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Kaili Zhang1,2, Yuhao Liu1,2, Yanan Liu1,2, Yuefeng Yan1,2, Guansheng Ma1,2, Bo Zhong3, 
Renchao Che4 *, Xiaoxiao Huang1,2 *

HIGHLIGHTS

• A carrier injection strategy is firstly proposed by designing Fe/reduced graphene oxide (RGO) heterogeneous interfacial material for 
giving full play to the dielectric dispersion properties of graphene.

• The electromagnetic wave absorption mechanisms mainly include enhanced conductance loss, dipole polarization and interfacial 
polarization.

• Outstanding reflection loss value (− 53.38 dB, 2.45 mm) and broadband wave absorption (7.52 GHz with only 2 wt% filling) of Fe/
RGO composite were acquired, which is superior to single-component graphene.

ABSTRACT Polarization and conductance losses are the fundamental dielectric attenua-
tion mechanisms for graphene-based absorbers, but it is not fully understood in revealing 
the loss mechanism of affect graphene itself. For the first time, the reduced graphene oxide 
(RGO) based absorbers are developed with regulatory absorption properties and the absorp-
tion mechanism of RGO is mainly originated from the carrier injection behavior of trace metal 
Fe nanosheets on graphene. Accordingly, the minimum reflection loss  (RLmin) of Fe/RGO-2 
composite reaches − 53.38 dB (2.45 mm), and the effective absorption bandwidth achieves 
7.52 GHz (2.62 mm) with lower filling loading of 2 wt%. Using off-axis electron hologram 
testing combined with simulation calculation and carrier transport property experiments, we 
demonstrate here the carrier injection behavior from Fe to graphene at the interface and the 
induced charge accumulation and rearrangement, resulting in the increased interfacial and 
dipole polarization and the conductance loss. This work has confirmed that regulating the dielectric property of graphene itself by adding 
trace metals can not only ensure good impedance matching, but also fully exploit the dielectric loss ability of graphene at low filler content, 
which opens up an efficient way for designing lightweight absorbers and may be extended to other types materials.
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1 Introduction

With the development of microwave technology and the 
popularization of electronic products, electromagnetic wave 
(EMW) not only brings great convenience to people’s life, 
but also produces a lot of electromagnetic (EM) interference 
[1–3]. EM radiation not only harms human health, but also 
affects the normal operation of electronic equipment. As the 
main barrier against EM interference, absorbing materials 
have been widely used in military and civil fields [4–8]. 
In recent years, carbon materials with thin thickness, low 
density and excellent electrical properties (such as graphite 
[9], graphene [10], carbon black [11] and carbon nanotubes 
(CNTs) [12]) have shown extensive application prospects in 
the EMW absorption field.

Graphene, a newly emerging carbon material with unique 
layered structure and intrinsic metallic conductivity, has 
emerged as promising candidates for EMW absorption 
[13–16]. Nevertheless, single-component graphene does 
not exhibit ideal EMW absorption ability due to the con-
tradiction between impedance matching and high absorp-
tion strength. Previous studies have shown that design-
ing chemical components and structural engineering of 
graphene are crucial for effectively improving the EMW 
absorption performance, particularly in combination with 
dielectric or magnetic components. For instance, the well-
designed 3D accordion-like  CeO2−x/RGO composites can 
effectively improve the impedance matching and display the 
minimum reflection loss  (RLmin) of − 50.6 dB at 15.9 GHz, 
and effective absorption bandwidth (EAB, RL ≤ − 10 dB) of 
5.84 GHz with a filler content of 50 wt% [17]. Huang et al. 
[18] prepared the rGO–Fe3O4 absorbing material via hydro-
thermal reaction, amidation reaction and reduction process, 
and the EMW performance has been greatly improved due 
to the EM synergistic effect of rGO and  Fe3O4. The result-
ing product exhibited the  RLmin of − 48.6 dB at 14.4 GHz 
and EAB of 6.32 GHz with 45 wt% filler loading. Further-
more, there are still many metals coated on RGO (such as 
Fe/LrGO [19], GA@Ni [20], Co/GN [21] and rGO/FeCo 
[22]) to achieve a better impedance matching and attenua-
tion. Despite their improved performance, the application 
and development still exist significant bottlenecks. On the 
one hand, the reported RGO-based absorbers have the high 
filler content disadvantage, which inevitably leads to imped-
ance mismatch due to high conductivity of RGO. Although 

the impedance matching can be optimized by reducing the 
filling content, efficient attenuation cannot be achieved. This 
limits its practical application to some extent. In addition, 
there are few reports of graphene absorbers filling less than 
5 wt%. On the other hand, although the EMW absorbing 
properties of graphene-based materials have been improved 
through component optimization and structural design with 
multiple loss mechanisms, it faces unclear problems about 
how graphene further exerts itself dielectric properties to 
enhance the dielectric attenuation mechanism in compos-
ites. Thus, it is urgent the effect mechanism of graphene to 
further understand dielectric properties, which has important 
application value for obtaining ideal graphene-based absorb-
ing materials with low loading and high loss attenuation 
ability.

To explore the dielectric mechanism of graphene-based 
absorbers, the electron-hopping (EHP) model, aggrega-
tive-induced-charge-transport  and conductive-network 
equation were first established by Cao’s groups to reveal 
the relationship between temperature, conductivity and 
dielectric behaviors of graphene layers [23–25]. This pro-
vides the theoretical basis for the dielectric loss of gra-
phene. In addition, Fe/G nanocomposites exhibited obvi-
ous dielectric properties due to the interfacial coupling 
between graphene and metal and reached the bandwidth 
of 4.4 GHz with the thickness of 2.0 mm (40 wt%) [26]. 
It is reported that the interfacial interaction between vari-
ous dopants and graphene (such as GfeTCs [27], GO/gra-
phene [28], Ru/graphene [29], Ag/graphene [30]) would 
generate charge transfer, thus resulting in new electrical 
properties of graphene. Furthermore, the important polari-
zation phenomenon between heterogeneous interfaces in 
graphene-based composites (such as Co/CoO/RGO [31], 
 Fe3O4@NPC@rGO [32], Co@N-doped carbon [33] and 
 Fe3O4–Fe3O4@C [34]) has been demonstrated by off-axis 
electron hologram and charge distribution map. These 
studies provide feasible strategies for designing graphene 
absorbers with excellent properties. However, there is still 
the problem of high absorbent filling rate due to the high 
density of the metal. Transition metal materials (Fe, Co, 
Ni) and their compounds have been considered as the pop-
ular candidates due to their intrinsic ferro-magnetic reso-
nance absorption capacity in EMW absorption [35–38]. 
Moreover, due to its special atomic structural properties, 
metal Fe exhibits unique physical and chemical properties 
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in many aspects. Special focus on iron oxide hematite 
 (Fe2O3) is observed because it has the advantages of sim-
ple process, various methods, low price, high yield, good 
thermal stability and chemical stability [39]. Importantly, 
 Fe2O3 is easily reduced to various morphologies of Fe. 
Metal Fe interior possesses abundant free electrons and 
the interfacial electronic interaction between metal and 
graphene would make graphene exhibit some novel elec-
tric properties [40]. Therefore, it is a challenge to make 
full use of the free electrons in metals to exert dielectric 
dispersion property of graphene to achieve excellent EMW 
absorption performance under low loading.

Herein, we introduced trace Fe nanosheets to construct 
novel Fe/reduced graphene oxide (Fe/RGO) composite 
absorber based on the different electron gain and loss capa-
bilities (The work function of Fe is 4.5 eV and that of gra-
phene is 5.0 eV) to gain insight into the regulatory effects 
of trace Fe on the dielectric properties of RGO. The results 
revealed that Fe/RGO exhibited strong dielectric dispersion 
characteristic and high conductivity compared with RGO. 
To clarify the mechanism of dielectric properties of RGO, 
Fe/graphene field effect transistor (FG-FET) device was fab-
ricated using chemical vapor deposition and vacuum thermal 
evaporation methods to further explore the micro-interface 
electronic interaction between graphene and Fe. The results 
of the Hall effect and carrier transfer characteristic curves 
indicated that the interface between graphene and Fe is 
ohmic contact form, and free electrons of Fe are injected 
into graphene by transforming from graphene hole trans-
port (P-type) to electron transport (N-type), which can be 
inferred that this process directly enhances the conduction 
loss. The charge accumulation and rearrangement resulting 
from the carrier injection process further increased interfa-
cial polarization and dipole polarization thereby synergisti-
cally promoting dielectric attenuation performance, which 
has been verified by holography technology. Compared with 
RGO, the absorption performance of Fe/RGO-2 is greatly 
improved, with the  RLmin value of − 53.38 dB and EAB 
of 7.52 GHz (10.48–18 GHz) at a lower filling loading of 
2 wt%. This work not only provides new research evidence 
for the relationship between the electricity and dielectric 
properties of graphene, but also is expected to guide future 
exploration on designing high-performance graphene-based 
absorption materials.

2  Experimental Section

2.1  Preparation of  Fe2O3 Nanosheets, Fe/RGO 
Composites and Fe/Graphene Field Effect 
Transistor (FG‑FET)

2.1.1  Synthesis of Single‑Crystal Hexagonal  Fe2O3 
Nanosheets

The α-Fe2O3 nanosheets were synthesized via a simple 
solvothermal method of  FeCl3 in mixture solutions at suit-
able temperatures. The details are as follows.  FeCl3·6H2O 
(1.10 g) was added into a mixture of ethanol (40.0 mL) and 
deionized water (2.8 mL) and stirred till solid powders were 
completely dissolved. With continuous magnetic stirring, 
 CH3COONa (5.0 g) was added to the solution and stirred for 
40 min. After the mixture was stabilized, the mixture was 
transferred to autoclave for solvothermal reaction at 180 °C 
for 18 h. The auburn product was washed by ethanol and 
distilled water for three times, respectively, and dried in a 
vacuum oven at 65 °C for 8 h. For the surface modification, 
hexagonal  Fe2O3 nanosheets (0.6 g) and hexadecyltrimethyl-
ammonium bromide (CTAB, 0.2 g) were dispersed in deion-
ized water (50 mL) with magnetic stirring in a 60 °C water 
bath for 2 h. The product was washed with deionized water 
for several times and dried at 65 °C, and finally the modified 
hexagonal  Fe2O3 nanosheets were obtained.

2.1.2  Preparation of Fe/RGO Composites

First, GO was synthesized using a reported modified Hum-
mers’ method [41]. Second, GO suspension (100 mL and 
10 mg  mL−1) were mixed with a certain amount of modi-
fied  Fe2O3 (0, 2, 4, 6 and 8 mg), respectively, and the mix-
ture was ultrasonic stirred evenly for 3 h by electrostatic 
adsorption process. Then, the mixtures were sealed and 
refrigerated in the refrigerator, and treated by freeze-drying 
method (− 65 °C, 0.1 Pa) for 24 h. The obtained precursors 
were named GO,  Fe2O3/GO-1,  Fe2O3/GO-2,  Fe2O3/GO-3 
and  Fe2O3/GO-4, respectively. Finally, the above products 
were put into the tube furnace and heat treated at 350 °C for 
2 h under  H2 atmosphere (60 mL  min−1). The samples were 
named RGO, Fe/RGO-1, Fe/RGO-2, Fe/RGO-3, Fe/RGO-4, 
respectively. Furthermore, the preparation of Co/RGO and 
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Ni/RGO was consistent with the above methods (Supporting 
Information).

2.1.3  Preparation of Fe/Graphene Field Effect Transistor 
(FG‑FET)

Monolayer graphene was grown using  CH4 as carbon 
source,  H2 as carrier gas and 25 μm thick Cu foil (111) as a 
growth matrix by chemical vapor deposition method [42]. 
The graphene film was transferred to  SiO2/Si substrate by 
PMMA wet transfer process [43]. Then, Fe/graphene film 
were prepared by deposition of Fe (20 nm) on the surface of 
monolayer graphene. The Fe/graphene field effect transistor 
(FG-FET) was fabricated by thermal evaporation of Cr/Au 
(5/30 nm) electrodes on the surface of Fe/graphene films 
through a mask reticle to form source and drain electrodes. 
The preparation of graphene field effect transistor (G-FET) 
was consistent with the above method.

2.2  Characterization

The micromorphology was investigated by scanning elec-
tron microscopy (SEM, SUPRA55, ZEISS MERLIN), and 
corresponding energy dispersive spectroscopy (EDS) map-
ping analyses were used for collecting elemental signals and 
mapping images. Transmission electron microscopy (TEM, 
Philips-FEI, Tecnai G2 F30) was carried out using Tecnai 
F30 electron microscope operating at 200 kV. The structure 
of as-synthesized materials was characterized by X-ray dif-
fraction (XRD) collected on a DX-2700 X-ray diffractom-
eter. Fourier transform infrared (FTIR, Nicolet is50) spec-
tra were measured over the range of 4000–500  cm−1. The 
Raman spectra (532 nm) was collected with inVia-Reflex. 
The elemental composition of the sample surface was deter-
mined by X-ray photoelectron spectroscopy (XPS) measure-
ments using a Thermal Escalab 250, with a monochromatic 
Al Kα X-ray source. The magnetic properties of hybrid 
materials were tested with a vibrating sample magnetometer 
(Quantum Design, Dynacool-14T). The composition con-
tent of the material was tested by ICP-MS (NexION 350X, 
PerkinElmer). The electrical properties of the materials were 
tested by scanning probe microscope (SPM, Bruker, Dimen-
sion Fastscan) with C-AFM, KPFM and EFM functions, and 
the conductive probe is Pt/Ir coated probes (Table S1). The 
electrical conductivity was measured by four probe methods 

(ST2742B). The current output curve of the composite 
was measured on the semiconductor characteristic system 
(Keithley 4200-SCS). The toroidal samples (Φin:3.04 mm, 
Φout:7.00 mm) were made of the hybrid material uniformly 
mixed with paraffin at 1–5 wt%. Its complex permittivity 
and permeability were characterized by using an Agilent 
N5230A vector network analyzer (VNA). The RL values 
were calculated based on the transmission-line theory as 
follows [44, 45]:

where Zin and Z0 represent the input impedance of the 
absorber and free space, d is the thickness of the sample, c 
is the velocity of light in free space.

2.3  Calculation Details

All plane-wave within the density functional theory (DFT) 
calculations of atomic and electronic structures were per-
formed using the CASTEP program provided in the Materials 
Studio 2020 package. The generalized gradient approxima-
tion (GGA) with Perdew–Burker–Ernzerhof (PBE) function 
was used to represent the exchange–correlation effects. The 
energy convergence criterion was 1 ×  10−5 eV  atom−1, the 
maximum force was 0.03 eV Å−1, the maximum stress was 
0.05 GPa, and the energy cutoff was 400.0 eV. The Brillouin 
zone integration was sampled by using 2 × 2 × 1 k-point 
mesh density. TS method for DFT-D correction was used to 
accurately describe the van der Waals forces. The vacuum 
gap was set to be about 20 Å, which should lead to negligible 
interactions between the system and their mirror images.

3  Results and Discussion

3.1  Synthesis and Characterization of Fe/RGO 
Composites

Fe/RGO composites were synthesized via a facile elec-
trostatic adsorption reaction and low temperature ther-
mal reduction method (Fig. 1a). Firstly,  Fe2O3 hexagonal 
nanosheets were synthesized by solvothermal method. And, 
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GO (negatively charged) and modified  Fe2O3 nanosheets 
(positively charged) were firmly combined by electrostatic 
adsorption method. Finally, Fe/RGO composite was pre-
pared by freeze-drying and thermal reduction. By control-
ling the addition amount of modified  Fe2O3 nanosheets (0, 

2, 4, 6, and 8 mg), the effect of the content of Fe nanosheets 
on the electronic structure of RGO was investigated (labeled 
as RGO, Fe/RGO-1, Fe/RGO-2, Fe/RGO-3, and Fe/RGO-4). 
The microstructure of the composite was characterized by 
SEM/TEM.  Fe2O3 presents a thin and uniformly distributed 

Fig. 1  Synthetic process, microstructural characterization. a Schematic illustration of the preparation process of the Fe/RGO composites. b 
and e SEM images, c, f TEM images and d, g HRTEM images of  Fe2O3 nanoplatelets and Fe/RGO-2 (Inset: the corresponding SAED pattern 
results). h–k STEM image and TEM-EDS map of Fe/RGO-2
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hexagonal nanoplate structure (Fig. 1b). It can be clearly 
seen that  Fe2O3 crystallizes into a hexagonal nanosheet with 
a width of about 100 nm, a thickness of about 10 nm and an 
aspect ratio of about 0.1 (Fig. 1c). Moreover, as can be seen 
from the HRTEM image in Fig. 1d, the lattice spacing is 
0.37 nm corresponding to the (120) crystal plane of α-Fe2O3 
and the SAED pattern shows that the as-synthesized  Fe2O3 
nanosheet is single-crystalline. The morphology of Fe/RGO 
composite is shown in Fig. S1. The RGO sheets show trans-
lucent and abundant wrinkles which are conducive to the 
loading of Fe nanosheets. With the increase in Fe content, Fe 
nanosheets are obviously increased and evenly distributed on 
the RGO sheets. Meanwhile, we can also obtain the accurate 
content of Fe in Fe/RGO samples by ICP measurement, the 
percentage of Fe is 0.32, 0.68, 0.94, and 1.22 wt% in Fe/
RGO-1, Fe/RGO-2, Fe/RGO-3, and Fe/RGO-4, respectively. 
Specifically, for the Fe/RGO-2 composite, Fe nanosheets are 
uniformly dispersed on the RGO sheets with wrinkles, show-
ing a face-to-face contact pattern to increase the contact area 
as shown in Fig. 1e. In addition, TEM image shows that Fe 
maintains the hexagonal nanosheet microstructure (with a 
slightly reduced size) after thermal reduction (Fig. 1f). In 

order to investigate the Fe/RGO-2 in detail, the HRTEM 
and SAED images (Fig. 1g) are obtained from the Fe/RGO-2 
edge. Fe with lattice spacing of 0.20 nm corresponding to 
the (110) crystal plane is monocrystalline, while RGO is 
amorphous carbon. The elemental distribution of Fe/RGO-2 
is determined through the STEM image and TEM-EDS map-
ping in Fig. 1h–k, in which the C and O elements are uni-
formly distributed within the RGO sheets and Fe element 
shows a hexagonal distribution.

The crystal structure of the samples is characterized by 
XRD pattern. From Fig. 2a, all samples show amorphous 
carbon with a wide diffraction peak at around 26°, consisted 
with the result of HRTEM image (Fig. 1g). The typical dif-
fraction peak of GO disappeared at 9.8°, indicating the GO 
was successfully reduced (Fig. S2a). In addition, compared 
with the strong diffraction peaks of pure  Fe2O3 and Fe, the 
characteristic diffraction peaks of  Fe2O3 and Fe nanosheets 
in  Fe2O3/GO and Fe/RGO samples are not obvious, which 
is attributed to the minimal addition content of  Fe2O3 (Fig. 
S2b). The samples were further analyzed by Raman spec-
trum. The three characteristic peaks correspond to the D 
band, G band and 2D band in Figs. 2b and S2d. The D band 

Fig. 2  Structure characterization of Fe/RGO composites. a XRD patterns and b Raman spectra of RGO, Fe/RGO-1, Fe/RGO-2, Fe/RGO-3 and 
Fe/RGO-4. c FTIR spectra of  Fe2O3, CTAB-Fe2O3, GO,  Fe2O3/GO-4 and Fe/RGO-4, respectively. d–f XPS Fe 2p spectra, C 1s spectra and O 1s 
spectra of Fe/RGO-4
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peak (1351  cm−1) and the G band peak (1590  cm−1) repre-
sent defects and disorder of graphitic carbon, and 2D band 
is related to the degree of graphene stacking. The intensity 
ratio (ID/IG) of the D and G band peaks reflects the degree of 
in-plane and edge defects of carbon skeleton [46]. As shown 
in Fig. 2b, the ID/IG ratios of RGO, Fe/RGO-1, Fe/RGO-2, 
Fe/RGO-3, and Fe/RGO-4 are 0.82, 0.90, 0.92, 0.93, and 
0.94, respectively, indicating that the introduction of Fe 
is unfavorable to the reconstruction of carbonization. But 
more defects will lead to more dipole polarization, which is 
beneficial for dielectric loss. In this work, GO was reduced 
to RGO by thermal reduction method. At low temperature 
(350 °C), the degree of RGO lamellar stripping is lower 
and there is stack, resulting in weak 2D peaks (Fig. S2d). 
Figure 2c shows the FTIR spectrum of  Fe2O3, CTAB-Fe2O3, 
GO,  Fe2O3/GO-4 and Fe/RGO-4. The absorption peak of 
536  cm−1 is attributed to the Fe–O stretching vibration in 
 Fe2O3, proving that  Fe2O3 has been successfully prepared 
[47]. CTAB was successfully grafted onto the  Fe2O3 sur-
face due to the presence of –CH3 and –CH2 stretching vibra-
tion peaks at 2930 and 2846  cm−1 [48]. Compared with GO 
and  Fe2O3/GO-4, Fe/RGO-4 shows C=C and C–O stretch-
ing vibration peaks at 1623 and 1060  cm−1, indicating that 
its oxygen-containing functional groups are significantly 
reduced after thermal reduction. The electronic structure and 
composition of the Fe/RGO-4 were characterized via XPS 
as shown in Fig. 2d–f. The curve-fitting of high-resolution 
Fe 2p spectrum observes the two typical peaks at 711.2 and 
724.8 eV, assigning to Fe 2p3/2 and Fe 2p1/2 (Fig. 2d). And 
the two peaks at 710.8 and 718.9 eV of Fe 2p spectrum 
reflect the existence of the metallic state of  Fe0, which indi-
cates the formation of α-Fe after thermal reduction. The 
characteristic peaks correspond to the  Fe3+ 2p3/2 and 2p1/2 
at 713.2 and 725.0 eV and the appearance of  Fe3+ could be 
ascribed to the oxidation of Fe on the surface of the material 
during testing [49]. The C 1s spectra of Fe/RGO-4 in Fig. 2e 
display the three peaks at 284.8, 286.0 and 289.7 eV, cor-
responding to the C=C/C–C, C–O and C=O, respectively. 
Moreover, the O 1s spectra of Fe/RGO-4 show the peaks at 
531.9, 532.8 and 534 eV, corresponding to O=C, O–C and 
the adsorbed water via physic/chemistry method on the sur-
face (Fig. 2f) [50]. Compared with the GO (Fig. S3), most 
oxygen-containing functional groups of Fe/RGO-4 were 
removed during the thermal reduction process.

3.2  Analysis of EMW Absorption Performance 
and Loss Mechanism of Fe/RGO

In general, the absorption properties of EMW are closely 
related to the complex permittivity (ɛr = ɛ′ − j ɛ″) and com-
plex permeability (μr = μ′ − j μ″). The real part (ɛ′ and μ′) 
can be represented as the storage capacity of electrical and 
magnetic energy, while the imaginary part (ɛ″ and μ″) repre-
sents the loss capacity, respectively. The tangent of dielectric 
loss and magnetic loss (tanδε and tanδμ) represent the degree 
of EM energy loss capacity [51–53]. In order to explore the 
absorption mechanism of EMW, the EM parameters of RGO 
and Fe/RGO-2 were measured by VNA with 1–5 wt% filler 
loading as shown in Fig. 3. Figure 3a shows the variation of 
ε′ and ε″ curves of RGO and Fe/RGO-2 composites with the 
frequency of the incident EMW. RGO has the lowest value 
of the ε′ and ε″ at the low addition of 1 wt%, and the val-
ues of both the ε′ and ε″ show an increasing trend with the 
increase in the filling ratio, and a decreasing trend with the 
increase in frequency, showing dielectric dispersion char-
acteristics. This is mainly to establish a strong conductive 
network structure. Interestingly, compared with RGO, Fe/
RGO-2 exhibits higher ε′ and ε″ of dielectric constant and 
more obvious dispersion characteristic at the same filling 
content. The u′ and u″ of the permeability of RGO and Fe/
RGO-2 are 1 and 0 without magnetic loss in Fig. S4. The 
absorption performance of samples were calculated by the 
RL value based on the transmission-line theory (Fig. S5). 
The RGO composite gradually shows significant absorption 
performance, while Fe/RGO-2 performance is poor with the 
increase in filling ratio. Surprisingly, compared to RGO, 
Fe/RGO-2 shows superior absorption performance with 
 RLmin value reaching − 46.71 dB at 14.39 GHz (2.5 mm) 
and EAB of 6.73 GHz (11.27–18 GHz) in 2% filler load-
ing. Under 4 wt%, the EAB of RGO reaches 4.84 GHz 
(11.42–16.26 GHz) at a thickness of 2.0 mm and the  RLmin 
of − 36.96 dB is achieved at 8.59 GHz (3.0 mm), while Fe/
RGO-2 has no effective absorption. Compared with RGO, 
the attenuation constants (α) of Fe/RGO-2 composites 
increase significantly, indicating the obvious improvement 
of absorption performance by the addition of Fe for RGO, 
while the variation trend of the impedance matching ratio 
(Z) of Fe/RGO-2 is opposite (Fig. S6). Therefore, to achieve 
high efficient EMW absorption, both α and Z should be con-
sidered. In order to understand the reason for the obvious 
change in the absorption performance of RGO and Fe/RGO, 
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the dielectric loss mechanism are further analyzed, as shown 
in Fig. 3b, c. Due to the addition of low content (0.68 wt%) 
of Fe, the dielectric loss capacity (tan δε) and conductiv-
ity (σ) of Fe/RGO-2 is more significant and increase with 
the increase in filling ratio. Based on the Debye relaxation 
theory and Cole–Cole model, the polarization and conduc-
tivity loss play important roles in the changing of permittiv-
ity [46]. The ε′ and ε″ can be expressed as follows [54, 55]:

The εc″ and εp″ curves represent the contribution of con-
ductance loss and polarization loss to ε″, which is mainly 
conductance loss at low frequency and polarization loss at 
high frequency. It is inferred that the Fe nanosheets could 
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enhance the polarization behavior and dielectric loss ability 
of RGO.

3.3  Electronic Transport Mechanism of Fe/Graphene

In order to understand the effect mechanism of metal Fe on 
graphene electrical property in detail, the optimized geomet-
ric structure of Fe/graphene was constructed using perfect 
monolayer graphene as shown in Fig. S7. The charge density 
difference, electron localization function (ELF) and density 
of states (DOS) of Fe (110)/graphene (001) are calculated 
by DFT to analyze the electronic interaction between Fe 
and graphene. The charge accumulation (blue region) on 
graphene surface and charge depletion (red region) around 
Fe surface prove the close electronic interaction between 
Fe and graphene. Meanwhile, the detailed electron transfer 
within Fe/graphene can be reflected by isosurfaces obtained 
from ELF and Bader charge (Fig. 4a). The results indicate 
that 4.03 electrons are transferred from Fe atoms to C atoms 
and the interfacial charge distribution is mainly confined 
to the interface between graphene and Fe. Moreover, the 

Fig. 3  Analysis on EMW absorption mechanisms of RGO and Fe/RGO-2 composites. a ε′ and ε″. tanδε, σ, εc″ and εp″ of b RGO and c Fe/
RGO-2 composites with 1–5 wt% loading



Nano-Micro Lett.           (2024) 16:66  Page 9 of 18    66 

1 3

density of states (DOS) and partial density of states PDOS 
of Fe/graphene, graphene and Fe are shown in Fig. 4b. The 
bandgap of graphene monolayer is 0 eV, and the valence and 
conduction bands are mainly contributed by the 2p orbital of 
C atom. Compared with Fe, the d-band center of the Fe/gra-
phene moves to a low level around the Fermi level, indicating 
the charge transfer between Fe and C atoms. This is mainly 
due to the strong hybridization in Fe-3d and C-2p orbitals 
after the introduction of Fe atoms, which promotes the effec-
tive electron transport at the interface to achieve graphene 
carrier injection. From the theoretical calculation results, it 

can be concluded that Fe can stably combine with graphene 
by tight electronic interactions, and improve the electrical 
performance of graphene by changing the electronic states. 
To further verify the electron transport behavior of Fe/gra-
phene structural model, FG-FET was constructed to explore 
the carrier injection type and contact mode of Fe/graphene 
by CVD and vacuum thermal evaporation methods. From 
HRTEM, SAED and Raman images, it can be shown that the 
growing graphene is monolayer and single crystal, and Fe is 
polycrystalline under experimental conditions (Figs. 4c and 
S8). First of all, the surface potential of Fe in contact with 

Fig. 4  Electrical performance of the Fe/graphene. a Charge density difference plots of monolayer graphene adsorbed on Fe (110). The positive 
and negative charges are shown in blue and red (isovalue: 0.1). b DOS and PDOS results of Fe/graphene, Fe and graphene. c HRTEM image 
and SAED pattern of graphene. d Surface potential image and e the corresponding contact potential difference marked with white line of Fe/
graphene. The transfer characteristic curves of f G-FET and g FG-FET at drain bias of 0.2 V (the insets show schematics of models and output 
characteristics at variable gate voltage). h Schematic diagram of working principle of N-type doping effect in FG-FET channel layer
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graphene and graphene was analyzed to evaluate the barrier 
height using KPFM. From Fig. 4d, it was obviously observed 
that the contact potential difference change between Fe and 
graphene layers, and inferred that the barrier height is about 
472 mV, which proves that there is effective charge transfer 
between Fe and graphene (Fig. 4e). Subsequently, the Fe/
graphene interface carrier transport behavior was character-
ized at room temperature by constructing FET. From Fig. 4f, 
g, the G-FET shows typical P-type (hole) carrier-dominated 
transfer characteristic behavior and FG-FET shows typical 
N-type (electron). Meanwhile, the Hall coefficient (RH) of 
graphene and Fe/graphene also verified the change of car-
rier type by Hall effect measurement (RH(graphene) = 6.
03 ×  10−7  m3/C, RH(Fe/graphene) = − 4.36 ×  10−6  m3/C). 
Moreover, the output characteristic curves of the FG-FET 
show that the output current increases continuously with the 
increase in the positive gate voltage and presents an obvi-
ous linear relationship, indicating that the carrier transport 
type is mainly electron and a good ohmic contact is formed 
between the graphene and the Fe interface. According to the 
free electron theory of metals [56], free electrons inside Fe 
(as an electron donor) can form directional transport to gra-
phene (as an electron acceptor) in the external electric field 
(Fig. 4h). Therefore, it can be inferred that the ohmic contact 
form formed by Fe/graphene can better promote the electron 
transport of Fe to graphene to achieve carrier injection, thus 
improving the electrical properties of graphene.

3.4  EM Parameters Analysis and EMW Absorption 
Ability

To further clarify the EMW absorption mechanism of 
Fe/RGO, the dielectric properties of Fe/RGO compos-
ites containing different Fe contents are studied with the 
filler loading of 2 wt% as shown in Fig. 5. In general, 
the ε′ and ε″ curves of RGO, Fe/RGO-1, Fe/RGO-2, Fe/
RGO-3 and Fe/RGO-4 composites show an increasing 
trend with the increase in Fe content, and a decreasing 
trend with the increase in frequency, which has an obvi-
ous dielectric dispersion behavior (Fig. 5a, d). At 2 GHz, 
the ε′ value increase from 5.78 to 14.56 and ε″ increase 
from 0.88 to 6.21. Metallic Fe possesses good electrical 
conductivity and abundant free electrons inside according 
to the free electron theory [57]. Electrons are transferred 
to RGO more quickly along the interface of Fe/RGO in 

the form of ohmic contact, which plays a crucial role in 
increasing the imaginary part of the complex permittivity. 
In addition, the introduction of Fe nanosheets also leads 
to stronger polarization. Fe/RGO-2 and Fe/RGO-3 show 
significant ε″ resonance fluctuations around 8 and 13 GHz, 
which may be due to the enhanced interfacial polariza-
tion. Due to the low Fe content (0.32–1.22 wt%) in Fe/
RGO composites, the u′ and u″ values of all samples are 
≈ 1 and ≈ 0 (Fig. S9). The absorbing properties of Fe/
RGO composites change significantly with the difference 
of Fe content. Figures 5b-f and S10 describe the EMW 
absorption performances of RGO, Fe/RGO-1, Fe/RGO-2, 
Fe/RGO-3, and Fe/RGO-4 composites with the thickness 
of the samples varying from 1 to 5.5 mm at 2–18 GHz. The 
 RLmin of RGO is − 12.76 dB at 10.91 GHz (3.47 mm). In 
contrast, the strongest  RLmin of Fe/RGO-1, Fe/RGO-2, Fe/
RGO-3, and Fe/RGO-4 are − 17.08, − 53.38, − 49.57, and 
− 15.86 dB at 4.31, 2.45, 3.04 and 2.02 mm, respectively, 
which are higher than those of RGO (Fig. 5g). Compared 
with  RLmin, the EAB is more convincing for the absorption 
performance (the corresponding color image map). For the 
RGO, the maximum EAB is 2.15 GHz (9.92–12.07 GHz). 
In detail, the maximum EAB of Fe/RGO-2, Fe/RGO-3, and 
Fe/RGO-4 achieves the full Ku band absorption, which is 
7.52 GHz (10.48–18 GHz), 7.03 GHz (10.97–18 GHz), 
and 7.45 GHz (10.55–18 GHz) corresponding to the thick-
ness of 2.62, 2.49, and 2.41 mm, respectively (Fig. 5h). In 
particular, Fe/RGO-2 and Fe/RGO-3 composites exhibit 
high loss strength and wide-band absorption properties 
compared to other samples, which can be attributed to the 
synergistic dielectric polarization effect of Fe and RGO in 
the system. Figure 5i depicts the RL variation curves of 
RGO, Fe/RGO-1, Fe/RGO-2, Fe/RGO-3, and Fe/RGO-4 
at 2.45 mm. At the same thickness, the EMW absorption 
performance of Fe/RGO shows a trend of increasing first 
and then decreasing, and moves to low frequency with the 
increase in Fe content. Compared with RGO, Fe/RGO-2 
and Fe/RGO-3 have better EMW absorption performance 
(Fig. S11). It should be pointed out that the optimal  RLmin 
peaks are shifted toward lower frequencies with increasing 
sample thickness which could be expressed by the quarter-
wavelength cancelation law [58]:

(6)
tm =

n

4
� =

nc

4fm

√
|
|�r�r

|
|

n = 1, 3, 5,…
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where tm is the matching thickness, � represent the wave-
length of the EMW, texpm  is the actual absorber thickness 
and fm is the matching frequency. It is obvious that the 
tm values of Fe/RGO composites are completely consist-
ent with the curve of quarter-wavelength attenuation law. 
When the matching thickness of the sample satisfies for-
mula (6), incident wave will reflect 180° on each interface 
with inverse phases, leading to energy attenuation of EMW. 
In addition, impedance matching properties should be 
demanded for an ideal EMW absorber. The EMW absorber 
with well-matched impedance can decrease the reflection 

of the EMW and facilitate the absorption. The impedance 
match value ( ||Zin∕Z0|| ) approaching 1 indicates that the great 
mass of EMWs enter the absorber to attenuate [59]. It can 
be seen that the impedance matching of RGO at different 
thicknesses is far away from 1 to varying degrees, indicating 
that its impedance matching is poor and the  RLmin value is 
also worse. The impedance matching values of Fe/RGO-2 
and Fe/RGO-3 at different thicknesses are very close to 1. 
The best impedance matching degree and  RLmin were cor-
responding to the λ/4, implying that the preferable perfor-
mance is due to the outstanding impedance matching.

Fig. 5  Analysis on EMW absorption performance of Fe/RGO composites with 2 wt% loading. a, d ε′ and ε″ of permeability. 3D and 2D color-
mapping of calculated theoretical RL values with different thickness of b, e RGO and e, f Fe/RGO-2. Summarizations of g maximum RL and 
h EAB at different thickness for RGO, Fe/RGO-1, Fe/RGO-2, Fe/RGO-3, and Fe/RGO-4 composite samples. i RL value versus frequency for 
specific thickness values of samples
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3.5  Analysis of EMW Absorption Mechanism

In order to analyze the effect of Fe content on the EMW 
absorption performance of RGO, the dielectric loss mecha-
nisms of Fe/RGO are studied, as shown in Fig. 6. The free 
electrons inside the metallic Fe are transferred along the 
Fe/RGO interface to the RGO in the form of migration and 
hopping, which play a crucial role in increasing conduc-
tivity due to the carrier injection mechanism, as shown in 
Fig. 6a. And the conductance loss is the main factor and 
decreases with the increase in frequency at low frequency, 
while the polarization loss plays a leading role at high fre-
quency (Fig. 6b, c). With the increase in Fe, the additional 

injected electrons at the heterogeneous interface increase the 
conduction loss (εc″) in the EM field. The high εp″ confirms 
that the charge accumulation and heterogeneous interface of 
RGO and Fe generates space charge polarization loss. Based 
on the Debye relaxation theory, the existence of polarization 
can be proved by the Cole–Cole semicircle, each semicircle 
of Cole–Cole expresses a Debye relaxation process [60]. 
Figure S12 and Table S2 show the ε′–ε″ curves of RGO, Fe/
RGO-1, Fe/RGO-2, Fe/RGO-3 and Fe/RGO-4, it can be seen 
that the number of semicircles increases with the increase in 
Fe, indicating an enhanced relaxation process compared with 
RGO. And the conductive loss increases with the increase 
in conductivity and the polarization loss intensity decreases 

Fig. 6  Analysis on EMW absorption mechanisms of Fe/RGO composites. a σ, b εc″, c εp″ of RGO, Fe/RGO-1, Fe/RGO-2, Fe/RGO-3, and Fe/
RGO-4. d, e TEM and corresponding off-axis electron holography image, f Electric field distribution, g Charge density map, h Charge density 
profile along the white region, i The electrical double layer model of Fe/RGO
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(the ε′–ε″ curve becomes smooth). From the first-principle 
calculation and carrier transfer characterization, it can be 
seen that the interfacial electron aggregation and electric 
field-derived flowing dominated the polarization loss by the 
carrier injection mechanism of Fe/graphene. We focused on 
exploring the Fe/RGO interface structure and plotted its 
electric field and charge density distributions using elec-
tron holography (Fig. 6d–i). It is obviously observed that 
there are positive and negative charge distribution around 
the interfacial region of carbon layer and Fe nanosheet form-
ing an out-plane electric field within the carrier collector 
interface, leading to an enhanced interfacial polarization 
relaxation. Unbalanced charge distribution due to electron 
migration can accumulate around the heterogeneous inter-
face. Under the EM field, the electric dipole turns repeatedly 
to promote the interfacial polarization so as to considerably 
consume the EM wave energy. More importantly, increas-
ing attenuation capacity and improving impedance matching 
characteristics are key factors to achieve excellent EMW 
absorption performance. The tan δε and α values of the Fe/
RGO composites increase with the increase in Fe content 
(Fig. S13). The partial electrons of Fe injected into the gra-
phene vibrate and produce polarization relaxation under 
microwave, significantly affecting the interface polarization 
loss and conductance loss. However, more interfaces can 
obtain high dielectric loss, but the absorption performance 
is not further improved mainly due to impedance mismatch 
(the low Z values), which is consistent with our previous 
work [61]. Therefore, Fe/RGO-2 and Fe/RGO-3 have excel-
lent absorbing performance due to its suitable attenuation 
characteristics and impedance matching. For comparison, 
the absorption properties of Fe/RGO′ composites without 
heterogeneous interfacial interaction were investigated by 
mechanical mixing in the same ratio as above with 2 wt% 
filler loading. The ε′ and ε″ curves of Fe/RGO-1′, Fe/RGO-
2′, Fe/RGO-3′, and Fe/RGO-4′ change weakly and does not 
exhibit dielectric dispersion behavior with the increase in 
Fe content (Fig. S14). Therefore, there exists an interfacial 
electronic interaction between RGO and Fe in Fe/RGO com-
posites, which would affect the dielectric properties of RGO 
and thus have excellent absorption properties.

Based on the above mechanism analysis, in order to further 
clarify the mechanism of graphene’s electronic structure and 
dielectric property response behavior, this work explored the 
electrical transport properties of Fe/RGO at micro–nanoscale. 
Electrostatic interactions have been widely used to characterize 

the conductivity, potential distribution, surface charge distribu-
tion and dielectric properties of various samples by C-AFM, 
KPFM and EFM measurements, etc. The surface topography 
and the corresponding current distribution images of Fe/RGO 
can be obtained by scanning the micro-area surface with 
C-AFM, and the I–V curves can be further obtained at specific 
points. As shown in Fig. 7a–d, the conductivity has a signifi-
cant difference in different regions as marked by the white 
lines. The current is lower in the RGO area (dark area) and 
higher in the close contact area of the Fe/RGO interface (light 
area). In addition, the I–V curves of Fe/RGO surface region 
show that the current of Fe/RGO increases with the increase 
in contact area and binding tightness, indicating that the elec-
tron migration and hopping jointly determine the conductivity 
of RGO, which is consistent with the electrical properties 
analysis results of first principles calculation, FG-FET and 
powders conductivity analysis (Fig. S15). It can be seen from 
the topographical height and surface potential distribution 
images of Fe/RGO that RGO layers show uniform surface 
potential at the same location, which indicates that the elec-
tronic properties of RGO is not significantly affected by air 
doped charges or substrate defects (Fig. 7e, f). The surface 
potential of Fe/RGO region increases with the position bulge 
of Fe, indicating that the degree of charge transfer between Fe 
and RGO increases due to the interface continuity. Figure 7g 
shows the relative Fermi level offset of Fe/RGO with the inter-
face contact position according to the Fermi level formula 
[62]: n

(
EF

)
=

1

�

(
EF

ℏVF

)2

 , where VF and ℏ represent Fermi 

velocity and Planck constant. It can be calculated that the car-
rier densities of Fe/RGO in different regions are about 
0.18 ×  1013, 1.69 ×  1013 and 2.18 ×  1013  cm−2, respectively 
(Fig. 7h). The surface charge distribution and dielectric prop-
erties of Fe/RGO in different regions are investigated under 
the influence of conductive probe by EFM. The measured 
phase change is defined as the difference between the actual 
and the free vibration phase of the probe. The influence of the 
interaction between the probe and the sample surface on the 
probe motion is explained by introducing a force constant, and 
the formula is as follows [63]:

where Δ� represents the phase difference, Q and k are the 
quality factors and force constants of the probe, k′ is the 
electrostatic force constant, and qtip and qsurf represent the 
surface charges of the probe and sample. It can be seen from 

(7)Δ� ≈
Q

k
⋅

2k�qtipqsurf

z3
∝ qsurf
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the above equation that the phase difference increases with 
the increase in the surface charge density of the sample. 
Therefore, it can be seen from Fig. 7i–k that the charge is 
mostly distributed in the convex part of RGO coated Fe 
surface, while the charge is less distributed in the flat part 
of RGO, indicating that the presence of Fe increases the 
conductivity of RGO. Considering only electrostatic force 
effect, the capacitance model can be considered between 
the probe and the sample, and the relationship between 
the phase difference ( Δ�(2ω) ) and permittivity ( �r ) can be 
expressed as [64]:

(8)Δ�(2�) =
Q

4k

d2C

dz2
V2
AC

cos (2�t)

(9)C = 2��0R ln

[

1 +
R
(
1 − sin �0

)

z + h∕�r

]

where �0 and R are the conical tip angle and tip radius of 
the probe. �0 is the permittivity of the vacuum, and C is 
the capacitance between substrate and probe. h and �r are 
the local thickness and relative permittivity, and VAC is con-
stant during scanning. The parameters of the local dielectric 
detection are shown in Table S1. From Fig. 7l, the average 
permittivity of RGO and Fe/RGO in different regions can be 
roughly calculated according to the d

2C

dz2
− �r fitting formula, 

and the calculated results are 6.49 and 6.58. The permit-
tivity of Fe/RGO region is higher than that of RGO, which 
is consistent with the changing trend of dielectric param-
eters in Figs. 3 and 5. Therefore, it can be inferred that Fe/
RGO heterogeneous interfaces with work function differ-
ences and orbital hybrid interactions promote carrier injec-
tion and redistribution in the form of ohmic contact, which 
enhances conductance loss, interface and dipole polarization 
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Fig. 7  Electrical measurement of the Fe/RGO. a, e, i AFM topographic images of Fe/RGO. b C-AFM current distribution image. The current 
distribution curves c and I–V curves d of the calibration position region. f KPFM surface potential image. g The shift of the RGO Fermi level 
and h carrier density values varies with position. j and k Δ� distribution images and curves of calibration position region of Fe/RGO, l dielectric 
response curve of EFM
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loss and provides infinite possibilities for the tunability of 
dielectric and absorption properties. At the same time, we 
also explored the influence of trace transition metal ele-
ments (Co and Ni) on the dielectric properties of graphene, 
as shown in Fig. S16. The results showed that the dielectric 
dispersion characteristic of graphene was improved greatly 
by the carrier injection mechanism resulting in significant 
absorption performance, which indicates that the mechanism 
is of universal adaptability to the improvement of graphene 
dielectric properties.

To have a better understanding of EMW absorption mech-
anism for Fe/RGO, a schematic diagram exhibiting is shown 
in Fig. 8. The excellent absorption properties of Fe/RGO 
composites can be attributed to conduction loss, polariza-
tion relaxation and better impedance matching. Firstly, the 
polarization relaxation related to the heterogeneous inter-
faces formed between RGO and Fe is beneficial in enhancing 
the interface polarization. Secondly, the improved conduc-
tivity caused by the carrier injection mechanism (including 
electron migration and hopping) effectively enhances the 
conductance loss, and the resulting charge aggregation and 
rearrangement further increases the interface polarization 
loss. This phenomenon is mainly attributed to the ohmic 
contact form between the RGO and Fe interface based on the 
difference of work function, which allows the free electrons 
in Fe to be better injected into the graphene. Thirdly, the 
unique lamellar structure of RGO can effectively improve 
the electron transport efficiency, resulting in high conductive 
loss. Fourthly, the dipole polarization caused by defects in 
the edge and in-plane regions of Fe/RGO increases the die-
lectric loss. Furthermore, the proper complex permittivity of 

Fe/RGO adjusted by Fe content provided an optimal imped-
ance matching, which helps incident microwaves to enter 
the Fe/RGO composite. Consequently, multiple loss mech-
anisms and good impedance matching in Fe/RGO can be 
obtained significant EMW absorption performance. Figure 
S17 summarizes the EMW absorption properties of RGO-
based composites reported in the recent literature (Table S3). 
Compared with other RGO absorbers, the Fe/RGO compos-
ite in this study has lightweight and broadband microwave 
absorption properties at a low fill loading (2 wt%), proving 
the feasibility of our strategy.

4  Conclusion

In summary, this work designed and developed a carrier 
injection strategy for fully exploiting the dielectric proper-
ties of graphene based on the theoretical guidance of the 
different electron gain and loss capabilities. By regulating 
the amount of Fe nanosheets in Fe/RGO, the optimizing 
dielectric dispersion properties of graphene are achieved 
through carrier injection mechanism formed by ohmic 
contact between RGO and Fe interface. It is revealed that 
electron migration directly increases the conductivity of 
graphene at the Fe/RGO interface and the resulting charge 
accumulation and rearrangement effectively increase the 
conductivity loss, dipole polarization and interfacial polari-
zation loss, and the electron holography confirmed that the 
Fe/RGO possessed significant charge distribution around 
the interface location compared to RGO. As a result, the 

Fig. 8  Schematic diagram of EMW absorption of Fe/RGO
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Fe/RGO-2 exhibits excellent EMW absorption perfor-
mance at a low loading of 2 wt% that the  RLmin value can 
reach − 53.38 dB at 13.56 GHz (2.45 mm) and the EAB is 
7.52 GHz (10.48–18 GHz, covering the full Ku band) at 
2.62 mm. This present work elucidates an intrinsic insight 
into the dielectric polarization behavior of graphene-based 
materials and provides a reliable strategy for the controllable 
fabrication of novel lightweight EMW absorbing materials.
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