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Abstract  

Fabrication of nanostructures through anodization is a promising process as the technique 
enables easy and low-cost surface modification of metallic substrates with a high degree of 
control on the resulted nanostructure morphology. In this work, NiTi alloy (nitinol) was 
anodized in an organic-based electrolyte containing water and Cl- ions under different 
anodization temperatures with the aim of investigating the effect of the electrolyte temperature 
on the morphology and geometry of the obtained nanopores (NPs). According to electron 
microscopy and statistical analyses, by increasing the anodization temperature, the thickness 
of the obtained NP layer and the number of formed NPs are decreased, whereas their mean 
diameter is increased. It is concluded that anodization at room temperature results in the highest 
obtainable thickness for the NP layer, whereas the samples anodized at 40°C show the highest 
uniformity in regard to the NP layer thickness and the total number of the formed NPs. 
Meanwhile, anodization at temperatures around and beyond 80°C results in total destruction of 
the NP layer. The variations are explained by the dependency of the electrolyte viscosity and 
thereby the dissolution rate of the anodically-grown oxide layer on the anodization temperature. 
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1- Introduction 

Recently, there has been a trend in utilizing of anodization as a low cost and scalable process 
for formation of novel nanostructures with high specific surface areas on different alloys [1]. 
An example of such anodically grown nanostructures is Ni-Ti-O nanoporous oxides which 
have found applications in electrocatalysis [2, 3], biosensing [4], gas sensing [5], and 
biomedical engineering [6, 7]. Alongside nanoporous oxides, Ni-Ti-O nanotubes (NTs) are 
used in many of the aforesaid applications because of their unique combination of physical 
properties which could offer a better efficiency due to their higher specific surface areas [8]. 
Nevertheless, further increases in the specific surface area of this nanostructure is not possible 
because of the restrictions on the maximum obtainable thickness of Ni-Ti-O NTs in the 
conventional electrolytes. Recent works have shown that the anodic fabrication of Ni-Ti-O NTs 
on NiTi alloy is morphologically limited to approximately 1 μm of thickness in fluoride-
containing electrolytes [9]. Studies on this subject have illustrated that the rapid dissolution of 
nickel oxides in the electrolytes causes this limitation, which leads to relatively short Ni-Ti-O 
NTs compared to pure anodically-grown TiO2 nanostructures on Ti substrates [10].  

Anodizing can be used for fabrication of nanopores (NPs) on NiTi alloy which does not suffer 
from the aforementioned thickness limitation in comparison to NTs. With the purpose of 
obtaining Ni-Ti-O NPs with higher thickness and higher specific surface area, numerous 
anodization experiments have been conducted on NiTi with different compositions of organic-
based electrolytes, all containing small amounts of H2O and differing in their etchant 
constituents: NaCl [11], HCl [12], NaBr [11], and Na2CO3 [13]. In a pertinent study, HCl-
containing organic electrolytes were used for formation of NPs with a thickness of around 160 
μm, successfully increasing the surface area of the nanostructures. In addition to HCl, NaCl-
containing electrolytes also provide the formation of thick NP layers on the NiTi substrate. 

In the past years, the different parameters of the anodization process of NiTi for the formation 
of Ni-Ti-O NPs were studied. Hang et al. [14] investigated the influence of anodization time 
on this process and demonstrated that there is a linear relationship between the anodization 
duration and NP thickness up to a certain point in time. The influence of electrolyte pH has 
also been studied by Hang et al [15]. Another important parameter was the post-annealing 
temperature investigated by Liu et al [16]. In addition, the effect of voltage and time and also 
electrolyte stirring on the formation of Ni-Ti-O NPs has been reported by Strnad [17] and Zhao 
[18], respectively.   

One of the important parameters in the anodic growth of NPs on NiTi is the electrolyte 
temperature, which has not been systematically investigated yet. The anodization temperature 
could have an effect on the electrolyte viscosity and therefore the mobility of the participating 
ions in chemical reactions that cause the formation of the NP layer. As a result, the 
morphological properties and the thickness of oxide layer may be affected by changes in the 
electrolyte temperature. In the present work, the influence of anodization temperature in a 
NaCl-containing organic electrolyte was investigated to assess how this change affect the 
resulted nanostructures. For this purpose, the samples were anodized in four different 
temperatures (room temperature, 40, 60 and 80°C). Subsequently, the achieved NPs were 
investigated by electron microscopic and statistical analyses.  
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2- Experimental 

The anodization electrolyte was prepared using ethylene glycol (Reag. USP grade, Merck, 
Germany), sodium chloride (%99.5<NaCl, Merck, Germany) and double-distilled water 
(purity: 99%, conductivity: 1 μs·cm−1). NiTi alloy disks (Ni-50Ti, Kellogg's Research Labs, 
USA) of 9 mm in diameter and 2 mm in thickness were used as the substrates.  
Each sample was anodized in 100 ml of an electrolyte containing ethylene glycol, 5 wt% 
double-distilled water and 0.03 mol NaCl, based on the formulation of Ref. [11]. For the bias 
voltage of anodization, a DC power supply was used to provide the voltage of 10 V between 
the working electrode and a 20 mm distanced Pt cathode sheet during anodization. The NiTi 
disks were ground by abrasive papers, polished to a mirror finish, and then ultrasonicated in a 
bath of ethanol and distilled water. The non-working side of the disks was connected to a 
copper wire and then sealed to avoid any contact with the electrolyte. For each anodization 
temperature, a bath of water with the desired temperature was prepared. The beaker containing 
the anodization setup was placed in the bath and a thermometer was used in the beaker for 
temperature monitoring during the process. To investigate the effect of the anodizing 
temperature on the nanostructure of NPs, four samples were anodized at different temperatures 
(room temperature, 40, 60 and 80 °C) for the constant duration of 30 min.   
To assess the morphology of NPs, field-emission scanning electron microscopy (FESEM, 
TESCAN, MIRA 3, accelerating voltage= 15 kV) after gold sputtering was used. The analyses 
were conducted on the as-anodized surfaces and cross-sections of the samples. The ImageJ 
software was also used for the statistical analysis of the obtained nanostructures.  
 
 

3- Result and discussion 

 
The formation of NPs in the anodizing process on the NiTi substrate occurs by a balance 
between two sets of chemical reactions. Oxide reactions make an oxide layer on the NiTi 
substrate and dissolution reactions that etch the oxide layer. For Cl-containing electrolytes, the 
following reactions have been reported in the anodization process [8, 19]: 
 
Ti + 2H2O → TiO2 + 4H+ + 4e- (1) 

Ni + H2O → NiO + 2H+ + 2e- (2) 

TiO2 + 4H+ + 6Cl- → [TiCl6]2- + 2H2O (3) 

NiO + 2H+ + 4Cl- → [TiCl4]2- + H2O (4)  

 
The first and second reactions are the oxidation process and third and fourth reactions are the 
dissolution reactions. 
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Fig. 1 shows the surface and cross-section micrographs of the samples anodized in the voltage 
of 10 V. Fig. 1(a) illustrates that the sample anodized at room temperature are covered by NPs. 
Fig 1(b) shows the cross-section micrograph of the sample anodized at room temperature, 
reflecting that the oxide layer on the sample is uniform. Fig. 2 compares the NP layer thickness 
of the different samples. Evidently, the highest thickness is obtained in the sample which was 
anodized at room temperature (13.7 μm). It is also shown that by increasing the anodization 
temperature, the NP layer thickness is lowered, and finally in the sample anodized at 80°C the 
NP layer is completely destructed. These findings imply that the dissolution of Ni-Ti-O NP 
layer is intensified by increasing the electrolyte temperature, which is consistent with previous 
reports on anodically grown Ni-Ti-O NT on NiTi [10]. This can be attributed to the increased 
mobility of Clˉ ions at higher temperatures as the viscosity of the electrolyte is decreased. The 
standard deviation (SD) of the thickness also hints at the uniformity of the formed nanoporous 
oxide layer.  By the same token, having the minimum SD value for the 40°C anodized sample, 
it can be concluded that this sample has the highest uniformity in regards to the NP layer 
thickness. As it can be seen, in the samples anodized at 60°C the SD value of the obtained 
thickness is increased compared to the samples anodized at room temperature and 40°C, hinting 
at lower uniformity. 
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Fig. 1. (a) Surface and (b) cross-sectional FESEM images of the samples. 
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Fig. (3) illustrates the diameter of the NPs anodically grown at different temperatures. This 
data is extracted from the surface micrographs (Fig. 1). Obviously, the increase of the 
anodization temperature has resulted in the increase of the mean dimeters of NPs. This could 
also be a result of increasing the ions mobility and therefore dissolution rate. It can be also seen 
that the SD value for the NP diameters is at high levels for all samples, implying at a scattered 
distribution of the NP diameters. 
 
Fig. 4 illustrate the NPs diameter distribution on the samples anodized at different 
temperatures. As it can be seen, the diameter distribution for all samples is widely scattered. 
This data explains the high value of SD for the NPs diameters. Additionally, it is realized from 
this diagram that with increase in the temperature of the anodization process, the percentage of 
NPs with the higher value of diameter is increased. This result is completely in agreement with 
the mean values of the NP diameters.  
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Fig. 2. Cross-sectional thickness of the NP layers grown on the different samples.  
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Fig. 3. Diameter of NPs anodically fabricated under the different anodization temperatures. 
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Fig. 4. Histogram of the NP diameter distribution for the samples anodized at (a) room temperature, 
(b) 40°C and (c) 60°C. 
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Fig. (5) shows the total number of NPs on a surface area of 2064×2064 nm2 for the different 
anodization temperatures. The value of the SD for the number of NPs is also considered here. 
The total number of NPs on the surface of the samples is decreased as the anodization 
temperature is increased. This reduction in the total number of NPs on a specified area can be 
ascribed to the increase in the diameter of the obtained NPs. As can be seen in Fig. (5), the SD 
value for the total number of NPs decreases from room temperature to 40°C, and then it is 
increased in the 60°C sample, where the value for the 40°C sample is at minimum. This could 
be interpreted as the higher regularity of the NPs formed on the 40°C anodized sample.  
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4- Conclusions 

 
This work investigated the influence of the anodization temperature on the formation and 
morphology of the resulted NP layer. It was found that the increase in the anodization 
temperature results in the reduction of the oxide layer thickness. Also, the maximum obtainable 
thickness for the NP layer (13.7 μm) is possible when the sample is anodized at room 
temperature. Additionally, it was realized that anodization of NiTi at 80°C results in the 
complete destruction of the NP layer.  Besides, the increase in the electrolyte temperature 
results in the increase of the mean diameter of NPs. It is eventually concluded that the 
electrolyte temperature has a deciding role in the morphological characteristics of the resulted 
nanoporous layer.  
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