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ARTICLE INFO ABSTRACT

Keywords: Nowadays, developing high-performance microwave absorbers with thin thickness, strong absorbing, broad
Reduced graphene oxide bandwidth and low filler loading is of great importance for solving the problem of electromagnetic pollution.
Nitrogen doping Herein, nitrogen-doped reduced graphene oxide/nickel-zinc ferrite (NRGO/Nig sZng sFe,O4) composite was

Nickel-zinc ferrite
Composites
Microwave absorption

synthesized using graphene oxide (GO) as a template by a facile two-step strategy. Results of morphology ob-
servations revealed that well-designed entanglement structure consisting of Nig sZng sFe,O4 microspheres and
crumpled NRGO was clearly observed in the as-prepared NRGO/Nig sZn, sFe,O4 composite. Moreover, the ef-
fects of complexing of NRGO and filler loadings on the microwave absorption properties of NRGO/
Nig sZng sFe>04 composite were carefully investigated. It was found that the complexing of NRGO notably en-
hanced the microwave absorption properties of NigsZngsFe,O4 microspheres. Significantly, the obtained
NRGO/Nig sZng sFe;04 composite demonstrated the optimal minimum reflection loss of —63.2dB with a
matching thickness of 2.91 mm in the X-band and effective absorption bandwidth of 5.4 GHz (12.0-17.4 GHz)
almost covering the whole Ku-band with a thin thickness of merely 2.0 mm. Furthermore, the relationship be-
tween filler loading and refection loss was carefully clarified. Besides, the underlying microwave absorption
mechanisms of as-prepared composite were proposed. It was believed that our results could shed light on the
design and fabrication of graphene-based magnetic composites as high-efficient microwave absorbers.
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1. Introduction

With the increasingly serious problem of electromagnetic pollution
originated from the extensive use of electronic equipment and devices,
microwave absorbing materials (MAMs) have drawn considerable in-
terests in the field of electromagnetic absorption [1-3]. In the past few
decades, tremendous efforts have been devoted to constructing high-
efficient MAMs with facile synthesis, strong microwave absorption in-
tensity, and wide absorption bandwidth [4-11].

As a novel kind of carbon nanomaterials, reduced graphene oxide
(RGO) has been considered as a potential candidate for microwave
absorption due to these advantages such as low density, high specific
surface areas, residual defects and oxygen-containing groups, and no-
table dielectric loss [12-18]. However, single RGO used as MAMs suf-
fers from inferior impedance matching and poor attenuation loss, which
greatly restrict its practical applications [12-15]. Thus, it is very urgent
to enhance the microwave absorption performance of RGO for dealing
with the growing problem of electromagnetic pollution.

According to the electromagnetic theories, both impedance
matching and attenuation loss conditions should be well satisfied for
achieving superior microwave absorption properties [4,6]. Recently,
numerous investigations demonstrated that the complexation of mag-
netic spinel ferrites with RGO to fabricate RGO-based magnetic com-
posites could be an effective strategy for improving the microwave
absorption performance of RGO [19-37]. For instance, Wang et al.
prepared the flower-like CoFe,O4@graphene composites and further
investigated the microwave absorption properties of CoFe,O,@gra-
phene/paraffin wax composites. It was observed that the obtained
composites displayed the minimum reflection loss (RLy;,) of —42.0 dB,
and effective absorption bandwidth (EAB, RL less than —10dB) of
4.59 GHz with a thickness of 2.0 mm and filler loading of 45 wt% [30].
Yin et al. fabricated the Nij 5sCog sFe,O4@graphene composites via one-
step hydrothermal method and found that the as-prepared composites
showed the RLi, of —30.92 dB with a thickness of 4.0 mm and filler
loading of 50 wt% [31]. Shen et al. synthesized the Cog gFe; 204/RGO
nanocomposites by a facile one-pot microwave hydrothermal route and
observed that the as-prepared nanocomposites showed the RL.;, of
—51.2dB with a thickness of 2.1 mm, and EAB of 7.2GHz with a
thickness of 2.0 mm and filler loading of 50 wt% [35]. In our previous
works, we have fabricated the RGO/ZnFe,O, and RGO/MnFe,0O4
composites by facile solvothermal and hydrothermal routes, respec-
tively [32,33]. It was found that these two composites exhibited strong
microwave absorption with thin thicknesses at very high filler loadings
of 75 wt% and 70 wt%, respectively [32,33].

However, most of the reported RGO/spinel ferrites composites used
as MAMs suffer from the drawbacks of unsatisfactory microwave ab-
sorption intensity (RLy, > -60dB), narrow absorption bandwidth
(EAB < 5.0GHz) and high filler loading (¢ > 50 wt%).
Furthermore, the relationship between structure and microwave ab-
sorption properties, and underlying microwave absorption mechanisms
of RGO/spinel ferrites composites have not been clearly clarified.
Therefore, it is valuable for fabricating the high-performance RGO/
spinel ferrites composites and clarifying their underlying microwave
absorption mechanisms. Besides, recent investigations manifested that
the filler loading could significantly influence the electromagnetic
parameters (¢’, ¢, i/, ”) and microwave absorption properties of MAMs
according to the percolation theory [24,38-40]. Thus, it is strongly
necessary for clarifying the relationship between filler loading and re-
fection loss.

Recently, doping of RGO with heteroatoms has been regarded as an
effective approach to tailor the electrical and chemical properties of
RGO [2,4,41-47]. Especially, nitrogen doping in the crystal lattice of
RGO could not only enhance the defects or dipole polarization and
conduction loss capacity, but also optimize the impedance matching
condition [2,4,41-47]. As a result, enhanced microwave absorption
performance had been achieved in nitrogen-doped RGO (NRGO) and
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NRGO-based composites [2,4,41-47]. Combined the merits of NRGO
with spinel ferrites, it is believed that superior microwave absorption
properties could be achieved through fabricating the NRGO/spinel
ferrites composites. To the best of our knowledge, the investigations of
facile synthesis, nitrogen doping, and filler loadings on the electro-
magnetic parameters and microwave absorption properties of nitrogen-
doped reduced graphene oxide/nickel-zinc ferrite (NRGO/
Nig.5Zng sFe,0,4) composite have been rarely reported.

Herein, we fabricated the NRGO/Nig sZng sFe,O4 composite by a
facile two-step strategy. Firstly, NigsZngsFe,O4 microspheres were
synthesized through a solvothermal method; then, NRGO/
Nig.5Zng sFe,O4 composite was prepared by a hydrothermal route.
Various technique was adopted to explore the relationship between
structure and microwave absorption properties of NRGO/
Nig.5Zng sFe,O4 composite. Moreover, the influence of complexing of
NRGO and filler loadings on the microwave absorption properties of
NRGO/Nig 5Zny sFe,O4 composite was systematically investigated.
Results demonstrated that the as-prepared binary composite showed
comprehensively superior microwave absorption properties with strong
absorption, broad bandwidth, thin thickness and low filler loading.
Besides, the underlying microwave absorption mechanisms of obtained
composite were clarified.

2. Experimental
2.1. Materials

Graphite oxide was provided by Suzhou TANFENG Graphene Tech
Co., Ltd (Suzhou, China). Zinc chloride (ZnCl,), nickel chloride
(NiCl,'6H50), ferric chloride (FeCl;6H,0), sodium acetate (NaAc),
ethylenediamine (EDA), ethylene glycol (EG), polyethylene glycol
(PEG, M,, = 6000 g-mol_l) and anhydrous ethanol (CoHsOH) were
purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai,
China). All the chemical reagents were analytical grade and used
without further purification. Deionized water was produced in the la-
boratory (electrical resistivity ~ 18.2 M2-cm).

2.2. Synthesis of Nig sZng sFe;04 microspheres

Nig.sZno sFe,O4 microspheres were synthesized by a facile sol-
vothermal method. Firstly, 0.5 mmol of ZnCl,, 0.5 mmol of NiCly-6H,0
and 2 mmol of FeCl36H,0 were completely dissolved into 30 mL of EG
by vigorous stirring. Then, 2.7 g of NaAc and 0.75g PEG were fully
dissolved into the mixture solution under vigorous stirring, respec-
tively. Next, the homogeneous solution was poured into a Teflon-lined
stainless-steel autoclave (50mL) and reacted at 200°C for 8h.
Afterward, the obtained product was collected by magnetic separation,
and then purified by repeated washing with deionized water and an-
hydrous ethanol for several times. Finally, the powder-like sample was
obtained by grinding dried solid product, which was dried at 55 °C for
24h in a vacuum oven.

2.3. Preparation of NRGO/Niy sZn, sFe;,04 composite

NRGO/Nig sZng sFe>04 composite was fabricated using graphene
oxide (GO) as a template through a hydrothermal route. Typically,
aqueous GO dispersion (0.5 mg/mL) was firstly obtained by ultrasonic
dispersion of graphite oxide (15 mg) into deionized water (30 mL) for
15 min and vigorous stirring for 30 min, respectively. Then, 50 mg of
Nig sZng sFe;04 powder was completely dispersed into aqueous GO
dispersion by ultrasonication for 10min and vigorous stirring for
15 min, respectively. Next, 100 uL. EDA was injected into the mixture
dispersion and vigorously stirred for 15 min. Afterward, the reaction
mixture was poured into a Teflon-lined stainless-steel autoclave (50 mL)
and reacted at 120 °C for 12h. Finally, the resulting product was col-
lected by magnetic separation, and then purified by repeated washing
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Fig. 1. Schematic illustration of the synthesis process of NRGO/Niy sZn, sFe;O4 composite.

with deionized water and anhydrous ethanol for several times, and
dried at 55 °C for 24 h in a vacuum oven. For simplicity, the as-prepared
Nig.5Zng sFe,04 and NRGO/Nij 5Zng sFe;0, composite were labeled as
S1 and S2, respectively.

The schematic synthesis procedures of NRGO/NigsZngsFe;04
composite were described in Fig. 1. Firstly, NiysZngsFe,O4 micro-
spheres were synthesized by a solvothermal route. It should be noted
that the EDA in this work not only acted as the nitrogen doping reagent,
but also played the role of reducing agent and strong alkali [2,47].
Then, EDA could build the chemical connections with GO and inorganic
Nig.5Zng sFe,O4 microspheres in aqueous GO dispersion. Specifically,
EDA could not only connect with negatively charged -COO~ on the
surfaces of GO by electrostatic attraction interactions under alkaline
conditions, but also link with —OH on the surfaces of NigsZngsFe,04
microspheres through hydrogen bonds. Finally, NigsZngsFe,O4 mi-
crospheres were in situ deposited on the surfaces of RGO and nitrogen
atoms were doped into RGO during the hydrothermal process, and thus
the NRGO/Nig sZng sFe,O4 composite was formed.

The detailed characterization sections of NRGO/NigsZng sFe;04
composite can be found in the Electronic Supplementary Materials.

3. Results and discussion
3.1. Structural analysis

As depicted in Fig. 2(a), the diffraction peaks from X-ray diffraction
(XRD) patterns of the samples of S1 and S2 appearing at 26 = 30.2,
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35.6, 43.2, 57.2 and 62.6° are in good accordance with the (220),
(311), (400), (511) and (440) crystal planes of NigsZngsFe,O4
(JCPDS 52-0278), respectively [23]. However, it is difficult to distin-
guish the diffraction peaks of RGO in the pattern of S2, which could be
explained by the relatively low diffraction strength of RGO compared
with that of Nig sZng sFe,O4 in the binary composite [47].

Degree of graphitization of obtained samples could be evaluated by
Raman spectroscopy. From Fig. 2(b), both S2 and GO exhibit two ob-
vious scattering peaks located at 1590 c¢m~?! (G band) and 1347 cm ™!
(D band). The D and G bands signify the sp® defects or disorder, and sp*
hybridization, respectively [6,47-49]. Generally, I/I; is often used to
reflect the degree of disorder [6,47-49]. It can be seen that the values of
I/Ig for S2 and GO are 1.20 and 0.89, respectively. Thus, the as-pre-
pared binary composite shows obviously enhanced I/I compared with
that of GO, which suggests the degree of defects become higher. This
result could be originated form the introduction of numerous defects on
the surfaces of RGO by nitrogen doping during the hydrothermal pro-
cess [47]. Furthermore, it is obvious that the Raman scattering peaks in
the low wavenumbers range (300-800 cm ™!, marked by the blue da-
shed box) of the samples of S1 and S2 could be ascribed to the char-
acteristic peaks of NigsZng sFe,O4 [50].

Thermal gravimetric analysis (TGA) measurements were conducted
for determining the content of NRGO in the sample of S2. As shown in
Fig. S1, the thermal decomposition behavior could be divided into two
stages. Firstly, a small weight loss (~5.1 wt%) below 250 °C mainly
comes from the loss of adsorbed water [36]. Secondly, an obvious
weight loss from 250 °C to 550 °C, which could be ascribed to the
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Fig. 2. (a) XRD patterns of the samples of S1 and S2 and (b) Raman spectra of the samples of S1, S2 and GO.
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Fig. 3. XPS spectra of (a) wide scan, (b) C 1s, (c) O 1s, (d) N 1s, (e) Fe 2p, (f) Ni 2p and (g) Zn 2p for the sample of S2.

degradation of NRGO. Besides, the residual products are deduced to the
constituent of Nig 5Zng sFe;04. Thus, the content of NRGO in S2 is es-
timated as 23.8 wt%.

The surface chemical compositions and valence states of S2 were
investigated by X-ray photoelectron spectroscopy (XPS) analysis.
Fig. 3(a) shows the typical spectrum of wide scan, which confirms that
the S2 contains the elements of Zn, Ni, Fe, O, N and C. As shown in
Fig. 3(b), the peaks of C 1s at 289.5, 288.4, 285.6 and 284.6 eV can be

assigned to O-C=0, C=0, C-N and C-C/C=C bonds, respectively
[6,23,48]. From Fig. 3(c), the O 1s spectra can be fitted into four peaks
of Fe-O-C, O-C=0, C-0 and Fe-O [6,23,48]. As depicted in Fig. 3(d),
the N 1s spectra can be split into four kinds of N (graphitic N, pyridinic
N, pyrrolic N and oxidized N) [2,4,6], which suggests that the N atoms
have been doped into RGO. From Fig. 3(e), the peaks at 711.3 and
713.4 eV could be assigned to Fe 2p3,,. However, the peak at 725.6 eV
could be ascribed to Fe 2p;,» [23,48]. As displayed in Fig. 3(f), the
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Fe 40.6 16.2
C 25.7 47.6
(0] 220 30.6
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Fig. 4. SEM images with different magnifications: (a) and (b) S1, (d) and (e) S2; EDS patterns and elements contents: (c) S1 and (f) S2.

peaks at 855.8 and 873.2 eV could be assigned to Ni 2ps,» and Ni 2p; 5,
respectively [4,23]. From Fig. 3(g), the peaks at 1021.3 and 1044.5 eV
could be ascribed to Zn 2p3,, and Zn 2p; -, respectively [23,48].

3.2. Morphological analysis

Scanning electron microscopy (SEM) was used to observe the mi-
cromorphology of the samples of S1 and S2, as shown in Fig. 4. From
Fig. 4(a) and (b), it is obvious that the Nig sZng sFe-O4 particles in the
S1 exhibit a spherical-like morphology. Furthermore, all the
Nig.5Zng sFe,O4 microspheres present coarse surfaces, which derive
from the self-assembly process of small primary nanocrystals in-situ
formed under the solvothermal reaction conditions. Similar results have
been also observed in our previous works [48,49]. As displayed in
Fig. 4(d) and (e), the flake-like NRGO in the S2 shows a rippled and
crumpled morphology. Furthermore, numerously micro-sized
Nig sZng sFe,0,4 particles with rough surfaces are uniformly loaded on
the surfaces of NRGO. Remarkably, well-designed entanglement struc-
ture consisting of Nig sZng sFe;04 microspheres and crumpled NRGO is
clearly observed in the S2 (marked by the red dotted circles in
Fig. 4(e)). Therefore, it is believed that abundantly heterogeneous in-
terfaces between Nig sZng sFe,04 microspheres and NRGO could be
formed, which notably enhance the interfacial polarization and di-
electric loss of S2 under the alternating electromagnetic fields. As
shown in Fig. 4(c) and (f), the EDS patterns of S1 and S2 reveal that the
existence of Ni, Zn, Fe and O elements. Furthermore, a little amount of
N elements (1.1 wt%) have been detected in the S2, which suggests the
N atoms have been doped into RGO. This finding is in good accordance
with the result of XPS analysis in Fig. 3(d).

As shown in Fig. S2, the NigsZng sFe;O, microspheres presented
statistical average size of 106.71 and 135.19 nm for the samples of S1
and S2, respectively.

The micromorphology and structure of the samples of S1 and S2
were further characterized by transmission electron microscopy (TEM),
as displayed in Fig. 5. From Fig. 5(a), (b), (d) and (e), it can be observed
that the NigsZng sFe,O4 particles in both S1 and S2 exhibit spherical-

like morphology. Moreover, the Nij sZng sFe;O4 microspheres in the S1
exhibit a slight aggregation, while the dispersion of Nig sZng sFe;04 in
the S2 is obviously improved and NigsZngsFe,O, microspheres are
uniformly loaded on the surfaces of NRGO. Furthermore, the thinly
flake-like NRGO in the S2 is almost transparent, which suggests few-
layer structure [22,49,51]. It should be noted that almost none of
Nig.5Zng sFe,O4 microspheres are dropped off from the surfaces of
NRGO under powerful ultrasound treatment. Therefore, it is believed
that the NigsZngsFe,O4 microspheres are tightly anchored on the
surfaces of NRGO [49,51]. As shown in the high-resolution transmission
electron microscopy (HRTEM) images of Fig. 5(c) and (f), the inter-
plane distances of 0.305 and 0.245nm correspond to the (220) and
(311) crystal planes of Nig sZng sFe,0y, respectively.

Fig. S3 shows the EDS element mappings images, which illustrate
the existence of C, Zn, Ni, Fe and O with an almost homogeneous ele-
mental distribution in the sample of S2.

3.3. Magnetic properties

The magnetic hysteresis loops of the samples of S1 and S2 were
acquired by a vibrating sample magnetometer (VSM) at room tem-
perature. As shown in the inset of Fig. 6, the magnified magnetization
curves clearly demonstrate that both S1 and S2 display typically fer-
romagnetic behaviors, which could generate notable magnetic loss in
the gigahertz frequency region [52,53]. Specifically, the saturation
magnetization (M) of S1 and S2 is 64.8 and 57.7 emu/g, respectively. It
should be noted that the ferromagnetism of S1 and S2 mainly originates
from the NigsZng sFe;04 microspheres. Therefore, the S2 presents a
notable decrease of Mg compared with S1, which could be ascribed to
the introduction of non-magnetic RGO in the binary composite [49].

3.4. Microwave absorption properties
This work focused on exploring the influence of filler loadings on

the electromagnetic parameters and microwave absorption properties
of NRGO/Nig 5Zng sFe;0,4 composite. From Fig. 7(a)-(d), the values of



R. Shu, et al.

100 nm

L il -

Chemical Engineering Journal 384 (2020) 123266

Fig. 5. TEM images with different magnifications: (a) and (b) S1, (d) and (e) S2; HRTEM images: (c) S1 and (f) S2.
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Fig. 6. Magnetic hysteresis loops of the samples of S1 and S2 at room tem-
perature. Inset: the magnified magnetization curves at the low field.

RL i, of S2 achieve —10.8, —17.8, —63.2, —17.8 and —10.8 dB as the
filler loadings are 30, 35, 40, 50 and 60 wt%, respectively. Notably, the
S2 presents a broad EAB of 5.4 GHz (12.0-17.4 GHz) for a thickness of
merely 2.0 mm and filler loading of 40 wt%. It can be concluded that
the S2 exhibits the optimal microwave absorption performance at a
filler loading of 40 wt%. As described in Fig. 7(e), the S1 shows the
RLnin of merely —6.7 dB, which suggests the poor microwave absorp-
tion performance. Therefore, the S2 (NRGO/Niy 5Zng sFe>04 composite)
demonstrated obviously enhanced microwave absorption performance
compared with S1 (pure NigsZngsFe,0,4). To intuitively evaluate the
variation trend of RL,;, with ¢y, the |RLuyin| ~ ¢pw curve was plotted for
the S2, as depicted in Fig. 7(g). It can be found that the |RLy;,| firstly
increases and then decreases with the increasing of filler loadings.

Remarkably, the S2 exhibits the best microwave absorption properties
with the filler loading of 40 wt%. Fig. 7(h) and (i) display the three-
dimensional (3D) plots of reflection loss for S1 and S2. Remarkably, the
RL i corresponding to the maximum microwave absorption could lo-
cate at various frequencies by modulating the thicknesses of absorbers
[6,48].

Generally, the electromagnetic parameters (¢, ¢”, i/, u”) are vitally
important to determine the microwave absorption properties [6,48,49].
The real permittivity (¢”) and real permeability (u’) represent the sto-
rage ability of electric and magnetic field energy, whereas the ima-
ginary permittivity (¢”) and imaginary permeability (u”) indicate the
dissipation capacity of electric and magnetic field energy, respectively
[6,48,49]. Thus, the frequency dependence of electromagnetic para-
meters of S2 with different filler loadings was carefully investigated, as
depicted in Fig. 8(a)-(d). From Fig. 8(a), the ¢’ of S2 at all filler loadings
shows a decline trend with the increasing of frequency and reveals a
frequency dispersion effect, which is beneficial to the microwave ab-
sorption [54]. Specifically, the ¢ decreases from 6.3 to 4.8, 9.0 to 6.9,
11.9 to 8.2, 16.2 to 8.1, 21.8 to 9.8 for the filler loadings of 30 wt%,
35 wt%, 40 wt%, 50 wt% and 60 wt%, respectively. Therefore, the &’
enhances as the filler loadings increase. As shown in Fig. 8(b), the ¢” of
S2 for the filler loading larger than 40 wt% decreases with the in-
creasing of frequency. Similarly, the ¢” also enhances with the in-
creasing of filler loadings. On the basis of free electron theory, it can be
deduced that the ¢” enhances with the increasing of electrical con-
ductivity [6,55,56]. In the present study, the specimens for the mea-
surements of electromagnetic parameters were prepared by uniformly
mixing the as-prepared NRGO/NigsZngsFe,O4 composite into the
paraffin matrix at different filler loadings. We have measured the
electrical conductivity of obtained NigsZngsFe,O4 microspheres,
NRGO/Nig sZng sFe;04 composite and paraffin wax by a four-point
probe method. The measured values of electrical conductivity for
Nio_szno_5F6204 miCrOSphereS, NRGO/NiO'szno'sFezo‘; COmpOSite and
paraffin wax are 6 x 107°%, 15.4 and 5 x 1078S/m, respectively.
Therefore, the S2 (NRGO/Nig sZng sFe,O4 composite) demonstrates
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Fig. 7. Frequency dependence of reflection loss at different thicknesses for the sample of S2 with various filler loadings: (a) 30 wt%, (b) 35 wt%, (c) 40 wt%, (d) 50 wt
% and (e) 60 wt%; Frequency dependence of reflection loss at different thicknesses for S1 with a filler loading of 40 wt% (f); Absolute value of RLy;, as a function of
filler loadings for the sample of S2 (g); 3D representations of reflection loss for S1 (h) and S2 (i) with a filler loading of 40 wt%, respectively.

obviously enhanced electrical conductivity than that of S1 (pure
Nig.5Zng sFe,0,). It could be deduced that the electrical conductivity of
NRGO/Nig 5Zng sFe,0,4/paraffin wax composites increases with the in-
creasing of filler loadings, leading to the enhanced &¢”. Numerous in-
vestigations demonstrated that ¢ kept pace with the variation in elec-
tric conductivity and there existed identical change rules about ¢’ and ¢”
[54,57,58]. Therefore, the S2 with the filler loading of 60 wt% exhibits
the biggest ¢’ and ¢”, which manifests the enhanced storage capability
of electric energy and dielectric loss [54,59]. From Fig. 8(c), the i’ of S2
at all filler loadings presents some fluctuations with the increasing of
frequency and the values of 1’ are in the range of 0.8-1.3. As described
in Fig. 8(d), the pu” of S2 at all filler loadings presents a notably de-
creasing trend as the frequency increases in the frequency range of
2-6 GHz.

Attenuation loss includes dielectric loss and magnetic loss, which
plays a vital role in microwave attenuation [6,48]. Thus, the frequency-
dependent dielectric loss tangent (tand. = ¢”/¢’) and magnetic loss
tangent (tand,, = p”/i’) for the sample of S2 with different filler load-
ings were investigated. From Fig. 8(e), the S2 exhibits obviously en-
hanced tand. with the increasing of filler loadings, suggesting the

improved dielectric loss against the incident microwaves. It should be
noted that the obviously enhanced dielectric loss could be attributed to
the notably increased ¢” and ¢” of S2 as the filler loadings increasing. As
depicted in Fig. 8(f), the tan,, of S2 displays a similar tendency as y”
with the increasing of frequency for all the filler loadings. Besides,
combined Fig. 8(e) with Fig. 8(f), it can be found that both dielectric
loss and magnetic loss play important roles for the microwave at-
tenuation.

The eddy current loss can be evaluated by the following equations
[6,48,49,52]:

W R 2muy (W Pod’f /3 )
Co=p" (W) (2)

Herein C, is eddy current coefficient, o is the electric conductivity,
Up is the vacuum permeability and d is the thickness of absorber. If
magnetic loss mainly originates from eddy current effect, the values of
Co should keep constant as the frequency increasing [6,48,49,52]. Fig. 9
displays plots of Cy vs. frequency for the sample of S2 with different

filler loadings. Notably, C, decreases with the increasing of frequency,
which indicates that the eddy loss is relatively weak and that magnetic
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Fig. 9. Frequency dependence of C, for the sample of S2 with different filler
loadings.

loss mainly originates from the magnetic resonance [60].

Numerous investigations demonstrated that the quarter-wavelength
(1/4)\) cancellation mechanism and impedance matching could be used
to explain the microwave absorption mechanisms including the origin,

position and intensity of reflection loss (RL) peaks, respectively
[60-62]. The modulus of the normalized input impedance |Z;,/Zo| is
often described as follows [6,62-65]:

| tan h

‘\/ ﬂd)m” ®3)

Herein, Z, is the impedance of air, and Z;,, is the input impedance of
the sample.

If the thickness of the absorber (t,,) at the absorption peak frequency
(fi) satisfies the equation [54,60-62]:

M uo1ss )

m
4 Af e, | (&)

where c is the velocity of light in free space, || and |y,| are the moduli
of i, and &, the incident and reflected waves in the absorbers are out of
phase by 180°, resulting in the disappearance of each other at the air-
absorber interface [54].

Fig. 10 shows the dependence of RL on frequency at 1/4A thick-
nesses for the sample of S2 with a filler loading of 40 wt%, and the |Z;,/
Zo| is calculated at the same time. The pentagram signifies the experi-
mental t, (denoted as t,"*P). As shown in Fig. 10, the RLpy;, of
—63.2dB is found at the thickness of 2.91 mm and frequency of
8.24 GHz when the |Z;,/Z,| equals approximately 1. This is the perfect
matching point in this circumstance [62]. Therefore, the S2 with the
filler loading of 40wt% could simultaneously satisfy the 1/4
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Fig. 10. Dependence of RL on frequency at 1/4A thicknesses and the |Z;,/Z,| for
the sample of S2 with a filler loading of 40 wt%.

wavelength formula and optimal impedance matching, which leads to
the formation of minimum reflection loss.

Fig. 11 describes the possible microwave absorption mechanisms of
NRGO/Nig 5Zng sFe,04 composite. We assume that the microwaves are
incident normally from the front of absorber (NRGO/Nig sZng sFe,O4
composite) and are backed by a perfect conductor (metal plate). The
underlying microwave absorption mechanisms of NRGO/
Nig.5Zng sFe,O4 composite could be ascribed to the following reasons.
Firstly, the residual oxygen-containing groups such as -COOH and —OH,
and structure defects on the surface of RGO could induce the dipole
polarization and defect polarization under the alternating electro-
magnetic fields, respectively [49,51]. Secondly, numerously hetero-
geneous interfaces among paraffin matrix, NRGO and Nig sZng sFe,O4
significantly enhance the interfacial polarization relaxation
[6,48,49,51]. Thirdly, nitrogen-doping in the crystal lattice of RGO,
which not only enhances the dipole polarization relaxation, but also

_‘_.w.

.
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improves the conduction loss [2,4,6,42,43]. Fourthly, according to the
Cao's electrons hopping model [66,67], the electrons can absorb elec-
tromagnetic energies to migrate on the surface of NRGO, and then
convert the electromagnetic energies into thermal energies by colliding
with the lattice [68]. Lastly, the synergistic effects of dielectric loss
derived from interfacial polarization, defect polarization and dipole
polarization, magnetic loss originated from ferromagnetic
Nig.5Zng sFe,O4 microspheres, and conduction loss coming from NRGO,
which significantly improve the microwave attenuation capacity and
optimize the impedance matching.

For the sake of evaluating the microwave absorption properties of
as-prepared NRGO/Niy sZn, sFe,O4 composite in this work, we have
compared our results with previously similar RGO (or graphene)-based
spinel ferrites composites reported in the open literatures. As shown in
Table 1, it can be found that the obtained NRGO/NigsZng sFe,04
composite (S2) exhibits comprehensively optimal microwave absorp-
tion performance among all the reported similar composites with the
RL,;, of —63.2dB at a thickness of 2.91 mm and a broad EAB of
5.4 GHz at a thin thickness of only 2.0 mm. Therefore, we believe that
the as-prepared NRGO/Nig 5Zn, sFe,04 composite in this work could
show great potential for practical applications as high-performance
microwave absorbers in the field of electromagnetic absorption.

4. Conclusions

In summary, NRGO/NigsZngsFe,O4 composite was successfully
prepared by a facile two-step strategy. Results of morphology ob-
servations demonstrated that well-designed entanglement structure
consisting of NigsZng sFe,04 microspheres and crumpled NRGO was
found in the as-prepared NRGO/Niy 5Zng sFe,O4 composite. Moreover,
the as-prepared binary composite exhibited obviously enhanced mi-
crowave absorption properties compared with single NigsZngsFeO4
microspheres. Furthermore, the relationship between filler loading and
refection loss was well clarified by the |RLpin| ¢ curve.
Significantly, the obtained composite showed comprehensively superior
microwave absorption properties with strong absorption, broad band-
width, thin thickness and low filler loading. Besides, the underlying
microwave absorption mechanisms of as-prepared composite were
proposed, which could be ascribed to the enhanced polarization re-
laxation, synergistic effects of magnetic loss, conduction loss and di-
electric loss, and optimized impedance matching. Therefore, the ob-
tained composite in this work could be used as high-efficiency
microwave absorbers in the field of electromagnetic absorption.

lncldent microwaves

Reflected microwaves ™

.
.
.
.
.

""" Defect polarization .~
Resndual groups as
polarized centers

Interfacial polarization_

Fig. 11. Schematic illustration of the possible microwave absorption mechanisms of NRGO/Ni sZn, sFe>O4 composite.
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Table 1

Chemical Engineering Journal 384 (2020) 123266

Typical RGO (or graphene)-based spinel ferrites composites used as microwave absorbers reported in this work and recent literatures.

Sample Matrix Filler loading (wt%) RLpyi, (dB) EAB (GHz) Thickness (mm) Ref.

S2 (NRGO/Nig 5sZng sFe20.4) Paraffin 40 —-63.2 5.4 2.0 This work
S2 (NRGO/Niy sZng sFe>04) Paraffin 50 -17.8 4.6 1.6 This work
NiFe,04 nanorod-graphene Paraffin 60 —29.2 4.4 3.0 [19]
RGO-Fe304 Paraffin 50 —44.6 4.3 2.0 [20]
CoFe,0,/graphene Paraffin 60 —-24.7 3.7 2.0 [21]
ZnFe,0,/RGO Paraffin 30 —29.3 2.6 1.6 [22]
RGO-Nig 5Zng sFe;04 Paraffin / —47.8 4.8 2.0 [23]
NiFe,0,4/rGO Paraffin 50 —42.0 5.3 6.5 [24]
Co9.2Nig 4Zng 4Fe;04/graphene Paraffin 40 -53.5 4.8 3.1 [25]
RGO/Nig 5Zng 5sCop 2Fe04 Paraffin 40 —-57.6 4.2 3.0 [26]
NiFe,04-1GO Paraffin / —58.0 4.08 2.7 [27]
CoFe,04/RGO Paraffin 50 -57.7 5.8 2.8 [28]
Hollow NiFe,0,4/graphene Paraffin 15 —40.9 2.8 3.5 [29]
CoFe,0,@graphene Paraffin 45 —42.0 4.59 2.0 [30]
Nip 5C0p.sFe,0,@graphene Paraffin 50 —30.92 / 4.0 [31]
RGO/ZnFe,04 Paraffin 75 —-41.1 3.2 2.0 [32]
RGO/MnFe,04 Paraffin 70 —47.5 5.2 1.7 [33]
Coy.33Nip.33Mng 33Fe>04/graphene Paraffin 20 —24.29 8.48 2.3 [34]
Cog gFes 2,04/1GO Paraffin 50 —51.2 7.2 2.0 [35]
CoFe,0,4/rGO Paraffin 50 —56.8 6.8 2.2 [36]
Nig,.33C00.67F€204@rGO Paraffin 20 —47.5 5.02 2.0 [371

Notes: RGO or rGO denoted reduced graphene oxide.
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