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Abstract:



The g-C3N4/TiO2 nanopowders prepared by the annealing of melamine and TiO2 P25 at 550 °C were investigated under dark and upon UV or visible-light photoactivation using X- and Q-band electron paramagnetic resonance (EPR) spectroscopy. The EPR spectra of powders monitored at room temperature and 100 K showed the impact of the initial loading ratio of melamine/TiO2 on the character of paramagnetic centers observed. For the photocatalysts synthesized using a lower titania content, the paramagnetic signals characteristic for the g-C3N4/TiO2 nanocomposites were already found before exposure. The samples annealed using the higher TiO2 loading revealed the photoinduced generation of paramagnetic nitrogen bulk centers (g-tensor components g1 = 2.005, g2 = 2.004, g3 = 2.003 and hyperfine couplings from the nitrogen A1 = 0.23 mT, A2 = 0.44 mT, A3 = 3.23 mT) typical for N-doped TiO2. The ability of photocatalysts to generate reactive oxygen species (ROS) upon in situ UV or visible-light photoexcitation was tested in water or dimethyl sulfoxide by EPR spin trapping using 5,5-dimethyl 1-pyrroline N-oxide. The results obtained reflect the differences in photocatalyst nanostructures caused by the differing initial ratio of melamine/TiO2; the photocatalyst prepared by the high-temperature treatment of melamine/TiO2 wt. ratio of 1:3 revealed an adequate photoactivity in both spectral regions.
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1. Introduction


Among the previously-studied potential photocatalysts, TiO2 polymorphs meet the criteria for large-scale applications. Stability, low cost, relatively low toxicity, and suitable photocatalytic activity predispose TiO2 to applications in various areas (gas sensors, photocatalysts, solar cells, etc.) [1,2,3,4]. However, TiO2 has several limitations as a photocatalyst; the rapid recombination of photogenerated holes and electrons in the nanosecond scale inhibits the required consecutive reactions of the charge carriers on surface. In addition, the anatase energy band gap Ebg ~ 3.2 eV corresponds to UV light, which rules out visible (VIS) light photoexcitation [5,6,7,8]. The attempts to overcome these limits are concentrated mainly on the preparation of new types of TiO2 nanostructures by controlling the morphology of pristine TiO2, by non-metal and metal doping or surface modification using noble metals [9,10,11]. The doping of TiO2 with metal ions can bring a desired decrease in Ebg, but a metal ion itself may serve as an additional recombination center of the charge carriers, resulting in suppressed redox processes on the surface [12]. Concerning the non-metal element doped titania photocatalysts, the modification of TiO2 nanostructures using a nitrogen dopant represents a promising method to shift photoactivity to the visible region, as shown in numerous previous studies [13,14,15].



In addition to the intensively investigated metal oxide photocatalysts, recent attention has also been targeted on metal-free semiconducting materials [16,17]. Graphitic carbon nitride (g-C3N4) represents a polymeric compound consisting of carbon and nitrogen atoms connected via tri-s-triazine-based patterns with some hydrogen impurity. Although the photocatalytic properties of g-C3N4 were discovered only in the last decade, this material is regarded as one of the oldest synthetic polymers prepared independently by Berzelius, Liebig, and Gmelin [18]. The energy band gap of graphitic carbon nitride is about 2.7 eV (460 nm) with suitable electronic band structure (conduction band and valence band edge positions at approx. −1.1 V and +1.6 V vs. normal hydrogen electrode (NHE), respectively), predisposing g-C3N4 as a promising visible-light active photocatalyst for a variety of applications; e.g., water splitting, NOx decomposition, or solar energy converting systems (photoelectrochemical cells) [16,17]. The semiconducting g-C3N4 reveals high thermal stability and chemical resistance due to the strong covalent bond between C and N atoms. Although the energy band gap of g-C3N4 enables VIS-light absorption, its photocatalytic activity is negatively affected by the limited surface area and rapid recombination processes of photogenerated charge carriers [16,19]. The efficiency of photoinduced reactions in the presence of semiconducting photocatalysts is determined by the light absorption coupled with the effective generation of charge carriers, their recombination processes, as well as suitable structure with the surface active sites enabling substrate adsorption [14]. Consequently, the combination of g-C3N4 with TiO2 can merge the benefits of both materials, obtaining a composite photocatalyst with suitable morphological properties and enhanced visible-light activity. The preparation method strongly influences the morphology of g-C3N4 nanostructures, as well as their photocatalytic activity [20,21,22,23].



Recently, a series of g-C3N4/TiO2 photocatalysts was synthesized via the annealing of melamine and P25 titanium dioxide powders in order to prepare active VIS-light photocatalysts for NOx removal [24]. The variation in the initial mixture composition allows various semiconducting nanomaterials with Ebg in the range of 2.66–3.14 eV to be obtained [24]. In the characterization of photocatalysts, electron paramagnetic resonance (EPR) spectroscopy represents a sensitive tool for the direct detection of paramagnetic defects in solid matrix, as well as for the identification of non-persistent paramagnetic intermediates via indirect methods (e.g., spin trapping technique) [25,26,27]. Consequently, the aim of our EPR study is to bring insight into the presence of trapped paramagnetic charge carriers or free radicals generated upon UV or VIS-light irradiation in g-C3N4/TiO2 nanopowders or dispersed systems in water or dimethyl sulfoxide (DMSO).




2. Results and Discussion


Organic elemental (CHNS) analysis was performed to obtain information on the nitrogen and carbon content in the annealed photocatalysts. The results, including the sample nomination and the initial melamine/TiO2 weight ratios, are presented in Table 1.



Table 1. Sample nomination, melamine/TiO2 weight (wt.) ratio, results of CHNS analysis, and Ebg values of the photocatalysts investigated. g-C3N4: graphitic carbon nitride.







	
Sample

	
Melamine/TiO2 wt. Ratio

	
CHNS Content, wt. %

	
Ebg, eV 2




	
C

	
H

	
N






	
g-C3N4

	
-

	
34.4

	
1.78

	
65.9

	
2.66




	
M1

	
3:1

	
17.7

	
1.40

	
32.1

	
2.66




	
M2

	
1:1

	
4.41

	
0.62

	
6.16

	
2.74




	
M3

	
2:3

	
1.64

	
0.44

	
1.68

	
2.88




	
M4

	
1:3

	
0.44

	
0.31

	
0 1

	
3.00




	
M5

	
1:4

	
0.31

	
0.33

	
0 1

	
3.14




	
M6

	
1:7

	
0.13

	
0.13

	
0 1

	
3.14








1 Below detection limit; 2 Ref. [24].








The decreased initial melamine loading corresponds to the drop in N-content, and for photocatalysts M4–M6, the nitrogen concentration was already bellow the detection limit. This finding correlates well with the increase of energy band gap from 2.66 eV established for sample M1 (highest melamine/TiO2 ratio) up to 3.14 eV found for photocatalysts M5 and M6 (Table 1), matching the Ebg value of P25, which represents mixed-phase TiO2 [24,28,29]. The presence of hydrogen detected in the range 1.78–0.13 wt. % can be attributed to the residual amino groups or to the water adsorbed on the photocatalyst surface, which is in agreement with the recently published IR spectra of the studied photocatalysts [24].



X- and Q-band EPR spectra of the nanocrystalline samples g-C3N4 and M1–M6 bring information on the paramagnetic species originating from synthesis, as well as those generated upon in situ photoexcitation with UV or VIS light. Figure 1 illustrates the X- and Q-band EPR spectra of pristine g-C3N4 and M1 powder (initial melamine/TiO2 wt. ratio 3:1) measured in the dark at room temperature (RT) and at 100 K. In the EPR spectra of pristine g-C3N4, only a nearly isotropic signal at g = 2.003 (*) was detected (Figure 1), often observed in the EPR spectra of graphitic carbon nitride and attributed to the conduction electrons in the localized π-states of g-C3N4 [30]. An analogous EPR signal found in the TiO2 matrix upon high-temperature treatment was assigned to the medium-polarized conduction electrons or oxygen vacancies [31,32]. Consequently, these electron excess centers may be simultaneously generated during the synthesis of g-C3N4/TiO2 photocatalysts at 550 °C (Figure 1).


Figure 1. X-band and Q-band EPR spectra of (a,b,e,f) pristine g-C3N4 powder and (c,d,g,h) M1 powder measured in the dark at room temperature (RT) and 100 K. *: Signal at g = 2.003 attributed to the conduction electrons in the localized π-states of g-C3N4.
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With the aim of obtaining information on the single-line with g = 2.003, the Q-band (~34 GHz) EPR spectra of sample M1 were measured at 100 K using microwave power (P) in the range of 1.4–35.9 mW (data not shown). The linewidth and amplitude dependence on P½ found for this line (g = 2.003) revealed the spectral changes characteristic for the homogenously broadened line with Lorentzian lineshape observed for EPR lines of systems if the lines are relaxation-determined [33]. Further, the EPR signal with spin-Hamiltonian parameters g⊥ = 1.975, g‖ = 1.940 observed in the EPR spectra of M1–M6 photocatalysts before exposure unambiguously points to the presence of Ti(III) in rutile allotrope (interstitial sites [32,34,35]), superimposed with a broad line at g ~ 1.93 attributed to the surface Ti(III) centers in anatase [36]. The short spin-lattice relaxation time of Ti(III) species generally hinders their detection at RT [37]. The Ti(III) ions detectable even in the room temperature X- and Q-band EPR spectra of nanocomposite M1 (Figure 1c,g) are most probably coupled with the oxygen depletion in TiO2 matrix caused by the high-temperature treatment of melamine/TiO2 mixture. X- and Q-band EPR spectra of M1 measured at 100 K were fully compatible with the RT spectra, revealing only the increased intensity of Ti(III) signals due to the temperature lowering (Figure 1d,h); no further EPR signals were detected. The EPR signals of Ti(III) with g⊥ = 1.975, g‖ = 1.940 along with a broad line at g < 1.94 were found in the M2 sample containing the initial melamine/TiO2 wt. ratio 1:1; however, for samples M3–M6, only the broad line (g < 1.94) was present.



X-band EPR spectra of samples M1–M6 measured at 100 K in the dark and upon visible-light exposure are summarized in Figure 2. A sharp single-line (g = 2.003) was found in the EPR spectra before exposure for all the studied photocatalysts, and it is most probably coupled with the presence of electron excess centers generated during synthesis at 550 °C.


Figure 2. X-band EPR spectra obtained before and upon visible (VIS)-light exposure (160 klx) of nanocrystalline photocatalysts: (a) M1; (b) M2; (c) M3; (d) M4; (e) M5; and (f) M6 at 100 K.
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VIS-light exposure had only a negligible effect on the paramagnetic signals of Ti(III) species under the given experimental conditions (Figure 2). EPR spectra obtained upon visible-light photoexcitation reflect the differences in the electronic structure of the individual photocatalysts. VIS-light activation of samples M1 and M2 with a high content of g-C3N4 led to a significant increase in the intensity of the nearly isotropic signal, with g = 2.003 indicating the generation of photoexcited electrons in the g-C3N4 structure upon the absorption of photons. An analogous increase in the intensity of photogenerated conduction electrons was monitored for the illuminated photocatalyst M3, and simultaneously further signal was generated. Based on the g-tensor components g1 = 2.005, g2 = 2.004, g3 = 2.003 and hyperfine couplings from the nitrogen A1 = 0.23 mT, A2 = 0.44 mT, A3 = 3.23 mT, it was assigned to paramagnetic nitrogen bulk centers Nb•, with nitrogen atom bound to the lattice-oxygen ion [38,39,40,41,42,43]. Figure 3 summarizes the experimental X-band EPR spectra measured at 100 K upon visible-light exposure of M3 and M4 powders along with their simulations evaluated as a superposition of two paramagnetic signals; i.e., single-line (g = 2.003) and nitrogen bulk centers (Nb•, g1 = 2.005, g2 = 2.004, g3 = 2.003; A1(N) = 0.23 mT, A2(N) = 0.44 mT, A3(N) = 3.23 mT), using their relative concentrations of 80% and 20% for M3, and 11% and 89% for M4, respectively.


Figure 3. Experimental X-band EPR spectra (blue) measured at 100 K upon visible-light exposure (7-min, 160 klx) of (a) M3 and (b) M4 powders along with their simulations (red) calculated as superposition of single-line (g = 2.003) and nitrogen bulk centers (Nb•, g1 = 2.005, g2 = 2.004, g3 = 2.003; A1(N) = 0.23 mT, A2(N) = 0.44 mT, A3(N) = 3.23 mT).
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The VIS illumination of samples M4–M6 with significantly lowered or not detectable N-content (Table 1) brought further evidence of the generation of EPR signals typical for N-doped TiO2 photocatalysts. The significant generation of Nb• upon visible-light exposure of M4–M6 is well compatible with the presence of doubly occupied (diamagnetic Nb–) centers in the synthesized photocatalysts at the specific lattice positions, and the proper irradiation should promote electrons from these states to the conduction band [38,43]:


[image: ]



(1)







The EPR signals of nitric oxide species characterized with spin-Hamiltonian parameters g1 = 2.001, g2 = 1.998, g3 = 1.927; A1 < 0.1 mT, A2 = 3.22 mT, A3 = 0.96 mT found also in the N-doped TiO2 nanostructures were previously described as the product of the complex oxidation process of nitrogen precursors via high-temperature treatment during titania synthesis [39,44]. This signal was not detected in the EPR spectra of samples M4–M6 in the dark nor upon exposure. However, careful analysis of the spectra revealed more complex hyperfine structure with a coupling constant of about 1.6 mT (Figure 2e,f). Analogous EPR spectra previously found upon VIS-light illumination of modified nanostructured TiO2 at 10 K were interpreted as a result of the light-induced excitation of organic residuals from the nitrogen precursors forming diverse organic radicals [45].



The irradiation of nanocrystalline photocatalysts at 100 K resulted in the generation of different paramagnetic species (e.g., Nb• or Ti(III) centers), revealing the complex superimposed EPR spectra (Figure 2 and Figure 3). The EPR resonances of Ti(III) are characterized with g < 2.00 [32], allowing the evaluation of the integral EPR intensity of Ti(III) centers in the region with g < 1.99, as well as of the other paramagnetic species (region with g > 1.99) using the experimental spectra obtained upon/before UV or visible-light exposure; their ratio represents the relative EPR integral intensity upon exposure. Figure 4 gathers the results obtained upon UV or visible-light exposure for g-C3N4 and M1–M6 photocatalysts. UV or visible-light exposure had a negligible effect on the paramagnetic signals of Ti(III) species under the given experimental conditions, as only a slight decrease of Ti(III) relative integral intensity was detected, most probably due to the electron transfer between Nb• and Ti(III) [43]. The photoexcitation of g-C3N4 generated conduction electrons in the localized π-states (g = 2.003), with negligible activity upon VIS exposure. The response to visible light regarding the paramagnetic species generation (g > 1.99) in samples M1–M6 at 100 K was significantly more intense in comparison to UV exposure, and a significant increase was found for samples M4–M6 with structure representing N-doped TiO2 (Figure 4). Such behavior is well compatible with the visible-light activation of Nb– species producing paramagnetic Nb• (Equation (1)) [38,43].


Figure 4. Relative EPR integral intensity upon 7-min VIS-light (160 klx) and UV (λmax = 365 nm; irradiance 20 mW cm–2) exposure, elucidated from X-band EPR spectra of pristine g-C3N4 and M1–M6 nanopowders measured at 100 K.
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The photoexcitation of photocatalysts dispersed in solvent results in the redox reactions of photogenerated charge carriers on the surface, frequently coupled with the formation of non-persistent radical species. The efficient photocatalytic decomposition of a pollutant in water or in air is often initiated by reactive oxygen species (ROS), especially •OH, O2•–, or H2O2 generated on the illuminated surface of the photocatalyst [46]. To detect the production of reactive free radicals upon UV or visible-light irradiation, we applied an EPR spin trapping technique using 5,5-dimethyl-pyrroline N-oxide (DMPO) as a spin trapping agent. This approach enables an indirect detection and identification of non-persistent radical intermediates using continuous-wave EPR spectroscopy. The method is based on the reaction of a diamagnetic spin trapping agent with transient radical, forming more stable paramagnetic spin-adduct. DMPO is the most convenient spin trap applied in photochemical systems due to its low photoactivity, wide potential window, and solubility in polar and non-polar solvents [25,47,48,49].



The ability of the studied photocatalysts to generate hydroxyl radical upon irradiation was tested in aerated aqueous suspensions in the presence of DMPO. Figure 5 shows that while the UV exposure (λmax = 365 nm, 15 mW cm–2) of aerated aqueous suspensions of M4–M6 led to an immediate increase in the typical four-line signal of •DMPO-OH (spin-Hamiltonian parameters aN = 1.495 mT, aHβ = 1.471 mT, g = 2.0057 [50]; inset in Figure 5b), for photocatalysts M1–M3 only a negligible concentration of •DMPO-OH spin-adduct was monitored. To compare the generation of hydroxyl radicals by the individual samples, the concentration of •DMPO-OH spin-adduct upon exposure was evaluated from the double-integrated EPR spectra (Figure 5a). Figure 5b summarizes the •DMPO-OH concentration found for M1–M6 and pristine P25 as a benchmark after 180-s exposure (radiation dose 2.7 J cm–2), evidencing the different behavior for samples M1–M3 (g-C3N4/TiO2 nanocomposites) and M4–M6 (N-doped TiO2). The results obtained in the EPR spin trapping experiments correlate well with the previously determined valence band edge potentials for the synthesized photocatalysts M1–M6. Only photocatalysts M4–M6 possessed suitable valence band edge positions (2.15–2.46 V vs. NHE) for the generation of hydroxyl radicals [24]. To exclude the alternative mechanisms of •DMPO-OH formation [51], dimethyl sulfoxide as an effective scavenger of hydroxyl radicals [25] was added into the aqueous photocatalyst suspensions. Upon UV exposure of M6/DMPO/H2O:DMSO (5:1, vol.)/air, the six-line signal of carbon-centered spin-adduct •DMPO-CH3 (aN = 1.616 mT, aHβ = 2.3121 mT, g = 2.0056) dominates the EPR spectrum [50].


Figure 5. (a) Concentration of •DMPO-OH spin-adduct evaluated from double-integrated EPR spectra monitored upon UV exposure (λmax = 365 nm; irradiance 15 mW cm–2) of aerated aqueous suspensions M1–M6 and P25, along with reference (photocatalyst-free solution). (b) The concentration of •DMPO-OH spin-adduct determined after 180-s exposure of M1–M6 and P25. The inset in (b) represents the EPR spectrum of •DMPO-OH (magnetic field sweep of 6 mT) measured using sample M6. Initial concentrations: c(photocatalyst) = 0.33 g L–1, c0(DMPO) = 0.035 M. DMPO: 5,5-dimethyl-pyrroline N-oxide.
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The hydroxyl radicals detected in the continuously irradiated photocatalytic systems may be produced via different mechanisms, including also the photocatalytic/photochemical processes of hydrogen peroxide formed during the reduction of dissolved oxygen by the photogenerated electrons in aqueous media [46,52]. Spin trapping experiments in the aqueous suspensions using VIS irradiation (data not shown) confirmed only negligible concentration of •DMPO-OH (comparable with reference experiment), even using the prolonged exposure of M1–M6 without any impact of photocatalysts’ structure, in correlation with the limited photolysis of H2O2 upon VIS-light exposure.



A suitable position of the conduction band edge towards the one-electron reduction of molecular oxygen (O2/O2•–) enables the photoinduced generation of superoxide radical anion in the aerated photocatalyst suspensions [24]. As for g-C3N4, the position of the conduction band edge was negatively shifted in comparison to titania, enabling the larger thermodynamic potential driving force to the reaction of photogenerated electrons with molecular oxygen producing O2•–; thus, we also expected the formation of DMPO spin-adducts upon visible-light exposure. However, due to the consecutive reactions of O2•– in aqueous systems [52], its detection via spin trapping using DMPO is not straightforward [53]. Superoxide radical anion is stable when a proton source is absent, and reversible O2 reduction in several aprotic solvents typically occurs at E ~ −1.0 V vs. saturated calomel electrode (SCE) [52]. Consequently, to stabilize the photogenerated superoxide radical anion and its DMPO spin-adduct, the photocatalytic experiments with the photocatalysts M1–M6 were performed in aprotic DMSO. Figure 6 illustrates the experimental and simulated EPR spectrum (including its deconvolution to two individual signals) obtained upon visible exposure of aerated DMPO/DMSO suspension of M5.


Figure 6. The concentration of DMPO spin-adducts evaluated from the EPR spectra obtained in the aerated DMSO suspension of M1–M6 and P25 photocatalysts, along with reference (photocatalyst-free solution) in the presence of the DMPO spin trap upon 180-s UV exposure (λmax = 365 nm; irradiance 15 mW cm–2) or 480-s visible (160 klx) light. Experimental EPR spectrum (magnetic field sweep of 5 mT) measured in the aerated DMSO suspension of M5 in the presence of DMPO upon VIS-light exposure along with the simulated EPR spectrum obtained by the simulation analysis as a linear combination of two individual spin-adducts •DMPO-O2– and •DMPO-OCH3. Initial concentrations: c(photocatalyst) = 0.33 g L–1, c0(DMPO) = 0.035 M.
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The twelve-line signal of •DMPO-O2– characterized with spin-Hamiltonian parameters (aN = 1.277 mT, aHβ = 1.033 mT, aHγ = 0.138 mT, g = 2.0057) dominates the EPR spectrum, and is superimposed with •DMPO-OCH3 (aN = 1.310 mT, aHβ = 0.815 mT, aHγ = 0.180 mT, g = 2.0057), which is produced via interaction of solvent with photogenerated ROS [54].



To compare the impact of UV and visible-light exposure, Figure 6 summarizes the concentration of both DMPO spin-adducts found in the irradiated DMSO/DMPO suspensions of photocatalysts M1–M6 and P25 after defined exposure. While comparable concentration of DMPO spin-adducts was found for samples M1–M3 upon UV or visible-light exposure, a significant decrease of spin-adduct concentration upon VIS illumination was monitored for samples M4–M6. Such behavior reflects their increased energy band gaps (Table 1), and is compatible with the previously obtained data upon the visible-light exposure of N-doped TiO2 nanopowders [55]. However, EPR spectra of M4–M6 nanopowders at 100 K confirm that the visible-light activity was coupled with the photoactivation of Nb– species, producing paramagnetic nitrogen bulk centers Nb• and electron (Equation (1)), which can be scavenged by the dissolved oxygen, producing O2•– detected in aprotic DMSO as the corresponding DMPO spin-adduct (Figure 6).



Our previous EPR and UV/VIS experiments evidenced that photoinduced one-electron reduction of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)•+ radical cation to diamagnetic ABTS (standard electrode potential for ABTS•+/ABTS is +0.68 V vs. NHE [56]) represents an efficient tool to measure the photoinduced activity of the photocatalysts in the dispersed systems, as ABTS•+ radical cation can be reduced by photogenerated electrons as well as O2•– [26,51]. This process can be followed by EPR spectroscopy, monitoring the changes in the intensity of an overmodulated EPR signal of ABTS•+ (g = 2.0036; inset in Figure 7b).


Figure 7. Formal rate constants of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS)•+ radical cation reduction in the presence of photocatalysts M1–M6 and P25, along with reference (photocatalyst-free solution) upon continuous (a) UV (λmax = 365 nm; 15 mW cm–2) or (b) VIS-light (160 klx) irradiation evaluated from the EPR spectra. Initial concentrations: c(photocatalyst) = 0.33 g L–1; c0(ABTS•+) = 43 μM. Inset in (a): Dependence of the ABTS•+ relative concentration on the irradiation time measured under analogous conditions. Inset in (b): Intensity decline in EPR spectra (magnetic field sweep of 6 mT, modulation amplitude of 0.2 mT) of ABTS•+ measured in the aerated aqueous M3 suspension monitored in 60-s intervals during 600-s VIS-light exposure.
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The aerated aqueous solutions of ABTS•+ revealed the sufficient stability upon UV or visible-light exposure, which is a key point in the application in the irradiated photocatalytic systems (Figure 7a). The decline of ABTS•+ in aqueous aerated suspensions containing photocatalysts M1–M6 and P25 was measured in situ either during a 100-s UV exposure (λmax = 365 nm, 15 mW cm–2) or during a 600-s visible-light exposure (160 klx). From the individual EPR spectra, the integral EPR intensity related to ABTS•+ concentration was evaluated and the changes of ABTS•+ relative concentration upon exposure were described by the formal first-order kinetic model (inset in Figure 7a). The calculated formal rate constants were used to compare the efficiency of ABTS•+ photoreduction in the presence of photocatalysts, as is shown in Figure 7 for photocatalysts M1–M6 and P25. Upon UV exposure, the ABTS•+ photoreduction formal rate constant increased with the enhanced content of titania in photocatalysts, and the UV-induced redox activity of samples M1–M6 was well compatible with results of spin trapping experiments in water or DMSO (Figure 5b and Figure 6). The visible-light-induced reduction of ABTS•+ was evidenced only for samples M1–M4 with the suitable values of band gap energy (formal rate constant about ten-times lower) [24]. Considering the role of Nb– species in the visible-light activation of photocatalysts M4–M6 coupled with generation of electrons suitable for the reduction of molecular oxygen evidenced in aprotic solvent (Figure 6), most probably such redox processes of ABTS•+ are limited in aqueous suspensions.




3. Materials and Methods


Composite g-C3N4/TiO2 materials were prepared by annealing melamine (Fluka, Buchs, Switzerland) and dry mixtures of melamine and commercial TiO2 Aeroxide® P25 (Evonik Degussa, Essen, Germany), as is described in [24]. The stock suspensions containing M1–M6 or P25 of 1 mg mL–1 were prepared in redistilled water or dimethyl sulfoxide (DMSO; SeccoSolv® Merck, Darmstadt, Germany). 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), potassium persulfate, and 4-hydroxy-2,2,6,6-tetramethylpiperidine N-oxyl (TEMPOL) obtained from Sigma-Aldrich (Buchs, Switzerland) were used as supplied. The spin trapping agent 5,5-dimethyl-1-pyrroline N-oxide (DMPO; Sigma-Aldrich, Buchs, Switzerland) was distilled prior to the application. The ABTS molecule was oxidized by K2S2O8 to the corresponding radical cation (ABTS•+) according to the previously reported procedure [51], and the precise concentration of ABTS•+ was determined by UV/VIS spectroscopy (ε735 nm = 1.5 × 104 M–1 cm–1) [57] using a UV-VIS-NIR spectrophotometer Shimadzu UV3600 (Kyoto, Japan).



The EPR experiments of powders at room temperature (RT) and at low temperature (100 K) were performed by EMX Plus EPR spectrometer (Bruker, Rheinstetten, Germany) operating in Q-band in the standard ER 5106 QT Q-band probe for cw-EPR and by EMX EPR spectrometer (Bruker, Rheinstetten, Germany) operating in X-band at 100 kHz field modulation in the standard TE102 (ER 4102 ST) rectangular cavity using thin-walled quartz EPR tubes (Bruker). The temperature was lowered to 100 K by the temperature control unit ER 4141VT-U (Q-band; Bruker) or ER 4111 VT (X-band; Bruker), with liquid nitrogen as the refrigerant. The g-values were determined with an uncertainty of ±0.0005 by the simultaneous measurement of a reference sample containing Mn(II)/MgO standard or standard strong pitch (Bruker) placed on the wall of the EPR cell or using a nuclear magnetic resonance teslameter (ER 036TM, Bruker) and integrated frequency counter. The experimental solid state EPR spectra were analyzed by the Bruker software WinEPR, and the simulated spectra were calculated with the EasySpin toolbox [58]. The EPR spectra of powder TiO2 samples were recorded at RT or at 100 K, in dark or upon continuous in situ UV (λmax = 365 nm; Bluepoint LED, Hönle UV Technology, Gräfelfing/München, Germany) or visible light (KL 1600LED (T = 5600 K; Schott, Mainz, Germany) photoexcitation. The value of illuminance for visible light was measured by a digital lux meter (Metra, Blansko, Czech Republic).



The generation/reduction of paramagnetic species upon UV and visible-light exposure of samples M1–M6 and P25 in suspensions was monitored by cw-EPR spectroscopy using the EMX plus X-band EPR spectrometer. The detailed procedure is described in [25,26,27]. All of the EPR experiments were carried out at least in triplicate. The concentration of photogenerated spin-adducts was evaluated from the double-integrated EPR spectra based on the calibration curve obtained from the EPR spectra of TEMPOL solutions measured under strictly identical experimental conditions. The experimental isotropic EPR spectra were simulated using Winsim2002 software (NIEHS, Durham, NC, USA) suitable for analysis and fitting of multi-component isotropic EPR spectra of nitroxide radicals [59]. The g-values of spin-adducts were determined with an uncertainty of ±0.0001 using a nuclear magnetic resonance teslameter and integrated frequency counter.



The CHNS analyses were performed on EA CHNS(O) Flash 1112 (Thermo Finnigan, San Jose, CA, USA).




4. Conclusions


The paramagnetic centers of pristine g-C3N4 and g-C3N4/TiO2 nanopowders prepared by the annealing of various ratios of dry melamine and TiO2 P25 at 550 °C were investigated using EPR spectroscopy in the dark, as well as upon UV and visible-light photoactivation. Before exposure, the X- and Q-band EPR spectra of samples M1–M6 correspond to the signal of the conduction electrons in the localized π-states in g-C3N4 or oxygen vacancies in TiO2 matrix (g = 2.003) along with resonances typical for various Ti(III) centers. The visible-light photoexcitation of g-C3N4 and M1–M3 photocatalysts resulted in the predominant generation of a single-line EPR signal of the conduction electrons in the localized π-states in g-C3N4 and the spectrum of nitrogen bulk centers Nb• (g1 = 2.005, g2 = 2.004, g3 = 2.003; A1(N) = 0.23 mT, A2(N) = 0.44 mT, A3(N) = 3.23 mT) was formed at the lower abundance. In contrast, the signal of Nb• dominated the EPR spectra of samples M4–M6 upon visible-light exposure, and such behavior is typical for N-doped TiO2 nanostructures assuming photoactivation of Nb– species produced during synthesis.



The ability of photocatalysts dispersed in water or DMSO to generate non-persistent radical species was tested by spin trapping technique and reduction of semi-stable ABTS•+. The results of EPR spin trapping experiments in aqueous suspensions showed that paramagnetic species formed upon the exposure of dispersed g-C3N4/TiO2 nanopowders sensitively reflect the initial weight ratio of annealed melamine/TiO2, and the decrease in nitrogen-content in the synthesized photocatalysts M4–M6 is coupled with significant activity upon UV exposure and limited VIS-light activity. Despite the limitation of straightforward correlation between the relative integral intensity of paramagnetic species elucidated from the EPR spectra measured at 100 K and ROS generation in suspensions upon exposure, the visible-light activity of M4–M6 detected at 100 K and assigned to the formation Nb• centers from Nb– fits well the production of superoxide radical anion detected as the corresponding DMPO spin-adduct in aprotic DMSO solvent. With the aim of finding titania-based photocatalysts suitable for environmental application using solar-light exposure, nanopowder M4 prepared by the high-temperature treatment of melamine/TiO2 wt. ratio of 1:3 revealed an adequate photoactivity in both spectral regions.
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