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A B S T R A C T   

The development of functional materials with dual characteristics of microwave absorption and low infrared 
emissivity is vital for protection against magnetic-wave contamination. Currently, both microwave protection 
and infrared protection technologies are developing rapidly, but simultaneous integration of both has not been 
extensively investigated. Herein, a new ternary core-shell CoFe2O4@SiO2@ZAO composite dual-functional ma-
terial was designed and fabricated. The process consisted of coating CoFe2O4 microspheres with ZAO based on 
SiO2 middle layer prepared through hydrolysis and sol-gel methods. The introduction of ZAO and SiO2 was found 
conducive to dielectric loss and impedance matching, thereby improving wave absorption. The nano-flower ZAO 
coating provided low infrared emissivity with a lamellar structure and high carrier concentration in the resulting 
ternary structure. The rise in ZAO content first enhanced the wave absorption of CoFe2O4@SiO2@ZAO and then 
decreased while the infrared emissivity declined. Among prepared samples, CoFe2O4@SiO2@ZAO exhibited a 
minimum reflection loss (RLmin) of − 59.31 dB at 10.96 GHz, conducive to effective absorption bandwidth (EAB) 
of 4 GHz at 2 mm thickness with an infrared emissivity of 0.71 in 8–14 μm waveband. In sum, the novel 
CoFe2O4@SiO2@ZAO core-shell structure showed attractive properties in terms of compatibility of wave ab-
sorption and infrared emissivity, promising for future syntheses of dual-functional materials with improved 
performance.   

1. Introduction 

Dual-function materials with low infrared emissivity and enhanced 
microwave absorption are vital for many applications [1–6]. In princi-
ple, the radar and infrared stealth are intrinsically opposite. Radar 
detection is to receive the reflection wave generated by microwaves 
reaching the surface. Wave absorption materials for radar stealth with 
high absorption and low reflection attenuate electromagnetic waves 
between 2 and 18 GHz via loss mechanisms [7,8]. In contrast, the 
principle of infrared detection is to convert the characteristic signal of 
infrared radiation into an electrical signal through the infrared photo-
electric effect, which is generated by the photon energy from the 
infrared radiation. The infrared stealthy materials are required for low 
absorption and high reflection at 3–5 and 8–14 μm [9]. Therefore, 
studying the two opposite stealth mechanisms remains very challenging 

[10–14]. Two primary dual-function methods exist: i) composite coating 
and ii) composite materials. The composite coating method possesses 
two or more single-function layers with a surface consisting of a low 
infrared emissivity layer with better microwave transmission as a filter, 
and an inner layer close to the substrate characterized by microwave 
absorption. Nevertheless, compound coating with both weight gain and 
impedance mismatch results in performance degradation of wave ab-
sorption and infrared emissivity. In this view, Ma et al. [15]designed a 
metamaterial consisting of ITO-coated-PET films and a polyvinyl chlo-
ride substrate. The film was composed of an infrared shielding layer, a 
radar absorption layer, a substrate, and a backplane with a total thick-
ness of only 3.5 mm at waveband from 7.3 to 18.8 GHz and low infrared 
emissivity of 0.49. The composite materials method consists of 
combining dual-function materials by proper treatment. Liu et al. [16] 
fabricated Al@MnO2 composites by anchoring MnO2 nanoparticles on 
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aluminum sheets through a facile one-step method to yield polarization 
effect and good impedance matching. The minimum reflection loss 
(RLmin) reached − 42.93 dB at a thickness of 1.0 mm, while infrared 
emissivity reached 0.55 at the lowest band range of 8–14 μm. In general, 
composite materials are thinner and lighter than composite coatings, 
conducive to a simplified production process and ensuring properties 
homogeneity [17,18]. 

The low wave absorption in traditional structure materials requires 
the construction of flake-like structures with low infrared emissivity and 
multireflection space. Among structures, the core-shell structure pos-
sesses a large surface area and multi-component features as important 
features of dual-function materials [19–21]. In terms of wave absorp-
tion, the interface polarization from core shell structure would result in 
microwave attenuation. Accordingly, composites with core-shell struc-
tures can adjust permittivity and optimize impedance matching prop-
erties. In terms of low infrared emissivity, core-shell structures can also 
form conductive pathways in the composite for lower infrared emis-
sivity. For that, core-shell structures could use the outer layer for low 
infrared emissivity and the inner layer for wave absorption following the 
double coating principle to achieve a dual function. 

Among functional materials, CoFe2O4 shows excellent magnetic loss 
performance and stability, extensively exploited in wave absorption. 
The sphere morphology of CoFe2O4 has also been employed as the inner 
absorption layer. For example, Cheng et al. [22]prepared a carbon/-
hollow CoFe2O4 biomimetic layered absorber with a minimum reflec-
tion loss of − 53.54 dB at 2.46 mm, as well as a maximum effective 
absorption bandwidth (EAB) of 4.92 GHz at 1.7 mm. The strong ab-
sorption capacity of this material was attributed to the synthetic effect of 
conductive loss, magnetic loss, and dielectric loss. However, several 
underlying issues related to high conductivity, surface impedance 
mismatch, and high infrared emissivity induced by conductive loss were 
recorded. 

ZAO is an N-type doped semiconductor possessing a low infrared 
emissivity, good impedance matching, and controllable morphology. In 
view of this, Rydzek et al. [23] prepared ZAO films by the sol-gel method 
on substrates followed by annealing to increase the number of carriers, 
resulting in reduced surface IR emissivity from 0.89 to less than 0.45, as 
well as retained good visible transmittance. Besides, the spectral char-
acteristics and dielectric properties of ZAO can be altered by doping of 
Al [24,25]. Therefore, ZAO has enormous potential for use as an outer 
functional layer to improve the overall performance of semiconducting 
devices. 

SiO2 is a dielectric loss material, thereby can be used for wave ab-
sorption owing to its low reflection and high transmission able to 
maintain the overall absorption and infrared emissivity performance to 
greatly enrich the design of core-shell structures [26,27]. For instance, 
Wang et al. [28] reported Co@SiO2@Void@C yolk-shell composite with 
an RLmin reaching − 44.5 dB at 8.8 GHz for 1.7 mm combined with an 
EAB of 8.0 GHz. Accordingly, the middle layer consisting of SiO2 con-
nected to the magnetic core and carbon shell may significantly optimize 
impedance matching and shell adhesion. The presence of heterointer-
face and pores may also greatly contribute to microwave loss 
performance. 

In general, the combination of CoFe2O4 and SiO2 in wave absorption 
mechanism and the surface cladding of the low infrared emissivity ZAO 
enables core-shell structure materials to realize bifunctional behavior. 
Accordingly, novel CoFe2O4@SiO2@ZAO core-shell composites con-
sisting of CoFe2O4 microsphere coated by SiO2 middle layer followed by 
further coating by the varying contents of ZAO (Zn:Al = 93:7) were 
designed and fabricated according to reported hydrolysis and sol-gel 
methods. The morphologies of samples obtained at different ZAO con-
tents, as well as the impacts of electromagnetic parameters on the 
properties of the resulting core-shell structure were all analyzed. The 
wave absorption and infrared emissivity characteristics of the resulting 
core-shell structures were compared and the best coating of dual func-
tion was determined. The data revealed that the gap of core-shell and 

lamellar nanoflower greatly facilitated magnetic wave multi-reflection. 
Additionally, the large specific surface area enhanced interface polari-
zation. The ternary composite combined the merits of magnetic loss and 
dielectric loss materials. CoFe2O4 provided hysteresis loss and residual 
loss, while SiO2 as the basis of ZAO achieved electromagnetic wave 
transmission to the CoFe2O4 core. The coating of ZAO introduced more 
loss mechanisms and carriers, thereby improving the infrared emissivity 
and wave absorption. Overall, the strategy used to prepare CoFe2O4@-
SiO2@ZAO core-shell structure with optimized wave absorption and 
infrared emissivity looks promising for the future synthesis of dual- 
functional materials with improved performance. 

2. Experimental 

2.1. Materials 

Cobalt(II) chloride hexahydrate (CoCl2⋅6H2O) was purchased from 
Xilong Scientific. Iron chloride hexahydrate (FeCl3⋅6H2O, 99.0%), zinc 
acetate dihydrate (C4H6O4Zn⋅2H2O, 99.0%), aluminum nitrate non-
ahydrate (Al(NO3)3⋅9H2O, 99.0%), and tetrapropyl orthosilicate (TPOS, 
97%) were all obtained from Aladdin. Resorcinol (C6H6O2, 99%), 
formaldehyde solution (CH2O, 37.0 wt%), and polyethylene glycol 2000 
(PEG-2000) were received from Macklin. Ammonia solution (NH3⋅H2O, 
25.0 wt%), ethylene glycol (EG, 98%), and urea (CH4N2O, 99%) were all 
provided by Sinopharm. All chemicals were of AR grade and used as 
received without further purification. Deionized water used throughout 
the experiments was produced by an ultrapure water machine. 

2.2. Preparation of CoFe2O4 nanospheres 

CoFe2O4 nanospheres were synthesized by the hydrothermal pro-
cess. Typically, CoCl2⋅6H2O (928.65 mg), FeCl3⋅6H2O (1688.25 mg), 
PEG-2000 (1000 mg), and urea (2800 mg) were first dispersed in EG (80 
mL) under magnetic stirring for 2 h. The resulting solution was then 
transferred into a 150 mL Teflon reactor and heated in an oven at 190 ◦C 
for 12 h. After cooling down to room temperature, the obtained black 
powders were cleaned three times with deionized water and absolute 
ethanol before drying under vacuum at 45 ◦C for 20 h to yield CoFe2O4 
microspheres. 

2.3. Preparation of CoFe2O4@SiO2 nanospheres 

The above as-prepared CoFe2O4 nanospheres (200 mg) were 
dispersed in mixed deionized water (80 mL) and absolute ethanol (15 
mL) solution, subjected to ultrasonic treatment for 30 min, and then 
mechanical agitation to separate the spheres. NH3⋅H2O (2 mL) and TPOS 
(0.5 mL) were then added to the mixture followed by stirring for 24 h at 
30 ◦C and drying under vacuum at 45 ◦C for 12 h to yield CoFe2O4@SiO2 
microspheres. 

2.4. Preparation of CoFe2O4@SiO2@ZAO nanospheres 

The prepared CoFe2O4@SiO2 was divided into 4 groups. Each group 
consisted of adding 100 mg into deionized water (50 mL) under ultra-
sonic dispersion for 30 min followed by continuous mechanical stirring. 
Different masses of (CH3COO)2Zn⋅2H2O, Al(NO3)3⋅9H2O and C2H2O4 
were then added to the above solutions to yield solutions named S1, S2, 

Table 1 
Amounts of raw chemical reagents used to prepare different samples.  

Sample (CH3COO)2Zn⋅2H2O (mg) Al(NO3)3⋅9H2O (mg) C2H2O4 (mg) 

S1 51.00 6.50 40 
S2 63.75 8.13 50 
S3 76.50 9.75 60 
S4 89.25 11.38 70  
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S3, and S4 with the proportions listed in Table 1. Next, the solutions 
were heated and stirred in a water bath at 80 ◦C for 6 h. The mixtures 
were washed three times with anhydrous ethanol and deionized water, 
and dried under vacuum at 45 ◦C for 12 h. They were then fully ground 
followed by carbonization in a tube furnace filled with Ar at 200 ◦C 
(2 ◦C⋅min− 1) for 2 h to yield CoFe2O4@SiO2@ZAO. The preparation 
process of CoFe2O4@SiO2@ZAO is shown in Scheme 1. 

2.5. Characterization 

The crystalline structures and phase compositions of the samples 
were analyzed by X-ray diffraction (XRD, Bruker, D8 Advance) with Cu 
Kα radiation (λ = 1.5406 Å). The morphologies and particle sizes were 
characterized by scanning electron microscopy (SEM, Hitachi SU8010) 
and transmission electron microscopy (TEM, JEOL-2100F) equipped 
with an energy-dispersive spectroscopy (EDS) module. The surface 
components and chemical bonds were determined by X-ray 

photoelectron spectroscopy (XPS, Escalab-250 X-ray). The Raman 
spectra were recorded on a Raman spectrometer (alpha-300R, Witec) at 
a laser excitation of 532 nm. Fourier transforms infrared (FT-IR) spec-
trometry was carried out on Thermo Scientific Nicolet iS20 equipment. 
The Brunauer–Emmett–Teller (BET) surface areas were measured by a 
TriStar II 3020, Micromeritics Instrument Corporation. Bar-
ret–Joyner–Halenda (BJH) pore size distribution was calculated from 
the absorption isotherms using nonlocal density functional theory. The 
magnetic properties were studied by means of a magnetic measurement 
system (VSM, Lakeshore7407). S3 with the best overall performance was 
selected for EDS, XPS, BJH, and BET characterization. 

2.6. Measurement of electromagnetic parameters 

The process consisted of first grounding the samples into fine pow-
ders followed by mixing with paraffin at a mass ratio of (40 wt% sam-
ples, 60 wt% paraffin). The obtained powders were then pressed in a 

Scheme 1. The preparation process of CoFe2O4@SiO2@ZAO core-shell structure.  

Fig. 1. SEM images of (a) CoFe2O4@SiO2, (b) S1, (c) S2, (d) S3, (e) and S4. (f) EDS mapping of S3.  
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specific mold to form coaxial rings with an outer diameter of 6.95 mm 
and an inner diameter of 3.05 mm. The complex permittivity (εr = ε’ −
jε") and permeability (μr = μ’ − jμ") of each composite were evaluated by 
a vector network analyzer (VNA, Agilent N5244A) in the range of 2–18 
GHz. 

2.7. Measurement of infrared emissivity 

The average infrared emissivity was measured by an IR-II dual-band 
infrared emissometer in the 8–14 μm waveband after tableting. Fourier 
transforms infrared (FT-IR) spectrometry was used for measurement of 
infrared emissivity as a function of frequency. Nicolet iS50 (Thermo 
Fisher, USA) equipment configured with a Pike gold mirror integrating 
sphere, an MCT liquid nitrogen detector, and a gold background was 
employed for that purpose. The measurement conditions consisted of a 
wavelength range of 2.5–15.3 μm, 64 scans, and scanning parameter of 
reflectivity or transmissivity with a resolution of 4.0. 

3. Results and discussion 

The SEM images of the CoFe2O4@SiO2 microspheres are presented in 
Fig. 1a. The pristine CoFe2O4@SiO2 showed diameters between 320 and 
360 nm coated with homogeneous and thin SiO2 shells. The electron 
beam could partly pass through the shell to reach the bulk of the mi-
crospheres. The shattered SiO2 layer with a thickness of 20 nm can be 

seen in the enlarged image of Fig. 1a. Sample S1 presented a gauzy 
nanoflower structure on CoFe2O4@SiO2 microspheres with thin and gap 
characteristics (Fig. 1b). The thickness of ZAO nanoflowers increased as 
a function of the feeding ratio. By comparison, sample S2 (Fig. 1c) 
illustrated clearer nanoflower morphology with petals and increased 
thickness. The total diameter of the microspheres slightly rose. As shown 
in Fig. 1d, sample S3 exhibited a lamellar nanoflower structure thicker 
than that of S2, as well as a larger pore volume. In Fig. 1e, ZAO of S4 
grew so fast that the nanoflower structure sunk and turned into nano-
flake stacking on the microsphere surface as reactants concentration 
increased. Besides, the morphology of S4 looked less uniform than the 
others. Hence, regulating the feeding ratio could control the growth of 
ZAO crystalline to yield appropriate ZAO structure, conducive to 
fostering multi-reflection and absorption of microwaves. Accordingly, 
S3 was determined as the optimal sample, thereby used for further 
study. 

The elemental state of the best sample S3 was determined by EDS. As 
shown in Fig. 1f, S3 revealed the presence of elements Zn, Al, O, Si, Fe, 
and Co, indicating the successful synthesis of ternary core-shell structure 
CoFe2O4@SiO2@ZAO. 

The morphologies of core-shell multilayered composites were further 
studied by TEM. Fig. 2a-b shows the three-layer core-shell structures 
with CoFe2O4, SiO2, and ZAO ordered from the interior to the exterior. 
The outermost ZAO displayed a layered nanosheet, consistent with SEM 
analysis. The elemental mapping images in Fig. 2c–f revealed Zn, Al, O, 

Fig. 2. (a, b) TEM images of S3. (c) EDS mapping of S3.  

Fig. 3. (a) N2 adsorption–desorption isotherm and (b) pore size distribution of sample S3.  
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Si, Fe, and Co elemental distributions consistent with the SEM mapping 
results, confirming the successful synthesis of the core-shell structure. 

The N2 adsorption curves of optimal sample S3 are provided in 
Fig. 3a. The profile showed isotherms between type III and type IV 
without adsorption inflection point in the low-pressure zone, namely no 
single-molecular adsorption layer relative to a material consisting of a 
macropore solid. The adsorption capacities sharply enhanced in the 
high-pressure range with no saturation plateau, consistent with the 

nanoflower multi-layer adsorption effect. As depicted in Fig. 1d, the 
optimal sample S3 featured an H3-type hysteresis loop with a large slope 
related to the adsorption and desorption branch, showing the presence 
of pores in the slit and layered nanoflower structure. According to the 
BJH model in Fig. 3b, S3 presented pores around 2.24, 3.05, 4.58, and 
20.47 nm in size, with an average of 12.64 nm. Note that pore size may 
not only facilitate the multi-reflection but also enhance the scattering of 
electromagnetic waves and decline the infrared emissivity. The BET 

Fig. 4. (a) XRD patterns and (b) enlarged patterns of S1, S2, S3, and S4.  

Fig. 5. (a) XPS survey spectrum of S3. High-resolution XPS spectra of (b) Si 2p, (c) Zn 2p, and (d) Al 2p.  
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surface area of S3 was determined as 234.43 m2 g− 1. Such a high value 
was induced by the ZAO nano-flower structure. Meanwhile, the surfaces 
of nano-flowers may greatly boost the interface polarization effect under 
an electromagnetic field, thereby enhancing the microwave absorption 
characteristics. 

The phase compositions and crystal structures of as-prepared sam-
ples were examined by XRD. As shown in Fig. 4a, highly crystalline 
samples were recorded. The crystal phase of CoFe2O4 spheres was 
further confirmed by XRD. In addition, the diffraction peaks at 2θ of 
31.84◦, 34.50◦, 36.34◦, 47.65◦, 56.73◦, 63.01◦, and 68.12◦, corre-
sponding to (100), (002), (101), (102), (110), (103) and (112) crystal 

Fig. 6. (a) Magnetic hysteresis loops and (b) partial enlarged figures of CoFe2O4, CoFe2O4@SiO2, S1, S2, S3, and S4.  

Table 2 
The Ms and Hc values of samples.  

Sample Ms (emu•g− 1) Hc (Oe) 

CoFe2O4 72.9 63.5 
CoFe2O4@SiO2 70.5 74.1 
S1 68.1 99.8 
S2 66.5 78.8 
S3 64.9 65.0 
S4 61.4 79.2  

Fig. 7. Three-dimensional reflection loss images of (a) S1, (b) S2, (c) S3, and (d) S4.  
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planes of ZnO (PDF#75–0576), respectively. All four samples showed 
consistent diffraction peak positions, with peak intensity strengthened 
as a function of ZAO content. In Fig. 4b, the position of (101) diffraction 
peak at 36.34◦shifted toward higher angles. Hence, the incorporation of 
smaller Al atoms into the ZnO lattice resulted in shorter fringe spacing. 

The oxidation states of the samples were confirmed by XPS. As shown 
in Fig. 5a, elements like Si, Zn, and Al were present in addition to Co, Fe, 
and O, consistent with EDS mappings and XRD results. The coexistence 
of the Si oxidation state in SiO2 was evidenced by the shoulder observed 
on the main peak of 103.4 eV (Fig. 5b). The peaks at 1022.92 and 
1045.93 eV in Fig. 5c corresponded to Zn 2p3/2 and Zn 2p1/2, respec-
tively. The difference in binding energy between Zn 2p3/2 and Zn 2p1/2 
was estimated to 23.04 eV, confirming the presence of Zn2+ [22]. The 
inclusion of Al in the system shifted the Zn 2p3/2 peak maximum from 
1021.3 eV in standard oxide state to 1022.92 eV, accompanied by a 
decrease in Al 2p peak maximum (Fig. 5d) from 74.6 eV at standard 
status to 73.9 eV, demonstrating the presence of ZAO and the successful 
synthesis of the core-shell structure. 

The effect of ZAO concentration on the magnetic characteristics of 
the core-shell structures was investigated by VSM. The hysteresis loops 
of CoFe2O4, CoFe2O4@SiO2, and the four ternary samples (S1, S2, S3, 
S4) at 25 ◦C are compared in Fig. 6a. The addition of SiO2 and ZAO 
gradually dropped the Ms, but all values were above 60 emu⋅g− 1. 
However, Hc exhibited irregular variations (Fig. 6b), with the biggest Hc 
value recorded with S1 and the smallest with both S3 and S4. The initial 
permeability (μi) can be calculated according to Eq. (1) [29]: 

μi =
M2

s

akHcMs + bλξ
(1)  

where a and b are material constants. λ and ξ represent the magneto-
striction coefficient and elastic parameter, respectively. 

Obviously, larger Ms and smaller Hc resulted in higher μi. Among all 
four samples, S3 showed the largest μi, conducive to enhancing the 
magnetic loss performance. The values of Ms and Hc are listed in Table 2. 

The absorption properties were evaluated by calculating the reflec-
tion loss (RL) using the transmission line theory [30–34]: 

Zin =Z0
̅̅̅̅̅̅̅̅̅̅̅
μr/εr

√
tan h

[
j(2πfd / c)

̅̅̅̅̅̅̅̅μrεr
√ ]

(2)  

RL= 20 log |(Zin − Z0) / (Zin +Z0)| (3)  

where Zin and Z0 represent the input characteristic impedance of 

materials and the impedance of free space. c is the speed of light in a 
vacuum, and d refers to the thickness of the microwave absorber. 

The RLmin value of S1 with 1.75 mm thickness was recorded as 
− 44.06 dB at 16.32 GHz (Fig. 7a). Meanwhile, the EAB was estimated to 
4.8 GHz at 13.2–18 GHz. For bare CoFe2O4 microspheres, the RLmin at 
5.0 mm thickness achieved − 17.51 dB at 6.12 GHz and EAB at 2.52 GHz 
(from 4.92 to 7.44 GHz). Both RLmin and EAB of S1 looked significantly 
higher than those of CoFe2O4. Hence, the layers of SiO2 and ZAO 
significantly affected the absorbing performance due to the introduction 
of dielectric loss and the improvement of wave multireflection from the 
shell. 

As shown in Fig. 7b, the increase in ZAO content resulted in an RLmin 
of − 51.97 dB at 11.68 GHz and an EAB of 4.72 GHz, equivalent to 
changes from 9.52 to 14.24 GHz for sample S2. The RLmin of S2 also 
increased at other matching thicknesses. Therefore, the rise in ZAO 
content introduced more dipole polarization effect, and the upsurge in 
the number and thickness of nano-petals expanded the multireflection 
space. As shown in Fig. 7c, S3 displayed the best absorption properties, 
with an RLmin of − 59.31 dB at 10.96 GHz for a thickness of 2 mm, as well 
as an EAB of 4 GHz (9.2–13.2 GHz). After reaching the maximum sheets 
size, ZAO nanoflower formed numerous holes, suitable for microwave 
reflection and enhancement of wave absorption. 

Noticeably, the RLmin of sample S4 diminished to − 36.51 dB, 
resulting in an EAB of only 1.36 GHz. Also, the matching thickness of S4 
rose to 5 mm (Fig. 7d). Since the collapse of the ZAO nanoflower 
structure left less interface and reflection space, the absorption qualities 
dramatically deteriorated. As ZAO increased, the frequency of RLmin 
peak gradually shifted toward lower values, correlating to the same 
thickness. Meanwhile, the RLmin at the lower frequency did not signifi-
cantly decrease, consistent with a reduction in frequency of the RLmin 
peak as a function of thickness (combination of the three-dimensional 
diagrams of the absorbing properties of all four samples). Conse-
quently, the RLmin peak shifted to the left owing to the increased wall 
thickness of ZAO nanoflowers. 

The impedance matching and matching thickness of samples S1, S2, 
S3, and S4 are compared in Fig. 8. The RLmin peak frequencies of all 
samples corresponded to the dashed line (|Zin/Z0| = 1), suggesting 
impedance matching as the primary factor affecting the absorption 
performance. The best impedance matchings were observed with S2 and 
S3 samples, showing optimal ZAO contents. The impedance mismatch of 
each sample was close to 1. Meanwhile, no severe impedance mismatch 
was noticed, suggesting excellent impedance matching of ZAO. The 

Fig. 8. Stack plots of two-dimensional reflection loss, impedance matching (|Zin/Z0|), and matching thickness (tm) versus frequency of (a) S1, (b) S2, (c) S3, and 
(d) S4. 
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Fig. 9. (a) Real part of permittivity(ε′), (b) imaginary part of permittivity(ε’’), (c) dielectric loss tangent (tanδε), (d) real part of permeability(μ’), (e) imaginary part 
of permeability(μ’’), and (f) magnetic loss tangent (tanδμ) of S1, S2, S3, and S4. 

Fig. 10. Cole–Cole diagrams (ε′− ε″ curves) of (a) S1, (b) S2, (c) S3, and (d) S4.  
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matched thicknesses of all samples adhered to the 1/4 wavelength 
matching model. The relationship between matching thickness (tm) and 
peak frequency (fm) can be estimated by Eq. (4) [35–37]: 

tm =
nλ
4
=

nc
4fm

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
|εr||μr|

√ (n= 1, 3, 5 ⋅ ⋅ ⋅ ) (4) 

The phase angles of electromagnetic wave incidence and reflection 
were analyzed for a wave absorber conform to the 1/4 wavelength 
matching model. In this case, the reflected electromagnetic waves from 
the interface lagged behind the incident electromagnetic wave by 180◦, 
resulting in a significant interference effect and leading to high reflec-
tion loss performance. 

To examine the impact of ZAO content on the electromagnetic 
properties of the materials, the relationship between the dielectric 
constant, magnetic permeability, and loss tangent was analyzed and the 
data are gathered in Fig. 9. Using SiO2 and ZAO layers, the ε′ of all 
samples improved (Fig. 9a), confirming the influence of the carriers 
generated in ZAO. Also, higher ZAO concentrations resulted in a greater 
ε′ increase. In addition, the ε′ curve of S4 with the highest content of ZAO 
compared well with the other three samples, indicating that high 
enough ZAO proportion led to lower correlation between dielectric 
properties and CoFe2O4. The latter can also be confirmed in other pa-
rameters. The variation of ε" versus frequency can be drawn according to 
Eq. (5) [38]: 

ε’’= ε″
r + ε″

c =
εs − ε∞

1 + ω2τ2 +
σ

ωε0
(5)  

where εr" and εc" represent the polarization loss and conductive loss, 
while εs, ε∞, σ, and τ correspond to the static dielectric constant, 
dielectric constant at infinite frequency, electrical conductivity, and 
polarization relaxation time, respectively [39,40]. 

In Fig. 9b, ε’’ also rose with ZAO content owing to the greater 
number of carriers and additional losses, such as interface polarization 
and dipole polarization caused by SiO2 and ZAO. Additionally, S1, S2, 
and S3 all exhibited relaxation resonance peaks at 6–8 GHz. Therefore, 
S4 did not possess a resonance peak due to nanoflower collapse, inter-
face reduction, and other factors. In Fig. 9c, samples S3 and S4 depicted 
the strongest dielectric loss enhancement by the polarization loss of 
ZAO, implying ZAO as a major source of dielectric loss. 

The Debye polarization relaxation was used to analyze the influence 
of dielectric loss and conductive loss during the absorbing process. 
Accordingly, the dielectric loss mechanism was divided into electron 
polarization, ion polarization, dipole polarization, and interface polar-
ization. Recent studies showed the occurrence of both ion polarization 
and electron polarization at high frequencies. Therefore, the two main 
polarization mechanisms at 2–18 GHz were based on interface 

polarization and dipole polarization. Debye relaxation theory can be 
expressed by Eq. (6) [41–43]: 
(

ε′ −
εs + ε∞

2

)2
+(ε″)2

=
(εs − ε∞

2

)2
(6) 

Accordingly, a semicircle relationship between ε′ and ε’’ (Cole-Cole 
semicircle) would indicate the occurrence of the Debye relaxation pro-
cess. Based on the literature [44], curves of ε′-ε’’ showing a straight line 
would suggest conductive loss replacing the dielectric loss as the main 
loss mechanism [45,46]. The Cole-Cole diagrams for the four samples 
(S1, S2, S3, and S4) are presented in Fig. 10. All samples showed varying 
degrees of Debye polarization relaxation. As ZAO content increased, the 
number of Cole-Cole semicircles decreased with a linear correlation. 
Hence, the change in surface morphology reduced the relaxation phe-
nomenon, such as interface polarization. Also, the increment in the 
number of carriers resulted in more conductive loss. 

Here, the magnetic loss may be similar to previously used CoFe2O4 as 
the core in the same way [47]. The changes in μ’ values as a function of 
frequency are presented in Fig. 9d. The increment in ZAO content led to 
a gradual decline in the magnetic component, resulting in the constant 
decrease of μ’ values. Of note, the trend of μ’’ in Fig. 9e was theoretically 
related to the proportion of magnetic components, almost the same as 
that of μ’. Compared to S4, sample S3 possessed larger Ms and smaller Hc 
values. As a result, the μ’’ representing the magnetic loss capacity was 
also higher than S4 but close to S1. The magnetic loss capacities re-
flected in tanδμ (tanδμ = μ’’/μ’) decreased in the following order: 
S1>S3>S2>S4. In general, modulating the coating of ZAO would 
improve the magnetic loss while gradually declining the extent of 
dielectric loss. 

The attenuation constant (α) was used to evaluate the attenuation 
capacities of the as-prepared materials since it can be useful to deter-
mine the microwave absorption performance. This can be described by 
Eq. (7) [48]: 

α=

̅̅̅
2

√
πf

c
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ″ε″ − μ′ε′) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ″ε″ − μ′ε′)2
+ (μ′ε″ + μ″ε′)2

√√

(7) 

As shown in Fig. 11, the α values of four samples increased with 
frequency. The values of S3 and S4 samples were slightly higher than 
those of S1 and S2. Thus, it can be deduced that the increase in ZAO 
content led to partial loss of magnetic loss performance, while providing 
better dielectric loss properties. As a result, the α values of S3 and S4 
were higher. 

The occurrence of eddy current loss in the absorber resulted in a 
constant C0 value versus frequency, which could be described by Eq. (8) 
[43,49]: 

Fig. 11. (a) Eddy current loss coefficients and (b) attenuation constant (α) of S1, S2, S3, and S4.  
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Co = μ″(μ′)− 2f − 1 = 2πμ0d2δ (8)  

where C0 represents the eddy current loss coefficient, d is the diameter of 
the nanoparticle, and δ refers to the electrical conductivity. 

The fluctuation in C0 of all samples as a function of frequency is 
provided in Fig. 11b. The eddy current loss determined by the nature of 
the ferrite CoFe2O4 hardly existed. However, the hysteresis curves 
enclosing a certain area (Fig. 6b) demonstrated the presence of magnetic 
hysteresis loss in all samples. Therefore, the magnetic loss mechanism of 
the as-prepared samples was mainly derived from residual loss and 
magnetic hysteresis loss. 

The infrared emissivity values of the samples at a wavelength of 
8–14 μm were determined by an infrared emissometer (model IR-II). As 
shown in Fig. 12a, downward trends were recorded as a function of ZAO 
content. The infrared emissivity values of both S3(εem,8-14 = 0.71) and 
S4 (εem,8-14 = 0.67) were almost the same as that of the pure ZAO 
observed in other studies. The correlation between infrared emissivity 
and both material composition and morphology can be analyzed from 
two aspects. First, the microstructure would greatly influence the 
infrared emissivity of powder materials with the following established 
order: sheet-like powder < grain-like powder < rod-like powder [50]. As 
displayed in Fig. 1, both S1 and S2 presented gauze-like nanoflower. 
Likewise, S3 possessed a thicker nanopetal and lamellar structure, while 
S4 nanoflowers collapsed and the ZAO packed on the microsphere sur-
face as spheres and irregular sheets. Therefore, S3 possessed the most 
favorable morphology for reducing infrared emissivity. Another 
contributing factor had to do with the concentration and number of 
carriers. Since the Al-doping contents of as-synthesized samples were all 
set to 7%, the concentration of carriers should basically be the same. In 
Fig. 9a-b, the dielectric permittivity decreased with ZAO content linked 
to the number of carriers. Therefore, the rise in ZAO content gradually 
enhanced the number of carriers, resulting in declined infrared emis-
sivity. After reaching a certain ZAO content, the decreasing rate of 
emissivity substantially slowed down to become close to that of pure 
ZAO. For comparison, the infrared emissivities of S3 at 2.5–15.3 μm are 
shown in Fig. 12b. The emissivity peaks of the curves at 3 μm, 6.2 μm, 
and 7.5 μm represented the infrared absorption of the atmosphere. The 
average infrared emissivities of S3 in the range of 8–14 μm were similar 
to those obtained by IR-II, whereas those in the range of 3–5 μm were 
estimated to be only 0.66–0.67. The lower infrared emissivity of ZAO 
formed as a result of ZnO lattice turning into an N-type semiconductor 
owing to the incorporation of Al. In this process, Al served as the donor 
atom to provide a free electron and generate carriers by replacing the Zn 
atom. Moreover, oxygen vacancies and interstitial Zn atoms of ZAO also 
provided free electrons, conducive to declining infrared emissivity as the 

greater concentration of carriers. Overall, sample S3 showed lower 
infrared emissivity due to the layered nanoflower and more ZAO 
coating, leading to the best absorption properties. Although S4 
possessed the lowest infrared emissivity, it may be hard to apply as 
bifunctional material owing to its worse absorption properties. 

4. Conclusions 

Novel CoFe2O4@SiO2@ZAO core-shell composites were successfully 
synthesized by the hydrolysis and sol-gel methods. As the feeding ratio 
of ZAO increased, the morphology of ZAO changed from gauzy nano-
flower to lamellar nanoflower until the structure collapsed. S3 with 
lamellar nanoflower was found the most suitable sample to reducing the 
infrared emissivity. The porous structure of S3 reached a BET surface 
area of 234.43 m2 g− 1, conducive to enhancing the interface polariza-
tion and multireflection on electromagnetic waves. Additionally, the 
introduction of ZAO brought dipole polarization under alternating 
electric field, resulting in more loss mechanism. The RLmin of S3 reached 
− 59.31 dB at 10.96 GHz and 2 mm thick while EAB was 4 GHz 
(9.2–13.2 GHz). In the range of 8–14 μm, the infrared emissivity of 
CoFe2O4@SiO2@ZAO decreased as a function of the increase in ZAO 
content. The average infrared emissivity of the best sample (S3) reached 
0.71, realizing 0.66–0.77 in the waveband of 3–5 μm. Overall, 
CoFe2O4@SiO2@ZAO ternary composites possess microwave absorption 
and low infrared emissivity, demonstrating the feasibility of producing 
dual-function materials with core-shell structure. 
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