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ABSTRACT - TiO2 nanotubes arrays (TNTAs) were synthesized using the anodization method 
in ethylene glycol (EG)-based electrolyte with different percentages of ammonium fluoride 
(0.3, 0.4, and 0.5 wt.%) and water content (2.5, 5, and 7.5% vol%). All the samples were 
ultrasonically cleaned in acetone, ethanol, and deionized water, then dried in air and kept in 
an etching solution for a while before anodization. The two-step anodization was carried out, 
followed by thermal treatment at 450°C for the crystallization. The nanotube samples were 
characterized using FE-SEM analysis. The FE-SEM results showed that the largest tube 
diameter was 87.74±1.89 nm of the TNTAs prepared in the EG electrolyte with a composition 
of 7.5% water content and 0.5% ammonium fluoride. The longest tube length analyzed was 
around 5.3 µm of the TNTAs prepared in the ethylene glycol electrolyte with the composition 
of 2.5% water content and 0.4% ammonium fluoride percentage, exhibiting a highly ordered, 
compact honeycomb structure and thick single-walled structure.  
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1.0 INTRODUCTION 

Titanium dioxide (TiO2) is a widely studied photocatalyst with numerous applications, including solar cells, sensors, 

lithium-ion batteries [1, 2], medical implants [3–5], photocatalysis [6], and UV or sunlight-based water and air-cleaning 

properties [7]. This material's unique properties, such as its electrical, optical, and photocatalytic characteristics, high 

aspect ratio, and bioactivity, have significantly contributed. The electrochemical anodization method developed by 

Zwilling et al. in 1999 [8] using fluoride-containing electrolytes led to the self-organized growth of vertically oriented 

titanium dioxide nanotube arrays (TNTAs) on Ti alloy surfaces. This method has been extensively researched over the 

last few decades due to its low cost, ability to produce vertically oriented nanotube arrays directly on the substrate with 

good reproducibility, and optimization of TNTAs synthesis by different research groups. 

Nanomaterials featuring morphologies from 0D to 3D are used to produce effective TiO2 photocatalysts. In contrast, 

one-dimensional photocatalyst TNTAs display improved charge carrier separation in self-organized arrays, which results 

in outstanding photocatalytic characteristics. Based on these excellent qualities, Titania holds great promise in various 

fields of application [9]. The TNTA layers can be prepared by anodic oxidation of a Ti electrode in a fluoride-containing 

electrolyte. The variation in the electrolyte composition, fluoride concentration, water content, applied potential, and 

anodization time can be tuned to design a specific TNT length and wall thickness. In addition, extending one of these 

experimental parameters allows the TNTA morphology to be transformed into a porous nanostructure, exhibiting 

interesting photocatalytic properties. Indeed, increasing the anodization voltage makes it possible to form a porous 

sponge-like structure [10]. 

The enormous surface area and highly organized structures of TNTAs, which transfer electrons more rapidly than 

nanoparticles, make them a suitable material for anodes. Although ZnO, MgO, and CdS can be used to produce nanotubes, 

TiO2 is preferred due to its nontoxicity, low cost, long-term chemical stability, highly ordered shape, promising optical 

and electrical properties, and one-dimensional direction of electron motions [11]. Several methods for TNTA synthesis 

have been developed, such as sol-gel, hydrothermal, solvothermal, and electrochemical anodization. Electrochemical 

anodization of the transition metal oxides has been majorly exploited over the past few decades due to the highly organized 

and vertically oriented mass production of nanotubes, alongside the swift process and least harmful for the environment 

among other industrially applicable methods [12]. The electric and optical behavior of anodic TNT strongly depends on 

its morphology, phase composition, and crystal facet arrangement. Modifying factors like voltage, anodization duration, 

and electrolyte composition also control nanotubes' architecture, such as diameters, nanotube length, and wall thickness. 

[13].  

The functionalization of TiO2 via nanostructuring renders it a leading application solution. Compared to other 

nanostructured materials, the high applicability of anodic TNTs is due to the vertical alignment of the structure that creates 

efficient transport channels while maximizing the reactive surface area. Moreover, the resulting geometry and structure 
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can be easily controlled and adjusted by modifying the anodization parameters, such as applied voltage, synthesis 

duration, and electrolyte composition [14]. 

 In recent years, many scientists seemed to have been interested in TNT-enhanced morphology and engaged in 

publishing a plethora of papers on the individual effects of the synthesis parameters [10, 15–19]. However, the interaction 

effects of the variables are still a vast frontier to be explored and investigated. This study considers the influence of 

anodizing parameters such as electrolyte composition, fluoride content, and water content while keeping the applied 

potential and anodization duration constant to obtain the desired resulting morphology [20]. 

2.0 MATERIALS AND METHODS  

2.1 Reagents and Materials 

All the chemicals in this study were used as received from Sigma Aldrich Chemicals Company, used as analytical 

grade without further purification. To prepare TNTAs, titanium (Ti) foils with 0.127 mm thickness (99.97%) and graphite 

sheets cut into 20mm × 30mm sizes were used as anode and cathode, respectively. Ethylene glycol (EG, 99.5%), 

ammonium fluoride (NH4F, 98.0%), and purified water from the Nanopure ® water system prepared the electrolyte 

solutions. Ethyl alcohol (95%), acetone (99.5%), Hydrogen peroxide (99.5%), and purified water taken from the Nanopure 

® water system were utilized for all cleaning purposes before any experiment using ultrasonic cleaner (JAC-1020 P). A 

hotplate magnetic stirrer (HP-3000) was used for stirring the electrolyte throughout the anodization process. A DC 

Regulated Power Supply, High Precision Adjustable 5 Digit Programmable Henghui (PLD 21002, henghui), was 

employed for the anodization process. Finally, a muffle furnace (WiseTherm®, version 1.3.1) was employed for the 

annealing process. 

2.2 Preparation of TNTAs 

The TNTAs were prepared on top of 0.127 mm thick titanium foil (99.97 % pure). Ti foil was purchased from Sigma 

Aldrich Chemicals Company and cut into the desired 20mm × 30mm dimensions. Before the Anodization, the samples 

were ultrasonically cleaned in acetone (C3H6O), ethanol (C2H6O), and deionized water for 5 minutes, then dried in air. 

The cleaned samples were etched in a solution comprising HNO3, HF, and DI water in a volume ratio of 1:1:3 to clean 

the surface from impurities before anodization. Two-step anodization was conducted in a two-electrode electrochemical 

cell with a graphite sheet as cathode and titanium foil as anode. The ethanol-based electrolyte was prepared using various 

amounts of ammonium fluoride (0.3%, 0.4%, 0.5%) and water content (2.5%, 5%, 7.5%). The prepared electrolyte was 

poured into a laboratory-scale beaker, and then the beaker was placed on a magnetic stirrer, as shown in Figure 1. The 

cathode and anode were held on a retort stand using a Pt-PTFE electrode holder to adjust the samples into the electrolyte. 

Control of voltages was adjusted by a DC Regulated Power Supply, High Precision Adjustable 5 Digit Programmable 

Henghui (PLD 21002, henghui). However, the voltage was kept constant at 40V for all the compositions. The anodization 

duration was also kept constant at 20 minutes for the first step and 1 hour for the second step anodization. The samples 

were ultrasonically cleaned after the 1st step of anodization to build up an anodic layer on the material's surface. After 

the 2nd step of Anodization, the samples were taken out, washed with deionized water, and dried in air. Hence, to get 

crystalline anatase TNTAs, the as-anodized sample was annealed in a programmable furnace for 2 h at 450°C.  

 

Figure 1. Schematic illustration of the electrochemical anodization setup 

2.3 Characterization of Prepared TNTAs 

The morphological characterization of the prepared TNTs was analyzed by a Field Emission Scanning Electron 

Microscope (FESEM) JEOL (JSM-7600F) at the Centre of Excellence for Advanced Research in Fluid Flow (CARRIF) 

Universiti Malaysia Pahang (UMP). The equipment was furnished with an energy-dispersive X-ray spectroscopy (EDX) 

for elemental analysis. To produce the analysis images, a 5.0 kV accelerating voltage was applied.  
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3.0 EXPERIMENTAL RESULTS 

This experiment investigates the morphological characteristics of the prepared TNTAs and the influence of the 

changing anodization parameters. Voltage and Anodization time were kept constant to study the effect of ammonium 

fluoride percentage and water content in the composition of Ethylene Glycol electrolyte. Three distinct water content 

(2.5%, 5% and 7.5%) and ammonium fluoride percentages (0.3%, 0.4% and 0.5%) were utilized. The microstructure of 

the TNTAs after anodic oxidation in Ethylene Glycol at 40V was characterized based on the FE-SEM images obtained, 

as shown in Figure 1 – Figure 9. All the FE-SEM images were analyzed using the ImageJ software, and the results were 

plotted as a histogram with a distribution curve using the Origin Pro software. Based on the FE-SEM images and the 

analysis, it can be concluded that the higher percentage of water content in combination with higher ammonium fluoride 

gave the larger diameter; however, the tube length remained the shortest.  

 

 

(a)  

  

 

 

 

 

 

 

 

(b)  

Figure 2. FESEM analysis and histogram with distribution diagram of prepared TNT (2.5% H2O content and 0.3% 

NH4F concentration) (a) Top view and (b) Cross-sectional view  

Figure 2 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 2.5% H2O and 

0.3 wt.% NH4F concentration. FE-SEM images show the distinct morphological features resulting from the variation of 

the synthesis parameters. Interestingly, this lower ammonium fluoride percentage exhibited a larger pore diameter of 

82.49±9.6, while the growth of nanotube length was limited to 1.6 ±0.19μm due to lower Fluoride ions. However, the 

morphology obtained is similar to the study, adopting almost the same parameters [21]. The surface morphology of the 

TNTAs exhibits a highly ordered, aligned, and homogenous surface structure of TNTAs.  

 

 

 

 

 

  

(a)  

Figure 3. FESEM analysis and histogram with distribution diagram of prepared TNT (2.5% H2O content and 0.4% 

NH4F concentration) (a) Top view 
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(b)  

Figure 3. (cont.) (b) Cross-sectional view  

Figure 3 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 2.5% H2O and 

0.4 wt.% NH4F concentration. However, each FE-SEM image shows distinct morphological features resulting from every 

single variation of the synthesis parameters. Interestingly, this composition of ammonium fluoride percentage exhibited 

a pore diameter ranging from 65.38±5.68 nm while attaining the highest growth of nanotube length 5.3±1.3 μm. The 

surface morphology of the TNTAs exhibits a highly ordered, aligned, and homogenous surface structure of TNTAs. As 

seen in the FE-SEM images, the structure contains a honeycomb-like homogenous surface structure. The morphological 

characteristics obtained in this study are consistent with the previous study conducted by Liang and coworkers [21].  

 

 

(a)  

  

 

 

(b)  

Figure 4. FESEM analysis and histogram with distribution diagram of prepared TNT (2.5% H2O content and 0.5% 

NH4F concentration) (a) Top view and (b) Cross-sectional view  

Figure 4 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 2.5% H2O and 

0.5 wt.% NH4F concentration. However, this composition of ammonium fluoride percentage exhibited a pore diameter 

ranging from 49.813±9.15 nm, with an average growth of nanotube length of 4.22±1.3 μm found, which is similar to other 

TNTA films synthesized under similar conditions reported in the literature [22]. The surface morphology of the TNTAs 

exhibits the inhomogeneous surface structure of TNTAs. As seen in the FE-SEM images, the structure contains longer 

nanotubes, but the porous structure contains some debris over the nanotubes. Excess fluoride ions lead to chemical etching 

and thinning of the walls of the pores, which resulted in the demolishment of nanotube structures.  

 

 

(a)  

Figure 5. FESEM analysis and histogram with distribution diagram of prepared TNT (5% H2O content and 0.3% NH4F 

concentration) (a) Top view 
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(b)  

Figure 5. (cont.) (b) Cross-sectional view  

Figure 5 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 5% H2O and 

0.3 wt.% NH4F concentration. As seen in the images, this electrolyte composition exhibits the unique structure of the 

TNTAs. The nanotube length is bent and fallen as the structure of the TNTAs starts to grow, as the chemical etching 

begins to grow the oxide layer. The porous structure also shows that the top layer of TNTAs is destroyed, and the 

remaining debris covers the pore diameter. However, this composition of ammonium fluoride percentage exhibited a pore 

diameter ranging from 42.55±0.64 nm, with an average growth of nanotube length 1.4±0.53 μm. The surface morphology 

of the TNTAs exhibits the inhomogeneous surface structure of TNTAs, which is similar to a previous study [23].  

 

 

(a)  

  

 

 

(b)  

Figure 6. FESEM analysis and histogram with distribution diagram of prepared TNT (5% H2O content and 0.4% NH4F 

concentration) (a) Top view and (b) Cross-sectional view  

Figure 6 analyses the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 5% H2O and 

0.4 wt.% NH4F concentration. As discussed earlier, the fluoride ions migrate to the walls of the pore during formation, 

and the water content in the electrolyte allows chemical etching, resulting in the thinning of the tube walls. This 

phenomenon will result in the development and dissolution of nanotube arrays, as observed in previous studies [24]. As 

shown in Figure 6(a), the upper surface lost the thin walls of a few nanotubes, and the inner two three porous structures 

can be seen through it. However, this composition of ammonium fluoride percentage exhibited a pore diameter ranging 

from 60.17±10.05 nm, with an average growth of nanotube length 1.17±0.25 μm. The surface morphology of the TNTAs 

exhibits the homogenous surface structure of TNTAs.  

 

 

(a)  

Figure 7. FESEM analysis and histogram with distribution diagram of prepared TNT (5% H2O content and 0.5% NH4F 

concentration) (a) Top view  
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(b)  

Figure 7. (cont.) (b) Cross-sectional view  

Figure 7 analyses the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 5% H2O and 

0.5 wt.% NH4F concentration. As discussed earlier, excess chemical etching results in the thinning of nanotube walls due 

to the increased fluoride ions accumulation inside pores and its chemical etching. As seen in Figures 7(a) and 7(b), the 

debris accumulated over the top and sides of the nanotubes destroys the homogenous structure of the tubes. However, this 

composition of ammonium fluoride percentage exhibited a pore diameter ranging from 43.45±0.475 nm, with an average 

growth of nanotube length 3.689 μm. The surface morphology of the TNTAs exhibits the inhomogeneous surface 

structure of TNTAs and is in line with the structure attained in previous studies [23].  

 

 

(a)  

  

 

 

(b)  

Figure 8. FESEM analysis and histogram with distribution diagram of prepared TNT (7.5% H2O content and 0.3% 

NH4F concentration) (a) Top view and (b) Cross-sectional view  

Figure 8 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 7.5% H2O and 

0.3 wt.% NH4F concentration. As seen in Figures 8(a) and 8(b), the homogeneity of the structure of the TNTAs is 

consistent and concise. However, this composition of ammonium fluoride percentage exhibited the second highest pore 

diameter, ranging from 85.86±0.83 nm as observed in the previous study [21], with an average growth of nanotube length 

of 0.536μm. The surface morphology of the TNTAs exhibits the homogenous surface structure of TNTAs. As observed, 

the low fluoride ions presence hindered the growth of nanotubes, but they resisted the excess chemical etching and loss 

of structure of nanotubes, resulting in homogenous semi-honeycomb structures. 

 

 

(a)  

Figure 9. FESEM analysis and histogram diagram of prepared TNT (7.5% H2O content and 0.4% NH4F concentration) 

(a) Top view and  
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(b)  

Figure 9. (cont.) (b) Cross-sectional view  

Figure 9 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 7.5% H2O and 

0.4 wt.% NH4F concentration. As seen in Figures 9(a) and 9(b), the homogeneity of the TNTAs' structure is inconsistent. 

The top layer of the nanotube is bent on one side; the porous structure of the nanotube is inconsistent, and the walls are 

thin. However, this composition of ammonium fluoride percentage exhibited a pore diameter ranging from 76.4±2.43nm, 

with an average growth of nanotube length 2.32±0.36 μm. The surface morphology of the TNTAs shows the enormous 

growth of nanostructure tubes and diameter, but at some point, it started to destroy both the tube length and diameter. 

This shift might lead to a change in the development of the oxide layer and, ultimately, to its dissolution. A similar 

phenomenon was observed recently for growing nanoporous arrays in previous studies [23].  
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(b)  

Figure 10. FESEM analysis and histogram diagram of prepared TNT (7.5% H2O content and 0.5% NH4F concentration) 

(a) Top view and (b) Cross-sectional view  

Figure 10 shows the surface morphology of the anodized TNTAs in the ethylene glycol electrolyte with 7.5% H2O 

and 0.4 wt.% NH4F concentration. As seen in Figures 10(a) and 10(b), the homogeneity of the top structure of the TNTAs 

is inconsistent. Due to the excess chemical etching, the nanotube walls are thinner. At the same time, the compactness of 

the nanotube length shows enormous growth and homogeneity. However, this composition of ammonium fluoride 

percentage exhibited the highest pore diameter, ranging within 87.74±1.89 nm, with an average growth of nanotube length 

1.944±0.04 μm. The surface morphology of the TNTAs exhibits the enormous growth of nanostructure tubes and 

diameter, as described in a previous study conducted by Ribeiro and his coworkers [23]. Detailed research regarding the 

parameter is listed in Table 2, depicting the changes in the morphology of the prepared TNTAs and the influence of 

anodizing parameters. 

The chemical composition and purity of TiO2 nanotube array samples were investigated using EDX analysis, as 

presented in Table 1. Only peaks belonging to Ti and O elements were found in the EDX spectrum of the TNT sample, 

with no signs of any impurities other than C, which is due to the annealing being applied to the sample for crystallization. 

Table 1 shows the EDX analysis of porous TiO2 nanostructures obtained by anodization in 2.5% H2O 0.4wt% NH4F at 

40V for one hour, followed by annealing. The calculated atomic ratio for porous TiO2 nanotubes is (32.60±0.73%) and 

oxygen (63.17±1.01%).In our substrate, the weight percent for Ti and O is 59.53±1.34% and 38.53±0.61%, respectively. 

It is confirmed that the atomic ratio of titanium to oxygen is 1:2 (well-matching TiO2). Moreover, we can observe a peak 

corresponding to C remaining in the TiO2 nanostructures of electrolyte, and its wt% is almost 1. 
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Table 1. EDX semi-quantitative analysis of TNTA films produced from Ti Foil anodization in  

Ethylene glycol (2.5% H2O content and 0.4% NH4F concentration) 

Element Mass% Atom % 

C 1.94±0.06 4.23±0.12 

O 38.53±0.61 63.17±1.01 

Ti 59.53±1.34 32.60±0.73 

3.1 Parametric study 

This experiment investigates the morphological characteristics of the prepared TNTAs and the influence of the 

changing anodization parameters. Voltage and anodization time were kept constant to study the effect of ammonium 

fluoride percentage and water content in the composition of the third-generation EG electrolyte. Three distinct water 

content (2.5%, 5%, and 7.5%) and ammonium fluoride percentages (0.3%, 0.4%, and 0.5%) were set up and the samples 

were prepared independently. The prepared samples were annealed to get the amorphous crystalline structure of the 

TNTAs. The parametric study of the prepared sample is tabulated below.  

Table 2. Comparison of ethanol-based electrolytes prepared TNTAs morphology at various ammonium fluoride and 

water content (constant anodization time and voltage) 

Electrolyte 
H2O 

(%) 

NH4F 

(%) 

Tube length 

(μm) 

Tube diameter 

(nm) 
Time Voltage 

Ethylene 

Glycol 

(EG) 

2.5% 

0.3% 1.6 ±0.19 82.49±9.6 

1st step 20 minutes 

2nd step 1 h 
40V 

0.4% 5.3±1.3 65.38±5.68 

0.5% 4.22±1.3 49.813±9.15 

5% 

0.3% 1.4±0.53 42.55±0.64 

0.4% 1.17±0.25 60.17±10.05 

0.5% 3.689 43.45±0.475 

7.5% 

0.3% 0.536 85.86±0.83 

0.4% 2.32±0.36 76.4±2.43 

0.5% 1.944±0.04 87.74±1.89 

The ammonium fluoride percentage added to the electrolyte influences the nanotube diameter formation and the arrays' 

length. Figures 11 and 12 present the relationship among nanotube diameter, length, and concentration of NH4F. The 

ammonium fluoride percentage showed different effects on the length and nanotube diameter depending on the water 

content. The 0.3 wt.% NH4F and 0.5% wt.% NH4F with combination of 5% of H2O exhibited the lowest diameter. 

However, the tube diameter increased to 87.74±1.89 when the Anodization was carried out with an electrolyte containing 

0.5% wt: % NH4F and 7.5% water content. However, the higher percentage of NH4F reduced the length, which can be 

caused by the drastic chemical dissolution due to the increased number of fluoride ions on the surface of TNTAs. Whereas 

the diameter of the TNTAs exhibited a marginal increase with the increase in NH4F content [25]. During the anodization 

process, the growth of oxide thickness is due to the ion migration across the anodic film. The fluoride ions are the fastest 

inward moving ions than any other ions, forming a fluoride-rich layer (FRL) on the Ti- interface. The scallop-shaped 

bottom of the nanotubes shows that the FRL is the interpore material, indicating a flow mechanism in the oxide pore 

formation. When the FRL is dissolved by water, pores are separated, resulting in discrete nanotubes. The large amount of 

FRL sticks around the walls of the nanotube pores, the water content in the electrolyte results in excess dissolution of this 

FRL, and the TNTAs are formed with thin walls [26]. As seen in the FE-SEM images, all the TNTAs prepared in the 

electrolyte containing 0.5 wt.% NH4F had thinner walls and an inhomogeneous surface structure. Considering this, the 

electrolyte with the 0.4 wt.% NH4F concentration was considered optimum due to the adequate surface etching and 

considerable length of the TNTAs.  
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Figure 11. Relationship between nanotube diameter and concentration of NH4F (wt.%)  

 

 

Figure 12. Relationship between nanotube length and concentration of NH4F (wt.%) 

4.0 CONCLUSION 

The present study was conducted to optimize anodizing parameters for the optimum morphology of Titanium dioxide 

Nanotube Arrays. To study the influence of the anodizing parameters, the amount of ammonium fluoride and water 

content was varied while keeping the rest constant. However, the highest pore diameter of 87.74±1.89 nm was formed 

from the TNTAs prepared in the composition of Ethylene Glycol with 7.5% water and 0.5% NH4F. The most 

homogenous, well-aligned, and honeycomb structure was obtained from the TNTA samples prepared in the ethylene 

glycol electrolyte with 2.5% water content and 0.4% NH4F concentration. The sample exhibited a pore diameter ranging 

from 65.38±5.68 nm while attaining the highest growth of nanotube length 5.3±1.3 μm. The surface morphology of the 

TNTAs exhibits a highly ordered, aligned, and homogenous surface structure of TNTAs. As seen in the FE-SEM images, 

the structure contains a honeycomb-like homogenous surface structure. It was observed that the ammonium fluoride and 

water content influenced the morphological characteristics of the TNTAs simultaneously. 
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