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Abstract

:

The development of catalysts continues to have a significant influence on science today since we can utilize them to efficiently destroy some contaminants. A study in this field is justified because there is a dearth of comprehensive literature on the creation of SrTiO3-based photocatalysts. Related to this topic, here we report the facile preparation of a structure-modified SrTiO3 photocatalyst, by incorporating CuWO4. Within the case of the CuWO4-modified samples (0.5–3 wt% nominal CuWO4 content), the photo-oxidation of phenol, as a contaminant, was more than two times higher than the initial SrTiO3. However, the photocatalytic activity does not change linearly with increasing CuWO4 content, and the CWS2.5 (2.5 wt% nominal CuWO4 content and 4.25 wt% measured content) has the highest photo-activity under the applied conditions. The reason for the better activity was the increased recombination time of charge separation on the catalyst surface. Slower recombination can result in more water being oxidized to hydroxyl radicals, leading to the faster decomposition of the phenol.






Keywords:


strontium-titanate; copper tungstate; hydrothermal co-crystallization; copper tungstate content optimization; hydroxyl radical; recombination time












1. Introduction


The study of photocatalysts is still a popular field of research today, because their good properties can be used in many fields, e.g., antimicrobial treatment, air cleaning and water purification [1,2,3,4,5]. Most photocatalysts are metal nanoparticles or semiconducting metal oxides, such as strontium titanate (SrTiO3), which is widely studied nowadays. SrTiO3 has many useful advantages such as low cost, inertness, stability and relatively high photocatalytic activity in the UV region. It is justified to deal with this material because the photocatalytic activity can be increased after various modifications. We have several options for increasing the photocatalytic activity, such as reducing the band gap (excitation with lower energy photons), increasing the number of charge separations created per unit time or increasing the recombination time (more reactive radicals are produced) [6,7]. The long-term goal is to learn more about the nature of modifications where we do not achieve higher photocatalytic activity by reducing the band gap but by increasing the recombination time so that we can later enhance this in the best way.



Heterogeneous photocatalysis is an advanced oxidation process (other AOPs: homogeneous photocatalysis, photolysis, Gamma-radiolysis) [8]. In the case of heterogeneous photocatalysis, the photocatalyst can be excited with photons, and this induces a hole–electron pair through the change in the energy state of the electron (the electron energy moves from the valence band to the conduction band) [9]. The residual hole is the oxidation side, where the hole oxidizes the adsorbed molecules (usually water molecules), and the result is the generation of reactive radicals. The excited electron is on the reduction side, where some molecules are able to accept electrons, which results in a negative oxidation potential (so it will have a reductive characteristic). Through the processes described, reactive oxygen species could be generated, e.g., hydroxyl radical, H2O2, peroxide radical, hydroxyl anion and superoxide anion [10]. One option is to reduce the band gap (excitation with visible light), while another option is to increase the recombination time (more reactive radicals are produced).



We have three useful ways for modification: decoration, which is when the surface of the photocatalyst is modified (e.g., metal deposition), doping, which is when the crystalline structure is modified, and morphological modifications [11,12,13]. During the surface modification, metals or metal oxides are usually deposited on the surface, and some transition metals or transition metal oxides (Ag, Au, CuO) have a plasmonic effect on the surface of the catalyst, which also increases the recombination time [13]. Doping photocatalysts with various elements (e.g., Ag, Ru, C, N, Cu) can reduce the band gap energy, and, therefore, the photocatalyst could be activated with a photon with lower energy, and the dopant can act as an electron trap, which slows down the recombination of the electron–hole pairs, which also favors photocatalytic activity [12]. In the case of morphological modification, generally, the shape and porosity are modified [11]. In the scientific literature, we can find many articles on modified SrTiO3. The comparison of photocatalytic activities measured by others in other labs is difficult, due to the different conditions, e.g., the light source, the concentration of the catalyst, the reactor, the construction of the system, the model pollutants and its concentration are different. For example, Syafiuddin et al. doped the SrTiO3 with sulfur and nitrogen (separated); in the former case, the catalyst decomposed ~12% of the phenol and, in the latter case, ~10% under 2 h [14]. Another study investigated the decomposition of Rhodamine B on a graphene oxide/strontium titanate composite and on pure SrTiO3; the former decomposed 94.5% of the pollutant and the latter 64.5% under the applied conditions [15]. According to another article, CuOx-modified SrTiO3 was used to investigate the degradation of phenol, achieving a degradation efficiency of ~19% [7].



In this work, we modified the SrTiO3 photocatalyst with different amounts of copper-tungstate (CuWO4) by a hydrothermal co-crystallization method, and the CuWO4 content was optimized. This is novel because CuWO4 has not yet been used to modify SrTiO3. Structure and optical characterization methods were applied to prove the success of the photocatalyst preparation and to determine the properties of the prepared photocatalysts. Next, we determined the photocatalytic activity for all the prepared photocatalysts under UV illumination following the degradation of the phenol test molecule and the ability to produce hydroxyl radicals through coumarin degradation. The results show that the CuWO4-modified SrTiO3 has higher photocatalytic activity than pure SrTiO3.




2. Results and Discussion


2.1. Characterization


The crystal phase of the obtained photocatalysts was determined by XRD measurements. Figure 1A shows the diffractogram of the pure SrTiO3 (CWS0) and the composite samples with increased CuWO4 content (CWSX). The patterns of the diffractograms are the same, and therefore the crystal structure is the same. However, the main reflection shifts slightly to the left (from 2Θ = 32.48° to 32.36°), like a trend, which suggests that the distance between the corresponding crystal faces has changed (Figure 1C). This is due to the presence of a crystalline foreign material [16], which in our case is probably W6+ instead of Ti4+ from CuWO4, because their ionic radius is similar (0.61 Å for Ti4+ and 0.60 Å for W6+), and by increasing the proportion of CuWO4, the crystal faces get closer and closer. Furthermore, the SEM pictures taken of some samples show that with the increasing CuWO4 content the surface of the catalyst becomes flaky (Figure S1A–C), while the EDX mapping indicates the increasing Cu content (Figure S1E,F). The trend of the shift is broken for the CWS3 sample, which indicates overdoping, so CuWO4 is present in a larger amount than can be integrated into the lattice; this also affects the crystallization, and probably amorphous CuWO4 remains on the sample. This phenomenon is also clearly visible when the results are presented later. As a check, we crystallized pure copper tungstate (Figure 1B), and its XRD pattern is different from the composite samples; hence, in the absence of SrTiO3, it crystallizes in a different crystal phase.



The results indicate that during co-crystallization, they crystallize in the same crystal structure, in the crystal structure of SrTiO3; that is, the crystallization of SrTiO3 affects the crystallization of CuWO4. There could be several reasons for this; for example, the crystallization energy of SrTiO3 [17], which is two orders of magnitude larger, affects the crystallization of CuWO4, or more crystal sources are formed from SrTiO3 and a composite crystal is formed, which would explain the reflection shift due to the different ion sizes [16]. The CWSX sample peaks belong to the SrTiO3 ((100), (110), (111), (200), (210), (211), (220), (300), (310) [18]), and these peaks were assigned with the help of the SrTiO3 JCPDS card (35-0734). The CuWO4 sample peaks were identified based on the CuWO4 JCPDS card (70-1732): (110), (111), (111*), (021), (012), (102), (220), (211), (022), (202), (003), (301) [19].



Furthermore, the CuWO4-modified samples were turquoise in color (the color intensifies with the CuWO4 content), which also indicates the successful modification of the initial white strontium titanate. The light absorption of the CWSX samples was measured by the diffuse reflectance spectroscopy (DRS) method (Figure 2). The band gap energy values were determined by the Kubelka–Munk method [20], and the result was around 3.20 eV for each sample. The band gap slightly changed, but not significantly, and therefore the increased photocatalytic activity (see later) has another reason, not the decreased band gap. Therefore, the incorporation of CuWO4 into the structure of SrTiO3 did not significantly affect (in the case of the samples produced in this work) the energy dependence of the excitability. It can also be observed that the spectra of the CWS3 sample with the highest functionalization degree are slightly different from the others, which is certainly due to overdoping, since more CuWO4 is present than can be incorporated into the lattice.



By measuring the photoluminescence, we can get information about the recombination after excitation [21], and we can compare the samples in the energy consumption received from the photon. On the basis of the measured emission spectra, it can be seen that the presence of CuWO4 reduced the degree of recombination, and it can also be seen that the more CuWO4, the more the recombination decreases (up to the level of copper tungstate concentrations used); the normalized results are in Figure 3. This means that the excited electron can return to the valence band in other ways, which is the reason for the increased photocatalytic activity (applied conditions). Due to the closeness of the potentials, the excited electron of strontium titanate (CB of SrTiO3 is also 3.4 eV [22]) can be transferred to the valence band of CuWO4 (VB of CuWO4 is also 2.3 eV [23]), which is possible because the outer electron of CuWO4 is also excited at the same time as the excitation of SrTiO3, so a positive hole remains in its valence band. The excited electron of CuWO4 is therefore more difficult to recombine, and it is much more likely to be taken up by oxygen, because it has more time for that, after which a hole remains at the end of the “chain” (SrTiO3 VB), which produces a hydroxyl radical through the oxidation of water [24]. In the case of pure SrTiO3, the dissolved oxygen (or other molecules from the medium) can only pick up the electron from the SrTiO3, so the electron has two options: it recombines or is picked up by a molecule of the medium. However, the CuWO4-SrTiO3 composite has a third option when the electron is switching to CuWO4 (which can happen, e.g., BiVO4-based photocatalysts [25]). Because of this, the possibility of recombination is statistically minimally decreased [26], which is clearly visible on the normal photoluminescence spectra (the measured intensity is reduced). Therefore, electron transfer and hydroxyl radical production also take place in the case of SrTiO3 (proven later in Section 2.3), but in the presence of CuWO4, there are more possibilities for this in a unit time with minimally suppressed recombination. This is the reason for the increased photocatalytic activity.



The shape of the emission spectra is very similar for CWS0 and the other CWSX samples, which also shows (in addition to XRD) the relationship between the two substances, so it is not a physical mixture, and they did not crystallize next to each other but crystallized “together” (co-crystallization). Another reason that the shape of the spectra is very similar is that the CuWO4 concentration used is very low, and the resulting tungsten concentration is therefore even lower. In the case of doping, the foreign element is usually not integrated in full amount, and in our case, the change is very small.



The specific surface area values are presented in Table 1. The samples have similar surface areas; each sample was measured three times, and the difference is comparable to the value of the standard deviations (Table 1). Thus, the specific surface area of the samples is approximately the same (around 40 m2/g), which also proves that it is the same structure and probably co-crystallization, namely CuWO4 incorporated into the structure of SrTiO3, and the result is composite crystallites. Due to the similarity of the values, the crystallite size probably did not change significantly with the modified structure.



Figure 4 shows the zeta-potential values of the CWSX samples; the standard deviation was calculated from five measurements. Compared to the initial SrTiO3 (CWS0) (ζ= −30.3 ± 1.6), the zeta potential of functionalized samples slightly decreased (~−33–38 mV); however, CWS3 with the highest CuWO4 content had a significantly lower value (−38.1 mV) because of the above-mentioned overdoping. Further increasing the ratio would probably further decrease the zeta potential, which would favor the adsorption of a positively charged pollutant, but in this work, we did not examine this observation, because we used phenol as a model pollutant and we examined how the photocatalytic activity changed for phenol; in any case, this information can also be useful for the literature and other researchers. The lower surface charge increases the stability of the suspension when the sample is used as a suspension. The pH was around 6.50 for each sample.



The measured amount of CuWO4 presented in a weight ratio is proven by EDX measurements; for demonstration, the CWS3 sample EDX spectrum is in Figure 5. The measured values do not always correspond to the nominal (theoretical amount of CuWO4) values but follow a well-managed trend; the results are in Table 1. It can also be read from the spectra that it does not contain significant amounts of other elements. The ratio of CuWO4 in the measured samples is probably higher than the theoretical value, because during the synthesis, the SrTiO3 precursors remained on the wall of the vessel during the pouring from one vessel to another and also during pouring from the vessel into the autoclave.




2.2. Photocatalytic Activity Measurements


The conditions during the photocatalytic experiments were the same for all samples. For reference, the CWS0 sample was used, in which the concentration of CuWO4 was 0 wt%. The results are summarized in Figure 6, and almost all of the synthesized photocatalyst samples had higher photocatalytic activity than the reference CWS0 (pure SrTiO3). CWS2.5 exhibited the highest photocatalytic activity (in Figure 6A are the decay curves, and in Figure 6B is the degraded amount of phenol). The reference CWS0 degraded only a small amount of phenol, and the conversion rate was ~10% (1.063 mgpheonl/gcat). In the case of CWSX samples, significantly better results were obtained, with conversion rates of ~10–24%. The highest value, which belongs to the CWS2.5, was 24% (2.340 mgpheonl/gcat). Because neither the band gap nor the surface charge exhibits an “extreme” value in this sample, the superior photocatalytic activity has to be explained in another way. Because hydroxyl radicals are involved in the conversion of phenol [27], their quantity in our system can be crucial. According to the XRD results, the trend of the main reflection shift indicates doping (see Section 2.1), which means a small structural change. This trend continues linearly to the CWS2.5 sample and then breaks in the last sample (CWS3), due to overdoping, which has a negative effect on the photocatalytic activity. Due to the mentioned reasons, fewer pollutants can be oxidized on the hole side after the charge separation (direct effect), and fewer hydroxyl radicals can be formed by the oxidation of water. The next section discusses this occurrence through the hydroxyl radical production. The photocatalytic activity does not follow the usual trend, the effect of the modification is not immediately visible in the first member of the modified sample series. The increase in photocatalytic activity starts from the third member (CWS1.5, 1.5 wt.% nominal and 2.16 wt.% measured CuWO4 content) of the modified sample series and then “breaks off” at the last member. This can be explained that at the beginning when the doping is so small, it cannot yet have a significant effect on the processes after charge separation; however, the later samples already have this “threshold concentration”. For the last sample, the explanation may be the phenomenon of overdoping described earlier. The results show that, under certain conditions, the CWS2.5 sample has the optimal CuWO4 content (measured to be 4.28% by weight) to achieve maximum phenol degradation activity.




2.3. Detection of Hydroxyl Radical


Without a catalyst, the 7-hydroxyoumarin molecule was not detectable, and only the hydroxyl radicals created during the photocatalytic reaction can provide 7-hydroxycoumarin [28]. The measurements were performed on all samples, and in Figure 7, the 7-hydroxycoumarin formation kinetic can be seen. The formation kinetics of 7-hydroxycoumarin is the highest in the case of CWS2.5; the corresponding rate constant (k7-hydroxycoumarin) was 1.52 × 10−5 µmol·L−1·s−1 which is an order of magnitude greater than the reference (CWS0) sample (5.29 × 10−6 µmol·L−1·s−1). The mentioned values were calculated based on the measurements presented in Figure 7. The trend closely follows the trend obtained for photocatalytic efficiency, for the same reason as described in the previous section (Section 2.2).





3. Materials and Methods


3.1. Catalyst Preparation


Analytical grade chemicals were used for synthesis without further purification: Sr(NO3)2 (Molar Chemicals, Halásztelek, Hungary; >99%), titanium isopropoxid (C12H28O4Ti) (Sigma Aldrich, St. Louis, MO, USA; >99%), Cu(NO3)2 × 3 H2O (Molar Chemicals, Halásztelek, Hungary; >99%), Na2WO4 × 2 H2O (Chinoin, Budapest; >99%), KOH (Molar Chemicals, Halásztelek, Hungary; >99%) and ultrapure Millipore Milli-Q water (Budapest, Hungary). CuWO4-modified strontium titanate (CWSX) samples were prepared using a hydrothermal co-crystallization procedure, which is a relatively cheap and resizable method. The synthesis was performed by combining two recipes [16,29]. First modified sample, CWS0.5, was prepared as follows: First, we prepared solution A: 2.842 g C12H28O4Ti dissolved in 50 mL 2-propanol. Solution B: 2.111 g Sr(NO3)2 was dissolved in 50 mL H2O. Dispersion C: 0.00922 g of CuWO4 dispersion was precipitated by adding the necessary copper and tungsten precursors (Cu(NO3)2 × 3 H2O and Na2WO4 × 2 H2O) in stoichiometric amounts to 10 mL of water. Solution D: 50 mL 0.4 mol/L KOH solution. During the synthesis, dispersion C was added to solution B, and then the obtained dispersion E was added to solution A dropwise under vigorous stirring (dispersion F). Next, solution D was added to dispersion F. The mixture was kept at 90 °C for 1 h, and then it was loaded into a Teflon-lined autoclave which was kept at 200 °C for 3 h. After washing and drying the photocatalyst, the sample was calcined at 500 °C for 3 h in the presence of air. The product was 1.844 g of SrTiO3 with 0.5 wt% CuWO4. In the case of the other samples, the preparation procedure was the same, with the only difference being that we systematically prepared more CuWO4 precipitates; the values are in Table 1. CWS0 was the reference; no CuWO4 precipitate was added during the synthesis. According to this procedure, we tried to carry out the synthesis with the minimum number of steps, and the energy requirement was mainly due to the double heat treatment.




3.2. Characterization


The CuWO4-SrTiO3 sample crystallinity was determined with X-ray diffraction measurements, which were carried out with a Philips X-ray diffractometer (PW 1830 generator, PW 1820 goniometer, CuKα: λ = 0.1542 nm, 40–50 kV, 30–40 mA) (Philips, Germany), from 20 to 80° (2Θ), at room temperature.



For optical characterization, the diffuse reflectance spectra were recorded with UV–VIS USB4000 type (Ocean Optics Inc., Dunedin, FL, USA), diode array spectrophotometer. The spectra were recorded from 200 to 850 nm wavelength. The band gap values were determined using the Kubelka–Munk method.



The room-temperature photoluminescence (PL) emission spectra of the samples were recorded at 300 nm excitation wavelength using a Horiba Jobin Yvon Fluoromax-4 type spectrofluorometer (Horiba, Kyoto, Japan).



Energy-dispersive X-ray spectra were measured with Hitachi S-4700 scanning electron microscope (Tokyo, Japan) with Röntec EDX detector (30 keV). We also performed the mapping measurements with this instrument.



The specific surface area values of the samples were measured by the BET method from N2 adsorption isotherms (77 ± 0.5 K) with Micromeritics Gemini 2375 Surface Area Analyzer (Micromeritics, Norcross, GA, USA).



The electrophoretic mobility of the samples was also determined using a HORIBA SZ-100 Nanoparticle Analyzer (Horiba, Kyoto, Japan); a disposable carbon-coated electrode cell was used. The zeta-potential values were determined using the Smoluchowski model, from the measured data. The measured dispersion concentration was 0.001 w/v%. In addition to the CWS samples, we also measured the pure CuWO4. The zeta-potential values provide useful information about the aqueous-phase hydrodynamic stability as well [30].




3.3. Photocatalytic Activity Measurements


The photocatalytic activity of the CWSX samples was measured in 50 mL aqueous suspension. Phenol was the model pollutant, and the experiments were performed in an opened glass reactor, at room temperature. The used UV light source (local λmax = 366 nm (Figure S2) was fixed at 5 cm distance from the surface of continuously stirred (3000 rpm) suspensions. The photocatalyst concentration in the suspension was 0.1 wt%, while the initial phenol concentration was 10 mg/L. The suspensions were irradiated for 120 min during the tests. The concentration of phenol was followed with an Agilent 1290 Infinity II liquid chromatograph with UV detector (detection wavelength was 254 nm), the column was an InfinityLab Poroshell 120 ECsingle bondC18, while the mobile phase was 50/50 acetonitrile/water with 1 mL/min flow rate. Before the irradiation, the suspensions were kept in the dark for 30 min to ensure the adsorption equilibrium. Before chromatographic measurement, the collected samples were centrifuged two times (14,500 rpm, 5 min) and filtered through 0.1 μm Millex-VV PVDF filter.




3.4. Detection of Hydroxyl Radical


The reaction between coumarin and hydroxyl radical produces 7-hydroxycoumarin (Figure 8) [28], which can be monitored spectrofluorometrically (λem, max = 453 nm), and the amount of produced 7-hydroxycoumarin depends only on the hydroxyl radical concentration. The capacity of the hydroxyl radical production was measured on reference CWS0 and the best CWSX (the best photocatalyst in this work) sample, which was CWS2.5. The experiments were preceded by the calibration of spectrofluorometer with 7-hydroxycoumarin; the concentration dependence was linear over the range used (1 × 10−8 mol/L–5 × 10−6 mol/L), R2 = 0.9999.



For measurements, the initial coumarin concentration was 1 × 10−4 mol/L, and the photocatalyst concentration was 0.1 wt%. The UV light source (Figure S2) was placed at 5 cm distance from the suspension surface. The 7-hydroxycoumarin concentration change was determined with a Horiba Jobin Yvon Fluoromax-4 type spectrofluorometer. The excitation wavelength of 7-hydroxycoumarin was 345 nm, while the detection wavelength was 453 nm. Before the measurements, the samples were centrifuged two times (14,500 rpm, 5 min) to completely remove the dispersed photocatalyst particles.





4. Conclusions


SrTiO3 photocatalysts were successfully modified by incorporating them into a CuWO4 crystal lattice through a simple co-crystallization hydrothermal method. Due to this, SrTiO3 was also doped by exchanging an element (described in the XRD section), probably the exchange of Ti4+ with W6+. The characterization results show that compared to initial SrTiO3, the structure of the composite crystallites did not change. Instead, the addition of the new material only slightly affected the spacing between some crystal faces, proving that the new material was successfully incorporated (XRD). The presence of CuWO4 could be confirmed by EDX measurements. The other characterization methods indicated that the change is minimal and does not significantly affect the extent of some properties (e.g., specific surface area (~40 m2/g), band gap (~3.2 eV)); however, the photoluminescence measurements showed that the probability of recombination decreased in the case of the modified samples.



The photocatalytic activity of the modified samples is higher than that of pure strontium titanate, as shown by the photocatalytic tests, which clearly show the weaker hole–electron recombination. Sample CWS2.5 has the highest activity, its breakdown efficiency during phenol decomposition is 2.340 mgphenol/gcat, while the reference CWS0 (pure SrTiO3) has 1.063 mgphenol/gcat, so the photocatalytic activity was more than doubled. We discovered that the origin of 7-hydroxycoumarin, which is connected to the quantity of hydroxyl radical generated, can be used to explain the cause of the rise in photocatalytic activity. The formation rate constant of 7-hydroxycoumarins in the case of CWS2.5 was 1.52 × 10−5 µmol·L−1·s−1, and in the case of CWS0, it was 5.29 × 10−6 µmol·L−1·s−1. The reason for this is the reduced probability of charge recombination (which is due to the foreign element in the lattice of SrTiO3), due to which more hydroxyl radicals are formed on the oxidation side. It can be concluded that the CWS2.5 sample has an optimal CuWO4 content (the measured content was 4.28 wt.%) in terms of photocatalytic activity, under the conditions used.



In summary, we have successfully synthesized a strontium titanate-based photocatalyst, SrTiO3-CuWO4 composite crystallites with low CuWO4 content, which degrades polluting molecules more efficiently than the initial, pure SrTiO3 due to its better hydroxyl radical production capacity. We optimized the amount of CuWO4 used during the synthesis and proved the success of CuWO4 modification. The obtained results may contribute to increasing the photocatalytic efficiency of SrTiO3 in the future, without reducing the band gap.
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Figure 1. XRD patterns of SrTiO3 (CWS0) and CuWO4-SrTiO3 composite samples (CWSX) (A), CuWO4 (B) and the main reflection shift (C). 
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Figure 2. Kubelka–Munk representation of SrTiO3 (CWS0) and SRTX samples for band gap energy determination. 
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Figure 3. The PL spectra of the CWSX samples. 
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Figure 4. The zeta-potential values of 0.001 wt% aqueous dispersion of the initial SrTiO3 (CWS0) and CWSX samples (pH = ~6.50). 
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Figure 5. Representative EDX spectrum of the CWS3 sample. 
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Figure 6. Run of decay curves, photocatalytic activity of the CWSX photocatalysts and reference SrTiO3 (CWS0) (A) and the exact amount of phenol that has been destroyed (mgphenol/gcat) (B). 
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Figure 7. Production kinetics of 7-hydroxycoumarin from coumarin in the case of CWSX samples. 
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Figure 8. Coumarin and hydroxyl radical reaction to produce 7-hydroxycoumarin. 
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Table 1. Nominal and measured CuWO4 concentrations and specific surface area of the samples.
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	Catalyst Name
	Nominal Cu Content (wt%)
	Measured CuWO4 Content (wt%) *
	Specific Surface Area (m2/g)





	CWS0
	0
	0
	40.30 ± 1.60



	CWS0.5
	0.50
	0.21
	38.38 ± 0.40



	CWS1
	1.00
	1.34
	41.04 ± 0.35



	CWS1.5
	1.50
	2.16
	39.30 ± 0.55



	CWS2
	2.00
	2.86
	40.81 ± 1.95



	CWS2.5
	2.50
	4.28
	40.92 ± 5.43



	CWS3
	3.00
	5.22
	40.13 ± 1.18







* determined by EDX measurements.
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