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ABSTRACT: The electromagnetic interference (EMI) shield-
ing of reduced graphene oxide (MRG), B-doped MRG (B-
MRG), N-doped MRG (N-MRG), and B−N co-doped MRG
(B−N-MRG) have been studied in the Ku-band frequency
range (12.8−18 GHz). We have developed a green, fast, and
cost-effective microwave assisted route for synthesis of doped
MRG. B−N-MRG shows high electrical conductivity in
comparison to MRG, B-MRG and N-MRG, which results
better electromagnetic interference (EMI) shielding ability.
The co-doping of B and N significantly enhances the electrical
conductivity of MRG from 21.4 to 124.4 Sm−1 because N
introduces electrons and B provides holes in the system and
may form a nanojunction inside the material. Their temper-
ature-dependent electrical conductivity follows 2D-variable range hopping (2D-VRH) and Efros−Shklovskii-VRH (ES-VRH)
conduction model in a low temperature range (T < 50 K). The spatial configuration of MRG after doping of B and N enhances
the space charge polarization, natural resonance, dielectric polarization, and trapping of EM waves by internal reflection leading
to a high EMI shielding of −42 dB (∼99.99% attenuation) compared to undoped MRG (−28 dB) at a critical thickness of 1.2
mm. Results suggest that the B−N-MRG has great potential as a candidate for a new type of EMI shielding material useful in
aircraft, defense industries, communication systems, and stealth technology.
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1. INTRODUCTION

Electronic devices such as mobile phones, computers, TV,
radio, microwave oven etc. have become an integral part of day-
to-day life due to their rapid advancement and ability to make
our life easier. However, these devices generate electromagnetic
interference (EMI) of radio frequency radiation. This radiation
adversely degrades the device performance and is harmful to
humans.1,2 Therefore, there is a need to develop EM shielding
materials to prevent EMI pollution. Additionally, EM shielding
materials are highly efficient in absorbing EM waves in GHz
range in protecting electronic devices associated with the
strategic systems, such as aircrafts, nuclear reactors, trans-
formers, control systems, and communication systems from
these harmful electromagnetic radiations.3

The EMI shielding is strongly related to two important
factors: reflection loss and absorption loss. However, reflection
loss is the dominating factor for EMI shielding and depends on
the interaction between conducting part of the material and the
electromagnetic field.4 While the absorption loss depends on
the extent of the absorption of EM waves by the part of

material that has high magnetic permeability.5 To date, a
considerable amount of research has been done to prepare
suitable EMI shielding materials by controlling reflection or
absorption parameters.
Typically, materials such as metals, dielectrics, magnetic

materials, conducting polymers,6 and different forms of carbon
materials such as colloidal graphite,7 flexible graphite, expanded
graphite, carbon fibers, carbon black, single or multiwalled
carbon nanotubes (SWCNT or MWCNT), graphene,2,8 and
their composites9−13 have been widely used as EMI shields due
to their high conductivity and good dielectric and magnetic
properties.5 Unfortunately, significant requirements for high
EMI shields include not only high conductivity but also light
weight, better dispersion, and flexibility. However, the metals
have some drawbacks such as being heavy in weight, being
susceptible to corrosion, and having complex processing
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methods and in case of carbon based materials: the poor
dispersion, the presence of impurities, lack of interfacial
adhesion with other materials and high production costs have
marred their use in EMI shielding2,14 which makes these
materials inappropriate for both the researchers and users.
Recently, reduced graphene oxide (RGO) has received much

attention as a new class of graphene derivatives due to its many
interesting physical and chemical properties such as large
surface area, high conductivity, chemical stability, and easy
binding ability with other materials.15,16 It has been proposed
that the issues discussed above could be solved by
incorporating graphene sheets into polymers for the prepara-
tion of composite materials.17

Generally, RGO is synthesized by reduction of graphene
oxide17 at high temperature, or by using a reducing agent. But
reduction of GO to RGO at high temperature induces high
density defects on the edge and basal planes which deteriorates
the electrical properties and EMI shielding of RGO.18,19

Therefore, chemical control of graphene is very important in
order to further extend the electrical properties of gra-
phene.20,21

With this aim, RGO has been synthesized using microwave
assisted reduction of GO because of ease of processability, short
time requirement, high yield, no need of hazardous chemicals
and special equipment.18,22 Additionally, to enhance the
electrical conductivity of RGO, doping of some p-type and n-
type elements (boron, nitrogen etc.) is an effective way of
modifying the electrical, chemical, and physical proper-
ties.20,23−25 In particular, doping of boron (B) and nitrogen
(N) in graphene results in the disruption of the ideal sp2

hybridization of the carbon atoms and significant changes in
their electronic properties and chemical reactivity.20,26−28

There are few works in which the effect of B and N co-
doping in graphene22,29,30 was investigated for several
applications. Particularly, Fu et al. reported that B,N-co-
doped graphitic carbon shows good oxygen reduction reactions
due to the synergistic effect between B and N.29 Therefore, B
and N can be excellent dopants for RGO due to their
superiorities like transfer of electron and holes into carbon-
based materials and ability to change the electronic and
transport properties.23 Several works have been published on

the synthesis of B- and N-doped graphene for several
applications,22,31−34 but to the best of our knowledge, there
are no reports in which B and N co-doped graphene have been
synthesized by microwave assisted method and investigated
EMI shielding properties.
With this background, the present work provides a novel way

to dope B and N in reduced graphene oxide (MRG) and EMI
shielding properties have been studied in Ku-band. Ku-band is
the small portion of the electromagnetic spectrum in the
microwave region of 12−18 GHz. This band is primarily used
for satellite communications, Radar and some specific
applications such as tracking data relay satellites use for both
space shuttle and international space station communications.

2. EXPERIMENTAL SECTION
2.1. Materials. Graphite flakes (1−2 mm, NGS Naturgraphit

GmbH, Germany), potassium permanganate (KMnO4, ≥ 99.0%,
Fluka), ethanol (CH3CH2OH, ≥ 98% Sigma-Aldrich), boric acid
(H3BO4, ≥ 98% Sigma-Aldrich), ammonia solution, H2SO4, H3PO4,
H2O2 and H6N2O etc. from Merck India were used.

2.2. Synthesis of Graphene Oxide and Reduced Graphene
Oxide. Graphene oxide (GO) have been synthesized using chemical
route as suggested by Marcano et al.35 with some modifications, as
briefly described here. Initially, 2 g of graphite flakes were added to
concentrated H2SO4/H3PO4 (9:1) solution and stirred on a magnetic
stirrer followed by slow addition of 6 weight equivalent of KMnO4 (12
g). Addition of KMnO4 should be very slow to avoid any kind of
explosion. The mixture was stirred for 12 h at a constant temperature
of 50 °C. Afterward, the mixture was cooled to room temperature and
the reaction was quenched by adding ca. 270 mL of ice with slow
addition of 2 mL H2O2 (30%) as the reaction is highly exothermic.
The mixture was then filtered, shifted, and centrifuged. The obtained
solid material was washed with distilled water, 30% HCl and ethanol
until the pH ≈ 7 was reached. The material was then dried at 80 °C.
Finally, the exfoliated graphene oxide dispersion was obtained for
further experiments. The conversion of GO to reduced graphene oxide
(MRG) was achieved using microwave-assisted thermal expansion
method by microwave irradiation of 700 W for 40 s.

2.3. Preparation of Boron, Nitrogen and B−N co-doped
MRG. Boron doped MRG (B-MRG) was prepared using simple
chemical mixing-as briefly described here. 500 mg of GO was well
dispersed in ethanol (50 mL) using both bath and ultra sonicator.

A transparent solution of boric acid (200 mg) in water (1 mg/mL)
was also prepared. Boric acid solution was then added to GO

Scheme 1. Microwave Assisted Approach for the Preparation of B−N Codoped MRG
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dispersion under stirring condition and kept at 60 °C for 8 h for
completion of reaction. The reaction mixture was then cooled to room
temperature. The mixture has been washed using hot DI water to
remove unreactive boric acid36 and then dried at 80 °C. Obtained solid
material was then exfoliated using a microwave oven at 700 W for 40 s
and found lightweight cotton like black powder of B-MRG. In the
similar way, nitrogen doped MRG (N-MRG) has been synthesized
using ammonia solution (200 mL).
B−N co-doped MRG (B−N-MRG) was also synthesized by adding

ammonia solution and boric acid solution simultaneously under
vigorous stirring condition and following the similar above written
process as B-MRG and N-MRG, which is also shown in Scheme 1.
2.4. Materials Characterizations. The surface morphology of

doped and undoped graphitic samples was examined using scanning
electron microscope (SEM, Nova 230, FEI, Netherlands) and
microstructural properties were investigated using transmission
electron microscopes (TEM, Technai G2 F30 S-Twin, FEI, Nether-
lands). High-resolution X-ray photoelectron spectroscopy (XPS)
results were obtained using a Multi-Purpose Sigma Probe, Thermo
VG Scientific system. Raman studies were carried out using Renishaw
inVia micro-Raman spectrometer with an excitation source of 532 nm.
The XRD patterns were recorded using high power normal and micro
X-ray Diffractometer (XPERT-PRO, λ = 1.5405980 Å) in the
diffraction (2θ) range of 10−80°. The analysis of attached functional
groups in doped and undoped MRG samples was done by Fourier
transform infrared (FT-IR) Spectrometer (65 FT-IR, PerkinElmer).
The electrical conductivity of all the samples was measured using
conventional four probe system. EMI shielding effectiveness (SE) was
measured using a vector network analyzer (VNA E8263B Agilent
Technologies). The powder samples were pelletized in a rectangular
shape having dimensions 15.8 × 7.9 mm2 of thickness ∼1.2 mm and
placed inside a copper sample holder connected between the
waveguide flanges of the network analyzer in the Ku-band (12.4−
18.0 GHz) waveguide.

3. RESULTS AND DISCUSSION

The synthesis route of B−N-MRG has been described in
Scheme 1. Microwave reduction initiated few layered graphene
with B and N dopant. Surface morphologies of MRG, N-MRG,
B-MRG, and B−N-MRG have been shown in Figure 1. The
layered structure of graphene is clearly visible from SEM
images, and some slight differences in morphology have been
observed after doping (Figure 1d).

Further, the morphology and structure of as-prepared MRG
and doped MRG were investigated via TEM and HRTEM
(Figure 2). TEM images of MRG (Figure 2a,b) show thin,
transparent, and layered structure of MRG, and the HRTEM
image (inset of Figure 2a) indicates that MRG is composed of
five-layer graphitic nanosheets with well-defined interplanar
spacing of 0.35 nm corresponding to (002) plane of graphene.
Moreover, the resulting doped MRG sheets are also transparent
and layered as observed in the TEM images (Figure 2 c−e),
which are even comparable to that of the MRG sheets with
slight change may be due to some impurity and defects, which
are always present in the system due to imperfection of material
production process. In the B−N-MRG sample, some
deformation in the graphene structure and slight variation in
interlayer spacing is observed in TEM and HRTEM micro-
graphs (Figure 2e,f), respectively. Further, it is hard to observe
B and N elements in TEM and HRTEM micrographs of B−N-
MRG sample because of nearly similar size as C, whereas XPS
and FTIR spectra revealed its existence and the effects of
doping were further confirmed by Raman Spectra.
Typical X-ray diffraction (XRD) patterns of MRG, N- MRG,

B- MRG, and B−N-MRG have been shown in Figure 3a. In the
diffraction pattern of MRG, the peak around 26.13° (interlayer
spacing (d) = 0.35 nm) corresponds to the (002) reflection of
graphitic structure in stacked graphene sheets, while the other
peak at 43.7° (d = 0.208 nm) having lower intensity
corresponds to the (100) reflection implying the formation of
turbostatic graphitic carbon.37 The strong (002) graphitic peak
at 26.13° indicates a high crystalline degree for all the doped
and undoped MRG samples.
Lattice parameter of the samples have been calculated using

the formula38

θ λ= + + +
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥

h hk k
a

l
c

sin
4

4
3

( )2
2 2 2

2

2

2
(1)

where θ is the diffraction angle, λ is incident wavelength (λ =
1.5406 Å), and h, k, and l are Miller’s indices. Interplanar
spacing is calculated by using the formula38
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The average crystallite size (D) of the samples are estimated
using the Debye−Scherrer’s equation38

λ
β θ

=D
0.9
cos (3)

where λ the wavelength of radiation used (λ = 1.5406 Å), θ is
the Bragg angle, and β is the line broadening at half of the
maximum intensity (fwhm) after subtracting the instrumental
line broadening in radians. The interplanar spacing of d002
plane, crystallite size, and lattice parameters of all samples
calculated from above equations show nonremarkable varia-
tions which are shown in Table 1.
Furthermore, Fourier transform infrared (FT-IR) spectra of

the MRG, B-MRG, N-MRG, and B−N-MRG were measured to
study the effect of doping on chemical structure as shown in
Figure 3b. We can easily recognize from the Figure 3b that the
various new vibrational bonds such as C−N (1051 cm−1), B−C
(1326 cm−1) and B−O (620 cm−1) are present after doping of
N and B. The peak at ∼1630 cm−1 corresponds to CC
stretching, and the peak at ∼1390 cm−1 is due to C−O bond.

Figure 1. SEM images of (a) MRG, (b) B-MRG, (c) N-MRG, and (d)
B−N-MRG.
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To study the elemental composition, we investigated the
doping effects of B and N in MRG by XPS analysis. XPS survey
(Figure S2, Supporting Information) shows the presence of B
and N with C and O elements in B−N-MRG and the
composition of C, O, B, and N elements (in atomic %) has
been found to be 83.13, 15.34, 1.03, and 0.5, respectively.
Figure 4a shows the core level spectra of C 1s for the MRG
with its deconvoluted three peak positions observed at binding
energies of 284.6, 286.01, and 287.5 eV, corresponding to
sp2C−sp2C, C−O, and C−OH bonds, respectively.39 For the
B−N-MRG (Figure 4b), the C 1s core level spectra can be
deconvoluted into five components peaks at 283.8, 284.5,
285.4, 286.5, and 288.9 eV corresponding to C−B, sp2C−sp2C,
N−sp2C, N−sp3C, and −COOH bonds, respectively.29,40

The N 1s core level spectra (Figure 4c) can also be
deconvoluted into three components centered at 398.1, 399.1,

and 401.3 eV corresponding to pyridinic, pyrrolic, and graphitic
type of N atoms doped in the graphene structure, respectively.
Similarly, the B 1s core level spectra (Figure 4d) can be
deconvoluted into two components centered at 191.9 and
193.1 eV corresponds to B−C and B−O bonds.29

Representative Raman spectra of MRG, N-MRG, B-MRG
and B−N-MRG have been measured using 532 nm laser
excitation. Two-dimensional (2D) contour matrix plot (Figure
5a) for Raman measurements of all samples clearly show D
band at ∼1359 cm−1, G band at ∼1586 cm−1, 2D band at
∼2700 cm−1, and D+D̀ band at ∼2945 cm−1. The D band is
originated due to a breathing mode of A1g symmetry, which is
endorsed to the presence of disorder in graphene sheets.
The G band is a doubly degenerate phonon mode (E2g

symmetry) of sp2 carbon network, which shows the graphitic
nature of compound.41 The 2D band is overtone of D band and
very sensitive to the stacking order of graphene layers resulting
in turbostatic graphite, which lacks a stacking order and is
considered 2D graphite. In multilayers graphene, 2D band
consists of two sub-bands at 2688 ± 0.70 cm−1 and 2720 ± 0.20
cm−1 (Figure 5b), which are attributed to contributions from
2D graphite and the highly oriented 3D structure of graphite,
respectively.42 Since the 2D band originates from a process
where two phonons with opposite wave-vectors satisfy
momentum conservation, no defects are required for the
activation of 2D bands and that is why this peak is always
present in all samples. On the other hand, the D+D′ band is

Figure 2. TEM images of (a and b) MRG, (c) B-MRG, (d) N-MRG, and (e) B−N-MRG. (f) HRTEM of B−N-MRG.

Figure 3. (a) XRD diffraction patterns and (b) FTIR spectrum of MRG, B-MRG, N-MRG and B−N-MRG.

Table 1. Lattice Parameter, Inter-Planar Spacing and
Crystallite Size

samples

parameters MRG B-MRG N-MRG B−N-MRG

a (Å) 2.3805 2.3759 2.3748 2.3930
c (Å) 6.8278 6.8098 6.7970 6.8073
d100 (Å) 2.0616 2.0575 2.0566 2.0724
d002 (Å) 3.4139 3.4049 3.3985 3.4036
crystallite size (nm) 5.48 5.77 5.52 5.47

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b05890
ACS Appl. Mater. Interfaces 2015, 7, 19831−19842

19834

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b05890/suppl_file/am5b05890_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b05890


originated due to the combination of phonons with different
momenta around K and Γ, and thus, activation of this band
requires defects.43 From Figure 5d, it is clear that B−N-MRG
have less density of defects resulting in disappearance of D+D′
band (Figure 5b) and the distance between defects (LD)
increases in comparison to other samples.

Generally, to identify staging of graphene, the G peak
position (Pos (G)) has been widely used.44,45 Particularly in
graphene, the Fermi energy shift has two major effects: (1)
variation of the equilibrium lattice parameter, with a
consequent softening/stiffening of the phonons46−48 and (2)
the onset of effects beyond the adiabatic Born−Oppenheimer

Figure 4. XPS spectra: (a) C 1s core−shell spectra of MRG, (b) C 1s core−shell spectra of B−N-MRG, (c) N 1s core−shell spectra of B−N-MRG,
and (d) B 1s core−shell spectra of B−N-MRG.

Figure 5. (a) 2D contour mapping of RAMAN spectrum for all synthesized samples, (b) Gaussian peak fitted plot for 2D and D+D′ peak, (c) plot of
Pos (G) versus fwhm of G band, and (d) a plot for density of defects (nd) and distance between defects (La).
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approximation (BOA), which modify the phonon dispersion
close to the Kohn anomalies (KAs).46,47,49−53 Effect of adiabatic
BOA results in an upshift of G band for hole doping (p-type)
and a downshift for electron doping (n-type)46−48 as shown in
Figure 5c. Therefore, in the case of B−N-MRG, electron
carriers are in excess after co-doping of B and N in comparison
to other doped materials.
Density of defects (nd) and distance between defects (LD)

have also been calculated in order to understand the role of
defects which ultimately affect the mobility of charge carriers as
shown in Figure 5 (d). LD for the MRG and doped MRG
samples based on Raman data were calculated using the
following Equation.54

λ= × ×−
−⎛
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where λ (∼532 nm) is the wavelength of the excitation laser,
and ID/IG represents the intensity ratio of the D and G peaks.
The density of defects varies inversely to square of distance
between defects and is calculated using formula:

λ
= ∓ ×

⎛
⎝⎜

⎞
⎠⎟n

I
I

(nm) (1.8 0.5) 10
1

d
22

4
D

G (5)

Electrical properties of MRG, B-MRG, N-MRG, and B−N-
MRG samples were investigated as a function of temperature
using four probe system. Electrical conductivity of all samples
was measured at room temperature and it increases from 21.4
Sm−1 for MRG to 124.4 Sm−1 for B−N co-doped MRG as
shown in Figure 6.

For co-doped MRG, the N or B doping brings great
modifications in the graphene sheet which has already been
confirmed by TEM, XPS, RAMAN, and XRD results. It is well-
known that N introduces free electrons and B imparts holes to
graphene sheets, and both processes promote electron transfer
between valence and conduction bands and hence greatly
improve the electrical conductivity.55

The N doping brings about an atomic scale structural
deformation56 resulting in new chemical structures such as
pyridinic, pyrrolic and graphitic nitrogen in graphene sheet
which is confirmed by XPS while the B doping leads to the
formation of C−B bond in the graphene sheets. N atoms can
act as an electron donor and increase the n-type conductivity of

graphite structure due to its high electronegativity (3.04 in
Pauling scale) compared to C (2.55 in Pauling scale).
Moreover, B atom has close electronegativity (2.04 in Pauling
scale) to C atom and the C−B bonds are predominately at the
edge or defect sites, which may cause the conductivity
enhancement. N and B co-doping enhance the conductivity
of graphene by introducing free electrons and holes into host
graphene π-conjugation systems, which may create a junction
within graphene layers and this type of nanojunction may act as
nanodevices.55

Further, electrical conductivity of all samples has been
studied for a complete temperature range of 20−300 K.
Nonlinear behavior of resistance with temperature was
observed for all samples. Thermally activated transport and
variable range hopping models have been used to explain the
mechanism for the nonlinear variation of resistance with
temperature. These two conduction mechanism have been
attested by the plot of ln (ρ) versus 1000/T, which shows two
different slopes in the low and high temperature regions
(Figure 7a,b).
In the high-temperature region (T > 50 K), ln (ρ) versus

1000/T plot was best fitted by a straight line which is
characteristic of thermal activation mechanism dominated
Arrhenius-like temperature dependence. The thermally acti-
vated resistivity follows the Arrhenius law given as

ρ ρ=
⎡
⎣⎢

⎤
⎦⎥T

E
k T

( ) exp0
a

B (6)

Where kB is the Boltzmann constant and Ea is the activation
energy.
With the straight line fit to Arrhenius plot shown in Figure

7a,b, activation energies have been calculated in the order of
3.283, 2.378, 3.08, and 1.98 meV for MRG, B-MRG, N-MRG,
and B−N-MRG, respectively. The resistivity behavior in region
(T < 50 K) is described by the electric conduction model
developed by Mott for the conduction in disordered materials57

due to the variable range hopping of polaron at low
temperature.
In an effort to identify the dominant charge transport

mechanism, we attempted to fit the four-probe resistivity data
with the Mott VRH model given by

ρ ρ=
+⎡

⎣⎢
⎤
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T
T

( ) exp
d

0
0

1/ 1

(7)

where d is the dimensionality of the system (d = 2 for two-
dimension system), ρ0 is the pre-exponential factor, and T0 is a
constant.
We have found that the data well fitted for 2D VRH model in

the low-temperature region. The plot of logarithm of the
product of the relative resistance and inverse of square route of
corresponding temperature versus T1/3 is linear, indicating that
the resistivity (ρ(T)) obeys Mott 2D VRH model:58

ρ ρ* =− ⎡
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where Mott temperature T0 is
59
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Figure 6. Electrical conductivity of MRG, B-MRG, N-MRG and B−N-
MRG at room temperature.
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where α is the inverse localization length, kB is the Boltzmann
constant and N (EF) is constant density of localized electron
states at the Fermi level in 2D given as N (EF) ∼ 1020.60

The temperatures dependent mean hopping distance and the
corresponding hopping energy is given by

α
=

⎡
⎣⎢

⎤
⎦⎥R

T
T

1
3h

0
1/3

(10)

and

=W T T
1
3h 0

2/3 1/3

(11)

The results for all MRG sample (doped and undoped) are
well fitted with regression coefficient of ∼0.999 for 2D-VRH
model as shown in inset of Figure 7c,d, which indicates that
Mott VRH conduction mechanism is dominant below the 50 K.
However, at low temperatures, the effects of Coulomb

interaction between electrons are also become relevant.
Coulomb interactions between the localized states lead to a
soft gap known as Coulomb gap (CG).59 Then conduction is
expected to follow the Efros−Shklovskii (ES)-VRH model for
2D materials61 at low temperature and obeys the following
formula:

ρ ρ=
⎡
⎣⎢

⎤
⎦⎥T

T
T

( ) exp0
ES

1/2

(12)

The plot of lnρ T−1/2 versus T1/2 for all sample are well fitted
with regression coefficient of ∼0.99 as shown in Figure 8,
indicating that the resistivity (ρ(T)) obeys ES-VRH model.
The inverse localization length can be directly calculated by
using the equation

β α
πεε

=
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⎤
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e
k4ES

2

0 B (13)

where β ∼ 2.8 is a constant,61 ε is the permittivity of vacuum
and ε0 ∼ 3.5 is the dielectric constant of RGO.62

Furthermore, the hopping energy (Wh), hopping distance
(Rh) and coulomb gap energy (ECG) have been calculated using
following equations:

α
=

⎡
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⎤
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1
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(14)

=W T T
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1/2 1/2
(15)

and

Figure 7. Thermally activated resistivity follow Arrhenius plot; ln ρ versus 1000/T for (a) MRG, (b) B-MRG, N-MRG and B−N-MRG. Mott 2D-
VRH model: the plot of ln ρ T−1/2 versus T−1/3 for (c) MRG, (d) B-MRG, N-MRG, and B−N-MRG.

Figure 8. ES-VRH plot at low temperature for MRG, B-MRG, N-
MRG and B−N-MRG.
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β π
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( )( 4 )CG
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(16)

Various Mott parameters have been calculated using the
above-mentioned 2D-VRH model as well as ES-VRH model
and shown in Tables S1 and S2.
Further, the remarkable enhancement of electrical con-

ductivity provides a path for better EMI shielding properties in
B−N co-doped MRG. EMI shielding is defined as the
attenuation of the propagating electromagnetic (EM) waves
by the shielding material. In general the efficiency of any
shielding material is expressed in decibel (dB). For a higher dB
level of EMI shielding, less energy must be transmitted through
the shield. It depends upon the reflection, absorption and
multiple reflections of the shielding material.9,14 In case of
reflection of radiation, the shield material must have mobile
charge carriers like electrons or holes to interact with the
electromagnetic radiation. Therefore, the shield material tends
to be electrically conducting. However, the absorption ability of
shielding material depends on the electric or magnetic dipoles
which interact with the electromagnetic radiation. Other than
reflection and absorption; multiple reflections is another
mechanism of shielding, which refer to the reflection at
different interfaces in the shield material. Large surface area or
interface area is required in the shied material for multiple
reflection mechanism. But the shielding due to multiple
reflections can be ignored when the distance between the
reflecting surface and interface is large as compared to the skin
depth.10,63 The EM radiations penetrate at high frequencies
only near the surface of the conducting material known as skin
depth.10,11 In this study, B and N doped MRG have been
prepared and their EMI shielding measurements were carried

out in Ku-band frequency range (12.4−18.0 GHz). When
electromagnetic radiation is incident on the material, the sum of
absorption (A), reflection (R), and transmission (T) must be 1,
that is, T + R + A = 1.
Figure 9 shows the variation of the shielding effectiveness

(SE) with frequency for B-MRG, N-MRG and B−N-MRG
samples in 12.4−18 GHz frequency range. The total EMI
shielding value (SET) for B- and N-doped and B−N co-doped
MRG is found to be −38, −40, and −42 dB, respectively; these
values are quite high compared to undoped MRG (−28 dB at
14.8 GHz frequency) at a thickness of 1.2 mm (Figure 9a). This
increase in SET is due to dc electrical conductivity. B−N co-
doped MRG shows higher electrical conductivity compared to
single B and N doped MRG because N doping introduces free
electrons and B doping imparts holes to graphene sheets, and
both processes promote electron transfer between valence and
conduction bands and greatly improved electric conductance. N
doping deforms the structure of graphene resulting in a new
structure such as pyridinic, pyrrolic, and graphitic nitrogen
while B doping leads the formation of C−B bond in the
graphene sheets.
In case of B−N co-doping, B and N introduced free electrons

and holes simultaneously into host graphene π- conjugation
systems and creates a nanojunction within a graphene layers,
resulting in enhancement of electrical conductivity, which is
much higher than that in single B- and N-doped MRG. This
type of deformed structure is further confirmed by Raman
spectra which show larger down shift in the G peak of B−N-co-
doped MRG compared to single B and N doped MRG.
The enhancement in SEA is higher than SER, as shown in

Figure 9b,c. However, SER is almost constant because the
presence of both B and N in MRG enhances the spin

Figure 9. (a) Frequency dependent total EMI shielding (SET), (b) EMI shielding due to absorption (SEA), (c) EMI shielding due to reflection
(SER), and change in skin depth of B, N doping and B−N co-doping in MRG (d).
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polarization, space charge polarization and natural resonance
leading to a high total EMI shielding of −42 dB (∼99.99%
attenuation) at mid frequency of 14.8 GHz with a thickness of
1.2 mm and a contribution of −26 dB by SEA and −16 dB by
SER. Therefore, in the case of B−N-co-doped MRG, the total
SE is dominated by the absorption (−26 dB) part, whereas the
SE due to reflection (−16 dB) contributes partially.
Further, enhanced microwave shielding due to absorption

can be explained in terms of reduction of the skin depth with
the doping of B, N, and B−N in MRG. The above results show
that shallow skin depths make it possible to attain the same
level of attenuation with a thinner shield of the material with
different type of doping.9 The variation of skin depth is shown
in Figure 9d with respect to the doping of B, N, and B−N in
MRG. The results demonstrate that skin depth is lowest for B−
N-MRG, which is responsible for the enhancement of

absorption loss. Thus, for a given thickness, the absorption
loss increases with decrease in skin depth.
Table 2 compares the electromagnetic shielding properties of

different graphene based materials and composites reported in
the literature.
To investigate the microwave attenuation performance of B,

N and B−N co-doped MRG, the scattering parameters (S11,
S21) were measured by vector network analyzer to calculate the
absorption coefficient (A), reflection coefficient (R), trans-
mittance coefficient (T), and absorption efficiency of the
materials. The reflection and transmission coefficient were
calculated using scattering parameters as, R = |ER/EI|

2 = |S11|
2 =

|S22|
2 and T = |ET/E I|

2 = |S21|
2 = |S12|

2. The absorption
coefficient and effective absorbance (Aeff) was calculated as A =
(1 − R − T); Aeff = (1 − R − T)/ (1 − R), respectively.73

Figure 10a−c shows the calculated values of transmission,

Table 2. Electromagnetic Shielding Properties of Different Graphene Based Materials

filler material thickness filler
frequency range

(GHz)
EMI shielding effectiveness

(dB) ref

porous FGS-polystyrene composites 2.5 mm 30 wt % 8.2−12.4 −29 Yan et al.64

RGO-poly(ether imide) Films 2.0 μm 0.66 vol % 0.5−8.5 −6.37 Kim et al.65

monolayer CVD graphene 2.2−7 −2.27 Hong et al.66

GNC-PU composites 1−2 mm 25 wt % 8.2−12.4 −26.45 Kumar et al.67

poly(ether imide)/Graphene @ Fe3O4 composite foams 2.5 mm 10 wt % 8−12 −18.2 Shen et al.68

graphene−PMMA foam 4.0 mm 1.8 vol % 8−12 −19 Zhang et al.69

graphene−wax composites 2.0 mm 20 wt % 2−18 −29.68 Wen et al.70

graphene−SiO2 composites 1.5 mm 20 wt % 8.2−12.4 −38 Wen et al.71

graphene−epoxy composites 15 wt % 8.2−12.4 −21 Liang et al.72

B−N-MRG 1.2 mm 12.4−18 −42 present work

Figure 10. (a) Transmission coefficient, (b) reflection coefficient, (c) absorption coefficient, and (d) absorption efficiency of MRG, B-MRG, N-
MRG, and B−N-MRG.
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reflection and absorption coefficients for MRG, B-MRG, N-
MRG and B−N-MRG, respectively. Figure 10d shows the
absorption efficiency values of these materials at thickness of
1.2 mm in the frequency range of 12.4−18 GHz. The
transmission coefficient (T) decreases from B, N to B−N
doping in MRG and found to be minimum (0.0001) for B−N-
MRG.
For all doped samples, the value of T is less than 0.002, as

shown in Figure 10a, which is due to the higher value of
reflection and absorption coefficients (Figure 10b,c); this
proposed that more wave energy is attenuated by B−N-MRG
leading to decrease in the T value.
Also, the absorption efficiency of undoped MRG was 96.68%

and it reaches up to 99.99% for B−N-MRG at a thickness of 1.2
mm (Figure 10d), that is, 99.99% of EM radiations can be
attenuated from the shield.
To further give a visual demonstration of the microwave

absorption mechanism as discussed above, a schematic of B−N-
MRG sample is given in Scheme 2. From all the above, the
results of doping of B, N and both in MRG illustrate that these
materials could be used as a microwave absorbing material.

4. CONCLUSION

B, N doped and B−N co-doped MRG have been successfully
prepared using microwave assisted method. The detailed
microstructural characterizations as well as the characteristics
of these doped and undoped materials were examined using
SEM, TEM, Raman, XRD, FTIR, and XPS. The highest
electrical conductivity of B−N-MRG contributes to shield the
EM radiation. Doping of B, N, and B−N in MRG enhanced the
interfacial polarization, spin polarization, and natural resonance,
which led to high total SE for B−N-MRG (SET ∼ −42 dB, i.e.
99.99% attenuation) in comparison to undoped MRG (SET ∼
−28 dB) at mid frequency region (14.2 GHz) with 1.2 mm
thickness. Additionally, the temperature dependent electrical
conductivity of MRG, B-MRG, N-MRG and B−N-MRG shows
that the thermally activated Arrhenius conduction mechanism is
valid only in the high temperature region (T > 50 K), whereas
Mott’s 2D-VRH and ES-VRH mechanisms are valid in the low-
temperature region (T < 50 K). Thus, the obtained results
suggest that this new type of microwave absorption material

can be used in aircraft, defense industries, communication
systems, and stealth technology.
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