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Abstract 
 

One of the important topics today is the controlled synthesis of nanostructured materials, in 

particular nanotubes (NT) or nanowires, the interest in which is due to the great potential for 

their use as devices in microelectronics [1], catalysts [2], biomedicine [3], sensors [4], etc. The 

interest in metal nanotubes is due to the great prospects for practical applications associated with 

a larger specific surface area for nanotubes compared to nanowires, the possibility of obtaining 

single-domain isotropic walls along the entire length and the unique magnetic properties. 

Although a large number of recent research aimed at perfecting methods for producing metal 

nanowires/nanotubes and studying their properties, there are still many blank spots and 

unresolved issues [5]. In particular, the controlled synthesis of nanotubes with a predetermined 

isotropic wall thickness along the entire nanotube length, well-ordered crystalline structure, 

controlled orientation of domain structures, and high corrosion resistance to external influences 

remains unsolved and research active. Nickel nanowires and nanotubes deserve special attention 

due to their unique structural, conductive and magnetic properties. While the popular template-

assisted electrochemical deposition of nickel nanowires is not difficult, the synthesis of highly 

ordered nickel nanotubes with controlled properties needs further research. Although there are 

many works devoted to the Ni nanotubes synthesis, showing that Ni NTs strongly depends on 

fabrication method and parameters, mechanism of NT growth is still not fully explored. 

The aim of this work is comprehensive study of template-assisted electrochemical 

deposition of nickel nanotubes with controlled isotropic geometry of the diameter and wall 

thickness. The driving motive is the search for optimal fabrication conditions of Ni nanotubes 

with a high degree of structural ordering, as well as establishing controlled nanotubes synthesis 

with given structural parameters and aspect ratio.   

Electrochemical deposition of Ni nanotubes was studied at various synthesis conditions, 

including the composition and temperature of the electrolyte, the difference in applied potentials, 

alcohol additives and the acidity of the solution. Detailed model for the Ni nanotube growth and 

formation of nanotube walls in the pores of polymer templates is developed. According to the 

model, at the initial stage of Ni nanotube formation the transverse component of growth rate 

prevails, which is responsible for nanotube wall growth in width. At the next stage characterized 

by a decrease in current density due to the depletion of the electrolyte solution the nanotube 

grows uniformly in both transverse and longitudinal directions. Next, the concentration of metal 

ions dominate near the top end of the nanotube, resulting that the longitudinal component of the 
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growth rate of the nanotubes prevails and the tubes grow predominantly along the walls of the 

pores. 

The influence of various factors such as difference in the applied potential, temperature 

and the level of acidity of the electrolyte solution on the wall thickness, grain sizes and the 

degree of texturing of nanotubes, was evaluated. In particular, it was found that an increase in the 

applied potentials in the range of 1.5 – 2.0 V and the deposition temperature range 35-50°C leads 

to the formation of nanotubes with one dominant direction of texture orientation and to the 

increase in the number of defects in the nanotubes crystal structure due to an increase in the 

average crystallite size and the degree of microstresses. Adding ethanol to the electrolyte 

increases Ni nanotubes conductivity due to an improvement in the crystal structure and decrease 

in amorphous inclusions. It was found that lowering the acidity level of the solution leads to a 

decrease in the nanotubes wall thickness and the size of crystallites. Based on the conducted 

experiments, the most optimal parameters for the synthesis of nanotubes were selected: the 

difference of the applied potentials is 1.5-1.75 V, pH = 3 and the electrolyte temperature is 25 °C. 

These parameters were used to fabricate Ni nanotubes for experiments to study the influence of 

the geometry of the template matrix on the structure of the resulting nanotubes, as well as for 

corrosion tests experiments. 

The main magnetic characteristics of fabricated Ni nanotubes were explored. Ni nanotubes 

arrays coercivity and squareness ratio exhibit unusual dependence on nanotubes diameter: it rises 

for samples with nanotubes 100 to 300 nm diameters and falls down for nanotubes 400 and 500 

nm diameters. Ni nanotubes corrosion resistance to external influences of aggressive media was 

studied.  The kinetics of degradation of Ni nanotubes was determined depending on the acidity 

of the solution and time being in the solution. It has been shown that the main mechanism of 

degradation of nickel nanotubes is the formation of the metastable phase of nickel oxide, which 

decays due to instability, which leads to partial destruction of the structure. It was found that the 

speed of degradation of nanotubes depends on the degree of crystallinity of the initial nanotubes, 

as well as the acidity of the solution. 
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1. Introduction 

1.1 Background 
 

The unique properties of nanoscale objects are of a great interest in science. The difference 

in properties of the same elements in the macroworld can be caused by several reasons. The first 

is the fact that in macroscopic objects a domain structure is created in accordance with the 

principle of minimizing the total energy, but with a decrease in the geometric dimensions of 

object, after passing through a certain critical value, a single-domain state may occur. The unique 

physicochemical, electrical and magnetic properties of ferromagnetic nanostructures based on 

the elements of the iron triad (Co, Fe, Ni) and their alloys cause a great interest in them in 

academic and manufacturing sectors.  Large aspect ratio of elongated nano-objects ensures the 

separation of the easy magnetization axis in them, and the hollow form of nanostructures (for 

example, NT), due to the absence of magnetic core, make possible uniform switching fields for 

reproducible results. The low bulk density of hollow nanostructures allows them to float in 

liquids (including biological) and makes them suitable for use in biotechnology (for example, 

when used as a basis for creating contrasting liquids), and the increased specific surface area 

provides the possibility of obtaining more functional links and, accordingly, the movement of 

more payloads in the delivery of drugs. 

There is a wide choice of methods for metal nanotubes synthesis: ALD deposition, 

electroless deposition, electron-beam and optical lithography, implantation, etching. The popular 

bottom-up approach allowing good control on geometry and structure of synthesized 

nanostructures is template assisted electrochemical deposition. This method is based on the use 

of porous thin films templates, such as track membranes, and allows wide range of materials to 

be deposited into membrane pores.  

It is convenient to use the method of electrochemical deposition for obtaining metallic NTs 

and nanowires in the tracks of a template matrix based on a polymer. The deposition of materials 

in the pores occurs by passing a direct current through the electrolyte solution, which allows 

obtaining composite nanostructures. In the process of deposition, metal is reduced at the cathode, 

on which the polymer template is fixed. The main advantage of this method is the ability to 

control the deposition rate of metals in the pores, by changing the magnitude of the current and 

the applied voltage, as well as the deposition time. By adjusting these parameters, you can get 

nanoscale objects with the desired structure. 
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Considering that the shape, size, crystal structure and, accordingly, the properties of the 

formed nano-objects substantially depend on the conditions of synthesis, it seems relevant to 

study the mechanisms of formation of Ni nanotubes in the pores of the ion-track membranes at 

different voltages of electrochemical deposition, analysis of the synthesis temperature on their 

microstructure, the study of reactivity and chemical resistance. 

 

1.2 Key objectives and novelty 

The object of the study is metal one-component nickel nanotubes obtained by 

electrochemical synthesis in the pores of polymer template matrices. 

The aim of the research is to study the processes of formation of nickel nanotubes in the 

pores of template matrices depending on various synthesis conditions parameters (electrolyte 

temperature, electrolyte acidity, difference in applied potentials, template geometry) and to study 

its corrosion resistance.  

The following objectives of the dissertation research were formulated: 

1. Development of the detailed model for the formation of nickel nanotubes in the 

pores of polymer matrices; 

2. Study of the structure and composition of synthesized nanostructures by modern 

physicochemical methods: energy dispersive analysis, scanning electron microscopy, X-ray 

diffraction analysis, transmission electron microscopy; 

3. Investigation of the effect of potential difference, electrolyte temperature on the 

phase composition and crystal structure of Ni nanotubes; 

4. Study of the influence of the geometry of template matrices on the structural and 

magnetic properties of Ni nanotubes; 

5. Investigation of the kinetics of degradation and chemical resistance of synthesized 

Ni nanotubes under the exposure to solutions with different acidities. 

The novelty of the dissertation research is in the following results: 

1. The model is proposed for the formation of nickel nanotubes in the pores of polymer 

matrices. According to the model, at the initial stage of growth the transverse component of the 

growth rate dominate, which is responsible for the wall growth in width. When an equilibrium 

state is reached, which is characteristic of a decrease in the current density, due to the depletion 

of the electrolyte solution during the synthesis, an equiprobable ratio of rates is observed. Further 

in the process of nanotube formation the growth rate longitudinal component predominates and 

the nanotube grows along the pore walls. 
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2. The dependences of the influence of the temperature of the electrolyte solution and the 

difference of the applied potentials on the degree of texturing and the domain structure of the 

synthesized nickel nanotubes are established. It was found that an increase in the potential 

difference in range of 1.5–2.0 V and the deposition temperature in range of 25–50 °C  increases 

degree of texturing and preferred grain orientation in the [111] crystallographic direction along 

the nanotubes. 

3. Nanotubes wall thickness dependence on synthesis temperature, acidity level of the 

electrolyte solution and potential difference is shown. It was found that a decrease in the acidity 

level of the solution leads to a decrease in the wall thickness of nanotubes and the size of 

crystallites. 

4. The kinetic curves of the degradation of nickel nanotubes in various media are 

established. The time dependences of the deformation of crystallographic parameters at different 

levels of medium acidity were obtained. It was shown that degradation of nickel nanotubes 

proceeds through formation of a metastable phase of nickel oxide. This unstable phase 

decomposes leading to partial destruction of the nanotube. 

5. Magnetic properties of nickel nanotubes were analyzed. Ni nanotubes’ shape anisotropy, 

low specific density, large specific surface, and uniform magnetic field make them possible 

candidate to be used in bio applications and drug delivery. 

1.3 Dissertation contents 
 
Chapter 2 starts with a brief historical review of the state-of-the-art in the field of nickel 

nanotubes discussing their advantages and stating importance of their research.  

Chapter 3 describes methods of synthesis and physical and chemical characterization of nickel 

nanotubes.  

Chapter 4 presents results on synthesis and characterization of nickel nanotubes and describes 

potential applications. 

Chapter 5 summarizes the obtained results and sets goals for future research. 

 

1.4 Role of collaborators 

This thesis is based on my own research and was written by me, but collaborations had an 

important role in obtaining results. All aspects of this thesis have received advice and been 

reviewed by main supervisor Professor Alexander Tikhonov and co-supervisor Dr Artem 

Kozlovskiy. Important contribution was also received from the colleagues from Scientific and 
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Practical Materials Research Centre of the National Academy of Sciences of Belarus. Full list of 

my collaborations and publications is contained in section 1.5. 

Conducting experiments on the preparation of template matrices for electrochemical 

synthesis, testing the regimes for obtaining nanotubes in polymer matrices depending on the 

conditions of electrochemical synthesis, determining the elemental composition and morphology 

of nanotubes by such device as scanning electron microscopy and methods of energy dispersive 

analysis, obtaining x-ray diffraction patterns and analyzing them, processing the results and 

graphical construction of the obtained dependences of changes in structural parameters and 

kinetics of degradation were carried out by me or jointly with employees of the Laboratory of 

Solid State Physics of the Astana Branch of the Institute of Nuclear Physics of the Ministry of 

Energy of the Republic of Kazakhstan.  Irradiation was made by my co-supervisor. The magnetic 

characteristics and hysteresis loops of the synthesized nanotubes were obtained in the Cryogenic 

Research Department of the Belarusian Academy of Materials Science (Minsk, Belarus) during 

the scientific training together with the department staff. Preparation of scientific publications on 

the topic of the dissertation, discussion of the obtained results and analysis was carried out by me 

and with the staff of the above scientific centers directly involved in the experiments and with 

supervisors. 

Papers 1, 2 contain predominately my own work, including conducting experiments, 

analysis of experimental results and writing. XRD data was obtained and analyzed with the help 

of my co-supervisor Dr A.Kozlovskiy. Ni nanotubes magnetic properties were analyzed in 

collaboration with researchers A.Shumskaya and E. Kaniukov from Minsk. 

Papers 3, 4, 5 made in collaboration with scientists from Minsk. Synthesis of nickel 

nanotubes was made by me. Chemical model was proposed by colleagues from Minsk. 

Characterization of structural features was conducted by me and my co-supervisor. 

 Team of my supervisors, Professor A. Tikhonov, Dr A. Kozlovskiy and Dr. M. Zdorovets, 

made suggestions and feedback of my papers and this thesis. Colleagues from Minsk who are co-

authors of my papers help me with equipment and modeling experiments and advice on 

applications of obtained nickel nanotubes. 
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2. Literature review 
 
This chapter contains brief  review of the state-of-the-art in the field of nickel nanotubes research 

and applications, discusses unresolved issues to be addressed in thesis. 

 
 

2.1 Ni nanotubes as one of the promising materials in nanotechnology 
 

Today, significant attention is paid to methods for synthesis of nanostructures of various 

geometries, such as wires [1-3], tubes [4-6], spherical particles [7-10], dendritic structures [11-

13]. Such a great interest in nanostructures is due to the wide range of possibilities of their 

application in microelectronics, photocatalysis, biomedicine, solar cells, etc. [14-20]. Various 

nanotubes are currently actively researched, as due to their geometry, they have a large specific 

surface area, large aspect ratios.  

Among the variety of metal nanowires and nanotubes synthesized by various fabrication 

methods, magnetic nanostructures synthesized from a subgroup of iron (Ni, Co, Fe) are 

distinguished as a separate group. Interest in this class of nanomaterials is due to a wide range of 

their practical applications in the modern world, in field of microelectronics [21-26]. Metal 

nanotubes studied for obtaining single-domain structures with controlled magnetic and electrical 

properties. The interest in magnetic nickel nanostructures, in particular, nanotubes, is primarily 

due to their high stability to degradation and oxidation, as well as the absence of phase 

transformations in a fairly wide temperature range. Nickel nanotubes, unlike iron or copper ones, 

are highly stable to corrosion and degradation processes in various media, as well as the absence 

of oxidative processes for a long time in the air, while iron or copper structures in air become 

covered with a thin oxide film, which can subsequently make a negative contribution to the 

structural and strength properties. Also, the oxidation of the surface of nanotubes makes essential 

changes in the conductive or magnetic properties, which has a huge impact on the performance 

of nanotubes. In turn, high rates of resistance of nickel nanotubes to degradation and corrosion 

processes, as well as low toxicity indicators, make them a promising material for biomedicine as 

containers for targeted delivery of drugs [27-30]. In this case, unlike nanowires, the hollow 

structure of nanotubes makes it possible to use both outer and inner surface of the nanotube for 

drug transfer (see Figure 1). 
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Figure 1.  An example of using nanotubes as a container for targeted drug delivery [30] 

 

Other useful applications of nickel nanotubes include fabrication of light and durable 

composite materials, special coatings, and ending with electronic devices, nanoscale sensors and 

devices. [31-34]. The interest in nickel nanotubes in microelectronics applications is primarily 

due to their high stability of structural ordering and the uniformity of the phase composition 

during synthesis, in contrast to other magnetic nanostructures based on cobalt or iron, which are 

known for the presence of several crystalline structures and phases. The presence of metastable 

phases in the structure of cobalt nanostructures, for example, makes them unstable to degradation 

and long-term storage, and also has a significant effect on their magnetic properties [35-37]. In 

turn, nickel nanotubes have only one phase state in a wide range of annealing temperatures or 

synthesis conditions [38]. Authors in [38] studied the resistance of nickel nanotubes to external 

influences, such as thermal heating. The authors present in detail the dynamical changing in 

structural properties and transformations of phase and also changes of nanotubes geometry as a 

result of dynamic heating in an oxygen-containing atmosphere. Figure 2 shows the dynamical 

changing in the geometry of nanotubes and also in the internal diameter.   



19 
 

 
Figure 2. SEM images in morphology changing of Ni nanotubes after process of thermal 

annealing [38] 

 

The authors showed that Ni-nanotubes thermal heating at a temperature 400°C and above 

leads to oxide growths and resultant decrease in the inner diameter. 

In contrast to nickel nanowires, the fabrication of which by the method of template 

synthesis is not difficult, the formation of highly ordered nickel nanotubes with wall thickness 

isotropic along the entire length, as well as the ability to control the geometry of the walls and 

grain sizes has many unclear aspects and is of interest for further studies [39-43]. For example, 

in [44], a method was proposed for producing nickel nanostructures in the form of tubes, the 

production scheme of which is shown in Figure 3, and Figure 4 shows TEM images of the 

synthesized nanostructures. 
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Figure 3. Fabrication process of Ni nanotube arrays [44] 

 

 
Figure 4. TEM images of Ni nanotubes with wall thicknesses of (a) 15 nm, (b) 32 nm, and (c) 47 

nm, respectively; (d) the dependence of wall thickness on the pore-widening time [44] 

 

The production technique presented by the authors of the work [44] makes it possible to 

control not only the geometry of nanostructures, but also the wall thickness of nanotubes. 

However, the small wall thickness leads to a weak degree of crystallinity of the nanotubes and 

strong anisotropy of magnetic properties.  

Ability to control geometry and phase composition of Ni nanotubes is critically important 

for practical applications [45-51]. Nowadays much attention [52-53] is paid to the research and 

modeling of nickel nanotubes fabrication in the pores of template matrices, with the goal of 
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understanding the nucleation processes and fundamental aspects of the growth of nanostructures 

as well as such as crystalline structure formation and crystallite orientation.  

An important feature for the synthesis of nanotubes is the detailed understanding of the 

growth mechanisms. Thus, in [52], a simple mechanism was proposed for the formation of NT 

and NW, depending on the geometry of the cathode, the deposited layer, and the deposition time 

(Figure 5). It is proposed that metal nanoparticles initially form and then stack inside the tubes to 

form nanotubes when the electric field reaches a certain value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Schemes of the growth process a) of nanotubes; b)  of nanowires (the white and black 

balls show various crystallographic orientations) [52] 

 

Paper [54] describes the ECD for fabrication of Ni nanotubes of wall thickness varying 

from 10 to 70 nm controlled by adjusting the pH of the solution and the applied electrode 

potential. Gradual building of the nanotube wall was explained as assisted with hydrogen 

bubbles formation during nanotube growth process. In [57] fabrication of Ni nanotubes by 

electrodeposition in polycarbonate templates was described. Magnetic properties of Ni nanotubes 

are very important due to their practical applications, including memory and electronic devices, 

drug delivery bio-applications. Magnetic properties of nickel nanotubes were actively studied, 

for example [23, 56, 57]. With ongoing discussion and different hypothesis on nanotubes growth 

in pore membranes, the question on detailed mechanism still remains open and needs further 

research. 

As a rule, the synthesis of nanostructures under real experimental conditions proceeds 

under nonequilibrium conditions, i.e. in the environment surrounding the system of nanotubes, 
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various flows of matter and energy arise, the direction and intensity of which determines the 

shape, size and properties of the formed nanostructures [53-59]. Knowing the intensity of the 

flows in the system, the degree of nonequilibrium of the system can be determined [60-62].  

Under certain conditions in the experimental system, different nanostructures [63-69] can be 

obtained. At the stage of obtaining nanostructured materials related to nonequilibrium systems, 

even slight fluctuations in pressure, density, concentration, temperature, potential difference, and 

many other factors have a significant impact on their formation [69-71]. The main problem in 

obtaining accurate reproduction of nanotubes on an industrial scale is that nanostructures can 

have several energetically favorable states, the so-called multistable system [72-75]. The 

reproducibility of nanotubes fabrication can be increased by optimizing the effects (thermal, 

electromagnetic, chemical) at the synthesis stage, the intensity of which is determined at the 

stage of studying the processes of organization and self-organization of nanostructured materials. 

In experiments on nanotubes fabrication, it is especially important to take into account their 

instability and high reactivity, which can lead to aggregation, loss of properties when interacting 

with the environment, and also change  internal structure [76-79]. 

In addition, the method of nanomaterials fabrication significantly affects the properties of 

nanostructures and its possible applications. Thus, the method of obtaining nanostructured 

materials should not only ensure the stability of the properties of materials, but also preserve 

these properties during their operation [80-83]. 

The study of the structural features and the possibility of control of the phase composition or 

processes of phase transformations in nanotubes, open up great prospects materials and devices 

based on nanotubes. Special attention is paid to the research for obtaining nanostructures not 

only with a given phase composition and crystal structure, but also with geometry, which plays 

one of the essential roles in the application of nanotubes [84-89].  Large specific surface area, 

high degree of crystal structure ordering, high mechanical strength and resistance to external 

influences are the main factors that determine the characteristics of nanomaterials. Among the 

variety of nanostructures of various geometries, such as nanoparticles, dendrites, spheres, rods, 

cylindrical structures in the form of wires or tubes can be distinguished into a separate category. 

Interest in nanotubes is due not only to their geometry, but also to the ability to control 

parameters such as height, wall thickness, or outer diameter.   

Corrosion resistance of Ni nanotubes remains unexplored and needs a detailed study.  

Oxidation, which causes corrosion and degradation of material, can make NT unsuitable for a 

number of applications. Nanostructures subjected to corrosion process experience a degradation 

of practically important properties. Degradation leads to changes in NT magnetic and electrical 

properties, which are important for micro- and nanoelectronic applications. Degradation of 
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nickel NT in acidic and slightly acidic environments with the formation of toxic nickel oxides 

can lead to cell death in case of bio-application. Corrosion modifies NT structural stability and 

motion. In [90] authors studied corrosion behavior of carbon nanotubes-Ni composite coating. In 

this work, degradation of Ni nanotubes was studied by the thesis author and colleagues from 

Minsk.   

 

 

2.2 Template synthesis  to obtain nanotubes with controlled geometry 
 

To date, dozens of methods for creating Ni nanostructures are known [91-99]. 

Fundamentally, all methods for producing nanostructures can be conditionally divided into two 

large classes: physical and chemical methods. Another distinction is whether one uses a top-

down or bottom-up approach. It should be emphasized that the bottom-up approach is more 

characteristic of chemical production methods [95-99]. In the case of the bottom-up approach, 

template-based methods are usually preferred, as with sufficient control over the nanostructures 

geometry while technologically simple and economical. Most popular bottom up chemical 

deposition method to produce nanostructures with cylindrical geometry is template-assisted 

electrochemical deposition method. Here the template matrices are an integral part, the use of 

which gives a direct opportunity to control the nanostructures geometry, and also allows you to 

scale this production technology on an industrial or semi-industrial scale [100-103].  

Template methods for the synthesis of nanostructures are based on the process of 

nucleation or reduction of metal ions on the activation centers of the pore walls of template 

matrices under the influence of external factors, such as the addition of buffers that promote 

nucleation and further growth of nanostructures [104]. For example, in [105], the authors 

considered the possibility of fabrication nickel nanowires and nanotubes using the sol-gel 

method and template matrices based on anodized alumina. By changing the synthesis conditions, 

the authors were able to control the geometry of the obtained nanotubes, as well as vary the 

height (see Figure 6). 

 

 



24 
 

 
Figure 6. TEM images of the as-prepared Ni nanotubes and nanowires [105] 

 

The authors of work [105] found that the use of the sol-gel method is most promising for 

the preparation of structurally ordered nickel nanowires, while the synthesized nanotubes had 

low crystallinity and low strength, which led to partial destruction with the slightest external 

impact. Moreover, the use of template matrices, as shown by the authors, allows one to control 

the height of the synthesized nanostructures, as well as their outer diameter. It is also worth 

noting that the use of template matrices makes it possible to control the geometry of the obtained 

nanotubes with high accuracy. 

Among the variety of templates, much attention is paid to matrices based on anodized 

aluminum oxide (AAO), which allow one to obtain nanostructures with a high density per cm2, 

which is 108-1011 pieces/cm2. However, a high density leads to a limitation in external diameter 

not exceeding in most cases 100-200 nm [106,107]. Such a limitation leads to a decrease in the 

strength properties of the synthesized nanostructures, as well as a low degree of structural 

ordering, as evidenced, for example, by the results of the fabrication of nanotubes in the pores of 

template matrices based on AAO with a diameter of 20-50 nm (see Figure 7) [108]. 
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Figure 7. TEM images of the free Ni nanowires fabricated from the anodic alumina films formed 

in (a) oxalic acid; (b) and (c) sulfuric acid solution; (d) the corresponding electron diffraction 

pattern of (b)  [108] 

 

 

The most common template synthesis method utilizes chemical or electrochemical deposition 

for producing nanostructures. Moreover, method of template synthesis is suitable to precise 

control of nanotubes geometry as well as the structural properties and the degree of crystalline 

ordering. Template-assisted electrochemical deposition method allows to control these 

parameters with high accuracy and sufficient simplicity as well to control the phase composition 

of the synthesized nanotubes [110-114]. 

The possibility of using the template synthesis method to obtain nanotubes based on metals 

of the iron subgroup (Ni, Co, Fe) allows us to open new perspectives in the field of magnetic 

nanomaterials and devices based on them [114-119]. The interest in nanotubes is due to the great 

prospects for practical applications associated with a larger specific surface area for nanotubes 

compared to nanowires, the possibility of obtaining single-domain isotropic walls along the 

entire length, etc.  

Nickel nanotubes deserve special attention as they have unique structural, conductive, and 

magnetic properties.  

In turn, the solution to the problem of synthesis of nickel nanotubes with a controlled 

geometry can be the use of an electrochemical method for synthesis of nanotubes using polymer 

matrices as templates. This method makes possible to scale the synthesis technology not only in 
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laboratory conditions, but also on a semi-industrial scale with a high degree of repeatability of 

geometric and structural properties of the obtained nanotubes. 

The aim of this research is comprehensive study of template assisted electrodeposition of 

nickel nanotubes with controlled isotropic geometry of the diameter and wall thickness, 

controlled crystal structure and ordering and also assessment of corrosion resistance to external 

influences of aggressive media of the obtained nanotubes. 
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3. Methodology 
 
This chapter describes experimental details of our track-etched membranes based 

electrochemical synthesis of nickel nanotubes. It also describes used methods of physical and 

chemical characterization of obtained Ni nanotubes, including SEM, TEM, method of gas 

porosimetry, XRD, method of vibration magnetometry. 

 

3.1 Obtaining template matrices for electrochemical synthesis 
 

Ion track etching technique is a unique and practical tool for producing statistically 

distributed holes in polymer materials over a given area and density. Track-etched membranes 

are used as the matrix for the fabrication of nickel nanotubes. 

To fabricate the template matrix, a film based on a HostFhan® type PET manufactured by 

«MitsubishiPolyesterFilm» (Germany) was used. Several materials can be used as template 

matrix for ion-track etched membranes, such as polycarbonate and PET. We used PET and not 

polycarbonate as PET is more economical and available material and has physical and chemical 

properties suitable for template based metal nanotubes synthesis.   

PET (polyethylene terephthalate, better known as PET or lavsan) has a chemical formula 

(С10Н8О4)n - is a complex thermoplastic polyester typically produced by polycondensation of 

ethylene glycol with terephthalic acid (or its dimethyl ether). According to its physical properties, 

it is a solid transparent substance in an amorphous state and white, opaque in a crystalline state. 

It turns into a transparent state when heated to the glass transition temperature and remains in it 

with sharp cooling and rapid passage through the so-called "crystallization zone". PET is a 

durable, tough and lightweight material, non-toxic, a good dielectric. The physical properties of 

PET are presented in Table 1. 
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Table 1. Physical characteristics of PET 

Properties Unit of measurement Value 
Density kg/m3 1360-1400 
Breaking stress at:  

 
MPa 

 
 

         Bending 50-70 
         Compression 80-120 
Elastic modulus GPa 2,5-3,0 
Relative extension at break % 2-4 
The melting temperature  

°С 
255-265 

Softening point 245-248 
Glass transition temperature 70-80 
Frost resistance -50 

 

One of the important parameters of PET is high intrinsic viscosity due to the relatively 

large length of the polymer molecule. As a result, PET has high chemical resistance to gasoline, 

oils, fats, alcohols, ether, diluted acids and alkalis. Polyethylene terephthalate is insoluble in 

water and many organic solvents, soluble only at 40-150 °C in phenols and their alkyl- and 

chlorine-substituted, aniline, benzyl alcohol, chloroform, pyridine, dichloroacetic and 

chlorosulfonic acids, methylene chloride, methyl ethyl ketone, ethyl acetate, carbon tetrachloride 

etc. It has increased resistance to water vapor. 

PET is not chemically resistant to ketones, strong acids,  alkalis, acetone, chlorobenzene, 

chloroform, methylene chloride, chloroethylene, trichlorethylene, tetrahydrofuran, hot water 

(above +60 °С), concentrated acetic acid, 40% hydrofluoric acid, 10% aqueous solution of 

potassium alkali, 50% aqueous alkaline sodium carbonate solution, aqueous solution of carbolic 

acid, 36% hydrochloric acid solution, 2% aqueous sulfuric acid solution.  These properties make 

PET suitable for electrochemical deposition of wide range of materials using various 

electrolytes.  
Polyethylene terephthalate (PET) films with a thickness of 12 μm, a pore density of 1-

4х107 ion/cm2 and diameters of 400±20 nm were used as templates in the work. These patterns 

were obtained using the ion-track technology method, which consists in irradiating a polymer 

film by heavy ions with an energy of 1.5-1.75 MeV/nucleon with a given ion flux density. This 

technique for producing template matrices using charged ion beams has been known for more 

than 50 years. It is one of the most accurate methods for obtaining template matrices with a 

given pore density and diameter. 

A schematic representation of heavy-ion film irradiation is shown in Figure 8, taken from 

a dissertation by Holder of an Advanced Doctorate in Physico-mathematical Sciences Apel P.Y. 

[120], which is one of the founders of this area. 
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Figure 8. Schematic process of irradiation of polymer film [120] 

 

After irradiation, the obtained films with latent tracks, the diameter of which does not 

exceed 3-10 nm [121,122], were treated with ultraviolet radiation to embrittle chemical bonds 

near the latent track and subsequent chemical etching to the desired diameter. A 2.2 M sodium 

hydroxide solution heated to a temperature of 85±2°С using a water bath was used as an etchant 

solution. The diameters were controlled by etching a series of samples depending on the etching 

time and then determining the diameters using scanning electron microscopy (SEM). The etching 

uniformity was controlled by comparing the diameters of the obtained tracks of the front and 

back of the film in order to prevent the effect of the formation of conical pores or asymmetric 

pores. Figure 9 shows typical SEM images of template matrices on the front and back sides, as 

well as a side chip of the template, showing the cylindrical geometry of the resulting pores. 

According to obtained data, the difference between the diameters of the front and back is not 

more than 1-3 %, which at a film thickness of 12 μm indicates the absence of a pronounced 

effect of conical pores. 
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Front side Back side Side cleavage 
 

Figure 9. SEM images of a PET film after etching 

 

Figure 10 shows a diagram of the dependence of changes in pore diameters on etching 

time, measured by counting the diameters on the front and back sides in an amount of 50 pieces. 

Further increase in the etching time above 5 minutes led to the formation of larger, fused 

together pores, which are not suitable for the electrochemical growth of nanostructures.  
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Figure 10. SEM images of PET pore membranes and a diagram of the dependence of pore 

diameters with etching time.  

The choice of films with pore diameters of 400±20 nm as templates is due to the fact that 

these diameters of metal nanotubes are most often used  in various fields of microelectronics, 

biomedicine, etc. The film thickness of 12 μm allows varying with high accuracy the geometry 

of the obtained nanotubes, which plays significant role in the study of the properties of 

nanotubes. 

 

 

3.2 Electrochemical method for nanotubes synthesis  
 

We synthesize nanotubes by template assisted electrochemical deposition, the method of 

electrochemical synthesis from aqueous solutions of electrolytes. In this method the restoration 

of metal salt ions dissolved in aqueous solutions occurs under the action of an electric field 

created by applying a potential difference between the anode and cathode. As a rule, the recovery 

of metal positive ions occurs on the surface of the cathode due to the addition of an electron and 

reduction to a metallic state. In this regard, the use of different patterns on the cathode surface 
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can make it possible to obtain nanostructures of various geometries [123-129]. Initially, this 

method was used to obtain nanowires that were formed inside the pores of template matrices, 

with conductive layer on one side of the template that completely covers the pores of the matrix. 

As a result of this deposition, the formed conductive layer upon application of the potential 

difference led to the fact that metal ions were restored uniformly over the entire surface of the 

conductive layer in the channel and, as a result, nanowires were obtained.  

In this work, a conductive layer is a thin golden layer, the thickness of which is less than 

30-40 nm. Using this layer allows you to leave the pores of the matrix open, only forming near 

the edge of thin rims of gold, the thickness of which does not exceed 10-15 nm, according to 

scanning electron microscopy. As a result of the deposition of such a conductive layer, the 

formation of nanostructures occurs only near this ring, thereby forming nanotubes. Varying the 

applied potentials difference, one can change not only the growth rate of nanostructures, but also 

the geometry. Moreover, the use of this method of applying a contact conductive layer leaves 

open the question of the initial processes of formation of the walls of nanotubes, as well as 

various synthesis conditions, which this dissertation is aimed at solving.  

Figure 11 shows a typical scheme for nanotubes fabrication in the pores of PET based 

template matrices, with the subsequent release of the synthesized nanotubes from the polymer 

matrix by chemical etching in a highly concentrated sodium hydroxide solution.  

 

 
Figure 11. The scheme for producing nanotubes 

 

 

The main electrolyte solution for the fabrication of Ni nanotubes was NiSO4×6H2O (100 

g/l), H3BO3 (45 g/l), С6Н8О6 (1.5 g/l). The addition of boric acid and ascorbic acid served as 

buffer additives in order to increase the reduction efficiency of metal ions on the walls of pores 

during the synthesis. The potential difference was varied from 1.25 V to 2.0 V.  Varying the 

synthesis conditions by changing the applied potentials difference, as well as the temperature of 

the electrolyte solution during deposition, was dictated by the search for optimal conditions for 

obtaining highly ordered nanotubes with controlled geometry. 
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Table 2 presents the data of electrolyte solutions used in the experiment to determine the 

effect of various metal salts, as well as alcohol additives on structural changes in the synthesized 

nanotubes.  

 
Table 2. Data of solutions of electrolytes 
 

№ Electrolyte Synthesis conditions 
1 NiSO4×6H2O (100 g/l), 

H3BO3 (45 g/l), 
С6Н8О6 (1.5 g/l) 

Temperature - 25°±2°С 
рН=3 

Potential difference – 1.5-2.0V 

2 NiCl2×6H2O (100 g/l), 
H3BO3 (45 g/l), 
С6Н8О6 (1.5 g/l) 

3 NiSO4×6H2O (50 g/l), 
NiCl2×6H2O (50 g/l), 

H3BO3 (45 g/l), 
С6Н8О6 (1.5 g/l) 

4 NiSO4×6H2O (100 г/л), 
H3BO3 (45 g/l 

С6Н8О6 (1.5 g/l), 
Ethanol (100 ml/l) 

5 NiCl2×6H2O (100 g/l), 
H3BO3 (45 g/l), 

С6Н8О6 (1.5 g/l), 
Ethanol (100 ml/l) 

6 NiSO4×6H2O (50 g/l), 
NiCl2×6H2O (50 g/l 

H3BO3 (45 g/l), 
С6Н8О6 (1.5 g/l), 

Ethanol (100 ml/l) 
 
All reactions of fabrication Ni nanotubes during deposition process are described below. 
 

NiSO4 → Ni+2 + SO4-2 

Ni+2 + 2e → Ni0(s) ↓ 

NiCl2 → Ni+2 + Cl2-2 

Ni +2 + 2e → Ni0(s) ↓ 
 

 In the process of synthesis, the sulfates and nickel chlorides dissociate into ions and 

cations of salts, after that the ions are reduced near the cathode. This process makes possible 

formation of nanotubes walls. In this fabrication, changes in the applied potential difference 

made formation of nanotubes with a given composition of phase. 

The pH of the solution plays significant role in the nanotubes fabrication. Change of pH 

level leads to an irregular growth of nanotubes. Ascorbic acid was added for control of pH level 

of solution. Ascorbic acid is used as buffer for maintaining the level of pH. Addition of ethyl 
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alcohol was made for assessment of the effect of surfactant additives. These surfactant additives 

change the rate of fabrication and the structural properties of nanotubes.  

3.3 Characterization of the structural properties of synthesized nanotubes  
 

To study the structural features of the nanotube morphology we used the method of 

scanning electron microscopy performed with a high resolution JEOL-7500F electron 

microscope at an accelerating voltage of 5.0 kV in the SEI shooting mode. 

The elemental composition of the nanotubes synthesized at various conditions were 

studied by energy dispersive analysis performed on a Hitachi TM3030 electron microscope with 

a Bruker XFlash MIN SVE microanalysis system at an accelerating voltage of 15 kV. 

The crystallographic characteristics, the phase composition and the degree of perfection of 

the crystal structure were determined by analyzing X-ray diffraction patterns obtained on a D8 

ADVANCE X-ray diffractometer using Cu Ka-radiation from an X-ray tube and a graphite 

monochromator on a diffracted beam. X-ray diffraction patterns were recorded in the Bragg-

Brentano geometry, in the angular range 2θ=30-90°, which covers all the main diffraction 

reflections of the studied nanotubes. 

The study of macromagnetic properties was carried out using vibrational magnetometry on a 

universal measuring system «Liquid Helium Free High Field Measurement System 

(CryogenicLTD)». The measurements were carried out by the induction method by measurement 

of induced electromotive force of induction in signal coils oscillating with certain frequency 

magnetized sample within the range of magnetic fields 3 T at temperature 300 K. 
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4. Fabrication and properties of nickel nanotubes: growth mechanisms and 

dependence on synthesis parameters  

 
This section is devoted to the study of the formation of nanotubes at varying fabrication 

conditions, such as difference in applied potentials, electrolyte temperature and alcohol additives 

in the electrolyte solution. The initial stages of nanotubes growth are studied and explained. The 

driving motive is the search for optimal conditions for the production of Ni nanotubes with a 

high degree of structural ordering, as well as establishing controlled synthesis of nanotubes with 

given structural parameters and aspect ratio.   

 

4.1. Investigation of nanotube formation at the initial stages of growth 
 

Despite a large number of studies addressing the processes of formation of nanotube 

walls in the pores of template matrices, the detailed mechanism of the initial stages of growth 

remains unclear. Understanding this mechanism will significantly expand the ability to control 

nanotubes fabrication with a given geometry, as well as to answer fundamental questions related 

to the formation of nanostructures. 

The method of electrochemical synthesis is one of the most promising methods for the 

controlled production of nanostructures of a given geometry, as well as phase and elemental 

composition. There are many different factors that can be changed to control the structure of the 

synthesized nanostructures, as well as varying the geometry from nanotubes to wires [130-133]. 

However, the detailed description of the initial stage of the formation of the walls of nanotubes is 

not yet fully developed.  

As it was indicated in Section 2, for the template matrices for the synthesis, we used PET 

polymer films 12 μm thick and 400±20 nm in pore diameter, with a contact golden layer of 30-

40 nm thickness deposited on one side. Figure 12 represents scheme of the main stages of 

obtaining nanotubes and a chronoamperogram of the synthesis process, indicating the main 

stages of synthesis. 
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Figure 12. Chronoamperogram of the synthesis process of nanotubes 

 

It is well known that fabrication of nanotubes by ECD or reduction of metal ions along 

the pore walls of template matrices consists of 4 main stages. The first stage corresponds to the 

beginning of filling the pores of the template and is characterized by a sharp drop in the current 

strength. It happens as a result of nucleation at the cathode, which is the gold rim formed by 

magnetron sputtering. The second stage is characterized by the growth of nanotubes along the 

pore walls of the template matrix until it is completely filled. The first two stages are the main 

ones in the process of nanostructure formation, since it is precisely at these stages that the basis 

for the geometry of the resulting nanotubes is laid, in particular the wall thickness. The synthesis 

process itself in the second stage continues until the length of the nanotube becomes equal to the 

thickness of the template. In the third stage, after the metal reaches the surface of the template, it 

begins to grow in three dimensions (volume growth) above the surface of the polymer film with 

the formation of “covers” growing from the walls of the nanotubes. Since the effective surface 

area of the deposition increases as a result of this process, the recorded current also increases. 

The third stage continues until the mutual overlapping of metal islands located in the places of 

localization of nanotubes. The fourth stage corresponds to the formation of a continuous metal 

layer on the surface of the template, as a result of which I reaches saturation. This value 

corresponds to the synthesis current, measured on a metal electrode of the same area with the 

same applied voltage. It should be noted that the behavior of I(t) in the chronoamperogram 

depends on the parameters of deposition and the shape of the pores.  

For a more detailed understanding of the process of formation of the walls of nanotubes, 

at the first stage of synthesis, when the formation of the first crystallites occurs as a result of the 
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restoration of metal ions, we consider the first six minutes corresponding to the rise and fall of 

the current in the chronoamperogram.  

Figure 13 shows a typical chronoamperogram of the process of formation of Ni 

nanotubes. Applied potentials difference was 1.75 V. The chronoamperogram is divided into 6 

stages, which correspond to 1 minute of deposition. 

 

 

 
Figure 13. Chronoamperogram stages of the formation of Ni nanotubes walls in template pores 

 

The sharp increase in current in the first seconds of the deposition process is due to the 

processes of charge separation motion in the electrolyte solution under applied potentials 

difference, as well as the formation of a liquid gap from the electrolyte formed as a result of the 

penetration of the electrolyte solution into the pores and subsequent contact with the copper plate 

used as the cathode. A small plateau characteristic of 2-3 minutes of deposition is the most 

important stage in the formation of nanotube walls. Due to the good hydrophilicity of the 

polymer matrix used as a template, the electrolyte solution can penetrate into the pores 

unhindered. In this case, as a result of applying the potential difference, the induced ionization 

and subsequent reduction of ions to a metal deposit near the cathode surface leads to a partial 

depletion of the electrolyte solution and, thereby, creating a gradient of metal ions. The reduction 

of metal ions to a metal precipitate in our case occurs near the gold ring at the pore edge with 

greater intensity than in the rest of the volume, as a result of which a stable metal ring is formed 

from reduced nickel.  

Our proposed hypothesis for the mechanism of nanotube growth is following. The growth 

of nanotubes walls is governed by two growth rates - V┴ is the transverse velocity of the 

formation of the tube walls in thickness, V║ is the longitudinal velocity of the formation of the 
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tube walls in height. At the first stage, corresponding to 1-3 minutes of wall formation, V┴ 

prevails, resulting in the formation of a ring of a certain thickness, which can vary from the 

applied potentials difference, as well as the electrolyte solution and ion mobility.  In this case, 

the rate of reduction of ions to a metal precipitate in the case of depletion of the electrolyte 

solution decreases sharply, while each subsequent formed nanotube layer is, in fact, a cathode 

surface on which further restoration of the metal precipitate and grain enlargement take place. At 

this stage, the alignment of the velocity values and the subsequent predominance of the 

longitudinal growth rate V║ are observed. The hypothesis is confirmed by detailed SEM images 

of the minute stage of formation of the walls of nanotubes represented in Figure 14 [134]. 

The predominance of the longitudinal growth rate at the second stage of growth is due to 

the fact that in the filled pore volume, where the nanotube wall has already formed, the 

concentration of metal ions decreases, thereby creating a gradient of the difference in the 

concentration of ions in the pore, with the predominance of the concentration of metal ions in the 

place where the nanotube has not yet formed. As a result, the growth is more intense near the top 

end of the growing nanotube, where the concentration of ions is higher. This leads to the 

predominance of the longitudinal component of the nanotube growth rate and predominant 

nanotubes growth in height.  
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Figure 14.  Formation of the walls of Ni nanotubes obtained using SEM 

 

As can be seen from Figure 14, in the first minutes of deposition the formation of thin 

walls located near the gold contact adjacent to the surface of the copper plate-cathode is 

observed. The formed metal precipitate has a conical shape with a denser base. An increasing in 

the deposition time increase the wall thickness and length of the formed metal precipitate, while 

the taper remains until the height of the formed nanotubes exceeds 3-4 microns. Further growth 

of nanotubes occurs evenly, without a visible increase in wall thickness. 

Figure 15 shows graphs of changes in the dimensional characteristics (wall thickness and 

height) of Ni nanotubes depending on the deposition time.  
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Figure 15. Graphs of changes in the dimensional characteristics a) dependence of changes in wall 

thickness during deposition; b) dependence of the height of the tube during deposition 

 

 Figure 15a shows that the change in the wall thickness of nanotubes in the synthesis 

process consists of two stages. Range of time 0-4 minutes shows the first stage, at this stage a 

sharp increase in wall thickness occurs, which can be explained by the process of nucleation of 

nanoparticles from an electrolyte solution near gold contacts, resulting in a depletion of the 

electrolyte solution in this area. It makes decreasing in the current on the chronoamperogram. 

Moreover, according to the graph of the dependence of the change in the tube height during the 

synthesis process shown in Figure 15b, the tube growth in height at this stage is minimal. We can 

make an assumption that at this stage there is a three-dimensional growth of tubes in the pores of 

the matrix, as a result of which a cathode surface is formed for further tube growth. With an 

increase in the deposition time, depletion of the electrolyte solution is observed in this area. It 

makes decreasing in the growth of thickness of nanotubes walls. The second stage shows 

increasing in the height of the tube, while the wall thickness is practically unchanged. Two-

dimensional growth of the tubes occurs along the walls of the pores, which is typical for an 

approximately constant value of the current density on the chronoamperogram. 

One of the important characteristics of nanotubes obtained by electrochemical synthesis 

is their structural and crystallographic parameters, which characterize the degree of perfection of 

the crystal structure, phase composition, crystal lattice parameters and also the degree of 

texturing or grain orientation. The most interesting is the dynamics of these parameters at the 

initial stages of nanotube growth, since they determine the degree of perfection of the resulting 

nanostructures and their entire subsequent evolution. Figure 16 shows dynamical changing in the 

XRD patterns of the studied nanotubes during deposition process [134]. 
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Figure 16. XRD patterns of Ni nanotubes at different stages of growth 1) 1 minute of growth; 2) 

2 minutes of growth; 3) 3 minutes of growth; 4) 4 minutes of growth; 5) 5 minutes of growth; 6) 

6 minutes of growth; 7) 12 minutes of growth 

 

The general appearance of XRD patterns indicates that the obtained nanotubes are 

polycrystalline objects with a pronounced dynamics of changes in structural ordering, as well as 

changes in the degree of texturing and grain orientation during the formation of nanotubes. In 

this case, the position of the X-ray reflections shows the lack of any oxide compounds in the 

structure of the nanotubes, and all the observed reflections are characteristic of the face-centered 

nickel phase. Data presented on the diffractograms show, that in the first minutes of synthesis (1-

2 minutes), there are low-intensity peaks with Miller indices (111) and (200), with a clear 

predominance of the peak (111), which indicates the predominant growth of crystallites in this 

direction by initial stages of growth. In this case, a strong broadening of the (111) and (200) 

reflections shows the presence of microdistortions in the nanotube at the initial stages of growth, 

as well as small crystallite sizes. The size of crystallite does not exceed 5-10 nm. When 

deposition time increases, according to the X-ray diffraction data, an increasing in the intensity 

and narrowing of the peaks (111) and (200), as well as the appearance of additional peaks with 

Miller indices (220) and (311) can be observed. This fact indicates the appearance of a 

crystalline texture in the samples. Moreover, the narrowing of the peaks and decreasing in the 
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asymmetry of the diffraction peaks indicate an increase in the degree of structural ordering in 

nanotubes as they grow in the pores of the template matrices. A further increase in the growth 

time, according to the obtained diffraction patterns, makes the formation of crystallites in 

nanotubes with various texture orientations. This formation is typical for polycrystalline objects. 

The degree of texturing was estimated using the method of determining texture coefficients 

according to Harris formula (4.1):  

 

                              (4.1) 

 

 

 

where Ihkl is the experimentally obtained intensity of the reflex, I0hkl is the corresponding 

intensity according to the JCPDS base, n is the number of reflexes. Table 3 shows the calculation 

results. 

 

Table 3. Texture coefficient data 

2θº (hkl) 
TC(hkl) 

1 minute 2 minutes 3 minutes 4 minutes 5 minutes 6 minutes 12 minutes 

44.505 (111) 0.9415 1.4131 1.4721 1.4874 1.5140 1.5211 1.5231 

51.844 (200) - 0.3341 0.5231 0.6427 0.9983 1.1562 1.1621 

76.366 (220) - - - 0.3532 0.4351 0.7531 0.7536 

92.939 (311) - 0.1214 0.2313 0.5224 0.5854 0.6531 0.6541 

 

Texture coefficients TC greater than unity indicate the preferred orientation of crystallites 

in nanotubes along the corresponding directions. The calculated TChkl values confirm the 

assumption about the polycrystalline structure of Ni nanotubes with a dominant [111] direction 

at the initial stages of growth, as well as a large variation in texture orientations with increasing 

nanostructure growth time and also the lack of a pronounced texture in nanotubes at the final 

stage of formation. Such a dynamics of texture changes may be due to the fact that at the initial 

stage, when the growth of nanotubes occurs due to the formation of small crystallites, near the 

golden ring, all the formed crystallites have a preferential orientation due to the small 

contribution of the tube growth to height. In the case when the longitudinal and transverse 
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growth rates become equal, the formed grains begin to occupy the most favorable position for 

them in the structure, thereby forming different texture orientations. There are known cases when 

the orientation of grains and the changes in the degree of texturing for magnetic nanostructures 

are controlled by applying an external magnetic field during synthesis or by changing the pH of 

an electrolyte solution, thereby significantly affecting not only the texture but also the growth 

rate [135-137]. In contrast to the studies cited above, in this experiment, the influence of external 

factors was excluded, in order to avoid additional factors affecting the formation of nanotubes.  

Table 4 presents the calculated data on changes in crystallographic parameters obtained 

by the analysis of XRD patterns. The calculation of the crystal lattice parameter was made using 

the Nelson — Taylor extrapolation function (4.2): 
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The value and the error in determining the parameter a are determined by linear extrapolation of 

this function to the zero value of the argument (θ = 90°). The references value is estimated using 

international ICDD PDF-2 database (03-065-2865 Ni Cubic Fm-3m (2 2 5)) a=3.52400 Å. 

The dislocation density (δ) contains information on the improvement of the crystal structure and 

is calculated according to formula (4.3). 

2

1
L

=δ
                            (4.3) 

where L is the crystallite size. The average crystallite size according to the Scherrer equation 

(4.4): 

,
cosθβ
λτ k

=
      (4.4) 

where k = 0,9 is the dimensionless particle shape coefficient (Scherer constant),  λ=1,54Å is the 

X-ray wavelength, β is FWHM,  θ is the diffraction angle (Bragg angle). 
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 Table 4.  The calculated data on changes in crystallographic parameters obtained by the analysis 

of XRD patterns 

 

Time of fabrication Crystal lattice 

parameter ,  

Å 

The average 

crystallite size, nm 

Dislocation density, δ 

(m-2) * 1015 

1 minute 3,5243±0,0011 9,3±0,7 11,51 

2 minutes 3,5240±0,0057 10,2±0,9 9,61 

3 minutes 3,5210±0,0020 12,2±0,8 6,71 

4 minutes 3,5192±0,0008 14,5±1,2 4,72 

5 minutes 3,5141±0,0023 17,1±1,0 3,41 

6 minutes 3,5131±0,0011 21,9±1,2 2,11 

12 minutes 3,5121±0,0021 23,1±1,5 1,87 

 

Data presented in Table 4 show, that increasing in the time of fabrication leads to 

increasing in the average crystallite size. This fact is associated with the nucleation of 

nanoparticles, from which the tube wall is formed. However, after the longitudinal component of 

the growth rate begins to prevail during the growth process, the average crystallite size remains 

practically unchanged. The increasing in the crystallite size makes decreasing in the dislocation 

density. This fact indicates the ordering of the crystal structure of the tube during synthesis. 

Figure 17 shows the data on the changes in the degree of structural ordering of Ni nanotubes 

obtained by analyzing the shape and intensity of diffraction reflections by approximating 

diffraction patterns using pseudo-Voigt functions. 
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Figure 17. Changes with deposition time in the degree of structural ordering of Ni nanotubes 

during deposition process. 

 

Presented data show that increase in the deposition time above 3 minutes makes a sharp 

increase in structural ordering and the perfection of the crystal structure due to a decrease in the 

density of dislocations and the concentration of defects in nanotubes. When the longitudinal 

growth rate begins to prevail during the formation of nanotubes, the degree of perfection of the 

nanotubes remains almost unchanged. 

Thus, based on the obtained time dependences of the processes of fabrication of Ni 

nanotubes, a model of controlled growth of nanotubes was proposed, and the initial stages of the 

formation of nanotubes were considered in detail by changing the ratio of the contributions of the 

longitudinal and transverse growth rates.  

 

Notes. 

 

• The main results of this section were published in [134]. 

• The proposed growth model of Ni nanotubes and also data XRD analysis, was used later 

by a team of coauthors to describe the mechanisms of formation of nanostructures, as 

well as their practical application, a detailed description of which is presented in the 

monograph section [138]. The XRD patterns and the data of scanning electron 

microscopy, were obtained jointly with the co-leader A.L. Kozlovsky, as well as the 

employees of BelNAN for material science A.E. Shumskaya, E.Y. Kanyukov. 
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4.2. Effect of synthesis conditions on the structural properties and degree of texturing of Ni 

nanotubes 
 

According to the proposed model of the formation of Ni walls of nanotubes, at the initial 

stage of crystallization of nuclei and their subsequent growth, an important role is due to the 

magnitude of concentration of ions in the electrolyte solution near the cathode surface, as well as 

the mobility of the ions in the solution. One of the important factors that can have a significant 

effect on the mobility of ions in a solution is the temperature of the electrolyte and the difference 

in applied potentials. Their influence is as follows.  

Changing the temperature of the electrolyte solution makes the ions more mobile, which 

allows them to quickly move through the volume. However, an increase in the temperature of the 

electrolyte solution can be accompanied by negative factors due to the appearance of a large 

number of gaseous bubbles of oxygen and hydrogen, which arise as a result of dissociation of 

water, which leads to t boiling of the electrolyte solution. Formed oxygen and hydrogen bubbles 

rush to the surface and  can passivate the anode. Also, part of the formed gas bubbles in the pores 

of the template matrix can lead to clogging and the effect of anisotropic growth of nanotubes in 

the pores. 

Changing the difference in applied potentials also has its pros and cons. The positive 

aspects of the increasedpotentials difference can be attributed to the fact that when crossing the 

threshold associated with the values of the potentials of metal recovery from an electrolyte 

solution, the rate of formation of a metal precipitate increases sharply. A change in the growth 

rate have considerable effect on the degree of texturing and orientation of crystallites in 

nanotubes. However, these processes with large potential differences are reason of severe 

structural distortions and deformations of the nanotube due to the appearance of regions with a 

high degree of overstrain in the structure and also the appearance of hydrogen inclusions in the 

nodes and interstices of the crystal lattice.  

Based on the foregoing, this section presents the study of  Ni nanotubes synthesis  at 

different applied potentials in the range 1.25 V to 2.0 V ( the step was 0.25 V) and different 

temperature of the electrolyte solution 25°C, 35°C and 50°C. The limitation  in  applied 

potentials at 2.0 V is based on the results of our preliminary experiments, which showed that an 

increase in the potential difference above 2.0 V leads to a sharp increase in the growth rate, 

which leads to an uncontrolled process of tube formation with a low degree of structural ordering. 

The limitation on the maximum temperature of the electrolyte at 50°C is also based on 

experimental data related to the effect of the rapid evolution of hydrogen gas and oxygen leading 
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to passivation of the anode and the appearance of strong anisotropy along the height of the 

synthesized nanotubes in the template.  

Formation of Ni nanotubes, as well as determination of growth rate of nanotubes, was 

monitored by analyzing chronoamperograms of the deposition process. Figure 18 shows the 

experimental curves I(t) of the process of deposition of nanotubes into the pores of template 

matrices with varying electrolyte temperatures and  applied deposition potential differences 

 
 Figure 18. Chronoamperograms of the deposition process at electrolyte temperatures а) 25ºС; b) 

35ºС; c) 50ºС 

 

According to the presented data, all of the obtained chronoamperograms has a 

qualitatively identical appearance, consisting as shown earlier of 3 main stages of growth: the 

stage of initialization of the synthesis and ionization of ions in solution, the stage of nucleation, 

the stage of two-dimensional growth of nanotubes inside the pores of the template matrix.  

Presented data show, that an increase in the applied potentials difference and also in 

temperature of the electrolyte solution, makes significant changes in the time intervals of the 

initial stages of growth, which indicates that a change in the deposition conditions leads to a 

change in the ratio of the longitudinal and transverse growth rates. Also, an increase in the 

potential difference leads to a more significant increase in the current density at the initial stage 

of nucleation, which indicates changes in the mobility rate of ions in solution and also an 

increase in the concentration of ions near the cathode. It should be noted that increasing in the 

temperature of the electrolyte also makes increasing in current density. However, it is not so 
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pronounced as with an increasing in the potential difference. Analyzing the time dependences of 

the change in the current strength, it was noted that with an increase in the applied potentials 

difference, as well as with the temperature of the electrolyte solution, it leads to a decrease in the 

time of the nucleation stage and, consequently, to a decrease in the wall thickness. In the case of 

the large applied potentials differences, the longitudinal growth rate at the initial stage of 

crystallite nucleation begins to prevail, as a result of which the growth of nanotubes in height 

occurs much faster. In this case, it is worth noting for anomalously large times the nucleation 

stage with an applied potentials difference of 1.25 V, which in some cases make up more than 

half of the total deposition time. This abnormal behavior can be explained by the fact that, for a 

given applied potential difference of 1.25 V, the ionization rate is quite low due to a slight excess 

of the applied potential difference over the value of the electrode reduction potential of Ni2+ +2е- 

→Ni0 (0.25 – 1.0 V), resulting in the nucleation process is much slower than with large potential 

differences. In such situation, the wall thickness of the nanotubes is quite large, and the geometry 

of the nanostructures is close to a wire with a very small inner diameter or its complete absence. 

With increasing current density due to an increase in the potential difference on the 

electrodes during the growth of nanostructures, adsorption of hydrogen impurities, salt anions, 

and hydroxides is observed, some of which precipitate on the surface of the template matrix, but 

some of the precipitate formed can be included in the crystal structure of pores of nanotubes. 

Thus, the effect of the applied potentials difference on the formation of impurity deposits on the 

surface of template matrices during electrochemical deposition, which has a negative effect on 

the growth of nanostructures, was shown in [139]. In this case, impurities entering the crystal 

structure of nanotubes can have a large deformation effect on the construction of the crystal 

structure. The resulting impurities on the surface of the template matrix block the movement of 

metal ions, and thereby passivate the cathode. Since, during electrochemical deposition, metal 

ions are brought along normal to the cathode surface, blocking the growth sites can change the 

movement of ions to the cathode and reduce the growth rate. Such a deposit localizes (blocks) 

the growth of nuclei on the pore walls, creates an additional dielectric layer between the cathode 

and the nucleus, thereby slowing the growth of the walls of nanotubes, and making their 

structure porous and brittle. At lower current densities, such particles have time to move away 

from the pore surface; moreover, the nanostructures are more uniform, however, due to an 

increase in the influence of ion migration, the wall thickness increases, up to overgrowing 

(formation of nanowires) [139].    

 

Based on the obtained chronoamperograms, volumetric deposition rates were calculated 

for various temperatures and deposition potentials (Figure 19).  
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Figure 19. The dependence of the volumetric growth rate on the applied potential difference and 

solution temperature. 

 

As can be seen from the graph, the volumetric deposition rate is directly proportional to 

the change in the applied voltage, but they have more complex temperature dependence. It 

should be noted that at room temperature, that increasing in the potential difference leads to 

linearly deposition rate increasing, however, with increasing temperature, an ever greater 

deviation from this dependence is observed. The deviation from linearity can be explained by the 

fact that at high temperatures the rate of ion formation during the decay of molecules increases, 

there is a fast generation of hydrogen leading to the electrodes passivation. 

The geometrical characteristics and sizes of nanotubes were determined using scanning 

electron microscopy and manometric determination of gas permeability. Typical SEM images of 

nanotubes are shown in Figure 20. 
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Figure 20. SEM images of Ni nanotubes obtained at 1.75 V and a temperature of 25°C 

 

Presented micrographs show that the nanotubes are isotropic and cylindrical, with a 

length of 12 μm and an external diameter of 400±10 nm, which corresponds to the pore sizes of 

the initial template matrix. Studying the pore diameters and the inner diameters of the nanotube 

templates in the PETF was made by the manometric method for determining gas permeability, 

based on measuring the change in gas pressure in a closed chamber at a pressure in the range 

from 8 to 20 kPa with a step of 4 kPa.  

The determination of the diameters d of the pores of the template matrices and the inner 

diameters of NTs located in the PET templates was carried out by the manometric method for 

determining gas permeability. This method is based on measuring the molar air flow density Q 

depending on the pressure difference ∆p in a closed chamber on both sides of the template, 

which varied in the range from 0.008 to 0.020 MPa with a step of 0.004 MPa. The analyzed gas, 

passing through the reducer, enters the feed chamber of the cell. The sample gas flow is 

regulated by the system; the pressure is measured using a manometer. The cell has a drainage 

substrate made of a porous neutral material capable of withstanding a pressure drop of up to 0.3 

MPa without deformation. A template matrix fixed on a drainage substrate divides the cell into 

two chambers: a feed chamber and a leakage chamber. A pressure of 0.008 to 0.02 MPa is 

created in the feed chamber, while in the leakage chamber it is 0.1 to 1 Pa. Penetrating through 

the template matrix, the gas enters the differential mercury manometer. 

According to the readings of the manometer, the pore diameter of the template matrix is 

calculated. The values of the diameters d were determined in accordance with Fick's law from 

the ratio: 

p
RTMl

ndQ ∆
π

=
2

6

3

 

 

where l – template thickness (nanotube length), R – universal gas constant, M – molar air mass, n 

– surface pore density (fluence of irradiation of PET films during process of obtaining a 

template), T – temperature. 
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The obtained results of changing the nanotube diameters using the gas permeability 

method are in good agreement with the data of SEM images. Both methods provide good 

accuracy of ~5%.   

Based on the obtained calculation data for the internal pore diameter, a changes in wall 

thickness from various deposition conditions was constructed (Figure 21) [140]. Figure 21 data 

was obtained by comparing and incorporating results of both methods. 

 

 

 

 
 

Figure 21. Diagram of changes in wall thickness from various deposition conditions [140, 141] 

 

Presented data in Figure 21 show, that an increase in the difference between the applied 

potentials and the temperature of the electrolyte solution, a decrease in the wall thickness is 

observed, which confirms the proposed model of Ni nanotubes growth.  

To determine the influence of deposition conditions on the crystal structure, an XRD 

analysis of the obtained samples was carried out under various synthesis conditions. Since the 

studied samples during the analysis were in the polymer matrix, a wide halo peak with an 

angular peak of 2θ = 20 - 35º and a small peak of 2θ = 52 - 55º corresponding to the matrix are 

observed in the diffractogram. In this case, all diffraction patterns had low-intensity peaks, which 

are characteristic of diffraction by nanoscale objects (Figure 22a-c). The broadening of the peaks 

indicates the polycrystalline structure of Ni nanotubes. 
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Figure 22. XRD patterns of Ni nanotubes a) 25ºС; b) 35ºС; c) 50ºС [140, 141] 

 

  Analysis of the diffraction patterns showed that the obtained Ni nanotubes possess an fcc 

phase with crystal lattice parameters that depend on deposition parameters. Moreover, with an 

increase in the potential difference during the synthesis, corresponding Ni nanotubes XRD 

pattern shows  an increase in the peak intensity with Miller indices (111) and a decrease in the 

peak intensity (200), which indicates the increased prevalence of the [111] oriented grains in the 

crystal structure of the obtained nanotubes. 

Values of texture coefficients (calculated using equation of Harris) larger than 1 indicate 

predominance of the grains with corresponding crystallographic orientation along the nanotubes. 

 Table 5 shows the calculated results. 
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Table 5. The calculated  texture coefficients for [111] and [200] directions for different samples 

obtained at different temperatures and applied voltage. 

 
2θº (hkl) TC(hkl) 

25ºС 35ºС 50ºС 

1.25В 1.5В 1.75В 2.0В 1.25В 1.5В 1.75В 2.0В 1.25В 1.5В 1.75В 2.0В 

44.559 (111) 1.3415 1.4762 1.5741 1.7831 1.3541 1.5413 1.6107 1.8741 1.4531 1.5731 1.7762 1.9102 

51.930 (200) 0.9714 0.8224 0.6741 0.5421 0.8702 0.7055 0.5467 0.4531 0.5431 0.4211 0.3513 0.2365 

 

The average crystallite size (Figure 23b) was calculated according to the Scherrer 

equation. An analysis of the data obtained showed that with an increase in the potential 

difference and the temperature of the electrolyte, an increase in the average crystallite size occurs. 

The (111) interplanar spacings for the obtained samples at different potential differences are 

shown in Figure 23c.  
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Figure 23. Effect of potential difference on a) the unit cell parameter; b) the average crystallite 

size; c) the  (111) interplanar distance   

 
  The obtained data show that an increase in the potential difference leads to an increase in 

the unit cell parameter and the interplanar distance and, consequently, the degree of 

microstresses in the structure of nanotubes. As a result, an increase in the potential difference 

and the electrolyte temperature leads to an increase in the number of defects in the crystal 

structure of nanotubes, due to an increase in the average crystallite size and the degree of 

microstresses. However, with the increase in potential difference, a predominance of the texture 

direction [111] in the structure of nanotubes is observed.   

Thus, by changing the crystal structure of Ni nanotubes and the conditions of 

electrochemical deposition, one can obtain ordered arrays of nanotubes with desired properties. 
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Notes. 

 

• The main results of this section were published in [140]. 

• Obtaining X-ray diffraction patterns and their analysis was carried out together with the 

staff of the Laboratory of Solid State Physics AB of INP. 

• Obtaining samples under given synthesis conditions was performed personally by the 

author at the Laboratory of Solid State Physics AB of INP. 
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4.3. The effect of electrolyte acidity on the structural properties of Ni – nanotubes 
 

This section presents the results of detailed research of the influence of the acidity level 

of an electrolyte solution on the properties of synthesized nanotubes, as well as the rate of their 

formation. In the majority of works [141-144] devoted to the electrochemical reduction of metal 

ions from electrolyte solutions, special attention is paid to the pH level or acidity of the medium, 

as well as to strict control over its maintenance during the entire deposition process. This is due 

to the fact that, depending on the acidity of the medium, the rate of ionization of ions and their 

migration can have large differences, which in the future can lead to heterogeneity of the 

formation of the walls of nanotubes. Moreover, in the case of nickel electrochemical reduction, 

as is known from the literature [145-149], when the pH of the solution changes, there are strong 

changes in the mechanisms of discharge-ionization processes, and also at low pH values, NiOH 

hydroxide compounds can form in the solution the appearance of which leads to severe distortion 

of the crystal structure and partial amorphization of nanotubes due to the formation of oxide 

inclusions. 

Consider the influence of synthesis conditions (acidity of an electrolyte solution) on the 

geometric characteristics of nickel-based NTs. As a result of studying the potentials of various 

electrode processes, it was found that their values depend on the following three factors: 1) on 

the nature of the substances involved in the electrode process. 2) on the ratio between the 

concentrations of these substances and 3) on the temperature of the system. This dependence is 

expressed by equation (4.5): 

 

 
 

  

(4.5) 

 

where, 

 - standard electrode potential; 

R - gas constant;  

T - absolute temperature; 

z - the number of electrons involved in the process;  

F - Faraday constant;  

[Ox] and [Red] - products of concentrations of substances involved in the process in oxidized and 

reduced forms. 
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 The physical meaning of the  value  becomes clear when considering the case where 

all concentrations (activity) of the substances involved in a given electrode process equal to one. 

Under this condition, the second term of the right part of the equation turns to zero (lg = 0) and 

the equation takes the form:  

 
 Concentrations (activity) equal to one are called standard concentrations. Therefore, the 

potential corresponding to this case is called standard potential. The standard electrode potential 

is the potential of a given electrode process at concentrations of all substances involved in it 

equal to one. 

Thus, in the equation of the electrode potential, the first term  takes into account the 

influence on its value of the nature of the substances, and the second   

- their concentration. In addition, both terms change with temperature. 

For normal electrochemical measurements of standard temperature (25 ° C = 298K), 

when substituting constant values   [R = 8.31 J/( mol*K), F = 96 500 C/mol], the equation takes 

the form (4.6): 

 

=  

 

  
(4.6) 

 

 Let us consider what form the general equation of the electrode potential takes in the case 

of nickel. The electrode process is expressed by equation (4.7): 

 

 
 

(4.7) 

 

 The oxidized form of the metal is nickel ions (Ni2+), and the reduced form is atoms (Ni0). 

Therefore, 

 a = const, since the concentration of atoms in a metal at a constant temperature is 

a constant value. Including the value of this constant in the value, we obtain (4.8): 
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                        (4.8) 
 

 

 If the redox reaction proceeds with the participation of water and hydrogen ions or 

hydroxide ions, then the size of the solution medium must also be taken into account. Hydrogen 

ions in an aqueous solution are oxidizing agents. They can be directly reduced to hydrogen 

molecules or participate in the reduction of other particles to form water molecules. 

 In this case, from the Nernst equation it is easy to determine the quantitative effect of pH 

on the equilibrium potential of the system. Consider, for example, the electrode process (4.9): 

 

                           (4.9) 
 

 

 

This half-reaction occurs when potassium permanganate reacts with most reducing agents in an 

acidic environment. The concentrations of all substances involved in the electrode process under 

consideration, except for water, are variables. For this process  

 
 

  The electrode potential equation has the form (4.10-4.11): 

 

                       (4.10) 
 

 

 

                       (4.11) 
 

 

 

As the above example shows, in the case of electrochemical processes involving 

hydrogen, the concentration of hydrogen ions is included in the numerator of the logarithmic 

term of the potential equation. Therefore, the electrode potentials of such processes depend on 

the medium of the solution and have the greater magnitude the more acidic the solution. 

During the electrochemical reduction of nickel, hydrogen ions do not directly participate in the 

reductive half-reaction at synthesis temperatures of 25°С, as was shown in Section 4.2, but they 
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affect the state of the oxidized and reduced ions in solution, thereby changing the metal 

reduction potential from the electrolyte solution.  

Figure 24 shows experimental chronoamperograms of the process of deposition of Ni 

nanotubes obtained at various applied potential differences at a room temperature of 25°С. In 

this experiment, the influence of the temperature of the electrolyte solution above 25°C was not 

considered, since at high temperatures of the electrolyte solution the effect of the generated 

hydrogen will be complex and it is not possible to separate the contribution of pH and 

temperature in this case.  

 
 

Figure 24. Chronoamperograms of  process of deposition of Ni nanotubes 

 

The analysis of the obtained chronoamperograms showed the following: with a change in 

the degree of acidity, pH to 2 and 4, an increase in current strength is observed at the beginning 

of the deposition process. Moreover, at pH = 2, a decrease in the time of the nucleation stage is 

observed, while at pH = 3 and 4, the nucleation time is comparable in magnitude, however, pH = 

4, the time of the second stage is two times longer than at pH = 3. Figure 25 shows diagram of 

changes in the wall thickness of nanotubes depending on the level of acidity: 
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Figure 25. Diagram of changes in wall thickness depending on deposition conditions 

 

As can be seen from the presented diagram, with an increase in the potential difference, a 

decrease in the wall thickness is observed. The smallest difference in wall thickness at different 

pH level is observed at a potential difference of 1.75 and 2.0 V, which, as was shown in Section 

4.2, is caused by a change in the ratio of the longitudinal and transverse growth rates of 

nanotubes, due to the predominance of the longitudinal growth rate at large potential differences. 

However, it can be seen that in the case when the pH of the solution is 3, an increase in the 

applied potentials difference to a greater decrease in the wall thickness, while at pH=2, changes 

in the geometry of the nanotubes with an increase in the applied potentials difference are 

minimal. Decreasing the acidity of the solution to 4 leads to a more intensive decrease in wall 

thickness at potential differences from 1.25 V to 1.5 V than in the case of a further increase in 

the applied potentials difference. Moreover, at a given acidity pH=4, the geometry of the 

nanotubes obtained at a difference in applied potentials of 1.25 V is close to wires without a 

clearly defined inner diameter.   

Consider the effect of boric acid on the formation of nanostructures. Boric acid has long 

been considered as a buffering agent in the processes of electrochemical synthesis. The presence 

of boric acid in the electrolyte enhances the deposition of metals, due to its ability to lower the 

metal reduction potential. In this case, boric acid plays a key role in the electrodeposition of 

nickel nanotubes by forming a surface bound nickel-borate complex on the pore walls. Figure 26 
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shows a diagram of the formation of tube walls in tracks of template matrices due to the addition 

of boric acid to the electrolyte solution. 

 

 
Figure 26. Scheme of the formation of walls of Ni nanotubes 

 

As can be seen from these results, boric acid plays an important role in the growth of 

nickel nanotubes. Boric acid forms a nickel-borate complex with nickel; it can also easily bind to 

hydroxyl groups that are on the surface of tracks of PET templates. An increase in the 

concentration of boric acid leads to small potential differences leading to a predominance of the 

transverse growth rate of nanostructures for a sufficiently long time, as a result of which 

nanowires can form, without an inner diameter.  

To identify the effect of the potential difference on the elemental composition of the 

obtained nanostructures, an energy dispersive analysis of the samples was carried out. No oxide 

compounds were found in the NT structure, which indicates the absence of oxidative and 

corrosive processes in the process of preparation, sample preparation, and also storage in air. In 

the energy dispersion spectra with acidity levels 2 and 3, the most intense peaks of the Ni Kα-

series (7.474 keV) are observed, while the contribution of the Lα peaks (0.849 keV) is 

insignificant. However, with an acidity degree of 4, an increase in the contribution of Ni Lα 

peaks is observed, which may be due to a rearrangement of the crystal structure and the 

appearance of additional texture axes. 

To study changes in the crystal structure of Ni nanotubes as a result of electrochemical 

deposition at different degrees of acidity of the electrolyte solution and potential difference, an 

X-ray diffraction analysis was performed. All reflections in the diffraction patterns of the 

samples under study have low intensities characteristic of diffraction by nanoscale objects. The 

broadening of the peaks indicates the polycrystalline structure of Ni nanotubes. The most intense 

reflection observed in the diffractograms corresponds to the [111] peak of the fcc phase of Ni, 

while the intensity of the peak [200] in the diffractograms is low. As a result of processing the 
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obtained X-ray diffraction patterns, the unit cell parameters a of the studied samples were 

determined. The processing results are presented in Figure 27. 

 

 
 

Figure 27. Unit cell parameter dependence on the potential difference at different degrees of 

acidity of the electrolyte solution during electrochemical deposition 

 

The analysis of the results showed the following: when the degree of acidity of the 

electrolyte solution is 3, a linear increase in the unit cell parameter is observed, while at the 

acidity level of the electrolyte solution 2 and 4, a decrease in the unit cell parameter is observed. 

A change in the unit cell parameter can be associated with the formation of point defects in the 

crystal structure that can cause distortions in the crystal structure.  

Point defects arise mainly during the growth of nanostructures, while point defects are 

distributed unevenly in volume. Increasing in the potential difference during deposition leads to 

increasing the rate of formation of the nanotube walls, and diffusion processes in the pores of the 

template matrices begin to play an important role. 

At high deposition potentials which are equal to 1.75 and 2 V, as was shown in Section 

4.2, the formation of hydrogen is observed, which is capable of incorporating into the crystalline 

structure, thereby causing the formation of additional defects in the structure.  

Let us consider the effect of defects formed in the crystal structure on the change in the 

interplanar spacing between atoms characteristic of the (111) diffraction reflex. The calculation 

results are shown in Figure 28. 
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Figure 28. Dependence of interplanar distance on the potential difference at different degrees of 

acidity of the electrolyte solution 

 

As can be seen from the graph of the dependence of the change in interplanar spacing on 

the potential difference at an acidity level = 3, an increase in interplanar spacing between atoms 

is observed, which indicates a change in the crystal structure and confirms the hypothesis that the 

defects affect the structure. An increase in the potential difference during deposition leads to an 

increase in the number of defects in the structure. However, a change in the acidity level of 

electrolyte solution pH=2 and pH=4 leads to a decrease in interplanar spacing, which can be 

explained by the following fact: a change in the acidity of the solution to 4 leads to an increase in 

the transverse component of the tube formation rate, which leads to an increase in wall thickness, 

and the structure becomes more ordered. Also, as a result of a change in the acidity of the 

solution, a decrease in the effect of the generated hydrogen on the formation of the crystal 

structure of nanotubes is observed.  

Figure 29 shows a graph of the dependence of the change in the average crystallite size, 

calculated according to the Scherrer equation, on the potential difference at different degrees of 

acidity of the electrolyte solution during electrochemical deposition.  
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Figure 29. Dependence of change in average crystallite size on the potential difference at 

different degrees of acidity of electrolyte solution 

 

Graph shows, that increase in the potential difference leads to an increase in the average 

crystallite size, while at acidity levels 2 and 3, a linear change in size is observed, while at 

acidity level 4 a deviation from linearity is observed, which is due to a change in the rate of 

crystallite formation during growth at a large difference in deposition potentials (1.75 V and 2.0 

V). 

Thus, by changing the acidity level of the solution and the potential difference, it is 

possible to obtain nickel-based nanotubes with given geometric parameters, crystal structure and 

wall thickness. 
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Notes. 

 

• The analysis of structural parameters based on X-ray diffraction patterns and their 

analysis was carried out jointly with the staff of the Laboratory of Solid State Physics AB 

of INP. 

• Obtaining samples under given synthesis conditions was performed personally by the 

author at the Laboratory of Solid State Physics AB of INP. 

• The analysis of the geometry of the synthesized nanostructures under various conditions 

was carried out by the author personally. 
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4.4 Determination of the influence of ethyl alcohol additives on the deposition rate of Ni 

nanostructures, as well as the degree of structural distortion 

 

This section presents the results of a research of the influence of ethyl alcohol on the 

change in the rate of formation of nanotubes, as well as the degree of structural distortion 

resulting from their formation. The use of ethanol as a surfactant is due to a decrease in the 

surface tension of the liquid as result of adsorption at the interface of the electrolyte solution, 

the pore wall of the template matrix. It makes process easier to distribute and reduce 

interfacial tension during the formation of nanostructures. As is known from the literature, 

the ethyl alcohol or other surfactants in the synthesis process is used to change not only the 

rate of metal ion reduction reaction or the formation of crystallites, but also to reduce 

distortions and deformations in the structure. Surfactants are widely used in solid-state 

synthesis processes in the preparation of complex multiphase nanostructures or ceramics, 

where the use of additives leads to a significant decrease in interfacial boundaries and the 

formation of stable phase formations. In electrochemical synthesis, surfactants are primarily 

used to change the rate of formation of structures [150-154].  

Also, an important factor, according to many researchers, is the initial metal salts, since 

the use of nickel sulfates, chlorides or nitrates can also have a huge impact on the deposition 

rate of nanostructures, since the reduction potentials and reaction mechanisms of the 

formation of a metal precipitate from various solutions have significant differences [155-158]. 

To assess the effect of the potential difference, as well as the use of various metal salts for 

electrochemical synthesis and ethanol on the properties and geometry of the synthesized 

nanotubes, the deposition rate of nanostructures was calculated by the gravimetric method 

using analytical weights to weigh the samples before and after deposition. A detailed 

description of the synthesis conditions used, as well as electrolyte solutions with various 

additives, is presented in section 3, Table 1. The rate was converted to current units using the 

formula (4.12):  

ASt
nmi

⋅⋅
⋅⋅⋅∆

=
3103.26

 
(4.12) 

where Δm is the change in the mass of the sample, n is the valency of the deposited metal, t is 

the deposition time, S is the area of the deposited surface, A is the atomic weight. The value 

of the coefficient of efficiency of the formation of nanostructures was estimated using the 

formula (4.13): 
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(4.13) 

where i0 and iu are the exchange currents under different experimental conditions. Figure 30 

shows graphs of changes in the coefficient of efficiency of the formation of nanostructures 

without the addition of ethanol and with the addition of ethanol. 
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a) b) 

 

Figure 30. Dynamics of changes in the deposition coefficient (coefficient of efficiency) of 

nanostructures: a) without the addition of ethanol; b) with the addition of ethanol 

 

Figure 30a shows that the greatest efficiency in the formation of nanostructures is the use 

of an electrolyte based on a mixed composition (nickel sulfate + nickel chloride). Increasing 

in the potential difference for a given electrolyte increases the formation rate by more than 

1.9 times. However, high rates of formation of the walls of nanotubes at large potential 

differences can lead to the introduction of impurity inclusions in the structure, which can 

affect the crystal structure and conductive properties. At large potential differences during the 

deposition process, a fast evolution of hydrogen was observed. It passivated the anode and 

led to an irregular growth of nanotubes. The addition of ethanol to electrolytes leads to a 

decrease in the coefficient of growth efficiency, while hydrogen evolution was not observed 

at large potential differences. 

With the addition of alcohol the deposition coefficient decreases, together with the 

decrease in formation of gas hydrogen bubbles, which affect the distortion and deformation 

of the structure, and also prevent the tubes from growing in width, thereby increasing the 

contribution of the longitudinal growth rate. 
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The addition of alcohol also affects the rate of movement of metal ions in the electrolyte 

solution and, thereby, decreases the rate of formation of nanotubes. 

 Figure 31 represents SEM images of the synthesized nanotubes with and without the 

addition of ethanol [159].   

 

  
a) b) 

  
c) d) 

Figure 31. SEM – images of synthesized nanotubes: a,b)  electrolyte – 1, U=1.5 V; electrolyte 

– 1, U=1.5 V; c) electrolyte – 1, U=2.0 V; d) electrolyte – 4, U=2.0 V [159]. 

 

Presented images show, that with a potential difference of 1.5 V, nanostructures in the 

form of tubes are obtained. However, when the applied potential difference is 2.0 V, porous 

inclusions appeared in the walls of the nanotubes. It may be due to the influence of the 

impurity formation of the structure of the nanotubes. Moreover, the addition of ethanol is the 

reason of the absence of amorphous inclusions in nanotubes with a potential difference of 2.0 

V. 
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To study the influence of adding alcohol on the structural properties and phase 

composition, the method of x-ray diffraction analysis was applied. Figures 32-34 show X-ray 

diffraction patterns of the samples under study [159].  

 

 

 
Figure 32. XRD patterns of samples deposited from solutions 1 and 4 
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Figure 33. XRD patterns of samples deposited from solutions 2 and 5 
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Figure 34. XRD patterns of samples deposited from solutions 3 and 6 

 

An analysis of XRD patterns shows that the samples under study are polycrystalline 

structures with an fcc phase and cubic syngony of the space group Fm-3m (225). Moreover, 

according to the data obtained, no impurity oxide phases are observed in the structure of 

nanotubes. Degree of texturing of the obtained nanotubes depends on both applied potential 

difference and content of the electrolyte solution. Based on the obtained diffraction patterns, 

the crystallographic characteristics (crystal lattice parameters, average crystallite size, 

density) were calculated. The crystal lattice parameter was calculated using the Nelson – 

Taylor extrapolation function (4.14): 
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The value and the error in determining the parameter a are determined by linear 

extrapolation of this function to the zero value of the argument (θ = 90°). The average 

crystallite size was determined by the Scherrer equation. A change in the parameters of the 

crystal lattice, caused by distortions and deformation in the structure, leads to a change in the 

volume of the crystal lattice and, consequently, the density of the material. The density of the 

material was calculated using the formula (4.15):  

,
6602.1

oV
ZA

p ∑=
 

(4.15) 

where V0 is the volume of the unit cell, Z is the number of atoms in the crystal cell, A is the 

atomic weight of the atoms. Based on the change in intensities, the texture coefficients were 

calculated according to Harris formula (4.16). 
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(4.16) 

where Ihkl is the experimentally obtained reflex intensity, I0hkl is the corresponding intensity 

according to PDF#2, n is the number of reflexes.  

      Table 6 presents the crystallographic data of Ni nanotubes obtained at different   electrolyte      

solutions at different voltages.  

 

Table 6. Crystallographic data of Ni nanotubes obtained at different electrolyte solutions at 

different voltages.  

 

N
 o

f  

so
lu

tio
n  Potential 

difference, V 

Unit cell 

parameter, Å 

The average 

crystallite size, 

nm 

Density, 

g/cm3 

ТС (hkl) 

(111) (200) (220) 

1 1.5 3.51901 30.28±2.12 8.945 2.425 0.231 0.245 

1.75 3.51341 25.68±1.87 8.988 2.152 0.342 0.563 

2.0 3.51482 22.36±1.83 8.978 1.852 0.563 0.942 

2 1.5 3.51224 24.79±2.13 8.997 2.234 0.424 0.221 

1.75 3.51426 24.51±2.11 8.982 2.452 0.342 0.213 

2.0 3.51706 33.95±2.65 8.960 2.532 0.231 0.345 

3 1.5 3.51385 24.19±1.98 8.985 2.653 0.231 0.134 

1.75 3.51441 24.53±1.87 8.981 2.422 0.441 0.321 

2.0 3.51107 21.97±1.64 9.006 2.134 0.541 0.445 
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4 1.5 3.51601 35.08±1.89  8.968 2.451 0.215 0.214 

1.75 3.51262 22.56±1.52 8.994 2.343 0.436 0.316 

2.0 3.51542 20.07±2.18 8.972 2.134 0.674 0.542 

5 1.5 3.51566 28.17±1.76 8.971 2.435 0.342 0.213 

1.75 3.51705 29.43±2.11 8.961 2.134 0.314 0.763 

2.0 3.51566 27.91±1.52 8.971 2.325 0.432 0.212 

6 1.5 3.51724 25.41±1.63 8.958 2.312 0.453 0.321 

1.75 3.51653 25.98±1.62 8.964 2.314 0.422 0.425 

2.0 3.51461 24.74±1.98 8.979 2.123 0.532 0.763 

 

As can be seen from the data presented, a change in the fabrication conditions and the 

electrolyte solution are reason of changes in the basic crystallographic characteristics. For 

electrolyte solutions №1 and №2, an increase in the potential difference leads to a decrease in the 

density of nanotubes as a result of the formation of amorphous inclusions in the structure, and for 

an electrolyte solution №3, a slight increase in density is observed with an increase in the 

potential difference. Moreover, the addition of surfactant additives makes a decrease in 

amorphous inclusions and an increase in the density of nanotubes. Increasing in the potential 

difference makes changes in texture coefficients as well as increasing in the degree of 

polycrystallinity of nanotubes. A change in the FWHM of the main diffraction lines in the X-ray 

diffraction patterns indicates a change in the crystallinity of the synthesized samples. When 

approximating the lines in the diffraction pattern by the required number of symmetric pseudo-

Voigt functions, the width of the recorded FWHM lines was determined, which made it possible 

to characterize the perfection of the crystal structure and evaluate the degree of crystallinity. The 

evaluation results are presented in Figure 35. 
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Figure 35. Degree of crystallinity of the studied nanotubes for different electrolyte solutions: 

a) solutions 1,2,3; b) 4,5,6. 

 

By analyzing the magnitude of the diffraction maxima width and area under the line, we 

can evaluate the grain sizes and the contribution of various defects. In this case, the 

broadening of the widths of diffraction lines can be due to microstresses in the structure, 

which are associated with the accumulation of dislocations, as well as the crushing of 

crystallites associated with crystallization processes. An analysis of the angular dependence 

of physical broadening allows one to evaluate the influence of both factors. To assess the 

impact, the Williamson-Hall method was used, which is based on relation (4.17):   
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where β is the physical broadening of the diffraction maximum, λ is the x-ray wavelength 

(1.54 Å), D is the crystallite size, θ is the Bragg diffraction angle, ε is the magnitude of 

microstresses in the lattice. According to the data obtained, the main contribution to the 

broadening and change in the shape of diffraction peaks at large potential differences is made 

by the microstresses arising in the course of synthesis crystallization. Moreover, the addition 

of ethanol makes decreasing in the degree of microstresses and deformations in the nanotube. 
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Microstresses were calculated by an analysis of the displacement of diffraction peaks  

according to equation (4.18): 

0

0exp

d
dd

nmicrostrai
−

=
, 

(4.18) 

where dexp, d0 are the interplanar distances experimentally measured, the reference value 

according to the PDF 2 database. The strain coefficient of the structure was calculated using 

equation (4.19): 

0

0

a
aa −

=ε
, 

(4.19) 

where a0 and а are the reference and experimentally obtained values of the unit cell 

parameter. Table 7 presents the results of changes in microstresses and strain coefficient in 

nanostructures. 

 

 

Table 7. Microstress and strain factor data 

№ Potential 

difference, V 

The degree of 

microstresses in the 

structure 

Strain factor  

1 1.5 0.054 0.211 

1.75 0.065 0.251 

2.0 0.097 0.370 

2 1.5 0.046 0.177 

1.75 0.067 0.235 

2.0 0.089 0.315 

3 1.5 0.052 0.144 

1.75 0.065 0.223 

2.0 0.087 0.239 

4 1.5 0.043 0.188 

1.75 0.054 0.232 

2.0 0.059 0.268 

5 1.5 0.034 0.134 

1.75 0.042 0.213 

2.0 0.052 0.275 
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6 1.5 0.045 0.102 

1.75 0.064 0.186 

2.0 0.078 0.231 

 

Presented data show, that an increase in the potential difference makes the formation of 

additional stresses in the structure that arise as a result of the formation of amorphous 

inclusions and regions with a high degree of imperfection. As a result, an increase in the 

distortion of the crystal lattice and a change in interplanar distances are observed in the 

structure, which lead to an increase in microstresses in the crystal structure. In turn, the 

addition of ethanol to the electrolyte solution leads to an increase in crystallinity and a 

decrease in deformation and distortion in the crystal structure, which can have a significant 

effect on the performance of nanotubes, such as conductive properties.  

For the potential practical application of nanostructures, one of the significant 

characteristics is conductive properties. Parameters such as chemical composition, crystal 

structure, geometric characteristics, and surface morphology affect the transport 

characteristics of nanostructures. The specific conductivity of arrays of nanostructures was 

calculated by the formula (4.20): 

A
l

dU
dI

=σ
, 

(4.20) 

where l is the length of the nanotubes, A is the area, dI/dU  is the tangent of the angle of 

inclination I–U.  

The results of the change in conductivity are presented in Figure 36. 
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Figure 36. Specific conductivity of Ni nanotubes fabricated using different electrolyte 

solutions: a) solutions 1,2,3; b) 4,5,6. 

 

Presented data show that an increasing in the potential difference to 2.0 V for electrolyte 

solutions №1-3 leads to large distortions and deformations of the crystal structure and the 

formation of amorphous inclusions in the structure. It makes to a decrease in conductivity. 

Moreover, the addition of surfactant additives is reason of increase in conductivity. It 

happens due to the high degree of crystallinity of the nanotubes and the more perfect 

structure of the nanotubes. One of the important factors affecting the performance of 

nanostructures and the crystal structure is the concentration of dislocations in the structure, 

the change of which directly affects the conductive characteristics. The dislocation density (δ) 

contains information on the improvement of the crystal structure and is calculated according 

to formula (4.21). 

2

1
L

=δ
, 

(4.21) 

where L is the volumetric grain size.  

Figure 37 shows the dynamics of changes in the density of dislocations depending on the 

synthesis conditions. 
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Figure 37. Dislocation densities of Ni nanotubes fabricated at different electrolyte solutions: 

a) solutions 1,2,3; b) 4,5,6. 

 

Graph shows that an increase in the potential difference makes a decrease in the 

dislocation density due to amorphous inclusions in the structure. In this case, the addition of 

ethanol leads to a decrease in amorphous inclusions in the structure and a change in grain 

sizes and an increase in the dislocation density, which leads to the creation of additional 

charge carriers in the structure and to a change in the ballistic nature of charge transfer in 

nanotubes.  
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Notes 

 

• The results of this study were published in [159]. 

• The analysis of structural parameters based on X-ray diffraction patterns and their 

analysis was carried out jointly with the staff of the Laboratory of Solid State Physics AB 

of INP. 

• Obtaining samples under given synthesis conditions was performed personally by the 

author at the Laboratory of Solid State Physics AB of INP. 

• The analysis of the geometry of the synthesized nanostructures under various conditions 

was carried out by the author personally. 
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4.5 The influence of the geometry of the template on the degree of texturing and magnetic 

properties of Ni nanotubes 

 

One of the factors affecting the properties of nanotubes, as well as their magnetic 

characteristics, is the aspect ratio, which, in the case of using template matrices with a given 

thickness, can be changed by varying the pore diameter. Changing the pore diameter can have a 

significant effect not only on the aspect ratio, but also in the case of using the same synthesis 

conditions, by changing the pore diameter and changing the contact area, it can lead to a change 

in the degree of texture and grain orientation. This section presents the results of research of the 

influence of pore geometry, in particular, variations in their diameters from 100 to 500 nm, on 

the properties of Ni nanotubes obtained with a applied potential difference of 1.75 V.  

The changes in the pore diameters make it possible to change the Ni nanotubes 

morphology, structure, and the physical properties. Figure 38a shows SEM images of Ni 

nanotubes with different outer diameters and Figure 38b - dependence of the wall thickness on 

pores diameter.  
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Figure 38. SEM images of obtained nanotubes: a) 100 nm; b) 300 nm; c) 500 nm; d) dependence 

of Ni nanotubes wall thickness on pores diameter at constant deposition potential. 

 

From SEM images, it can be seen that nanotubes have a similar morphology, differing 

only in the size of the outer diameters, which are determined by the template pore parameters. In 

all cases, the length of the nanotubes corresponds to the thickness of the PET membrane. A 
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detailed study of the wall thickness of the nanotubes (internal diameters) shows that wall 

thickness monotonically increase with nanotubes outer diameter increasing (Fig. 38b). We used 

manometric method. At smallest diameter ( it equals to 100 nm) wall thickness is about 25 nm 

and the nanotubes are fragile and at the maximum diameter (500 nm) the wall thickness reaches 

170 nm and the structures are quite strong.  

 Figure 39 shows XRD patterns of the obtained nanotubes with different outer diameters. 
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Figure 39. XRD patterns of Ni nanotubes fabricated in PET with various diameters 

 

Ni nanotubes with diameter of 100 nm have a low-intensity peak characteristic of NiO 

which felt off for other samples. The fast rate of synthesis in small pores volume makes the 

formation of amorphous inclusions and disorder regions in the nanotubes. It happens due to 

oxygen ions coming into the crystal lattice during the fabrication. The content of the nickel oxide 

phase in the structure does not exceed 6-8%.  

The degree of texturing of the crystallites in nanotubes with different diameters were 

determined by analyzing texture coefficients TChkl  (Table 8) 

 

Table 8. Texture coefficients of Ni nanotubes fabricated in PET with pores of various diameters 

(hkl) 
TChkl 

100 nm  200 nm 300 nm 400 nm 500 nm 

(111) 2.311 2.156 1.151 1.031 1.297 

(200) 0.365 0.642 0.456 0.675 0.667 

(220) 0.324 0.202 1.393 1.294 1.036 
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Increasing in the diameter of nanotubes makes to rise of the contribution of the texture plane 

(220) and, consequently, an increasing in the degree of polycrystallinity of nanotubes. 

According to the proposed model of the formation of nanotube walls, which is based on 

the assumption of two rates of growth of nanotubes (longitudinal and transverse), as well as a 

change in their contributions during growth, the formation of amorphous inclusions at Ni 

nanotubes with small diameters can be explained as follows. In the case of a small pore volume, 

at large potential differences (1.75 V) the pore contains a small volume of electrolyte solution. 

At the initial stages of growth, when the nucleation of nanotube walls occurs, any bubble 

formation can lead to partial or complete clogging of the pores due to its small diameter, which 

leads to uneven growth of the walls, as well as their amorphization associated with uneven 

growth and deformation of the structure as a result of intrusion oxygen and hydrogen in the 

lattice internodes. At the same time, in a small volume, the formation of walls occurs rather 

quickly and the longitudinal growth rate prevails in the structure, which leads to the rapid filling 

of the entire pore volume and the formation of thin-walled tubes with a thickness of no more 

than 20-30 nm.  In this case, a small wall thickness leads to weak crystalline and chemical bonds, 

and embedded oxygen or hydrogen can lead to the formation of oxide phases and thereby 

deforming the crystalline structure of nanotubes. 

  Table 9 shows main parameters of crystal structure. 

 

Table 9.  Main parameters of crystal structure of Ni nanotubes with various diameters  

Pores 

diameters, nm 

Lattice parameter, 

Å 

Coherent 

scattering region, 

nm 

 Crystallinity, % 
Microstrains, 

m2·1015 

100 3.5149 23.9 63.5 0.074 

200 3.5094 26.5 68.7 0.054 

300 3.5066 31.8 78.6 0.031 

400 3.5052 29.1 87.6 0.04 

500 3.5034 31.3 93.2 0.032 

 

Presence in nanotubes of oxide impurities and disorder regions decreases the degree of 

crystallinity.  Increasing the pore diameter while keeping constant deposition potential increases 

the synthesis time and leads to better ordered nanotubes. Analyzing diffraction peaks area and 

FWDH allows to estimate the contribution of various defects in nanotubes structure. Decreasing 

of Ni nanotubes outer diameters broadens the XRD peaks, which occur as a result of 
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microstrains in the structure associated with the accumulation of dislocations, as well as the 

splitting of crystallites during crystallization processes. Large number of different deformations 

and distortions of the crystal structure is observed for nanotubes with the smallest diameters. It 

happens due to the influence of different impurity inclusions (in particular, the oxide phase). An 

increase in the diameter of nanotubes leads to a decrease in microstresses and deformation in the 

lattice. When the diameter of nanotubes increases we observe decreasing microstresses and 

lattice deformation. However, for sample with nanotubes of 500 nm diameter the amount of 

distortions in the structure increases, which may be due to the appearance of additional texture 

orientations. Analyzing the lattice parameter (reduced), and also the degree of crystallinity 

(increased), it becomes obvious that with diameter increasing the samples ordering significantly 

improves, which confirms the assumption above that the different rate of deposition in the pores 

of different diameters affects the nanotubes structural properties. 

The hysteresis loops for samples are shown on Figure 40. Table 10 represents main 

magnetic characteristics. 

 
Figure 40. Hysteresis loop of Ni nanotubes  with diameters: a) 100 nm; b) 300 nm; c) 500 nm. 

 

Table 10. Main magnetic characteristics of Ni nanotubes 

Pores 

diameter, nm 

Main magnetic characteristics 

Parallel to nanotubes axis Perpendicular to nanotubes axis  

HC, Oe Mr/ Ms HC, Oe Mr/ Ms 

100 210 0.36 128 0.05 
200 250 0.38 135 0.078 
300 510 0.47 300 0.27 
400 300 0.37 150 0.24 
500 240 0.25 160 0.14 
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There is an interesting dependence of pore Ni nanotubes diameter on its magnetic 

properties. Coercivity and squareness ratio rise for samples from 100 to 300 nm diameter and fall 

down at 400 and 500 nm. Several structural factors play a dominant role on Ni nanotubes 

magnetic properties. According to Tables 7 and 8, with the increase in diameter of nanotubes we 

observe the growth of crystallinity degree and crystallites size, change in lattice parameter, and 

the redistribution of texture coefficients corresponding to the main growth direction. As it was 

mentioned above, the deterioration of crystallinity, presence of defects and stresses decreases 

magnetization and affects other magnetic parameters. Redistribution of peaks on XRD-diagram 

and correspondent texture coefficients with increase in nanotube diameter indicate that the main 

nanotubes growth direction changes from [111] to other crystallographic directions, leading to 

the changes in magnetic properties. 

 

 

 

Notes 

 

• The analysis of structural parameters based on X-ray diffraction patterns and their 

analysis was carried out jointly with the staff of the Laboratory of Solid State Physics AB 

of INP. 

• Obtaining samples under given synthesis conditions was performed personally by the 

author at the Laboratory of Solid State Physics AB of INP. 

• The analysis of magnetic characteristics, as well as obtaining hysteresis loops, was carried 

out jointly with the employees of the cryogenic research department of BelNAN in 

materials science, Minsk, Belarus. 
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4.6. Assessment of the corrosion resistance of Ni nanotubes when exposed to acidic and 

neutral environments 

 

Having examined the influence of various factors, such as the applied potentials 

difference, the temperature of the electrolyte solution, the degree of acidity of the electrolyte 

solution, the addition of alcohol additives and the replacement of sulfate salts with chloride salts, 

as well as their combination, it was found that nanotubes obtained with an applied potentials 

difference of 1.75 V possess the best structural characteristics. However, for the practical 

application of nanotubes, in particular, in conditions of contact with liquid media, including 

acids and alkalis, it is necessary to know the rate of degradation of nanostructures, as well as the 

corrosion mechanisms resulting from contact with the medium.  

Significant properties of nanotubes are resistance to oxidation and destruction in media 

with different acidity, which is determined by the concentration of H+ and OH– ions. In 

absolutely pure water, which does not even contain dissolved gases, the concentrations of these 

ions are equal. The hydrogen index (pH) is a value that characterizes the concentration of 

hydrogen ions in solutions. For deionized water, the pH value is in the range of 6.5 - 7, which is 

typical for a neutral and slightly acidic environment. This section presents the results of studying 

the processes of oxidation and destruction. 

The effect of medium acidity on the crystal structure of Ni nanotubes was studied using 

the method of x-ray phase analysis. It should be noted that low-intensity peaks characteristic of 

the diffraction of nanoscale objects were observed in the diffraction patterns of the studied 

samples (Figure 41a-c). According to the XRD results, the initial samples of Ni nanotubes are 

polycrystalline structures with an fcc phase with a predominant texture plane [111] and with a 

crystal cell parameter а=3,5192 Å, which is slightly larger than the reference value (а=3,5154 Å, 

PDF # 031051). Analysis of diffraction patterns showed that with an increase in residence time 

in an acidic medium with pH=1, peak intensities decrease, peaks characteristic of the oxide 

compound NiO with Miller indices (100) and (220) appear on day 10, and peak intensities of 

oxide compounds on day 20 increases, a peak characteristic of the trivalent compound of nickel 

Ni2O3 with Miller indices is also observed (102). For a medium with an acidity level of pH=5 on 

day 10, a decrease in the peak intensity of an oxide peak at θ=43.3º is observed, a clear 

manifestation of oxide phases is observed on the 20th day. For a medium with pH=7, the peak 

characteristic of the oxide compound NiO appears only after 20 days. The appearance of oxide 

compounds NiO is characteristic of structures with an atomic ratio of Ni91O9, the trivalent 
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compound Ni2O3 appears at an atomic ratio of Ni64O36 in a medium with pH=7, which indicates 

a high oxidation rate of nanotubes in acidic media [160]. 

  
а) b) 

 
c) 

 

Figure 41. XRD patterns of Ni nanotubes before and after being in media with pH=1 (a); pH=5 

(b); pH=7 (c): 1) initial; 2) 5 days; 3) 10 days; 4) 20 days [160] 

 

Changes in the intensity and shapes of the peaks of diffractograms provide insight on the 

amorphization of the structure and partial degradation of nanotubes in acidic media after 10 days 

in the medium. Figure 42a shows a graph of the change in the parameter of the crystalline cell а 

as a function of the time spent in a medium with different pH, using the Nelson — Taylor 

extrapolation function. The increase in parameter а for a medium with рН=1 can be explained by 

the appearance of oxide phases NiO and Ni2O3 in the crystal structure, for which the value of 

parameter a is much higher (а=4,1770 Å PDF 471049 and PDF # 140481). For a medium with 
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pH=7, a slight increase in the crystal cell parameter is observed, which indicates a low oxidation 

rate of nanotubes in neutral media. 

 

 
Figure 42. Characteristics of the crystal structure of the obtained samples of nanotube arrays: a) 

unit cell parameter; b) average crystallite size [161] 

 

The increase in the average crystallite size (Figure 42b) can be explained by the 

appearance of oxide phases NiO and Ni2O3, as well as the formation of disordered regions in the 

crystal structure resulting from oxidation processes and subsequent degradation. 

The dynamics of crystallite shape and orientation of Ni nanotubes as a result of oxidation were 

determined by studying the texture of nanotubes by evaluating texture coefficients. The 

crystallographic texture or degree of texturing refers to the preferred direction of orientation of 

certain crystallographic planes and directions in different grains of the polycrystal relative to the 

outer planes and directions. Texture coefficients were calculated using the Harris formula. The 

calculation results are shown in Table 11. 

 

Table 11. Texture coefficient data 
hkl pH=1 pH=5 pH=7 

initial 5 days 10 

days 

20 

days 

initial 5 days 10 

days 

20 

days 

initial 5 days 10 

days 

20 days 

(111) 1.6414 1.6313 1.2132 1.0421 1.6414 1.6396 1.5951 1.3402 1.6414 1.6399 1.6032 1.4921 

(200) 0.9424 0.8234 0.7622 0.3144 0.9424 0.9341 0.8562 0.7533 0.9424 0.9313 0.9023 0.8453 

 

Values of texture coefficients greater than unity indicate that increased number of grains in the 

correspondent crystallographic orientation is along the array of nanotubes. The number of 

reflections (n) represents the maximum value of the texture coefficients. An analysis of the data 
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showed that with an increase in the contribution of oxide compounds to the crystalline structure 

in an acidic medium with pH=1, a decrease in the degree of texturing is observed, which leads to 

amorphization of the structure of nanotubes, while for neutral media the change in texture 

coefficients is insignificant. 

One of the important characteristics of the kinetics of structural change is the rate of the 

oxidation reaction and subsequent degradation, which means the change in the concentration of 

substances per unit time. Figure 43 shows the kinetic curves of changes in the atomic ratio of 

nickel and oxygen in the crystal structure of nanotubes. An analysis of the obtained curves 

showed that the highest oxidation rate of nanotubes is observed in acidic media with pH=1, 

which confirms the results of elemental and X-ray diffraction analysis. In an aggressive 

environment, Ni nanotubes are partially oxidized, losing electrons, and passing into nickel (II) 

oxide: 

Ni0 - 2e = Ni+2 

The nickel (II) oxide formed refers to bertollides with varying oxygen stoichiometry. With a 

large amount of oxygen in the structure, it transforms into nickel (III) oxide Ni2O3.H2O or 

NiOOH. In this case, the complete oxidation of nickel ions occurs: 

Ni+2 - 1e = Ni+3 

But since the oxidation state of +3 is not characteristic of nickel, compounds with a given 

valency are not stable; therefore, hydrated forms of nickel (II) oxide fall apart with the 

elimination of oxygen. 

 

 
Figure 43. Kinetic curves of changes in the atomic ratio of nickel (a) and oxygen (b) in the 

crystal structure of nanotubes  [160] 
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Figure 44 shows the anamorphoses of kinetic curves for the oxidation and degradation reactions 

of Ni nanotubes.  

 
Figure 44. Anamorphosis of the kinetic curve for the oxidation and degradation reaction [160] 

 

An integral method was used to determine the order of the chemical reaction of the oxidation of 

nanotubes depending on the acidity of the medium. The nature of anamorphoses for various 

media in coordinates 

 
 is described by a straight line, which confirms that the process of NT oxidation is a first-order 

reaction. In this case, for a medium with pH=5 and a neutral medium (pH=7), the rate of 

oxidation of nanotubes is constant over time, which indicates that nanotubes are slightly 

susceptible to oxidation processes in non-aggressive environments. SEM images (Figure 45) 

show the change in the surface degradation of nanotubes under the influence of media with 

different levels of acidity. 
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Figure 45. SEM images of changes in the surface morphology of Ni nanotubes depending on the 

acidity of the medium [160] 

 

Analysis of the obtained images showed that the greatest degradation of the walls of 

nanotubes is observed for acidic media with pH=1, which confirmed the results of calculations of 

reactivity, reaction rate constants, and X-ray diffraction analysis. On day 10, for a medium with 

pH=1, the formation of loose amorphous regions on the outer side of the walls of nanotubes 

consisting of oxide compounds is observed, according to the energy dispersive analysis. On day 

20, there is an increase in the area of amorphous regions and an increase in the atomic oxygen 

content in the NT structure to 36%, which leads to partial destruction of the walls, while energy 

dispersive and X-ray phase analyzes showed that the formed amorphous regions are oxide 

compounds NiO (II) and Ni2O3 (III). The scheme of degradation mechanisms depending on the 

environment is presented in Figure 46, data taken from [161]. 
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Figure 46. Diagram of the mechanisms of corrosion and degradation of Ni nanotubes [161] 

 

According to the literature [160,161], these compounds are toxic and harmful to organic 

cells. For media with pH=5 and pH=7, according to the energy dispersive analysis, the 

appearance of oxygen in the structure is observed on day 5, however, according to x-ray phase 

analysis, oxide compounds in the crystal structure appear on day 10. The presence of small 

oxygen impurities on day 5 is due to the oxidation of the surface layer of nanotubes. On day 20, 

the oxygen content in the structure was 17% and 9% for media with pH=5 and pH=7, 

respectively. At the same time, for a medium with pH=5, the formation of amorphous regions is 

observed, causing partial destruction of the NT structure, and for a medium with pH=7, the 

formation of growths on the surface of the tubes, the average size of which is 30 – 35 nm, 

consisting of nickel oxide, according to energy dispersive and x-ray phase analysis. 
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Notes 

 

• The main results of this study were published in [160,161]. 

• The analysis of structural parameters based on X-ray diffraction patterns and their 

analysis was carried out jointly with the staff of the Laboratory of Solid State Physics AB 

of INP. 

• Obtaining samples under given synthesis conditions was performed personally by the 

author at the Laboratory of Solid State Physics AB of INP. 

• The determination of the kinetics of degradation was carried out by the author together 

with the staff of the Laboratory of Solid State Physics AB of INP. 
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5. Conclusions 
 

This chapter summarizes the obtained results, provides recommendations for future research and 

possible applications.  

 

The electrochemical synthesis of vertical arrays of nickel nanotubes utilizing nuclear 

track membranes as templates, as well as the analysis of the geometry, composition, structure, 

magnetic and corrosion properties of synthesized object were studied. To characterize 

synthesized Ni NTs we used methods of scanning electron microscopy, transmission electron 

microscopy, X-ray diffraction analysis, magnetic spectroscopy, and energy dispersive analysis. 

The fabricated nickel nanotubes have a number of advantages for bio-application, based 

on the production method, nanotubes geometry, and the selected material. Usage of PET pore 

templates allows control on geometric dimensions.  Varying parameters of electrochemical 

deposition allows to vary chemical composition and crystal structure parameters. NTs have 

uniform magnetic fields, low density compared to NPs, and a large specific surface area. The 

choice of nickel nanotubes provides a simple possibility of surface functionalization and the 

potential for detaching the payload by magnetostriction, which is beneficial for targeted delivery 

of drugs and proteins using a magnetic field. 

The scientific novelty of the thesis research is in detailed studies of the fabrication of Ni 

nanotubes with controlled properties, reactivity and chemical stability, which led to a number of 

important results: 

1. A detailed model of formation of nickel nanotubes in pores of polymer matrices is 

developed. According to the model, at the initial stage of Ni nanotube formation the transverse 

component of growth rate prevails, which is responsible for nanotube wall growth in width. At 

the next stage the equilibrium state sets, characterized by a decrease in current density due to the 

depletion of the electrolyte solution, the nanotubes grow uniformly in both transverse and 

longitudinal directions. Next, the concentration of metal ions dominates near the top end of the 

nanotube, resulting that the longitudinal component of the growth rate of the nanotubes prevails 

and the tubes grow predominantly along the walls of the pores. 

The proposed model of nanotube growth has been successfully applied for 

electrochemical fabrication of copper, cobalt and zinc nanotubes, as well as two-component 

nanotubes based on nickel-cobalt, nickel-iron, and copper-nickel compounds [162-166]. These 

experiments demonstrated good usability of this model of nanotube growth, and were carried out 

jointly by the research group of Nazarbayev University and the Solid State Physics Laboratory of 

the Institute of Nuclear Physics. 
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2. Effect of electrochemical synthesis electrolyte solution temperature and applied 

potential on Ni nanotubes geometry and crystal structure was established. In particular, it was 

found that an increase in the applied potentials in the range of 1.5 – 2.0 V and the deposition 

temperature range 35-50°C leads to the formation of nanotubes with one dominant direction of 

texture orientation. 

3. Possibility of controlled variation of wall thickness of synthesized nanotubes by 

changing level of electrolyte solution acidity is shown. It was found that lowering the acidity 

level of the solution leads to a decrease in the wall thickness of nanotubes and the size of 

crystallites.  

Based on the conducted experiments, the most optimal parameters for the synthesis of 

nanotubes were selected: the difference of the applied potentials is 1.5-1.75 V, pH = 3 and the 

electrolyte temperature is 25 °C. These parameters were used to fabricate Ni nanotubes for 

experiments to study the influence of the geometry of the template matrix on the structure of the 

resulting nanotubes, as well as for corrosion tests experiments. 

4. Systematic study of dependence of structural and conducting characteristics of Ni 

nanotubes from electrolyte composition, temperature and applied voltage was carried out. 

Electrochemical deposition was carried out in a potentiostatic mode with a potential difference in 

the range from 1.5В to 2.0В with a pitch of 0.25. Adding ethanol to the electrolyte decreases 

surface tension of the liquid due to adsorption at the interface, which make possible to more 

easily distribute and reduce interfacial tension during synthesis. Deposition conditions influence 

the concentration of micro-stresses and dislocations in crystal structure, as well as parameters 

characterizing crystal lattice. It has been found that an increase in conductivity for ethanol 

synthesized samples occurs due to an improvement in the crystal structure and decrease in 

amorphous inclusions. Amorphous inclusions introduce additional defects in the structure, 

preventing ballistic electron movement. 

5. Arrays of Ni nanotubes with diameters 100-500 nm have been successfully formed by 

a template synthesis method in pores of PET membranes. Uniform growth of the nanotubes with 

wall thickness from 25 nm to 140 nm with an outer diameter of 100 nm to 170 nm was 

demonstrated. Main parameters of Ni nanotubes crystaline structure: lattice parameter, grain 

sizes, crystallinity and microstrains, as well as texture coefficients were discussed. The main 

magnetic characteristics of fabricated Ni nanotubes were explored. Ni nanotubes arrays 

coercivity and squareness ratio exhibit unusual dependence on nanotubes diameter: it rises for 

samples with nanotubes 100 to 300 nm diameters and fall down for nanotubes 400 and 500 nm 

diameters. Dependence of nickel nanotubes magnetic characteristics on their morphology and 

structure was discussed. It is expected that the ability to control the magnetic properties of Ni 
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nanotubes can open up new opportunities for the design of high-density magnetic memory 

devices.  

6. Kinetic degradation curves of nickel nanotubes in various media were established. 

Time dependence of deformation of crystallographic parameters on level of medium acidity is 

obtained. It has been shown that the main mechanism of degradation of nickel nanotubes is the 

formation of the metastable phase of nickel oxide, which decays due to instability, which leads to 

partial destruction of the structure. It was found that speed of degradation of nanotubes depends 

on the degree of crystallinity of the initial nanotubes, as well as the acidity of the solution.  

Ni nanotubes can be potentially used in microelectronics, photocatalysis, chemical industry 

and biomedicine. 

The obtained Ni nanotubes have possible useful application as magnetic carriers for 

targeted drug delivery. For example, in this direction we obtained the first results [27] on the 

possibility of coating Ni nanotubes with organosilicon compounds to increase the efficiency of 

corrosion protection of the magnetic core nanotube, as well as to create additional chemical 

bonds for binding drugs. Further research is planned in this direction. 

Another possible development of our research and potential application is to use Ni 

nanotubes as a base for catalysts for the catalytic reduction of p-nitrophenyl compounds or 

photocatalysts to enhance the decomposition of organic dyes. The use of Ni nanotubes may 

significantly increase the rate of photocatalytic reactions, and also allow to remove magnetic 

nanotubes from aqueous solutions using magnetic separation. During the conducted initial 

experiments, promising results of the influence of the degree of structural ordering on the 

catalytic activity of nickel nanostructures were established. 
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