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Encapsulation of g-Fe2O3 decorated reduced
graphene oxide in polyaniline core–shell tubes
as an exceptional tracker for electromagnetic
environmental pollution†

Avanish Pratap Singh,ad Monika Mishra,a Pradeep Sambyal,a Bipin Kumar Gupta,b

Bhanu Pratap Singh,c Amita Chandrad and S. K. Dhawan*a

The ultimate goal of the development of a new material g-Fe2O3 decorated reduced graphene oxide

(rGO)–polyaniline (PANI) core–shell tubes has been done for absorbing electromagnetic interference

(EMI) pollution. Herein, we report on the synthesis and characterization of PANI tubes consisting of rGO

decorated with iron oxide nanoparticles (RF). The intercalated RF was synthesized by thermal

decomposition of ferric acetyl acetonate in a reducing atmosphere. Furthermore, RF was encapsulated

through oxidative polymerization of aniline in the presence of b-naphthalene sulphonic acid which

results in RF–PANI core–shell morphology. Scanning electron microscopy results confirm the formation

of tubular core–shell morphology having 5–15 mm length and 1–5 mm diameter. The presence of rGO–

g-Fe2O3 in PANI core enhances the interfacial polarization and the effective anisotropy energy of the

composite which contributes to more scattering and leads to high shielding effectiveness (SET � 51 dB)

at a critical thickness of 2.5 mm. Additionally, the effective complex permeability and permittivity

parameters of the composites have been evaluated from the experimental scattering parameters

(S11 & S21) using theoretical calculations given in Nicholson–Ross and Weir algorithms.
1. Introduction

The recent advancement of electrical and electronic devices
(TVs, computers, mobile phones, and radios etc.) has made
human life easier, comfortable and luxurious. Simultaneously,
the massive use of these devices generates a new kind of
pollution known as electromagnetic interference (EMI). This
electromagnetic (EM) pollution is not only adversely affecting
the operation of electronic devices but is also harmful to the
health of human beings. Due to this, EM wave absorbing
materials have attracted much attention for the proper func-
tioning of electronics, radio frequency radiation sources in all
commercial, military equipment, scientic electronic devices,
communication instruments and radiation sources. Also, the
EMI shielding materials should be lightweight potential
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absorbers of the radiation eld to protect aircra avionics and
health hazards in humans. Therefore, in the last decades, a
range of materials including very thin sheets of metals, different
forms of carbon,1,2 e.g., graphite and its exotic forms3,4 such as
expanded graphite,5 reduced graphene oxide (rGO),6 carbon
black,7 graphene,4 carbon bers,8,9 single or multiwalled carbon
nanotubes (CNTs),10 and conducting polymers, dielectric,
magnetic materials and their composites have been used for
EMI shielding in automotive applications. However, metals are
expensive, heavy, and prone to corrosion, while adding to the
complexity and cost of manufacturing processes. Therefore, as
an alternative, intrinsically conducting polymer based
composites with a wide range of electrical conductivity,
permittivity (3) or permeability (m) have been suggested for
microwave absorption. Thus, EM absorption properties of
various polymer composites incorporated in dielectric or
magnetic materials have been widely investigated. Among the
nanostructures, conducting polymers, along with some
magnetic and dielectric llers, exhibit very good EM absorption
properties.

Generally, the EMI shielding effectiveness (SE) of a material
depends on its dielectric properties, magnetic permeability,
thickness and frequency.11 Techno-commercial applications
such as, doppler, weather radar, TV picture transmission, and
telephone microwave relay systems12 require shielding in
J. Mater. Chem. A, 2014, 2, 3581–3593 | 3581
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X-band (8.2–12.4 GHz) frequency range. The EMI SE of a
composite is governed by intrinsic conductivity, aspect ratio,
complex permittivity and permeability of the ller.13 The
primary mechanism of shielding is the reection loss (SER)
which is the result of interaction between the conducting
particles in the conducting material (free electron or vacancy)
and the EM eld.14 While the absorption loss depends on the
value of sr/mr, i.e., the absorption loss is maximum when mr ¼
sr.15,16 The high electrical conductivity,17 high specic surface
area (surface to volume ratio)18 of graphene make it a unique
candidate to provide remarkable EMI shielding19 in polymer
composites. Due to the sp2 bonded carbon atoms, partially rGO
has a good electrical response. Since graphene lacks in
magnetic properties, it has only a small role in absorption of EM
waves. In order to overcome this limitation, we have also
synthesized nanoferrite particles on the rGO surfaces, which
absorb more EM waves because of their large magnetic
permeability.20–23 Moreover, nanoferrite is not only environ-
mentally friendly but also has an abundant natural supply,
thus, rendering the material inexpensive.

Nowadays, graphitic materials have attracted the scientic
and industrial community due to their potential applications in
many areas, including EMI shielding. The graphene polymer
composites are superior to CNTs polymer composites because
these are more thermally stable, hold more stiffness, lower cost
(compared to CNTs), and have the capability to form a thin lm,
paper or coating for EMI shielding and electrostatic charge
dissipation (ESD) properties. The ultra-high thermal conduc-
tivity and lower density (four times as compared to copper)
make graphene preferable for packing microelectronic devices
in the form of a composite thin lm, paper or coating. Our
previous efforts based on graphene encourage us to search
more and more a new kind of composites with graphene. The
present investigation is one of the most innovative efforts to
discover new kind of materials for EMI shielding.

To enhance the properties of conducting polymers for
developing EMI shielding material, intensive efforts have been
carried out on polymer ferromagnetic composites using Fe, Mn,
Ni, Co ferrites and their multi-component ferrites like Fe3O4,
Fe2O3, BaFe12O19, CrO2, MnO2, Mn0.5Zn0.5Fe2O4.4,6,16,24–27 Among
all of them g-Fe2O3 is found to be the best for developing radar
absorbing materials because it offers a high value of complex
permeability.27,28 Singh et al. have reported that super para-
magnetic, nanocrystalline g-Fe2O3 particles and its polymer
composite show a Ms value of 69.0 and 20.56 emu g�1 at room
temperature, respectively. The resulting conducting ferromag-
netic composite shows microwave absorption loss of 22.8 dB.27

The manuscript reports synthesis of g-Fe2O3 decorated rGO
lled in a polyaniline (PANI) tube core–shell structure useful for
microwave absorption. The selectivity of the different materials
to synthesize the present composites has been based on
systematic experimental efforts as well as the associated prop-
erties of these compounds to fabricate the desired material with
all required properties for EMI shielding in a single composite.

Previously, PANI tubes have been synthesized by several
other groups because of their great potential in device appli-
cations, such as transistors,29 sensors,30 and batteries.31 PANI
3582 | J. Mater. Chem. A, 2014, 2, 3581–3593
tubes have a diameter in the range of �100 nm32 and therefore
there is a possibility to ll these tubes with materials like
nanoferrite, rGO, rGO–nanoferrite. PANI tubes were lled with a
mixture of rGO and g-Fe2O3. b-Naphthalene-2-sulfonic acid
(b-NSA) was used as a dopant and oxidant. A vibrating sample
magnetometer (VSM) study of the composite sheets with
different amounts of g-Fe2O3 enabled us to understand their
magnetic induction behavior and hence their effect on EMI
shielding. The composite pellets having thickness critical
2.5 mm have shown high values of SE ranging from 21.49 to
53.83 dB (�99.99%) in the microwave range (X-band). Such
novel composite may nd potential applications such as EMI
shielding, ESD, gas sensor etc.
2. Experimental
2.1. Materials

Aniline, ammonium persulfate (APS), hydrazine hydrate by
Rankem Limited, India, Ferric acetylacetonate (Fe(acac)3),
methanol, H2SO4 by Merck, India, b-NSA by Himedia, HNO3 by
Fisher Scientic and natural graphite powder (purity 99.5%,
particle size 50 mm) were procured from Loba Chemie, India.
The aniline monomer was puried by distillation under reduced
pressure before use. Aqueous solutions were prepared using
doubly deionized water having a specic resistivity of 106 U cm.
The other chemicals were of reagent grade and used as received.
2.2. Synthesis of rGO–g-Fe2O3 incorporated polyaniline
(PRF) composite

The chemical oxidative polymerization of aniline was carried out
in the presence of g-Fe2O3 decorated rGO (RF) particles to
prepare PRF composites. Prior to PRF synthesis, in-situ synthesis
of g-Fe2O3 nanoparticles on the rGO matrix was carried out by
taking 1 : 1 wt ratio of rGO and Fe(acac)3 and the resultant
composites were abbreviated as RF. The synthesis of RF and rGO
were discussed in detail in our earlier report.6 b-NSA was used as
a dopant without an external template. This method belongs to
a self-assembly process12 because b-NSA works as a dopant and a
template functioning at the same time. A typical preparation
process for PANI-RF composite is as follows: 0.3 M solution of b-
NSA and calculated amount of RF was homogenized (ART
MICCRA D8 rotating at 17 600 rpm for 2 h) to obtain a uniform
suspension containing RF particles. 0.1 M aniline was added
and stirred continuously for another 1 h to form an emulsion.
The aniline–b-NSA mixture containing RF particles were cooled
in an ice bath for 2 h before oxidative polymerization. Finally,
the oxidant APS (0.1 M) was added dropwise to the above solu-
tion. keeping the temperature of the reactor at 0 �C with
vigorous stirring for 10 h. The green polymer precipitates thus
obtained were treated with methanol in order to remove oligo-
mers. The resulting precipitate was ltered and washed thor-
oughly until the ltrate became colorless and was then dried at
60–65 �C in a vacuum oven for 24 h. Throughout the experiment,
the molar ratio of aniline to b-NSA and APS was retained at 1 : 3
and 1.0 respectively. However, the concentration of RF particles
was changed to understand the effect of RF particles on the
This journal is © The Royal Society of Chemistry 2014
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morphology, structure, electrical properties and shielding
effectiveness of the resulting PANI–PRF composite tubes. Such a
cooperative combination of b-NSA (non-corrosive organic
dopant having surfactant traits), RF nanoparticles (conducting,
magnetic and dielectric ller or guest) and PANI (electrically
conducting matrix or host), can offer advantages such as good
electrical, magnetic and dielectric properties which may collec-
tively contribute towards high microwave absorption efficiency.
Several compositions having different AN : RF weight ratios, i.e.,
1 : 0, 1 : 1, 1 : 2 and 1 : 3, were prepared and designated as
PRF10, PRF11, PRF12 and PRF13, respectively.
2.3. Materials characterization

The morphology of PANI–b-NSA tubes and its composites were
examined using scanning electron microscopy (SEM, Zeiss EVO
MA-10). The SEM samples were prepared by dispersing the
powder in iso-propanol using ultra-sonication and placing
small drops of the suspension on silicon wafers and sputter-
coated with gold before analysis. High-resolution transmission
electron microscopy (HRTEM) performed using Technai G20-
stain 300 kV instrument. The semi-crystalline nature of PANI–b-
NSA and PRF composite was conrmed by X-ray diffraction
(XRD) studies13 carried out on D8 Advance XRD (Bruker) using
Cu Ka radiation (l ¼ 1.54 Å) in the scattering range (2q) of 10–
70� with a scan rate of 0.02� s�1 and a slit width of 0.1 mm. The
electrical conductivity of PRF composites was examined by a
well established four-probe method using a computer
controlled Keithley current source (Model 6221) and nano-
voltmeter (Model 2182A) at room temperature. For electrical
conductivity measurements, rectangular pellets (13 � 7 mm2)
were prepared from a powder sample using rectangular die and
hydraulic press at a compression pressure of 5 ton. Four ohmic
contacts were made on the corners of a pellet using silver epoxy
paste. The thermal stability of the composite was performed
with a thermogravimetric analyzer (Mettler Toledo TGA/SDTA
851e)13 under inert atmosphere (owing N2 gas) in a tempera-
ture range 25–900 �C. FTIR spectra were recorded on Nicolet
5700 in transmission mode in the wavenumber range 400–
2000 cm�1. The spectroscopic grade KBr pellets were used for
collecting the spectra with a resolution of 4 cm�1 performing 32
scans. Raman analysis was carried out using Renishaw in Via
Reex spectrometer, UK with an excitation source of 514.5 nm.
The resolution of the instrument was less than 1.0 cm�1. To
explore the EMI shielding dielectric measurements of the
composite Agilent E8362B Vector Network Analyzer was used in
the X-band. The Powder samples were pelletized in a rectan-
gular shape with dimensions 22.8 � 10 mm2 of thickness
�2 mm and inserted into a copper sample holder connected
between the wave-guide anges of a network analyzer.
3. Results and discussion

The RF lled PANI nanocomposites (PRFs) were prepared by in
situ emulsion polymerization using b-NSA as an anionic
surfactant molecule which also acts as a dopant. Due to its
amphiphilic and surfactant nature, the b-NSA molecule (with
This journal is © The Royal Society of Chemistry 2014
hydrophilic SO3H head and hydrophobic tail) easily forms
micelles in aqueous solution. As discussed in the Experimental
section, RF particles were dispersed in b-NSA aqueous solution
before polymerization. As a result, micelles containing RF
particles form in the reaction, these micelles have a core–shell
structure. 0.1 M aniline monomer was added to the above
emulsion and homogenized for another 1 h. During this, aniline
reacts with b-NSA to form aniline–b-NSA micelles which act as a
so template with formation of oil in a water type emulsion.
Aerwards the homogenized mixture was transferred to a
double-walled glass reactor, pre-cooled to �5 �C. Polymerization
was initiated by dropwise addition of a water soluble oxidant,
i.e., APS and allowed to continue at �5 �C under continuous
stirring. During this process the formed anilinium cationsmight
be absorbed on the plane of these core–shell micelles. Further-
more, free aniline present in the solution might diffuse into the
micelles to form aniline-lledmicelles. Therefore, thesemicelles
(with or without RF) act as so templates for the formation of a
tube-like structure. The attached –SO3H groups impart an
additional dopant property to b-NSA. As the polymerization
advances, the micelles containing RF particles would become
bigger spheres and take the shape of tubes/rods by elongation.
Therefore, subsequent oxidation of aniline results in radical
cations which combine with another unit to form a neutral
dimer. Further oxidation of the dimer leads to the formation of
a trimer, tetramer and nally the formation of polymer
composites. Scheme 1 discussed a self-assembly process result-
ing in a tube-like structure of PANI and PRFs composites33,34

and suggests that RF particles should be situated inside the
polymer tubes. Schematic representation of the incorporation of
RF into PANI matrix is given in this scheme which suggests that
rGO and g-Fe2O3 embedded in PANI tubes leads to the forma-
tion of PANI composites which has better electrical and
magnetic properties. The presence of rGO containing iron oxide
nanoparticles in a polymer matrix was conrmed by XRD of
the composites. The presence of g-Fe2O3 magnetic nanoparticles
in the RGO matrix was conrmed by TEM.
3.1. SEM analysis

SEMwas carried out to determine the distribution of rGO or rGO
platelets and g-Fe2O3 in the polymer matrix. Fig. 1(a) shows
agglomerated magnetic nanoparticles derived from the thermal
decomposition of Fe(acac)3. The estimated particle size of rGO
was found up to fewmicrometers as shown in Fig. 1(b), although
the thickness of rGO sheets and particle size of g-Fe2O3 have not
been possible to explore via a SEM technique. The inset shows
the distribution of nanoparticles of g-Fe2O3 on the surface of a
rGO sheet. A SEM image of PANI composites synthesized in the
presence of b-NSA reveals an interesting morphology featuring
formation of a tube-like structure (Fig. 1(c)). Densely packed
tubes have a range of diameters and lengths of�0.5 to 2 mm and
up to 15 mm, respectively. A SEM micrograph of PANI compos-
ites reveals that RF particles are entrapped within the PANI
matrix (Fig. 1(d)). This reduces the length of the tubes and
increases the roughness of the surface. The diameter of the PANI
composite is larger than the pristine PANI.
J. Mater. Chem. A, 2014, 2, 3581–3593 | 3583
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Scheme 1 Schematic representation of the fabrication of g-Fe2O3 nanoparticles decorated rGO sheets filled in PANI tubes by in situ poly-
merization of aniline using APS as oxidant in the presence of b-NSA.
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3.2. TEM analysis

Fig. 2 demonstrates TEM/HRTEM images of g-Fe2O3, rGO
sheet, RF, pristine PANI and PANI composites. Fig. 2(a) shows
iron oxide nanoparticles derived from Fe(acac)3 by thermal
decomposition at 186 �C in an organic solvent. The lattice
plane spacing of the g-Fe2O3 particles is about 0.29 nm which
corresponds to the (206) plane as shown in Fig. 2(b). This was
rst conrmed using the XRD pattern of the g-Fe2O3 phase.
Fig. 2(c) shows an HRTEM image of a few rippled rGO nano-
sheets which clearly indicates the graphitic lattice. The
interplanar distance was measured to be 0.37 nm, corre-
sponding to the spacing of the 002 planes. This is consistent
with the result calculated from XRD analysis, Fig. 3(a). The
dispersion of g-Fe2O3 in the rGO matrix is conrmed by the
HRTEM image (Fig. 2(d)). Fig. 2(e) shows the PANI tubes
having diameter �1.75 mm and length �6 mm. The PANI tubes
are lled with a mixture of nanoferrite particles and rGO. The
diameter of the PANI composite is more comparable to the
pristine PANI tubes (Fig. 2(f)). The presence of rGO (con-
ducting ller) and g-Fe2O3 nanoparticles (magnetic ller) in
the core of PANI is helpful for improving the matching of 3r
and mr which is necessary for enhancing the absorption of the
EM wave.
3.3. XRD analysis

Fig. 3(a) shows the XRD patterns of g-Fe2O3, RF, pristine PANI,
and PANI composite. The main peaks for g-Fe2O3 are observed
3584 | J. Mater. Chem. A, 2014, 2, 3581–3593
at 2q¼ 30.265� (d¼ 2.9530 Å), 2q¼ 35.659� (d¼ 2.5177 Å), 2q¼
43.320� (d ¼ 2.0886 Å), 2q ¼ 57.321� (d ¼ 1.6073 Å) and 2q ¼
62.981� (d ¼ 1.4758 Å) corresponding to the (2 2 0), (3 1 1),
(4 0 0), (5 1 1) and (4 4 0) reections, respectively. All observed
peaks of g-Fe2O3 were matched with the standard XRD pattern
(Powder Diffraction File, JCPDS no. 39-1346). The peaks
present in g-Fe2O3 were also observed in iron incorporated rGO
composite sheets which indicates the presence of ferrite
particles in the rGO matrix. The presence of rGO is conrmed
by the broad peaks at 2q ¼ 26.441� (d ¼ 3.368), 2q ¼ 54.599�

(d ¼ 1.679 Å). PANI shows two broad peaks at 2q ¼ 19.795� (d¼
4.481 Å) and 25.154� (d¼ 3.537 Å), which reveals its amorphous
nature.33 The peaks of RF observed in PRF13 conrm the
presence of a RF hybrid in the polymer matrix. The crystallite
size of g-Fe2O3 particle can be calculated by using the Debye
Scherrer formula, D ¼ kl/bcos q, where D is the crystalline size,
l the X-ray wavelength, K the shape factor, q the half angle in
degrees, and b the line broadening measured by half-height in
radians. The value of k is oen assigned a value of 0.89, which
depends on several factors, including the Miller index of the
reecting plane and the shape of the crystal. The average size
of g-Fe2O3 particles was calculated using the above equation
and estimated as 8.99 nm for pure g-Fe2O3 and 9.83 nm
for iron incorporated rGO. The peaks at 2q ¼ 30.265� (d ¼
2.9530 Å), 2q ¼ 35.659� (d ¼ 2.5177 Å) for g-Fe2O3 in the PANI
composites show the formation of composites having separate
phases of both compounds properly dispersed in the polymer
matrix.
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 SEM images of (a) iron oxide nanoparticles derived from Fe(acac)3 by thermal decomposition at 186 �C, (b) reduced graphene oxide sheets
decorated with g-Fe2O3 nanoparticles, (c) PRF10 and (d) PRF13, showing the formation of a tube-like structure with RF particles inside the tubes.
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3.4. TGA analysis

The TGA of the PANI doped with b-NSA and PANI composites was
carried out in order to see the effect of the RF content on the
thermal stability of the composite (Fig. 3(b)). Pure RF is thermally
stable up to 303 �C and the weight loss was only 2%. The PANI
composites showmulti-step weight loss corresponding to the loss
of different species. The rst loss step at 120 �C is due to loss of
water and other volatiles. The second loss in the range of 230–
380 �C is due to loss of the –SO3H functional group of the dopant
and the onset of polymer degradation. The nal major loss step
(380� to 700 �C) is attributed to the complete degradation of the
dopant as well as the polymeric backbone. The initial decompo-
sition temperature (IDT) where degradation reactions rst star-
ted, was also affected by increasing the RF content. The PANI
doped with b-NSA (PRF10) was found to be thermally stable up to
237 �C. However, when the conducting polymer was synthesized
by incorporating RF in (PRF11), it was observed that the thermal
stability of the polymer increased to 273 �C. This shows that in
situ polymerization of aniline in the presence of RF particles leads
to a more thermally stable conducting polymer. The approximate
amount of incorporated RF in composites was calculated by
subtracting the wt% char residue (at 900 �C) of the blank polymer
from that of the respective composites. It was observed that in the
four different compositions, PF10; PF11; PF12 and PF13; the wt%
of RF were estimated to be 0, 20.17, 43.15 and 60.55% which are
in accordance with the amount taken during synthesis.
This journal is © The Royal Society of Chemistry 2014
3.5. Magnetic properties

The eld dependence of magnetization for the PANI composite
containing different wt% of rGO decorated with g-Fe2O3 nano-
particles was studied using the M–H curve at room temperature,
as shown in Fig. 3(c). The saturationmagnetization (Ms) value of
the g-Fe2O3 was found to be 29.15 emu g�1 at an external eld of
5 kOe having a small value of coercivity and negligible retention
with no hysteresis loop, indicating a super paramagnetic
nature. When these nanoferrite particles are incorporated in the
rGO matrix in 1 : 1 weight ratio, the Ms value was found to be
16.25 emu g�1. Furthermore, it is expected that Ms value may
greatly decrease for PANI composites (e.g. in PRF11 theMs value
decreases from 16.25 to 2.47 emu g�1) because iron oxide is
encapsulated in the polymer tubes. The role of the tube thick-
ness is important to control the sufficient magnetization value
which is required for EMI shielding applications. We have done
several trials to optimize the polymer concentration in the
composite to control the magnetization, efficient capping as
well as optimum conductivity for shielding the application Ms

values of different PANI composites were measured and given in
Table 1 (see ESI†). The ferromagnetic properties of the
composites further conrm that the oxide in the present
investigation is g-Fe2O3 rather than Fe3O4 which is also sup-
ported by the XRD pattern. The Ms value of PANI composite
increases with the increase of RF loading due to the higher
content g-Fe2O3.
J. Mater. Chem. A, 2014, 2, 3581–3593 | 3585
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Fig. 2 (a) TEM image of g-Fe2O3, (b) high magnification HRTEM image of g-Fe2O3 showing the (206) oriented lattice planes of g-Fe2O3, (c) TEM
image of rGO sheets, (d) TEM image of rGO–g-Fe2O3 hybrid structure, showing the nanoparticles of g-Fe2O3 on the rGO surface, (e) TEM
micrographs of pristine PANI tube and (f) PANI tubes filled with a mixture of rGO–g-Fe2O3.
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3.6. FTIR spectroscopy

Fig. 3(d) demonstrates the FTIR spectra of GO, rGO, RF, PRF10,
PRF11, PRF12, and PRF13. The spectrum of GO shows the
presence of various oxygen-containing functional groups;
characteristic peaks at 1725 and 1105 cm�1 were assigned to
C]O from carboxyl (COOH) and (C–O–C) groups from epoxide,
respectively. The peak at 1630 cm�1 arises due to the contri-
butions from the skeletal vibrations of unoxidized graphitic
3586 | J. Mater. Chem. A, 2014, 2, 3581–3593
domains or the remaining sp2 carbon character of graphite
(C–C). However, in the case of RGO, RF and PANI composites,
most of the oxygen-containing functional groups decrease or
disappear which conrms the efficient reduction of GO. In the
FTIR spectra of PANI (PRF10), bands near 1460 and 1570 cm�1

are assigned to the C]C stretching of the benzenoid and
quinoid rings, respectively. The peak at 1300 cm�1 is assigned
to the C–N stretching of the secondary amine, a characteristic
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) XRD of g-Fe2O3, pristine PANI, RF and PRF13, (b) thermogravimetric (TG) plots of PANI–RF composites with different RF contents in N2

atmosphere, (c) vibrating sample magnetometer plots of g-Fe2O3 and PANI composites (d) comparison of FTIR spectra of GO, rGO, RF, PRF10,
PRF11, PRF12, and PRF13.
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band of the conducting emeraldine salt form of PANI origi-
nating from a bipolaron structure related to the C–N stretching
vibration. The band at 1130 cm�1 can be assigned to an in plane
bending vibration of the C–H (mode of N]Q]N, Q]N+H–B,
and B–N+H]B), which is formed during protonation. Hence,
these FTIR spectra correspond to a well-doped emeraldine salt.
The band at 670 cm�1 (Fe–O stretching) conrms the formation
of g-Fe2O3 on the graphene sheets.
3.7. Raman spectroscopy

Raman spectroscopy is an important tool for identifying the
proper interaction or bonding between two components.35 Fig. 4
shows the Raman spectra of RGO, RF, PRF10, and PRF13. The
Raman spectra of RGO consist of three prominent characteristic
peaks, namely D band, G band, and G0 (2D) band conrming the
formation of RGO. The inset of Fig. 4 shows the Raman spec-
trum of pure g-Fe2O3 which reveals all characteristic bands of g-
Fe2O3 in the low frequency region, i.e., Eg mode (245, 294, 301,
422, 611), A1g mode (513) conrming the presence of g-Fe2O3.36

A broad 2D peak due to the presence of RGO was observed in all
This journal is © The Royal Society of Chemistry 2014
three spectra of RGO, RF and RF13 and a slight right shi in the
peak position from RGO and RF to RF13 was also observed. The
bands at 1167 and 1623 cm�1, assigned to C–H, and C–C of
benzenoid units, respectively, were observed in the PANI spec-
trum (PRF10).37 The same bands were observed for PANI
composites with a slight blue shi, i.e., 1167 to 1172 cm�1 and
1623 to 1625 cm�1. Another band at 1321 cm�1 related to C–N
stretching modes of delocalized polaronic charge carriers which
is characteristic of the protonated imine form of PANI,38 was
also observed. This band shied to 1342 from 1321 cm�1 with
the incorporation of RF. Slight shiing in the bands is an
evidence of interaction between these components. In addition
to this, the low frequency mode of g-Fe2O3 was also seen in
RF and PRF13 samples due to the presence of g-Fe2O3 in the
material.
3.8. Conductivity

The room temperature electrical conductivity of the composites
(Table 1†) increases sharply on higher loading of g-Fe2O3

decorated rGO, i.e., from 21.49 S cm�1 (PRF10) to 53.83 S cm�1
J. Mater. Chem. A, 2014, 2, 3581–3593 | 3587
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Fig. 4 Raman spectra of rGO, RF, PRF10, PRF13 and inset image shows
the Raman spectra of g-Fe2O3.
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(PRF13). This is attributed to two reasons. Firstly, the rGO
sheets possess very good conductivity. Secondly, the conducting
network is improved on higher wt% loading of RF particles
resulting in enhancement of the electrical conductivity of the
composites. Most importantly, these samples show an optimum
value of conductivity and magnetization which is desired for
exhibiting good microwave shielding responses.6,39
3.9. Electromagnetic shielding and dielectric studies

The EM parameters, i.e., relative complex permittivity (3* ¼ 30 �
i30 0) and relative complex permeability (m* ¼ m0 � im0 0) were
measured at room temperature for the study of microwave
absorption properties of PANI composites which are shown in
Fig. 5(a)–(f). These obtained complex parameters were esti-
mated from the experimental scattering parameters (S11 and
S21) by standard Nicholson–Ross and Weir theoretical
calculations.40

The estimated real part of the EM parameters (30, m0) is
directly associated with the amount of polarization occurring in
the material which symbolizes the storage ability of the electric
and magnetic energy, while the imaginary part (30 0, m0 0) signies
the dissipated electric and magnetic energy.

From Fig. 5(a), for PANI composites PRF11, PRF12 and
PRF13, the values of 30 are in the range of 121.82–84.68, 206.94–
130.93, and 339.45–233.77, respectively, which are higher than
the pristine PANI (71.94–42.60) in the frequency range 8.2 to
12.4 GHz. Meanwhile, the values of 30 0 for PRF11, PRF12 and
PRF13, are in the range of 77.35–44.27, 129.60–82.58 and
166.28–74.39, respectively, which are also higher than pure
PANI (41.78–36.35) as shown in Fig. 5(b). It is observed that
samples with higher wt% loading of RF show higher values of 30

and 30 0 due to higher conductivity of RF. It is proposed that more
rGO plates may enhance conductivity and electric polarization
because permittivity (30) is a measure of the polarizability of a
3588 | J. Mater. Chem. A, 2014, 2, 3581–3593
material which induces dipolar and electric polarization in the
presence of microwave.

As shown in Fig. 5(c) for PANI composites PRF11, PRF12 and
PRF13, the values of m0 are in the range of 0.69–0.70, 0.98 1.15
and 1.41–1.71, respectively, which are higher than pristine PANI
(0.16–0.18) in the X-band. Meanwhile, the values of m00 for
PRF11, PRF12 and PRF13 are in the range of 0.09–0.05, 0.11–
0.02 and 0.49–0.50 respectively, which are almost equal to pure
PANI (0.08–0.02), as shown in Fig. 5(d). Dielectric tangent loss
(tan dE ¼ 30 0/30) and magnetic tangent loss (tan dM ¼ m0 0/m0) of
PANI composites are also calculated using the permittivity and
permeability parameters of the samples and are presented in
Fig. 5(e and f respectively). The observed tan dE is always greater
than 0.3 in the entire frequency range, indicating that dielectric
loss occurs in all frequency ranges. These results suggest that
PANI composites have distinct dielectric loss properties.

According to the EM theory, dielectric loss is the result of
complex phenomena like natural resonance, dipole relaxation,
electronic polarization and its relaxation, polarization of
polarons and bipolarons in the polymer matrix and their
relaxation and certainly the unique structure of the shield. Iron
oxide nanoparticles decorated in rGO sheet, acts as a polarized
centre inside the PANI tube which results in greater microwave
absorption. The high aspect ratio of the PANI tubes lled with
RF nanoparticles having high conductivity also enhances the
absorption properties. In PANI composites, the existence of
interfaces between iron oxide nanoparticles and rGO layer, iron
oxide and PANI as well as between rGO and PANI is given.
Ferromagnetic nanoparticles act as tiny dipoles which get
polarized in the presence of EM eld and result in better
microwave absorption.

PANI and RF nanoparticles and between PANI–PANI tubes,
are responsible for interfacial polarization which further
contribute to dielectric losses. Interfacial polarization occurs in
heterogeneous media due to accumulation of charges at the
interfaces and formation of large dipoles. Fig. 5(b) shows that 300

increases with higher wt% loading of RF, this is attributed to a
conducting network formed by nanoferrite particles decorated
rGO sheets. In addition, the conductivity of the samples is
further improved by conducting PANI tubes, and results in the
increase of dielectric loss. Moreover, dielectric loss is also
improved by polaron and bipolaron hopping in the PANI matrix
which has been reported earlier.41 The magnetic loss (tan dM) is
a result of eddy current effects, natural resonances and anisot-
ropy energy present in the composites. In themicrowave ranges,
the presence of nanoferrite particles in the composite are the
main cause of eddy current. The natural resonances in the X-
band can be attributed to the small size of g-Fe2O3 on the rGO
sheet. Anisotropy energy of the small size materials,42 especially
in the nanoscale, would be higher due to the surface anisotropic
eld due to the small size effect.43 The higher anisotropy energy
also contributes in enhancement of the microwave absorption.

EMI SE of any material can be expressed as4,6,25,27,41,44

SE (dB) ¼ SER + SEA + SEM ¼ 10 log(PT/PI)

¼ 20 log(ET/EI) (1)
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Frequency dependence of the (a) real parts and (b) imaginary parts of the complex permittivity, (c) real parts and (d) imaginary parts of
permeability and the corresponding (e) dielectric loss tangents and (f) magnetic loss tangents of PANI composites.
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where PI (EI) and PT (ET) are the power (electric eld intensity) of
incident and transmitted EM waves, respectively. The terms in
eqn (1) can be dened as

SER ¼ �10 log(1 � R) (2)

SEA ¼ �10 log(1 � Aeff) ¼ �10 log(T/1 � R) (3)

SER, SEA and SEM represents shielding effectiveness due to
reection, absorption and multiple reections respectively. The
correction term SEM can be ignored in all practical application
when SE > 10 dB.45,46
This journal is © The Royal Society of Chemistry 2014
Therefore, the effective absorbance (Aeff) can be described as
Aeff ¼ (1 � R � T)/(1 � R) with respect to the power of the
effectively incident EM wave inside the shielding material.

For a material, the skin depth (d) is the distance up to which
the intensity of the EM wave decreases to 1/e of its original
strength. The d is related to angular frequency, relative perme-
ability and total conductivity sT ¼ (sdc + sac). According to the
EM theory, for electrically thick samples (t > d), the frequency (u)
dependence of the far eld losses can be expressed in terms of
total conductivity (sT), real permeability (m0), skin depth (d) and
thickness (t) of the shield material as:46
J. Mater. Chem. A, 2014, 2, 3581–3593 | 3589
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Fig. 6 (a) EMI SE of PANI composites having different wt% ratio of RF, (b) SE of PRF13 composite with different thickness, (c) dependence of SEA
as a function of (sac)

1/2 while (d) variation of SER as a function of log sac, (e) shows a variation of sac with the increase in frequency and (f) shows
change in skin depth with increase in frequency for sample PRF13.
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SER (dB) ¼ 10 log{sac/16u30m
0} (4)

SEAðdBÞ ¼ 20ft=dglog e ¼ 20d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
musac=2

p
log e ¼ 8:68ft=dg (5)

The sac and d can be related to the imaginary permittivity (30 0)
and real permeability (m0) as sac ¼ u303

0 0 and d ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=sum0p

which gives absorption loss as:

SEAðdBÞ ¼ 8:68t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sum0=2

p
(6)

SEA becomes more dominant as compared to the SER in the
microwave range. This may be caused by the shallow skin depth
3590 | J. Mater. Chem. A, 2014, 2, 3581–3593
and high conductivity (sac) values at such high frequencies.45,46

Fig. 6(a) shows the variation of the SE with frequency in the 8.2–
12.4 GHz range. From the experimental measurement, the SE
due to absorption (SEA) of PANI composites was found to vary
from 17 to 43 dB with increase in the g-Fe2O3 content while the
SER remains nearly constant at 9 dB. Thus, the total SE achieved
for the composite is 51 dB (PRF13) which is higher than the
pristine PANI (PRF10). It was observed that for conducting PANI
composite, SE is mainly dominated by absorption while the SER
is constant. It is observed that the thickness of the shield has a
This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Schematic presentation of possible microwave absorbing mechanisms in the PANI composites.
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great inuence on the microwave absorbing properties as
shown in Fig. 6(b). Our PANI composites exhibit better micro-
wave absorption properties in comparison with pristine PANI,33

pure rGO, g-Fe2O3 nanoparticles,47 PANI–g-Fe2O3 composite,47

PANI/multiwall carbon nanotubes composite,48,49 PANI rGO iron
oxide composites50 reported earlier.

To relate sac with the shielding parameter of the material,
SEA has been plotted against (sac)

1/2, (Fig. 6(c)). The skin depth
of the samples was calculated using the relation, d ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=umsac
p

and its variation with frequency is shown in Fig. 6(f). It can be
noticed that the skin depth is constant in the overall frequency
range which demonstrates the surface conduction as shown in
the gure exists in the whole frequency range. The skin depth of
the PANI composite is very small (600 mm), due to the high
electrical conductivity and good magnetic properties. From eqn
(6), it can be seen that better SEA can be achieved frommoderate
conducting materials. The dependence of SER as a function of
log sac is shown in Fig. 6(d) while Fig. 6(e) shows the variation of
sac with the increase in frequency for sample PRF13 calculated
from the dielectric measurements (sac ¼ u303

00). Therefore, a
moderate value of the conductivity (sac) is required for materials
having less SE due to reection.

Reection loss was also calculated from the experimental S
parameter (S11) using “Agilent E83628 PNA Vector Network
Analyser”. Measurements were performed according to Belaa-
bed et al.16 The wave guide is tted with the sample backed by a
metal short (see ESI†). The wave absorption property can be
deduced from the measurement of the reection loss RL (S11)
given by the network analyzer:

RL ¼ 20 log (S11)
The minimal reection of microwave energy can be attrib-
uted to the dip in RL. It was observed that the composites
This journal is © The Royal Society of Chemistry 2014
indicate a value of �2.5 to 3.25 (dB) reection loss at 10 GHz
frequency. These results demonstrate that the intensity and
frequency of the microwave energy absorption for the
composite also depend on the rGO and iron oxide content in the
PANI. Thus, microwave absorption properties of the composite
are improved by the dielectric and magnetic losses. The reec-
tion loss of PANI–rGO/iron oxide hybrid composites as a func-
tion of frequency at different ller's amount is given in the ESI.†

The excellent microwave absorbing performance of PANI
composites is mainly attributed to two factors: impedance
matching and EM wave attenuation. The ideal condition for the
perfect absorber is 3r ¼ mr, the presence of rGO sheet decorated
with insulating magnetic g-Fe2O3 nanoparticles in the core of
the PANI matrix has lowered 3r of the composite, and improved
the equality of 3r and mr, which helps the level of impedance
matching.16 Also, PANI composites have strong microwave
absorption due to their dielectric and magnetic loss. Further-
more the high aspect ratio of PANI tubes, existence of residual
defects in g-Fe2O3 nanoparticles decorated rGO sheet51 and
multiple reections in the shield enhance the microwave
absorption ability of the composites. To further give a visual
demonstration of the microwave absorption mechanism as
discussed above, a schematic is given in Scheme 2. From all the
above, the results of PANI composites illustrate that these
composites could be used as a microwave absorbing material.
4. Conclusion

PANI micro-tubes lled with a mixture of rGO–g-Fe2O3 were
successfully synthesized using a microemulsion method which
results in a core–shell tubular structure. The detailed micro-
structural/structural characterizations as well as the character-
istics of these core–shell tubes were examined using SEM, TEM,
XRD, FTIR, Raman, TGA and VSM. The core–shell tubular
J. Mater. Chem. A, 2014, 2, 3581–3593 | 3591
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structure associated with RF particles embedded in polymer
chains attributes the enhanced interfacial polarization and the
effective anisotropy energy of composite, and as a result more
andmore scattering occurs which leads to high SE (SET� 51 dB)
in comparison to conventional materials. The synthesized in-
lled novel micro tubes have better microwave absorption
properties (SEA � 43 dB) which strongly depend on optimal
inlling of RF in the PANI matrix. Additionally, the microwave
absorption properties can be tailored easily by varying the
PANI–RF ratio and the thickness of the samples. Thus, the
obtained results suggest that the PANI composite is a new
promising microwave absorption material with vast utility in
the radio frequency range maintaining strong absorption.
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