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HIGHLIGHTS

e Single-atom Fe-N, sites embedded into graphene were successfully synthesized to exert the dielectric properties of graphene.

® The absorption mechanisms of metal-nitrogen doping reduced graphene oxide mainly include enhanced dipole polarization, interface

polarization, conduction loss and defect-induced polarization.

e Excellent reflection loss of — 74.05 dB (2.0 mm) and broad effective absorption bandwidth of 7.05 GHz (1.89 mm, with filler loading

only 1 wt%) were obtained.

ABSTRACT Developing effective strategies to regulate graphene’s conduction loss
and polarization has become a key to expanding its application in the electromagnetic
wave absorption (EMWA) field. Based on the unique energy band structure of graphene,
regulating its bandgap and electrical properties by introducing heteroatoms is considered
a feasible solution. Herein, metal-nitrogen doping reduced graphene oxide (M—N-RGO)
was prepared by embedding a series of single metal atoms M—-N, sites (M =Mn, Fe, Co,
Ni, Cu, Zn, Nb, Cd, and Sn) in RGO using an N-coordination atom-assisted strategy.
These composites had adjustable conductivity and polarization to optimize dielectric loss
and impedance matching for efficient EMWA performance. The results showed that the
) of Fe—-N-RGO reaches —74.05 dB (2.0 mm) and the
) is 7.05 GHz (1.89 mm) even with

a low filler loading of only 1 wt%. Combined with X-ray absorption spectra (XAFS), atomic force microscopy, and density functional

minimum reflection loss (RL

‘min
maximum effective absorption bandwidth (EAB,,
theory calculation analysis, the Fe—N, can be used as the polarization center to increase dipole polarization, interface polarization and
defect-induced polarization due to d-p orbital hybridization and structural distortion. Moreover, electron migration within the Fe further
leads to conduction loss, thereby synergistically promoting energy attenuation. This study demonstrates the effectiveness of metal-nitrogen

doping in regulating the graphene’s dielectric properties, which provides an important basis for further investigation of the loss mechanism.
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1 Introduction

With the development of science and technology, electro-
magnetic radiation pollution is increasingly aggravated due
to the wide application of electronic equipment [1-3]. Elec-
tromagnetic radiation not only interferes with the normal
operation of equipment, but also endangers human health.
Designing and manufacturing high performance electro-
magnetic wave (EMW) absorbing materials has become a
research hotspot to protect electronic devices and humans
from electromagnetic interference and radiation [4-6]. Car-
bon-based materials (such as graphite [7], carbon black [8],
carbon nanotubes [9] and graphene [10]) have become a new
type of electromagnetic wave absorption (EMWA) materials
with great application potential due to their advantages of
low density, large specific surface area, excellent conductiv-
ity, large dielectric loss and stable chemical properties.

As a two-dimensional carbon-based material with a sin-
gle layer of carbon atoms, graphene has unique electronic
properties and excellent electron transport ability, and has
wide application prospects in the EMWA field [11-13].
However, the EMWA performance obtained directly from
graphene is not ideal due to the contradiction between the
graphene’s filler loading, impedance matching degree and
loss strength. Crystal phase transition, microstructure design,
3D conductive network, doping and defects are considered as
effective strategies to adjust impedance matching and energy
loss [14—19]. Recent studies have shown that it is difficult
for graphene absorbent materials to achieve ideal EMWA
at filling less than 5 wt% [20-22]. Therefore, achieving the
co-optimization of impedance matching and high attenuation
ability by regulating the electrical properties of graphene at
low filler loading has become an important challenge in the
EMWA field. So far, many strategies have been tried to regu-
late the conductivity of graphene, including vacancy [23],
chemical doping [24], network structure [25], surface adsorp-
tion [26] and external field sources [27], etc. Considering the
structural stability, process complexity and repeatability, het-
eroatom doping is undoubtedly an effective means to regulate
the graphene's electrical and dielectric properties..

Since the radius and extranuclear electron number of
heteroatoms are different from those of carbon atom, het-
eroatom doping can affect the surface electronic structure
and conductivity of carbon atoms to endow graphene mate-
rials more polarization sites [28]. Meanwhile, adjusting the
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morphology, defects and crystal phase of EMWA materials
has been studied and employed to demonstrate the dielectric
loss contribution through the introduction of dopants, which
is also an effective strategy to reduce thickness and weight of
materials [29-31]. Reasonable design of heteroatoms (such
as O, N, F, S, and B) doped with graphene is an important
means to open the bandgap of graphene. The type, loca-
tion and density of heteroatoms can significantly modulate
the electrical properties and dielectric loss mechanism of
graphene. Liu et al. found that the N-bond configuration,
conductivity, microstructure and dielectric properties of gra-
phene could be precisely regulated by controlling the pre-
cursor concentration and reaction temperature. The result
showed that the minimum reflection loss (RL,,;,) is up to
—53.9 dB at 3.5 mm and the maximum effective absorption
bandwidth (EAB,,,) is 4.56 GHz at 2 mm with a fill loading
of 5 wt% [32]. The lattice defects and C-F bond polariza-
tion loss caused by F atoms in graphene oxide realized the
EMWA of graphene absorbers in the S and X bands [33].
In addition, the diatomic (N/S and B/N) doping strategy
can further broaden and modulate the bandgap and elec-
trical properties of graphene and adjust the polarizability
and conductivity by controlling heteroatoms content, so
as to achieve the regulation of microwave absorption peak
and absorption intensity [34—36]. The enhanced interfacial
polarization effect and the dipole polarization caused by the
binding of heteroatom and C atom as the polarization center
play a key role in the EMW energy loss [37-39]. Doping
studies of transition metal (Fe, Co, Ni) -graphene composites
have been shown to be an effective way to alter the Fermi
energy level distribution and increase the carrier concentra-
tion and mobility of graphene due to the large number of free
electrons inside the metal [40-42]. But the electron injec-
tion amount in graphene is limited by the interface structure
because the transition metal is only adsorbed on its surface.
However, directly doping transition metal atoms in graphene
network structures is difficult due to strong C—C covalent
bonds and high energy barriers. We speculate that it is an
effective method to doping transition metal atom coordina-
tion into graphene to form M—N-C composites by using the
N atom as a "bridge", which is inspired by the atomically
dispersed metal-nitrogen (M-N) catalyst strategy [43—45].
Establishing the connection between electrical, dielectric
and EMWA properties is a key at the atomic scale in the
EMWA field. Therefore, the stable anchoring of transition
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metal atoms on graphene is crucial for the preparation of
lightweight graphene absorbers and also provides a new the-
oretical guidance for achieving "light, thin, wide and strong"
EMWA properties.

In this work, we reasonably designed and synthesized a
series of single metal atoms (M =Mn, Fe, Co, Ni, Cu, Zn,
Nb, Cd, and Sn) doped reduced graphene oxide (M-N-RGO)
with the assistance of N-coordination atoms, where M repre-
sents each metal atom. The doping of different metal atoms
has a significant regulatory effect on the electrical properties
of graphene. Taking Fe—N-RGO as an example, we investi-
gated the modulation effect of Fe-N, on the conductivity,
permittivity and EMWA properties of RGO at the atomic
scale and revealed the dielectric loss mechanism. Based
on the X-ray absorption spectra (XAFS) results, electrical
properties and density functional theory (DFT) calculation
analysis, we certificated that the electric dipoles induced by
the d-p orbitals hybridization between Fe, N, and C atoms
cause dipole polarization. Meanwhile, the introduction of
atoms caused structural distortion of graphene and increased
its intrinsic defects, resulting in defect-induced polarization
and enhanced interface polarization. In addition, graphene’s
lamellar network structure, large specific surface area and
pore structure enhance conduction loss, interface polariza-
tion effect and multiple scattering. There is competition and
synergy between the relaxation process caused by the defects,
interfaces and conduction loss, resulting in the regulation of
permittivity, which can effectively regulate the impedance
matching of pure RGO to enhance the EMW energy loss.
The results showed that the RL_;, value of Fe-N-RGO is
—74.05 dB at 2.0 mm and the EAB,,, achieves 7.05 GHz
(1.89 mm) with a low filling loading only 1 wt%. The EMWA
performance is significantly better than that of pure RGO,
N-RGO, and Fe NPs/Fe—-N-RGO, confirming that Fe and N
atom co-doping can effectively regulate the dielectric polari-
zation response and impedance matching of graphene. This
designed strategy for atomic structure engineering can be
a new pathway for the development of graphene absorbers.

2 Experimental Section
2.1 Materials

Urea (CO(NH,),), FeCl;-6H,0 and graphite powder (325
mesh and 99% purity) were purchased from Aladdin Co.,
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Itd. (Shanghai, China). All chemicals were analytical grade
(AR) without any further purification. The deionized (DI)
water used was produced by the water purification system
in the laboratory.

2.2 Synthesis of M-N-RGO (M = Mn, Fe, Co, Ni, Cu,
Zn, Nb, Cd, and Sn)

The GO was synthesized from natural graphite powder
by the modified Hummers’ method [5, 46]. The 0.5 g GO
(5 mg mL™!, 100 mL) was sonication treated for 1 h. Then,
1.2 g CO(NH,), was added to the dispersion and magneti-
cally stirred for 1 h. 10 mL FeCl;-6H,0 aqueous solution
(3 mg mL™!) was added to the mixture drop by drop and
stirred for 2 h at room temperature. The mixture was fro-
zen for 24 h until it was a solid sample in the refrigerator
and treated by freeze-drying method (— 60 °C, 0.1 Pa) for
48 h. The above products were put into the tube furnace and
carbonized at 800 °C for 1 h at a heating rate of 5 °C min~!
under Ar atmosphere. The as-obtained black solids were
referred to as Fe-N-RGO. As comparison samples and the
corresponding preparation conditions were consistent as
above, the obtained samples were called RGO, Fe/RGO,
and N-RGO in the absence of nitrogen and Fe sources. The
obtained sample was named Fe NPs/ Fe-N-RGO under
the condition of FeCl;-6H,0 excessive addition (10 mL,
6 mg mL™"). In addition, the samples and synthesis pro-
cess of M-N-RGO (M =Mn, Co, Ni, Cu, Zn, Nb, Cd, and
Sn) were studied (Supporting Information). The M-N-RGO
composites were similar to the Fe-N-RGO, except for the
use of the corresponding metal salts instead of the iron salt.

2.3 Characterization

The phase composition of the samples was characterized by
X-ray diffraction (XRD) on a DX-2700 X-ray diffractometer.
The morphology of the samples was obtained via scanning
electron microscopy (SEM, ZEISS Merlin Compact). The
diffraction patterns and high-resolution images were car-
ried out using transmission electron microscopy (TEM,
Talos F200X). The Fe content was determined by ICP-MS
(NexION 350X, PerkinElmer). The high-angle annular dark
field scanning transmission electron microscopy (HAADF
STEM) images were recorded using a JEM ARM 200F
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scanning transmission electron microscope. The elemental
composition of the samples was chartered by X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi). The Raman
spectra were characterized by inVia-Reflex Raman spec-
troscopy system with 532 nm laser. The Fe K-edge XAFS
were recorded on the BL14W1 beamline of the Shanghai
Synchrotron Radiation Facility (SSRF) using a Si (111)
double crystal monochromator. The functional groups on
the surface of the samples were detected by Fourier trans-
form infrared spectrometer (FTIR, Nicolet is50). The sur-
face areas and pore structure of samples were measured by
Brunner-Emmett-Teller (BET, BSD-PS) method and the cor-
responding Barret-Joyner-Halenda (BJH) method, respec-
tively. The magnetic hysteresis loops of the material were
tested by physical property measurement system (PPMS,
Dynacool-14 T). The electrical properties were carried
out by scanning probe microscope (SPM, Bruker, Dimen-
sion Fastscan). The coaxial shaped samples (®in:3.04 mm,
®out:7.00 mm, d=2.0 mm) were mixed with paraffin at a
filler loading of 1 wt%. Electromagnetic parameters (e, and
) were measured using a vector network analyzer (VNA,
Agilent N5245A). The RL values were calculated based on
the transmission-line theory as follows [47, 48]:

Zin B ZO
Zin + ZO

U, 2nfd
Z;, = Zyy le—tanh<]Tf1/yre,> 2)

where Z;, represents the input impedance and Z, is the
impedance of free space, d and c are thickness of the
absorber and velocity of light.

RL(dB) = 20 log

ey

2.4 Density Functional Theory Calculation Details

All of the calculation results of graphene, N-graphene and
M-N-Graphene (M =Mn, Fe, Co, Ni, Cu, Zn, Nb, Cd, and
Sn) were carried out by the castep module of Materials Stu-
dio software based on DFT. The ion—electron interactions
were described by the OTFG ultrasoft pseudopotential. The
Generalized Gradient Approximation (GGA) method with
Perdew-Burke-Ernzerhof (PBE) functional was adopted to
solve the exchange and correlation functional energies. The
cutoff energy and k-point mesh were determined as 800 eV
and 5Xx5Xx 1, respectively. The calculation accuracy was
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1.0x 1073 eV per atom. The thickness of the vacuum layer
along the c-axis is fixed at 15 A.

3 Results and Discussion
3.1 Synthesis and Characterization of Fe-N-RGO

Fe—N-RGO was prepared by introducing urea as an N source
and Fe3* as a Fe source mixed with GO through simple
freeze-drying and carbonization methods. The preparation
process diagram of Fe—-N-RGO is shown in Fig. la. The
reference samples are labeled as RGO, Fe/RGO, N-RGO,
and Fe NPs/Fe—N-RGO based on the presence of Fe and
N dopants. The crystal structure of samples was char-
acterized by XRD as shown in Fig. 1b, all samples have
wide characteristic peaks at about 26.5°, corresponding to
graphite (002) crystal plane. SEM and TEM results show
that Fe—-N-RGO exhibits a wrinkled sheet with no obvious
nanoparticles, which is consistent with the microscopic
morphology of RGO and N-RGO (Figs. 1c, d and Sla-e).
HRTEM image and the SAED pattern results show that
Fe—N-RGO has an amorphous structure and no visible Fe
nanoparticles, indicating that Fe exists in the form of iso-
lated atoms (Fig. le) [49]. The distribution of Fe-N-RGO
on atomic scale was characterized using atomic resolution
HAADEF-STEM. Those isolated bright spots marked by red
circles represent partially scattered Fe atoms because of the
much larger atomic number than C. It can be observed that
Fe atoms are uniformly dispersed in Fe—-N-RGO (Fig. If,
g). The elemental distribution of Fe—-N-RGO is shown in
Fig. 1h, in which the C, N, O, and Fe elements are uniformly
dispersed in RGO. As a reference sample, Fe/RGO shows
that Fe is uniformly dispersed on RGO with ~ 10 nm nano-
particles, indicating that the N atom plays an indispensable
role of coordination atom to participate in the synthesis of
Fe—N-RGO (Fig. Slc, f). From the TEM images as shown in
Fig. S1g-i, with the increase of Fe sources, Fe nanoparticles
(with 20-50 nm) are loaded on RGO sheets. STEM-EDS
element mapping results indicated that C, N, and O were
uniformly distributed in RGO, while Fe was distributed on
RGO and Fe nanoparticles in Fe NPs/ Fe-N-RGO. Moreo-
ver, ICP-MS analysis revealed Fe contents of 0.86, 2.6, and
3.3 wt% in Fe/RGO, Fe-N-RGO, and Fe-NPs/Fe-N-RGO
(Fig. S2a).

https://doi.org/10.1007/s40820-024-01518-x
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Fig. 1 Preparation process and microstructural characteristics of Fe-N-RGO. a Schematic illustration of the preparation process of the Fe—N-
RGO composite. b XRD patterns, ¢ SEM image, d TEM image, e HRTEM images (inset: SAED pattern), f, g HAADF-STEM images and h
STEM image and EDS elemental mappings of Fe—-N-RGO

To analyze the atomic structure of Fe—-N-RGO, XPS mainly composed of Fe, O, N, and C, indicating that Fe

spectroscopy, Raman and XAFS of samples were charac-  and N are successfully doped into RGO (Fig. S2b). The
terized. The XPS full spectrum shows that Fe-N-RGO is ~ high-resolution Fe 2p spectrum shows two typical peaks
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at 710.1 and 723.7 eV, belonging to Fe 2p,,, and Fe 2p,,,
(Fig. 2a). It can be resolved into Fe?* 2ps, (709.6 €V),
Fe** 2p;, (711.7 eV), Fe** 2p,, (723.6 eV), and Fe** 2p,
(725.5 eV), proving that Fe?* and Fe>* exist in the sample.
Compared with Fe-N-RGO, Fe/RGO, and Fe-NPs/Fe—N-
RGO exhibit Fe” characteristic peaks (708.4 eV) due to the
presence of Fe nanoparticles [50]. As shown in Fig. 2b,
c, the N 1s spectrum of Fe-N-RGO and Fe-NPs/Fe—N-
RGO can be decomposed into pyridinic N (398.2 eV),
Fe-N, (398.8 eV), pyrrolic N (399.7 eV) and graphitic
N (401.4 eV). N-RGO only has pyridinic N, pyrrolic N
and graphitic N. Fe-N, is formed due to the interaction
between pyridinic N and isolated metal Fe atoms in RGO
[51]. The results show that the introduction of Fe could
promote the Fe-N configuration, which will be expected
to be regarded as the polarization site in the dielectric
loss mechanism. Moreover, due to the introduction of N,
the high-resolution C 1s spectrum (Fig. S2¢) shows four
peaks of C-C, C-0O, C-N, and O-C=0 at 284.8, 285.2,
286.4, and 288.9 eV. The results of FTIR spectra of sam-
ples indicate that N may be introduced into the carbon
network structure to form C—N bonds (Fig. S3). The above
results indicated that the N atom has been successfully
doped into the carbon lattice to form Fe-N-C. From the
Raman spectrum (Fig. 2d), the characteristic peaks D band
and G band represent carbon defects and graphitization at
1349 and 2800 cm™!, respectively [52]. The Iy/1; value of
samples increased from 0.98 to 1.14, indicating that the
introduction of N and Fe atoms can cause distortion in the
carbon network to create more defects, which can serve as
dipoles to increase dielectric loss [53].

To further investigate the atomic structure and chemical
coordination environment of Fe, X-ray absorption near-
edge structure (XANES) and X-ray absorption fine struc-
ture (EXAFS) analyses of Fe—-N-RGO were shown at the
Fe K-edge. As shown in Fig. 2e, the absorption edge of Fe
is closer to FePc, indicating that Fe is positively charged in
Fe—N-RGO. Notably, no additional peak was observed at
7110.5 eV, indicating a planar structure [54]. In addition,
the bonding properties of Fe were analyzed by Fourier trans-
form EXAFS (Fig. 2f). Fe-N-RGO does not show significant
Fe—Fe interactions (2.23 A), indicating that Fe is atomically
dispersed, which is consistent with HAADF-STEM results.
It also shows that a distinct peak (1.4 10\) corresponds to the
Fe—N bond with coordination numbers of 3.9, indicating that
four N atoms form a plane structure centered on the Fe atom
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(Table S1) [55]. The fitting results also clearly showed that
the Fe center bonds with four N atoms in the plane to form
Fe-N, embedded in the graphene skeleton (Figs. 2g, h and
S4). Furthermore, the EXAFS wavelet transform of Fe—N-
RGO shows intensity maximums at k=3.95 A=, which
further supports the N coordination structure in Fe-N-RGO
(Fig. 2i). From the above XPS and XAFS results, it can be
confirmed that the O atom does not participate in the coor-
dination, but exists in the form of C-O and C=0 bonds.
The N, adsorption—desorption isotherms were used to attain
porous features of N-RGO and Fe-N-RGO composites. As
shown in Fig. S5, the adsorption—desorption curves exhibit
that the two samples were of classical type IV, suggesting
a mesoporous material characteristic [56]. The specific sur-
face area and the pore size of Fe-N-RGO are 233.4 m? g~
and 7.1 nm which are higher than those of N-RGO (203.8
m? g~! and 6.2 nm). The above results indicate that the large
specific surface area and more pores of graphene sheets will
increase the propagation path of EMWs, which is conducive
to impedance matching and multiple scattering to improve
the attenuation ability.

3.2 Analysis of Electromagnetic Parameters
and EMWA Performance

In order to explore the absorbing properties, the electromag-
netic parameters (¢,=¢’-j-¢" and p,=p’-j-p") of samples (1
wt%) were characterized at 2—18 GHz. Figure 3a—c shows
e’, e”, and tand, values of RGO, Fe/RGO, N-RGO, Fe-N-
RGO, and Fe NPs/Fe-N-RGO. Pure RGO exhibits lower €’
(5.62—4.52) and " (0.89-0.26) values, which means that its
dielectric loss plays a less role in EMWA due to low filling.
Compared with the €, of Fe/RGO, the dielectric response
of N-RGO is greater in the electromagnetic field with &’
of 10.38-5.62 and &" of 4.52—-1.71. The introduction of N
atoms could greatly increase the RGO defects, resulting in
defect-induced polarization and interface polarization effect.
Further, the introduction of Fe atoms intensifies the polari-
zation loss in the Fe-N-RGO, and the €' and &” values are
raised to 14.43-8.27 and 6.23-3.51. With the increase of
Fe, the €’ (18.57-9.37) and €" (9.74—4.32) of Fe NPs/Fe-N-
RGO further increase due to defects polarization and the
interface polarization between Fe nanoparticles and Fe—N-
RGO. According to €’ and €" curves, we can also obviously
observe that N-RGO, Fe-N-RGO and Fe NPs/Fe-N-RGO

https://doi.org/10.1007/s40820-024-01518-x
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Fig. 2 Atomic structure characterization of samples. The high-resolution a Fe 2p, b N 1s XPS spectrum and c¢ the corresponding N content in
samples. d Raman spectra. e Fe K-edge XANES spectra. f FT-EXAFS curve. EXAFS fitting curve at g k-space, h R space and the atomic struc-
ture model of Fe-N-RGO. i Wavelet transform contour plots of Fe foil, FePc and Fe-N-RGO

all have polarization relaxation peaks, indicating that the
dielectric loss caused by polarization loss has an important
contribution to EMWA. Meanwhile, the complex permit-
tivity of samples decreases with the increase in frequency,
which is a typical dispersion behavior of carbon materials
[57]. From the permeability curves (p' and p”), it can be
found that all samples have ' values close to 1 and p” values
near 0, indicating that magnetic loss is negligible (Fig. S6).

SHANGHAI JIAO TONG UNIVERSITY PRESS

Figures 3d—g and S3 show the RL values of samples at differ-
ent thicknesses and frequencies. As shown in Fig. S7, pure
RGO shows poor EMWA performance. The introduction of
Fe nanoparticles slightly increased the EMWA performance
of Fe/RGO, where RL;, value is -13.56 dB at 18 GHz and
EAB,,., is 2.03 GHz (8.82-10.85 GHz) at 3.49 mm (Fig. 3d).
Parallelly, the introduction of N atoms into RGO can sig-

nificantly improve the EMWA performance, the N-RGO
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composite achieved RL;, of —45.27 dB at 7.97 GHz and
EAB,_,, of 6.41 GHz (11.59-18 GHz) at 2.16 mm (Fig. 3e).
Fe and N atoms doped in RGO can further greatly improve
the EMWA performance. The RL_;, value of Fe—-N-RGO
reaches -74.05 dB at 12.22 GHz (2.0 mm) and the EAB
achieves 7.05 GHz (10.95-18 GHz) at 1.89 mm (Fig. 3f).
This is mainly due to the intrinsic defect-induced polariza-
tion, dipole polarization and strong interface polarization
effect caused by atom doping. With the increase of Fe con-
tent, Fe NPs/Fe-N-RGO shows lower RL,;, (— 28.79 dB,
15.35 GHz) and EAB,,, (4.56 GHz, 13.44-18 GHz) at
1.5 mm (Fig. 3g). The carrier injection mechanism of Fe

max

into RGO further enhances the interfacial polarization and
conduction loss at the Fe/RGO interface, which is consistent

© The authors

with our previous work [58]. High conductivity can lead to
strong reflection between air and material interface due to
impedance mismatch, which limits further improvement in
EMWA performance. More intuitively, the RL ;. and the
EAB,,, values for all samples are summarized in Fig. 3h.
Fe-N-RGO composite exhibits high loss and broadband
EMWA performance, which can be interpreted as Fe-N-C
synergistic dielectric polarization mechanism.

3.3 Analysis of EMWA Loss Mechanism

To further elucidate the EMW dielectric loss mechanism,
the attenuation mechanism of conductivity and polarization

https://doi.org/10.1007/s40820-024-01518-x
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loss is analyzed. According to doping studies, both Fe and
N can promote electron transport in the material to obtain
good conductivity [59, 60]. Based on Debye theory, the €,"
and €_." can be expressed as [61]:

' €5~ €

€= +——
> 1+ a2 )
E,—E o
" " " s [e5)
=+l =—=wr+ —
P ¢ 14 w?r? wE, )

The e." and &," are the loss capacity of the conduction
and polarization, respectively. As shown in Fig. 4a, b,
the conductivity of Fe—-N-RGO and Fe-NPs/Fe-N-RGO
increases significantly due to the rapid transfer of electrons
between Fe, N, and C, resulting in enhanced conduction loss
(Fig. S8a). At the same time, the introduction of Fe and
N increased the RGO defects resulting in defect-induced
polarization. Further, orbital hybridization between Fe and
N transfers electrons from Fe to N atoms, which leads to the
formation of polarization sites for Fe—N bonds to enhance
dipole polarization and interface polarization. The pres-
ence of Fe nanoparticles improves the conductivity but
also introduces more heterogeneous interfaces, resulting in
the simultaneous enhancement of conductivity loss, dipole
polarization and interface polarization according to the car-
rier injection mechanism. Meanwhile, Fig. 4c shows that
the average €,"/e." values of the sample are higher than 1,
indicating that the polarization loss is dominant. With the
increase of Fe content, €,"/e." gradually decreases due to the
conductivity enhancement. It is widely believed that a high
proportion of conduction loss is more likely to cause imped-
ance mismatch. The attenuation constant () expresses the
loss capability of EMW energy, which can be represented
as [62]:

\2af
a= —

X \/(/1”6” —we) + \/(;4”6” _ ﬂ/€')2 +(pe” — M//g/)z

®

Figure 4d shows that the o of samples is gradually
enhanced and increases with frequency. Polarization relaxa-
tion behavior is described by introducing Debye theory in
this work. Each Cole-Cole semicircle represents a Debye
relaxation process [63]. From Fig. S8b—f, the Cole—Cole
curves of the samples have the same semicircle number
indicating the same type of polarization relaxation. The
smooth tails indicate that conduction loss is dominant at low
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frequencies, which is consistent with the results in Fig. 4a. In
general, a good impedance match is also an important condi-
tion for absorbers [64]. However, the impedance mismatch
caused by high conductivity is not conducive to energy loss
(Fig. S9). Therefore, excellent EMWA performance to be
obtained requires the synergetic effect of attenuation abil-
ity and impedance matching. As shown in Fig. S10, we can
see that the RL,;, values gradually shift toward to a low
frequency with increasing the sample thickness, which can
be explained by the quarter wavelength matching model
[65-68]:

nc

t,=—4

m

= n=1,3,5,-- 6
4,/ e, | ©

B~

where 7, is the matching thickness, f,, is the matching fre-
quency, 4 represent the wavelength of the EMW and z, “?
is the actual absorber thickness. When the matching thick-
ness of the sample satisfies formula (6), incident wave will
reflect 180° on each interface with inverse phases, leading to
energy attenuation of EMW. For N-RGO and Fe-N-RGO, it
is clear that these practical matching thicknesses are consist-
ent with the simulated thicknesses, demonstrating that the
superior EMWA performance obeys the quarter-wavelength
matching model. Besides, ideal impedance matching val-
ues are desired with a IZ; /Z| value of 1, which show that
all incident EMW could enter the interior of the absorber
for subsequent attenuation. The impedance matching val-
ues of N-RGO and Fe-N-RGO at different thicknesses are
very close to 1, demonstrating efficient EMWA along with
good impedance matching. Further, the electrical properties
of RGO, N-RGO, and Fe-N-RGO at the micro-nano scale
were characterized by atomic force microscopy (KPFM,
EFM and C-AFM). Figure 4el1—e3 shows that the surface
potential, phase and current distribution images of RGO are
all in lower values (dark area). The electrical signal inten-
sity of N-RGO and Fe-N-RGO are gradually increased and
the color distribution are uniform (bright region) in Fig. 4f,
g. The above results are mainly attributed to the following
aspects: Firstly, the surface potential difference proves that
the Fermi energy level of graphene has changed due to the
doping of Fe atoms. Secondly, doping of Fe and N atoms
forms strong electric dipoles (N—C and Fe—N-C), which
enhances the internal potential and charge accumulation,
resulting in a higher surface charge distribution. Thirdly,
the surface current distribution images show an increas-
ing trend due to electron migration of dopants to graphene,
which enhances its conductivity.

To better understand the mechanism of doping, the atomic

scale Fe-N—C structure was constructed based on XAFS and
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the charge density difference was calculated using DFT. As
shown in the density of states (DOS) and partial density of
states (PDOS) diagrams (Fig. 4h), the DOS of Fe-N-RGO
is significantly higher than that of RGO and N-RGO at the
Fermi level, and the center of the d-band is close to the Fermi
level. This is due to the fact that Fe occupies more orbitals
and electron distribution, which changes the graphene Fermi
energy level and endows it richer electronic states. As shown
in Fig. 4i, j, the blue and red regions represent electron accu-
mulation and electron depletion. Obviously, the charge den-
sity difference results show that electron migration from the
Fe atom to the N atom due to the 3d-2p orbital hybridization
at the Fermi level, resulting in the charge being redistributed
in Fe-N-C. Each Fe-N—C site can be regarded as a dipole
(polarization center) forming an enhanced dipole polariza-
tion loss and interface polarization effect under electromag-
netic fields. Therefore, the Fe-N doped RGO microstructure
EMW loss mechanism was analyzed as shown in Fig. 4k.
Firstly, graphene’s sheets network structure is conducive to
electron migration and jumping, which greatly enhances its
conduction loss. Secondly, the introduction of atoms caused
structural distortion of graphene and increased its intrinsic
defects, resulting in defect-induced polarization and interfa-
cial polarization. Most importantly, electrons are transferred
from the Fe to the N atom due to the 3d-2p orbital hybridi-
zation, resulting in an enhanced Fe—N bond. The dipoles
formed by Fe-N—C increase a large number of polarization
centers in RGO lamella structure, leading to enhanced dipole
polarization loss and strong interface polarization effect.
Moreover, electron migration also enhances the conductiv-
ity of RGO, resulting in increased conduction loss. Hence,
Fe—-N-RGO exhibits remarkable EMWA performance under
the coordination of various loss mechanisms.

3.4 Analysis of EMWA Performance and Mechanism
of M-N-RGO

To further explore the dielectric loss mechanism induced by
atomic doping, metal elements with physicochemical prop-
erties close to Fe were doped into RGO to obtain M-N-RGO
composites (M =Mn, Fe, Co, Ni, Cu, Zn, Nb, Cd, and Sn).
Their electromagnetic parameters (1 wt%) were measured,
as shown in Fig. 5a-d. Interestingly, the €’ and &” values of
M-N-RGO are significantly different, while the p’ and p"
values of the permeability are = 1 and = 0, respectively

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

(Fig. S11a—c). The obvious variation in dielectric properties
of M—N-RGO may be attributed to the difference in the elec-
trical properties of M—N. Figure 5c shows that the average
e,"/e." values of M-N-RGO are higher than 1, indicating
that polarization loss is dominant. This shows that the degree
of polarization relaxation caused by metal atom doping is
higher than the conduction loss, which is consistent with
the separate conduction and polarization loss (Fig. S11d-f).
In detail, the doping of elements with the same period as
Fe further enhances the conductivity of graphene, while
the doping of elements with the fifth period is the opposite
due to the difference in electron transfer ability in M—N.
According to the transmission line principle, M-N-RGO
composite’s EMWA performance is calculated, as shown
in Figs. 5e and S12a, b. Among them, Fe—-N-RGO shows
excellent RL,;, (—74.05 dB, 12.22 GHz) at 2.0 mm and
EAB,,, (7.05 GHz, 10.95-18 GHz) at 1.89 mm. The RL;,
value of Mn-N-RGO is —34.47 dB at 10.10 GHz (2.5 mm),
the EAB,,, reaches 6.45 GHz (11.55-18 GHz) at 1.81 mm.
The RL,;, values of Co-N-RGO and Ni-N-RGO are —19.95
at 10.24 GHz and —15.65 dB at 11.78 GHz, the EAB_,, are
5.99 GHz (12.01-18 GHz) and 3.26 GHz (14.74-18 GHz),
respectively. The EMWA property of Cu—N-RGO is sig-
nificantly lower than those of the above materials due to
impedance mismatch (Fig. S12¢). The M-N-RGO com-
posites (M=Zn, Nb, Cd and Sn) obtain significant EMWA
properties due to suitable impedance matching and attenu-
ation characteristics (Fig. S12). Similarly, to establish the
connection between conduction, polarization, and EMWA
at the atomic scale, the M—N-Graphene geometric model
is constructed using first principles and its DOS, PDOS,
and charge density difference are calculated (Fig. 5f, g).
From Fig. 5g, the electronegativity difference of M-N-C
atoms changes electron cloud distribution and M—-N bonds
also exhibit different charge transfer degrees (blue and red
areas represent charge accumulation and charge depletion,
respectively). The metal atoms (Mn, Co, Ni and Cu) gradu-
ally transfer electrons to N and C, showing a strong charge
transfer due to orbital hybridization between M 3d and N
2p. The strong 3d-2p orbital hybridization mode causes the
M-N-C to form an electric dipole, inducing an enhanced
dipole polarization loss and interface polarization in the
electromagnetic field. On the other hand, electron migra-
tion also enhances the conductivity of RGO, resulting in
increased conduction loss. However, compared with the
strongly interacting d-p orbital hybridization, M—N (Zn,
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Nb, Cd, and Sn) mainly exhibits the weakly interacting s-p
orbital hybridization at the Fermi level of graphene. Low
electron transfer between M—N (Zn, Nb, Cd, and Sn) bonds
leads to low conduction and polarization losses (Fig. S13).
Thus, each M-N—-C site can be regarded as a dipole polari-
zation center, and the orbital hybridization within it causes
conduction and polarization losses to be enhanced to varying
degrees, thereby increasing EMWA. Figure 5h summarizes
the best EMWA performance of M-N-RGO composites in
this work compared to other references related to N-doped
RGO-based materials at different filling contents (Table S2).
The new Fe—N-RGO composite will be an ideal candidate
for a new generation of lightweight, broadband and highly
efficient EMWA materials.

4 Conclusion

In summary, we successfully prepared Fe—N-RGO by
embedding single-atom Fe-N, sites into RGO and explored
the dielectric attenuation mechanism to establish the rela-
tionship between conduction, polarization and EMWA at the
atomic scale. The XPS and XAFS results demonstrated the
strong interaction between Fe—N bonds. AFM and DFT cal-
culation analysis showed that the 3d-2p orbital hybridization
in Fe-N, induces the electric dipole formation leading to
dipole polarization and electron migration leads to conduc-
tion loss and relaxation enhancement. In addition, the intro-
duction of heteroatoms causes the graphene lamellar struc-
ture distortion to defect-induced polarization and interface
polarization, thereby synergistically promoting EMW energy
loss. The results showed that RL,;, of Fe-N-RGO reaches
—74.05 dB at 2.0 mm and the EAB_,, achieves 7.05 GHz
at 1.89 mm with a low filler loading of only 1 wt%. Further,

max

experimental and theoretical calculations have also con-
firmed that a series of metal heteroatom doping (M—N-RGO)
can provide an effective means to modulate the electrical
properties of graphene, which provides an important refer-
ence for refining the graphene's dielectric loss mechanism.
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