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Abstract

:

A single-step impregnation approach is investigated as a synthetic route for photocatalyst synthesis active under visible light. The as-derived photocatalysts exhibited very high degradation rates towards methylene blue (MB) decolorization under visible light despite the high concentration of the initial MB solution concentration. The TiO2-based photocatalysts were prepared using nitrate precursor compounds for copper and silver; thus, Ag/TiO2 and Cu/TiO2 photocatalysts were prepared. The photocatalyst’s physicochemical properties were determined by XRF, BET, and XRD analysis. The metal nature of the titania substrate, the titania matrix effect, and the metal concentration parameters were studied, while the catalyst concentration in the MB initial solution was optimized.
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1. Introduction


Methylene blue (MB) is an organic compound that is known as a significant water pollutant, contributing to the deterioration of the quality of water in oceans, seas, lakes, rivers, etc. It is a toxic and non-degradable chemical that is discharged from the textile industry. The photodegradation of MB is proven to be an effective method for pollutant removal, and it can be used to protect aquatic environments [1].



Methylene blue is also regarded as a benchmark substance for the performance testing of various photocatalysts. Methylene blue is a thiazine dye used in the textile industry, and it has regularly been exploited for comparing the effectiveness of synthesized photocatalysts by measuring the latter’s ability to stimulate MB photodegradation. Titanium dioxide or titania (TiO2) is an established photocatalyst with good capabilities concerning MB photodegradation; however, it is afflicted by a significant drawback: the limitation that restricts it to advantageously making use of the ultra-violet (UV) portion of solar radiation, which amounts to only 5% of solar radiation [2,3,4,5]. The adsorption–desorption equilibrium that is in effect during the degradation process when the catalyst is pure TiO2 has been investigated, as well as the effects of the wavelength of the light in use, the concentration of TiO2, and the initial MB concentration [5]. To remedy the aforementioned disadvantage of pure TiO2 photocatalysts, various efforts have been made by using different metals, such as dopants, while also studying the effect of their concentration in the catalysts. The aim of experimenting with different doping agents is to facilitate the activation of the TiO2 catalysts by visible light alongside UV radiation.



The role of the photocatalyst in the degradation of MB is absorbing light radiation, containing photons to enable electrons to migrate and create positively charged holes. These holes then cause the oxidation of water, forming hydroxyl radicals that target and degrade organic pollutants, such as MB [5].



In the literature, there have been several studied attempts at synthesizing photocatalysts for the degradation of methylene blue apart from using TiO2, such as the doping of ZnS nanoparticles with Cu under both visible and UV radiation [6]. The magnetite (Fe3O4)/H2O2 catalyst has also been studied under UV irradiation with the concentrations of magnetite, H2O2, and MB, as well as the initial pH and the source of light being parameters whose influence was evaluated through experimentation [7]. ZIF-8, a metal-organic framework (MOF), was studied on its use as a photocatalyst for the degradation of MB, and the effects of initial dye concentration and pH were considered [8]. Experimental studies with a Co3O4/ZnO nanocomposite prepared through precipitation have taken place in the literature for the evaluation of a photocatalyst for MB degradation [1]. A ZnO/Eu nanocomposite system has also been investigated as a possible catalyst for the degradation of MB [9]. A ZnO/SnO2 nanocomposite has been reported in the literature as being able to boost the performance of pure ZnO [10].



On the other hand, the application of Co has been tested as a dopant for TiO2 using a sol-gel method which exhibited better efficiency than pure TiO2 under visible light; however, results were not equally promising for UV radiation [11]. Another case of TiO2 doped with graphene has also been studied, aiming to create a porous composite that would be able to improve the degradation efficiency to a significant degree, as it exhibited a 6.5 times higher rate constant over Degussa P25 [12]. Furthermore, graphene oxide has been widely used as the precursor of graphene (GR) to synthesize graphite-based hybrid photocatalysts for solar-to-chemical energy conversion [13]. Au has been used to dope TiO2 and has successfully improved its photocatalytic efficiency by almost 30% [14]. A V/Co/TiO2 photocatalyst prepared by a sol-gel process has also been able to upgrade the degradation efficiency of TiO2, as seen in the literature, by reducing the required irradiation time by 40% [15]. The use of Pt, as well as Au, have been investigated as possible dopants for TiO2, with the positive result of a two-fold increase in the MB concentration that the photocatalysts can degrade in 1h of light exposure [16]. A nanocomposite Fe/TiO2 photocatalyst has also been tested, while the performance of it revealed that the doped catalyst was able to perform better than pure TiO2 due to a reduction in band gap energy of the Fe-TiO2 composite to 1.45 eV [17]. The doping of TiO2 with Ag, Sn, and Zn has been proven to enhance the photocatalytic efficiency of TiO2 thin films, while Zn-doped TiO2 films with a doping level of 5-mole percent exhibited the highest enhancement in photocatalytic properties [18]. On the other hand, the purity and nanostructure of the films are detrimental to efficient photocatalysis to suspend non-radiative recombination, according to numerous literature reports [19,20,21]. The addition of MnTiO3 to TiO2 has also been investigated in the literature and was found to be a good candidate for the removal of organic pollutants from industrial wastewater [22].



The addition of plasmonic metals (Au, Ag, and Cu) to TiO2 has been researched, and the effect of pH on the photodegradation of MB has been documented. The improved photocatalytic performance observed is attributed to the altered electrical properties of the composite catalysts [23].



The study of the photocatalytic efficiency of Cu/TiO2 nanocomposites, synthesized via atomic layer deposition (ALD), showed that the layer acted as a means of enhancing the photocatalytic activity of TiO2 and the effect of the number of deposition cycles used was also investigated [24]. Another photocatalyst that has been studied in the literature is Cu/TiO2 on SiO2 substrate in order to facilitate nanoparticle formation. Nanoparticles were then studied to measure their efficiency in degrading MB when applied to building materials. The effect of Cu concentration on the catalyst performance was also studied, determining that there is an optimum level of doping (5 at.%) [25]. The use of MoS2/Cu/TiO2 nanoparticles prepared through hydrolysis has been investigated and exhibited improved performance compared to pure TiO2. This is due to a decrease in the band gap values, their smaller crystallite size, the increase in the O adsorption, and the favoring of the anatase phase against rutile [26]. In the literature, the synthesis of Cu/TiO2/MSM (mesoporous silica microsphere) has been studied, and the existence of an optimum concentration of Cu (0.1 wt%) has been documented [27]. The optimum concentration of copper could possibly depend on the structure and the properties of the matrix material, while the preparation or deposition approach also affects and determines the properties of the composite materials. Thus, sol-gel methods report different optima in comparison with the sputtering methods [28,29].



Another metal that has recently been studied for potential employment as a doping agent in TiO2 is Ag. A nanocomposite structure of Ag/TiO2 synthesized via the use of plasma has been studied with respect to its property of activating the photodegradation of MB under solar light. An optimum amount of doping (2.0 mol.%) was observed, while it was also evidenced that Ag improved the photocatalytic properties of TiO2 [30]. The synthesis of Ag/TiO2 has also been studied when prepared through precipitation, and it resulted in an increase in the degradation efficiency in comparison to the pure TiO2 catalyst. In the same study, the effect of Ag concentration was also determined through experimentation [31]. The catalytic behavior of thin Ag/TiO2 films under UV light was the subject of a study whose conclusion was that the addition of Ag to the films leads to a significant improvement in the degradation efficiency versus a pure TiO2 catalyst [32].



The use of Cu and Ag as co-dopants to TiO2 substrate has been investigated, resulting in the observation that there is an optimum mixing ratio of doping metals (1 wt% Ag: 2 wt% Cu). The co-catalysts’ photocatalytic degradation of MB and salicylic acid under visible irradiation was approximately 2–4 times higher than their monometallic counterparts, as the co-catalysts exhibited better synergistic effect, increased lifetime of the generated charge carriers, and active sites on the co-catalyst surface. The dual role of Ag and Cu metals resulted in enhanced photocatalytic performance in co-catalytic systems due to the combined functional behavior of deposited metals and improved interfacial charge transfer process [33]. Moreover, Ni(OH)2-based co-catalysts have attracted increasing research interest in the field of solar-to-fuel conversion and, in particular, photocatalytic H2 production and CO2 reduction [34]. Last but not least, cobalt sulfide-based composites have also exhibited promising results in the field of solar fuel conversion and are being considered good candidates in photocatalytic hydrogen production, carbon dioxide reduction, nitrogen fixation, and photocatalytic degradation of pollutants due to their low cost and easy way of synthesis as well as their diverse structures [35].



Many efforts have been made to develop catalysts to improve the photocatalytic degradation of MB, indicating that they would be capable of being used on several other organic compounds to catalyze their photodegradation. Metals such as Cu and Ag have been focused on recently, with a variety of preparation techniques being studied. A common point in most of the performed research is that there is an optimum amount of dopant concentration, meaning that at first, the increase in the metal concentration has positive effects up to a certain amount that has been added, while the excess amount of metal in the catalyst negatively impacts the photodegradation efficiency of the catalyst.



Taking into consideration the studies that have been performed and the results that have been obtained by them, the current study aims to evaluate and optimize the single-step synthetic route for the preparation of Cu/TiO2, Ag/TiO2, and Cu/Ag/TiO2 photocatalysts and assess their efficiency in degrading methylene blue dye. The importance of a single-step synthesis is rooted in its simplicity, as well as the time efficiency and cost-effectiveness, all of which are vital parameters regarding the sustainability of the method. The photocatalytic reaction took place at room temperature (25 °C) while targeting a relatively high initial MB concentration (250 ppm) for the lab-scale experiment. Furthermore, a parametric optimization of the materials was studied with respect to their effect on the photodegradation efficiency.




2. Materials and Methods


2.1. Catalyst Preparation


The catalytic powder was prepared following the patented PROMETHEUS protocol described elsewhere [36,37].



All reagents used in this study for the preparation of Prometheus catalytic powder were commercial and were used without further purification. The chemical reagents used were titanium (IV) oxide rutile (99.5% min metals basis, 1.0–2.0 Micron APS Powder, Alfa Aesar, Karlsruhe, Germany 43047), titanium (IV) oxide anatase (powder, 325 mesh, 99% Merck, Darmstadt, Germany), and ammonium hydroxide solution (Merck, percent concentration 25 wt%). As metal precursors, copper (II) nitrate trihydrate (Acros Organic, Geel, Belgium, purity 99%) or silver nitrate (ACS reagent, ≥99.0%) was added in solid form. The heterogeneous Prometheus catalyst was synthesized by the conventional wet impregnation method in various metal loadings and metal concentrations.



Mass calculations of materials used were performed to achieve the desired metal loading. Metal precursors were first dissolved in distilled water, and then titania support was added slowly under magnetic stirring. The pH was adjusted at 11 with 25% aq. NH4OH, and the mixture was left at room temperature under magnetic stirring for 1h. Then, the solution was heated at 80–85 °C under continuous magnetic stirring. Most of the water was evaporated, and the resulting slurry was dried overnight in the beaker at 90 °C in a Binder drying furnace. After the completion of drying, the powder was collected from the beaker and placed in a muffle furnace for calcination at 500 °C for 1 h (heating ramp rate of 10 °C min−1). Finally, the catalyst was received in powder form. A flowchart that depicts the experimental steps for the photocatalyst preparation is presented in Figure 1.




2.2. Characterization


The crystal structure of commercial titanium dioxide substrates was determined with XRD (X-ray Diffraction) analysis using a Siemens D500 X-ray diffractometer. The crystalline phases of the prepared catalysts and the support material were determined by the XRD patterns. Data were collected for 2θ of 5° to 70° with step of 0.04°. The sample was measured in powder form, and its granulometry was under 250 μm.



Quantitative analysis was also performed with XRF (X-Ray Fluorescence Spectrophotometer) instrumentation (VANTA Olympus, 2017, Waltham, MA, USA). The calcined powder was grounded using a mortar and pestle set down to 250 μm. The granulometry was verified with a corresponding sieve of 250 μm.



The activity of the photocatalyst was assessed using a customized photocatalytic reactor. A double-jacketed 250 mL beaker, a magnetic stirrer, a Vis LED lamp (30 W E27, 230 V, wide beam 200°, cold white light 6200 k, light intensity 3500 lux Ra > 80, Pf > 0.5, and Energy class A+) with wavelength range 400–700 nm and a light shield box equipped with a fan for cooling the lamp, were used to perform the experiments, as shown in Figure 2. A double-beam UV-Vis spectrophotometer with a focal length of 190–1100 nm was used for the measurement of the light absorbance of the samples.




2.3. Photocatalytic Evaluation


The photocatalytic efficiency of the prepared catalysts was evaluated towards the photocatalytic degradation of methylene blue (C16H18N3SCl·3H2O, MB) using the self-prepared photocatalytic cell (Figure 3). The reaction progress was monitored by measuring the light absorbance of the MB solution with a UV-Vis spectrophotometer at 664 nm wavelength. For each measurement, 100 mL of MB aqueous solution with Co = 250 ppm was used as the target for the degradation. Then, a certain amount of catalyst was added to the MB aqueous solution, and the mixture remained in dark conditions for 30 min under stirring before being exposed to light radiation. The light absorbance of the reaction mixture reached equilibrium in almost 20 min under dark conditions. Therefore, 30 min of light shielding and stirring were enough for the mixture to reach adsorption−desorption equilibrium. Before sampling for the UV-Vis measurement, the mixture was left without stirring for 2 min. The collected samples were filtered through 0.45 μm CHROMAFIX XTRA discs to remove the remaining catalyst particles in the suspension to ensure the protection of the various chromatographic columns. A Beer–Lambert diagram was established to correlate the absorbance at 664 nm wavelength to MB concentration. The photocatalytic degradation of MB was conducted at room temperature.





3. Results and Discussion


3.1. X-ray Diffraction Analysis (XRD)


The titania substrates were characterized by X-ray diffraction. The analysis was performed to establish the substrates’ purity and verify their crystal form.



According to the XRD patterns of titania rutile and titania anatase (Figure 4), there were no reflections that have not been identified, indicating there were no impurities or unidentified phases in both substrates [38]. The metal-doped catalysts were also analyzed by XRD but provided spectra identical to their corresponding substrate. This might be attributed to the low metal concentration of the examined photocatalysts, which is below the detection limit of the instrument (~3%).




3.2. X-ray Fluorescence Analysis (XRF)


The metal concentration on the titania substrate that was investigated was 0.1–1%, while commercially available titania rutile and anatase were employed in the photocatalyst preparation. Low metal loadings ranging between 0.1% and 1% were investigated. The metal loading on the TiO2 support was determined by XRF analysis for each catalyst. The samples, their name, metal loading wt%, substrate composition, and metal composition determined by XRF spectrophotometry are listed in Table 1.




3.3. N2 Absorption Studies


The porosity and the specific surface area are of high importance for materials used as substrates. For that purpose, the three different titania substrates and the samples 0.1Cu/TiO2 (R), 0.25Cu/TiO2 (R), 0.5Cu/TiO2 (R), and 0.25Cu/TiO2 (A) were subjected to N2 physisorption tests at −195.850 °C. The Brunauer–Emmett–Teller (BET) method was used for the specific surface area, pore volume, and pore size determination, and Barrett, Joyner, and Halenda (BJH) absorption was used for pore distribution determination.



All the obtained isotherms were similar to the one that is described in Figure 5b. There are six types of isotherm curves according to the IUPAC classification: ones that are typical of microporous adsorbents (type I), nonporous or macroporous adsorbents (types II, III, and VI), or mesoporous adsorbents (types IV and V). According to that classification of the porous material isotherms [39,40], this type of isotherm has the same shape as type II isotherms (Figure 5a) that are complex in nature to obtain information about the pore morphology [41]. In this type of isotherms of combined micro-/mesoporous adsorbents, the interactions which are involved are due to the combination of adsorbent–adsorbate and adsorbate–adsorbate interactions.



The adsorption hysteresis curves are also empirically classified by IUPAC. It is widely accepted that there is a correlation between the shape of the hysteresis loop and the pore geometry of a mesoporous material. The hysteresis loop of our materials suggests the existence of cylindrical pores.



The specific surface area, the cumulative pore volume, and the pore size are summarized in Table 2 for all measured samples.



It appears that there are no major changes in the specific surface area (SSA) values of the derived photocatalysts, and these values are similar to their corresponding substrate. This can be attributed to the synthetic route that was employed and the small metal concentration in the resulting material. Titania rutile has the lowest SSA (4.38 m2/g), while anatase exhibits the highest value (9.93 m2/g). It is also observed that increasing the metal loading from 0.1 to 0.5 results in an increase in the average pore diameter.




3.4. Photocatalytic Studies


With the use of these three types of titania substrates, various photocatalysts were synthesized to investigate and optimize the photocatalytic properties of the as-derived catalysts. The parameters that were examined are the copper loading effect on different substrates, the influence of silver loading on various substrates, the effect of catalyst concentration, and the rutile/anatase concentration ratio effect.



3.4.1. Copper Loading Effect on Different Substrates


The effect of copper loading on titania rutile was investigated to determine the optimum copper loading on the latter substrate regarding the material’s photocatalytic activity. Four different photocatalysts were prepared by changing the metal loading concentration on the substrate from 0.1 up to 1% w/w. Interestingly, 0.1 and 0.25% Cu-supported photocatalysts were found to be superior during the MB decolorization under visible light compared to pure TiO2 (R). Cu loading of 0.1% appeared to be the most effective doping, as it achieved the highest degradation at 4 h under visible light. At 4 h irradiation, almost 100% (97%) MB decolorization was accomplished (Figure 6).



Titania anatase was also tested as a substrate for the photocatalyst. Metal loadings of 0.1 and 0.25% copper were tested on anatase titania substrate. The results are presented in Figure 7. According to Figure 7, the increase in the irradiation time results in the MB concentration decreasing at a different rate depending on the time interval. The degradation reaction is much faster during the first hour of irradiation. Kinetics in heterogeneous catalysis is highly non-linear due to vastly different rates among elementary steps and competition for active sites among intermediates [42]. The obtained curves dictate that the catalysts prepared with titania anatase exhibited significantly lower photocatalytic activity towards the MB decolorization.



According to the latter findings, it is obvious that 0.1% Cu loading on rutile titania is the most suitable amongst the examined catalysts, as it possesses the highest activity under visible light.



Metal loading above 0.5% is not beneficial for either titania form. Possibly, the metal copper particles act as sites for the recombination of the generated electron holes and, hence, decrease the photocatalytic activity [43].



Likely, the Cu addition has opposite effects on the photocatalytic efficiency of Cu/TiO2 catalysts. Thus, the catalytic activity of the samples is a synergistic effect of those parameters.



Titania rutile is a more efficient substrate for copper addition. Both the photocatalysts prepared with the same % metal loading but with rutile as substrate were significantly superior in terms of photocatalytic MB degradation. Titania anatase has a 3.2 eV energy band gap that is higher than that of the Rutile TiO2 (3.0 eV) [44]. Since the metal addition further decreases the photocatalysts’ energy band gap, it could possibly justify its enhanced efficiency towards the MB degradation under visible light.




3.4.2. Influence of Silver Loading on Various Substrates


The two optimum metal concentrations (0.1% and 0.25%), based on the copper results in Section 3.4.1, were also used for the synthesis of silver-doped titania photocatalysts. The Ag/TiO2 photocatalysts were examined towards MB degradation. It is suggested that the silver loading was beneficial for TiO2 rutile. Both metal loadings exhibited good catalytic activity under visible light, as demonstrated in Figure 8.



The 0.25% silver-supported rutile catalyst exhibited the highest catalytic performance among the tested ones under visible light. The titania rutile seemed to act more efficiently as a substrate for metal loading, as their combination exhibited the optimum photocatalytic performance under visible light. This point is also supported by the Cu-TiO2 experiment series.




3.4.3. Effect of Catalyst Concentration


The influence of the photocatalyst concentration in the MB solution was studied. The most active catalyst (0.25Ag/TiO2 (R)) was employed for the determination of the optimum concentration value. The tested concentrations varied from 3 to 6 g/L (grams per liter MB solution), and the as-derived photocatalytic results are presented in Figure 9.



The optimum concentration appeared to be 5 g/L since the catalyst achieved 100% MB degradation in the shortest time (1.5 h). An increase in the catalyst concentration above 5 g/L slightly deteriorated the degradation rate. This may be attributed to the shielding effect, where the high concentration of the particles in the solutions hinders the light fraction from being converted for electron excitation [45].




3.4.4. Rutile/Anatase Concentration Ratio Effect


To investigate the role of rutile content in the photocatalytic activity of our meta-doped titania, five different catalysts were synthesized by only changing the ratios between titania’s forms—rutile and anatase. In each experiment, the 100% substrate was completed by summing the rutile and anatase percentage, e.g., in the experiment with 70% rutile content, the other 30% is titania anatase. Their photocatalytic activity was evaluated towards the MB decolorization under UV and visible light emission. Two different metal dopants—Cu and Ag—were investigated, and the acquired results are presented in Figure 10. The optimum metal concentrations were chosen for each metal for a higher evaluation degree of the resulting photocatalyst.



The results indicated that the ratio 95% rutile–5% anatase is the most beneficial substrate for both metal dopants towards the examined photocatalytic reaction. More specifically, in the case of Cu-based photocatalyst, the catalyst prepared with 5% anatase and 95% rutile achieved a major decrease in the irradiation time required to achieve 90% MB degradation (from 2.5 h to 1 h), comparing the results of Figure 7 and Figure 10.



The results suggest that the introduction of a small quantity of anatase titania (5%) considerably increases the activity of the examined photocatalysts towards methylene blue degradation. It was previously reported that the remarkable co-existent effect of rutile and anatase would arise from the increase in the charge separation efficiency due to photoinduced interfacial electron transfer from anatase to rutile under UV light excitation. In this study, the preferential Ag deposition on the anatase/rutile interface was held responsible for the superior photocatalytic activity in the case of the anatase and rutile mix substrate [46]. There are previous studies that demonstrate the photocatalytic superiority of catalysts prepared with a mixture of titania phases compared to those prepared with pure anatase or pure rutile. These data strongly indicate the existence of a synergistic effect between anatase and rutile phases in the metal-doped photocatalyst under visible light excitation. This synergistic phenomenon is similar to that of TiO2 under UV light excitation. In their approach, though, the Sm-doped titania photocatalysts were prepared via a sol-gel approach using precursor compounds for the metal and the titania synthesis [47].






4. Conclusions


The one-step preparation approach that was followed successfully provided photocatalysts that were proved to be highly active under visible light irradiation towards the methylene blue degradation reaction. The experimental results suggested that titania rutile is a better substrate for the catalyst, compared to titania anatase for the wet impregnation PROMETHEUS synthesis approach followed in this study.



It is determined that 0.1% Cu and 0.25% Ag loading on 95% rutile–5% anatase titania are the optimum amongst the examined catalysts, as it possesses the highest activity under visible light. The results indicated that the ratio 95% rutile–5% anatase is the most beneficial substrate for both metal dopants towards the examined photocatalytic reaction. More specifically, in the case of the Cu-based photocatalyst, the catalyst prepared with 5% anatase and 95% rutile achieved a major decrease of more than 50% (from 4 h irradiation to 1 h 45 min) for the required irradiation time to accomplish 100% MB degradation.



Furthermore, it is established that metal loading equal to or above 0.5% is not beneficial for either titania form. It is assumed that the metal copper particles act as sites for the recombination of the generated electron holes and, hence, decrease the photocatalytic activity. Further studies on this matter will be beneficial to confirm this hypothesis. Photoluminescence studies on the produced photocatalysts, as well as measurements of UV–Vis diffuse reflectance spectra of the photocatalysts for the determination of their energy band gap, will provide more data to further elaborate this finding.
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Figure 1. Experimental steps for the catalyst preparation. 
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Figure 2. Schematic representation of customized photocatalytic reactor employed in the experimental procedure. 
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Figure 3. Picture of the photocatalytic reactor used in the experimental procedure. 
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Figure 4. XRD analysis of employed substrates titania anatase and rutile. 
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Figure 5. (a) Type II isotherm according to IUPAC (prepared according to [39]). And (b) Isotherm curve of sample 0.5Cu/TiO2 (R). 
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Figure 6. Cu loading concentration influence on photocatalytic activity under visible light. 
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Figure 7. Influence of titania substrate nature (anatase or rutile) on Cu-doped catalysts’ photocatalytic activity under visible light. 
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Figure 8. Influence of titania substrate nature on Ag-doped catalysts’ photocatalytic activity under visible light. 
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Figure 9. Effect of catalyst concentration on catalytic behavior towards the MB degradation under visible light. 
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Figure 10. Rutile content effect on Ag- and Co-doped photocatalysts after 1 h of irradiation. 
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Table 1. List of as-prepared photocatalysts and their metal loading determined by XRF.
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	Photocatalysts’ Name
	Metal
	Metal Loading, wt%
	Substrate Composition
	Metal Concentration Determined by XRF, ppm





	0.1Cu/TiO2 (R)
	Cu
	0.1
	100% Rutile
	998



	0.25Cu/TiO2 (R)
	Cu
	0.25
	100% Rutile
	2183



	0.5Cu/TiO2 (R)
	Cu
	0.5
	100% Rutile
	4012



	1Cu/TiO2 (R)
	Cu
	1
	100% Rutile
	8062



	0.1Cu/TiO2 (A)
	Cu
	0.1
	100% Anatase
	991



	0.25Cu/TiO2 (A)
	Cu
	0.25
	100% Anatase
	2216



	0.5Cu/TiO2 (A)
	Cu
	0.5
	100% Anatase
	4086



	1Cu/TiO2 (A)
	Cu
	1
	100% Anatase
	7972



	0.1Ag/TiO2 (A)
	Ag
	0.1
	100% Anatase
	997



	0.25Ag/TiO2 (A)
	Ag
	0.25
	100% Anatase
	2149



	0.1Ag/TiO2 (R)
	Ag
	0.1
	100% Rutile
	1002



	0.25Ag/TiO2 (R)
	Ag
	0.25
	100% Rutile
	2204



	0.1Cu/TiO2 (95 R)
	Cu
	0.1
	95% Rutile/5% Anatase
	1015



	0.1Cu/TiO2 (90 R)
	Cu
	0.1
	90% Rutile/10% Anatase
	1015



	0.1Cu/TiO2 (80 R)
	Cu
	0.1
	80% Rutile/20% Anatase
	1015



	0.1Cu/TiO2 (70 R)
	Cu
	0.1
	70% Rutile/30% Anatase
	1004



	0.25Ag/TiO2 (95 R)
	Ag
	0.25
	95% Rutile/5% Anatase
	1007



	0.25Ag/TiO2 (90 R)
	Ag
	0.25
	90% Rutile/10% Anatase
	1009



	0.25Ag/TiO2 (80 R)
	Ag
	0.25
	80% Rutile/20% Anatase
	1012



	0.25Ag/TiO2 (70 R)
	Ag
	0.25
	70% Rutile/30% Anatase
	1003
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Table 2. Pore analysis characteristics.
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	Sample Name
	BET

m2/g
	BJH Adsorption Cumulative Pore Volume, cm3/g
	Adsorption Average Pore Diameter, Å





	TiO2—Anatase
	9.93
	0.025
	127



	TiO2—Rutile
	4.38
	0.009
	100



	0.1Cu/TiO2 (R)
	3.91
	0.010
	110



	0.25Cu/TiO2 (R)
	3.91
	0.010
	109



	0.5Cu/TiO2 (R)
	3.89
	0.010
	131



	0.25Cu/TiO2 (A)
	9.40
	0.027
	142
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