value more than ∼25 dB as
compared to Fe3O4 NPs@rGO NSs for 1.0 mm thin film of 3D f-Fe3O4-VCNTs@rGO hybrids in microwave X-band
(8.2–12.4 GHz). This applied microwave synthesis approach for 3D f-Fe3O4-VCNTs@rGO hybrids is simple, fast,
reproducible and scalable for advanced EMI shielding materials. It can be concluded that the faceted Fe3O4 NPs
on the tip of VCNTs which are grown in-situ on rGO NSs shows synergetic performance for EMI shielding
elements in advanced application areas like spacecraft and aircraft.

1. Introduction

Microwave (frequency 0.3–300 GHz; wavelength: 1m-1mm) ab-
sorption materials have attracted plentiful attention for their vital ap-
plications in the fields of military aircrafts, environment protection, and
communication equipment and the centimeter band wavelengths
(2–18 GHz) are extremely important for most of the shielding research
focuses on this field [1,2]. With the rapid development of microwave
communication equipment and sensitive electronic devices such as
mobile phones, local area network systems, radars, wireless data com-
munication, aerospace, television, satellite etc. and its radiation on

human life and interactions with sensitive electronic devices has be-
come an increasingly serious problem [3,4]. As a result, protecting
sensitive things in terms of information security from electromagnetic
(EM) radiation and its leaking have become a serious concern [5,6]. So,
nowadays for the absorption of microwave, electromagnetic inter-
ference shielding effectiveness (EMI-SE) materials have received con-
siderable attention in advanced communication technologies to protect
them from harmful radiation [7,8]. Also, it provides a safe space to
electronic devices due to their ability in absorbing electromagnetic
waves especially microwave by magnetic and dielectric loss mechan-
isms [9–11]. The EMI-SE can be achieved by minimizing the signal
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passing through a system either by reflection of the wave or by ab-
sorption and dissipation of the radiation power inside and on the sur-
face of the material [12]. Hence, great efforts have been made to de-
velop and achieve promising and meaningful design and synthesis of
EMI shielding materials providing high dielectric loss and high mag-
netic loss with (i) light weight properties, (ii) strong absorption char-
acteristics/minimal reflection characteristics, (iii) wide range of ab-
sorption frequency, (iv) thin absorber matching thickness and (v) wide
range of absorption frequency [13–15].

Carbon based nanomaterials as well as their heterostructures, spe-
cially graphene, a two-dimensional (2D) honeycomb lattice structure
composed by sp2 -bonded carbon atoms, have received extensive at-
tention in EMI shielding due to their unique electrical, mechanical and
thermal properties [16–20]. Graphene has a high dielectric loss and
exhibits attenuation properties to EM due to its high conductivity
[21,22]. However, the large-scale and cheap production of graphene is
still a big challenge. In contrast, graphene oxide (GO) and reduced
graphene oxide (rGO) as important derivatives of graphene can be
produced in large scale owing to the production scalability, low cost
and convenient process [23–25]. The rGO also provides a high surface
area, thin conducting layered structure and acts as light weight fillers
for EMI shielding [13]. However, as rGO has high dielectric loss but low
magnetic loss, it cannot meet the actual requirements of impedance
match, resulting in the weak EM microwave absorption performance
[26–28].

The magnetite materials as Fe3O4 containing high magnetic loss has
drawn more attention for EMI shielding due to their good magnetic
properties, low cost, high abundance, low toxicity, high compatibility
and strong spin polarization [13,29,30]. Due to these advantages, Fe3O4

is widely studied for EMI shielding. However, pure Fe3O4 has been
limited hardly in some application areas owing to its poor thermal
stability and easy agglomeration which will reduce the EMI shielding
[13,31,32]. In order to overcome this problem, decorating magnetic
Fe3O4 particles onto rGO NSs makes it possible to achieve the desirable
EMI shielding material being thin, light-weighted and broadband ab-
sorbing. In this case, Fe3O4 particles and rGO sheets are acting as
magnetic loss and dielectric loss materials, respectively [33].

Recently researchers have shown that rGO with magnetic materials
could obtain excellent EM microwave absorption performance for EMI
shielding application and demonstrated new kind of synthesized 3D
material containing Fe3O4-1D carbon nanotube/fiber or Fe3O4-2D gra-
phene showing improved application for EMI shielding [21,34–39]. The
other emerging 3D material containing the combination of (i) 1D
carbon based materials (carbon fibers, CNF, or nanotubes, CNT), (ii) 2D
carbon materials (graphene, GO and rGO) and (iii) Fe3O4/Fe2O3 etc.
has become a promising candidate for EMI shielding [33,40–43]. Shi
et al. [33] fabricated Fe3O4/CNT/graphene composites via sol-
vothermal and maximum reflection loss (RL) of −35.30 dB and band-
width of 9.01 GHz with RL≤−10 dB with the coating layer thickness
of 3.0mm. Singh et al. [40] have reported the synthesis of Fe3O4/CNT/
rGO sandwich network using large multi-step process and the resulting
network demonstrates the shielding effectiveness value more than
37 dB (> 99.98% attenuation, in the range of 12.4–18 GHz). Zhang
et al. [42] used a two-step synthesis method to fabricate 3D Fe3O4/
CNT/rGO composites, with the maximum RL of −36 dB but bandwidth
is only 3.60 GHz with thickness of 2.0mm. These reported works show
the great enhancement in properties after CNT/CNF inserting between
graphene/rGO sheets linking the individual sheets to form an inter-
twined connected structure. Also it is believed that high electrical
conductivity and connectivity of the conductive fillers (rGO and CNTs)
can improve EMI shielding performance [44–46]. The above reported
3D architectures show that multi-step process and several approaches
have been successfully used to synthesize 3D nanostructures. It should
be noted however, that the adopted routes are rather complicated, time
consuming and difficult to scale up.

In this work, we have synthesized 3D f-Fe3O4-VCNTs@rGO hybrid

materials via GO reduction and exfoliation by microwave irradiation.
The route is simple, opens way to large scale synthesis and fast pro-
cessing (few seconds). The synthesized 3D f-Fe3O4-VCNTs@rGO hybrid
materials have been used for EMI shielding. The f-Fe3O4 NPs on the tip
of VCNTs grown on the surfaces of rGO NSs provide good combination
of magnetic and dielectric losses, to achieve the desirable improvement
of EMI shielding. Due to the synergistic effect between interfacial po-
larization and polarization relaxation, the obtained 3D f-Fe3O4-
VCNTs@rGO hybrids exhibit excellent EMI shielding properties in the
measured frequency range 8.2–12.4 GHz (X-band), which is the critical
radar detection range.

2. Experimental section

2.1. Synthesis of graphite oxide and rGO NSs

Graphite oxide was synthesized by chemical oxidation of natural
graphite powder, using the modified Staudenmaier's method [47].
Graphite powder (5 g) was continuously stirred with a mixture of H2SO4

(90ml) and HNO3 (45ml) solution at room temperature. The solution
container was placed into an ice-water bath to maintain constant
temperature and KClO3 (55 g) was slowly poured into the solution to
avoid excess temperature rise due to exothermic reaction. This solution
was continuously magnetic stirred for five days at room temperature for
better oxidation of the graphite powder. The as obtained product was
washed with DI water and further added with 10% HCl solution to
remove sulphate and other ion impurities. It was then again washed
several times with DI water until a pH of 7 was reached. Finally, gra-
phite oxide powder was treated with microwave irradiation in oven
(Consul-CMW30AB) (900W for 1min) for exfoliation and partial re-
duction into rGO. Some amount of graphite oxide powder was used in
the next step for the synthesis of 3D f-Fe3O4-VCNTs@rGO hybrids.

2.2. Synthesis of 3D f-Fe3O4-VCNTs@rGO hybrids

The f-Fe3O4-VCNTs@rGO hybrids were synthesized according to the
previous report [48]. In brief, 2.5 mg of ferrocene (Fe(C5H5)2) were
dispersed by sonication for 10min in 200mL C2H5OH and the suspen-
sion was magnetic stirred for 20min, and then 1.5 g of graphite oxide
were added to the suspension with vigorous magnetic stirring. Finally,
the resulting black mixture product was heated (45 °C) for complete
evaporation of C2H5OH. After that, the mixture was transferred into a
quartz cup and then directly treated with microwave irradiation
(Consul-CMW30AB) (900W for 2min) for the formation of 3D f-Fe3O4-
VCNTs@rGO hybrids (faceted Fe3O4 NPs containing VCNTs@rGO NSs).
For the formation of Fe3O4 NPs@rGO NSs, the mixture was treated with
low microwave power (600W for 1.5 min).

2.3. Characterization techniques

The crystal structures of the as synthesized materials (rGO NSs and
3D f-Fe3O4-VCNTs@rGO hybrids) were analyzed by powder X-ray dif-
fraction (XRD- D/MAX-2500/PC; Rigaku Co., Tokyo, Japan) over 2θ
range from 16 to 65°. The morphologies and microstructure of the as-
prepared materials were characterized by field-emission scanning
electron microscope (SEM- Dual Beam FIB/FEG model FEI Nova 200)
equipped with energy dispersive X-ray spectroscopy (EDS). Raman
measurements were carried out to determine the defect inside the hy-
brids material using a spectrometer with a 473 nm laser (NT-MDT
NTEGRA Spectra). The X-ray photoelectron spectroscopy (XPS) spec-
trum was recorded using a SPECS system XR 50 X-ray source (Al Kα,
1486.6 eV) equipped Phoibos 150 hemispherical energy analyzer with
MCD 9 detector. To study the thermal decomposition behaviour of the
synthesized materials, a thermogravimetric analysis (TGA) was carried
out using a differential scanning calorimetry (SDT-Q600, TA
Instruments). The TG instrument was set to heat up the sample in air
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from room temperature to 850 °C at a constant ramp rate of 10 °C/min.
EMI shielding measurements were carried out using Agilent E8362B
Vector Network Analyzer in the frequency range of 8.2–12.4 GHz (X
band). Samples for EMI measurements were prepared by making pellets
of the powder samples of dimensions 15 mm×8 mm with 1mm
thickness by hydraulic pressure (10 ton pressure). The prepared thin
pellets were kept in Cu sample holder and sandwiched between two
ports network analyzer.

3. Results and discussion

3.1. Morphological and structural characterization

The schematic for the synthesis of 3D f-Fe3O4-VCNTs@rGO hybrids
is illustrated in Fig. 1. The proposed mechanism involved several steps.
Initially when the graphite oxide dispersion was added to Fe(C5H5)2,
the Fe(C5H5)2 spreads on the surface of the graphite oxide. During the
microwave radiation, Fe(C5H5)2 are dissociated and decomposed into
Fe containing NPs and graphite oxide transforms into rGO NSs (step-I)
[48,49]. During continued microwave irradiation, the dissociated Fe
NPs start to work as tip growth catalysts for the growth of VCNTs uti-
lizing additional carbon from rGO (see description of the detailed me-
chanism below). But for longer microwave irradiation, the Fe NPs can
be oxidized and transformed into f-Fe3O4 NPs thus terminating the
growth of VCNTs resulting in only few hundred nanometers long na-
notubes (step-II). This 3D interconnected and porous networked struc-
ture of 3D f-Fe3O4-VCNTs@rGO hybrids beneficiate EMI shielding by
helping EM wave to absorb inside the materials.

The surface morphologies of as synthesized rGO NSs were in-
vestigated by SEM as shown in typical SEM images with different
magnifications (Fig. 2). SEM images show that rGO NSs are oriented
randomly and are wrinkled on their surfaces. The lamella structure of
wrinkled rGO NSs is due to the van der Waals interactions. The as
synthesized rGO NSs contain highly porous nanostructures with high
surface area.

Fig. 3a show the SEM image of the Fe3O4 NPs@rGO NSs at low
magnifications. The SEM images of Fe3O4 NPs@rGO NSs reveal the
anchored Fe3O4 NPs on the surfaces of rGO NSs with diameter less than
1 μm, appearing as bright white spots distributed on the rGO NSs. The
SEM image reveals that the Fe3O4 NPs are attached to rGO NSs and

uniformly covers the rGO NSs. The high-magnification image in Fig. 3b,
shows that the Fe3O4 NPs have nearly spherical shapes and are well
attached to the surfaces of rGO NSs.

Typical morphologies of hierarchical 3D f-Fe3O4-VCNTs@rGO hy-
brids are shown in Fig. 4. SEM observation reveals the structures that
VCNTs are embedded widely and grown uniformly on the rGO NSs
surfaces (Fig. 4a). Also the images show the free-standing aligned
VCNTs on the surfaces of rGO NSs. High resolution SEM images con-
firmed the co-existence of VCNTs and rGO NSs with the diameter of
VCNTs in the range 150–170 nm and with vertical length of
300–450 nm (Fig. 4f). The VCNTs are grown on rGO surfaces without
branching. The mechanism behind the growth of VCNTs on rGO with
the assistance of Fe(C5H5)2 is already discussed above.

The crystalline nature of the as-synthesized hierarchical 3D f-Fe3O4-
VCNTs@rGO hybrids was examined by XRD analysis (Fig. 5a). The
diffraction peaks for 3D f-Fe3O4-VCNTs@rGO at 2θ=30.3, 35.4, 37.1,
43.3, 53.6, 57.2, and 62.9° can be assigned to (220), (311), (222),
(400), (422), (511) and (440) diffraction peaks, respectively for Fe3O4

(JCPDS No. 72–2303) [18]. The inset of Fig. 5a, shows the X-ray dif-
fraction pattern for rGO NSs reveals a broadened peak centered at
2θ=25.7, corresponding to d002 spacing, characteristic for rGO NSs
(Inset: Fig. 5a). As for 3D f-Fe3O4-VCNTs@rGO hybrids, all the char-
acteristic peaks of Fe3O4 NPs and rGO NSs are observed, demonstrating
the coexistence of Fe3O4 and rGO NSs in the hybrid networks.

The EDS of hierarchical 3D f-Fe3O4-VCNTs@rGO hybrids is shown
in Fig. 5b, and the C, O and Fe content were 80.91 wt%, 10.77 wt% and
8.32 wt%, respectively. Inset of Fig. 5b shows the EDS of rGO NSs de-
ducing the elemental contents as C (92.57 wt%) and O (7.43 wt%). The
elemental concentration as obtained from EDS in rGO NSs and 3D f-
Fe3O4-VCNTs@rGO hybrids have been shown in inset of Fig. 5b.

Raman spectroscopy is the powerful technique widely used to for
characterizing microstructure for obtaining structural defects and dis-
order information especially for carbon-based materials [50,51]. The
defective structure of the rGO NSs and hierarchical 3D f-Fe3O4-VCNTs@
rGO hybrids were investigated by Raman spectroscopy as shown in
Fig. 5c. Typical peaks of as-synthesized rGO NSs and 3D f-Fe3O4-
VCNTs@rGO hybrids materials are centered at 1372 and 1596 cm−1

called as D band and G band, respectively. The D band is associated
with structural defects and partially disordered structures of the sp2

domains [52]. Similarly, the G band is related to the E2g vibration mode

Fig. 1. Schematic representation for the synthesis of Fe3O4 NPs@rGO NSs and 3D f-Fe3O4-VCNTs@rGO hybrids.
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of sp2 carbon domains which is usually used to explain the degree of
graphitization [53]. In general, the higher intensity of D band compared
to that of G band indicates a higher disorder in graphene materials and
the intensity ratio of D and G peak (ID/IG) reflects the defects density of
graphene based materials. As shown in Fig. 5c, the ID/IG of rGO NSs is
0.48, however, the ID/IG of 3D f-Fe3O4-VCNTs@rGO hybrids is in-
creased to 0.98, indicating that the growth of VCNTs on the surfaces of
rGO NSs generates structural defects in rGO NSs [54,55].

To evaluate the content of Fe3O4 NPs in hierarchical 3D f-Fe3O4-
VCNTs@rGO hybrids, TGA characterization of rGO NSs and 3D f-Fe3O4-
VCNTs@rGO hybrids were carried out in air as shown in Fig. 5d. It
explains the strong interaction between Fe3O4 NPs and rGO NSs. The
TGA curve of rGO NSs and 3D f-Fe3O4-VCNTs@rGO hybrids can be
divided into two sections according to weight loss for both samples with
increase in temperature. The small weight loss starts at the tempera-
ture< 470 °C for the first stage and sharp weight loss appears in the
temperature range of 470–650 °C for the second stage. The rGO NSs and
3D f-Fe3O4-VCNTs@rGO hybrids show gradual weight loss of 12 wt.%

and 5wt.%, respectively from room temperature to 470 °C. This weight
loss in this temperature range are mainly due to the evaporation of the
absorbed water, removal of oxygen-containing functional groups and
some oxidation of rGO NSs [56]. The sharp weight loss occurs in the
temperature range of 470–650 °C for rGO NSs and 3D f-Fe3O4-VCNTs@
rGO hybrids [57]. At 650 °C, the negligible remaining weight of rGO
NSs were lower than 0.5 wt.%. The weight loss of 3D f-Fe3O4-VCNTs@
rGO hybrids were stabilized at 58 wt.% above 650 °C, indicating com-
plete removal of rGO NSs and remaining ∼42wt.% of Fe3O4 NPs pre-
sent in the 3D f-Fe3O4-VCNTs@rGO hybrids [58,59]. The result implies
that the weight fraction of Fe3O4 NPs in 3D f-Fe3O4-VCNTs@rGO hy-
brids were ∼42wt.% based on the assumptions that the weight loss is
due to the complete combustion of rGO and Fe3O4 NPs are fully oxi-
dized to Fe2O3 NPs [60,61]. This means that the combination of rGO
NSs with Fe3O4 NPs provides more thermal stability, implying a strong
interaction between rGO NSs and Fe3O4 NPs [58]. The weight losses at
higher temperature range (> 470 °C) are due to oxidation in air, con-
tinuous decomposition of more stable carbon in rGO NSs and

Fig. 2. SEM images of rGO NSs at different magnifications.

Fig. 3. SEM images of Fe3O4 NPs@rGO NSs at different magnifications.
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Fig. 4. SEM images of hierarchical 3D f-Fe3O4-VCNTs@rGO hybrids at different magnifications.

Fig. 5. (a) X-ray diffraction, (b) EDS pattern, (c) Raman spectra and (d) TGA of rGO NSs and hierarchical 3D f-Fe3O4-VCNTs@rGO hybrids.
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combustion of rGO NSs skeleton in air [62].
XPS investigation was carried out to determine the chemical and

electronic state of the elements in hierarchical 3D f-Fe3O4-VCNTs@rGO
hybrids (Fig. 6). The signals C, O and Fe were evidenced at ∼284,
∼532 and ∼724 eV as shown in Fig. 6a, which reveals that the hybrids
consists of these three major elements. Among the signals, C1s peak
which appears due to rGO NSs and VCNTs are prominent in Fig. 6a. As
shown in Fig. 6b, the deconvoluted peaks of C 1s spectrum of 3D f-
Fe3O4-VCNTs@rGO hybrids can be fitted with two component peaks at
284.6 and 286.4 eV, corresponding to CeC/C]C (284.6 eV) in the
aromatic rings and CeO (286.4 eV) of epoxy groups, respectively
[63,64]. In Fig. 6c, deconvoluted peak of O 1s spectrum shows two split
peaks resulting from the different chemical bonding states of oxygen
element in 3D f-Fe3O4-VCNTs@rGO hybrids. The peaks located at 530.3
and 532.6 eV, are attributed to oxygen in the lattice (FeeO) [65], and
oxygen in the lattice (CeO), respectively [64,66]. The Fe 2p XPS
spectrum of the 3D f-Fe3O4-VCNTs@rGO hybrids exhibit two peaks at
711.3 and 724.2 eV corresponding to the Fe 2p3/2 and Fe 2p1/2 spin
orbit peaks of Fe3O4 (Fig. 6d), confirming formation of 3D f-Fe3O4-
VCNTs@rGO hybrids [67,68]. The absence of the characteristics sa-
tellite peaks in the XPS also confirms the formation of Fe3O4 rather than

Fe2O3 [69,70].
During microwave irradiation for the formation of hierarchical 3D f-

Fe3O4-VCNTs@rGO hybrids, in the presence of air, the graphite oxide
carbonaceous chemicals could be combusted and some gases blown out.
In this process, a significant amount of heat might be released, and the
local temperatures of the sample might be higher than the average
material temperature. During the microwave irradiation, in situ
thermal reduction and exfoliation of graphite oxide to rGO NSs and
thermal decomposition of Fe(C5H5)2 to Fe NPs occurs at same time
during reaction processing [71]. It is known that partially reduced rGO
NSs have some functional groups such as epoxy, hydroxyl, carbocyclic
and carboxyl on its surface and edges that become negatively charged.
The positive Fe metal ions in the system can be attached to the surface
and interact with the functional groups via electrostatic attraction and
serve as nucleation precursors. In our case, Fe ions in this process tend
to attach to some particular positions of the rGO NSs surfaces with
functional group, creating the centers of nucleation of Fe NPs, even-
tually resulting in decoration of rGO NSs surfaces by Fe NPs at the in-
itial stage of microwave irradiation. At some higher microwave irra-
diation reaction time the decorated Fe NPs act as catalyst for the growth
of VCNTs [72]. The nano-sized Fe NPs catalyst starts to dissolve carbon

Fig. 6. XPS spectra of hierarchical 3D f-Fe3O4-VCNTs@rGO NSs hybrids. (a) Complete survey, (b) C 1s spectra (c) O spectra and (d) Fe 2p spectra.
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from rGO NSs at higher temperatures. Further, the supersaturation of
NPs with carbon atoms is achieved after so called incubation time that
can extend for several tens of seconds [73], and the process of nano-
tubes formation following the tip growth mechanism can be initiated.
However, as the main source of carbon atoms is the underlying surface
of rGO, the nanotube growth tends to slow down or even terminate
soon after detachment of the Fe particles from the surface. As the result,
only short nanotubes can be grown in this process. At longer microwave
irradiation time, Fe NPs attached at the tip of VCNTs transform into
Fe3O4 NPs due to continuous oxidation in air. Note that further increase
of the irradiation time can result in gradual burning of nanotubes in air.

3.2. Electromagnetic interference shielding

The EMI-SE is the ability to shield devices from the EM microwave
source and is expressed as a logarithmic ratio of the incident and
transmitted power [74].

=SE(dB) 10 log P
P

T

I (1)

Where PT and PI are the incident and transmitted power components of
the EM microwave, respectively. For shielding materials, total EMI-SE
(SET) consists of SE due to absorption (SEA), reflection (SER) and mul-
tiple reflection (SEM) components. So, total SE (SET) can be written as
by addition of all these as [75].

= + +SE SE SE SET A R M (2)

The component SEA term is associated with the energy loss asso-
ciated with the current induced in the shielding material whereas SER
relates with the impedance mismatching between the free spaces and
shielding material. SEM occurs between the two interfaces and is usually
ignored when the SET value increases beyond 10 dB [76]. Also, ac-
cording to Schel-Kunoff's theory, multiple reflections can be neglected
when the thickness (t) of the shielding material is greater than the skin
depth (δ) (t > δ). The contribution from multiple internal reflections is
merged in the absorption, as the re-reflected waves are absorbed or
dissipated in the form of heat [77].

In two port network, S-parameters (scattering parameters) S11 (S22),
S12 (S21) represents the transmission (T) and the reflection (R) coeffi-
cients given as
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and the absorption coefficient (A) = 1- (R + T).
If the effect of multiple reflections between both interfaces of the

material is negligible, then the relative intensity of the effectively in-
cident electromagnetic wave inside the material after reflection is based
on the quantity (1-R). Therefore, the effective absorbance (Aeff ) can be
written as with respect to the power of the effective incident electro-
magnetic wave inside the shielding material.
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The values of SEA and SER can be written in form of R and T as [75].
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Putting the values of R and T in term of S21
2 and S11

2 from equa-
tions (3) and (4) in equations (6) and (7)

⎜ ⎟= ⎛
⎝ −

⎞
⎠

SE 10log 1
1 SR

11
2 (8)

⎜ ⎟= ⎛
⎝

− ⎞
⎠

SE 10log 1 S
SA

11
2

21
2 (9)

So, SET can be deduced from eqns. (8) and (9) as

= + =SE SE SE 20log(S )T R A 21 (10)

Electrical conductivity contributes in both the reflection and ab-
sorption parts. In the case of absorption, the EM microwave attenuates
exponentially in the form of ohmic losses, heating up the material. The
penetrating distance at which the strength of the wave is diminished to
1/e times the original value in the shielding material is defined as the
skin depth δ . Using EM theory, we calculated the SE due to reflection
(SER) and absorption (SEA) as follows [78].
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where, σac depends on the dielectric behaviour ( =σ ωε εac 0
'') of the

material, ω is the angular frequency ( =ω 2πf ), ε0 is the free space per-
mittivity, and μr is the relative magnetic permeability of the sample.
Eqs. (11) and (12) reveal that with the increase in angular
frequency(ω), the SER value decreases and SEA increases.

Fig. 7a shows the SER for as synthesized samples. The analysis of
obtained results shows that EMI SER for hierarchical 3D f-Fe3O4-
VCNTs@rGO hybrids is lower as compared to Fe3O4 NPs@rGO NSs. The
EMI SER for 3D f-Fe3O4-VCNTs@rGO hybrids is also lower than rGO
NSs at higher frequency (> 9GHz). The SEr for Fe3O4 NPs@rGO NSs
and rGO were found similar near middle frequency range
(10–10.5 GHz) and not significantly differ above 10.5 GHz. Fig. 7b
shows the EMI SEA for 3D f-Fe3O4-VCNTs@rGO hybrids, Fe3O4 NPs@
rGO NSs and rGO having values 24.5, 11.5 and 8.0 dB (at 8.5 GHz),
respectively. The EMI SEA for rGO NSs is highly stable for the whole X
band but slightly decreases in 3D f-Fe3O4-VCNTs@rGO hybrids at
higher frequency from 24.5 (8.5 GHz) to 23.5 dB (12.4 GHz). The study
of the reflection and absorption parts of shielding for 3D f-Fe3O4-
VCNTs@rGO hybrids indicate absorption as the major shielding me-
chanism (Fig. 7a and b). Fig. 7c shows that the values of EMI SET for 3D
f-Fe3O4-VCNTs@rGO hybrids, Fe3O4 NPs@rGO NSs and rGO are 26.7,
14.5 and 9.6 dB at 8.5 GHz. It represents that EMI SET for 3D f-Fe3O4-
VCNTs@rGO hybrids is nearly 1.84 times higher as compared to Fe3O4

NPs@rGO NSs at 8.5 GHz. As compared to rGO NSs and Fe3O4 NPs@
rGO NSs, the 3D f-Fe3O4-VCNTs@rGO hybrids revealed an increase in
EMI SET due to the in-situ growth of VCNTs with help of Fe3O4 NPs.
Therefore, it is expected that the use of rGO NSs and VCNTs containing
Fe3O4 NPs in 3D f-Fe3O4-VCNTs@rGO hybrids with high aspect ratio
and conductivity could possibly results as promising EMI shielding
value. The adopted microwave approach for synthesis of 3D f-Fe3O4-
VCNTs@rGO hybrids is fast (few min) and very simple approach to
other reported works in literature as listed in Table 1. The obtained EMI
SE value of 23 dB, which is superior to most of the EMI SE materials
reported in previous literature using various carbon based hybrids/
composites (Table 1).

A strong skin effect was observed in 3D f-Fe3O4-VCNTs@rGO hy-
brids as compared to Fe3O4 NPs@rGO NSs and rGO NSs, due to the
presence of VCNTs on the surfaces of rGO NSs. Fig. 7d shows the skin
depth for rGO NSs, Fe3O4 NPs@rGO NSs and 3D f-Fe3O4-VCNTs@rGO
hybrids as ∼1.09mm, ∼0.76mm and ∼0.34mm, respectively. The in-
situ growth of VCNTs with help of Fe NPs on rGO NSs reduces the skin
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Fig. 7. EMI-SE and skin depth of rGO NSs, Fe3O4 NPs@rGO NSs and hierarchical 3D f-Fe3O4-VCNTs@rGO hybrids. (a) SER, (b) SEA, (c) SET, and (d) skin depth (δ) in
frequency range of 8.2–12.4 GHz (X-band).

Table 1
EMI SE comparison of representative work used for various carbon based hybrids/composites by different route including synthesis timing.

S. No Method/technique (Time taken) Carbon containing hybrids/compositesa Thickness (mm) Frequency range (GHz) EMI SE (dB) Ref.

1. Co-precipitation route (5–30min) 3D Fe3O4-MWCNTs 1.5 4.1 23 [38]
2. Hot-pressing process (> 1 h) MWNT/PS foam composite (7 wt %) – 8.2–12.4 20 [44]
3. Subcritical CO2 foaming technique (> 24 h) graphene/PMMA foam 2.4 8–12 13–19 [45]
4. Melt-mixing technique (∼3 h) MWCNT/EMA nanocomposites 5.0 8.2–12.4 22 [79]
5. Solvent cast Method (8 h) MWCNT/PVDF/Au composite (1 wt% Au

NPs)
0.5 8–12 23.0 [80]

6. Supercritical CO2 foaming technique (∼48 h) MWCNTs/Fe3O4/PMMA nanocomposite 2.5 8–12 13.1 [81]
7. Solution process (∼2 h) rGO/epoxy composite (15 wt%) 0.8–1.1 8.2–12.4 21 [82]
8. Melt compound (∼3 h) graphene/PC nanocomposites 2.0 8–13 15 [83]
9. Freeze-drying processes composites (0.2 wt%)

(6 h)
graphene aerogels/epoxy 4.0 8–12 25 [84]

10. Phase separation method (> 24 h) graphene/PEI/Fe3O4 composite (10 wt %) 2.5 8–12 16 [85]
11. Solvothermal method (∼12 h) rGO/Fe3O4/paraffin wax composite 2.0 12.9 24 [86]
12. Solvothermal self-assembly method (> 12 h) graphene/MWCNT foam 2.0 4–12 22.7 [87]
13. Microwave method (2min) 3D f-Fe3O4-VCNTs@rGO hybrids 1.0 8.2–12.4 25 This work

a PS: polystyrene; EMA: ethylene methyl acrylate; PVDF: Polyvinylidene fluoride; PMMA: poly (methyl methacrylate); PC: Polycarbonate; PEI: Polyethylenimine.
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depth value and hence prevents the penetration of EMI wave to larger
depth inside the 3D f-Fe3O4-VCNTs@rGO hybrids. Our analysis reveals
that the skin depth in 3D f-Fe3O4-VCNTs@rGO hybrids is very low as
compared to rGO NSs. Thus, as synthesized 3D f-Fe3O4-VCNTs@rGO
hybrids are good materials for EMI shielding.

The proposed interaction of EM radiation with hierarchical 3D f-
Fe3O4-VCNTs@rGO hybrids is shown in Fig. 8 through a schematic
representation. Fig. 8 shows the responsible mechanism for EM mi-
crowave absorption inside the as synthesized 3D f-Fe3O4-VCNTs@rGO
hybrids. Thus the maximum SET achieved for the 3D f-Fe3O4-VCNTs@
rGO hybrids which represents improved microwave shielding can be
ascribed to the VCNTs containing Fe3O4 NPs attached with rGO NSs
surfaces. The assembly of f-Fe3O4, VCNTs and rGO NSs are believed to
increase the geometrical effect and consequently enhanced shielding
effectiveness. Furthermore, VCNTs in 3D f-Fe3O4-VCNTs@rGO hybrids
offer higher defect density in comparison to the Fe3O4 NPs@rGO NSs
and rGO NSs. The VCNTs on rGO NSs in 3D f-Fe3O4-VCNTs@rGO hy-
brids are also aligned in a specific direction and helps in maximizing the
attenuation of an EM microwave radiation. In other words, 1D VCNTs
nanostructure on 2D rGO NSs appears to be good candidates for mi-
crowave shielding. In the hybrid materials, shielding effectiveness is the
result of magnetic and dielectric loss due to the interaction of materials
with EM microwave. Magnetic loss is due to eddy current produced,
natural resonance and anisotropy energy present in the hybrids, as in
the microwave X-band range, the presence of f-Fe3O4 NPs with VCNTs
in the hybrids causes the eddy current [81]. The Fe3O4 with aligned
VCNTs would help to prevent the skin effect and shows strong ability to
absorb EM microwave through natural resonance, eddy current and
hysteresis losses [88–91]. The VCNTs with f-Fe3O4 on rGO NSs in-
troduces interfaces and more polarization charges at the surface [92].
Also, the induced defects and functional groups on the rGO NSs increase
the absorption of the microwave [90,93,94]. The high conductivity of
porous rGO plays the main role in EM microwave attenuation and
prevent the EM microwave to penetrate the hybrids materials [92].
From all the above mentioned discussion, it is concluded that VCNTs
containing Fe3O4 attached with rGO NSs are capable aspirants as ver-
satile and lightweight shielding materials against EM radiations.

4. Conclusion

In summary, we have synthesized hierarchical 3D f-Fe3O4-VCNTs@
rGO NSs hybrids material by using simple microwave approach for the
application of EMI shielding. The as synthesized hybrids material
clearly demonstrate that in-situ growth of VCNTs with help of Fe NPs on
the surfaces of rGO NSs favours creation of an excellent EM absorber.
The 3D f-Fe3O4-VCNTs@rGO hybrids contain VCNTs on high quality

porous rGO NSs with large surface area. The 3D f-Fe3O4-VCNTs@rGO
hybrids show higher EMI shielding values as compared to pristine rGO
NSs. The VCNTs on rGO surfaces have a pronounced impact on the EMI
shielding properties and exhibit enhanced shielding effectiveness and
shows nearly ∼25 dB at 1.0mm thickness of 3D f-Fe3O4-VCNTs@rGO
hybrids film in frequency region of 8.2–12.4 GHz. The obtained results
suggest that the systems are promising EMI absorption materials in the
microwave X-band frequency range. On account of the simple, fast and
low cost preparation process, the synthesized 3D f-Fe3O4-VCNTs@rGO
hybrids can be used as good cladding wave-absorbing materials. The
high EMI shielding effectiveness and thermal stable behaviour of 3D f-
Fe3O4-VCNTs@rGO hybrids useful for EMI shielding applications par-
ticularly in aerospace and aviation research areas.
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