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Abstract

:

Porous TiO2 thin films were prepared via electrochemical anodization of commercial-grade titanium foils in baths containing variable amounts of ethylene glycol. X-Ray diffraction, scanning electron microscopy, and UV/visible spectroscopy were employed to assess the effect of ethylene glycol on the nature of TiO2 layers. Emphasis is given to the modification of pore size and anatase-to-rutile ratio since these characteristics strongly affect the catalytic performance of TiO2. To simplify the scaling up of the process, a single-step anodization process was employed on a commercial grade 2 titanium foil in constant-current mode without the use of fluorides—conditions that are easily replicable on an industrial scale. We point out some interesting relationships among operating parameters, such as bath composition and current densities, and the characteristics of the anodization layers evidence that the pore size and anatase-to-rutile ratio can be strictly controlled. Increasing the amount of ethylene glycol stimulated the formation of a thinner and less porous TiO2 layer, richer in rutile phase, and characterized by reduced-diameter pores. These results demonstrate the effectiveness and, to some extent, the tunability of the morphology and mineralogic composition of titanium anodization in fluoride-free and ethylene-glycol-bearing acidic solutions.
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1. Introduction


Titanium dioxide, despite recent concerns about its toxicity and suspected carcinogenicity [1], is an intensively researched and widely employed, low-cost material. It exists mainly in four different allotropic phases (amorphous, brookite, anatase, and rutile) which are characterized by different structural and physical properties. These phases can also form a large variety of architectures ranging from compact to porous layers, as well as nanotube or nanowire arrays [2,3,4]. Those architectures are the object of interest due to the possibility of them being used not only as hosting or templating substrates [5,6,7] but also as catalysts. Indeed, titanium oxide exhibits good photocatalytic properties toward the degradation of organic pollutants [8,9], an activity that can be significatively increased when the architecture of the catalyst is organized to maximize the exposed surface and the suitable crystalline form. According to these requisites, the candidate material should match the right arrangement at the atomic, nano, and micrometric scales. Generally speaking, among the various allotropes of titanium oxide [10,11], anatase is considered to possess the best photocatalytic efficiency with an activity exceeding that possessed by rutile and the amorphous phase [11].



There are several reported methods to obtain TiO2 catalysts; however, among those, anodization from acidic solutions seems to be the simplest and least expensive [12,13,14,15,16,17]. This technique returns layers strongly bonded to the substrate, which, being made of titanium, is conductive, exhibits heat resistance, and possesses good chemical stability. Moreover, the obtained layer is usually porous [14]; moreover, it can be crystalline, and, as a function of to the environment and the anodizing parameters employed, traces of the electrolytes can be incorporated [11,14,18]. As with aluminum [19,20], titanium anodization can be performed under potential or current control. In this research paper, we adopt the current control approach, whereby we fix the current value, leading the voltage value to vary as a function of the electrical behavior of the system (mainly solution conductivity and insulating properties of the growing oxide). This requires a simpler experimental setup which can be more easily scaled up to an industrial level. Moreover, the choice of a well-stabilized power supply can reduce the fluctuations in the electrical parameters, leading the voltage to establish its value as a function of the path followed by the oxide layer growth [14]. This mechanism consists of the formation of an insulating material (titanium oxide, via a mechanism that is still debated in the detailed process) in equilibrium (in terms of conductivity and thickness) via anodic spark deposition (ASD). This latter phenomenon occurs with the onset of a small and well-distributed discharge on the anode’s surface, leading to a rapid formation of titanium oxide and accounting for the growth of high porous and, generally, crystalline oxide layer [14]. It has been proven that the experimental condition of anodization may affect crystallinity, composition, and morphology [12,13,14,15,16,17,21,22,23,24,25,26,27,28] with a putative large tunability. Anodizing is usually performed in acidic environments [12,16,18,21], but several other solution compositions such as ionic liquids [29], nitrate ions with alcohols [30], phosphates [16,27,28,31], and bicarbonates [32] have been proposed and tested. Since ethylene glycol, in combination with fluoride [33], is widely employed for the fabrication of TiO2 nanopores and nanotubes, we chose to study the effect of its addition on well-characterized anodizing solutions [14]. Regarding the non-ordinated porous TiO2 layers, the effect of small amounts of EG (maximum 5% by volume) on the acidic bath was studied by Razzaboni and coworkers [34], who achieved nanocrystalline deposits exhibiting outstanding photocatalytic properties. In ordered nanoporous and nanotubular structures, the effect induced by water addition in EG solutions was also investigated [35], along with the effect of temperature and fluoride concentration [36,37,38]. Taking into account these studies, we focus on the effect induced by the variation of EG content in terms of morphology, mineralogic composition, and process efficiency. Employing a much wider EG content and, in the absence of fluoride ions, we aim to understand how the use of such a compound alone may constitute a practical and effective way to tailor the morphology and the anatase/rutile ratio of anodized TiO2 layers, constituting a cheap and robust way for the realization of catalytic surfaces.




2. Materials and Methods


Commercial pure titanium (grade 2 according to ASTM B265 classification) specimens (30 mm × 30 mm × 1.5 mm) were cut from a hot-rolled foil and used as substrate. All samples were oriented parallel to the rolling direction to avoid preferential orientation. Before anodization treatment, the samples were mechanically polished using SiC abrasive papers down to P1200 grit, cleaned with detergent, water, and acetone, and then air-dried. Several layers of Kapton tape masked the sample’s upper half, leaving a surface of 10 cm2 ready to be treated. The anodizing process was carried out using the constant-current mode, with a two-electrode setup, wherein the anode constituted the titanium sample. It was inserted in a polypropylene cell surrounded by a grid of AISI 316l stainless steel constituting the cathode. The power supply was a computer-controlled generator TDKlambda ser 3.3 kW-2U (TDKlambda, Tokyo, Japan). Four different current densities (20, 40, 80, and 100 mA·cm−2) were tested to anodize 10 cm2 of titanium, an area delimited on the titanium surface by means of a Kapton tape, selecting two opposite faces of the specimen. Regarding the bath composition, five different electrolytic aqueous solutions were tested: all of which contained 0.5 M sulfuric acid (Sigma-Aldrich, Darmstadt, Germany) and different amounts of ethylene glycol (EG) (0%, 20%, 40%, 60%, and 80% v/v quantities). To characterize the nature of the oxides formed, XRD analysis (D8 Advance, Bruker, Santa Barbara, CA, USA) was carried out using Bragg Brentano geometry, collecting the diffraction patterns in the diagnostic range of anatase and rutile (24°–29°), with a 2.5 s step of 0.02°. To control the substrate, we collected XRD diffractograms from 20° to 65°, with a 0.05° step of 1 s. All data were collected using a slit of 0.2 mm. Diffractograms were fitted using MAUD software (version 2.94) [39] and CIF files of anatase and rutile available on COD [40,41] to calculate the percentage of the forming crystallographic phases. After graphitization, the morphology of the anodized layers was investigated using an SU3800 scanning electron microscope (Hitachi High-Tech, Tokyo, Japan), equipped with an Ultim Max 40 silicon drift energy-dispersive analyzer (Oxford Instruments, Wiesbaden, Germany). Bandgap measurements were performed using a UV/Vis spectrophotometer Cary 300 (Agilent, Santa Clara, CA, USA) in reflectance mode counting 0.1 s for every 1 nm step, followed by data processing using the method suggested by Makula and coworkers [42].




3. Results


3.1. Substrate Characterization


Prior to the anodization step, the substrate was prepared following the method described in Section 2 and then characterized using XRD to assess the absence of a significant number of crystalline oxides. Figure 1 reports the extended XRD diffractogram of titanium substrate, showing the peaks attributable to the alpha phase alone. The relative intensity of the diffraction peaks slightly differed from the standard PDF 44-1294 pattern, indicating an iso-orientation, probably arising from the manufacturing (hot rolling) step. The region between 24° and 29°, characteristic for the anatase (101) and rutile (110) diffraction peaks, and classically used to determine their relative intensities [14], did not display noticeable diffraction peaks, indicating the absence of detectable amounts of these oxides in the substrates.




3.2. Anodizing Treatment Conditions


The anodization process was carried out aiming to determine the effect of three different experimental parameters: (a) ethylene glycol amount, (b) current density, and (c) process duration.



Thus, following the work of Diamanti and coworkers [14], we chose to operate in acidic bath containing 0.5 mol·L−1 of H2SO4 and variable amounts of water and ethylene glycol (EG). To assess the effect of its addition to the aqueous solution, five anodizing baths were prepared. These are listed in Table 1, named A to E. All of them were employed to produce anodized samples at a current density of 80 mA·cm−2 for 120 s.



To determine the effect of current density, we operated at 20, 40, 80, and 100 mA·cm−2 using the bath composition identified as B (see Table 1), limiting the process duration to 120 s.



Finally, the effect of treatment duration was evaluated, for bath B, operating at 20 mA·cm−2 current density and extending the anodizing time to 300 and 600 s, respectively.



The potential–time transients obtained, while varying the current densities and the bath composition, are displayed in Figure 2A,B, respectively. They closely resemble the classical ones obtained for titanium in acidic aqueous solution.



The potential vs. time transients are characterized by a steep voltage increase, followed by a pseudo-linear behavior, ending in a nearly constant value at about 100–120 s. As expected, a higher current density led to higher final potential results (Figure 2A).



On the other hand, increasing the amount of EG returned steeper transients and higher final potentials, except for a very high content (solution E, 80% EG), which, after reaching 93 V, started a regime of sharp potential fluctuations that were probably due to local voltage-induced breakage of the growing oxide (Figure 2B).




3.3. Mineralogical Composition


Diffractograms collected in the diagnostic region of anatase (101) and rutile (110) are presented in Figure 3. It is worth noting that the three operative variables investigated returned three different effects. The increase in EG content in the bath composition resulted in a diminishing of both anatase and rutile. However, anatase formation was more inhibited than rutile formation (Figure 3C). Current densities affected the relative abundance of rutile and anatase; lower current density returned nearly pure anatase, whereas increasing the current density stimulated the production of rutile that almost reached 20% at 100 mA·cm−2 (Figure 3A). Lastly, anodizing time did not affect the mineralogical composition of the film. The coatings produced with treatment lasting for 600 s were still composed exclusively of anatase (Figure 3B). Table 2 and Table 3 summarize these data in terms of mineralogical composition and potential reached during the anodization.




3.4. Morphological Investigation


The anodized samples were characterized by a variable degree of porosity. The layer produced from solution A (0% EG, Figure 4A) showed a highly porous surface, while the sample produced using solution E (80% EG, Figure 4B) was characterized by the absence of pores and showed large portions of the surface interrupted by the presence of large depressions and cracks.



As depicted in Figure 5, the increase in EG content (from 0% to 60% EG) returned coatings characterized by the presence of fewer and smaller pores. The increase in current density led to the formation of a more porous film (higher number of pores), as depicted in Figure 6. The same image also reveals the effect induced by an increase in the treatment time (Figure 6A–F), which also returned a more porous layer.




3.5. Bandgap and Chemical Composition


The bandgap measurement, carried out as described in Section 2, did not return unexpected results: 3.5 eV with negligible variation among the samples. Regarding the chemical composition, EDS analyses evidenced, along with titanium and oxygen, the presence of sulfur (values around 0.5%–1%, see Table 4). The amount of sulfur increased at higher current densities, while the duration of the anodization did not affect its content. Conversely, the addition of EG resulted in slight changes in the sulfur content, which assumed the highest value for EG content of 40% v/v. Incorporation of sulfate ions from the anodization bath is the more suitable explanation for such an occurrence.





4. Discussion


The data presented in Table 2 and Table 3 allow us to identify some interesting correlations between the anodizing parameters and the nature of the TiO2 film. The addition of EG up to 60% v/v reduced the intensity of the diffraction peaks, especially regarding the anatase phase. When EG became even more abundant (80% v/v, bath type E), the peaks related to both crystalline phases almost disappeared. Since the diffractogram baseline did not increase and the coating macroscopically showed interferential coloration, the formation of a thinner TiO2 layer can be concluded. Since the charge flown during the treatment was the same, it can also be concluded that the addition of EG reduced the efficiency of the anodization process. Small current densities stimulated the selective formation of anatase, with anodization layers that presented few pores, whose number increased over time without changing the mineralogical composition. Even after 600 s of anodizing, the peaks reported in Figure 3B showed the formation of a layer composed of almost pure anatase. Higher current densities returned higher end-voltages and, as already reported by other authors [14], a larger amount of rutile and an increased number of pores. By comparing Figure 4 and Figure 5, the role played by EG can be revealed; larger amounts of EG led to the formation of smaller pores. A similar finding was observed by Rudnev and coworkers [43], which was explained on the basis of the work by Guo and An [44]. This latter study reported that the addition of a surfactant to the anodizing solution for the plasma electrolytic oxidation (PEO) process reduces the porosity of the oxide layer. This is a consequence of the reduced surface tension between the solid/liquid and liquid/gas interfaces [44], which leads to the formation of smaller oxygen bubbles. These bubbles are proposed to play a molding effect [45] on the growing oxide layer, resulting in the formation of smaller pores. A similar trend was observed by Berg and coworkers [46], who reported that the addition of water to a fluoride-bearing EG solution led to the formation of larger TiO2 nanotubes [46]. On the other hand, the efficiency reduction observed for high EG content is reasonably attributable to the electro-oxidation of EG which is known to be catalyzed by TiO2 [35]. Lastly, the cracked anodization layer observed in solution E may have been the result of the formation of a thinner and pore-free TiO2 layer, which presented a lower breakdown voltage unable to reach the onset of ASD and, therefore, achieve the formation of pores.



The steep slope in the initial part of the time vs. potential transient was directly related to both current density and EG amount. While the trend observed by varying the current density can reasonably be explained by a higher formation of oxide over time, the effect induced by the variation of the EG% can be explained by considering the different conductivity of the solution. The mineralogical composition of the oxide layer is similar to that observed by other authors who reported the formation of rutile at potential values higher than 110–130 V [11], whereby the EG-containing solutions are situated in the upper limit of this range.




5. Conclusions


This work evaluated the mineralogical and morphological effect induced by different anodizing conditions, particularly the EG content, on the formation of titanium oxide layers. We found that EG reduced the thickness of the oxide layer and, by impairing the formation of anatase, affected the anatase-to-rutile ratio. This could be due to the higher insulating properties of the growing layer, which generates higher potential values favoring the formation of rutile. Lastly, we also confirmed that the layers produced using this approach are porous, with a porosity that becomes more evident using higher current densities and a longer treatment time. Conversely, porosity becomes less evident using a higher amount of EG%. Therefore, through appropriate tuning of these operating parameters, an appropriate morphology and anatase-to-rutile ratio can be achieved via a one-step process.
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Figure 1. XRD data showing the absence of anatase or rutile peaks in the diagnostic region of 24°–29°. The extended region between 20° and 65° shows a small iso-orientation of the grade 2 titanium foil, imputable to the manufacturing. The plot was realized using diffracEva software (Bruker, Santa Barbara, CA, USA) (version 7); red bars are relative to JCPDS card number 44-1294 (alpha titanium). 
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Figure 2. Potential vs. time transients obtained during titanium anodization in acidic aqueous solution. (A) Same composition but different current densities. (B) Same current density (80 mA·cm−2) but different bath compositions. 
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Figure 3. Representation of the peaks attributable to anatase (A) and rutile (R) in the XRD diagnostic region. The relative percentage of the two crystallographic phases is also reported. (A) Samples produced at different current density. (B) Effect induced by different treatment times at 20mA·cm−2. (C) Effect induced by the anodizing bath composition (A to E). 
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Figure 4. SEM images of TiO2 layers produced at 80 mA·cm−2 in different baths: (A) bath type A; (B) bath type E. 
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Figure 5. SEM images of TiO2 samples obtained at 80 mA·cm−2 at different magnification (left 5000×; right 30,000×): (A,B) samples produced in solution A; (C,D) samples produced in solution B; (E,F) samples produced in solution C; (G,H) samples produced in solution D. 
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Figure 6. Morphologies of TiO2 films realized in solution B (left 5000×; right 30,000×). (A–F) Samples produced at 20 mA·cm−2 for three different durations: (A,B) = 120 s; (C,D) = 300 s; (E,F) = 600 s. (G,H) Samples produced at 40 mA·cm−2 for 120 s. (I,J) Samples produced at 100 mA·cm−2 for 120 s. 
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Table 1. Composition of the anodization baths as ethylene glycol (EG) and water.
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	Solution
	EG%
	H2O%





	A 1
	0
	100



	B 1
	20
	80



	C 1
	40
	60



	D 1
	60
	40



	E 1
	80
	20







1 H2SO4 (0.5 M).
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Table 2. Anatase /rutile (A/R) abundance and final potential as a function of bath composition.
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	Solution
	Current (mA·cm−2)
	% (A/ R)
	End Potential (V)





	A
	80
	(93.5/ 6.5)
	142



	B
	80
	(88.5/ 11.5)
	151



	C
	80
	(84.7/ 15.3)
	162



	D
	80
	(94.7/ 5.3)
	160



	E
	80
	(100/ 0)
	93
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Table 3. Anatase/rutile (A/R) abundance and final potential as function of current densities and anodizing time.
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Solution (Process Time)

	
Current (mA·cm−2)

	
% (A/ R)

	
End Potential (V)






	
B (120 s)

	
20

	
(100/ 0)

	
109




	
40

	
(91.1/ 8.9)

	
130




	
80

	
(88.5/ 11.5)

	
151




	
100

	
(81.7/ 15.3)

	
157




	
B (300 s)

	
20

	
(100/ 0)

	
123




	
B (600 s)

	
20

	
(100/ 0)

	
125
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Table 4. Sulfur content and final potential as function of anodization parameters.
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Bath Type

	
Current (mA·cm−2)

	
% S (Weight)

	
End Potential (V)






	
B

	
20

	
0.39

	
109




	
40

	
0.36

	
130




	
80

	
0.61

	
151




	
100

	
0.63

	
157




	
B (300 s)

	
20

	
0.44

	
123




	
B (600 s)

	
20

	
0.36

	
125




	
A

	
80

	
0.50

	
142




	
C

	
80

	
0.99

	
162




	
D

	
80

	
0.82

	
160




	
E

	
80

	
0.36

	
93
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