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Abstract
Synergistic composite design of dielectric and magnetic materials is a highly attractive strategy to attenuate an electromag-
netic wave. Herein, an  Fe4N/N-doped reduced graphene oxide (N-rGO) composite is synthesized with a facile solvothermal 
method plus nitridation process. Notably, the rGO not only provides dielectric loss, but also reduces the nitride potential 
during the nitridation process and promotes the phase formation of  Fe4N from  Fe3O4. The electromagnetic wave absorption 
performance of  Fe4N/N-rGO is thoroughly studied and reveals that designed  Fe4N/N-rGO composite has a minimum reflec-
tion loss of −53.1 dB at 14.8 GHz with a thickness of 1.6 mm. Additionally, the reflection loss value of −41.63 dB is also 
achieved at a thinner matching thickness of 1.38 mm. The mechanism of the enhanced microwave absorption performance 
is proposed and is mainly due to the synergistic electromagnetic wave absorption with compositional advantages of rGO 
and  Fe4N as well as a proper impedance match.
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Introduction

With the rapid development of electronic technology, 
human health and delicate devices are under the potential 
threat of electromagnetic (EM) radiation.1,2 The acknowl-
edged strategy is to transform an EM wave into thermal or 
other forms of energy by using absorption materials, which 
must have desirable properties with excellent microwave 
attenuation ability, wide effective absorption bandwidth 
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(EAB), and they must be light weight and thin.3,4 To date, 
the loss mechanism of an EM wave includes dielectric loss 
and magnetic loss contributed by conductive and mag-
netic materials, respectively. The consensus is that single 
magnetic or dielectric material cannot achieve satisfactory 
absorption performance because they do not perform well 
on all bandwidths due to different working mechanisms. It 
is well accepted that integration of magnetic material and 
dielectric material into one design is a suitable strategy to 
achieve good EM materials using their synergistic effect 
on dielectric loss and magnetic loss.

Iron-based materials with well-recognized magnetic 
properties, excellent physical and chemical properties have 
been widely utilized in microwave absorption,  electronic 
devices, batteries and electrocatalysis.5,6 In recent years, 
iron nitrides  (FexN, X = 2, 3, 4) as magnetic components 
have attracted great attention because they have better 
oxidation resistance than other iron-based magnetic mate-
rials, larger magnetic saturation and higher Snoek limit 
than that of ferromagnetic metal oxides. In addition, high 
corrosion resistance is also a favorable characteristic of 
iron nitrides.7,8 Currently, many works on iron nitrides for 
microwave absorption have been reported, and enhanced 
EW absorption properties were demonstrated. For exam-
ple, Cui et al. prepared an  Fe3N/C composite by using 
organic amine as the substitution for the nitrogen and car-
bon source. Their sample showed a reflection loss (RL) 
value of −42.53 dB at 17.5 GHz with a thickness of 1.35 
mm.9 In another of their works, core-shell  Fe2N@N-doped 
carbon was prepared by nitriding the cubic precursor of 
 Fe2O3@polydopamine (PDA). The best performance of 
−59.3 dB at 17.1 GHz with 1.55 mm was observed.5 How-
ever, the above composites cannot easily meet the require-
ments of high RL value and broad EAB at the same time, 
and are thus unfavorable for practical applications. There-
fore, it is still challenging to develop iron nitrides with 
good comprehensive EM properties.

Compared with  Fe2N and  Fe3N,  Fe4N exhibits a higher 
saturation magnetization (Ms) value and a greater magnetic 
loss, which makes it an optimal magnetic candidate.7,10 
However, it is worth noting that the required nitrogen poten-
tials for  Fe2N,  Fe3N and  F4N are fairly close, with ~33%, 
~25% and ~20% atomic N, respectively.8 It is rather tough to 
synthesize  Fe4N because of its lowest nitrogen potential. If 
the nitrogen potential is not precisely controlled, raw materi-
als cannot be nitrided completely and multiphase products 
will appear. For example, when  Fe2O3@polyaniline (PANI) 
composite was maintained at 510 °C for 5 h in ammonia 
gas, a main phase of  Fe4N plus minor  Fe3N and  Fe3O4 were 
obtained due to the incomplete nitridation reaction.11 There-
fore, a cautious nitrogen potential-controlling operation 
ought to be carried out for the synthesis procedure of  Fe4N 
or  Fe4N-based composites.

Graphene is a typical ultra-light dielectric loss material, 
possessing good conductivity, large surface area, which is 
beneficial for absorbing EM waves. Meanwhile, the exposed 
functional groups and defects on the surface of graphene 
can produce localized state and polarization relaxation for 
attenuating EM waves.12 Thus, graphene is viewed as one 
of the best choices to combine with  Fe4N.

In this work,  Fe4N/N-rGO was obtained by calcining the 
 Fe3O4/rGO composite under ammonia atmosphere. The 
complete phase transformation from  Fe3O4 to  Fe4N was 
successfully realized. The electromagnetic properties were 
measured and an excellent microwave absorption ability at 
both low and high frequency was detected. The effects of 
rGO content and calcination temperature on the phase type 
of iron nitrides are discussed. In addition, the mechanism of 
microwave absorption process is investigated.

Experimental Section

Preparation of  Fe3O4/rGO Composites

The  Fe3O4 particles anchored on rGO nanosheets were 
prepared via a mild solvothermal method according to our 
group’s previous work.13 Composites with various GO con-
tent (0–50 wt.%) were marked as  Fe3O4, S1, S5, S10, S30 
and S50, respectively.

Preparation of Iron Nitride/N‑rGO Composites

Because of the good atomic diffusion and phase transfor-
mation at high temperature,14 solid-phase reaction method 
was adopted to synthesize iron nitride/N-rGO composites. 
Ammonia gas is commonly used in the nitridation process.15 
Thus, the as-prepared samples including  Fe3O4, S1-S50, 
were annealed at a heating rate of 5 °C/min with an  NH3 
flow of 150 mL/min and maintained at 500 °C, 600 °C and 
700 °C for 4 h, respectively. The products derived from S50 
were labeled as S500, S600 and S700 while the products 
originating from  Fe3O4 were labeled as F-500, F-600 and 
F-700.

Characterization and Measurement

The crystal structures of the prepared samples were char-
acterized by X-ray diffraction (XRD) on an X-pert powder 
diffractometer with Cu Kα radiation (λ = 0.154056 nm). 
The morphology and microstructure of the samples were 
observed by scanning electron microscopy (SEM, ZEISS 
G300), transmission electron microscopy (TEM, JEOL 
JEM-2100). Energy dispersive X-ray spectroscopy (EDS) 
was used to analyze the elemental compositions of the 
samples. Raman spectra were obtained on a LabRAM HR 
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Evolution spectrometer with an excitation laser wavelength 
of 532 nm. The magnetization hysteresis curves were meas-
ured on a MPMS-XL-5 vibration sample magnetometer with 
the applied field up to 10 kOe. X-ray photoelectron spec-
troscopy (XPS) measurement were carried out on Thermo-
Scientific K-Alpha instrument (Al Kα source, 1486.6 eV). 
The electric conductivities of the samples were measured via 
a four-point probe (RTS-9) at room temperature.

The EM parameters were measured via a vector network 
analyzer (Agilent PNA-E8363B) in the frequency range of 
2–18 GHz based on the coaxial method. The sample for 
microwave absorption measurement was mixed with a paraf-
fin matrix at a loading ratio of 50 wt.% and then pressed into 
a toroid shape (φout, 7.00 mm; φin, 3 mm) with a thickness 
of 2 mm.

Results and Discussion

Figure 1a illustrates the synthesis process of S500, S600 
and S700.  Fe3O4/rGO samples were firstly obtained by 
the in situ growth of  Fe3O4 particles on reduced graphene 
oxide nanosheets through a solvothermal method and then 
transferred into a tube furnace for a nitrogen treatment at 
high temperatures under an ammonia gas atmosphere. To 
clearly describe the state of the surface atoms, the schematic 
illustration for the nitridation process is shown in Fig. 1b. 
At the beginning, gaseous  NH3 was captured by surface Fe 
atoms. Next, the N-H bond tended to be broken at a certain 

temperature and the generated movable H atoms combined 
with surface O atoms to form  H2O. The oxygen vacancies 
formed after dehydration. As a result, the oxygen concen-
tration difference between the inner material and surface 
was formed, which provided a driving force for the internal 
O atoms diffusion to the outside. Similarly, as the reaction 
proceeded, there was also a nitrogen concentration differ-
ence, which promoted the diffusion of surface N into the 
inside part of  Fe3O4. The equilibrium concentration of Fe-N 
on the surface of the material determined the final product. 
Notably, the rGO consumed part of the ammonia gas for 
self-reduction, alleviating the nitrogen potential acting on 
the surface of  Fe3O4, which was beneficial for the forma-
tion of  Fe4N.

The XRD patterns of S50, S500, S600 and S700 are dis-
played in Fig. 2a. In our previous work, S50 is confirmed to 
be composed of  Fe3O4  and rGO13. Various crystal structures 
of the products are formed under different temperatures. To 
be specific, S500 has a similar spectrum to S50, except for 
the part marked with the black dotted box, in which the dif-
fraction peaks located at about 38º, 40.8º, and 43.4º could be 
assigned to the (110), (002), and (111) lattice planes of  Fe3N 
(JCPDS No. 83-0876). For S600, three distinct peaks at 
41.1º, 47.9º and 70.1º match well with the lattice planes 
(111), (200) and (220) for  Fe4N (JCPDS No. 83-0875). 
According to Scherrer's equation,D =

0.89�

�cos�
 , where � is the 

X-ray wavelength (0.154056 nm), � is the diffraction angle, 
� is the half width of the observed diffraction peak. The 

Fig. 1  (a) The scheme of the synthesis process for S500, S600 and S700, (b) the schematic explanation for the nitridation process.
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calculated particle size of S600 is 22 nm. For S700, apart 
from the peaks of  Fe4N, other diffraction peaks located at 
about 38.2º, 41.1º, 43.6º and 44.6º correspond to the lattice 
planes of (110) (002) (111) for  Fe3N (JCPDS No. 83-0877) 
and (110) for Fe (JCPDS No. 87-0821), respectively. The 
diffraction peaks of rGO at around 26° for S600 and S700 
are invisible, which may be attributed to the weak crystal-
linity and scattering power.16 It can be concluded that the 
temperature plays a crucial role in affecting the formation of 
the novel  Fe4N/rGO composites. Figure 2b illustrates the 
phase structures of F-500-700. The result shows that pure 
 Fe3N is obtained when the temperature is 500 °C and mixed 
 Fe3N/Fe4N is formed when the temperature increases to 
600 °C and 700 °C. It suggests that the absence of rGO 
makes it difficult to synthesize pure  Fe4N.

In order to shed light on the effect of rGO content on 
phase composition, S1-S30 was also treated with the same 
nitridation process and the corresponding XRD patterns 
are shown in supplementary Figure S1. Unfortunately, all 
products contain multiphases of iron nitrides instead of pure 
 Fe4N. The rGO shares a certain amount of ammonia in the 
nitridation process. The reduced nitrogen potential builds 
a favorable formation environment for  Fe4N. The crystal 
structures of  Fe3O4 and  Fe4N, as well as the correspond-
ing lattice parameters are presented in Fig. 2c. The phase 

transformation can be seen intuitively. Raman spectra of 
S50, and S600 are shown in Fig. 2d. There are two broad 
peaks located at ~1350  cm-1 and ~1590  cm-1 representing 
the D band from disordered carbon or defective graphitic 
structure and the G band from the highly ordered graphitic 
lattice, respectively.17–19 The inset in Fig. 2d exhibits the 
typical 2D peak of graphene at around 2680  cm-1, suggesting 
the presence of rGO.20 The intensity ratio of D and G bands 
 (ID/IG) is widely utilized to evaluate the defect density in 
carbon materials.21 The  ID/IG value of S600 (1.248) is higher 
than that of S50 (1.054), which suggests that the incorpora-
tion of N atoms generates defects or lattice distortion and the 
electronic polarization is promoted.16

XPS data were used to determine the element composi-
tion and chemical bonding state for nanomaterials.22 The 
survey spectrum in Fig. 3a demonstrates the presence of Fe, 
N, C, O in S600, where the oxygen comes from the oxygen-
containing functional groups remaining in rGO or the oxy-
gen in the air. The high-resolution XPS spectra for C 1s, 
N 1s and Fe 2p are shown in Fig. 3b-d, respectively. The 
N 1s spectrum of S600 in Fig. 3c can be fitted into three 
peaks at 397 eV, 398.3 eV, and 400.3 eV, which are attrib-
uted to Fe-N, pyridinic-N, and pyrrolic-N, respectively.5,23 
The three peaks at 284.7 eV, 285.5 eV, and 286.3 eV can 
be observed in the C 1s spectrum, as shown in Fig. 3b, and 

Fig. 2  XRD patterns of (a) S50, S500, S600 and S700, (b) F-500, F-600 and F-700, (c) the lattice parameters of iron oxide and iron nitride, (d) 
Raman spectra of S50 and S600.
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are assigned to C-C, C-N, and C=O bonds, respectively.24 
The aforementioned analysis reveals that the C-N bonds 
originate from pyridinic or pyrrolic N bonding configura-
tion, validating N-doping behavior in the rGO lattice.16 In 
the high-resolution Fe 2p spectrum in Fig. 3d, three doublet 
peaks are observed. The first doublet peaks located at 711.1 
eV and 724.5 eV correspond to Fe  2p3/2 and Fe  2p1/2 split 
orbitals of  Fe2+  ions9 while the second at 714.2 eV and 727.7 
eV correspond to Fe  2p3/2 and Fe  2p1/2 split orbitals of  Fe3+ 
ions. The third at 719.3 eV and 732.7 eV belong to shakeup 
satellite peaks.24 In addition, the characteristic peak at 707.3 
eV corresponds to the Fe-N bond.5,25 Therefore, N atoms are 
successfully migrated into the composites after nitridation 
treatment.

The morphologies of the samples are characterized with 
SEM and TEM images. Figure 4a shows that S50 is com-
posed of stacked layered structures with some nanoparticles 
on it. After the nitridation treatment, a connected network 
structure with enlarged nanoparticles appeared in S600 as 
shown in Fig. 4b. The SEM-EDS spectrum (Fig. 4c) proves 
the presence of C, N and Fe in S600. The actual measured 
atomic ratio of Fe to N is 3.84 calculated from the table in 
Fig. 4c, which is slightly lower than that of  Fe4N. This result 
is due to the extra N content in N-rGO. The correspond-
ing elemental mappings of S600 in Fig. 4d–g demonstrate 
the uniform distribution of the three elements. The TEM 
image for S600 is displayed in Fig. 4h.  Fe4N is made of 

nonuniformed nanoparticles which may be ascribed to the 
self-agglomeration caused by calcination and intrinsic mag-
netic properties of  Fe4N. The inset in Fig. 4h displays the 
size distribution of nanoparticles in S600. The average size 
of the nanoparticle is 18.5 nm, which is basically consistent 
with the particle size calculated according to the Scherrer 
formula. The HRTEM images in Fig. 4i–j delineate the inter-
planar distance of 0.219 and 0.190 nm for the nanoparticles, 
which are in line with the (111) and (200) planes of  Fe4N. 
The selected area electron diffraction pattern of S600 shows 
the clear diffraction rings of (111), (200) and (220) planes, 
which is consistent with XRD results (Fig. 2a). The above 
analysis further confirms the formation of  Fe4N.

The measured magnetic hysteresis loops of S50 and 
S600 at room temperature are shown in Fig. 5. Owing to 
the presence of non-magnetic rGO, the sample S50 exhib-
its a decreased Ms value of 47.4 emu/g, which is much 
smaller than the theoretical value of  Fe3O4 (92 emu/g).26 
After the nitridation treatment at 600 ℃, an improved Ms 
value of 106.6 emu/g is obtained, which can be attributed 
to the phase transformation from  Fe3O4 to  Fe4N. As the 
inset shows in Fig. 5a, the coercivity (Hc) values of S50 and 
S600 are around 14.5 Oe and 112.8 Oe, and the correspond-
ing remanent magnetizations (Mr) are 2.3 emu/g and 3.4 
emu/g, respectively. Furthermore, the comparison of Ms val-
ues among S600 and other similar composites consisting of 
carbon and magnetic materials [5, 7, 9, 24, 26–28] is listed 

Fig. 3  XPS spectra of S600: (a) survey spectrum, (b) high-resolution of C 1s spectrum, (c) N 1s spectrum, (d) Fe 2p spectrum.
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in Fig. 5b. The excellent magnetic properties of S600 is good 
for the enhancement of magnetic loss, thereby promoting the 
absorbing performance.

The microwave absorption performance of absorbers 
can be assessed by RL values, which are calculated from 
the measured relative complex permittivity ( �r = �� − j��� ) 

and permeability ( �r = �� − j��� ) according to the following 
formula:29

(1)RL = 20 log∣
(
Zin − Z0

)
∕(Zin + Z0)∣

Fig. 4  SEM images of (a) S50 and (b) S600; (c) SEM-EDS spectrum, (d–g) element mapping results, (h) TEM, (i–j) HRTEM images and (k) 
selected area electron diffraction of S600.

Fig. 5  (a) Magnetic hysteresis loops of S50 and S600 at room temperature. The inset shows the expanded low-field hysteresis curves. (b) The 
comparison of Ms for S600 with other similar systems.
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where Zin is the normalized input impedance of the absorber, 
Z0 is the impedance of air, f  is the frequency of the EM 
wave, d is the absorber thickness, c is the light velocity of 
EM waves in free space. Generally, an RL value less than 
-10 dB means that 90% of the EM wave energy can be 
dissipated.30

Figure 6a–b displays the 2D RL values of S50 and S600 
with various thicknesses. S50 in Fig. 6a shows a weak micro-
wave absorption performance with the minimum RL  (RLmin) 
value of −12.51 dB at 14.4 GHz with a thickness of 1.5 mm. 
The poor performance is mainly caused by the mismatched 
impendence. Remarkably, after the phase transformation, a 
distinctly enhanced absorbing property of S600 in Fig. 6b is 
exhibited. RL values exceeding −30 dB can be gained in a 
wide frequency range of 4–17 GHz by choosing an appropri-
ate absorber layer thickness between 1.5 mm and 4.5 mm. 
Moreover, it exhibits enhanced EM absorption properties at 
both low- and high-frequency regions. In detail, the RL value 
reaches −47.5 dB at 7 GHz with a thickness of 3 mm and 
−42.4 dB at 16.1 GHz with a thickness of 1.5 mm. Addition-
ally, the absorption peaks in Fig 6a-b shift toward low fre-
quency from high frequency with the increasing thickness, 
which can be explained by the quarter-wavelength matching 
model.31 The comparisons of EAB and RL values between 
S50 and S600 are shown in Fig. 6e–f. S600 has a wider EAB 
than that of S50 under the same thickness and higher RL val-
ues (d>1 mm). To explicitly show the  RLmin result of S600, 
the 3D plot of calculated RL values along with thickness and 
frequency is shown in Fig. 6c–d. The  RLmin value of S600 is 
−53.1 dB with thickness of 1.6 mm and the corresponding 
EAB is 5.19 GHz (12.81 GHz-18 GHz). The black solid line 
in Fig. 6d represents the contour line of -10 dB. Even at a 
very thin thickness of 1.38 mm, S600 still shows excellent 
microwave absorption performance with an  RLmin of −41.63 
dB as shown in Fig. 6g. In Fig. 6h, S600 exhibits the wid-
est EAB of 5.27 GHz at a thin thickness of only 1.61 mm, 
and the corresponding RL value is −39.56 dB. According 
to the commercial standards, the layer thickness should be 
less than 2 mm, especially when applied to certain flight 
equipment. Therefore, the as-prepared absorbers show great 
potential in practical applications.

To further evaluate the absorbing ability of S600, the 
comparison of the optimal microwave absorption perfor-
mance in this work with those reported previously are sum-
marized in Table I. Evidently, S600 exhibits wide EAB and 
high  RLmin at the same time with a thin thickness among 
the listed composites, confirming the superior application 
prospect.

The complex permittivity and complex permeability 
are investigated in a frequency range 2-18 GHz to further 
reveal the possible microwave absorption mechanism of 

(2)Zin = Z0

√
�r∕�rtan h

�
j(2�fd∕c)

√
�r�r

� the samples. It is known that the real parts of complex per-
mittivity and permeability ( �′ and �′ ) represent the storage 
ability of the electric or magnetic energy, while the imagi-
nary parts of complex permittivity and permeability ( �′′ and 
�′′ ) stand for the electric energy dissipation and magnetic 
loss, respectively.36 As shown in Fig. 7a–b, the �′ and �′′ 
curves of S50 and S600 have similar trends in that the values 
decrease gradually with the increasing frequency. S50 pro-
cesses higher �′ and �′′ values than that of S600 across the 
entire frequency bandwidth. The decreased �′ and �′′ values 
for S600 represents the smaller electron storage energy and 
dielectric loss. The dielectric loss is induced by conductive 
loss and the polarization loss, where the polarization loss 
includes interfacial polarization and dipole polarization.37 
The inset in Fig. 7a illustrates the electric conductivities 
of S50 and S600 (101 S/m and 163 S/m, respectively). The 
doping of N in rGO and the formation of  Fe4N promote the 
increase of the conductivity. Although the conductivity of 
S600 is enhanced, the dielectric loss is still lower than that 
of S50. The reasons are speculated as follows. Both interfa-
cial polarization and dipole polarization play important roles 
in attenuating electromagnetic wave. For S50,  Fe3O4 nano-
particles are monodispersed with small size of 12.3 nm,13 
which produces a great number of interfaces. Additionally, 
there are also plentiful functional groups after solvothermal 
treatment, while for S600, a small sintering phenomenon is 
observed, which leads to an enlarged  Fe4N particles with an 
average size of 22.0 nm. Moreover, rGO is further reduced 
in the nitridation procedure. As a result, the interfaces and 
functional groups are dramatically decreased. Consequently, 
S600 shows a decreased �′′ value.

The dielectric loss mechanism can be explained by the 
Debye relaxation theory, and the relation between �′ and �′′ 
is described as follows:34

Where �s is the static permittivity, �∞ is the dielectric con-
stant at the high-frequency limit. The plot of �′ versus �′′ 
is a semicircle (Cole-Cole semicircle) and each one rep-
resents a Debye relaxation process. The Cole-Cole plots 
for S50 and S600 are shown in Fig. 7g–h. There are two 
main semicircles and a long smooth tail in Fig. 7g, indicat-
ing that S50 possesses relaxation processes and conductive 
loss behaviors. The retained oxygen-containing groups and 
defects on the surface of rGO can act as polarization centers, 
generating electron polarization relaxation under the altering 
electromagnetic field. The numerous interfaces between the 
smaller nanoparticle of  Fe3O4 and rGO dominate the inter-
facial polarization which is induced by charge distribution 
differences at the phase boundaries and grain boundaries,2 
while for S600 in Fig. 7h, one obvious semicircle and a long 

(3)
(
��−

�s + �∞

2

)2

+
(
���

)2
=
(�s − �∞

2

)2
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tail are observed. The retained oxygen-containing groups 
decreased dramatically after the nitridation treatment, lead-
ing to a weak dipole polarization. In addition, a few irregular 

and small Cole-Cole semicircles are observed in the above 
two samples, implying that some weak polarization relaxa-
tion processes may have occurred in S50 and S600.

Fig. 6  2D representation of RL values at different thickness for (a) 
S50 and (b) S600, the corresponding effective absorption bandwidth 
(e) and the bar chart of the RL values (f), (c) 3D plots of calculated 
RL values for S600 with thickness from 1 to 5 mm versus frequency 

and thickness, (d) contour map of the RL values for S600, reflection 
loss of S600 with the specific thickness of (g) 1.38 mm and (h)1.61 
mm.
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The real and imaginary parts of complex permeability as 
a function of frequency within 2-18 GHz for S50 and S600 
are shown in Fig. 7d–e. Typically, the real permeability for 

S50 in Fig. 7d decreases from 1.15 to 0.9 at 4.3 GHz first and 
then increases to close to 1 with small fluctuations. Because 
of the Snoek limit for  Fe3O4, the �′ value for S50 tends to 

Table I  Comparison of the 
optimal microwave absorption 
performance in this work with 
those of iron nitride or iron-
nitride based materials reported 
previously

Samples Loading Thickness EAB RLmin Refs.

Fe4N/N-rGO 50 wt.% 1.6 mm 5.19 GHz −53.2 dB This work
Fe4N/CNT … 2 mm ~1 GHz −10.91 dB [7]
Fe@Fe4N 50 wt.% 5 mm 2.3 GHz −39.8 dB [32]
γ'-Fe4N@iron oxides 50 wt.% 1.24 mm 3.74 GHz −38.5 dB [33]
Fe@Fe4N/amorphous carbon 50 wt.% 5 mm 2.3 GHz −39.8 dB [32]
Fe3N/C 20 wt.% 2.2 mm ~5 GHz −77.6 dB [34]
Fe3N/C 65 wt.% 1.35 mm ~2 GHz −42.35 dB [9]
Fe3N/C 65 wt.% 1.5 mm 6 GHz ~-31 dB [9]
Fe2N@C 50 wt.% 1.55 mm ~2.2 GHz −59.3 dB [5]
Fe2N@C 50 wt.% 1.9 mm 4.32 GHz ~-36 dB [5]
Carbon-based iron nitride 70 wt.% 3.02 mm 1.02 GHz −44 dB [11]
Nano-Fe4N 75 wt.% 3 mm ~1 GHz −33 dB [10]
Fe/Fe2-3N 60 wt.% 2.43 mm ~4 GHz −32.4 dB [35]

Fig. 7  Electromagnetic parameters of S50 and S600: (a) real and (b) imaginary parts of complex permittivity, (d) real and (e) imaginary parts of 
complex permeability, (c) dielectric loss tangent (f) magnetic loss tangent values, (g,h) the Cole-Cole plots, (i) C0 curves for S50 and S600.
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1, exhibiting a non-magnetic characteristic in the frequency 
range of 7–18 GHz. Because of the phase transformation 
from  Fe3O4 to  Fe4N, S600 has a higher �′ (Fig. 7d) and �′′ 
(Fig. 7e) values compared to that of S50, which suggests the 
increased storage ability of magnetic energy and magnetic 
loss. In addition, the �′′ value of S600 is relatively stable 
between 0.1 and 0.23, which implies that the magnetic loss 
works in the whole frequency range.

The magnetic loss generally originates from the domain 
wall, natural and exchange resonances, magnetic hysteresis 
and eddy current loss.38 However, the domain wall reso-
nance occurs when the frequency is below 100 MHz, and 
the magnetic hysteresis just exists when a strong magnetic 
field is applied. Thus, the above two factors can be excluded. 
For eddy current loss, the formula C0 = �

��

(�
�

)
−2
f −1 can be 

used to determine whether the magnetic loss is the result of 
eddy current. The C0 value should be kept constant in the 
tested frequency on the condition that the magnetic loss only 
results from the eddy current effect.39 As shown in Fig. 7i, 
the C0 curves for S50 and S600 fluctuate before 15 GHz, 
which demonstrates that the eddy current has a weak effect 
on magnetic loss in the corresponding frequency region, 
while in the high frequency (15–18 GHz), the C0 curve 
almost keeps stable with a slight fluctuation, indicating that 
eddy current contributes to magnetic loss. According to pre-
vious reports that the natural resonance occurs at frequency 
of 2-10 GHz and exchange resonance takes place in the fre-
quency range of 10–18 GHz.38 Therefore, the multiple peaks 
observed in the grey circle can be assigned to natural and 
exchange resonances, respectively.

The dielectric loss tangent (tan�e = �
��

∕�� ) and mag-
netic loss tangents ( tan�� = �

��

∕�� ) are calculated to fur-
ther assess the loss ability as shown in Fig. 7c and f. The 
tan�e value for S50 is close to 0.6. However, the tan�� of 
S50 decreases from 0.4 to 0 before 7 GHz, suggesting that 
the magnetic loss is gradually reduced. For S600, tan�e 
and tan�� vibrate along certain value, indicating that both 

dielectric and magnetic loss have prominent effects on the 
attenuation of EM wave.

Attenuation constant ( � ) is adopted to evaluate the attenu-
ation characteristics in the interior of microwave absorber. It 
can be calculated as follows [40]:

Figure 8a gives the attenuation constant � for S50 and 
S600 in the frequency range of 2-18 GHz. These two sam-
ples have gradually increased � values as the frequency 
increased, suggesting the high attenuation capacity. 
Although S600 has a lower � value than that of S50, it still 
exhibits much better microwave absorption performance. 
This phenomenon is related to another factor, namely the 
impedance matching characteristic.

The EM matching coefficient (Z) can be calculated with 
the following equation:41

where Zin is the input impedance, Z0 is the impedance of free 
space. In theory, perfect impedance matching (Z=1) allows 
all incident EM wave to enter the interior of the microwave 
absorber. By contrast, a strong EM reflection would be hap-
pened with poor impedance matching when Z values are 
apart from 1. S50 has a poor impedance matching as shown 
in Fig. 8b. Its Z values are apart from 1 in the whole fre-
quency range, which suggests that the incident microwaves 
are difficult to enter into S500, while for S600 (Fig. 8c), 
Z values with different coating thicknesses are closer to 1, 
exhibiting good impedance matching conditions. This means 
that the incident microwaves can easily access S600. The 
good impedance matching of S600 is the primary reason for 
its excellent absorption performance.

(4)
� =

√
2�f

c

�

(������ − ����) +

�
(������ − ����)2 + (����� + �����)2

(5)Z = �Z
in
∕Z

0
� = �
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�
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�
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Fig. 8  (a) Attenuation constants and impedance matching |Z
in
∕Z

0
 | values at different thickness for S50 (b) and S600 (c).
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Based on the above discussion, the main mechanisms 
responsible for the prominent microwave absorption per-
formance of S600 can be concluded as follows. The matched 
impedance characteristics guarantee that the majority of the 
incident microwaves can be easily infiltrated into the absorb-
ers. Then, the entered microwaves are attenuated through 
multiple mechanisms. The conductive network of N-rGO 
is favorable for electron transportation, resulting in a suit-
able conductive loss. The existence of interfaces such as 
between  Fe4N particles and N-rGO nanosheets generated 
charge accumulation, which facilitated the formation of 
rich interfacial polarization. The presence  Fe4N particles 
induce the generation of multiple reflection and scattering 
processes. Moreover, the natural resonance, exchange reso-
nance and eddy current loss contribute to the magnetic loss 
for microwave absorption.

Conclusion

In this work, an  Fe4N/N-rGO composite with enhanced EM 
wave absorption properties derived from  Fe3O4/rGO was 
successfully synthesized. The reduced nitride potential 
caused by rGO provides suitable phase transformation envi-
ronment for  Fe4N. The composite shows excellent micro-
wave absorption properties that the  RLmin reaches −53.1 
dB at 14.8 GHz with a thickness of 1.6 mm and the widest 
EAB is 5.27 GHz at 1.61 mm. At an even thinner thickness 
of 1.38 mm, it still exhibits good absorption properties of 
−41.63 dB. The excellent performance is due to the matched 
impedance, the magnetic loss of  Fe4N nanoparticles, inter-
facial polarization between the abundant interfaces, and the 
conduction loss of rGO nanosheets. This work provides a 
strategy to fabricate  Fe4N/carbon composite, enriching the 
research of  FexN/carbon absorbing material.
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