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Abstract

:

In the current study, a non-conventional application of the magnetron sputtering technique was proposed. A four-step synthesis procedure allowed us to produce a magnetic photocatalyst powder consisting of bi-layered particles with carbon-doped TiO2 on one side, and metallic Ni on the other side. XRD, SEM and EDS methods were used for sample characterization. It was determined, that after the sputtering process optimization, the bandgap of carbon-doped TiO2 was reduced to approximately 3.1 eV and its light adsorption increased over the whole visible light spectrum. The repetitive Rhodamine B solution bleaching with magnetic photocatalyst powder and visible light showed interesting evolvement of photocatalyst efficiency. After the first cycle, Rhodamine B concentration was reduced by just 35%. However, after the second cycle, the reduction had already reached nearly 50%. Photocatalytic bleaching efficiency continued to improve rapidly until higher than 95% of Rhodamine B concentration reduction was achieved (at tenth cycle). For the next ten cycles, photocatalytic bleaching efficiency remained relatively stable. The initial gain in efficiency was attributed to the magnetic photocatalyst particle size reduction from an initial diameter of 100–150 µm to 5 µm. Naturally, the 20–30 times size reduction resulted in a remarkably increased active surface area, which was a key factor for the increased performance.
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1. Introduction


Titanium dioxide is a widely used commercial material with a multitude of applications. For instance, due to exceptional brightness and whiteness [1,2] TiO2 powder is used as a white color pigment for paints, varnishes and other industrial products. But its non-toxic nature also permits to use it in human food (both as food colorant and as an additive to packaging materials), drugs, cosmetics or even implants [3,4,5,6,7]. In recent decades, TiO2 also evolved as one of the key elements of emerging photocatalytic water treatment technologies.



Photocatalytic water treatment is praised for its potential to become a significant part of the new generation of waste water cleaning and disinfection technologies [8]. It utilizes semiconductive photocatalysts capability to adsorb an energy from light and to use it for the generation of electron-hole pairs. In contact with water, excited electrons and holes can create various reactive oxygen species (ROS), such as hydroxyl radicals (•OH) and superoxide anions (•O2−). Most of the generated ROS are strong oxidizing agents [9], whose oxidative power is even higher than the corresponding measures of traditional oxidizers, such as chlorine and ozone [10]. Hence, ROS can universally mineralize and decontaminate most of the organic and inorganic pollutants. An important advantage of photo catalytically generated ROS over traditionally used halide oxidizers is their short lifetime (for example, the lifetime of a hydroxyl radical is just a few nanoseconds [11,12]). As ROS are short-lived, just moments after irradiation termination, they relax to neutral compounds and there is no need to take up any additional measures to remove them from the water.



Another advantage of photocatalytic water treatment is that with a proper photocatalyst the process can be initiated by natural daylight and this would be highly beneficial for the sustainable water cleaning technologies. Initially the discovery of a suitable photocatalyst was a substantial challenge, because the most suitable candidates, such as TiO2 and ZnO, had too wide band gaps (reaching 3.2–3.37 eV [13,14]) or suffered from a fast charge recombination [15]. Eventually, after several decades of intense research, scientists provided several solutions. Elemental doping [16,17], co-catalyst loading [18], formation of heterojunctions (p-n [19,20], type-II [21,22], direct Z-scheme [23], S-scheme [24,25], Schottky junctions [26,27]), surface orientation optimization [21] and other methods [28,29,30] boosted the photocatalytic efficiency of photocatalysts to levels that were sufficient for practical applications. However, the attempts to adopt laboratory scale photocatalytic treatment methods to end-user products has dealt with new challenges.



One of the most pronounced obstacles was an inconvenient handling and limited reusability of photocatalyst materials [31,32]. This issue is mainly related to the nanometric or micrometric size of the most efficient photocatalyst materials, which are commonly obtained in powder form. Naturally, compression of powders into larger solid pieces, or their robust immobilization on larger substrates would solve the manageability issue. However, this would sacrifice a larger fraction of active surface area and would result in substantially reduced photocatalyst efficiency.



In the early 2000s, D. Beydoun et al. [33,34,35] was among the first pioneers who focused on the systematic development of magnetic photocatalysts (MP). The main idea behind the MP concept was to deposit active photocatalyst material onto fine magnetic core particles and to utilize their magnetic properties for the separation and extraction of the used photocatalyst powder. At first, the interest in MPs was not high and most of the studies were performed only with pristine TiO2 and magnetite (or ferrites) as photocatalyst and magnetic core components, respectively [36,37,38,39]. Later, the interest in MPs grew considerably and many more photocatalyst-magnetic core pairs were investigated [40].



Analysing recently published results, it can be noticed that despite a large variety in the composition (for example some of the recent MPs studies were reported on TiO2/ZnFe2O4 [30], TiO2/SiO2/Fe3O4 [41], TiO2/SiO2/ZnFe2O4 [42], ZnO/MnFe2O4 [43], ZrO2/Fe3O4 [44], CoFe2O4/Fe2O3 [45], TiO2/CoFe2O4 [46] etc.) generally all MPs were prepared only by wet chemical methods, namely sol-gel, co-precipitation, hydrothermal or solvothermal routes [40].



Other synthesis methods, such as physical vapor deposition (PVD) or chemical vapor deposition (CVD), are also known to produce highly active photocatalysts materials [47,48,49]; however, up to now their usage for the MPs synthesis was practically imperceptible. On one hand this is understandable, because potentially the most efficient form of photocatalyst materials is a powder (due to the largest specific surface area), whereas neither PVD, nor CVD are commonly applied for the powder synthesis. On the other hand, researchers have already provided evidence for all of the prerequisites which are needed for the MP synthesis by PVD or CVD methods. S. Tuckute et al. demonstrated that magnetron sputter deposition is highly capable to produce submicrometric Ni powder with considerable magnetic properties (coercivity up to 116 Oe, magnetization of powder at 10 kOe up to 43.7 emu/g) [50]. Various nanoscale nanorods, hemispherical particle arrays and other large surface area TiO2 formations were obtained by physical methods as well [51,52,53]. Furthermore, magnetron sputtering and other PVD/CVD methods are well known for the quality heterostructure formation [54]. Based on the existing background, there are no clear obstacles which would not allow the use of PVD/CVD methods for the formation of bi-layered magnetic metal-photocatalytic semiconductor MP powders.



Considering earlier reports that the actual effectiveness of each particular photocatalyst material strongly depends on its synthesis method and sample history [55], we decided that it might be interesting to synthesize MP powder by an atypically applied magnetron sputtering technique and to test its suitability for the reiterative photocatalytic treatment of contaminated water. Accordingly, in the current study magnetron sputtering based formation of MP powder was designed to produce bi-layered particles with magnetic Ni metal on one side and active carbon-doped titania photocatalyst material on the other side. Particular magnetic metal and its deposition method were selected based on the findings of our earlier study [50]. Meanwhile, carbon doped TiO2 was chosen as a well proven photocatalyst with significant photocatalytic activity under visible light [48].




2. Results and Discussions


2.1. Formation and Characterisation of Magnetic Photocatalyst Powder


To optimize C-TiO2 film synthesis conditions we pre-selected several pulsed-DC power rate values and used them for the deposition of undoped and carbon doped TiO2 films. The key parameters of these experiments and hereinafter used sample nomenclature is presented at Table 1. Theoretically, if the titanium sputtering rate is low and oxygen partial pressure in deposition chamber is above the certain threshold, virtually all sputtered titanium atoms eventually should get into a contact with oxygen and should be fully oxidized. Accordingly, such coatings should be composed of perfectly stoichiometric titanium dioxide which is known to be colorless, highly transparent and has a band gap of approximately 3.25 eV [56,57]. By conducting preliminary tests, we determined that at 0.66 Pa pressure and 3.6:1 Ar:O2 supply ratio optimal pulsed-DC magnetron power for the prototypical TiO2 film synthesis was 280 W. The corresponding T280 sample had a mixed phase (rutile and anatase) TiO2 crystal structure (Figure 1), its optical transmission in visible light surpassed 90% (Figure 2a) and its band gap value well fitted with the reference values [56,57] (Figure 2b). Noteworthy, in conjunction these properties essentially indicate that at lowest power rating (280 W) and fixed 0.66 Pa pressure (3.6:1 Ar:O2 gas flow ratio) gas supply system provides enough oxygen to oxidize all titanium species (nanoclusters, atoms and ions), which are being sputtered from the unmodified Ti target.



When graphite insets are embedded in the Ti target, they comprehensively modify the sputtering process and affect the formation of TiO2 based films. First, in comparison to the sputtering from the pristine Ti target, carbon insets reduce the working area of Ti metal and less of the highly reactive titanium species are sputtered from the target. Accordingly, less titanium is condensed on the surrounding surfaces (including deposition on substrate) and less oxygen is “consumed” by its chemical bonding to form titanium oxides. Altogether, even if nominal Ar:O2 supply ratio is the same for the sputtering from pristine and modified Ti targets, carbon insets shift actual argon–oxygen balance and conditionally increase the partial pressure of oxygen.



At the same time, when sputtered carbon enters physical vapor phase, corresponding carbon species also get a chance to react with other constituents. Some of them react with oxygen to form CO and CO2 gas molecules. Most of these molecules are directly pumped out by the constantly working vacuum pumps. However, part of them eventually hits reactive titanium species in a gas phase or gets in contact with a fresh titanium-based deposit. Considering that at low temperatures titanium affinity to oxygen is significantly higher than to carbon [58,59], the interaction between fully oxidized titanium and CO/CO2 molecules is weak and most of the CO/CO2 molecules are repelled away from TiO2. The adsorption of carbonaceous molecules (and elemental carbon) by a not fully oxidized titanium is much more plausible [59] and this can lead to the formation of carbon doped TiO2. However, even if carbon gets adsorbed at the surface, there is still a considerable probability that the growing film will be hit by oxygen, which will oxidize surface titanium and carbon constituents to TiO2 and CO/CO2, respectively. Naturally, in such case the later molecules are desorbed and pumped out resulting in carbon depletion from the film.



As it was explained above, using a relatively low magnetron power and Ar:O2 supply ratio, there is enough oxygen to achieve full oxidation of the titanium, which condensates on the substrate to form the film. Accordingly, despite the relatively large surface area of the graphite insets, the above mentioned “carbon deprivation” mechanisms significantly diminish the prevalence of carbon incorporation into the growing film. Still, even at the lowest tested magnetron power a small fraction of the sputtered carbon is doped into the augmenting film and changes in the structure and optical properties of the corresponding C-TiO2 samples are observed. Namely, one can notice that the XRD pattern of C-TiO2 sample deposited using 280 W pulsed DC power (sample CT280) is shifted towards lower diffraction angles (Figure 1), which can be assigned to the TiO2 unit cell broadening by doped carbon. Similarly, there is a small reduction of optical transmission at the lower end of the visible light spectrum (Figure 2a), which is commonly attributed to the introduction of new intermediate energy levels within the TiO2 electronic structure [60,61,62].



By increasing magnetron power, we intensify titanium sputtering from the target. Consequently, we indirectly alter the gas phase composition, especially close to the magnetron surface. More specifically, by sputtering additional titanium to the gas/plasma phase we increase oxygen consumption rate; therefore, we decrease oxygen partial pressure and raise the probability for titanium and carbon to reach sample surface without being fully oxidized. At the same time, higher magnetron power results in higher heat and visible UV light irradiation from the target zone. This additional activation energy helps to tilt the crystal structure formation towards a higher crystallinity anatase phase (samples CT350, CT375 and CT400), whereas the rutile phase component is gradually eliminated (Figure 1). On that account, the CT400 sample not only has more visible peaks than any other sample, it also has the sharpest anatase peaks and is the only sample without the evident presence of the rutile phase.



Figure 2 indicates that higher sputtering power reduced sample transparency from approximately 90% for CT280, to 30–40% for CT400. Similarly, the effective band gap value was also decreased from approximately 3.25–3.30 eV for samples T280/CT280 to the minimal value of 3.10 eV for sample CT400. Altogether, just by changing one parameter (i.e., magnetron power) we were able to increase the pervasion of carbon doping, alter crystal structure and modify optical properties of C-TiO2 films.



Photocatalytic activity tests of the as deposited C-TiO2 films under visible light (Figure 3) revealed that the most efficient sample was CT400, i.e., the film produced using the highest magnetron power. Assumingly, higher efficiency can be attributed to the uttermost carbon doping (XPS indicates approximately 2–3% of carbon inside titanium oxide) and the preferable higher crystallinity of the film [63,64]. Considering these results, we decided that C-TiO2+Ni magnetic photocatalyst powder should be synthesized using the parameters set, which were used for the deposition of CT400 sample.



SEM images of the initial and coated K2SO4 grains are presented in Figure 4. An average size of individual grains reached up to 400–450 µm, but the grains were not continuous and smaller 100–200 µm diameter sub-grains were clearly visible in all large particles (Figure 4a,b). To obtain only the designed bi-layered film formation (the schematic view is provided in Section 3.2), during the whole deposition process the sample holder with the grains was not moved or otherwise shaken; thus, the bi-layered coating was generally formed as a glaze on a top-facing grain surface. Looking at the magnified view of the bi-layered film (Figure 4c), it can be noticed that in comparison to its thickness (approximately 1 µm) film surface contained relatively large (5–10 µm) sized features (ridges, dimples, etc.), which indicate that the curvature of the film was explicitly determined by the surface of K2SO4 grains. The SEM image of the washed-off magnetic photocatalyst powder (Figure 5a) revealed that they consisted of relatively wide, but thin shell-like particles. Large and small surface irregularities of the initial salt grains (Figure 4a,c) were well repeated by Ni and C-TiO2 coatings (Figure 5b,c). The longitudinal size of C-TiO2+Ni particles was approximately 100–150 µm and well corresponded with the average size of K2SO4 sub-grains revealing a characteristic film breakage along the sub-grain boundaries.



Elemental mapping of the washed-off particles (Figure 6) shows a clear difference between the internal and external sides of the films. The former is composed of Ni, whereas the second is dominated by Ti and O. XRD analysis of the washed-off powders (Figure 7) complements the EDS data and confirms that magnetic photocatalyst powder had metallic Ni and TiO2 (anatase + rutile) crystal phases.




2.2. Estimation of Photocatalytic Activity of C-TiO2+Ni Powder


Photocatalytic efficiency and stability of C-TiO2+Ni MP powder was assessed by performing repetitive photocatalytic bleaching of the RhB solution under visible light. Consecutive tests with the same powder set revealed an interesting evolution of its performance (Figure 8). When “fresh” C-TiO2+Ni powder was used for the first treatment cycle, the RhB concentration was reduced by just approximately 36%. After the second cycle with the same C-TiO2+Ni powder set, the initial RhB concentration was reduced by 45%. The trend of the rapid improvement of photocatalytic bleaching efficiency persisted for the first ten cycles. Then it stabilized at approximately 95–97% and remained generally stable for the next 7–8 cycles. Finally, during the last four cycles a small reduction in reaction efficiency was observed, though overall the RhB concentration reduction still remained higher than 90%. At the end of the last cycle all remaining MP powder were collected, rinsed with distilled water, and dried out for 48 h. The total mass of the recovered MP powder reached approximately 60% of the initial powder mass, translating into an average recovery rate of 97.5% per one cycle.



Looking at the broader perspective, the observed photocatalytic efficiency and MP recovery rate numbers were relatively good and did not concede to the numbers reported for other mostly researched MP materials. For instance, R.A. da Silva et al. [65] conducted repetitive photocatalytic bleaching of RhB solution under visible light with MP consisting of Fe3O4 nanoparticles, which were coated with a photocatalytic ZnO layer. With fresh MP powder, researchers were able to achieve nearly full degradation of RhB in 8 h; however, during later cycles MP efficiency degraded significantly and was 85% and 56% after the 5th and 12th cycles, respectively. RhB bleaching by bismuth ferrites nanofibers and H2O2 [66] allowed up to 97.3% RhB degradation in 5 h, but just 14.3% without H2O2. G.Q. Tan et al. [67] reported that after 2 h treatment time bismuth ferrites, they were able to degrade 35–90% of Methyl orange with an MP recovery rate reaching 87.7–93.7% per one cycle. Despite these relative similarities in overall efficiency of MP powder, the information in Figure 8 also presents an interesting evolution at the beginning and the end of the cycling program, which were not commonly observed in other reports.



During the last five cycles first order reaction rate constant decreased from approximately −0.019 min−1 to −0.017 min−1. Notably, an average relative decrease of rate constant (≈2.2% per cycle) was very similar to the average deprivation of MP powder mass (≈2.5% per cycle). There are numerous reports [68,69], that at moderate photocatalyst concentrations, photocatalytic bleaching rate is linearly proportional to the photocatalyst amount. Therefore, we presume that the late cycles decrease of photocatalytic bleaching efficiency is nearly entirely caused by the loss of MP material, similarly as it was concluded by [65] and other researchers.



Naturally, similar MP mass loss should be unavoidable during the first 15 treatment cycles as well. The fact that initially bleaching efficiency was increasing, demonstrates that partial MP loss was counterbalanced by an even stronger factor. To identify this factor, we re-analysed the cycled MP powder by XRD, SEM and EDS. In general, XRD and EDS elemental composition analysis did not indicate any changes between initial and cycled C-TiO2+Ni powder. On the other hand, SEM analysis of the cycled powder revealed that magnetic stirring has reduced MP powder size tremendously, while its bi-layered structure was well preserved. Starting from the initial size of 100–150 µm the particles were broken into much smaller pieces reaching just over 5 µm in diameter (Figure 9). Such reduction of MP particle size certainly is coherent with the increase of its active surface area. Moreover, though we did not perform any specific analysis of particle size development at intermediate stages, it is reasonable to assume that particle size was dwindling faster during the first cycles and settled down during the later ones. Altogether this implied trend and factual observance of remarkably smaller particle size well explains the observed character of MP efficiency evolution. When researchers perform MP powder synthesis by chemical methods, usually they get very fine MP powder straight away; therefore, such evolution of particle size (and efficiency) is not commonly observed.





3. Materials and Methods


3.1. Materials


K2SO4 salt (assay ≥ 98.0%, density 2.66 g/cm3) was obtained from Carl Roth (Karlsruhe, Germany). 76 mm diameter Ni (99.99% purity) and Ti (99.99% purity) magnetron targets were obtained from Testbourne Ltd. (Bassingstoke, UK). Ar and O2 gases (both 99.999% purity) for magnetron sputter deposition were obtained from Linde (Vilnius, Lithuania). Rhodamine B solution was prepared using distilled water and Rhodamine B powder produced by Reachem s.r.o (Bratislava, Slovakia).




3.2. Magnetic Photocatalyst Synthesis


The schematic view of the bi-layered photocatalyst powder synthesis method is presented at Figure 10. First, fine K2SO4 salt grains were carefully poured into low edge quartz petri-dish and uniformly spread over whole bottom of the petri-dish to avoid any visible overlapping between the grains. The grains were covered up by thin Ni layer. This ferromagnetic metal was used to provide magnetic properties for the photocatalyst particles. Then second layer consisting of active photocatalyst material, namely carbon doped titanium dioxide (C-TiO2), was deposited on top of Ni. During the third step, coated salt grains were poured into glass vessel filled up with distilled water. In water, the salt dissolved and released solid bi-layered magnetic photocatalyst particles, which sedimented at the bottom of the vessel. Obtained MP particles were thoroughly washed off by repetitive rinsing with distilled water. After approximately ten rinsing rounds, water was fully drained off and remaining bi-layered powder were dried up for 48 h at room temperature. Ultimately, to achieve stronger crystallization of TiO2 phase, MP powders were calcinated for 2 h at 450 °C.



Deposition of Ni and C-TiO2 layers was conducted on K.J. Lesker PVD-75 (Jefferson Hills, PA, USA) vacuum system equipped with 76 mm diameter Torrus 3 unbalanced magnetrons. The distance between K2SO4 grains and Ni target was approximately 35 mm. During Ni deposition selected unbalanced magnetron was operated at a constant 300 W rate supplied by DC power source. After initial 5 min target pre-sputtering (cleaning with closed shutter), actual Ni deposition process proceeded for 3 min in inert Ar gas atmosphere (total pressure 0.6 Pa).



For C-TiO2 photocatalyst layer deposition magnetron was equipped with high purity Ti target with embedded graphite pieces (Figure 11). The ratio of exposed titanium and carbon surface areas was approximately 1:1. C-TiO2 film deposition was performed using Ar-O2 gas mixture at a total pressure of 0.66 Pa (Ar:O2 gas supply ratio was approximately 3.6:1). The distance between the sample holder and Ti target was maintained at 35 mm. Typically for the most reactive metals, titanium sputtering in oxygen containing atmosphere is considerably slower and more complex process when a relatively plain deposition of Ni in inert Ar atmosphere. Accordingly, to obtain approximately 1 micrometer thick C-TiO2 films, the deposition time was increased up to 2 h. Furthermore, to improve reactive magnetron sputtering process stability and to maintain satisfactory sputtering rate C-TiO2 layer deposition was conducted using pulsed-DC power source [70,71,72].



As it is discussed in Section 2, while performing sputtering in reactive gas atmosphere, magnetron power can be a pivotal factor on the composition, structure and the prevailing phase of titanium oxide films. All these factors have a significant effect for the photocatalyst efficiency. Therefore, before synthesizing magnetic TiO2 based photocatalyst powder we performed reactive magnetron sputtering process optimization by varying magnetron power from 280 W to 400 W. In these experiments flat 30 mm diameter borosilicate glass discs were used as the substrate for the films.




3.3. Structure Characterisation


Crystal structure of as deposited C-TiO2 films and washed-off bi-layered C-TiO2+Ni powder was characterized by x-ray diffraction method. The diffraction data was acquired using Bruker D8 (XRD, Bruker D8, Hamburg, Germany) instrument with Cu Kα radiation working in Theta–Theta modification. Optical properties of the films were measured using UV-visible light spectrometer (Jasco V-650, Tokyo, Japan). Particle size and morphology changes were observed by Scanning Electron Microscope (SEM, Hitachi S-3400N, Tokyo, Japan). Elemental composition of the samples as well as elemental distribution maps were acquired by energy dispersive spectrometer (Bruker Quad 5040, Hamburg, Germany), which was attached to the above-mentioned SEM.




3.4. Estimation of Photocatalytic Efficiency


Photocatalytic activity of synthesized samples was tested using photocatalytic bleaching of aqueous Rhodamine B (RhB) solution. RhB dye is arguably not a perfect probe [73,74,75], still its usage has several advantages. On one hand, RhB remains one of toxic dyes which are still used by the industry [76], thus its degradation has a practical value. On the other hand, RhB has a relatively low visible light photolysis rate, has well described mechanism of photodegradation [77] and is successfully applied by a lot of researchers, which makes it suitable for comparisons with results from other studies. During photocatalytic treatment, RhB is degraded by two key mechanisms. First, light induced electron-hole pairs can directly interact with RhB molecules through the chemisorption mechanism to produce excited dye (Dye*) that can be converted to cationic (Dye•+) and anionic (Dye•−) radicals, which eventually leads to the degradation products [77]. Second, RhB can be degraded indirectly by RhB oxidation and reduction caused by reaction with O2•−, HO• and other reactive oxygen species which are generated by photo-excited catalyst [77].



C-TiO2 films on flat borosilicate glass substrates were tested using RhB solution (5 mL, 10 mg/L concentration) syringed into 30 mm diameter quartz petri-dish. To prevent solution evaporation and avoid temperature fluctuations, the petri-dish was fixed onto thermostatic base (22 °C) and was covered up by thin fused silica wafer (more than 90% transmission over whole 200–2000 nm spectral range). Thorlabs SOLIS-3C (5700 K, Thorlabs, Dachau, Germany) High-Power day light white LED unit working at 90% of its nominal capacity (irradiation intensity at the solution surface approximately 230 mW/cm2) was used as a visible light source. During the experiment RhB solution was gently stirred every 15 min, and every 30 min the portion of the solution was taken out to the UV-Vis light spectrometer (Jasco V-650, Tokyo, Japan) to determine the remaining RhB concentration. After each acquisition of the transmission spectrum, whole used RhB sample volume was immediately returned back to the main petri-dish.



Proceeding to the investigation of C-TiO2+Ni magnetic powder, the described photocatalytic activity test procedure was modified to address the evident differences between film and powder samples. First, flat bottom petri-dish was replaced by a round bottom quartz crucible (50 mm top diameter). Second, total RhB volume was increased up to 10 mL. Third, magnetic stirring bar was added to the solution. During photocatalytic treatment experiments, powder samples (initial amount was 45 mg) were stirred continuously at 700 rpm. The stirring was only temporary paused (for 2 min) before each intermediate and final specimen collection. At the periods when the stirring was switched off, magnetic photocatalyst particles rapidly reacted to the magnetic field of the stirring bar and readily agglomerated at its surface. This feature was exploited for both collecting powder-free RhB solution samples for the measurements of remaining dye concentrations, and for the change of the RhB solution between the consecutive cycles of the repetitive powder applications.





4. Conclusions


In the current study, a non-conventional application of a magnetron sputtering technique was proposed. A four-step material synthesis procedure allowed the production of magnetic photocatalyst powder consisting of bi-layered particles with carbon-doped TiO2 on one side, and metallic Ni on the other side. After the sputtering process optimization, the band gap of carbon-doped TiO2 was reduced to approximately 3.1 eV and its light adsorption increased over the whole visible light spectrum. Repetitive Rhodamine B solution bleaching with magnetic photocatalyst powder under visible light showed an interesting evolvement in process efficiency. During the first cycle, Rhodamine B concentration was reduced by just 35%, but already during the second cycle reduction reached approximately 50%. Photocatalytic bleaching efficiency continued to improve rapidly till more than 95% of Rhodamine B was decomposed on cycle number 10. Processing through the next ten cycles, photocatalytic bleaching efficiency remained fairly stable and showed only a small deterioration during the last few cycles. The initial gain in efficiency was attributed to the magnetic photocatalyst particle size reduction by 20–30 times and a remarkably increased active surface area. On the other hand, a small fall in efficiency at the end of the twenty-cycle testing program was attributed to the inevitable partial loss of magnetic photocatalyst, which was estimated at approximately 2.5% of the initial photocatalyst mass per one cycle.
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Figure 1. XRD patterns of TiO2 and C-TiO2 films deposited using different pulsed-DC magnetron power levels. Planes of TiO2 anatase and TiO2 rutile phases were indexed according to the JCPDS database cards No. 21-1272 and 21-1276, respectively. 
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Figure 2. Optical properties of TiO2 and C-TiO2 films deposited using different pulsed-DC magnetron power levels: (a) optical transmission (inset shows natural colors of the films); and (b) Tauc plot. 
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Figure 3. Photocatalytic activity of C-TiO2 thin films under visible light irradiation: (a) RhB concentration reduction; and (b) the first-order degradation kinetics. 
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Figure 4. SEM images of K2SO4 grains: (a) not coated grains; (b) grains with Ni and C-TiO2 films; and (c) magnified image of the film. 
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Figure 5. SEM images of the washed-off C-TiO2+Ni particles: (a) general overview of particles; (b) the photocatalyst side of C-TiO2+Ni particle; and (c) Ni side of C-TiO2+Ni particle. 
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Figure 6. Elemental distribution analysis: (a) SEM image; and (b,c) EDS elemental maps of the same washed-off C-TiO2+Ni particle. Green color in EDS mapping—nickel; red—titanium; blue—oxygen; pink—received as a “sum” of red and blue colors (in titanium oxide phase). 
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Figure 7. XRD data of the washed-off C-TiO2 powder prepared without (black pattern) and with (red pattern) Ni underlayer. TiO2 anatase (a-TiO2), TiO2 rutile (r-TiO2), Ni and K2SO4 phases were indexed according to the JCPDS database cards No. 21-1272, 21-1276, 01-078-07533 and 96-120-0013, respectively. 
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Figure 8. Evolution of C-TiO2+Ni MP activity over 20 consecutive RhB solution bleaching cycles under visible light irradiation. Circled numbers above the curves indicate cycle order, whereas k values represent first order reaction constants (in min−1 units) of the corresponding cycles. 
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Figure 9. C-TiO2+Ni MP powder after 20 consecutive RhB solution bleaching cycles: (a) SEM image; and (b) EDS elemental mapping. 
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Figure 10. Schematic view of magnetic photocatalyst powder synthesis procedure. 
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Figure 11. The image of Ti sputtering target with graphite insets. 
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Table 1. Key deposition parameters, optical transmission and band gap values of C-TiO2 films.
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Sample

	
Target

	
Total Gas Pressure

	
Ar:O2 Gas Supply Ratio

	
Pulsed-DC Power

	
Optical Transmission at 450 nm

	
Band Gap






	
T280

	
Ti

	
0.66 Pa

	
3.6:1

	
280 W

	
80%

	
3.26 eV




	
CT280

	
Ti with graphite insets

	
0.66 Pa

	
3.6:1

	
280 W

	
70%

	
3.28 eV




	
CT350

	
350 W

	
40%

	
3.22 eV




	
CT375

	
375 W

	
29%

	
3.15 eV




	
CT400

	
400 W

	
22%

	
3.10 eV
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