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a b s t r a c t

Nitrogen doping has been proved an effective strategy to improve the microwave absorption perfor-
mance of graphene. However, the detailed investigations correlating the role of nitrogen dopants with
dielectric properties and microwave absorption of graphene has not been available. In this work, the
gradient nitrogen doped graphene (NG with 0 wt%, 3.7 wt% and 6.86 wt% N content) were prepared via a
facile hydrothermal strategy. The effect of nitrogen dopant on microstructure, morphology, chemical
composition, complex permittivity, attenuation factor, impedance matching degree and microwave ab-
sorption of graphene were systematically investigated. The electromagnetic characterization and CST
simulation results reveal that the moderate N-doped graphene (NG-100) endows the optimal microwave
absorbing performance, which was attributed to the moderately introduced dipole polarizations, as well
as the better balance between attenuation factor and impedance matching degree. The maximum
reflection loss (RLmax) of NG-100 is ~ -55 dB under 3.2 mm, which is five times higher than that of non-
doped graphene. Meanwhile, the effective attenuation bandwidth (EAB: < �10 dB) of NG-100 is up to
~6.82 GHz under 2.6 mm. More importantly, by correlating gradient N-doped graphene with attenuation
factor and impedance characteristics, this work provide an approach to the design and construction of
graphene-based composites as efficient microwave absorber for realizing practical applications.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, with the rapidly development of information tech-
nology in both civil and military fields, lightweight and high-
efficiency electromagnetic wave (EMW) absorption over wide fre-
quency range are desired properties for EMW attenuation ab-
sorbers [1e6]. Among many kinds of EMW absorbers, carbon
materials, including carbon nanosheets (CNSs) [7], carbon nano-
tubes (CNTs) [8,9], carbon nanocoils (CNCs) [10] etc. Have been long
considered as candidates for high efficiency EMW absorption
application due to their lightweight and high EMW absorbing
ability. Graphene, as the dramatic two dimensional (2D) material,
has also attracted extensive interests in EMW absorbing fields in
recent years. For example, Chen et al. reported the broadband and
tunable high EMW absorbing performance of three dimensional
(3D) free-standing graphene foam (GF), which could be ascribed to
edu.cn (H. Jin).
the unique 3D conductive network [5]. They also prepared the ul-
tralight multi-walled carbon nanotube/graphene foams (MWCNT/
CGFs) and attributed the excellent EMW absorbing performance to
the 3D high loss multilevel network and good balance between
impedance matching and attenuation ability [4]. However, the sole
graphene absorber still suffer from impedance mismatching issue
due to its intrinsic Fermi level structure and limited EMW attenu-
ation mechanisms [11,12]. Therefore, the researchers are always
looking for new strategies to boost the EMW attenuation ability of
graphene-based composites.

According to previous studies [12e15], constructing nano-
structures toward graphene (eg: decorating graphene with mag-
netic nanoparticles) are beneficial to optimize the impedance
matching and broaden the effective attenuation bandwidth (EAB,
RL < �10 dB). Mahmood et al. [14]. reported the Fe3O4/graphene
capsules (GCs) composites with a RLmax value of�32 dB at 8.76 GHz
under 3.5 mm. Cao et al. [15] prepared the 3D flower-like Co3O4/
rGO and the RLmax reached ~ -61 dB under 3 mm. He et al. [13].
found that NiFe2O4 nanoparticles decorated rGO (NiFe2O4/rGO)
exhibited good EMW absorbing performance: the RLmax
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exceeded�42 dBwith an EAB of 5.3 GHz under 5mm. However, for
achieving a better EMW absorbing performance, the percentage of
those graphene-based composites in matrix (such as Wax, PVdF or
SiO2) was usually high (30wt%, 50 wt% or even 70wt%), which does
not meet the “light” requirement of EMW absorbers [13e15].
Additionally, magnetic particles generally follow Snoek’s limit (i.e.
the magnetic loss mechanism does not work at a frequency higher
than its resonant frequency [13,16]. As a result, the nanostructure
constructing strategy toward graphene has its limitations at high
frequencies.

Element doping is another effective strategy to tune the physi-
cochemical properties of graphene, thus achieving the tailored
performance in the area of EMWattenuation [17e19]. According to
the reports [20e23], the doping strategy not only helps boost the
conductivity and facilitate the conductive loss, but also introduces a
numbers of heterogeneous atom defects during the doping process,
thus alleviating the attenuation ability of absorbers. Nitrogen (N),
as the neighbor of carbon element in periodic table, is the most
widely studied dopant for carbon materials [21,23e25]. In EMW
absorption areas, various N-doped carbon hybrids have been
studied in past decade in. For example, Kamal K. Kar et al. reported
the microwave absorption performance of N-doped graphene
nanosheet-epoxy nanocomposite, where the electric, dielcetric,
interficial polarization was thought as the main EMW attenuation
mechanisms [26]. Liu and co-workers also studied the excellent
electromagnetic wave absorption properties of three-dimensional
lightweight nitrogen-doped graphene aerogel by hydrothermal
method. According to their results, the NG absorber with 3.6 wt%
loading displayed the most excellent microwave absorption prop-
erties [23]. Besides the pure N-doped graphene absorber, the NG
coupled with other dielectric/magnetic kind componenets were
also widely adopted in this area. Chen and co-workers [27,28]
prepared the 3D NiFe/N-CNT and FeNi@N-doped graphene, which
display excellent EMW attenuation ability (�40.3 dB
and �39.39 dB) and EAB (4.5 GHz and 4.7 GHz). Kamal K. Kar [29]
et al. reported EMW attenuation performance of N-doped carbon
materials derived from chicken feather fibers with a RLmax

of �20.1 dB and a EAB of 2.9 GHz under 2.0 mm. Moreover, the N-
doped graphene aerogel [23], Co/CNTs/carbon sponge [30] and
M@N-CNTs (M ¼ Fe, Co and Ni) [8] were also studied as efficient
EMW absorbers. In those composites, the optimized consumption
of EMW were usually attributed to the defect-dipole polarizations
introduced by nitrogen doping. As a contrast, compared to those
carbon or graphene-based absorbers, there are rare literatures have
systematically studied the detailed N doping effect toward the pure
graphene (such as impedance degree and the proper threshold
content etc.) to our best knowledge. In other words, there are still
rare reports to correlating the nitrogen doping content with the
exact electromagnetic behaviors of pure graphene. Therefore, it is
highly desired but challenging to study the underlying beneficial
effects of heteroatom doping considering the fundamental research
toward the basic EMW starting material (i.e. graphene). Flgur-
thermore, the exact N-doping research toward graphene can be
applicable to a wide range of graphene-based EMW absorbers and
support for the fabrication of novel EMW composites.

Herein, to correlate the nitrogen doping effects with EMW
absorbing of graphene at gigahertz, the gradient N-doped graphene
(NG) was rationally prepared by adjusting the mass ratio of GO and
urea in the hydrothermal reaction. When applied as EMWabsorber,
the moderately nitrogen-doped NG (~3.7 wt% N content) exhibits
the optimal EMWabsorbing with a RLmax of ~ -55 dB under 3.2 mm.
The experimental and CST simulation results reveal that the opti-
mized EMW absorbing performance of NG was ascribed to the
better balance between the attenuation factor (a) and impedance
matching degree (D). Based on those results, the relationship
2

between N-doping content and dilectric and EMW absorbing per-
formance were built.
2. Experimental section

2.1. Preparation of gradient N-doped graphene

The graphene oxide (GO) was prepared from graphite powder
by a modified Hummers’ method and the NGs were prepared via a
mild hydrothermal process [3,13,15,24]. The detailed synthesis
process is depicted as shown in Fig. 1. In a typical procedure, 20 mg
GO was combined with 10 mL deionized water and further soni-
cated for 1 h to yield a dark brown suspension. Then, 2 g urea was
added to the above solution and the whole solution were sonicated
for 1 h. To obtain the gradient N-doped graphene, the mass ratio of
urea and GO is set to 100:1 and 240:1 (denoted as NG-X and X is
100 and 240, respectively). Next, the mixture was transferred to a
Teflon-lined autoclave and heated to 110 �C for 10 h. Finally, the
products were immersed in deionized water for 12 h and finally
obtained by freeze drying treatment (Fig. 1 step I). The rGO
absorber was prepared by the similar procedure as that of NG
except without adding urea.
2.2. Preparation of NG-X/wax and electromagnetic measurement

(i) Specific quantities of paraffin wax (97.5, 95 and 92.5 wt% vs.
absorbers) were completely dissolved in appropriate amount of
ether under stirring; (ii) Specific quantities of absorbers (2.5 wt%,
5 wt% and 7.5 wt% vs.wax) were added into the solution and stirred
vigorously; (iii) Thewhole solutionwere subjected to the ultrasonic
treatment under stirring; (iv) After the ether were evaporated
completely, the solid samples were pressed into the required shape
for the measurement (outer radius: 7.00 mm; inner radius:
3.04 mm) for dielectric measurement by coaxial method over
2e18 GHz on Anritsu 37269 D vector network (Fig. 1 step II).
2.3. CST simulation

The power flow, electric field and power loss density were
simulated using the finite integration technique on Computer
Simulation Technology (CST) Microware Studio software. Ten layers
lamina with a thickness of 0.32 mm were constructed as the unit
absorber cell. The unit cell was set with periodic boundary condi-
tions in X/Y plane and the EMW was generated along -Z direction
(Fig. 1 step III and Fig. S8). During simulation processes, the
experimental measured electromagnetic parameters of three
asborbers were used as complex permittivity and permeability of
rGO and NG-X absorbers.
2.4. Characterization

Powder X-ray diffraction (XRD) patterns were collected on a
Bruker-AXS diffractometer (Cu-Ka). Scanning electron microscopy
(SEM) and transmission electron microscope (TEM) images were
obtained using Hitachi S-480 and FEI Tecnai G2 F20S-TWIN. Raman
spectrameasurements were performed on a Lab RAMAramis. X-ray
photoelectron spectroscopy (XPS) was carried out on a PHI Quan-
tera. Fourier transform infrared spectroscopy (FT-IR) was carried
out on a Thermo Fisher Scientific™ Nicolet™ iS™ 50 and the
scanning range of the wavenumber was 400e4000 cm�1. Electrical
conductivity of NG was performed by four-point probe (Keithley
4200-SCS) measurements.



Fig. 1. Schematic illustration of the fabrication, measurement and CST simulation processes toward NG-X.
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3. Results and discussions

3.1. Morphologies and nanostructures

SEM images of GO, rGO and NG-X are presented in Fig. S1 (a-d).
As can be seen, GO and rGO samples exhibit thin and crumpled
sheets with random aggregations (Fig. S1 a-b). After nitrogen
doping treatment, the NG-X are composed of relatively ultrathin 2D
nanosheets with edges rolled up due to surface tension [24,31,32].
To further investigate the crumpled and corrugated structures of
rGO and NG-X, the TEM and elemental mapping characterization
were carried out.

Fig. 2(aec) show the TEM images of rGO, NG-100 and NG-240.
The typical rippled and entangled 2D graphene sheets were
observed to be situated on copper grid. High resolution trans-
mission electron microscopy (HRTEM) images of rGO, NG-100 and
NG-240 also exhibited the typical wrinkled morphologies with a
mixture of single and few-layer graphene nanosheets as shown in
Fig. S2. The selected area electron diffraction (SAED) of rGO (Fig. 2)
indicates the graphene are of graphitic laminar structure of stacks
[33e35]. The HAADF elemental mapping images show that the C, O,
N elements were homogenously distributed throughout the NG-X
absorbers (Fig. 2 b and c), indicating the successful nitrogen
doping in NG-X. Specially, compared to the pale green nitrogen
mapping of NG-100, the deep yellow nitrogen mapping implies the
increased N-doping content of NG-240. Fig. 2 (d) are the compared
histograms of C, N and O elements in three absorbers (detailed
dates were provided in Table S1). As clearly presented, the weight
and atomic ratio of N element in three samples presente the linear
upward trend (0 wt%, 3.7 wt% and 6.86 wt%, respectively), indi-
cating the gradient nitrogen doping toward graphene. In addition,
the weight and atomic ratio of C and O elements exhibite minor
fluctuation trend according to that of N element.

Fig. 3 (a) shows the structure evolution of GO to NG-X charac-
terized by XRD. The GO displays a strong characteristic peak at
2q~10.2�, due to the formation of functional groups in the basal
surface [31,36]. Upon reducing by hydrothermal and nitrogen
doping reaction, the peak located at ~10.2� disappears, and a
broaden peak around ~23� is alternatively observed, which is the
typical rGO pattern [13,36]. It is noteworthy that the broaden peak
around 2q~23� shifts to higher angle, indicating the decreased
interlayer distance because of the partial removal of functional
groups as the amount of urea increases [25,31].

Fig. 3 (b) shows the Raman spectra of rGO and NG-X absorbers.
Two characteristic peaks around ~1347 cm�1 and ~1581 cm�1

correspond to the so-called D band and G band [37]. In general, D
band is a typical sign of the presence of defective graphitic carbon
and G band is the characteristic feature of graphitic carbon layers
corresponding to the vibration of sp2-bonded carbon atoms in 2D
hexagonal lattices [37,38]. The intensity ratio of D band and G band
(ID/IG) is usually used as an indicator of the lattice-defect density in
3

carbon materials. The more lattice-defects exist, the higher in-
tensity of ID/IG value [39]. In this work, the ID/IG ratio of GO, rGO and
NG-X are calculated to be ~0.97, ~1.0, ~1.08 and ~1.12, respectively,
suggesting the increased point defects (such as C vacancies and
doped N atoms) during the reduction and nitrogen doping process.

Fig. 3 (c) presents the FT-IR spectra of rGO and NG-X. The rela-
tive strong peaks of GO and rGO located at ~3420 cm�1, ~1728 cm�1,
~1630 cm�1, ~1218 cm�1 and ~1055 cm�1 are ascribed to the
stretching vibration of water molecules (OeH), carbonyl (C]O),
aromatic skeleton carbon ring (C]C), hydroxyl (CeOH) and alkoxy
(CeO), respectively [40]. After nitrogen doping treatment, these
absorption peaks nearly disappear, suggesting the removal of most
oxygen functional groups. However, two new absorption peaks of
NG-X located at ~1193 cm�1 and ~1550 cm�1 are observed, which
correspond to the stretching vibration of CeN and C]N [26],
implying the successful nitrogen doping in NG-X absorbers.

XPS measurements were carried out to examine the chemical
states of elements in GO and NG-X absorbers. Fig. 3 (d) displays the
XPS full spectra of GO, rGO, NG-100 and NG-240, which clearly
indicates the existence of nitrogen element in NG samples. The
mass percentages of N atoms in NG-100 and NG-100 are measured
to be ~2.9 wt% and ~8.9 wt% as revealed by XPS characterization
(detailed dates were provided in Table S2). It is clear that the
content of doped-nitrogen in NG-X samples also presents an up-
ward trend with the increasing amount of urea. It is worth noting
that the N-doped content revealed by XPS measurement are
consistent with that of EDS mapping results (Table S1) when taking
the measurement error into account.

To further figure out the configuration of C, O and N elements,
the C 1s, O 1s and N 1s high-resolution XPS peaks of NG-X are
collected. Fig. S3 shows the detailed deconvoluted peaks of C 1s and
O 1s. As for N 1s peak as displayed in Fig. 3 (e and f), it can be well
deconvoluted into graphitic N (~401.8 eV) and oxidized N
(~402.9 eV), respectively [21]. The graphitic N related defective
structures are schematically illustrated in Fig. 3 (g). According to
previous reports [8,20,36], those defects could act as dipoles under
EMW field to enhance the dielectric loss of absorbers. It is well
known that the nitrogen doping also affects the graphene’s electric
properties by donating electrons and thereby shifting its Fermi
level (DEF) as Fig. 3 (i) shown [41,42]. As a result, the electrical
conductivity (s) of NG-X/wax rationally delivers an increasing
trend, i.e. from ~4� 10�2 S/m to ~8� 10�1 S/m and ~10.0 S/m as the
increasing of nitrogen doping content (Fig. 3 h). According to pre-
vious reports [3e5,7,15,20], the suitable conductivity of absorbers
could give rise to a benefit to the attenuation of EMW.

3.2. Dielectric properties

The permeability (mr) and permittivities (εr) of absorbers with
2.5 wt%, 5 wt% and 7.5 wt% mass loadings over 2e18 GHz were
measured using coaxial method as described in Experimental



Fig. 2. TEM images of (a) rGO, (b) NG-100 and (c) NG-240; the following images in (a, b and c) are the HAADF-STEM images and the corresponding mappings of C, N and O (the bars
are 1 mm); (a-4) is the SAED images of rGO; (d) is the wt% and at% histogram images of C,N and O elements in three absorbers.
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section 2.2. The complex permeability values (m0 and m00) were
measured ~1.0 and ~0, thereby suggesting a negligible magnetic
loss in non-magnetic graphene absorbers (Fig.S6). As for the
dielectric spectra, both the ε

0 and ε
00 of rGO and NG-X present the

upward trend as the increasing of mass loadings over the explored
frequency (Fig. 4 a-f). According to the effective medium theory
[2e4], the polarizable charges in absorber are on the increase with
the increasing of mass loadings, leading to the increase of ε0. As for
the ε

0 0, ε0 0 is governed by the polarization part (ε00p) and electrical
conductivity part (ε0 0c) according to the well-known Debye theory
(Eqn. (1)) as follows [7,28,43,44],

ε’’¼ εs � ε∞

1þ u2t2
utþ s

uε0
¼ ε’’p þ ε’’c (1)

where t is the polarization relaxation time, u the angular fre-
quency, εs the static permittivity and ε∞ the relative dielectric
permittivity at the high frequency limit. Considering the existing of
functional groups (such as C]O, CeOH and CeO) and the increase
of lattice defects with the N content as evidenced by EDS (Fig. 2 d),
Raman (Fig. 3 b) and XPS results (Fig. 3 e-f), the polarization loss
should also enhance because the lattice defects could act as electric
4

dipole under alternative EMW field [45,46]. Meanwhile, with the
increasing of nitrogen content in absorbers, the conduction loss of
NG also presents an upward trend as that of s (Fig. 3 h), which is
consistent with the results as reported in previous work [8,32].
Therefore, it is also rational to observe the increase of ε0 0 with the
increasing mass loading and nitrogen doping content.

To evaluate the attenuation ability of absorbers, the dielectric
loss tangents (tan dE ¼ ε

0 0/ε0) were deduced and plotted as shown in
Fig. S4. One can find that the order of dielectric loss capability
presents the upward trend (NG-240 > NG-100 > rGO) as that of ε0

and ε
00 under different mass loadings, verifying the enhanced

dielectric loss ability as the increasing doping toward graphene.
Typical Cole-Cole plots were also curved to analysize the EMW
attenuation mechanism of NG absorbers (Fig. S5). The semicircles
and linear tail presented by three absorbers confirms the extience
of Debye relaxation and conductive loss [17,47]. Compared to small
numbers of defects in rGO (dangling bond, C points defects etc.), the
N-related defects (mainly the graphitic N defects as evidenced in
Fig. 3(e and f) were introduced in large numbers. Consequently, the
whole polarity of system (C and N species) will be enhanced，
which was beneficial to increase the charge density distribution in
absorbers according to the theoretical calculations [44]. The



Fig. 3. (a) XRD patterns, (b) Raman, (c) FT-IR and (d) full XPS spectra of GO, rGO and NG-X; the deconvoluted N1s spectra of (e) NG-100 and (f) NG-240; (g) the illustration of N
bonding in graphene; (h) the s evolution curve of GO/wax, rGO/wax and NG-X/wax; (i) the energy band diagrams of pristine graphene and NG-X.

Fig. 4. εr-f curves of (a, b) rGO, (c, d) NG-100 and (e, f) NG-240 absorbers with 2.5 wt%, 5 wt% and 7.5 wt% mass loadings.

M. Ning, B. Kuang, L. Wang et al. Journal of Alloys and Compounds 854 (2021) 157113

5



Fig. 5. 3D RLs and 2D projection plots of (a, b) rGO, (c, d) NG-100 and (e, f) NG-240 absorbers with 5 wt% mass loading under 1.7e3.8 mm.
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semicircles (marked by colored lump) of NG-X were obvioulsy
stronger that of rGO absorber (Fig. S5), further indicating the
boosted dielectric relaxation in those N-doped absorbers [8,47].
3.3. Microwave absorption performance

The RLs-f curves of three absorbers are calculated according to
the transmission line theory (Eqns. (2) and (3)) as follows [2,7],

Zin ¼ Z0
ffiffiffiffiffiffiffiffiffiffiffi
mr=εr

p
tanh

�
j ,

2pf
c

,d ,
ffiffiffiffiffiffiffiffiffi
mrεr

p �
(2)

RL¼20,lg
����Zin � Z0
Zin þ Z0

���� (3)

where Zin the input impedance of the absorber, Zo the characteristic
impedance of free space, c the light velocity, f the electromagnetic
wave frequency and d the thickness of absorbers. Fig. 5 (a, c and e)
display the 3D RLs-f plots of rGO, NG-100 and NG-240 with 5 wt%
loading by manipulating the thickness from 1.7 to 3.8 mm. The
corresponding 2D RLs-f plots display that rGO and NG-X absorbers
can consume the incident EMW as presented by the yellow area of
Fig. 6. Comparison of RLs and EAB (<-10 dB) values of rGO, NG-100 and NG-24

6

less than �10.0 dB (90% adsorption). By comparison, it is easy to
observe that the N-doped graphene absorbers endow the boosted
EMWabsorbing performancewith respect to pristine rGO absorber.
Especially, the moderate N-doped absorber (NG-100) gives the
optimum RL performance among three absorbers with a RLmax of ~ -
55 dB under 3.2 mm and a EAB of 6.8 GHz under 2.6 mm (Fig. 5 b,
d and f). Fig. S7 show the detailed RLs-f curves of rGO and NG-X
with 2.5 wt%, 5 wt% and 7.5 wt% loadings under 1.7e3.8 mm. The
RLs peaks of rGO, NG-100 and NG-240 shift toward low frequency
with increasing of thickness, confirming the quarter wavelength
attenuation principle [2,8,30]. For rGO absorber, the EMW
absorbing performance increases as the mass loading increases
from 2.5 wt% to 7.5 wt%. For rGO with 7.5 wt% loading, the RLmax

is ~ -23 dB and EAB up to 5.75 GHz under 2.3 mm. The EMW
absorbing performance of NG-100 and NG-240 presents the similar
trend with that of rGO under 2.5 wt% and 5 wt%, however, becomes
worse as the mass loading is 7.5 wt%. For NG-240 with 2.5 wt%
loading, the RLmax is ~ -24.9 dB under 2.6 mm and EAB is ~7.36 GHz
under 3.2 mm. In addition, by comparing three samples under the
same thickness and mass loading, the RLs peaks shift toward lower
frequencies with the increasing of N-doped content, which is
consistent with the increasing trend of dielectric constants as N-
0 with (a) 2.5 wt%, (b) 5 wt% and (c) 7.5 wt% loading under 1.7e3.8 mm.



Fig. 7. 2D D-f maps of (a, b and c) rGO, (d, e and f) NG-100 and (g, h and i) NG-240 with (a, d and g) 2.5 wt%, (b, e and h) 5 wt% and (c, f and i) 7.5 wt% mass loadings under
1.7e3.8 mm.
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doped content increases (Fig. 4).
Fig. 6(aec) depicts the RLs-thickness and EAB-thickness com-

parison histograms of rGO and NG-X absorbers with different
loadings under 1.7e3.8 mm. It shows that the moderate doped
graphene (NG-100) presents the optimized EMW absorbing per-
formance, while the heavy doped graphene (NG-240) displays the
advantage in less mass loading (2.5 wt%) in terms of EAB and RLmax

values.
3.4. Attenuation and impedance characteristics

In general, the good balance between attenuation factor (a) and
impedance matching degree (D) is the necessary prerequisite for
obtaining satisfied EMW absorbing performance. A higher
M ¼ 4ε’cosðdEÞm’cosðdMÞ
½m’cosðdEÞ � ε’cosðdMÞ�2 þ

�
tan

dM � dE
2

�2½m’cosðdEÞ þ ε’cosðdMÞ�2

K ¼ 4p
c

ffiffiffiffiffiffiffiffi
ε’m’

p sin
�dM þ dE

2

�
cosðdEÞ,cosðdMÞ

dE ¼ arctan
�
ε’’

ε’

�

dM ¼ arctan
�m’’
m’

�
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attenuation factor means that the EMW absorbers endow higher
EMW dissipate ability, while D closed to 0 indicating the optimal
matching characteristic [29,46,48].

To understand the underlying attenuation mechanism of NG
absorbers, the a and D values of rGO, NG-100 and NG-240 ab-
sorbers are calculated by Eqns (4) and (5) as follows [30,48e51],

a¼
ffiffiffi
2

p
pf
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm’’ε’’� m’ε’Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm’’ε’’� m’ε’Þ2 þ ðm’ε’’þ m’’ε’Þ2

qr
(4)

D¼
���sinh2ðKfdÞ�M

��� (5)



Fig. 8. (a) power flow, (b) electric field and (c) power loss density distribution diagrams of rGO, NG-100 and NG-240 with 5 wt% loading under 3.2 mm at 10 GHz.
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Fig.S 9 (a-c) show the a-f curves of rGO, NG-100 and NG-240
absorbers. Apparently, the a value of absorbers show an linear
upward trend wth a range of 120e1100, indicating the enhanced
EMW attenuation ability as the gradient increased of nitrogen
content, which provided the premise for using as high performance
EMW absorbers.

Fig. 7(aei) display the 2D D-f maps of rGO, NG-100 and NG-240
absorbers with 2.5, 5 and 7.5 wt%mass loadings under 1.7e3.8 mm.
By comprehensive comparison the satisfied matching regions (as
blue as possible) under different mass loadings, it is found the NG-
100 displays the optimal D values, showing the beneficial effects of
moderate N-doping. However, it is worth noting that the rGO
absorber still possess the impedance matching advantage at high
frequencies (Fig. 7 c). As the increasing of N-doping content, the
NG-240 gives the optimal D values under 2.5 wt% (Fig. 7 g), further
implying the advantages of less mass loading under heavy doping.
According to previous studies [17,49] and above nanostructure
analysis, the impedance matching evoluation of NG-X absorebers
should be attributed to the introduced defect-dipole polarization
and conductive loss by nitrogen doping. In details, moderate N-
doped NG-100 endows the moderate s values and defect polari-
zation, which ameliorates the entering of incident EMW inside of
absorbers. As for NG-240, the increased N-doping content in gra-
phene can still optimized the matching characteristic under 2.5 wt
%. However, the increasing of mass loading (5 and 7.5 wt%) lead to
the deterioration of D values as shown in Fig. 7(h and i). This should
be attributed to the dramatical decreased skin depth (d¼(pfms)�1/2)
when the s of NG-240 exceeds the threshold values [3,12,20].
Considering the better combination between a and D, NG-100-5 wt
%, NG-100-7.5 wt% and NG-240-2.5 wt% absorbers should possess
the relative satisfied EMW absorbing performance, which is also
8

cnsistent with that of RL-f curves as shown in Fig. S7. However, it
should note that the rGO still possesses the advantage of with high
mass loading (7.5 wt% as shown in Fig. 6 c).
3.5. CST simulations

To further intuitively confirm and exhibit the beneficial effects
of good balance between “a” and “D”, the CST simulated power flow
(W/m2), electric field (V/m) and powder loss density (W/m3) dis-
tribution diagrams of rGO and NG-X absorbers are carried out. First,
the CST study model were verified by comparing the S parameters
(S11: dB) with the calculated RLs. As shown in Fig. S 10 (a-c), the CST
simulated S11 of rGO and NG-X (5 wt% under 3.2 mm) were well
comsistent with the calculated RL curves, implying the proper
construction of study model. On the basic of this model, the power
flow density, electric field and power loss density were simulated.
The power flow density (W/m2) were calculated by Eqns (6) and (7)
as follows,

Sav
�!¼ 1

T

ðT
0

S
!
dt¼1

2
Re½ E!� H

!� (6)

S
!¼ E

!� H
!

(7)

According to the arrows marked with different color fill as
shown in Fig. 8 (a), one can find that the power flow entering ab-
sorbers presents the trend in the order of NG-100 > NG-240 > rGO,
further verifying the impedance characteristics of three absorbers
as demonstrated in Fig. 7 (b, e and h). Fig. 8 (b and c) show the
electric field (V/m) and power loss density (W/m3) of three



Fig. 9. Schematic illustration of EMW attenuation mechanisms in rGO and NG-X absorbers.
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absorbers. In general, the microwave inside absorber (here the
electric field stands for the microwave, and the intensity of electric
field means the intendity of microwave inside) display the revise
trend under the same fixed conditions and corroborate each other
(i.e. the stronger magnetic field means the weaker electric field and
vice versa) [52,53]. By comprehensive comparison, it is easy to
observe that the moderate N-doped NG-100 exhibtes the optimal
attenuation capacity compared to that of NG-240 and rGO. In
addition, the gradual decreasing values of power loss density also
confirms the gradual EMW consuming inside absorbers [52,54].
The above CST simulation results evidences the necessary of the
balance between “a” and “D”.

Generally, the attenuation ability of EMW absorbers is closely
related to the degree of incident EMW absorptions and multiple
internal reflection [13,27]. Based on the experimental and CST
simulation results, Fig. 10 gives the schematic illustration of EMW
attenuation mechanisms of rGO, NG-100 and NG-240 absorbers.
Briefly, the “a” and “D” of graphene presents the N-doping content
dependent properies. The non-doped graphene endows weak
attenuation ability because of the limited conductive loss and
dipole polariations. As a contrast, the moderate N-doped graphene
(NG-100) was given the moderate conductive loss and N-doping
caused dipole polarizations, thus presenting the better balance
between “a” and “D”. With the further increasing of N-doping
content, however, the dramatical enhanced conductivity of heavy
N-doped NG-240 lead to the deterioration of “D”. As a result, the
NG-240 also display the unmatched balance between “a” and “D”.
In addition, considering the similar 2D mophologies of three
absorber, the scattering effect in those absorbers should also be
give a positive effect in boosting the EMW attenuation [17,18].
Compared to the reported typical N-doped carbon-based absorbers
as shown in Table S3, the NG-X absorbers presented in this work
have the advantages of less loading and broadened EAB values.
Considering the thin thickness, light weight, and enhanced EMW
attenuation ability, the NG-X shows promising prospect in the area
of microwave absorption.
9

4. Conclusions

In summary, the graphene with gradient N doping contents
(0wt%, 3.7 wt% and 6.86wt%) have been prepared via hydrothermal
reaction of GO with urea. The “a” and “D” of graphene presents the
N-doping content dependent properies. Compared to the non-
doped graphene, the moderate N-doped NG-100 presents the
optimized EMW absorbing performance. The electromagnetic pa-
rameters and CST simulation results reveal that the boosted
attenuation ability and well-optimized impedance characteristics
should account for the enhanced EMW absorbing performance of
NG-100. The RLmax of NG-100 with 5 wt% loading is up to ~ -55 dB
and the EAB is as wide as ~6.82 GHz under 2.6 mm. The results
evidence that the moderate N-doped content of graphene is of
quite significance for adjusting the dielectric properties, attenua-
tion factor and impedance matching properties of EMW absorbers,
thus giving a combined and positive impact on EMW absorbing
performance. The less loading, thinner thickness and broadened
EAB of NG absorber demonstrate that the as-prepared NG are
suitable candidates for high performance EMW absorbers.
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