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A B S T R A C T   

Metallic nanowires (NWs) and their different compounds display incredible prospects for their 
use in various applications including media storage, sensor and solar cell devices along with the 
biological drug delivery systems. In this research work, the metallic NWs like nickel nanowires 
(Ni-NWs) are synthesized successfully by employing electrodeposition process. Anodic aluminum 
oxide (AAO) templates are employed as a platform with copper metal coating which acts as an 
active cathode. The synthesized Ni-NWs are examined through various characterization tech-
niques including X-ray diffraction (XRD), scanning electron microscope (SEM) and vibrating 
sample magnetometer (VSM) to study the crystal structure, surface morphology and magnetic 
properties, respectively. The XRD analysis shows the development of various diffraction planes 
like Ni (111), Ni (200), Ni (220) which confirms the formation of polycrystalline nickel NWs. The 
SEM analysis reveals that the range of diameter and length of nickel NWs are found to be ~160 to 
200 and ~4 to 11 micron respectively showing high aspect ratio (ranged from ~200 to 300). The 
ferromagnetic behavior of Ni-NWs is confirmed by the hysteresis loop carried out for parallel and 
perpendicular configurations having Hc = 100 and 206 Oe, respectively. The obtained results 
suggest that the synthesized Ni- NWs may be used for high-density media storage devices.   

1. Introduction 

In this era of nanotechnology, the nanowires (NWs) and their nanostructured compounds (NSC) have attained enormous attraction 
because of their distinctive physical and chemical properties. Nanowires with unique nanostructures are studied as one of the 
promising alternative electrode materials for next generation electrochemical energy devices [1, 2, 3]. The chemical and physical 
properties of NWs have frequently dominated by their structural behavior like crystallite size and lattice parameters etc and surface 
morphology like grain size, shape, and distribution of nanoparticles [4, 5, 6]. The enormous growth in the field of information 
technology (IT) requires processing of massive amount of digital information. The magnetic information carriers require magnetic flux 
density, large coercivity and acceptable magnetic characterization of synthesized materials which can only be obtained by 
high-density magnetic nanostructure [7, 8, 9, 10, 11]. 

The NWs of magnetic materials like nickel, iron, and cobalt have been widely studied because of their incredible applications in the 
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field of electronics, sensors, high-density media storage devices and drug delivery system [12, 13, 14, 15, 16, 17]. Among the 
ferromagnetic nanostructures, nickel (Ni) has become the prominent candidate for soft sensor applications due to less oxidation 
problems as compared to their ferromagnetic counterparts. The Ni-NWs surface morphology exhibited high magnetic anisotropy 
besides exchange interaction which makes it suitable candidate for its use in high-density magnetic media storage applications [18]. 
The most important factor in the fabrication of NWs is the controlled composition and structural mechanism. Ni-NWs are being 
synthesized through both physical and chemical vapor deposition methods. However, the electrodeposition method has an edge over 
formal said methods because of its low manufacturing cost and the ability to produce highly purified products on commercial scale. 
This template-assisted method is one of the simplest and most frequently used deposition methods to fabricate the anodized aluminum 
oxide (AAO) di-block co-polymer [19, 20, 21]. 

Various studies have been performed to investigate and enhance the magnetic character of Ni-NWs. Labchir et al. [22] have 
examined the influence of an applied magnetic field B (AMF B) on the physical and chemical properties of electrodeposited nickel and 
cobalt NWS into AAO membranes. It was concluded that the magneto-electrodeposition method offers the possibility of growing and 
controlling the magnetic properties of one-dimensional (1D) structures. Vorobjova et al. [23] have studied the effect of synthesis 
conditions of Ni-NWs and porous alumina membrane on the magnetic properties of Ni-NWs arrays. Authors have observed high value 
of squareness ratio (0.65) and coercivity (750 kOe) under the proposed optimal synthesis conditions for Ni-NW. Tishkevich et al. [24] 
have formed porous alumina membranes having dimensions (thickness = 50 micron, length = 70 mm and width = 70 mm) to deposit 
Ni- NWs by electrochemical processing and determined the thermal stability of Ni-NWs into porous alumina template and whole 
composite. 

The AAO template is one of the widely used templates for the deposition of metal NWs because it has an advantage to exactly 
control the diameter of NWs which has been confirmed by the pore size of templates [25, 26, 27]. 

2. Experimental setup 

For this research work, the AAO templates were commercially purchased from Whatman, USA. The electron beam (e-beam) 
physical vapor deposition method was used to coat a thin layer of copper (Cu) (thickness = ~220 nm) to one side of AAO templates. 
This coated side of AAO template acts like a cathode as shown in Figures 1 and 2. One molar solution of an electrolyte was prepared 
from nickel sulphate hexahydrate by mixing it into deionized water. The pH was adjusted to 3 by using 0.1 M sulfuric acid and buffered 

Figure 1. Simplified diagram of electrodeposition for Nickel Nanowires.  
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by 0.2 M boric acid for longer plating life. In our case, it was taken fixed 120 min deposition time to complete fill out the pores at 
template. The deposition potential and current density were adjusted to 2.1 V and 1.5 mA/cm2, respectively. The schematic diagram 
illustrating the synthesis process of NWs is shown in Figure 1. The pure nickel wire (thickness = 1 mm) indicated by the positive sign 
will act as an anode while the Cu layer coated by e-beam deposition technique will act as cathode. However, a pure Cu sheet (thickness 
= 1 mm) is attached to the backside of thin conducting layer to provide support and electric current. The backside of Cu sheet is 
protected from deposition using adhesive insulation tape. When the deposition process starts, the Ni+2 is reduced to nickel and 
deposited into the pores of templates and the development of pure 1D Ni-NWs started as shown by the green color in Figure 1. 

The synthesized Ni-NWs were investigated by X-ray diffraction (XRD), scanning electron microscope (SEM) and vibrating sample 
magnetometer (VSM) in order to study the crystal structure, crystalline nature, surface morphology (NWs) and magnetic properties 
like hysteresis loop. To study the morphology of NWs, the template is allowed to dissolve into 2 M aqueous solution of NaOH. To collect 
well-aligned Ni-NWs and after that it washed several times with deionized water for investigating the other physical properties. 

Figure 2. Thickness of Copper layer on the backside of template (220 nm).  

Figure 3. XRD pattern for Ni NW’s with different [1M (black) and 1.2 M (red)] concentrations.  
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3. Results and discussion 

In this section, we analyze crystal structure behaviors of NWs in template and Ni-NWs with AAO by XRD (D8 Advance, Bruker, 
USA). The surface morphology of Ni- NWs with different concentrations of nickel sulphate hexahydrate was investigated by SEM (JSM- 
6490A, JEOL Japan). The magnetic properties of Ni-NWs with parallel and perpendicular configurations were studied by VSM (VSM- 
175, YP magnetic technology development, China). 

3.1. Structural analysis 

The XRD patterns reveal the structural changes in all synthesized samples when the NWs are still in the template and the Ni-NWs 
are embedded into AAO. Figure 3 (marked black) demonstrates the structural changes in sample-1 (1M solution of nickel sulphate 
hexahydrate) having controlled pH and potential of the order of 2.1V. For 1M solution of nickel sulphate hexahydrate, the devel-
opment of Ni (220) plane shows that the nickel NWs are grown along (220) orientation. The development of Ni (111), Ni (200) and Ni 
(220) diffraction planes confirms the polycrystalline nature of nickel NWs having FCC crystal structure [18]. The intensities of Ni (111) 
and Ni (200) diffraction planes appeared at 2θ values of 44.51◦ and 51.84◦ are significantly smaller as compared to Ni (220) planes 
which show that the Ni-NWs grow preferably along (220) orientation. The appearance of shoulder peak along Ni (220) plane indicates 
the presence of defects and micro strains developed in the synthesized Ni-NWs during the synthesis process. 

The structural parameters like lattice constant “a”, crystalline size “D”, and X-ray density “dx-ray” are determined by using the 
following relations. 

a=
λ

2 Sin θ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(1)  

D=
kλ

βhkl Cos θ
(2)  

dx− ray =
ZM
NAV

(3)  

where, in above Eqs. (1), (2), and (3), λ, k, β, θ, Z, M, NA and V are the wavelength of X-ray source, numerical constant, full-width half 
maxima (FWHM) of any diffraction plane, Braggs angle, number of atoms in unit cell, molecular weight, Avogadro number and unit 
cell volume. 

It is found that the average value of D (Eq. (2)) for sample-1 is ~21.60 nm. The value of D has increased with increasing the 
deposition rate, which strongly effect the crystallite size [24]. It worth noticing that the deposition rate is also associated with the 
increase of substrate surface transient temperature which affects the D values of synthesized films like Zirconia and ZrON. Different 
research groups have also reported that the structural parameters like micro-strains, stresses and defects are affected by the increase of 
substrate surface transient temperature [28, 29, 30]. Moreover, Labchir et al. [31] have studied the Co and Ni nanowires synthesized 
by magneto-electrodeposition process and discussed their structural parameters. The value of “a” for Ni (220) plane is found to be 
3.514 Å which is well matched with the standard value (JCPDS: 00-04-0850) for nickel. 

Figure 3 (marked red) shows the XRD pattern of Ni-NWs synthesized with 1.2M solution of nickel sulphate hexahydrate (sample-2). 
The development of Ni (111), Ni (200) and Ni (220) diffraction planes again confirm the formation of crystalline nature of Ni- NWs 
having no traces of Al2O3 phase because no diffraction plane related to Al2O3 phase is observed. Moreover, the intensity of Ni (220) 

Figure 4. XRD of embedded Nickel Nanowire and Standard JCPDS card 00-04-0850 of FCC Nickel.  
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plane is showing that the synthesized Ni-NWs are grown preferentially along (220) orientation. It is concluded that there is a slight 
increase in peak intensity with increasing M of nickel sulphate hexahydrate is observed. 

The average values of D for nickel NWs synthesized for 1.2 M solution of nickel sulphate hexahydrate is found to be ~20.38 nm. The 
value of “a” for (220) plane is equal to 3.495 Å. XRD results shows that the average values of “D” and “a” are decreased with the 
increasing M of nickel sulphate hexahydrate. The XRD results are well matched with the values reported by Pratama et al. [28]. The 
development of diffraction planes related to Ni phase is in good agreement with the standard data (see Figure 4). The observed values 
of d-spacing for all diffraction planes related to Ni phases are slightly higher than standard values (Table 1). Thus it can be concluded 
that the lattice constant of all diffraction planes related to Ni Phases have been increased with increasing concentration of nickel 
sulphate hexahydrate. 

3.2. Microstructural analysis 

The surface morphology of nickel NWs synthesized for various M solution of nickel sulphate hexahydrate is investigated by 
employing SEM analysis. Four panels of Figure 5(a–d) display the descriptive microstructures of nickel NWs synthesized for 1 M 
solution of nickel sulphate hexahydrate taken at various magnifications (×2000, ×5000, ×10,000, ×30,000). The SEM microstruc-
tures reveal the formation of NWs which are distributed uniformly but making complicated network of NWs. The uniform but 
complicated distribution of NWs indicate the presence of empty region, however the empty region is smaller than the covered. The 
length of Ni- NWs is ranged from ~3 to ~8 micron while the diameter of NWs is in the range of ~111 to 222 nm, respectively. The 
development of parallel, perpendicular and inclined configurations of NWs makes a complex network. The clear visualization of 
surface morphology of Ni-NWs and their distribution can be viewed from magnified SEM microstructures (see Figures 5 and 6). The 
formation of nickel NWs results in better conductance if used as transparent electrodes. Different panels of Figure 6(a–d) demonstrate 
the descriptive microstructures of Ni-NWs synthesized for 1.2 M solution of nickel sulphate hexahydrate taken at various magnifi-
cations (×2500, ×5000, ×10,000, ×20,000). The distribution of nickel NWs is homogeneous having an average length of ~few micron 
and diameter of ~0.5 micron. The length of Ni-NWs is ranged from ~4 to 11 micron while the diameter of NWs is ranged from ~160 to 
200 nm, respectively It is obvious from the SEM microstructures that the grown Ni- NWs posses high packing density. It is known that 
the electrodeposition is a bottom-up approach and the synthesized Ni-NWs on copper cathode seems to grow along with the pores 
towards the top. The SEM microstructure indicates the parallel configuration of NWs and condenses on the template surface making 
complex microstructure. The SEM analysis indicates that the development of Ni-NWs have several micron lengths which may be due to 
the quite reasonable pore-filling factor of template. 

3.2.1. Pore filling factor and aspect ratio 
The total number of nano-pores across the entire template and the average diameter of NW’s aspect ratio has been calculated and 

results are as under: the size of single nano-pore, thickness of pore-wall of nano-pore, total length covered by nano-pore and nano-wall 
and average diameter of AAO template are about 300, 20, 320 nm and 2.5 cm (25 nm), respectively. The area of a circular disc and 
surface area required by single nano-pores are found to be 4.9 × 1014 nm2 and 1.024 × 104 nm2, therefore, the total number of nano- 
pores in 490 × 1012 nm2 area will be 4.875 × 1010 nano-pores. Practically, the number of Ni-NWs is less than nano-pores in the 
template due to 70 % pore filling factor which is because of some blocked and branched pores or have defects during the synthesis 
process of template. Based on above calculation, for 70 % pore-filling factor, the number of NWs deposited inside the AAO template can 
be calculated by the following relation. 

Number of NWs=(Total No of Nano − pores) × (Pore − filling Factor)

Therefore, the number of NWs deposited inside the AAO template having diameter (25 mm) and pore size (100 nm) is found to be 
3.349 × 109 NWs. Moreover, the aspect ratio of Ni- NWs can be calculated by the following relation. 

Aspect ratio=
Length of NWs

Diameter of NWs 

The values of aspect ratio is found to be 160 to 200 while the length and diameter of Ni-NWs are ranged from ~4 to 11 micron and 
~160–200 nm, respectively. However, the average diameter of NW’s is about 175 nm with a high aspect ratio of 200. 

3.3. VSM analysis 

The magnetic properties like hysteresis loop of Ni-NWs are carried out for both perpendicular and parallel configurations for the 
sample synthesized in 1 M solution of nickel sulphate hexahydrate. These measurements are carried out by still embedded the NWs into 

Table 1 
Comparison of experimental and standard values of diffraction angle and d-spacing.  

Sr. No hkl Angle (2θ)◦ [Observed] d-spacing (Å) [Observed] Angle (2θ)◦ [Standard] d-spacing (Å) [Standard] 

1 (111) 44.42 2.03781 44.508 2.03400 
2 (200) 51.80 1.76350 51.847 1.76200 
3 (220) 76.33 1.24658 76.372 1.24600  
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AAO template. 

3.3.1. MH loop for parallel configuration 
Figure 7 demonstrates the hysteresis loop of Ni-NWs synthesized (still embedded in AAO templates) for 1 M solution of nickel 

sulphate hexahydrate. The static magnetic analysis for parallel configuration (applied magnetic field parallel to the length of NW’s) is 
carried out at room-temperature under 5 T magnetic fields. The shape of hysteresis loop confirmed the ferromagnetic behavior of Ni- 
NWs. It is observed from the MH curve that the values of coercivity (Hc), retentivity (Mr), saturation magnetization (Ms) and 
squareness (Mr/Ms) for parallel configuration are found to be ~100 Oe, ~1.13 emu/g, 18 emu/g and 0.06, respectively. The insets of 
Figure 7 show the hysteresis curve of Ni- NWs at low magnetic fields (about origin). 

3.3.2. MH loop for perpendicular configuration 
Figure 8 shows the hysteresis loop of Ni- NWs synthesized for 1M solution of nickel sulphate hexahydrate embedded in AAO 

template for perpendicular configuration (applied magnetic field perpendicular to the length of NW’s). The value of Hc is found to be 
~206 Oe which is almost two times higher than that for parallel configuration as well as sufficiently greater than the reported values 
[18]. The value of Mr is found to be 3.63 emu/g that is 3.2 times higher as compared to measured value of Mr for parallel configuration. 
It is interesting to note that the value of Ms is approximately the same but the value of Mr/Ms is found to be 0.2 times of parallel 
configuration value. The values of above parameters are in good agreement with the reported values [28]. It is also known that the 
value of Hc for Ni- NWs is greater than bulk nickel [32]. Results indicate that the value of Hc for ~11 micron long Ni-NWs is found to be 
~206 Oe which is 5.15 times than bulk nickel having grain size (~10 micron). This indicates that nickel NWs have harder ferro-
magnetic behavior as compared to bulk nickel which is due to anisotropy in the shape, size, and distribution of nickel Ni-NWs [33]. The 
higher aspect ratio of NWs may be the other reason. The insets of Figures 7 and 8 show the hysteresis loop about origin for NWs 
synthesized for parallel and perpendicular configurations. Figure 9 shows the real time comparison of hysteresis loops when magnetic 
field is applied to the length of Ni-NWs with parallel and perpendicular configurations while inset of Figure 9 represents the values of 
squareness observed for Ni-NWs having perpendicular configurations. TableII demonstrates that the values of squareness for 
perpendicular configuration are higher than for parallel configuration of Ni- NWs. This shows that an easy magnetization is developed 

Figure 5. SEM micrograps of electrodeposited Ni NW’s (sample 1) and at various magnifications (a) ×2000, (b) ×5000, (c) ×10,000 and 
(d) ×30,000. 
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Figure 6. SEM micrograps of electrodeposited Ni NW’s (sample 2) and at various magnifications (a) ×2000, (b) ×5000, (c) ×10,000 and 
(d) ×30,000. 

Figure 7. Hysteresis Loop of Nickel Nanowires with parallel configuration.  
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in the perpendicular direction to the length of Ni-NWs. This magnetic behavior of Ni- NWs and their strong ferromagnetic nature makes 
it possible to use them for magnetic media recording and storage devices. 

4. Conclusions 

Template-assisted Ni-NWs have been successfully synthesized using electrodeposition technique. The development of various 
diffraction planes confirmed the formation of polycrystalline nickel NWs. Polycrystalline Ni-NWs with FCC structure revealed a 
reasonable pore-filling factor (70 %). The SEM microstructures uncovered that the Ni-NWs are independent, well-aligned, and parallel 
to each other with a high aspect ratio of ~300 nm. The coercivity for perpendicular configuration of Ni-NWs is found to be greater (206 
Oe) than that of parallel configuration (100 Oe). The value of Hc (~206 Oe) for ~11-micron long Ni- NWs is found to be 5 times greater 
than bulk nickel having grain size (~10 micron), indicating harder ferromagnetic behavior of Ni-NWs as compared to bulk nickel. The 
magnetic behavior of polycrystalline Ni- NWs is found to be enhanced as compared to bulk nickel of the same size, revealing the strong 
ferromagnetic nature of Ni-NWs. Investigated magnetic behavior of Ni-NWs and their strong ferromagnetic nature makes it possible to 
use them for magnetic media recording and storage devices. 

Figure 8. Hysteresis Loop of Nickel Nanowires with perpendicular configuration.  

Figure 9. M–H curve for parallel and perpendicular configuration to the length of Nickel nanowires (b) Inset is out of plane squareness of Ni NW’s.  
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[1] Adrià Garcia, Subhajit Biswas, David McNulty, Ahin Roy, Sreyan Raha, Sigita Trabesinger, Valeria Nicolosi, Achintya Singha, Justin D. Holmes, ACS Appl. 
Energy Mater. 5 (2022) 1922–1932. 

[2] Tomasz Wasiak, Dawid Janas, J. Alloys Compd. 892 (2022), 162158. 
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