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Abstract:

 In this article we investigate the structural and photocatalytic properties of W-doped titanium dioxide coatings. TiO2-W thin films were deposited onto glass slides by reactive magnetron co-sputtering. The properties of the films were analyzed using such techniques as XRD, Raman spectroscopy, EDX, TEM, and surface profilometry. The photocatalytic properties of the coatings were assessed using the methylene blue (MB) degradation test under UV and fluorescent light sources. The methylene blue decomposition experiments showed that, at the optimum dopant concentration of tungsten, the photocatalytic activity can be improved by a factor of 6, compared to undoped titania. For the coatings discussed within this work, the optimum dopant concentration was determined to be 5.89 at.% of W. The results indicated that tungsten doping at this level extends the lifetime of the photogenerated charge carriers and significantly increases the photocatalyst surface area.
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1. Introduction


Titanium dioxide (or titania) coatings are widely used in photocatalysis due to their low toxicity, high stability, and availability. They find applications in various areas, such as self-cleaning and anti-microbial surfaces, air and water purification facilities, etc. However there are several drawbacks associated with the use of titania as a photocatalyst, therefore manufacturers often have to look for alternative materials. The low quantum efficiency of titania is one of the major problems limiting its practical use [1]. In addition, titania has a relatively high band gap value of 3.2 eV, which means that it can be activated only with UV light. However for many applications it would be desirable to extend the band gap excitations towards the visible region, and also to prolong the lifetime of photogenerated charge carriers. Doping of titanium dioxide with transition metal ions provides a relatively well-studied and convenient way of solving both problems described above. Titanium dioxide doped with transition metal ions can demonstrate extended band gaps and significantly higher photocatalytic efficiencies [2,3]. The dopant concentration is an important parameter to be considered, as the amount of dopant influences the processes of charge carrier trapping, separation, and recombination [4]. Therefore, the amount of transition metal introduced should be within a so-called optimum concentration, as too low a dopant content does not affect the process of charge carrier generation, and too high a content of doping metal results in the formation of extra recombination sites and shortens the lifetime of photogenerated electrons and holes. Consequently, defining the optimum concentration of doping metal is a key factor for successful doping. This optimum value may vary significantly and depends on several factors, such as the type of dopant chosen, the coating deposition technique, annealing conditions, etc. [5].



Pulsed DC reactive magnetron sputtering of a titanium target in an argon/oxygen atmosphere represents a convenient and scalable technique for the deposition of photocatalytic coatings. Doping metals can be easily incorporated into the coating structure by introducing an additional target to the sputtering system. The doping metal content can be varied with good precision by varying the power applied to the doping target. Titania coatings deposited by the magnetron sputtering technique are characterized with high uniformity and good substrate adhesion [6].



Tungsten doping is proven to be an efficient technique for solving the major problems associated with the use of titania as a photocatalyst. Having an ionic radius similar to that of titanium, tungsten is expected to be incorporated into the titania crystal lattice in a substitutional manner [2]. Several authors have reported significant improvements in the photoactivity of titania through doping it with tungsten [3,7,8,9]. However, information on the optimum tungsten doping level varies significantly in these different works. Thus, Li et al. described titania with 3 at.% of W as high activity photocatalyst for coatings deposited by the sol-gel method [10], while Kubacka et al. found the optimum concentration to be significantly higher—19 at.%,with the coatings prepared by a microemulsion method [7]. It can be seen that the optimum dopant content may vary significantly, depending on the deposition process used. Therefore, this work was conducted to satisfy the need for an optimization study for W-doped coatings deposited by the reactive magnetron co-sputtering technique. The present authors have already highlighted the efficiency of tungsten as a doping metal for titania coatings [2,3], however no systematic study on the doping metal content and its influence on the photocatalytic and structural properties of titania has been carried out to date.




2. Experimental Section


2.1. Sample Preparation


The coatings were deposited by magnetron sputtering in a Teer Coatings Ltd. (Droitwich, UK) UDP450 rig from three vertically opposed 300 mm × 100 mm unbalanced planar magnetrons, which surround a rotating substrate holder. Titanium targets of 99.5% purity were fitted to two of the magnetrons; the tungsten target (99.99% purity) was fitted on the third magnetron. The titanium targets were driven in pulsed DC mode using a dual channel Advanced Energy Pinnacle Plus power supply. A time-averaged power of 1 kW was delivered to each target in synchronous mode at 100 kHz pulse frequency, 50% duty. The third magnetron, with the tungsten target, was operated in DC mode using an Advanced Energy MDX power supply over the range of powers 60–180 W, to vary the dopant content in the coatings. Undoped titania coatings were also deposited for benchmarking purposes. The reactive sputtering process was carried out in an argon/oxygen atmosphere at a pressure of 0.3 Pa. The oxygen flow rate was controlled using a ReactafloTM (Megatech Ltd., Cannock, UK) optical emission monitoring (OEM) system at a set point of 15% of the full metal, which has been found previously to produce stoichiometric titania coatings [2]. The soda-lime glass substrates used in this work were ultrasonically cleaned in propanol prior to deposition and mounted on the rotatable substrate holder. The rotation speed was set at 4 rpm for all coatings produced in this work.




2.2. Coating Characterization


The composition of the as-deposited coatings was analyzed with EDX (EDAX Trident, installed on a Zeiss Supra 40 VP-FEG-SEM, Edax Co., Mahwah, NJ, USA). The coatings were the annealed in air at a temperature of 873 K for 30 min, followed by gradual cooling (for a total time of 5 hours) to avoid thermally stressing the coatings. All the annealed coatings were analyzed by Raman spectroscopy (RenishawInvia, 514 nm laser, Renishaw, Gloucestershire, UK) and X-ray diffraction (Philips PW1729 diffractometer with CuKα1 radiation at 0.514 nm, PANalytical Ltd., Cambridge, UK) for determination of the crystal structure. Coating thickness was measured using Dektak profilometry. The surface roughness of the coatings was determined using MicroXAM white light surface profilometry. TEM analysis was also carried out externally on selected samples (FEI Tecnai FEGTEM Field Emission gun TEM/STEM fitted with HAADF detector, FEI, Cambridge, UK). Prior to TEM analysis, the coatings were thinned with focused ion beam (FIB) and coated with platinum. Platinum layers were used as sacrificial layer to protect the sample of the destructive sputtering of the ions, during FIB.




2.3. Evaluation of Photocatalytic Activity


The assessment of the photocatalytic properties of the coatings was carried out using the methylene blue dye photodecomposition technique. Methylene blue (MB), an organic dye with molecular formula C16H18ClN3S, is often used for photocatalytic tests. ISO standard 10678 confirms the use of methylene blue as a model dye for surface photocatalytic activity determination in aqueous medium [11]. Solutions of MB in distilled water have an intense blue color, and therefore show a strong absorption peak at 665 nm. The concentration of MB solution used in this work was 1.5 μmol/L. Changes of the 665 nm absorption peak height were continuously monitored for a total time of 1 hour with an Ocean Optics USB 2000+ spectrometer. According to the Lambert-Beer law, the concentration of dye is proportional to the absorbance value:


A = εcl



(1)




where A is absorbance, ε is the molar absorbance coefficient; l is the optical length of the cell where the photocatalyst is immersed into MB.



The photocatalytic decomposition of MB was approximated to first order kinetics, as shown in the equation:
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(2)




where C0 and C are the concentrations of MB solution at time 0 and time t of the experiment, respectively.



If the ratio of absorption decay is proportional to the concentration decay, the first order reaction constant, ka can be found from the slope of the plot ln(A0/A) against time.



Prior to the photocatalytic experiments, samples of the coatings were immersed in a conditioning solution of MB for 30 min in the dark for pre-absorption of the dye on the test surface. For the photocatalytic activity measurements samples were immersed into 40 mL of MB aqueous solution of concentration 1.5 μmol/L (the concentration was defined experimentally to be able to detect photocatalytic response of each coating tested in 1 hour experiment). Each coating was tested under UV and fluorescent light sources; 2 × 15 W 352 nm Sankyo Denki BLB lamps (Sankyo Denki Co., Osaka, Japan) were used as the UV light source and 2 × 15 W Ushio fluorescent lamps (USHIO, Tokyo, Japan) as the fluorescent light source. Figure 1 shows the spectra of the UV and fluorescent tubes used for the photocatalytic tests. The integrated power flux to the coating was 4 mW/cm2 for the UV light tubes, and 6.4 mW/cm2 for fluorescent light tubes of which there is a UV component of 0.5 mW/cm2 (8%). The natural decay rate of methylene blue (without the photocatalyst presence) under each type of light source was measured for reference purpose, as well as degradation rate of methylene blue in contact with photocatalytic surface but without light irradiation (in the dark). In both cases the degradation rate of methylene blue during 1-hour experiments was of zero order, thus could be neglected in the following calculations. Therefore any changes in the absorption peak height could only be attributed to the photocatalytic activity of the coating [12].


Figure 1. Spectra of the UV and fluorescent tubes used for photocatalytic testing.
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3. Results and Discussion


3.1. Coating Composition and Thickness


The composition of the coatings, determined by EDX, and their thicknesses are presented in Table 1.


Table 1. Compositional properties and thickness of W-doped titania coatings.


	Coating ID
	Power applied on tungsten target, W
	Tungsten content, at.%
	Coating thickness, nm





	W60
	60
	3.83
	702



	W70
	70
	4.64
	746



	W80
	80
	5.89
	758



	W90
	90
	7.09
	793



	W100
	100
	10.03
	814



	W150
	150
	13.87
	889



	W180
	180
	15.84
	896











Raman spectroscopy showed that all the as-deposited coatings were amorphous. After annealing in air at a temperature of 873 K the coatings were re-analyzed by Raman spectroscopy and XRD. Prior to photocatalytic testing, the visual appearance of the coatings was also studied. Coatings W60–W100 were uniform and optically transparent, and essentially identical to undoped titania coatings annealed at the same temperature. Coatings W150 and W180 was bluish in color, with the color being more intense for the coatings containing higher loadings of tungsten. This, along with the thickness of the coatings increasing with increasing dopant content, may indicate the formation of tungsten oxide. This may happen when the concentration of tungsten in the coating exceeds the dispersion limit in titanium dioxide. The bluish color of the coatings can be attributed to the presence of tungsten oxide with molecular formula W20O58 [13], which can form as a result of the reaction of tungsten ions with amounts of oxygen insufficient for the formation of WO3.




3.2. Raman Spectroscopy Results


The results of Raman spectroscopy of the annealed coatings are shown in Figure 2a,b. As can be seen from the Raman spectra, all the annealed coatings were crystalline. However significant differences were observed in the spectra for coatings with lower (W60–W90) and higher (W100–W180) tungsten content. The lower tungsten content coatings showed intense peaks at 144, 397, 516 and 638 cm−1 which can be directly attributed to the anatase phase. All the coatings also had a weak, broad peak at 968 cm−1 which can be attributed to W = O bond stretching [14], which is common for all types of tungsten oxide. Increasing the tungsten content resulted in weaker crystal structures with broader peaks. The crystal structure of coatings W100 can be described as mixed anatase/rutile, with anatase peaks as described earlier and rutile peaks at 448 and 609 cm−1. Samples W150 and W180 exhibited only rutile peaks. The broad peak at 273 cm−1 can be attributed to the presence of tungsten oxide species on the surface of the coatings [13]. This peak is absent from the spectra of coatings W60–W90, however, it may be hidden by the high intensity of the anatase peaks.


Figure 2. Results of Raman spectroscopy of titania and W-doped titania coatings deposited onto glass substrates and annealed at 873 K (a) TiO2 and samples W60–W90; (b) Samples W100–W180.
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The Raman spectrum for an undoped titania coating annealed at a corresponding temperature is presented for comparison purposes. It can be seen that pure titania also has an anatase structure, however, unlike the W-doped coatings, no other peaks can be seen in the spectrum.



Overall, the Raman spectra of W-doped coatings clearly indicate that increasing W content leads to the formation of a rutile structure, with sample W180 showing rutile peaks only. Some proportion of the added tungsten forms an oxide on the surface of the coatings; this can be seen more clearly for the coatings with higher W content.




3.3. XRD Results


The XRD patterns obtained for the annealed W-doped titania coatings are presented in Figure 3a,b. As for the results of Raman spectroscopy, they are divided into two parts for ease of comparison. An XRD pattern for undoped titania is also presented for reference purposes. It can be seen that both undoped and all of the W-doped coatings were crystalline after annealing at 873 K. Coatings W60–W100 were in the anatase phase with major anatase peaks (marked A in the figure) found at 25.3°, 37.8°, 48.0°, 55.0° and 62.6°2θ (JCPDS: 21–1272). Coatings W150 and W180 showed the presence of characteristic rutile peaks (marked R) at 27.4°, 36.0°, 39.1°, 54.3°, 56.6° and 64.0° 2θ (JCPDS: 21–1276) with W150 being a mix of anatase and rutile and W180–purely rutile. Generally, XRD data were in good agreement with Raman spectroscopy data. However, no peaks besides those corresponding to titania were found in any of the XRD patterns obtained. It is presumed that the absence of any tungsten oxide peaks is due to the amount present being below the detection limit of the XRD system available.


Figure 3. XRD results of titania and W-doped titania coatings deposited onto glass substrates and annealed at 873 K. (a) TiO2 and samples W60–W90; (b) Samples W100–W180.
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3.4. Band Gap Calculation


Values of the optical band gaps of the coatings were calculated using the Tauc plot method [15], by plotting (αhν)1/2versus hν and extrapolating the linear region to the abscissa (where α is absorbance coefficient, h—Plank’s constant, ν is the frequency of vibration). Examples of this method are shown graphically in Figure 4, and band gap values for all coatings studied are presented in Table 2, along with other analytical results.


Figure 4. An example of optical band gap calculation for undoped and W-doped titania coatings annealed at 873 K.
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Table 2. Morphological characteristics, photocatalytic activity values and optical band gaps of titania and W-doped titania coatings after annealing at 873 K.


	Coating ID
	Band gap, eV
	ka × 105, s−1 UV light
	ka × 105, s−1 Fluorescent light
	Surface roughness, μm
	Surface area, μm2
	Crystal structure





	TiO2
	3.16
	1.7
	0.6
	0.0114
	5523
	anatase



	W60
	3.12
	4.0
	1.0
	0.0491
	5620
	anatase



	W70
	3.09
	5.6
	1.2
	0.0309
	5614
	anatase



	W80
	3.09
	9.9
	2.7
	0.0218
	5602
	anatase



	W90
	3.05
	6.4
	2.1
	0.0161
	5554
	anatase



	W100
	3.02
	2.2
	1.6
	0.0144
	5535
	anatase



	W150
	3.00
	1.4
	0.8
	0.0138
	5525
	anatase/rutile



	W180
	2.98
	0.9
	0.6
	0.0152
	5520
	rutile









As can be seen from the results, increasing tungsten content results in significant band gap shifts towards the visible range. However, narrowing of the band gap may also be partly attributed to crystal phase transitions of titanium dioxide. It is known that the band gap value of pure anatase titania is 3.2 eV, while for the pure rutile phase this value is somewhat lower (3.1 eV). As shown from the results of XRD and Raman spectroscopy, coatings with higher W content tended to form the rutile crystal phase. Thus, some proportion of the decrease of the band gap value for the high W-content coatings must be attributed to these phase transformations. For coatings W60–W90 with lower W-content and anatase structures, the red shift of the band gap caused by the presence of tungsten can be evaluated as being moderate, with the absorbance limit shifted from 392 nm for undoped titania to 406 nm for sample W90.








3.5. Morphological Properties


The morphological properties of the coatings (surface roughness and surface area), evaluated by white light surface profilometry can be seen in Table 2. There is a clear trend in the results of these measurements, with sharp increases in surface roughness and surface area with W content for coatings W60 to, compared to undoped titania. However, with further increases of tungsten the surface area of the coatings was found to reduce back to the values obtained for undoped titanium dioxide. Examples of 3D surface images can be seen in Figure 5a–c. High values of surface roughness and surface area are often described to be the distinctive features of W-doped titania coatings, regardless the deposition method used [16,17]. High coating surface area is believed to contribute to the photocatalytic activity observed, as it increases the area in contact with the methylene blue. The decrease of surface area and surface roughness values for the high W-content coatings may be a result covering of the surface of the photocatalyst with tungsten oxide species, as indicated by the Raman results.


Figure 5. 3D surface maps (autoscaled along Z axis) obtained by white light surface profilometry. (a) undoped titania; (b) sample W60; (c) sample W100.
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3.6. TEM Results


TEM analysis of selected coatings was carried out in order to investigate the structural properties of the coatings and the influence of tungsten doping on the coatings structure. Prior to TEM analysis, the coatings were thinned with a focused ion beam (FIB) and coated with platinum. The platinum layer was used as a sacrificial layer to protect the sample from the destructive sputtering during FIB preparation.



The bright field TEM micrographs obtained are presented in Figure 6a–d. The dependence of the structural changes observed on the tungsten content can be seen in these micrographs. Figure 6a shows a TEM micrograph of an undoped titania coating. The structure presents a relatively dense mixture of fine and coarse crystals. The layer seen on the bottom of the coating consists of amorphous titania, as indicated from diffraction results (shown in Figure 6a). The micrograph of sample W80 is shown in the Figure 6b, revealing a fine columnar structure for this coating. It can be seen that the base layer of the coating is significantly more porous than the rest of the coating. The diffraction pattern of sample W80 showed that the base layer was microcrystalline rather than amorphous. The TEM micrograph of sample W100 (Figure 6c) showed a nanocrystalline structure. Finally, Coating W150 (Figure 6d) had a uniform fine columnar structure. No base layer or additional crystal inclusions were observed in this sample.


Figure 6. TEM micrographs obtained for undoped and W-doped titania coatings annealed at 873 K. (a) Undoped TiO2; (b) Sample W80; (c) Sample W100; (d) Sample W150.
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EDX elemental mapping of the doped samples showed a uniform distribution of tungsten throughout the bulk of the coatings.




3.7. Photocatalytic Activity Measurements


The values of the first order rate constants for MB photodecomposition under UV and fluorescent light sources are shown in Table 2. It can be seen that considerable improvement in photocatalytic activity was observed with increasing tungsten content, reaching a maximum for sample W80, beyond which the activity levels fell back to the undoped level, or below. Variation in the MB decomposition rate as a function of W content in the coatings is presented in Figure 7. The curve has a sharp maximum at 5.89 at.% of W for either light source.


Figure 7. Efficiency of MB degradation by W-doped titania coatings annealed at 873 K as a function of W content.
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As the band gap shift of the coatings showing the highest activity was relatively small, the increased photocatalytic activity both under UV and fluorescent light sources is believed to be predominantly attributed to improved electron-hole separation, rather than the band gap shift towards the visible range. This can be confirmed by using a UV filter (filter cuts off the light with wavelength less than 400 nm)—the use of the filter in photocatalytic measurements significantly reduced the level of activity observed for these coatings under the fluorescent light source. Thus, MB decomposition rate constant under the visible light source for the coating W80 was only 0.4 × 10−5 s−1, while for the rest of the coatings these values were even lower.



Since some tungsten oxide was found to exist as a separate phase (according to the Raman spectroscopy results), the following explanation of improved photocatalytic properties of the coatings is proposed. The band gap value of tungsten oxide is reported to be significantly lower than that of titanium dioxide (2.5–2.8 eV depending on the source [18,19]), therefore the conduction and the valence bands of WOx are located lower than the corresponding bands of titania. The model presented in Figure 8 is proposed by several authors to represent the photocatalytic mechanism of the W-doped TiO2 photocatalysts [5]. It is also suitable for the explanation of improved photocatalytic behavior observed during this work for coatings deposited by magnetron sputtering. When the photocatalyst is irradiated with light, the photogenerated electrons will be transferred into the tungsten oxide conduction band, as it is located lower than the corresponding band of titanium dioxide. Conversely, the holes will be accumulated on the valence band of titania, assisting the efficient charge separation. In the case of coatings with higher W content, excessive levels of dopant act as recombination centres for photogenerated elections and holes. In addition, the formation of a separate phase of tungsten oxide reduces the surface area of titanium dioxide, as proved by the surface morphology results, and thus reduces the area of contact between the pollutant and the photocatalyst. These factors result in a significant loss of photocatalytic activity for coatings W150–W180. As the results obtained for both UV and fluorescent light sources showed that the maximum activity occurred at the same tungsten concentration, this can be taken as a proof of more efficient charge carrier separation at 5.89 at.% of W.


Figure 8. Electron-hole transfer scheme for W-doped titania photocatalysts.
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4. Conclusions


W-doped titanium dioxide coatings were deposited onto glass substrates by reactive co-magnetron sputtering and their ability to decompose MB under UV/fluorescent light irradiation was successfully demonstrated. For both light sources, low concentrations of tungsten caused significant improvements of the photocatalytic properties. The maximum photocatalytic efficiency was found for the coatings containing 5.89 at.% of tungsten, which can, therefore, be defined as the optimum doping level. The activity of the coating with this optimum level of dopant exceeded that of undoped titania by a factor of 6 under UV light and by a factor of 4 under fluorescent light. The high photocatalytic activity of W-doped titania (<10 at.% W) coatings is believed to be a result of more efficient electron-hole separation, compared to undoped titania, and higher surface areas for the reaction to take place. Further increase in tungsten content resulted in rutile phase formation and fast charge carrier recombination at the excessive dopant centres, hence very low photocatalytic efficiency.



The shift of the optical band gap of the W-doped titania coatings was found to be quite low, therefore high activity under the fluorescent light source can rather be attributed to the UV part of the spectra, than improved visible light performance. However, under normal indoor irradiation the coatings demonstrated significant photocatalytic efficiency, comparable to the photocatalytic efficiency of undoped titania under UV light. Therefore, despite the low shift in band gap, W-doped coatings with the optimum level of dopant may find their application as efficient indoor photocatalytic materials.
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