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Abstract. Polycrystalline nickel nanotubes with diameter of 380 nm and wall thickness 95 nm 

were synthesized by electrochemical method using PET track-etched membranes with 

thickness of 12 µm. A comprehensive study of the structural, morphological and electrical 

characteristics of Ni nanotubes irradiated with C
+13

 ions with energy 1.75 MeV/nucleon and 

fluence ranging from 10
9
 to 5 × 10

11
 cm

-2 
was carried out. The ability of modification of 

structural parameters such as lattice parameter and the average size of crystallites and 

conductivity of Ni nanotubes by irradiation was shown.  

1.  Introduction 

Nowadays, a huge attention is paid to nanostructures and one of the most promising of them is 

magnetic nanotubes (NTs). NTs are prospective for a wide range of its practical application: from drug 

delivery to the magnetic storage [1-4]. For the devices functioning at extreme conditions it is 

necessary to understand the influence of ionizing irradiation on the structure and electrical properties 

of them. It is well known that defect formation mechanism in irradiated nanostructures is different 

from the same processes in bulk materials [5]. Accordingly that, it is not possible to apply standard 

approaches for nanodimension systems. Unfortunately, nowadays only limited number of works are 

devoted to study of influence of various types of radiation on the structure and physical properties of 

nanoobjects [eg, 6, 7]. To improve the understanding of irradiation effect in this field, we present the 

results of studies of the structural and electrical properties of nickel NTs, which were treated by 

ionizing radiation. 

2.  Experimental 

Track-etched membranes based on polyethylene terephthalate (PET) were used as templates with 

following dimensions: thickness of 12 microns, nominal pore diameter of 380 nm and a density of 4 × 

10
7
 cm

-2
. Electrochemical deposition in pours was carried out at voltage of 1.5 V in a potentiostatic 

mode. The electrolyte composition is NiSO4×6H2O (100,14 g/l), H3BO3 (45 g/l), C6H8O6 (1,5 g/l). 

Control of the deposition was carried out by chronoamperometry using a multimeter Agilent 34410A. 

Ionizing radiation effects in Ni NTs was studied on samples irradiated on cyclotron DC-60 with 

C
+13

 ions with energy 1.75 MeV/nucleon with fluence ranging from 10
9
 to 5 × 10

11
 cm

-2
. Estimation of 

the appropriate irradiation energy was calculated in SRIM Pro 2013 program. 
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Characterization of structural features was carried out by scanning electron microscopy (SEM, 

Hitachi TM3030), energy dispersive analysis (EDA, Bruker XFlash MIN SVE) and X-ray diffraction 

(XRD, D8 ADVANCE) using Cu Ka-irradiation. Determination of internal diameters of Ni NTs was 

carried out by determination of gas permeability method (Sartocheck® 3 Plus 16290) at a pressure in 

the range from 8 to 20 kPa [8]. Evaluation of electrical conductivity of NTs was carried out studying 

of current-voltage characteristics of samples using a current source HP 66312A and amperemeter 

34401A Agilent. To provide SEM and EDA investigations of individual NTs templates were etched in 

5M solution of sodium hydroxide at a temperature of 90°C during 60 minutes. 

3.  Results and Discussion 

There are a lot of promising NTs synthesis techniques, but the simplest and cheapest one is 

electrochemical deposition in pores of templates from silicon, aluminum oxide, polycarbonate or 

polyethylene terephthalate [9-11]. Features of the electrodeposition of metals into the pores of track-

etched membranes, as well as the stages of formation of the NTs are described in detail in [12-15]. 

Morphology of irradiated and non-irradiated NTs arrays were determined by SEM and gas permeation 

methods. Analysis of the SEM images showed that the nanostructure has tubular shape, their length is 

coincided with the templates thickness (12 microns) and NTs diameters correspond to pore diameter 

(380 nm, Figure 1). The results of experiments of gas permeability allow to calculate the inner NTs 

diameters which are ~ 190 nm, and the wall thickness is ~ 95 nm. 

 

  

  

Figure 1. SEM microphotographs of Ni NTs: a) initial; b) irradiated at fluence 5 × 10
10 

cm
-2

; 

c) 10
11 

cm
-2

; d) 5 × 10
11

 cm
-2

. 

 

Effect of irradiation of carbon ions with high energy leads to a modification of the NTs wall 

structure, herewith the size and number of defects would rise with increasing radiation fluence. This 
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fact is associated with multiple processes occurring during the interaction of ions with solids. For 

example, the interaction of the particles of high energy with solids lead to restructuring NTs walls by 

knocking out nickel particles and embedding of carbon particles. However, analysis of the SEM image 

shows the formation of vacancies and roughness on NTs surface take place only by irradiation with the 

maximum fluence (Figure 1d). 

Determination of carbon presence in NTs structure was held by EDA. According to obtained data, 

the atomic ratio of nickel in the initial NTs sample is 100% (Figure 2a) and remains constant up to 

fluence of 5 × 10
10

 cm
-2

. Exceeding this fluence leads to registration in EDA spectra carbon peak (Kα - 

series - 0.277 keV, Figure 2b). Future expanding of the fluence provides not only the increasing of 

carbon peaks intensity, but also changing in the intensities of Ni Kα - series lines at 7,474 keV and Lα 

- Series 0.849 keV, which caused by changes in the structure of NTs as a result of the interaction of 

carbon ions with the crystal lattice (Figure 2c-d). 

 

  

  

Figure 2. EDA spectra of Ni NTs: a) initial; b) irradiated at fluence 5 × 10
10 

cm
-2

; c) 10
11 

cm
-2

; 

d) 5 × 10
11

 cm
-2

. 

 

Determination of the influence of ionizing radiation on the crystal structure was carried out by 

XRD (Figure 3). Analysis of the observed XRD peaks (111) (200) and (220) showed that the obtained 

NTs have a polycrystalline structure with a predominant crystallographic direction [111], typical for 

electrodeposited nickel nanostructures. At the same time, future increasing radiation fluence more than 

5 × 10
10

 cm
-2

, the typical for nonstoichiometric carbides NiCx peak with Miller indices (114) at 2θ = 

36.2º appears on spectra. This fact confirms with the previously showed results of the EDA. 

 

a b

c d
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Figure 3. XRD 

spectra of Ni NTs 

in PET template at 

different irradiation 

regimes.  

1) initial;  

2) 10
9
 cm

-2
;  

3) 10
10

 cm
-2

;  

4) 5 × 10
10

 cm
-2

;  

5) 10
11

 cm
-2

;  

6) 5 × 10
11

 cm
-2

. 

 

It is worth to notice that on the every diffraction diagram of the samples broadening peaks typical 

for nanodimension objects are observed. Calculations of Ni NTs structural characteristics showed that 

both the original and irradiated samples have FCC structure with lattice parameter a, which is typical 

of the nickel, but different from the standard value. The results of a calculation and the average 

crystallite sizes are shown in table 1.  

 

Table 1. Parameters of Ni NTs obtained at different irradiation regimes. 

Irradiation fluence, cm
-2 

a, Å The average size of crystallites, nm 

0 (initial) 3,52230,0007 25,31,1 

10
9
  3,51900,0057 24,10,7 

10
10

 3,51730,0040 23,20,9 

5 × 10
10

 3,51600,0008 21,51,2 

10
11

  3,51570,0023 20,31,0 

5 × 10
11

 3,52440,0021 29,91,5 

 

To determine the influence of the irradiation conditions on the electrical properties (conductivity σ) 

of Ni NTs array in PET template were studied. The electrical conductivity was calculated by the 

formula: 

A

l

dU

dI


,  

where l – length of NTs, A – conducting surface area, dI/dU – tangent of the angle depending I–U. 

Graph of dependence σ from deposition potential is shown in figure 4. 
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Figure 4. Dependence of Ni NTs conductivity on irradiation regimes. 

 

The diagram of dependence of the conductivity on the radiation fluence has two parts. On the first 

part, from a zero to the fluence of 5 × 10
10

 cm
-2

 the conductivity slightly increases to a value on 20% 

more then the conductivity of the initial sample. On the second part of the diagram conductivity 

decreases sharply to value less on 23% than the non-irradiated sample. The growth of the conductivity 

on the first section, most likely related with the relaxation of defects of the NTs structure and the 

formation of less-defected wirings along the main NTs axis. At a fluence of 5 × 10
10

 cm
-2

 carbon in the 

form of carbides compounds accumulates appreciably in the structure (figures 2 and 3). The large 

quantity of carbon causes both the decreasing in the conductivity and the destruction of the wall 

structure, as is observed in figure 1d. 

Conclusions 

Nickel NTs with length of 12 microns, an external diameter of 380 nm and wall thickness about 95 nm 

were obtained by template synthesis method in the pores ion-track PET membranes. Modification of 

NTs structures was held on by irradiating by ions C
+13

 with energy of 1.75 MeV/nucleon and fluence 

ranging from 10
9
 to 5 × 10

11
 cm

-2
. 

It was shown that irradiation with fluences up to 5 × 10
10

 cm
-2

 led to decrease of the lattice 

parameter and the average crystallites size, which form the NTs walls. Together with that increasing in 

conductivity of samples on 20% more relative to non-irradiated structures was observed. At fluences 

higher than 5 × 10
10

 cm
-2

 accumulation of carbon in the structure of NTs in a form of a new phase - 

carbon carbide took place. Growing the amount of carbon led to degradation of the NTs structure and, 

consequently, to reduction of their conductivity. 
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