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A B S T R A C T   

An effective wave absorbing Nano-Ni/carbon nanotubes (CNTs) composite film was developed by 
electrodeposition using an anodic aluminum oxide (AAO)/CNTs electrode. Scanning electron 
microscopy images confirmed the uniform dispersion of Ni nano-particles within the CNTs, and 
the particle diameter increasing from 20 nm to 100 nm as the deposition time increased. XRD test 
results revealed that the crystal phase of the Ni nano-particles remained unchanged during 
different deposition time, exhibiting a Face Center Cubic (fcc) structure. The microwave elec-
tromagnetic properties of the film were evaluated using a vector network analyzer, and the return 
loss curve demonstrated that the Ni nano-particles/CNTs composite exhibited exceptional wave 
absorption capabilities. The composite film showed an effective absorption width of 13 GHz 
(4–17 GHz) and achieved a minimum reflection loss (RL) of − 17 dB at 14 GHz.   

1. Introduction 

Microwave absorbing materials (WAMs) have gained significant global attention due to the growing issue of increasing electro-
magnetic interference [1–6]. Nanostructured materials, among various WAMs, have emerged as promising candidates for efficient 
electromagnetic wave absorption due to their unique properties [7–9]. Sun et al. [10] synthesized NiCo2-0.5xCr2O3@C nano-
composites an impressive reflection loss (RL) of − 52.71 dB at 1.6 mm and an effective absorption bandwidth (EAB) of 5.28 GHz at 1.89 
mm. Wang et al. prepared [11] FeOX/CSBC nanocomposites with a minimum RL peak of − 29.5 dB and an EAB of 6.4 GHz at an 
absorber thickness of 2.7 mm. Hassan et al. [12] achieved UCESM@CF composite with a RL peak of − 39.03 dB at 10.44 GHz, using 
in-situ grew CF nanoparticles. 

Nickel (Ni) nanoparticles have been extensively researched as excellent electromagnetic absorbers [13,14]. The Ni@Co/C@PPy 
composite prepared by Bi et al. [15] showed excellent electromagnetic wave absorption performance when the corresponding 
thickness was 2.0 mm. The RL value was − 48.76 dB and the effective absorption bandwidth was 5.10 GHz. Liu et al. [16] utilized a 
simple wet chemical method to fabricate a three-dimensional nickel chain link mesh with a thickness of 1.8 mm at 8.8 GHz and 373 K 
achieving the maximum absorption value was − 50 dB. However, particle aggregation frequently hinders their absorption performance 
resulting in decreased effectiveness [17,18]. 
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Nano-Ni/CNTs film was manufactured by a novel anodic aluminum oxide (AAO)/Carbon nanotubes (CNTs) electrode in this 
article. The inclusion of CNTs in the films prevents aggregation of nano-Ni particles. Moreover, the diameter of the particles can be 
precisely controlled by changing the electrodeposition time [19–21]. The wave absorption performance of the Ni nano-particles/CNTs 
film was confirmed using a vector network analyzer. This film offers advantages such as simplification of operation, mild reaction 
conditions, high purity of the obtained nanoparticles, low environmental pollution. 

Fig. 1. Schematic illustration of AAO/CNTs electrode.  

Fig. 2. SEM pictures of Ni nano-particles/CNTs composite after deposition of different periods (a) 1 min, (b) 2 min, (c) 5 min, (d) 10 min, (e) 15 
min; (f) TEM picture of Ni nano particles. 
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2. Experimental section 

2.1. Material preparation 

The AAO/CNTs electrode (Fig. 1) was assembled using AAO [22], CNTs, and a copper current collector. A container was utilized to 
encapsulate the CNTs, eliminating the need off glue and improving the conductivity, purity, surface charge distribution, and elec-
trochemical activity of the CNTs. 

The AAO/CNTs electrode was applied as the working electrode in a conventional three-electrode direct current (DC) electrode-
position system, with a saturated calomel electrode (SCE) as the reference electrode and a platinum plate measuring 1.0 cm * 1.0 cm as 
the counter electrode. The electrolyte consisted of 180 g/L NiSO4, while of the current density was strictly controlled to be 3 mA/cm2. 

Following electrodeposition, the AAO on the electrode was dissolved in 1 M NaOH solution, thus the nano-Ni/CNTs composite was 
obtained. The composites were subsequently subjected to ultrasound treatment in alcohol to yield nickel nanoparticles. 

2.2. Characterization 

The morphology of the samples was observed by scanning electron microscopy (SEM, ZEISS, EVO18) and transmission electron 
microscopy (TEM, Tescan G2 F20). The X-ray diffraction (XRD, BRUKER D8 ADVANCE) method was employed to determine the 
crystalline structure of the samples. The Raman study of samples was performed with a HORIBA HR Evolution Raman Microscope. The 
magnetic properties of the samples were evaluated utilizing Vector Network Analyser Type N5242A. 

3. Results and discussion 

The images from Fig. 2a–e demonstrate the uniform dispersion of Ni nanoparticles in CNTs. As the deposition time increased, the 

Fig. 3. XRD patterns of Ni nano-particles/CNTs composite.  

Fig. 4. Normal Raman spectra of Ni nano-particles/CNTs composite.  
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diameter of the nickel nanoparticles grew from 20 nm to 100 nm, and the surface of the particles became progressively smoother while 
the step-like grain boundaries gradually disappeared. 

During the initial stage of electrodeposition (Fig. 2a), metal crystal seeds appeared at the intersections of nanotubes, where the 
overpotential is highest. Due to the binding and obstruction of carbon nanotubes, further electro-crystallization could only occur along 
the grain boundaries of these crystal seeds, thereby avoiding particle aggregation (Fig. 2a–c). 

After the deposition, the AAO template was removed, and the Ni nano-particles/CNTs electrode were illustrated in Fig. 2d and e. It 
can be observed that the sample consisted of a large quantity of Ni nanoparticles with a diameter of 100 nm (Fig. 2f). 

Fig. 3 shows the XRD patterns of Ni nanoparticles deposited for 5 min, 10 min, and 15 min, respectively. The diffraction peaks of Ni 
can be observed at 2θ angles of 44.98◦, 52.28◦, and 74.99◦, corresponding to the crystal planes (110), (200), and (220), respectively. 
The crystal structure was determined to be a close-packed hexagonal (fcc) structure (PDF 04-0850). Increasing of particle diameter did 
not significantly alter the width of the diffraction peaks, whilst the intensity ratio of each crystal plane slightly changed accordingly. It 
suggests that changes in the diameter and number of Ni nanoparticles do not have a substantial impact on the crystal phase and grain 
size. 

Fig. 4 presents the typical Raman spectra of Ni nanoparticles deposited for 5 min, 10 min, and 15 min. These spectra exhibit 
prominent peaks corresponding to the D-band and G-band. The D-band peak is attributed to disordered sp3 carbon or defects at the 
crystalline edges of graphitic carbon, while the G-band peak is associated with graphitic carbon sp2 carbon correlation [23,24]. In 
comparison to the Ni nanoparticles deposited for 5 min and 10 min, the Ni nanoparticles deposited for 15 min show a red shift in the 
G-band, indicating that most of the carbon nanotubes (CNTs) were coated by Ni. 

The integrated intensity ratio of the D-band to the G-band (ID/IG) is commonly recognized as an indicator of the degree of 
graphitization [25,26]. For the Ni nanoparticles deposited for 5 min, 10 min, and 15 min, the calculated ID/IG values are 0.42, 0.40, 
and 0.33, respectively. The ID/IG values of the samples deposited for 5 min and 10 min are higher than those deposited for 15 min, 
which indicates that the carbon in the samples contains a significant number of structural defects and exhibits a lower degree of 
graphitization. The lower degree of graphitization facilitates impedance matching, reduces surface reflection, and allows for increased 
penetration of electromagnetic waves into the material [2,27]. 

In order to investigate the electromagnetic wave absorption properties of Ni nano-particles/CNTs composites, return loss (RL) of 
different deposition times was calculated [1,9–11], as shown in Fig. 5. The absorption values of the lower frequency peak (LP) and 
higher frequency peak (HP) were measured for varying deposition times. When the deposition time was 5 min, the absorption value of 
LP was approximately − 12.5 dB and the value of HP was around − 17 dB, while the bandwidth is about 12.5 GHZ. As the deposition 
time increased to 10 min, the absorption value of LP reached − 13.5 dB while the value of HP shifted to − 14 dB and the bandwidth was 
slightly expanded to 13 GHz. However, when the deposition time was 15 min, the absorption value failed to meet the required demand 
(RL < − 10 dB). This result may be attributed to the fact that most of the CNTs were coated by Ni and many Ni nanoparticles aggregated 
leading to the disappearance of the Ni nanostructure. Based on these experiments, it can be concluded that Ni nano-particles/CNTs 
composites with deposition times of 5 and 10 min exhibited better electromagnetic wave absorption performance. 

4. Conclusion 

Utilizing an AAO/CNTs electrode, nickel nanoparticles were successfully synthesized with a close-packed hexagonal (fcc) structure. 
The crystal phase and grain size remained unchanged despite alterations in the diameter and quantity of the particles. This method 
proved to be a successful fabrication technique for metal nanoparticles. Furthermore, the Ni nanoparticle/CNT composite demon-
strated exceptional wave absorption with a minimum absorption value of − 17 dB and an absorption bandwidth of 13 GHz. 

Fig. 5. RL values of Ni nano-particles/CNTs composite with different deposition time.  
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