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a b s t r a c t

Various advanced microwave absorbing materials have been developed for reducing/avoiding the harm

of microwave radiation. Among them, core-shell structural nanomaterials have been widely fabricated for

microwave absorption. However, the “structure-performance” relationship between shell thickness and

microwave absorption performance is rarely reported. In this paper, we first explored the “structure-

performance” relationship between shell thickness and microwave absorption performance, based on

the core-shell α-Fe2O3@SiO2 nanoparticles with a constant α-Fe2O3-core size and changeable SiO2-shell

thickness. With increasing the SiO2-shell thickness, the microwave absorption ability first increased, then

decreased. Under a proper SiO2-shell thickness of 35 nm, α-Fe2O3@SiO2 sample achieved the strongest

microwave absorbing ability with a reflection loss minimum value of –4.3 dB, better than that of pure

α-Fe2O3 (–3.8 dB). This enhanced microwave absorption performance was mainly derived from the di-

electric loss. Although the absolute value of the reflection loss was relatively low (–4.3 dB), this study

shed an important reference on designing next-generation advanced iron oxide-based materials for mi-

crowave absorption.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With more and more electronic products into life, the mi-

crowave radiation generated by electronic devices has caused harm

to human health and the environment. In order to reduce/avoid the

harm of microwave radiation, intensive efforts have been made to

develop advanced microwave absorbing materials [1-5]. At present,

the widely used microwave absorbing materials are mainly divided

into ferrites (Fe3O4, α-Fe2O3 and BaFe12O19, etc.) [6-8], magnetic

metals (Ni, Co, α-Fe) [9-11], non-iron-based metal oxides (TiO2,

NiO, CaBiNb2O4, ZnO and MoS2, etc.) [12-16], carbon-based mate-

rials (graphene, carbon nanotube and porous carbon, etc.) [17-20],

polymers (polyaniline, polypyrrole, and polythiophene, etc.) [21-

23], and other composites [24-31]. Among them, ferrites have at-

tracted extensive interest owing to their abundant resources, low

cost, and good absorption performance [32,33].
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Usually, ferrites have three structures, i.e., Fe3O4, γ -Fe2O3 and

α-Fe2O3. Among them, Fe3O4 and γ -Fe2O3 belong to ferromag-

netic materials, which have large saturation magnetization and

high relative complex permeability suiting for microwave absorp-

tion. However, these two ferrites are easy to oxidization and

agglomerate, leading to poor microwave absorption performance

[2,34]. By contrast, α-Fe2O3 provides more options for the mi-

crowave absorber design due to its stable chemical properties,

environment-friendly feature, and controllable morphology.

Various morphologies of α-Fe2O3 have been widely reported,

such as microspheres, microcubes, nanoparticles, and nanorods

[35-42]. Coating an insulating layer on α-Fe2O3 particle surface

is an effective strategy to adjust the particle-particle distance, en-

hance the anti-oxidation capability, reduce the density of particles,

and improve the impedance matching between particles and free

space. As a surface modification material, SiO2 is an ideal candidate

due to its excellent chemical stability, nontoxicity, and easy con-

jugation with various functional groups. Various structures with

α-Fe2O3 as the core and SiO2 as the shell have been fabricated

for microwave absorption, such as core-shell structure, and yolk-
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Fig. 1. Regulation of shell-thickness in core-shell structural α-Fe2O3@SiO2 nanoparticles: (a, b) α-Fe2O3, (c, d) S-30, (e, f) S-60, (g, h) S-100, (i, j) S-200, (k, l) S-400, (m, n)

S-500, (o, p) S-800, (q, r) S-1000, (s, t) S-2000.

Fig. 2. Structure and components characterization. (a) XRD patterns. (b) XPS full spectra. (c,d) XPS fine spectra of Si 2p and Fe 2p. (e) High-angle annular dark-field (HAADF)

image. (f-j) Elemental mappings of Fe, O, Si, Fe + O, and Fe + Si.
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Fig. 3. Electromagnetic parameters: (a) ɛr ′ , (b) ɛr ′′ , (c) tan ɛɛ , (d) ɛr ′ , (e) μr
′′ , (f) tan δμ .

Fig. 4. Microwave absorption performances. (a) RL curves of α-Fe2O3, S-30, S-500,

and S-1000 under d of 3.0 mm. (b) RL curves of S-500 with different d in the range

of 1.0~5.5 mm.

shell structure [43-46]. However, the “structure-performance” rela-

tionship between shell thickness and microwave absorption perfor-

mance is rarely reported.

Herein, we have synthesized the core-shell structural

α-Fe2O3@SiO2 nanoparticles with a constant core size and

changeable shell thickness to explore the “structure-performance”

relationship between shell thickness and microwave absorption

performance. The dependence of shell thickness on microwave

absorption performance and the corresponding mechanisms were

revealed and explained, respectively. The results indicated that

α-Fe2O3@SiO2 of 35 nm shell-thickness presented a significant

enhancement of absorption performance compared with that of

pure α-Fe2O3. Although the absolute value of the reflection loss

was relatively low (–4.3 dB), this study has shed an important

reference on the design of next-generation advanced iron oxide-

based materials for excellent microwave absorption by tuning the

shell-thickness. Meanwhile, based on the “structure-performance”

relationship between shell-thickness and microwave absorp-

tion performance, the Fe@SiO2, γ -Fe2O3@SiO2, Fe3O4@SiO2, and

FeNx@SiO2 with excellent absorption performance will also be

fabricated/developed from the core-shell structural α-Fe2O3@SiO2

nanoparticles by phase conversion of α-Fe2O3 through heat

treatment.

The core-shell structural α-Fe2O3@SiO2 nanoparticles were syn-

thesized through the Stöber method (Fig. S1 in Supporting infor-

mation) [47,48]. By controlling the mass of tetraethyl orthosilicate

(TEOS) during this reaction, the shell-thickness of SiO2 was finely

regulated in the range of 0-190 nm (Fig. 1). Pure α-Fe2O3 cores

present a uniformly dispersed size with 50 ± 10 nm (Figs. 1a and

b, Fig. S2 in Supporting information). The lattice space of 0.27

nm corresponds to the (104) lattice plane of α-Fe2O3 (Fig. 1b).

With increasing the mass of TEOS from 30 to 2000 mg, the shell-

thickness of SiO2 increases from 6 ± 2 nm to more than 190

nm (Figs. 1a-t). Specifically, when the TEOS mass is less than 200

mg, the α-Fe2O3@SiO2 nanoparticles are granular (Figs. 1c-j). Then

with increasing TEOS from 200 to 500 mg, the morphology of α-

Fe2O3@SiO2 tends to be a sphere with a single core (Figs. 1k-n).

And further increasing TEOS mass to 2000 mg, the agglomera-

tion of α-Fe2O3 cores would be induced in α-Fe2O3@SiO2 particles

(Figs. 1o-t, Fig. S3 in Supporting information). Based on the rela-

tionship between shell-thickness and TEOS mass, we can infer the

shell growth rate is 0.091 nm/mg(TEOS), i.e., each 1 mg TEOS can in-

crease the shell-thickness by 0.091 nm (Fig. S4 in Supporting infor-

mation). This SiO2 shell growth rate maybe provides an important

data reference for the fine synthesis of other core-shell structural

M@SiO2 (M = metal oxides, metal particles, carbon materials, etc.)

nanomaterials.

Typically, the structure and components of α-Fe2O3, S-30, S-

500, and S-1000 were characterized in detail (Fig. 2). Pristine α-

Fe2O3 nanoparticle presents a series of X-ray diffraction (XRD)

peaks at 24.1°, 33.1°, 35.6°, 40.9°, 49.5°, 54.09°, 57.59°, 62.45°,
63.99°, 71.94°, and 75.43°, corresponding to the (012), (104), (110),
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(113), (024), (116), (018), (214), (300), and (1010) lattice planes

(JCPDS No. 33-0664) (Fig. 2a). These sharp and strong diffraction

peaks indicate that the pristine α-Fe2O3 nanoparticles have high

crystallinity and purity. When the added mass of TEOS was less

than 500 mg, the as-prepared samples, i.e., S-30 and S-500, ex-

hibit similar diffraction peaks with pristine α-Fe2O3, and no obvi-

ous SiO2 characteristic peak appeared due to the amorphous form

of SiO2 shell. When the TEOS mass was 1000 mg, the amorphous

SiO2 characteristic peak around 20°~30° began to appear in the

corresponding sample, i.e., S-1000. The existence of SiO2 in S-500

and S-30 samples could be confirmed by Fourier transform infrared

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), and

elemental mappings (Figs. 2b-j, Fig. S5 in Supporting information).

For the S-500 sample, FT-IR absorption peaks at 1097, 949, and 789

cm–1 were caused by Si-O-Si, Si-OH, and Si-O vibrations from the

SiO2 shell (Fig. S5 in Supporting information). After coating of the

SiO2 shell, Fe 2p and Fe 3p peaks in XPS full spectra almost dis-

appeared, but Si 2p and Si 2s appeared (Figs. 2b and c). Compared

with pristine α-Fe2O3, the Fe 2p3/2, and Fe 2p1/3 peaks of S-500 all

shifted to higher binding energy by ca. 0.4 eV in XPS fine spectra,

confirming the interaction between α-Fe2O3 core and SiO2 shell

(Fig. 2d). These results indicate the presence of SiO2-shell layers in

S-500 [49,50]. In order to further visually observe the core-shell

structure, the S-30 sample with thin SiO2 layers was selected for

elemental mapping characterization (Figs. 2e-j). Element mappings

demonstrated that the outer shell layers were dominated by Si and

O, and the inter cores by Fe and O (Figs. 2f-j).

The static magnetic properties of as-prepared α-Fe2O3@SiO2

nanoparticles were measured using a vibrating sample magne-

tometer (VSM). For pure α-Fe2O3, it does not reach saturation

magnetization even under a very high applied magnetic field of

–80~80 kOe, suggesting its weak ferromagnetic behavior [35,37,51]

(Fig. S6 in Supporting information). Therefore, the α-Fe2O3@SiO2

samples also do not reach saturation magnetization, and only pos-

sess narrow hysteresis features (Fig. S7 in Supporting information).

Among them, the S-500 sample has a maximum area indicating

higher hysteresis loss of energy. The detailed remanent magnetiza-

tion (Mr) and coercivity (Hc) values of these samples were summa-

rized in Table S1 (Supporting information). With increasing SiO2-

shell thickness, Mr and Hc first increase and then decrease. The

Mr value increases from 0.030 emu/g (for pure α-Fe2O3) to 0.045

emu/g (for S-500), then decreases to 0.022 emu/g (for S-1000).

Similarly, the Hc value increases from 71 Oe to 1100 Oe, then de-

creases to 458 Oe (Table S1). The first increment resulted from the

internal stress on the core generated by the shell, which hindered

the rotation of the magnetic domain during the magnetization pro-

cess [7,52]. The subsequent decline was attributed to the fact that

quite large amount of non-magnetic SiO2 shell layer reduced the

content of α-Fe2O3 core. Besides, whether the agglomeration of α-

Fe2O3 cores in single particles leads to the deterioration of Hc still

needs further study (Fig. S7 in Supporting information).

For microwave absorbing materials, the electromagnetic param-

eters, i.e., relative complex permittivity (ɛr = ɛr′ + ɛr′′) and rel-

ative complex permeability (μr = μr
′ + μr

′′), directly influence

their microwave absorbing performances. The real parts (ɛr′ and

μr
′) represent the storage capability of electric and magnetic en-

ergy, and the imaginary parts (ɛr′′ and μr
′′) represent the loss abil-

ity of electric and magnetic energy [21,53]. Specifically, with in-

creasing thickness of the SiO2 shell, the ɛr′ values of these four

samples gradually decreased from ca. 5.7 to ca. 3.5, in the order

of α-Fe2O3 > S-30 > S-500 > S-1000 (Fig. 3a). Finally, the ɛr′
value of S-1000 was close to that of bulk SiO2 (ca. 4.0), due to

the ~90 nm thick insulating layer of SiO2 [54]. However, with the

increase of SiO2-shell thickness, the ɛr
′′ values first increased and

then decreased (Fig. 3b). The corresponding dielectric loss tangent

(tan δɛ = ɛr′′/ɛr′) values also presented a similar evolution, from

0.02 (α-Fe2O3) to 0.08 (S-500), then to 0.06 (S-1000) (Fig. 3c). The

evolutions of ɛr′ and tan δɛ may be due to the influence of SiO2-

shell thicknesses, which was explained in the section for relation-

ships of “structure-performance”. For relative complex permeabil-

ity, with increasing the SiO2-shell thickness, the μr
′ values in these

four samples ranged from 0.99 to 1.13 (Fig. 3d), and the μr
′′ values

presented a gradually decreasing trend from 0.08 to 0.02 (Fig. 3e).

The corresponding magnetic loss tangent (tan δμ = μr
′′/μr

′) val-

ues gradually decreased from 0.08 (α-Fe2O3) to 0.02 (S-1000), indi-

cating the decrease of magnetic loss capability (Fig. 3f). Compared

with the electromagnetic parameters, i.e., relative complex permit-

tivity and relative complex permeability, the values of ɛr′, ɛr′′ and

tan δɛ were all higher than those of μr
′, μr

′′ and tan δμ. This re-

sult indicated that the contributions of dielectric loss were more

than that of magnetic loss in the microwave absorption process.

In general, the dielectric loss of material stems from conduc-

tion loss and polarization loss (e.g. ionic polarization, electric po-

larization, dipolar polarization, and interfacial polarization) [55,56].

In our case, the ionic polarization and electron polarization would

be excluded, because they generally exist in a much higher fre-

quency region (103~106 GHz) [54]. Wave-like shapes of the curves

were a typical behavior of dielectric relaxation (Figs. 3a-c), which

was responsible for intrinsic dipolar polarization of the core struc-

ture [55,57]. Generally, the insulator SiO2 possesses lower conduc-

tivity than that of the semiconductor α-Fe2O3. With the increase

of SiO2 content, the reduced conductivity of α-Fe2O3@SiO2 led to

the degradation of ɛr′ (Fig. 3a). According to the equation (ɛr′′ ≈
σ /(2π ɛ0f), where σ is the conductivity, ε0 is the permittivity in the

free space, and f is the frequency), the ɛr′′ theoretically should also

decrease with the reduced conductivity [3,34]. However, the ɛr′′ of
core-shell structural α-Fe2O3@SiO2 nanoparticles (S-30 and S-500)

was higher than that of pure α-Fe2O3 (Fig. 3b). The phenomena

may be possibly attributed to the compensation effect from the

interfacial polarization, which originates from the charge buildup

around the core-shell interface [7,53,55]. Therefore, the variations

feature of dielectric loss of α-Fe2O3@SiO2 samples came from the

dipolar polarization of the core structure, decrease of overall con-

ductivity, and introduction of interfacial polarization.

Microwave absorption performances of α-Fe2O3@SiO2 nanopar-

ticles can be evaluated by the reflection loss (RL), which is derived

from the following formulas [58,59].

Zin = Z0

√
μr

εr
tanh

[
j

(
2π f d

c

)
√

εrμr

]
(1)

RL(dB) = 20 log

∣∣∣Zin − Z0
Zin + Z0

∣∣∣ (2)

where Z0 is the characteristic impedance of free space, Zin is the

input impedance of the microwave absorber, d is the thickness

of the absorber, c is the speed of light, and f is the frequency of

the microwave. Using the measured electromagnetic parameters in

Fig. 3, the RL of core-shell structural α-Fe2O3@SiO2 nanoparticles

with different shell thicknesses can be calculated from formulas

1and 2.

To more clearly reflect the influence of SiO2-shell thickness,

the RL of α-Fe2O3@SiO2 nanoparticles with fixed d (sample thick-

ness) of 3.0 mm were evaluated in Fig. 4a. With increasing the

SiO2-shell thickness, the minimum value of RL first decreased and

then increased (Fig. 4a). S-500 sample possessed the strongest mi-

crowave absorption with the lowest RL value of –4.3 dB. Thus, the

microwave absorption performance of α-Fe2O3@SiO2 would be en-

hanced under proper SiO2-shell thickness. Fig. 4b shows the per-

formances of S-500 under different d of 1.0~5.5 mm. As d was in

the range of 1.0~2.0 mm, the RL decreased monotonously with the

increase of frequency from 1~18 GHz. In the range of 2.5~5.5 mm,

each curve presented a sharp or broad peak. As d was 3.0 mm, the
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Fig. 5. The “structure-performance” relationships. (a) Schematic of the possible mi-

crowave absorbing mechanism. (b) The evolution of the dielectric loss ability with

the increase of SiO2-shell thickness.

RL achieved the minimum value of –4.3 dB at 16 GHz, which was

superior to that of pure α-Fe2O3 (Fig. 4b and Fig. S8 in Supporting

information). Additionally, it is interesting to note that most of the

strong peaks were constrained in 6~11 and 13~17 GHz. This phe-

nomenon may be generated from the wave character of dielectric

loss (Figs. 3b, c and 4b).

Fig. 5 illustrates the analysis of “structure-performance” rela-

tionships in the core-shell structural α-Fe2O3@SiO2 nanoparticles.

Based above results, the microwave absorption performances for

the α-Fe2O3@SiO2 nanoparticles mainly come from the dielectric

loss rather than the magnetic loss. The evolution of dielectric loss

is mainly influenced by three factors: dipolar polarization of the

α-Fe2O3 core, interfacial polarization between α-Fe2O3 core and

SiO2 shell, and conductivity loss from the α-Fe2O3 core (Fig. 5a).

The former factor may lead to the wave-like shapes of curves ɛ′,
ɛr′′ and tan δɛ, and the others will be conducive for the microwave

absorption enhancement. Therefore, the microwave absorption per-

formance of α-Fe2O3@SiO2 can be adjusted by tuning the SiO2-

shell thickness, and achieve the best under a proper SiO2-shell

thickness (Fig. 5b).

Specifically, for the pure α-Fe2O3 nanoparticle, there are dipo-

lar polarization and conductivity loss contributing to the dielectric

loss. Although the dipolar polarization interaction and conductiv-

ity loss slightly decrease with the slight increase of the SiO2-shell

thickness, the appearances of interfacial polarization lead to an en-

hancement of the overall dielectric loss ability, e.g., the case of S-30

(Fig. 5b). With the continuous increase of the SiO2-shell thickness,

e.g., the case from S-30 to S-500, the contributions of both dipolar

polarization and conductivity loss all gradually decrease. But the

interfacial polarization continuously increases so that the dielec-

tric loss ability reaches the optimum level at a proper SiO2-shell

thickness, i.e., in the case of S-500 (Fig. 5b). Further increasing the

thickness of SiO2 shells, e.g., the case from S-500 to S-1000, the

dipolar polarization, interfacial polarization, and conductivity loss

all gradually decrease to the minimum, e.g., the case of S-1000. It

is due to the mismatched thickness of SiO2 insulation layers result-

ing in that the overall dielectric loss ability presents a decreased

trend and unlimitedly approaches to that of pure SiO2 nanopar-

ticles (Fig. 5b) [54]. Therefore, at the proper SiO2-shell thickness

of 35 nm, the S-500 sample achieved the strongest microwave ab-

sorbing ability.

In summary, we have synthesized the core-shell structural

α-Fe2O3@SiO2 nanoparticles with a constant α-Fe2O3-core size

and changeable SiO2-shell thickness to explore the “structure-

performance” relationship between shell thickness and microwave

absorption performance. The shell thickness increases nearly lin-

early as the TEOS addition increases, with a slope of about 0.091

nm/mg(TEOS). There is a strong “structure-performance” depen-

dence between microwave absorption performance and SiO2-shell

thickness. With increasing the SiO2-shell thickness, the microwave

absorption ability first increase and then decrease. This indicates

that the microwave absorption performance of α-Fe2O3@SiO2 can

be enhanced under proper SiO2-shell thickness. With a proper

SiO2-shell thickness of 35 nm, the S-500 sample achieved the

strongest microwave absorbing ability with a minimum RL value

of –4.3 dB under a sample thickness of 3 mm, higher than that

of pure α-Fe2O3 (–3.8 dB with 2.5 mm). This enhanced microwave

absorption performance is mainly derived from dielectric loss in-

cluding conductivity loss, interfacial polarization, and dipolar po-

larization. Although the absolute value of the reflection loss was

relatively low (–4.3 dB), this study shed an important reference

on designing next-generation advanced iron oxide-based materi-

als for microwave absorption by tuning the shell thickness. Mean-

while, based on the “structure-performance” relationship between

SiO2-shell thickness and microwave absorption performance, the

M@SiO2 (M = Fe, γ -Fe2O3, Fe3O4 and FeNx) with excellent absorp-

tion performance will also be fabricated/developed from the core-

shell structural α-Fe2O3@SiO2 nanoparticles by phase conversion

of α-Fe2O3 through heat treatment.
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