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Abstract

:

The design of a semiconductor or a composite semiconductor system—with applications in materials science—is complex because its morphology and structure depend on several parameters. These parameters are the precursor type, solvent, pH of the solution, synthesis approach, or shaping agents. This study gives meaningful insight regarding the synthesis design of such WO3 materials. By systematically alternating the precursor (sodium tungstate dihydrate—NWH, or ammonium tungstate hydrate—AMT), subsequently shaping the agents (halide salts—NaX, KX, or hydrohalic acids—HX; X = F−, Cl−, Br−, I−), we have obtained WO3 semiconductors by hydrothermal treatment, which in composite systems can enhance the commercial TiO2 photocatalytic activity. We investigated three sample series: WO3-NWH-NaX/WO3-NWH-KX and, subsequently, WO3-AMT-HX. The presence of W+5 centers was evidenced by Raman and X-ray photoelectron spectroscopy. W+5 and W+6 species affected the band gap values of the NaX and KX series; a higher percentage of W+5 and, subsequently, W+6 caused a redshift, while, regarding the HX series, it led to a blue shift. Increased electronegativity of the halide anions has an unfavorable effect on the composites’ photoactivity. In contrast, in the case of hydrohalic acids, it had a positive impact.
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1. Introduction


Tungsten trioxide (WO3) is an extensively studied n-type semiconductor (SC) that has a broad application spectrum, including pigment in paints [1], gas sensors [2,3], and humidity sensors [4], or is an essential component in (photo) electrochromic devices [5,6,7,8]. It can also be employed as a photocatalyst on its own or in composites with other metal oxides [9,10,11,12,13,14], or with carbon-based materials [15]. Its band gap value is ≈2.6 eV, meaning a light absorption maximum at 480 nm. Furthermore, WO3 is considered environmentally friendly and harmless [16].



Tungsten trioxide SCs can be synthesized via different methods, such as electrospinning [17,18], chemical vapor deposition [19,20], physical vapor deposition [21], ultrasonic spraying, laser pyrolysis [22,23], and hydro-/solvothermal crystallization [24,25,26].



Numerous WO3 nanostructures were synthesized using hydrothermal crystallization, such as nanowires [27,28], nanorods [29,30], and nanofibers [31,32]. The morphology and structure of the WO3 SCs can be influenced by the precursor’s structure [33,34,35], synthesis method [36,37,38], solvent type [39], annealing time, and temperature [40,41].



A broad spectrum of techniques and methods is the key to designing the morphology and structure of materials. However, one of the most commonly employed methods implies the variation of the ionic strength of the synthesis mixture, or the replacement of the used salts’ anions and cations based on their electronegativity, which was proven in the case of TiO2 using NaCl [42] or NaCl/KCl salts in the synthesis mixture [43,44]. Furthermore, the effect of different zinc salts upon the synthesized ZnO nanoparticle morphology, crystal size, and antiseptic properties was also investigated [45,46] and also found to be valid in the case of NiO [47].



The effect of different salts (NH4Cl, NH4NO3, Li2SO4, and Na2SO4) upon the WO3 structure and morphology ascertained that, by microwave-assisted hydrothermal approach, hexagonal WO3 nanowires could be obtained. When no salts were added during the synthesis, it yielded WO3∙0.33H2O, sequentially, by introducing ammonium salts (NH4Cl, NH4NO3, or (NH4)2SO4) pure hexagonal WO3 was obtained. The addition of lithium and sodium cations did not facilitate hexagonal WO3 [48]. The addition of ammonium salts ((NH4)2SO4, NH4Cl, or NH4NO3) influenced the WO3 structure and morphology; more precisely, 55% hexagonal and 45% orthorhombic WO3 crystal phase composition was achieved, with slab-like morphology. In contrast, the addition of ammonium salts resulted in rod-like WO3 semiconductors with a hexagonal crystal phase [49].



Although the effect of several anions and cations upon the morphological, structural, optical, and other significant characteristics of the semiconductors was studied, no relevant papers have yet been published to address the effect of different anions and cations (salts and hydrohalic acids) and, subsequently, their electronegativity, on the semiconductors’ photocatalytic performance. Moreover, relevant studies concerning the effect of different anions and cations—electronegativity and ion mobility—on the photocatalytic activity of WO3 have not yet been published.



Concerning this study, the synthesis of WO3 materials was designed (Figure 1) from two different precursors via hydrothermal crystallization, introducing different salts/hydrohalic acids into the synthesis environment. The morphology, structure, and photocatalytic activity of the obtained compounds were studied. Additionally, TiO2-WO3 composites were prepared to evaluate their photoactivity, and the activity–morphology–structure relationship was determined.




2. Results


2.1. The Morphology of the Semiconductors


Scanning electron microscopy was employed to evaluate the morphology of the synthesized semiconductors. In the case of the WO3-NWH-NaF semiconductors (Figure 2), bullet-like morphology can be observed, each with a size of 1–2 µm. Additionally, smaller cylinder-shaped nanocrystals were observed between 300–500 nm, and even smaller ones were observed between 50–200 nm, built up of/from very thin nanowires. WO3-NWH-NaCl crystals (Figure 2) showed fiber-like morphology. Their resultant length was 3–4 μm (constructed from ≈12–14 nm size nanofibers). The morphology of crystals from the samples WO3-NWH-NaBr and WO3-NWH-NaI was fiber-like (Figure 2, length = 1–2 µm/diameter ≈ of 100 nm and 150 nm for WO3-NWH-NaI). This morphological feature can also be observed in the case of the WO3-NWH-NaCl sample.



Concerning WO3-NWH-KCl (Figure 2), nanocrystals with a wire-like morphology were obtained, which were randomly aggregated. Additionally, some very thin nanowires (40–50 nm) can be observed with various lengths (400–600 nm). WO3-NWH-KBr crystals were also wire-like (Figure 2), while the nanocrystals’ size was between 50 and 100 nm. In comparison, WO3-NWH-KI presented wire/sheet-like crystals (50–100 nm, Figure 2).



In WO3-AMT-HF, the observed morphology was slightly spherical (Figure 2). The aggregations were also present (below 1.0 µm, mainly between 0.1–1.0 µm). Besides the spherical crystals, a large number of undetermined crystal shapes were also noticed. It should be noted that smaller nanoplates (≈100–400 nm) can also be observed, which build up the larger-sized crystals layer by layer. The morphology of WO3-AMT-HCl was star-like. These entities’ mean diameter was ≈3–4 μm and consisted of microfibers of ≈3–4 μm length, assembled from numerous smaller nanowires (10–15 nm). The morphology of WO3-AMT-HBr was similar to that of WO3-AMT-HCl, and the stars measured 3–4 µm. Interestingly, WO3-AMT-HI showed the same star-like morphology, while their mean diameter was in the range of 2–3 µm. These stars were made up of ≈2–4 μm lengths from microfibers and assembled from numerous smaller nanowires. High-resolution SEM micrographs have been added to the Supplementary Materials to present the above-mentioned shape-controlled WO3 and WO3∙0.33H2O nano- and microcrystals.




2.2. Optical Properties of the WO3 Semiconductors and TiO2/WO3 Composite Systems


From the diffuse reflectance spectra of the materials, the optical properties were assessed. The reflectance spectra of each series and their corresponding composite systems can be found in the paper’s Supplementary Materials section.



Regarding the band gap value of the synthesized SCs, no particular trend was observed between the anions/cations’ effects and the band gap energy (Table 1). The highest and lowest values are marked in Table 1. The band gap values of the TiO2/WO3 composites compared with those of the counterpart WO3 SCs have shown a blue shift caused by the high percentage of P25 (76%) in the composites. No trend was observed in the case of the composite systems. The synthesized WO3 SCs and TiO2/WO3 composite systems also absorb the photons of UV and visible light regions. The various band gap values in each series could mean that, although a high concentration of H+ (acidic pH) was present, the samples’ morphology and structure were more significantly influenced by the added halides, regarding the WO3-NWH-NaX and WO3-NWH-KX series. The presence of sodium/potassium halides and, subsequently, the hydrohalic acids, had an impact upon the morphology, structure, color, and band gap of the samples, which could mean, regarding all series, that the shaping agents and their electronegativity influenced the electrons’ migration path, density, and mobility.



The band gap values of the WO3-NWH-NaX and WO3-NWH-KX series (hexagonal crystal phase) were between 2.69 and 2.95 eV, sequentially 2.54 and 2.66 eV, whereas the literature provides values between 2.50 and 2.76 eV for the hexagonal crystal phase. Concerning the WO3-AMT-HX series, where monoclinic, hexagonal, and their mixed crystal phases were identified, the band gap values were between 2.25 and 2.94 eV (2.25 eV for 100% monoclinic crystal phase and 2.94 eV for 100% hexagonal crystal phase), whereas, in the literature, monoclinic WO3 had shown band gap values between 2.64 and 2.85 eV; subsequently, the monoclinic and hexagonal mixture provided a 2.48 eV band gap [50,51,52]. Thus, overall, the band gap values of our samples only slightly overlap with the band gaps values found in the literature.



Moreover, for each sample, the conduction and valence band values were determined by applying Mulliken electronegativity theory (Table 2). To do this, the absolute electronegativity of WO3 (6.59 eV) was taken into consideration. Because we investigated oxide materials, we relied on the work of Xu, Y.; Schoonen, M.A.; and Ali, H. et al. [53,54]. In order to calculate the semiconductors’ conduction and valence bands, the following equations were used:


ECB = X − 4.5 eV − 0.5Eg



(1)






EVB = ECB + Eg,



(2)




where ECB is the conduction band energy, X is the absolute electronegativity of the semiconductor, and 4.5 eV is the reduction potential of the normal hydrogen electrode (NHE). Eg is the semiconductors band gap value; consequently, EVB is the valence band energy in eV. However, the accuracy of these calculations depends on many parameters, such as the piezoelectric point of the semiconductors, the pH of the suspension, and the dipole associated potential drop because these values are valid if the materials are in a vacuum [53,54]. The added halide salts/hydrohalic acids did not affect, in a systematic trend, the sample’s conduction and valence bands; still, it should be mentioned that high electronegativity led to the lowest conduction and the highest valence band values in the WO3-NWH-NaX (WO3-NWH-NaF 0.62 eV; 3.57 eV) and WO3-AMT-HX (WO3-AMT-HF 0.62 eV; 3.56 eV) series.




2.3. Crystal Phase and Crystallite Mean Size Determination


X-ray diffraction (XRD) patterns were recorded to investigate the crystal phase and crystal phase composition of the WO3 and WO3∙0.33H2O materials. In the NWH-NaX/KX series case, the WO3∙0.33H2O partial hydrate was identified in all samples (JCPDS file no. 35-1001) [55]. The differences in the XRD patterns of the NWH-NaX and NWH-KX (Figure 3) could be explained by assuming that the K+ cation has a negative effect while Na+ has a positive effect on the crystallinity of the WO3. Additionally, the Na+ and K+ ions’ impact can be linked with the samples’ particle size as well (10–40 nm for NaX series; ≈ 10 nm for the KX series). In the NaX series, the average crystallite size decreases from 36.7 nm to 14.1 nm, while, in the case of the KX series, it increases from 8.7 (KCl) to 10.8 nm (KI). Another cause of the difference could be that the NWH-KX series samples are built up from smaller crystals forming large aggregates. In contrast, the samples from the NWH-NaX series were built up from bundles.



Samples from the third series (AMT-HX) contained two crystal phases: partial hydrate and monoclinic WO3 (Figure 4). Interestingly, the sample WO3-AMT-HCl contained only the monoclinic crystal phase (JCPDS file no. 43-1035) [56]; in the WO3-AMT-HI sample, only the partial hydrate crystal phase was present. The samples denoted as WO3-AMT-HF and WO3-AMT-HBr (Figure 5) contain both crystal phases with 87.5% partial hydrate—12.5% monoclinic and, respectively, 30.76% partial hydrate—69.23% monoclinic crystal phase distribution. The size of the aggregates in the WO3-AMT-HF sample was between 0.1–1 µm; spherical crystals were observed, which were built up from smaller nanoplates of 14 nm. The stars’ diameter in the WO3-AMT-HCl sample were between 3 and 4 µm (assembled from numerous smaller nanowires with a diameter of 10–15 nm). Similar traits were observed in the WO3-AMT-HBr sample, which was built from 34 nm sized nanowires. Stars were also observed in the WO3-AMT-HI sample (2–3 µm, from 27 nm sized nanowires).



Sodium and potassium halides and, subsequently, hydrohalic acids, might deteriorate or cause changes in the WO3 structure because Na+, K+, and H+ species could be adsorbed on particular facets, and might even occupy defect sites in the lattice, which ultimately can lead to crystal structure rearranging, which is linked to stoichiometric changes in tungsten trioxide [57].



The crystallite mean size of the WO3 materials was calculated using the Scherrer equation. By applying Bragg’s law, we calculated the samples’ d-spacing (Table 3). However, the obtained results by using the Scherrer equation are trustworthy only between 10–100 nm. Considering this, we calculated the crystallite mean size and lattice strain for all samples at the 28 2θ reflections. The WO3-NWH-NaX series did not display a direct link between the electronegativity of applied salt anions and the calculated lattice strain of the samples, but in the case of the WO3-NWH-KX and WO3-AMT-HX series, a direct link can be found between electronegativity and the lattice strain, where high electronegativity lead to higher lattice strain values (WO3-NWH-KCl—0.0245; WO3-AMT-HF—0.0121); subsequently, low electronegativity lead to lower lattice strain values (WO3-NWH-KI—0.0153; WO3-AMT-HI—0.0072). This behavior can be explained by the perovskite ABO3 crystal structure, which has an empty A site. This feature gives an open crystalline structure, which is prone to host interstitial species (in our case, cations and anions), indicating that its structure can be doped [58].




2.4. Raman Spectroscopy


Raman spectroscopy can provide relevant information about the crystallinity and phase composition of the samples. It can also be employed to determine surface defects or oxygen vacancies on the material’s surface, which is of particular interest, especially in heterogeneous photocatalysis.



The Raman spectra of the WO3 SCs series are illustrated in Figure 6. The vibrational band observed at 132 cm−1 in all spectra was attributed to lattice vibrations of WO3 [59]. In the case of the NaX series, the band at 257 cm−1 was observed, due to the bending vibrations of the O=W=O bonds, which is specific for the hydrated types of tungsten trioxide [60], while, in the case of the KX series, the band at 262 cm−1 can be assigned to the bending vibrations of the O-W-O bonds [61]. We found it quite interesting that the latter one was not present in the NaX series spectra. The band at 325 cm−1 corresponds to the vibrations of O-W+5-O. It proves the presence of surface defects or oxygen vacancies in the samples [62].



In the Raman spectra of the NaX series, the bands at 701 and 804 cm−1 correspond to the bending and stretching modes of the O-W+6-O bonds [63,64], while, in the case of the KX series, the bands at 710 and 801 cm−1 are due to the O-W-O bending and stretching vibration modes [64,65]. Moreover, the band at 944 cm−1 observed in the spectra of the NaX series was attributed to the vibrational modes of W+6=O, which is also specific for the hydrated types of tungsten trioxide [64]; similarly, the bands from 914 and 954 cm−1 evidenced in the spectra of KX series were assigned to the W+6=O (terminal) bond vibrations [66,67].



The Raman spectra of the two series of WO3 materials were compared. A significant difference was observed: the KX series bands were more intense and sharper than those of the NaX series. The XRD patterns and Raman spectra of the NaX series lead to the conclusion that the samples’ crystal phase is hexagonal partial hydrate (WO3∙0.33H2O), and also that, as the electronegativity of the added ions diminishes, so does the crystallinity of the materials.



The XRD patterns of the KX series concluded (Section 2.3) that the samples’ crystallinity is relatively low compared to the NaX series, possibly caused by the intercalation of the K+ ions in the system. However, the Raman spectra would suggest a high crystallinity rate by observing the bands at 262, 327, 710, and 801 cm−1. The presence of these bands, their intensity, and their sharpness would suggest the monoclinic crystal phase, but the W+6=O bond vibrations were also identified in the KX series samples spectra, which proves the presence of hydrated tungsten trioxides. One explanation for this could be that, in these samples, there are two crystal phases: monoclinic and WO3∙0.33H2O, but the latter is more abundant, whereas the monoclinic WO3 is present in low quantities, and therefore the low crystallinity is observed in the XRD patterns. Another explanation could be that we have amorphous tungsten trioxide in our samples, which can be linked to the XRD patterns of the KX series (Figure 3).



In the Raman spectra of the WO3-AMT-HX series (Figure 6), the lattice vibrations of WO3 were identified at 133 and 155 cm−1 [68,69], the W-O-W bending mode at 252 cm−1 [70], the O-W+5-O vibrations at 327 cm−1 [64], and the O-W+5-O stretching modes at 697 and 804 cm−1 [71,72]. Thus, the Raman spectra of the HX series would suggest the monoclinic crystal phase for every semiconductor in the series. Simultaneously, in the 900–1000 cm−1 range, no band was identified—this interval is specific for W+6=O bonds and is strongly correlated with hydrated types of WO3. By comparing the XRD pattern of the HX series (Figure 6) with the Raman spectra (Figure 7), it is evident that, in this case, there are also two crystal phases present in the samples, except for WO3-AMT-HCl (monoclinic) and WO3-AMT-HI (hexagonal partial hydrate).



Thus, the Raman spectra analysis revealed that, in the first two SCs series (WO3-NWH-NaX and WO3-NWH-KX), bands specific to hydrated tungsten oxides were present. Still, in the latter, the peaks were more intense. Another band in the 900–1000 cm−1 region related to W+6=O was noticed, which could be explained by the presence of WO3∙H2O and not hexagonal partial hydrate (WO3∙0.33H2O).



The observed Raman bands in the third series (WO3-AMT-HX) spectra would suggest a monoclinic crystal phase for each sample. Still, unusual behavior can be seen concerning the lattice vibrations (bands below 200 cm−1); more precisely, the intensity of the bands at 133 and 155 cm−1 changes, and also the ratio of the bands changes as the electronegativity decreases, which means that the exposed crystallographic planes of WO3 are affected by the presence of anions and cations, leading to changes in the crystal structure.



Although there are no bands that would indicate the presence of the partial hydrate crystal phase, the lattice vibration changes suggest that the adsorbed water amount on the materials’ surface diminishes as the electronegativity decreases and might even influence how the crystals are built up, more likely leading to WO3-δ and not WO3-γ (monoclinic), meaning that the WO3 is not built up by the well-known two WO3 octahedra junction. This not-so-common junction impacts the SCs structure, stoichiometry, band gap value, and particle size, and ultimately their photocatalytic and electrochromic activity [73].




2.5. X-ray Photoelectron Spectroscopy


For each sample of the three series, the surface chemical composition was studied by XPS core level analysis. As a result, the elemental composition for a particular samples’ series was comparable, but differences were found among the three series. For example, besides the expected W, O, and C elements, the survey spectra disclosed K+ in the WO3-NWH-KX samples (8%), Na+ in the WO3-NWH-NaX samples (3%), and a relatively increased C amount in the WO3-AMT-HX samples.



Each sample presented three components in the W4f signal in different proportions, depending on the crystal phase. W6+ states of oxide, hydroxide, and W5+ states were identified, centered at 35.65, 36.05, and 34.45 eV (±0.05 eV), where W4f5/2 was presenting 2.1 eV spin-orbit splitting of W4f7/2 [74]. Only subtle changes occur in the distribution of W4f components in the WO3-NWH-NaX and WO3-NWH-KX samples. Essential differences were observed in WO3-AMT-HCl and WO3-AMT-Br, where the (W6+—OH) component increased (WO3-AMT-HF: 2.3%, WO3-AMT-HCl: 34.7%, WO3-AMT-HBr: 22.5%, WO3-AMT-HI: 8.6%). However, these two samples exhibit a dominantly monoclinic crystal phase.



The other samples with the hexagonal phase presented the (W6+—OH) component under 10% of the total W amount. On the other hand, W5+ species were present in a meager amount, under 5% (except the sample WO3-AMT-HF, showing ~6% of W5+). In comparison, the sample AMT-HCl was monoclinic and showed only 2.6% of W5+.



Even though there are samples from both WO3-NWH-KX and WO3-NWH-NaX series with a higher percentage of W5+ than the sample WO3-AMT-HCl, inhibition was observed on the photocatalytic conversion values. Hence, WO3 samples in composite systems could inhibit the photoactive semiconductor performance independently from the W5+ amount, meaning that surface defects can affect photocatalytic performance [75,76]. However, the highest activity was shown in sample WO3-AMT-HF (Figure 7), with the highest W5+ concentration.



Three different O species were identified in the O1s spectra of the samples at 530.5, 531.9, and 533.2 eV, which were identified as follows: the crystal lattice oxygen “O1” [77], the adsorbed oxygen species from the surface [78], the oxygen-deficient regions of WO3 “O2”, and subsequently, the adsorbed water molecules on the surface of WO3 “O3” [79]. The signal located at 531.9 eV was not investigated in detail. Likewise, it contains the W-OH, C=O, and C-OH surface groups, with insignificant peak location differences, making the fitting process unreliable. In the WO3-NWH-KX and WO3-NWH-NaX samples, surface water is under 5% of the total O amount. In contrast, in the WO3-AMT-HX samples, the water amount in the HF sample, starting with approximately 10%, decreases with the anion’s electronegativity. However, they do not share the same crystal phase.



Samples WO3-AMT-HF, with a hexagonal crystal phase, and WO3-AMT-HCl, with monoclinic crystal phase—with a high percentage of adsorbed water (~8–10%)—facilitated the photocatalytic activity of TiO2 in composite systems, while WO3-AMT-HB, with a mixed-phase, and WO3-AMT-HI, with a hexagonal crystal phase—with lower adsorbed water amount (<5%)—inhibited the TiO2 photocatalytic activity, pointing out possible importance of the surface hydrophilicity.



Furthermore, inhibition occurs in composite systems, employing WO3-NWH-KX and WO3-NWH-NaX samples with the hexagonal phase, which could be attributed to the low adsorption affinity (the amount of adsorbed water was <5%, as in AMT-HBr and AMT-HI samples). Different anions did not cause any consistent modification of W’s and O’s surface states; the varied amount of water did not systematically affect the TiO2 photocatalytic performance.




2.6. Photocatalytic Activity and Kinetic Study


After two hours, a 6.5% adsorption of the MO was observed; subsequently, photolysis induced a 2.1% degradation rate of the chosen model pollutant (Figure 8). Commercial P25 yielded an 82.8% conversion of the dye under UV light irradiation, whereas the kinetic study proved a fractional reaction order (n = 0.5): 0.0542 at an apparent rate constant (µM0.5∙s)−1. For each “bare” WO3 SC from all series, photocatalytic tests were carried out. However, they did not show any photocatalytic activity nor adsorption of the MO. The photocatalytic efficiency of the composites, and subsequently of the commercial TiO2 (P25), was determined by applying the following equation:


X = [1 − (Cf/Ci)] × 100








where X is the conversion rate given in percentage, Cf is the solution concentration after 2 h of ultraviolet irradiation, and Ci is the initial concentration. Concerning the kinetics (for all composites systems) of methyl orange aqueous solution degradation, we determined the apparent rate constants (kapp) by plotting the concentration against the irradiation time. The slope was attributed as the rate apparent constant. Regarding the P25 methyl orange degradation kinetics, we calculated the apparent rate constant by plotting the C0.5 against the irradiation time. The slope corresponds to the apparent rate constant.



Figure 8 and, furthermore, Table 4 present the effect of electronegativity upon the composite materials’ photocatalytic efficiency. In both the WO3-NWH-NaX and WO3-NWH-KX series, the low electronegativity of the applied salt during synthesis had a beneficial impact on the photoactivity (increased the activity from 27.5%→67.4% and 44.2%→69.3%). However, a lower performance was obtained compared to commercial P25 (82.8%). The kinetics was a zeroth-order reaction and followed the trend of the conversion values. An interesting trend was observed concerning the photocatalytic efficiency of the third series (Figure 8 and Table 4) WO3-AMT-HX: increased electronegativity of the added hydrohalic acids led to higher conversion rates. Only samples from this series prepared composite systems exhibited higher photocatalytic activity (WO3-AMT-HF—87.7%; WO3-AMT-HCl—84.6%) than the reference photocatalyst (commercial P25—82.8%). Regarding the MO degradation kinetics with WO3-AMT-HX+P25 composite systems, a zeroth-order reaction was established as before, which is in a good argument with the obtained R2 values.





3. Correlations between Structural and Optical Parameters between Structural, Optical, Electronegativity, and the Assessed Photocatalytic Performance


Although in the WO3-NWH-NaX and WO3-NWH-KX series, electronegativity did not systematically affect either the W5+, W6+ species or the samples’ band gap value, they still influence each other (Figure 9). In the case of the WO3-NWH-NaX series, we observed that a higher amount of W5+ species (4.10 and 4.06%) shifts the band gap value towards the visible region (2.78 and 2.69 eV); subsequently, a lower amount (3.07 and 2.70%) will shift the band gap value towards the UV region (2.95 and 2.84 eV). We observed similar behavior for the WO3-NWH-KX series (Figure 9), but here, W6+ species had influenced the samples’ band gap value. Although the band gap of every sample is in the visible region, a higher amount of W6+ species (36.3 and 34.4%) caused a redshift (2.54 and 2.64 eV). In contrast, the lower amount of W6+ (32.2%) led to a slight blue shift (2.66 eV).



In the third series (WO3-AMT-HX), a different behavior was observed (Figure 9) than in the first two series; namely, that a high amount of W5+ species (0.78 and 0.70%) shifted the band gap to the UV region (2.94 and 2.77 eV). In contrast, a lower amount of W5+ (0.51 and 0.48%) moved the band gap energy values toward the visible region (2.53 and 2.25 eV). This behavior is very unusual because W5+ is an indicator of the blue color, and it should result in absorbance towards the red color region. In the third series, the amount of W5+ species directly affected the band gap of the samples (Figure 10).



Regarding the HX series, exciting correlations were found between the XRD and DRS data (Figure 10, top). Although, on first impression, no discernible link seems to exist, we found that if the respective anions’ electronegativity (EN) was extremely low, and subsequently high, the particle size was the smallest; subsequently, if the EN was around three or close to it, then the average particle size was the highest. The same behavior was observed for the band gap energy values of the samples; broader band gap values were determined for the SCs obtained in the presence of the highest and lowest anion EN (2.94 eV for the WO3-AMT-HF samples and 2.77 eV for the WO3-AMT-HI samples), and the smallest for materials with EN ≈ 3 (2.25 eV for WO3-AMT-HCl and 2.53 eV for WO3-AMT-HBr). Furthermore, it was observed that the crystal phase composition could also be linked to the band gap values of the SC materials (Figure 10, bottom); more precisely, the presence of the hexagonal partial hydrate (HPH) crystal phase led to broader band gaps; when HPH was 100%, the band gap of the sample was 2.77 eV; HPH 87.5%—2.94 eV; HPH 30.76%—2.53 eV; subsequently, when HPH was 0% (not present) the band gap was 2.25 eV.



The band gap values of the WO3-AMT-HF+P25 and WO3-AMT-HCl+P25 composites were 3.10 and 3.01 eV, meaning that they are photoactive under UV light irradiation; these samples yielded the highest photocatalytic performance, thus proving that the monoclinic crystal phase was beneficial for MO degradation, but also that there should be a well-defined balance between the hexagonal partial hydrate (HPH) and the monoclinic crystal (MC) phase’s presence in the material. The optimum ratio seems to be around 87.5:12.5 (HPH to MC), which is very close to the 89:11 anatase rutile ratio in TiO2. In our previous work [80], a similar phenomenon was observed. We obtained WO3 from tungstic acid, which lead to a semiconductor with a 90.6:9.3 (HPH to MC) crystal phase ratio. In a composite system with TiO2 (P25+WO3-HW, band gap was 3.00 eV, conversion rate 87.2%), a higher conversion rate was achieved for phenol removal than with bare TiO2.



The presence, or even more importantly, the absence, of the water band in the XPS spectrum could be evidence of oxygen vacancies on the materials’ surface. These vacancies are significant in heterogeneous photocatalysis. Figure 11 (top) proves that EN influences the anchored water molecules’ presence upon the SCs’ surface, directly affecting the composite systems’ photocatalytic efficiency; as the EN of the halide anion diminishes (and as the pKa of the hydrohalic acids strengthens), the amount of anchored water on the surface decreases, which leads to structural defects and oxygen vacancies. Figure 11 (bottom) also provides information on how the water band and the lattice vibrations are linked. We observed that the ratio of the I133/I155 lattice vibrations increased as the pKa of the hydrohalic acids grew stronger. It also affected the water band because the water band percentage diminished as the lattice vibrations ratio amplified. By adding different hydrohalic acids to the synthesis solution, the incorporation of H+ into the WO3 crystal structure may be possible, which was evidenced by the changes in the lattice vibrations (133 and 155 cm−1) and, subsequently, in the water band in the XPS spectra (Figure 11), which lead to surface defects and oxygen vacancies. However, this resulted in the formation of recombination centers for photogenerated charge carriers; the photoactivity followed a decreasing trend as the acid H+ concentration grew [81,82].



The presence of surface defects (Figure 12) was assessed from the ratio of the I327/I701, I327/I804, and, subsequently, the I327/I802 cm−1 bands, which were chosen because the band at 327 cm−1 gives information about the W5+ presence, the band at 701 cm−1 provides information about W+6, and the one at 802 cm−1 provides information about the lattice vibrations in the WO3 structure. We observed an interesting trend between the MO degradation and the WO3 materials’ surface defects, which, at first sight, might be surprising. Still, the surface defects have a negative impact on the photocatalytic activity of the composite systems. This negative impact could be strongly related to the fact that surface defects facilitate the generation of •OH, not the charge separation of electrons and hole pairs (e−, h+). The kinetics of the MO degradation, which, for all TiO2/WO3 composites, was zeroth order, lead to the conclusion that MO degradation occurred by direct hole oxidation during the photocatalytic tests and not with radicals. Similar behavior was observed in our previous work and by others also [83,84]. Still, another explanation could be that we followed the dye’s degradation with a UV-Vis spectrophotometer, which gives information about the dye’s decolorization. The MO’s color is related to the -N=N- bonds in its structure, and these bonds are directly decomposed with holes (h+).



The electronegativity of the used halide salts and hydrohalic acids in the synthesis influenced the presence of surface defects as follows: in the case of the first two series, the higher electronegativity of the used anion led to a higher amount of surface defects, but in the case of the third series, the increased acidity (pKa) of the acids leads to a higher amount of surface defects. Even if other parameters influenced the quantity of surface defects, the same behavior was observed in all three samples: a higher ratio of surface defects leads to higher photocatalytic activity.



This study proves that the electronegativity of the anions used during the synthesis has a crucial role in the morphology, crystal structure, and crystal phase composition of the SCs, which influence the samples’ photocatalytic activity. Still, it is essential to mention that, just as significant (or probably even more significant), are the precursors, synthesis route, or composite preparation methods of the materials. Thus, this study only partially answers the impact of electronegativity on TiO2/WO3 composite systems’ photocatalytic activity. More similar studies should follow to discuss the electronegativity effect upon the WO3 SCs obtained from other precursors or synthesis methods.




4. Materials and Methods


4.1. Chemicals


Sodium tungstate dihydrate (Na2WO4∙2H2O, Sigma–Aldrich, St. Louis, MI, USA, 99.9%), ammonium metatungstate hydrate (AMT) ((NH4)6H2W12O40∙xH2O, Sigma–Aldrich, 99.9%), hydrogen peroxide (H2O2, Sigma–Aldrich, 30%), hydrochloric acid (HCl, CHEM, Chemical Company, Iași, Romania, 35–38%, 12 M), sodium chloride (NaCl, CHEM, 99.5%), sodium fluoride (NaF, Fluka AG, Buchs, Switzerland, 99%), sodium bromide (NaBr, Alfa Aesar, Haverhill, MA, USA, 99%), sodium iodide (NaI, Reanal, 99.99%), potassium fluoride dihydrate (KF∙2H2O, CHEM, 99.5%), potassium chloride (KCl, CHEM, 99%), potassium bromide (KBr, Reanal, 99.99%), potassium iodide (KI, VWR Chemicals, Radnor, PA, USA, 99.99%), hydrofluoric acid (HF, Merck, Alexandria, VA, USA, 48%), hydrochloric acid (HCl, CHEM, 35–38%), hydrobromic acid (HBr, Alfa Aeasar, 47–79%), and hydroiodic acid (HI, Merck, 57%) were used as received. In addition, 125 µM aqueous solution of methyl orange (MO) (C14H14N3NaO3S, CHEM, 85%) was used to determine the photocatalytic activity.




4.2. Synthesis of WO3 and WO3∙0.33H2O Semiconductors


In the first series, 3.29 g of Na2WO4∙2H2O and 0.83 g of NaF (NaCl—1.16 g; NaBr—2.04 g; NaI—2.97 g) was dissolved in 75 mL distilled water under constant stirring. The solutions’ pH was adjusted to 2 with a 3 M HCl (12 M) aqueous solution and was stirred for 24 h at room temperature.



The second series was made following the same procedure by using 0.93 g of KF∙2H2O (1.48 g of KCl; 2.36 g of KBr; 3.29 g of KI). The solutions were hydrothermally heat-treated at 180 °C for 24 h, and a precipitate was finally obtained, which was collected and washed by centrifugation, for 3 × 10 min at 6000 rpm, with distilled water. Afterward, the products were dried at 80 °C for 12 h and were coded as follows: WO3-NWH-NaX and WO3-NWH-KX. The NWH abbreviation originates from the sodium tungstate dihydrate’s molecular formula Na2WO4∙2H2O, and the X stands for the halide anions (F−, Cl−, Br−, and I−). It should be noted that when KF was applied (several experiments were carried out), WO3 did not crystallize. The reason for this could be that F− anions hindered the precipitation of WO3.



In the third series, 1.23 g AMT and 0.46 mL HF (49%) (subsequently, 0.84 mL of HCl (37%); 1.43 mL of HBr (47–79%); 1.19 mL of HI (99.99%)) were dissolved in 12.5 mL of distilled water. The solutions were stirred for 15 min, then hydrothermally treated at 180 °C for 4 h, and colloidal suspensions were obtained. The suspensions were collected and washed by centrifugation at 6000 rpm for 3 × 10 min with distilled water. After centrifugation, the precipitates were dried for 6 h at 70 °C. Finally, the as-obtained WO3 nanostructures were annealed in air at 500 °C for 30 min. The obtained catalysts were named WO3-AMT-HX. The AMT abbreviation originates from the ammonium metatungstate hydrate compounds’ names, and X denotes the hydrohalic acid’s anions.




4.3. Preparation of WO3-TiO2 Semiconductor Nanocomposites


In each case, a specific ratio was established between the composite components, according to our previous work: 24% WO3 and 76% TiO2 (Evonik Aeroxide P25) [85,86,87]. The nanocomposites were obtained via mechanical mixing in an agate mortar for 3 × 5 min [85,88]. They were named WO3 according to the precursor name and corresponding halide salt or hydrohalic acid + P25. The Evonik Aeroxide TiO2 will be mentioned as P25 later on.




4.4. Methods and Instrumentation, Kinetic Study and Assessment of Photocatalytic Activity


SEM micrographs were acquired using an FEI Quanta 3D FEG Scanning Electron Microscope, operating at an accelerating voltage of 25 kV.



The X-ray diffraction (XRD) investigations were conducted on a Rigaku Mini-flex-II Diffractometer using a characteristic X-ray source (CuKα, λ = 0.15418 nm). The crystal phases of the WO3 nanomaterials were identified using a PDF diffraction database using the Scherrer equation, and the average crystallite size was calculated [89].



A JASCO-V650 spectrophotometer (Jasco Inc., Easton, MD, USA) with an integration sphere (ILV-724) (Jasco Inc., Easton, MD, USA) was employed for measuring the DRS (Diffuse Reflectance Spectroscopy) spectra of the samples (λ = 250–800 nm). From the reflectance spectra, the light absorbance threshold for all the samples was determined and, subsequently, the band gap energy values were estimated with the help of the Kubelka–Munk equation/Tauc Plot [90].



Raman spectra were recorded with a multilaser confocal Renishaw inVia Reflex Raman spectrometer equipped with a RenCam CCD detector. As an excitation source, the 532 nm laser was applied, and the Raman spectra were collected using a 0.9 NA objective of 100× magnification. The integration times were 10 s, 1800 lines/mm grating for all spectra, and 10% of the maximum laser intensity; laser power was 20 mW. The spectral resolution was about 4 cm−1. In order to determine the possible presence of surface defects, the ratios of different Raman peaks were calculated: I327/I701 (WO3-NWH-NaX), I327/I804 (WO3-NWH-KX), and I327/I802 (WO3-AMT-HX).



The X-ray photoelectron spectroscopy (XPS) spectra were recorded with a Specs Phoibos 150 MCD system equipped with a monochromatic Al-Kα source (1486.6 eV) at 14 kV and 20 mA, a hemispherical analyzer, and a charge neutralization device. The catalyst samples were fixed on a double-sided carbon tape, where the powder completely covered the tape. The binding energy scale was charged, referenced to the C1s at 284.6 eV. High-resolution W4f and O1s spectra were obtained by using an analyzer to pass energy of 20 eV in steps of 0.05 eV for the analyzed samples. The data analysis was carried out with CasaXPS software.



Concerning the photocatalytic tests, the MO dye concentration was investigated with an Analytic Jena Specord 250 plus spectrophotometer at 513 nm. The photocatalytic tests were performed under UV light irradiation in a photoreactor (1 g∙L−1 suspension concentration, continuous airflow, continuous stirring, 6 × 6 W UV fluorescent lamps, λ max. = 365 nm at a constant temperature—25 °C). The suspension containing the photocatalyst and the pollutant (initial concentration of MO C0, MO = 125 μM; catalyst concentration C photocatalyst = 1 g∙L−1; total volume of the suspension Vsuspension = 120 mL) was continuously purged with air, assuring a continuous dissolved oxygen concentration during the whole experiment. The reaction rates were assessed by plotting the concentration vs. time. Zeroth order kinetics were established for each composite system regarding MO degradation.





5. Conclusions


In this study, it was found that the electronegativity of the used salts’ anions impacts the photocatalytic activity of the composite semiconductors alongside the materials’ morphology and structure.



Three sample series were synthesized from two precursors by adding sodium/potassium salts or hydrohalic acids to the system being studied. The series had different morphologies, and it changed with the addition of the above-mentioned compounds. The sodium halide series presented rod and wire-like morphologies—the wires formed bundles, potassium halide series also presented wire-like morphology. The hydrohalic acid series exhibited sheet/plate-like and star-like morphology. The hexagonal partial hydrate (HPH) crystal phase was observed in the samples from the sodium and potassium halides series. At the same time, the crystallinity decreased for the potassium halides samples. The average crystal size for the first series decreased with electronegativity. However, in the case of the second series, the opposite behavior was observed. Monoclinic (MC) and hexagonal partial hydrate (HPH) crystal phases were present in the hydrohalic acid-based samples: samples with HCl and HBr acids had 100% or 69% MC phase, and those with HF had a 100% MC phase. Those with HI had an 87.5% HPH crystal phase, samples that also presented the smallest average particle size.



Concerning the composite systems’ photocatalytic activity, a zeroth-order reaction was established in each case, meaning that the MO mineralization mechanism occurs by direct-hole oxidation and not by ●OH degradation; subsequently, no adsorption occurs on the surface of the composites. In the first two series, lower electronegativity yielded higher conversion rates—conversion increased as electronegativity decreased—but for the third series, this trend was quite the opposite—higher electronegativity yielded higher conversion rates (conversion decreased with electronegativity). Two composite samples had higher photocatalytic efficiency than P25. These samples (WO3-AMT-HF+P25 and WO3-AMT+HCl+P25) presented the highest water percentage in the XPS spectra (10.4% in WO3-AMT-HF and 9.0% in WO3-AMT-HCl). Improved hydrophilicity means higher efficiency in mass transfer between the semiconductor particle and the surrounding water, resulting in improved photocatalytic efficiency. The presence of the water band in the samples is significant because a high amount will lead to lesser surface defects. In contrast, a low amount of water will lead to an abundance of surface defects, which is not desirable in the case of MO removal because they will act as recombination centers for the charge carriers and inhibit photocatalytic performance. The band gap values of the WO3-AMT-HF+P25 and WO3-AMT-HCl+P25 composites were 3.10 and 3.01 eV, and they are photoactive under UV light irradiation; these samples generated the highest photocatalytic performance, hence evidencing the fact that the MC phase was advantageous for MO degradation, but correspondingly that there should be a well-defined equilibrium between the HPH and MC crystal phase’s presence in the material. The optimum ratio seems to be around 87.5:12.5 (HPH to MC), which is very close to the 89:11 anatase rutile ratio in TiO2.



All WO3 samples from each series exhibited inhibition on TiO2 photocatalytic activity, except for the WO3-AMT-HF and WO3-AMT-Cl samples. Despite having different crystal phases and varying percentages of W5+, both samples increased the TiO2 photocatalytic activity. The WO3-AMT-HF sample with the hexagonal phase has the highest percentage W5+ and the highest adsorption affinity to water. In composite with TiO2, it reached the best conversion. The WO3-AMT-Cl sample, presenting an MC phase, also enhanced the TiO2 photocatalytic performance. However, its abundance in the W5+ component is relatively low as compared to the other samples.



This study proves that the synthesis design of a WO3 and WO3∙0.33H2O semiconductors is an essential issue, because a simple method such as substitution of the halide salts or the hydrohalic acids in the synthesis environment can result in a quasi-linear improvement of the photocatalytic activity (an activity that proved to be electronegativity dependent) in composite systems with P25. The systematic alternation of the shaping agents (in this case halide salts/hydrohalic acids) is a very important aspect of the semiconductors’ synthesis design because their cations and anions can affect the semiconductors’ structure by intercalation. This intercalation in turn affects the morphology, crystal phase, crystal phase composition, lattice strain, water adsorption, and surface defects of the WO3 and WO3∙0.33H2O samples. By alternating the shaping agents in the function of their electronegativity, the photocatalytic activity of WO3 and WO3∙0.33H2O semiconductors in composite systems with P25 can be fine-tuned.
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Figure 1. The research design of the proposed manuscript. 
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Figure 2. SEM micrographs of WO3-NWH-NaX, WO3-NWH-KX, and WO3-AMT-HX series. 
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Figure 3. XRD patterns of synthesized WO3 semiconductors from NWH-NaX and NWH-KX series. 






Figure 3. XRD patterns of synthesized WO3 semiconductors from NWH-NaX and NWH-KX series.



[image: Catalysts 11 00779 g003]







[image: Catalysts 11 00779 g004 550] 





Figure 4. XRD patterns of synthesized WO3 semiconductors from the AMT-HX series. 
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Figure 5. Distribution of the average crystallite size of the WO3-NWH-NaX, KX and AMT-HX samples in the function of electronegativity and the change in the crystal phase composition for the sample series AMT-HX. 
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Figure 6. Raman spectra of the WO3-NWH-NaX, KX, and AMT-HX series. 
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Figure 7. XPS spectra of WO3-AMT-HF sample—O1s deconvolution (top), W4f deconvolution (bottom). 
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Figure 8. Adsorption on the P25 surface, photolysis, and degradation with all the composites under UV light irradiation. 
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Figure 9. Correlations established between W5+ and W+6 species (XPS), and the band gap value: WO3-NWH-NaX series (a); WO3-NWH-KX series (b); WO3-AMT-HX series (c). 
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Figure 10. Correlations established for the WO3-AMT-HX series between particle size and band gap value (top), respectively hexagonal partial hydrate percentage and the band gap value (bottom). 
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Figure 11. Correlations established for the WO3-AMT-HX series between conversion and water band percentage (top) and lattice vibrations’ ratio and water band percentage (bottom). 
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Figure 12. Correlations between photocatalytic efficiency and surface defects: WO3-NWH-NaX series (a); WO3-NWH-KX series (b); WO3-AMT-HX series (c). 
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Table 1. Band gap values of the “bare” WO3 semiconductors and TiO2/WO3 composite systems.
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WO3

	
TiO2/WO3




	
Sample

	
Band Gap Value

(eV)

	
Sample

	
Band Gap Value

(eV)






	
WO3-NWH-NaF

	
2.95 ↑

	
WO3-NWH-NaF+P25

	
2.98




	
WO3-NWH-NaCl

	
2.69 ↓

	
WO3-NWH-NaCl+P25

	
2.97




	
WO3-NWH-NaBr

	
2.84

	
WO3-NWH-NaBr+P25

	
2.99




	
WO3-NWH-NaI

	
2.78

	
WO3-NWH-NaI+P25

	
3.04




	
WO3-NWH-KCl

	
2.64

	
WO3-NWH-KCl+P25

	
3.00




	
WO3-NWH-KBr

	
2.66 ↑

	
WO3-NWH-KBr+P25

	
3.02




	
WO3-NWH-KI

	
2.54 ↓

	
WO3-NWH-KI+P25

	
3.03




	
WO3-AMT-HF

	
2.94 ↑

	
WO3-AMT-HF+P25

	
3.01




	
WO3-AMT-HCl

	
2.25 ↓

	
WO3-AMT-HCl+P25

	
3.10




	
WO3-AMT-HBr

	
2.53

	
WO3-AMT-HBr+P25

	
2.78




	
WO3-AMT-HI

	
2.77

	
WO3-AMT-HI+P25

	
2.87








The highest ↓ and lowest ↑ value within a series.
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Table 2. Conduction band and valence band values of the “bare” WO3 composites.






Table 2. Conduction band and valence band values of the “bare” WO3 composites.





	Sample
	Eg (eV)
	ECB (eV)
	EVB (eV)





	WO3-NWH-NaF
	2.95
	0.62
	3.57



	WO3-NWH-NaCl
	2.69
	0.75
	3.44



	WO3-NWH-NaBr
	2.84
	0.67
	3.51



	WO3-NWH-Nal
	2.78
	0.70
	3.48



	WO3-NWH-KCl
	2.64
	0.77
	3.41



	WO3-NWH-KBr
	2.66
	0.76
	3.42



	WO3-NWH-Kl
	2.54
	0.82
	3.36



	WO3-AMT-HF
	2.94
	0.62
	3.56



	WO3-AMT-HCl
	2.25
	0.97
	3.22



	WO3-AMT-HBr
	2.53
	0.83
	3.36



	WO3-AMT-HI
	2.77
	0.71
	3.48
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Table 3. Crystallite mean size and lattice strain of the WO3 semiconductors.
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	Sample
	Crystallite Mean Size (nm)
	Lattice Strain





	WO3-NWH-NaF
	34.2
	0.0044



	WO3-NWH-NaCl
	35.7
	0.0042



	WO3-NWH-NaBr
	20.4
	0.0074



	WO3-NWH-NaI
	18.2
	0.0082



	WO3-NWH-KCl
	6.1
	0.0245



	WO3-NWH-KBr
	8.4
	0.0179



	WO3-NWH-KI
	9.8
	0.0153



	WO3-AMT-HF
	12.4
	0.0121



	WO3-AMT-HCl
	17.9
	0.0085



	WO3-AMT-HBr
	32.9
	0.0061



	WO3-AMT-HI
	20.9
	0.0072
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Table 4. Kinetics of methyl orange degradation under UV light irradiation with WO3-P25 composites.
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Sample

	
Reaction Order (n)

	
Rate Apparent Constant

(kapp)

(µM∙min−1)

	
R2

	
Conversion

(X)

(%)






	
WO3-NWH-NaF+P25

	
0

	
0.2713

	
0.993

	
27.5




	
WO3-NWH-NaCl+P25

	
0.6514

	
0.986

	
57.7




	
WO3-NWH-NaBr+P25

	
0.6675

	
0.998

	
63.7




	
WO3-NWH-NaI+P25

	
0.7297

	
0.990

	
67.4




	
WO3-NWH-KCl+P25

	
0.4697

	
0.991

	
44.2




	
WO3-NWH-KBr+P25

	
0.5526

	
0.990

	
51.5




	
WO3-NWH-KI+P25

	
0.7534

	
0.988

	
69.3




	
WO3-AMT-HF+P25

	
0.9195

	
0.996

	
87.7




	
WO3-AMT-HCl+P25

	
0.8603

	
0.996

	
84.6




	
WO3-AMT-HBr+P25

	
0.5856

	
0.989

	
53.4




	
WO3-AMT-HI+P25

	
0.4477

	
0.999

	
42.9




	
Sample

	
Reaction Order(n)

	
Rate Apparent Constant

(kapp)

(µM0.5∙s)−1

	
R2

	
Conversion

(X)

(%)




	
P25

	
0.5

	
0.0542

	
0.999

	
82.8%
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