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Abstract. Ni nanopillars (Ni NPs) composite materials formation technology was presented. The 
morphological and structural properties of the composite material were investigated using scanning 
electron microscopy, atomic force microscopy, X-ray diffraction. The corrosion resistance of the 
nanocomposite materials has been studied by potentiodynamic polarization curves analysis. The 
composite represents the array of vertically ordered Ni NPs with the identical size in alumina matrix. 
XRD investigation indicates that Ni NPs are polynanocrystalline material. It has been shown that Ni 
NPs and the composite material have sufficient corrosion resistance in a 0.9% aqueous NaCl solution. 
Porous alumina matrix is the neutral and protective component of the composite. These 
nanocomposite materials can be excellent candidates for practical use in different applications. 

Introduction 
Porous anodic alumina matrices are widely used as templates for the magnetic composite materials 

formation due to their unique properties [1,2]. Many studies of magnetic materials obtained by 
electrochemical deposition in porous anodic alumina are due to their potential applications in 
computer read/write heads, microelectromechanical systems, biosensor devices and integrated 
circuits. In all application, the magnetic layers must have good adhesion, high corrosion resistance 
and thermal stability. New nanostructured composite materials based on nanoscale structural 
elements: nanopillars, nanotubes, nanowires or nanodots are developed and researched to ensure such 
properties [3,4]. The nanostructured materials are finding more different applications because of their 
unusual mechanical, optical, magnetic, chemical and catalytic properties [9-15]. The electrodeposited 
Ni films were widely used to improve mechanical and corrosion properties of Al, Mg, Cu and other 
alloys. And most of the articles relate to corrosion behavior of conventional bulk Ni-based alloys and 
coatings [5,6]. The papers about corrosion behavior of nanostructured Ni-composites or coatings is 
limited [7]. Only a few recent studies have shown that nanocrystalline Ni thin films can also 
successfully use as a corrosion protective coating [8,9]. The passive state of bulk Ni in an alkaline 
and acid environment was considered in detail in works [9,10]. Ni electrochemical behavior, 
including in the composition of thin-film composite and template-assistant materials in salts aqueous 
solutions has not been practically studied. 

The objectives of this work are the formation process study of Ni-based composite material 
nanopillars in the anodic alumina matrix and corrosion resistance study of obtained composite 
material in sodium chloride aqueous solutions. 

Experimental 
Experimental samples were two-layer thin-film compositions of Al and Ti, deposited on Si/SiO2 

(d=76 mm) substrates. Al films with 1000 ± 50 nm thickness and Ti with 400 ± 50 nm thickness were 
deposited by electron beam sputtering in the Oratoriya-9 equipment. Porous anodic alumina (PAA)  
thin films with an ordered structure were obtained by two-stage anodizing method in 4% Н2С2О4 in 
a potentiostatic regime at a 40V and 14°C electrolyte temperature. Anodizing process was carried out 
in a two-electrode cell. A graphite plate was used as an auxiliary electrode, and the electrolyte was 
mixed with a magnetic stirrer. The removal process of the barrier layer at the PAA pores bottom was 
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performed as described in [1,3,11]. This matrix has the following parameters: PAA height                         
– 1.3 ± 0.05 µm, pore diameter from 65 ± 5 nm to 75 ± 5 nm, matrix step 105 ± 5 nm.  

The Ni electrodeposition was carried out in a two-electrode cell by potential sweeping at 20 mV/s 
constant rate from zero to a constant potential in the range from -1.6 V to -2.2 V and then, at this 
potential for 3.0 to 10 min (DC-deposition). Anodizing, etching and electrochemical deposition 
processes were controlled using the Electronic Measurements Galvanostatic/Potentiostatic power 
supply P-5827 M.  An electrolyte of the following composition was used (g/l): NiSO4×7H2O (140) + 
NiCl2×6H2O (30) + Н3BO3 (25) + Na2SO4 (60).  

The morphology of experimental samples were investigated using scanning electron microscopy 
(SEM – Philips XL30SFEG) and AFM (Nanotop NT-206). Samples were processed in a selective 
etching solution for alumina before SEM and AFM studies. Alumina was removed by selective 
chemical dissolution in the mixture: 35 ml/l 85% Н3РО4 + 20 g/l CrO3 at 80 ± 2 °С for 3 minutes. 

Samples phase composition was investigated by X-ray diffraction (XRD) method using a    
DRON-2 diffractometer with Cu Kα radiation (λ=0.154 nm). 

Electrochemical studies of the composite material were performed by AUTOLAB PGSTAT302n 
Potentiostat/Galvanostat. Data processing was carried out using NOVA software (version 1.10). The 
linear polarization method was used for currents and corrosion potentials measuring in a 
potentiodynamic regime at a 1.0 mV/s potential scan rate. Samples were kept in solution without 
polarization for 2-3 min before the polarization curves registration. The initial value of the 
polarization potential at potentiodynamic polarization curves (PPC) was automatically set to 100 mV 
more negative than the open circuit potential. PPC were recorded in the +500 to -450 mV range and 
1–100 mV/s sweep rates. Corrosion resistance properties studies were performed in a 0.9% NaCl 
aqueous solution. The electrolyte acidity was 6.14±0.02 pH.  

Thus, two systems of samples were obtained for the electrochemical measurements: Ti/Al2O3 and 
Ti/Al2O3/Ni.  

Results and Discussion 
Figure 1 shows the samples SEM surface images after Ni electrochemical deposition in PAA at a 

constant potential within 8 min (a) and 5 min (b) after alumina etching at a -1.8 V. Insert in Fig. 1 
shows a cross-section formation scheme, explaining how cross-section is formed and why alumina 
selective etching is necessary [31]. Cross-section is usually formed not in the center (middle of the 
pillars chain, black arrow), but along the oxide cells edge (red arrow). Additionally, the mechanical 
damage of the surface fracture occurs during cross-section obtaining due to the oxide consists 
domains with an ordered structure.  

 

 
Fig. 1. Samples SEM images obtained in the Ni deposition DC regime and after alumina selective 
etching: a – at -1.8 V constant potential within 8 min; b – at -1.8 V constant potential within 5 min. 
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However, there are boundaries between domains along which a cross-section appears. Therefore, 
we cannot see the pillars on the cross-section, despite the fact that the surface SEM image shows that 
they are. The distance between the pores (pillars), or cell diameter, for all samples was estimated by 
the formula Dc = k ∙ Ua, = 2.6 nm/V ⸱ 40 V = 104 nm and by surface SEM images [31]. The presented 
method for composite material formation, including two-stage anodizing and subsequent 
modification of PAA with a combination of electrochemical thinning and selective chemical etching, 
allows to obtain a thin-film matrix with an ordered structure and a planar metal-oxide interface not 
separated from the substrate. 

The presented method allows to obtain a thin-film matrix with an ordered structure and a planar 
metal-oxide interface not separated from the substrate. Near the barrier layer (border with Ti) the 
pores are almost 100% filled. Figure 2 shows AFM samples surface images after Ni deposition for a 
short duration (3 min) and oxide removal. During this time, Ni fills almost all the pores on the inner 
border with Ti. 

 
Fig. 2. 2D (a) and 3D (b) AFM images and sample surface after Ni deposition in following regime: 

deposition potential -1.6 V, deposition time 3 min. 
The Ni phase is crystallized in face-centered cubic (fcc) lattice, as evidenced by identification of 

Ni samples with diffraction lines of reference powder Ni (according to powder diffraction file JCPDS 
01-1260). Except the main peak of a magnetic phase at 43.67° (111), there are two weaker peaks at 
50.9° and 74.9° which correspond to crystal orientation (200) and (220). As it is reported in [12], 
these orientations are specific for electrodeposited into alumina template Ni NPs. The primary 
direction of Ni growth in alumina pores is the orientation (111), and height of the corresponding peak 
is significantly larger than for other peaks. It shows a high crystallinity of NPs and mutual crystallites 
orientation along the main growth direction. Other weak peaks existence shows the presence of small 
crystallites amount with other growth directions.   

The typical XRD pattern of DC-electrodeposited Ni NPs in the PAA is presented in Figure 3.  
 

 
Fig. 3. XRD-spectrа of Ni-PAA nanocomposite material. 
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Figure 4 shows the PPC of the Ti/Al2O3/Ni electrode (1) and Ti/Al2O3 electrode before barrier 
layer selective etching (2). In fact, the second sample is the Al2O3 – electrolyte interface, that is, it 
characterizes the electrochemical behavior of anodic alumina. From the PPC 1 were determined the 
template passivation parameters, i.e., start passivation potential (Esp = -0.5V), complete passivation 
potential (Ecp = -0.37V), and passivation current density (Jpass = 0.78·10-3µA/cm2). From the PPC 1 
were determined the template passivation parameters, i.e., start passivation potential (Esp = -0.5V), 
complete passivation potential (Ecp = -0.37V), and passivation current density (Jpass = 0.78·10-3 

µA/cm2). It can be seen from these data that alumina in this potential range is passive and makes an 
insignificant contribution to the sample corrosive current. 

 

 
Fig. 4. PPCs of Ti/Al2O3/Ni electrode (1) and Ti/Al2O3 electrode (2). 

In addition, in these experimental conditions, when could be realized the corrosion electrochemical 
mechanism during the galvanopair (Ti/Ni) creation, the actual corrosion does not occur. The 
commonly used method for the corrosion rate and resistance analyzing of various alloys and 
composites is the PPC analysis. The simplest express-method for the corrosion current density 
determining is to extrapolate the polarization curve straight-line portion (cathodic and anodic) in 
semi-logarithmic coordinates (Tafel PPC) to the corrosion potential Ecorr. In this case, the intersection 
points of the anodic and cathodic PPC in Tafel coordinates (lgI – E) determine the corrosion current 
potential and density.  

Figure 5 demonstrates the PPCs of Ti/Al2O3/Ni electrodes in a 0.9% NaCl aqueous solution at 0.1 
V/s potential sweep rate in semi-logarithmic coordinates. However, as Ni is inclined to passivation, 
for receiving linear Tafel regions on PPC, experiments were performed immediately after immersion 
of the prepared samples in the electrolyte. It is necessary to avoid passivation and to understand the 
corrosion resistance of fresh nanocrystalline Ni NPs surface in alumina. Table 1 shows the parameters 
characterizing the corrosion process of identical experimental samples, obtained by extrapolating the 
polarization curves. For comparison, the table also presents data for metallurgical Ni, a continuous 
thick Ni film obtained by electrochemical deposition, and a thin nanocrystalline Ni film obtained by 
magnetron sputtering [13-16].  
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Fig. 5.  PPCs of Ti/Al2O3/Ni electrode in semi-logarithmic coordinates: 1 – immediately after 

immersion; 2, 3 – PPCs of identical samples after the third and fifth cycles of polarization. 
Table 1. The corrosion parameters of Ti/Al2O3/Ni composite, determined by the polarization curves 

extrapolation method. 

Sample Еcorr, 
V Icorr, µA Jcorr, µA 

/cm2 
ba, 

mV/decade 
bc, 

mV/decade 

Ti/Al2O3/Ni (1) -0.213 1.23·10-

3 6.53·10-2 ‒ ‒ 

Ti/Al2O3/Ni (2) -0.213 
1.68·10-

3 8.06 10-2 68 90 

Ni [13] nano -0.239 ‒ 3.9·10-2 ‒ ‒ 
Ni [14] bulk -0.263 ‒ 37.5·10-2 ‒ ‒ 
Ni [14] bulk 

еlectrodeposited -0.303 ‒ 222.6·10-2 185 273 

Ni [15] bulk nano -0.494 ‒ 521·10-2 ‒ ‒ 

Ni [16] bulk -0.428 – 705.9·10-2 ‒ ‒ 
 

It can be seen from the Table 1 that Ni nanopillars protected by alumina are more resistant to 
dissolution processes than massive, metallurgical nickel [16] or electrochemically deposited thick 
nickel films [14]. This is evidenced by the fact that the films corrosion potential is shifted to a positive 
region, and the corrosion currents are several orders of magnitude lower. It is known that 
nanomaterials prepared by mechanical method contain а lot of pores and microstrains in the grain 
boundary region, which are more prone to corrosion attack. However, nanomaterials prepared by 
electrodeposition method are mostly compact and does not contain a pores [15]. Thin-film 
nanocrystal materials (Ni nanocrystalline thin films [15]) and studied composite Ti/Al2O3/Ni are 
showed comparable results taking into account the crystallites sizes and somewhat different 
conditions of experiment. 

Conclusions 
The formation method of a composite material based on Ni nanopillars embedded in porous 

alumina matrix using electrochemical processes is examined. The results of the morphological, 
structural and corrosion properties of the obtained composite material are given. It is shown that the 
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formation method of porous alumina matrix affects at the nanopillars morphological parameters. 
Two-stage anodizing and the subsequent PAA modification with an electrochemical thinning and 
selective chemical etching combination make it possible to obtain a thin-film matrix with an ordered 
structure and a planar metal-oxide interface. This contributes to improve the metal electrochemical 
deposition conditions at the same time in most pores and improves the deposition uniformity, not 
only in height, but also in the sample area. 

The results of the experimental PPC analysis are presented using extrapolation of the PPC straight-
line portion in semi-logarithmic coordinates (cathode and anodic) to the corrosion potential Ecorr and 
Tafel coefficients determining. PAA is not only a shape template, but also performs protective 
functions. PPC method showed that the Ti/Al2O3/Ni composite material corrosion resistance is due 
to matrix protective properties, which in this potential range is the neutral and protective component 
of the composite. The electrochemical corrosion mechanism of galvanopair Ti/Ni is also not realized 
since there are no pores or cracks in the compact composite material and Ti or Al ions mass transfer 
into the liquid phase is almost impossible. Generally, it has been experimentally shown that the 
obtained nanocomposite materials have a good corrosion resistance in -450 to +450 mV potentials 
range in the studied electrolyte, which is widely used in biomedical and other new materials corrosion 
studies. The electrochemical properties study of this nanocomposite material will improve the 
technology of its production and predict the long-term stability of structures based on it (biosensors 
sensitive elements, magnetic memory elements, nanoemitters in liquid crystal display devices, etc.). 
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