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ABSTRACT: A novel hierarchical heterostructure of Ni microspheres/CuO nano-rices was fabricated using a simple two-step process. 

The CuO rices were densely deposited on the surfaces of Ni microspheres. The phase purity, morphology, and structure of composite 

heterostructures are characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), energy dispersive 

X-ray spectroscopy (EDS), and transmission electron microscopy (TEM). Different structured Ni/CuO composite heterostructures are 10 

also investigated by adjusting the volume ratio of the reactants. The core-shell rice-like CuO-coated Ni exhibits better antioxidation 

capability than pure Ni due to the presence of the barrier effect of the CuO shell, which is revealed by the thermalgravimetric analysis 

(TGA). In comparison with pristine Ni microspheres and CuO nanoflakes, the Ni/CuO composites exhibit excellent microwave 

absorption properties. Moreover, the amounts of CuO plays a vital role on the microwave attenuation of Ni/CuO composites. The 

Ni/CuO heterostructures prepared at 0.017 M Cu2+ exhibit the best electromagnetic wave absorption capabilities. A minimum reflection 15 

loss reaches ‒62.2 dB (>99.9999% microwave absorption) at 13.8 GHz with the only thickness of 1.7 mm. The effective absorption 

(below -10 dB) bandwidth can be tuned between 6.4 GHz and 18.0 GHz by tuning absorber thickness of 1.3-3.0 mm. Thus, the Ni/CuO 

composites possess a fascinating microwave absorption performance as a novel absorbing material with strong absorption, wide-band 

and thin thickness. 

1. Introduction  20 

Nowadays, the explosive usage of electromagnetic wave 

devices, such as wireless networks, communication equipment, 

and personal digital devices, results in serious electromagnetic 

interference (EMI) problems in both military and civil 

applications.1-5 EMI not only impedes the functionality of 25 

electronic devices but also harms humans. Thus, in order to deal 

with this issue, considerable attention has been paid to the design 

and development of highly efficient EM wave absorbing 

materials, 6-8 which can absorb microwaves effectively and 

convert EM energy into thermal energy or dissipate 30 

microwaves.9-11 Microwave absorbing materials are now required 

to have the advantages of lightweight, thin thickness, wide 

absorption bandwidth, strong absorption and simple operation. 12-

14 

The traditional absorbers, such as ferrite, 15-17 have strong 35 

absorption properties, but the thickness required is too large. 

Therefore, some kinds of composites, especially core-shell 

structured composites, such as Fe/B2O3,
18 Fe-Silica 

nanoparticles,19 Fe3O4-Poly(3,4-ethylenedioxythiophene),20 

Fe3O4 microspheres/polyaniline,21 Fe3O4/carbon Nanorods,22 40 

Fe3O4/ZnO nanorods,23 and Fe3O4/SnO2 nanorods 24 show the 

better microwave absorption performance than the pure core or 

shell materials. Therefore, synthesis of dielectric–magnetic 

composite with well-defined structures is beneficial for excellent 

microwave absorption capabilities. 45 

Nickel as a magnetic microwave absorbent has attracted great 

interest from many researchers, because of high permeability at 

GHz frequency ranges, high saturation magnetization, easy 

preparation, as well as low cost. 25-29 However, the high 

conductivity results in the rapid decrease in high frequency 50 

permeability due to eddy current losses induced by the 

electromagnetic wave. 30 Therefore, for purpose of  optimizing 

microwave absorption ability, an efficient strategy is to cover the 

magnetic Ni particles by an inorganic and nonmagnetic coating to 

create a core/shell microstructure.  55 

As an important p-type semiconductor, CuO, with narrow band 

gap (Eg = 1.2 eV), has attracted great attention due to its unique 

properties and widespread potential applications in optical 

switches, anode materials, field emitters, catalyst, gas sensors, 

photoelectrode and high-temperature microconductors. 31-36 60 
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Recently, CuO has been revisited as an efficient material for the 

preparation of microwave absorbing materials.37-40 For example, 

copper oxide-carbon fiber composites have been synthesized by 

annealing copper/carbon fibers in air and the minimum reflection 

loss is −29.6 dB at 7.8 GHz. 37 Zeng and co-workers have 5 

reported that the strongest reflection loss of CuO/Co/carbon fiber 

is −42.7 dB at 10.8 GHz. 38 The CuO/Cu2O-coated Ni 

nanocapsules have also reported by the arc discharge method and 

the optimal reflection loss value of ‒47.8 dB was observed at 

14.4 GHz. 40 From above results, it can conclude that CuO 10 

composites show excellent microwave capabilities. 

To the best of our knowledge, the studies on the preparation of 

CuO rice-coated Ni core/shell composite have never been 

reported. Herein, we report a facile method to synthesize the 

core-shell structured composites with Ni cores and rice-like CuO 15 

shells. The microwave absorption performances of Ni, CuO and 

Ni/CuO composites were investigated in the frequency of 2-18 

GHz. Compared with pure Ni and CuO, rice-like CuO-coated Ni 

composites show the best microwave absorption properties. 

Moreover, the effect of CuO contents on structures and 20 

microwave absorption properties of Ni/CuO composites were 

also investigated in detail. 

2. Experimental section 

2.1. Materials. All chemicals were of analytical grade and used 

without further purification. Trisodium citrate, anhydrous 25 

ethanol, and N2H4·H2O (80%) were purchased from Guangfu 

Chemical Co. Ltd. (Tianjin, China). Nickel chloride hexahydrate 

(NiCl2·6H2O), 1,2-isopropanol, ammonia (NH3·H2O), copper 

chloride hexahydrate (CuCl2·2H2O) and sodium acetate were 

purchased from Xilong Chemical Reagent Co. Ltd. (Guangdong, 30 

China). The experimental procedure is schematically shown in 

Fig.1. 

2.2. Synthesis of monodispersed Ni microsphere. The Ni 

microspheres were prepared by a solvothermal method, which 

was described in our pervious literature.41 Briefly, NiCl2·6H2O 35 

(1.2 g), sodium acetate (3.0 g) and trisodium citrate (0.3 g) were 

first dissolved in 1,2-isopropanol (60 mL). Then N2H4·H2O (6.0 

mL) was introduced into above solution. After that, the mixture 

was transferred into a Teflon-lined stainless-steel autoclave. The 

autoclave was maintained at 140 °C maintained for 15 h and then 40 

allowed to cool to room temperature. Finally, the black 

precipitates were washed with water and ethanol and dried at 60 

°C for 12 h in a vacuum. 

 

Figure 1. Schematic illustration of rice-like Ni/CuO 45 

heterostructures formation route and their application  

2.3. Synthesis of CuO nanoflakes. CuCl2·2H2O (0.36 g) was 

dissolved in a mixture of distilled water (60 mL) and  ammonia (2 

mL) under continuously stirring (30 min). The final mixture was 

transferred into a Teflon-lined autoclave and heated 50 

hydrothermally at 150 °C for 15 h. The products were harvested 

via washing six times with ethanol and water. 

Table 1. Experimental parameters (material, temperature, time, 

and so on) for the preparation of three Ni/CuO Composites 

 

Sample 

no. 

 

Raw reagents 

Hydrothermal 

temperature 

and time 

 

Morphology 

of products 

 

S-1 

0.05 g Ni + 0.18  

g CuCl2·2H2O + 

2mL NH3·H2O + 

60mL H2O 

 

150 °C 15 h 

 

CuO rice -

coated Ni 

composite 

 

S-2 

0.05 g Ni + 0.36  

g CuCl2·2H2O + 

2mL NH3·H2O + 

60mL H2O 

 

150 °C 15 h 

 

CuO rice-

coated Ni 

composite 

 

S-3 

0.05 g Ni + 0.54  

g CuCl2·2H2O + 

2mL NH3·H2O + 

60mL H2O 

 

150 °C 15 h 

 

Ni@CuO 

nanoflke 

composite 

2.4. Synthesis of CuO rice-coated Ni core/shell composites. 55 
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The as-prepared Ni microspheres (0.05 g) and CuCl2·2H2O (0.36 

g) were first dispersed in distilled water (60 mL). Secondly, the 

ammonia (2 mL) was added into the solution. Then the obtained 

solution was transferred into a Teflon-lined autoclave. The 

Teflon-lined autoclave was sealed and heated at 150°C for 15 h 5 

and cooled to room temperature. Lastly, the final product was 

separated by centrifugation, washed alternately for several times 

with distilled water and ethanol, and dried at 60 °C under 

vacuum. Two other types of Ni/CuO samples are prepared for 

comparison with a similar method. The preparation process of 10 

three Ni/CuO composites is summarized in Table 1. 

2.5. Characterization. The morphology of the synthesized 

products was examined by field emission scanning electron 

microscope (FESEM, JSM-7001F) and transmission electron 

microscope (TEM, JTM-2100). The crystallographic phases of 15 

the as-prepared samples were determined by powder X-ray 

diffraction method (XRD, XD-3, Beijing Purkinje General 

Instrument Co. Ltd. Cu Kα radiation source, λ=0.15406 nm). The 

elemental composition of products was examined by energy 

disperse X-ray spectrometry (EDS, Oxford Instruments) 20 

associated with FESEM. The thermogravimetric analyzer (TGA) 

was studied by a STA 409/PC simultaneous thermal analyzer 

(Netzsch, Germany) from 50 ºC to 800 ºC with a heating rate of 

10 °C/min in flowing air. These products were uniformly blended 

with paraffin matrix with a mass ratio of 7:3 (70 wt %), and the 25 

microwave absorbing devices were prepared with a cylinder 

shape (outer diameter of 7 mm and inner diameter of 3.04 mm) 

for microwave measurements. The complex permittivity (εr = ε′ - 

jε″) and permeability (µ r = µ ′ - jµ″) of the composites were 

measured in the 2.0-18.0 GHz on a vector network analyzer 30 

(Agilent N5244A). 

3. Results and discussion 

3.1. Characterization of Ni@CuO heterostructures. 

The crystal structures associated with Ni microspheres, CuO 

nanoflakes, and Ni/CuO heterostructures have been examined by 35 

XRD, as illustrated in Fig.2. Compared with Ni (JCPDS card No. 

04-0850) and CuO ( JCPDS card No. 05-0661), Fig.2a,b shows 

all the diffraction peaks can be assigned to face-centered cubic Ni 

and monoclinic phase structure of CuO. Fig.2c shows two mixed 

phases of face-centered cubic Ni and monoclinic CuO. The circle 40 

indicates the peaks stemming from monoclinic CuO (JCPDS card 

No. 05-0661), while the others come from face-centered cubic Ni 

(JCPDS card No. 04-0850). No other impurity diffraction peaks 

are discovered, which confirm the purity of the products. The 

surface analysis of the as-prepared Ni/CuO composites were 45 

further investigated by XPS as shown in Fig. S1. The peaks 

located at 933.4 eV and 953.3 eV were assigned to Cu 2p3/2 and 

Cu 2p1/2, respectively. In addition, the strong shake-up peaks 

confirmed the Cu(II) oxidation state and excluded the possible 

existence of the Cu2O phase. 42 50 

 

Figure 2. XRD pattern of (a) Ni microspheres, (b) CuO 

nanoflakes, and (c) Ni@CuO heterostructures, respectively. 

      Fig.3 exhibits FESEM micrographs of Ni@CuO composites 

with different magnification after hydrothermal treatment at 150 55 

°C for 15 h. It can be observed from Fig.3a,b that the products are 

composed of CuO rices-coated smooth Ni microspheres 

heterstructures with the diameter of 1.0-1.2 µm. The high-

magnification SEM image (Fig.3c) shows that rice-like CuO/Ni 

composites hold rough surfaces, which result from compactly 60 

aggregated panicle-shape CuO nanostructures. Moreover, an 

individual rice-like CuO/Ni composites with a rough surface is 

shown in Fig.3d. This hierarchical rice-like CuO/Ni may pave a 

way to microwave absorption due to these rough surfaces. 
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Figure 3. FESEM images of the Ni microsphere-CuO rice core-

shell structures (a,b) panoramic and (c,d) magnified. 

    For comparison, the shapes of the prepared Ni and CuO 

products were also investigated as shown in Fig.4(a,b). As shown 5 

in Fig.4a, the surface of pristine Ni microspheres is relatively 

smooth with about 1.0 µm in diameter. Fig.4b shows the 

morphology of CuO products. The CuO samples possess 

approximately uniform flake-like morphology with the diameter 

and thickness of 0.6−1.0 µm and 20 nm, respectively. The 10 

nanoflakes are gathered up to form coral-like hierarchical 

structures with the diameter of about 3.0 µm.  Fig.4(c,d) exhibit 

the EDS patterns of Ni microspheres (Fig.4c) and CuO 

nanoflakes (Fig.4d). It can be observed that the Ni sample 

consists of only element Ni, however, CuO nanoflakes are 15 

comprised of element Cu and element O, which indicate no 

detectable contamination in both pure Ni system and CuO 

system.  

 

Figure 4. FESEM images of (a) the Ni microspheres and (b) the 20 

CuO nanflakes; EDS patterns of (c) Ni microspheres and (d) CuO 

nanoflakes. 

     The FESEM image of an individual Ni/CuO core−shell 

composite is shown in Fig.5a. The smooth Ni microspheres were 

tensely covered by rice-like CuO. The EDS profile of the 25 

Ni/CuO, shown in Figure 5b, indicates that the obtained 

heterostructures are composed of Ni, Cu and O elements. The C 

element  is attributed to the rubberized fabric, which is used for 

pasting the samples. Pt peaks are also observed in the spectrum 

because the SEM sample was prepared by sputtering of platinum 30 

onto the sample. The elemental mappings of Ni/CuO were 

performed in Fig.5c-e. One can see that the Ni element can be 

detected in the core region, while the O element and Cu element 

exhibit larger areas compared with Ni. This confirms the core-

shell structures with Ni cores and CuO shells have been formed 35 

after hydrothermal process. 

 

Figure 5. (a) FESEM image of an individual Ni/CuO core−shell 

heterostructure, (b) EDS pattern of Ni/CuO composite and (c-e) 

elemental mappings of Ni, Cu and O. 40 

     In order to get more information about microstructure of 

Ni/CuO composite, TEM and HR-TEM images of Ni/CuO 

composites were performed in Fig.6. The core-shell structure of 

Ni/CuO composite can be clearly observed from Fig.6. The inset 

SAED pattern of the CuO particles indicated that CuO particles 45 

are polycrystalline (Fig.6a). The HRTEM image (inset of Fig.6b) 

displays that the lattice spacing was 0.276 nm, which is in good 

agreement with the (110) lattice spacing of CuO. Based on the 

SEM and TEM results, it can be concluded that the CuO was 

deposited on the surface of Ni, the core-shell composites were 50 

obtained under this procedure. 
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Figure. 6 Typical TEM and HRTEM images of the as-prepared 

Ni/CuO structures: (a) low magnification, inset of (a) shows the 

SAED pattern; (b) high magnification; inset of (b) shows the 

HRTEM.  5 

Fig.7 shows the morphologies of the products with different 

molar ratio of the CuCl2·2H2O to Ni microspheres in the 

precursor solution. It is worth noting that the surfaces of all 

samples turns coarser compared with the pristine Ni 

microspheres, which can be ascribed to the successful coating of 10 

the CuO nanoparticles on the primary Ni surfaces. Moreover, 

control of shape and coverage density of CuO materials was 

achieved by adjusting the concentration of precursor (Cu2+).  

When the molar ratio of the CuCl2·2H2O to Ni microspheres in 

the precursor solution is 1: 0.85 (S-1), it can be found (Fig.7a,b) 15 

that plenty of CuO rices are formed on the surface of the Ni 

microspheres. However, the thickness of CuO shell is thin 

because of low concentration of precursor (Cu2+).  When the 

molar ratio is increased to 2: 0.85 (S-2), it can be observed that 

the aggregation phenomenon occurred and CuO rices are densely 20 

deposited on the smooth surfaces of Ni microspheres to form 

coarser thick CuO shells (Fig.7c,d). When the molar ratio is 

increased continuously to 3:0.85 (S-3), a layer of dense CuO 

nanflakes grown on Ni microspheres is generated (Fig.7e,f). 

From above analysis, the structures and coverage density of CuO 25 

shells can be effectively tuned by choosing an appropriate 

concentration of Cu2+.  

 

Figure 7. FESEM images of hierarchical Ni/CuO core-shell 

heterostructures with different molar ratio: (a, b) S-1; (c, d) S-2; 30 

(e, f) S-3. 

3.2. Electromagnetic properties of Ni/CuO composite 

 The electromagnetic properties of the Ni, CuO and the 

Ni/CuO core/shell composites were investigated in the frequency 

range from 2 to 18 GHz in this study. The frequency dependence 35 

complex permittivity and permeability for five materials are 

shown in Fig.8. The real permittivity (ε′) and real permeability 

(µ′) represent the storage ability of electromagnetic energy, while 

the imaginary permittivity (ε″) and imaginary permeability (µ″) 

are connected with the energy dissipation and magnetic loss, 40 

respectively. 20, 43 The real (ε′) and the imaginary (ε″) parts of the 

relative complex permittivity are shown in Fig.8a,b. It is noted 

that for Ni the values of the real and imaginary parts of the 

permittivity are very high, with permittivity decreases as the 

frequency increases (Fig.8a,b), but the value of the real and 45 

imaginary parts of the permeability vary a lot with frequency 

increases (Fig.8c,d). The complex permeability of Ni was lower 

than that of complex permittivity, which result in poor impedance 

match. The impedance match requires that the relation between 

permittivity and permeability tends to be close, which can 50 

achieve zero-reflection at the front surface of the materials. 44 The 

higher permittivity of the absorber is harmful to the impedance 

match, 45 thus leads to weak microwave absorption. For Ni/CuO 
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and CuO, the values of the real part of the permittivity are  

relatively stable with frequency increases and the S-1 sample 

shows high ε′ values (Fig.8a), which are due to space charge 

polarization because of the heterogeneity of the material. The 

presence of semiconductor CuO coating on the surface of Ni 5 

microspheres results in the formation of more interface and space 

charge accumulating at the interface, which contributes to higher 

microwave absorption in the composites.15 From the Fig.8b, one 

can also observe that there exist frequency intervals in which the 

permittivity exhibits resonant characteristics. Multi-peaks can 10 

also be observed near the resonant frequencies on the ε″ curve. 

These phenomena are the typical characteristics of nonlinear 

resonant behaviors. 46 The exact mechanism of these multi-peaks 

is still underway. For sample S-1, the resonant frequencies of 

permittivity in current band range are of 3.8, 9.9 and 15.6 GHz, 15 

respectively. According to previous publications, 46, 47 dielectric 

resonances at 3.8 GHz should be related with Ni particles. 

However, heterojunction capacitance generated at the interface of 

CuO rices and Ni microspheres could induce the other two 

resonant peaks (9.9 and 15.6 GHz), which are similar with 20 

previous reports by Shi 46 and Liu 47. Generally, nonlinear 

dielectric resonance originates from the cooperative consequence 

of Ni cores, core/shell interfaces and the dielectric CuO shells. 

The variation in µ′ and µ″ as a function of frequency of the 

composites are shown in Fig.8c,d. The µ′ values of Ni/CuO and 25 

CuO samples obviously decrease with increasing frequency  in 

the 2.0–18.0 GHz range (Fig.8c). For the five samples, the µ″ 

exhibits broad resonance peaks at 5-7 GHz, which are attributed 

to natural resonance of Ni. 48  It is worth noting that the µ″ of S-1 

sample show the highest values among the five samples, which 30 

indicates the highest magnetic loss. Based on the complex 

permittivity and permeability, it can conclude that the S-1 sample 

may possess improved microwave absorption properties because 

of good impedance match, high dielectric loss and magnetic loss. 

35 

 Figure 8. Frequency dependence of the (a) real and (b) 

imaginary parts of complex permittivity, and the (c) real and (d) 

imaginary parts of complex permeability for the five as-prepared 

samples.  

To compare and evaluate their electromagnetic wave 40 

absorption properties, Ni, Ni/CuO core-shell heterostructures, and 

CuO nanoflakes  were uniformly blended in a paraffin matrix (30 

wt %), which is transparent to microwave, and assembled into a 

microwave-absorption device with an outer diameter of 7.00 mm 

and an inner diameter of 3.04 mm, and the devices were 45 

measured in the range of 2−18 GHz. The microwave absorption 

capabilities of these as-prepared products can be evaluated by the 

reflection loss (RL) values, which can be calculated based on the 

complex permeability and permittivity at a given frequency and 

layer thickness by means of the following equations:49-51 50 

            
)/()(log20 00 ZZZZRL inin +−=                          (1) 

             













=

c

fd
jZZ

rr

r

r
in

εµπ

ε
µ 2

tanh0

                      (2) 

where 
0Z is the impedance of free space,

inZ
 
is the input 

characteristic impedance, f  
is the frequency, c is the velocity of 

light, and d is the thickness of the composites. The results are 55 

shown in Fig.9. As shown in Fig.9a, the three Ni/CuO composites 

present much stronger microwave-absorption properties than the 

pristine Ni microspheres and the CuO nanoflakes. For example, 

when the thickness is 2 mm, the S-1 sample shows the strongest 

EM-wave absorption with an RL value of −15.6 dB at 11.9 GHz 60 

among the five samples. The thickness of the absorber, as one of 

critical factors, will influence the RL value and the frequency of 
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maximum absorption. Hence, the reflection loss of Ni/CuO 

samples with various thicknesses were also simulated. In 

comparison with S-2 (Fig.9c) and S-3 (Fig.9d), the S-1 (Fig.9b) 

shows best microwave absorption properties. The lowest 

reflection loss of the S-1 sample is ‒62.2 dB at 13.8 GHz with the 5 

only thickness of 1.7 mm. The effective absorption bandwidth 

(below -10 dB) can reach 3.3 GHz (12.4-15.7 GHz) with the 

absorber thickness of 1.7 mm. In order to confirm the role of 

core-shell heterostructures on the microwave absorption of 

Ni/CuO composites, the electromagnetic wave absorption 10 

property of the mixture of Ni spheres and CuO nanoflakes have 

also been investigated and the results are presented in Fig. S2. 

Compared with the core-shell structured Ni/CuO composite, the 

mixture of Ni spheres and CuO nanoflakes shows the weak 

absorption properties. The minimum reflection loss is only ‒13.6 15 

dB at 10.1 GHz. In current Ni/CuO heterostructure, CuO rices 

play two roles in our Ni/CuO core-shell structure. One is 

semiconducting layer, which can improve impedance match by 

lower the conductivity of Ni particles in low CuO concentration 

system.52 The other tone is generation of core-shell structure, 20 

which exhibits enhanced resonance at the induced interfaces 53 

created by introducing CuO materials onto Ni particles. 

Therefore, the microwave absorption efficiency was improved 

dramatically. In this regard, the combination of magnetic 

materials (Ni) with dielectric materials (CuO) has been proved as 25 

good candidate of high efficient microwave-absorption materials. 

Table 2 shows the microwave absorption properties of typical Ni-

based composites and other hybrid composites. 1, 4, 9, 13, 14, 25, 26, 28, 

29, 48, 54-56 It can be seen that the rice-like CuO coated Ni 

microspheres possess stronger EM absorption capability and a 30 

thinner absorber thickness and broader absorption bandwidth. It 

is noteworthy that the peaks shift gradually to lower frequencies 

with increasing absorber  thickness, which can be explained by 

quarter-wavelength cancellation model that the incident and 

reflected waves in the absorber are out of phase 180° and leading 35 

to the reflected waves in the air-absorber interface are cancelled 

totally. 57, 58 For quarter-wavelength cancellation, the relationship 

between 
md  and 

mf  is given by the following equation

rrm

m

f

nc
d

εµ4
=  ( n =1, 3, 5…)  where µr is the complex 

permeability, εr,is the complex permittivity, c  is the velocity of 40 

light in the free space. The best absorption property of core-shell 

Ni/CuO composites can be achieved by adjusting the amounts of 

CuO. The rice-like CuO shell plays a positive role on the 

attenuation proprieties of the core/shell composites. The CuO 

shells were deposited on the surface of Ni microspheres to form 45 

the special core-shell structure, which introduces metal/dielectric 

interfaces to induce interfacial polarization. Interfacial 

polarization always presents in materials comprised of more than 

one phase composites. 59-62  This kind of polarization arising at 

the interfaces is due to the migration of charge carriers through 50 

different phases of the composite material, which results in 

charge accumulation at these interfaces. During the activation of 

electromagnetic wave, a redistribution process of charges occurs 

periodically between Ni cores and CuO shells, which is beneficial 

for the microwave absorption. However, for the S-2 and S-3 55 

samples, the amounts of CuO are too high that the cooperation 

between Ni cores and CuO shells disappears, which leads to poor 

microwave absorption. 

 

Figure 9. (a) Comparison of reflection losses of the five as-60 

obtained samples with a thickness of 2.0 mm. The reflection 

losses of (b) S-1, (c) S-2, (d) S-3 samples with various 

thicknesses. 

Table 2 Microwave absorption properties of some reported Ni-based composites and other hybrid composites 

Sample Minimum RL 

value (dB) 

Matching 

thickness (mm) 

Matching 

frequency 

(GHz) 

Frequency range 

(RL<-10 dB) 

(GHz) 

Ref. 

 Octahedral 

Ni 

‒40.44 2.5 8.8 7.1‒11.2 [25] 

Page 7 of 12 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

8  |  Journal Name, [year], [vol], 00–00This journal is © The Royal Society of Chemistry [year] 

Ni fiber ‒39.5 3.0 4.8 6.6‒8.8 [26] 

Urchin-like Ni ‒43 2.0 10 8.7‒11.5 [28] 

Ni chains ‒25.29 2.0 9.6 8.3‒10.4 [29] 

Hexagonal 

Ni/graphene 

‒17.8 5.0 3.5 2.7‒3.9 

11.9‒13.5 

[48] 

FeCo/C/BaTiO3 ‒41.7 2.0 11.3 9.4‒14.5 [1] 

nano-flower 

CoO 

‒37 2.0 10.5 8‒14 [4] 

Fe3O4/graphene ‒26.4 4.0 5.3 4.5‒6.5 [9] 

Porous 

Fe3O4@ZnO-

grapheme  

‒40 5.0 11 10.2‒12.1 [13] 

Fe3O4/basalt 

fibers 

‒31.1 5.0 5.9 5.3‒6.5 [14] 

γ-Fe2O3–

MWNTs/PBO 

‒32.7 3.7 12.9 11.3‒13.8 [54] 

Grapheme-

polyaniline  

‒36.9 3.5 10.3 8.2‒13.5 [55] 

MWCNT-

Fe3O4@ZnO 

‒40.9 3.5 9.8 8.0-12.0 [56] 

Rice-like CuO-

coated Ni 

‒62.2 1.7 13.8 12.4-15.7 present work 

The dielectric loss factor (tan δε  = ε″/ε′) and the magnetic 

loss factor (tan δµ = µ″/µ′) may well explain why the S-1 sample 

exhibits the best microwave absorption properties, as shown in 

Fig.10. S-1 sample presents the highest dielectric loss and 

magnetic loss among the three samples, which indicates the 5 

excellent capability of microwave absorption. On the other hand, 

the S-1 show strong magnetic loss at the low-frequency range and 

significant dielectric loss at high-frequency range. Such 

complementarities between the dielectric loss and the magnetic 

loss imply that the S-1 sample holds excellent EM absorption 10 

properties. It is evident that the improved microwave absorption 

properties for the Ni/CuO composites are a consequence of better 

electromagnetic matching due to the existence of dielectric CuO 

shells, as well as its particular ‘core/shell’ microstructure. 

Moreover, the unique rice-like CuO structure in S-1 sample is 15 

also favourable in the enhancement of EM wave absorption. 

Rice-like shape can act as isotropic quasi-antennas, favoring the 

penetration of electromagnetic waves into the composites, which 

can generate continuous micronetworks and a large-scale 

vibrating microcurrent.63, 64 The electromagnetic energy is 20 

induced into a dissipative current and consumed in discontinuous 

networks. 

 

Figure 10. (a) The dielectric loss factor and (b) magnetic loss 

factor of Ni/CuO–paraffin wax samples versus frequency. 25 

       According to transmission line theory, effective absorbers are 

dominated by two key factors. One is the impedance match, 

which requires the complex permittivity and permeability to be 

equal, and the other is the EM attenuation in the interior absorber. 

The EM attenuation was determined by the attenuation constant 30 

α, which can be described as:65, 66 

( ) ( ) ( )222
εµεµεµεµεµεµ

π
α ′′′+′′′+′′−′′′′+′′−′′′′×=

c

f    (3) 
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where f  is the frequency of the EM-wave and c  is the velocity 

of light. Fig.11 shows the frequency dependence of the 

attenuation constant. The S-1 possesses biggest α in all frequency 

ranges, indicating the excellent attenuation or EM wave 

absorption. In the present case, based on the above equation, the 5 

higher imaginary parts of the permittivity and permeability seem 

to be useful for improving the attenuation constant. It is noted 

that high values of ε″ and µ″ would result in high α. The highest 

ε″ and µ″ values seem important for obtaining highest α. The 

enhancement of the EMA performance for the S-1 sample comes 10 

from the increase in dielectric loss and magnetic loss. Otherwise, 

the thin dielectric CuO coating introduces the metal/dielectric 

interfaces, at which the interface polarization also increases the 

dielectric attenuation. 

 15 

Figure 11. Attenuation constant of Ni/CuO–paraffin composites 

versus frequency. 

  It is well known that anti-oxidant capacity is an important 

criterion for material application. The oxidation behaviors of the 

pure Ni and Ni-CuO (S-1) are shown in Fig.12. The pure Ni 20 

begins to oxidize at around 263 ºC and. The pure Ni microspheres 

show a significant weight increase in the final stage owing to the 

oxidation in air at elevated temperatures. After coating with rice-

like CuO shell, the Ni microspheres are protected, and the 

oxidation temperature is increased to about 372 ºC. It indicates 25 

that the core-shell Ni/CuO (S-1) presents better oxidization 

stability than that of Ni microsphere. 

 

Figure 12. TG spectra of the Ni and Ni-R composite 

microspheres. 30 

4. Conclusion 

In summary, the hierarchical Ni/CuO heterostructures have 

been successfully synthesized by a two-step process. The as-

prepared Ni/CuO products display a rice-like coating composites. 

Moreover, by tuning the molar ratio of the CuCl2·2H2O to the 35 

Ni microspheres, different shapes and coverage densities of CuO 

coating were obtained. The effects of CuO amounts on the Ni 

microspheres for microwave absorption properties have been 

investigated. The oxidation resistance of rice-like CuO-coated Ni 

composite is better than that of the pure Ni microsphere. The thin 40 

CuO-coated Ni composites (S-1) exhibit excellent 

electromagnetic properties. An optimal reflection loss is ‒62.2 dB 

at 13.8 GHz with the only thickness of 1.7 mm. The excellent 

microwave absorption properties are attributed to highest 

attenuation constant, interface polarization of core-shell structure 45 

and synergetic effect between the dielectric loss and magnetic 

loss. Our results demonstrate that the rice-like CuO-coated Ni 

core/shell composites with thin thickness and strong absorption 

are attractive candidates for the new types of EM wave absorptive 

materials. 50 
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