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Abstract

:

Boron- and cerium-doped titania (Anatase) were prepared via sol-gel method. Phase composition and morphology were assessed by X-ray diffraction (XRD), scanning electronic microscopy (SEM), BET, diffuse reflectance spectra (DRS), and XPS. Photo-electrochemistry of these materials, deposited onto fluorine-doped SnO2 (FTO), was investigated in acid and acid-containing methanol. The boron-doped sample showed the best opto-electronic properties among the investigated samples. On the other hand, the cerium-doped titania samples annihilate to a certain extent the titania surface states, however, photogenerated charge separation was limited, and certainly associated to surface Ce3+/Ce4+ species. The substitutional effect of boron ions for O sites and interstitial sites was confirmed by XRD and XPS analyses.
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1. Introduction


New technologies are focused on the study of reactions and fuel generation, where the conversion of solar energy considers fuels such as hydrogen, methanol, methane, and others [1,2]. According to recent reports, hydrogen production is a high-impact process compared to, for example, fossil sources that contribute to the greenhouse effect [3,4]. Semiconductor materials, such as TiO2, have been investigated using water photolysis, either photocatalytic or photo-electrocatalytic for the purpose of producing hydrogen [5,6,7]. Other studies described the TiO2 as a catalyst with good chemical stability, low cost, and low toxicity [8]. In addition to hydrogen production, TiO2 is used as a solar protector, advanced devices in optoelectronics, photovoltaic cells, and in the industry, as sensors, pigments, degradation of organic compounds in water effluents [9,10,11,12]. The pristine TiO2 is only active under UV-irradiation, however, several studies were focused on the design of hetero-structures, taking into account the energy band alignment of TiO2 as a main objective [13,14]. This latter is an important factor that involves optical, physicochemical, and textural properties related to charge carrier separation and charge transfer processes at the semiconductor-electrolyte (SC/El) interface. Another important issue is the positions of the relative energy bands with respect to the energy levels of some selected redox potentials in aqueous electrolyte [12,13,15]. In this context, several preparation techniques such as impregnation, co-precipitation, colloidal, solvothermal, and sol-gel have been employed to synthesize and modify the crystalline properties of TiO2 through dopants and co-catalysts in order to adapt the electronic states and response in the visible region [16,17,18]. Some dopant ions and oxides employed, e.g., La+, Sm+, Ce+, In+, Eu+, Ga+, B, N, S, WO3, ZnO, could influence the nucleation and growth of TiO2 crystals improving the photo-electrochemical activity [18,19]. Thus, cerium-based oxides compounds have received a lot of attention because of the redox couple Ce4+/Ce3+ has the ability to exchange, during bias potential, CeO2 and Ce2O3 chemical states [20,21,22,23,24]. The easy formation of available oxygen vacancies (OV) in the presence of boron species with a relative high mobility of oxygen species in the bulk has been reported [13,25,26,27,28,29].



The objective of this work was to evaluate the TiO2 modified by boron and cerium species to reduce recombination rates through doping of TiO2. In particular, the results were focused on the charge carrier separation (e−/h+) in acid conditions and methanol containing acid solution to evaluate the electron accumulation or current enhancing effect and how this phenomenon affects photocatalysis.




2. Materials and Methods


2.1. Synthesis of Samples


TiO2 nanoparticles (NPs) and doped-TiO2 NPs were synthesized by the sol-gel route. The pH was fixed at 3.8. Briefly, titanium butoxide (97% Sigma Aldrich, St. Louis, MO, USA) was added dropwise in ethanol (solution A) under argon atmosphere. Subsequently, a solution B containing 3 mL of CH3COOH, 35 mL of ethanol, and 15 mL of H2O was prepared and mixed with solution A under stirring conditions for 20 min at room temperature. Then, 2 wt.% of cerium nitra-dehexahydrate (Sigma Aldrich) and 2 wt.% of boric acid H3BO4 (Fluka) were dissolved separately in 10 mL of deionized water, added, and kept under stirring for 24 h at room temperature at a pH = 4.8. The powder was recovered after solvent evaporation at 100 °C and calcined at 400 °C [28]. Samples were labeled: TiO2, TiO2-B, and TiO2-Ce.




2.2. Physicochemical Characterization


The morphological and structural properties were characterized using a scanning electron microscopy (JEOL JSM 6701F, JEOL, Peabody, MA, USA) operating at 5.0 kV and a Mini Flex Rigaku X-ray diffractometer model 600 with Cu-Kα radiation (λ = 1.54 Å) at 40 kV and 15 mA. The configuration of this equipment was Bragg-Brentano, with a goniometer radius of 15 cm, provided with a Ni filter for Kβ of 0.03 of the radiation from the Cu tube. At the tube exit and before the detector entrance, there are 5° Soller gratings. The slit in the incident optics was 0.625 degrees. In the detector, the slit was 8 degrees because of the ultrafast detector with that aperture. The Rietveld refinement (RF) calculations were performed by using the COD database 1,010,942 for TiO2, Anatase phase [30]. No other phases were detected. Table S1 summarizes the structural properties. The powder-UV spectra were recorded in a Cary 100 Scan UV-Vis Varian apparatus, equipped with an integrating sphere. The surface area was measured with a Quantachrome Autosorb-313 using the Brunauer–Emmett–Teller (BET) method. X-ray photoelectron spectroscopy analysis was carried out using a Kα Thermo Fischer Scientific spectrometer with a monochromatic Al-kα (1486.6 eV) with a resolution of 0.2 eV, vacuum pressure 10−9 mbar, and analyzed area of 400 µm−2. Samples remained at vacuum for more than 10 h in a prechamber directly connected to the equipment and later transferred to the analysis chamber at a base pressure of 1 × 10−9 Torr. The pass energy for the survey and high-resolution spectra was set to 160 and 45 eV, respectively. The Ti 2p peak at 458.7 eV was used as internal standard to compensate the effects related to charge shift. XPS spectra data were deconvoluted with AVANTAGE V5.97 software from Thermo Fisher Scientific using a Shirley-type background subtraction and a pseudo-Voigt function with Gaussian (70%)-Lorentzian (30%) for each component.




2.3. Electrode Preparation


Fluorine-doped tin oxide (FTO) glass (SOLEMS, 70-90 Ohm/sq) was employed as a conductive support with area of ca. 0.9 cm2. The FTO plates were cleaned using H2O2/H2SO4 solution 1/3 (v/v) for 90 min and rinsed for 10 min with ultra-pure water (milliQ). Then, they were dried for 120 min at 90 °C and stocked in a Petri dish. A TiO2 suspension was prepared with 20 mg of TiO2 ultrasonically dispersed in 1 mL isopropanol for 20 min at room temperature. An aliquot of 100 µL was drop casted at 5000 rpm. This step was repeated several times and finally TiO2/FTO and TiO2-B or TiO2-Ce/FTO were heat-treated at 400 °C for 1 h in air atmosphere [31]. The deposited mass was ca. 0.2 mg/cm2.




2.4. Electrochemical Measurements


A standard three-electrode electrochemical-cell was employed with the semiconducting materials as working electrodes; RHE and a graphite rod were used as a reference and counter electrode, respectively. The potential was controlled by a BioLogic Bi-Potentiostat and a Princeton Applied Research potentiostat for the photo-electrochemical and electrochemical impedance spectroscopy. The base electrolyte solution was 0.5 M H2SO4 (pH = 0.27). The measurements were carried out in nitrogen-saturated electrolyte containing 0.5 M methanol in a 20 mL cell volume. The potential interval used was from −0.15 to 1.0 V/RHE. Current-potential characteristics were obtained at 1 mV/s. Photocurrent versus time profiles were measured under chopped light with a frequency of 0.1 Hz during 180 s at 0.6 V/RHE. The open circuit potential (OCP) was monitored during 15 min in dark and under illumination conditions. The incident photon to current efficiency (IPCE) was measured in acid media containing 0.5 M methanol, from 300 to 620 nm with 1 nm/s at 0.6 V/RHE during 320 s. The light source (30.8 mW/cm2) was provided by an UV-Vis Lamp (Spectral products Model ABB-Xe-175).




2.5. Photocatalysis


Photocatalytic experiments were carried out in a glass cell using, respectively, 20 mg of TiO2; TiO2-B, and TiO2-Ce to evaluate the photooxidation, in presence of oxygen flow, of 40 mg/L Azo dye (Reactive Black 5-RB5), C26H21N5Na4O19S6 2-(4-Aminophenylsulfonyl) ethyl hydrogen sulfate, MW = 991.82 g/mol). The change of the solution absorbance was measured by a UV-Vis Spectrophotometer (Thermo Scientific OMEGA UV/VIS Spectrophotometer). A Xe lamp (300 W) was used as a light UV-Vis source.





3. Results and Discussion


3.1. Physical-Chemical Properties


XRD Analysis—The powder X-ray diffraction patterns of sol-gel generated samples: TiO2, TiO2-B, and TiO2-Ce are shown in the Supplementary Information (SI), Figure S1. No traces of Rutile phase (JCPDS 0021-1276) or any other species related to cerium or boron oxides were detected by XRD [27,28,32,33]. The absence in the XRD spectra of cerium and or boron species can be due to either an amount below the level of detection of the technique, or to the presence of a highly disordered state of B, Ce species. All diffraction peaks correspond to polycrystalline TiO2 Anatase phase (IJCDP 001-021-1272).



Rietveld analysis performed on sol-gel generated: TiO2, TiO2-B, and TiO2-Ce, revealed that the doping process of boron and cerium impact the Anatase structure, in three ways, namely, (i) an increase in the size of the crystallite; (ii) an increase in the volume of the unit cell; and (iii) an increase in the microstrain, see fitted structural data in Table S1. These effects are certainly at the origin of the slight positive shift of the Bragg angle observed, as exemplified on the (101) diffraction peak, Figure 1a. This phenomenon can be rationalized via the doping process that might occur by the occupation of octahedral interstitial site or substitutional position of Ti(IV) in the anatase lattice. Therefore, with a coordination number of 6, the difference in the ionic radio of B and Ce with respect to Ti(IV) (ri = 0.61 Å), in the lattice, is B(III) (ri = 0.27) and Ce(III)/Ce(IV) (ri = 1.01/0.87). The materials perturbation is higher in presence of Ce(III)/Ce(IV), since the microstrain in TiO2-Ce increased by 17% compared to TiO2, see Table S1, on the one hand, and on the other hand, the crystallite size is slightly inhibited, probably due to the crystal growth inhibition and diffusion of Ce-species into the TiO2 lattice during synthesis [23,33,34], leading to the formation of ceria (Ce2O3), see XPS section, present in the grain boundaries producing nano-heterojunctions. Therefore, cerium species can be either located in the TiO2 lattice or at the surface [35]. One further observes that the doping effect by B and Ce is beneficial to enhance the surface area of the samples, see Figure 1b [20,32,36]. All samples present IV and V type isotherms BET analysis [37,38,39], corresponding to mesoporous solids under a hysteresis H1-type [40,41,42]. The diameter of the pores varied from 4 to 6 nm, Figure 1c. The calculated specific surface area determined from the N2 adsorption-desorption isotherms via BET and pore size are summarized in Table 1.



SEM Analysis—SEM analyses revealed that the morphology of the samples is that of spheres with rather irregular shapes compared to P25 (from Sigma Aldrich). On the other hand, TiO2-B sample shows a rather homogeneous dispersion of the particles compared to TiO2-Ce. In fact, the morphology, of the oxide particles, is affected on the surface by the presence of the B and/or Ce species. SEM images of the sol-gel generated samples: TiO2, TiO2-B, and TiO2-Ce are shown in the Supplementary Information (SI), Figure S2.



Optical Absorption Analysis—The Kubelka–Munk function deduced from the diffuse reflectance spectroscopy (DRS), is shown in Figure 2a. Tauc’s analysis, Figure 2b, data from Figure 2a, provides the band gap energy, Eg [43,44]. In agreement with the literature, Eg (TiO2 Anatase) was 3.35 eV [36,45]. The TiO2-B sample shows a slight absorption in the visible region, whereas the TiO2-Ce sample presented an extended threshold in the same region. Eg for TiO2-B and TiO2-Ce are 3.30 and 3.2 eV, respectively [46,47]. The absorption threshold in the visible region assesses that boron and cerium species in the titanium dioxide lattice modify the optoelectronic properties of TiO2, Table 1.



XPS Analysis—The survey XPS spectra (an average of three measurements in different points of each sample) of all oxide samples, Figure S3, and the high-resolution spectra for Ti 2p, and O 1s, C 1s, and Na 1s are shown in Figure 3. The presence of carbon is due the adventitious carbon, whereas Na, and traces of Al2O3, are due to impurities from the chemical synthesis route. The deconvoluted high resolution spectra for Ti 2p is shown in Figure 3a.



The Ti 2p3/2 and Ti 2p1/2 well-resolved peaks with binding energies of 456 and 456.99 ± 0.2 eV assigned to Ti2+/Ti3+ present on the samples. The binding energy centered at 458 ± 0.2 eV can be attributed to boron and cerium interactions within the TiO2 lattice, as described by Rtimi et al. [49]. Thus, the Van der Waals forces coexist between TiO2 structure and dopant agents to promote the TiO peak at 458 eV as a result of the dispersion of cerium and boron ions [50,51]. The Ti 2p peak located at 458.71 ± 0.2 eV is attributed to Ti–O bonds in Ti4+ oxidation state [52,53]. Other contributions of TiO(OH)2 species at 459.85 ± 0.2 eV, related to the alkoxide conversion to the “sol” and other OH species adsorbed during synthesis, were also detected, which increased with cerium dopant due to the ion interaction with TiO2 lattice [54].



In addition, a small contribution of Ti–C was also found at 460.75 ± 0.2 eV. Besides, the “shake down” states of peaks, labeled 1′to 6′, are the result of energy gain processes and photoelectron emission. In this way, Figure 3b,c shows the Ce 3d, B 1s, and O 1s spectra deconvolution. In the Ce 3d spectra, Ce3+ was detected at 885.7 ± 0.2 eV as a result of Ce2O3 formed at the TiO2-surface with respect to Ce4+ at 882.55 ± 0.2 eV [47]. The binding energies of compounds at v0, v′, u0, and u′ are related to Ce3+ species. Herein, u′ and v′ peaks represent Ce 3d9 4f1 O 2p6 as final state; whereas v0 and u0 species are derived from Ce 3d9 4f2 O 2p5 representing their final state [55]. Thus, the peaks labeled as u‴ and v‴ are linked to Ce4+ species [56]. Then, O 1s spectrum confirms the presence of Ce3+ as Ce2O3 at 529.1 ± 0.2 eV, as well as peaks for TiO2, OHads, and C–O (associated with carbonates compounds) were also observed at 530, 531.32, and 532.45 ± 0.2 eV, respectively [16]. Concerning the boron species, the B 1s region, Figure 3c, indicates the presence of B–O–Ti and B2O3 interactions centered at 192.08 eV and 192.85 ± 0.2 eV. This interaction is mainly related to a synergistic effect with B3+ species to promote the charge carrier separation, as established by the photocatalytic and photo-electrochemical experiments [26,36].



On the other hand, the emission peaks at 193.7 and 190.8 ± 0.2 eV could be due to the remaining H3BO4 species from the doping reaction. The O 1s emission peak in TiO2 is centered at 530.03 eV; whereas, the presence of B–O, Ti–O–B, and B3+ signals, observed at 532.15 and 533.07 ± 0.2 eV, promotes the formation of oxygen vacancies. Table 2 and Table S2 show the full experimental composition (% wt.) calculated from B 1s, O 1s, Ce 3d3/2, 5/2, and Ti 2p signals.




3.2. Photo-Electrochemical Studies


The current-potential responses of TiO2 films, measured in sulfuric acid and dark conditions after 10 cyclic voltammetric scans at 50 mV/s, are shown in Figure S4. The dark current-potential characteristics are mainly dominated by the redox Ti4+/Ti3+ (hydro)-oxide species in the potential interval of 0.2 to −0.15 V/RHE, Equation (1). This accumulation of electrons, in the conduction band of the oxide [57], reflects the doping degree effect of boron and cerium atoms in the oxide material, being more important with boron. These results are concomitant with Ti 2p XPS shown in Figure 3a:


    Ti   IV    O 2  +      e   −  +      H   +    ⇄      Ti    III    O 2   (   H +   )      



(1)







The driving force of the system is displayed by the magnitude of the electrode potential, under illumination, ΔEph. This parameter was measured in H2SO4, and H2SO4 + 0.5 M CH3OH. Methanol is usually used as a hole scavenger, and/or sacrificial agent in photocatalytic processes. In the experiment shown herein, in 0.5 M H2SO4, the magnitude of the photo-potential, ΔEph, on TiO2-B is higher than that of TiO2 and TiO2-Ce. This trend is maintained in the presence of methanol, Table 3. It can be seen, however, that the initial OCP in darkness gives accounts on the electrolyte species interaction at the semiconducting electrode’s surface, Figure 4a,b. The information obtained herein, via these simple experiments, titrate the ability of these non-modified, and modified semiconducting oxide to act as photocatalysts and/or photo-electrocatalysts.



Indeed, the photoelectrochemical results, shown in Figure S5, are concomitant to the data shown in Figure 4. In this latter, the magnitude of ΔEph can be used as diagnostic for the material’s photocatalytic activity. Moreover, the photocurrent-potential characteristic sheds additional light on the behavior of the material. As it is clearly observed, the magnitude of the photocurrent, jph, and the onset potential with light is determined by the materials opto-electronic properties, as well as the nature of the species in the electrolyte.



In the absence of a hole-scavenger, Figure S5a, the magnitude of the photocurrent is limited by the hole charge transfer kinetics to adsorbed water, a mechanism known as an indirect path [58]. Herein, we observe that the boron-doped titania is more effective than the non-doped one. As stated in our earlier work [58], the direct interfacial charge transfer is favored with an effective hole scavenger, such as methanol. The presence of this small organics not only favors the separation of the photogenerated electron-hole pairs that occurs at more negative potentials, but the photocurrent is enhanced on all samples.



Herein, it is important to notice that the highest photocurrent is obtained on the boron-doped titania. Again, this is also concomitant with data displayed in Figure 4b. The observed onset potential shift amounts to −0.15 V. In the presence of methanol, boron-doped and non-doped titania improve kinetics. This is not the case for cerium-doped titania, which remains at a similar electrode potential value without alcohol. The surface chemical nature of the materials, cf. Figure S5, might indicate that surface recombination centers present near the conduction band are deactivated in the presence of methanol. Moreover, the low photo-activity of cerium-doped titania could be due either to the presence of ceria cluster, and/or to the formation of nano-heterojunctions that block the photogenerated electron-hole pairs to be separated, even in presence of an important interfacial electrical field.



The description above is further clarified by the experiment under chopped light conditions, Figure 5A, which reflects the materials behavior reported in Figure S5. The aim, herein, was to visualize the charge separation at 0.6 V/RHE. While the response observed in Figure 5A is limited to the indirect charge transfer process, the methanol molecule puts in evidence that, indeed, under chopped conditions, the separation and/or recombination of photogenerated electron-hole pairs is slow on cerium-doped titania. The comparative results are summarized in the inset of Figure 5A. Positive as well as negative effects are, then, obtained by doping with boron and cerium, respectively, as also reflected by the results on the incident photon to current efficiency (ICPE), Figure 5B. The efficiency factor obtained is summarized in Table 3.




3.3. Photocatalysis


The photocatalytic activity of P25, TiO2, TiO2-B, and TiO2-Ce samples in powder form (333 mg/L), under UV-Vis illumination in presence of oxygen, as electron scavenger, was analyzed using as a dye: Reactive Black 5 (RB5) 40 mg/L. Prior to photocatalytic measurements, the dye was in contact with the samples, in the reactor, during 20 min under O2 flow in darkness.



The dye UV-Vis absorption spectrum, curve (1), is shown in Figure 6c. The initial absorption, A0 at ti = 0 min is identified and taken at 600 nm. The absorption variation (A/A0) with time of the dye absorption is shown in Figure 6a. Based on the Langmuir–Hinshelwood model, the first 10 min the log(A/A0) with time follows a pseudo-first-order kinetics, equation (2) [59,60]. The rate constant, k, on each system can be represented by the straight yellow lines shown in Figure 6b and summarized in Table 3:


  k =   2.303  t     l o g  (     A 0   A   )  .  



(2)







As shown in Figure 6c, the photo-discoloration efficiency of 94.5% on TiO2-B is higher than at P25 (90%), TiO2 anatase (80%), and TiO2-Ce (42%). The boron-species through their surface oxidation-states might promote such a performance concomitant to the driving force (photo-potential), Figure 5, relatively higher compared to that of TiO2 [20,33,61]. The presence of Ce4+/Ce3+ species that leads to a low conversion rate can be attributed to the coexistence of such species, at the grain boundaries promoting a low separation efficiency of photo-induced carriers.



The discoloration rate of RB5 describes the photocatalytic activity in a stationary regime reactor. In regards to the BET surface, a fair comparison can indeed be done with the sol-gel generated materials, in which TiO2 -B is more efficient than TiO2 and TiO2-Ce.





4. Conclusions


The photo-electrocatalytic activity was investigated on oxide sol-gel generated samples: TiO2 and boron-, and cerium-doped TiO2. The physical-chemical techniques (XRD, BET and SEM) revealed that samples were Anatase phase, nanometric crystals, with mesopores morphologies. Surface analyses put, in addition, in evidence the presence of B-Ti-O and B2O3 from B3+ species. In a similar way, although more complex, Ce-Ti-O was also detected and put in evidence at the titania surface the presence of Ce4+/Ce3+ redox species. This certainly conveyed to a different surface chemistry as shown via the photo-electrochemical responses. This in turn impacted the materials photocatalytic performance, in the sense that the charge separation is linked to the nature of the opto-electronic properties of semiconductor. It turned out, that the TiO2-B sample presented a better response in comparison with TiO2 and TiO2-Ce. An effect that was reinforced by the presence of a hole-scavenger (methanol) in which the direct charge transfer path is favorable since it blocks the surface states present near the conduction band. These results further show that the implementation of semiconductors-based devices for redox reaction (i.e., hydrogen production) could be used as an alternative catalyst support for hydrogen production.
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Figure 1. (a) The (101) pXRD of sol-gel synthesized samples (TiO2, TiO2-B, and TiO2-Ce). P25 is the reference. (b) BET analysis for nitrogen adsorption-desorption, and (c) pore diameter distribution. 
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Figure 2. (a) The Kubelka–Munk function (F(R)) spectra for B-, Ce-modified TiO2 nanoparticles heat-treated at 400 °C. (b) Tauc-plot for an indirect electronic transition of B-, Ce-TiO2, and TiO2. 
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Figure 3. High-resolution XPS spectra (a) Deconvoluted Ti 2p spectra: TiO2 anatase, TiO2-B, and TiO2-Ce samples. (b) Ce 3d with O 1s, and (c) B 1s regions including the O 1s spectra. 
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Figure 4. Open circuit potential (OCP) under dark and UV-Vis conditions, recorded during 15 min. (a) 0.5 M H2SO4, and (b) 0.5 M H2SO4 + 0.5 M methanol. (1) TiO2, (2) TiO2-B, and (3) TiO2-Ce. 
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Figure 5. (A) Photocurrent response under chopped light (0.1 Hz) at 0.6 V/RHE on TiO2 (a), TiO2-B (b), and TiO2-Ce (c). Inset: Final ratio analysis in acid (orange) and acid + methanol (navy blue) reaction. (B) IPCE (incident photon to current efficiency) analysis obtained in acid + methanol, see data in Table 3. Mass deposited: 0.2 mg/cm2. 
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Figure 6. (a) Photo-discoloration of RB5 (Reactive Black 5) under UV-Vis light, (b) log (A/A0) vs. t, and (c) UV-Vis Reactive Black 5 (RB5) azo dye spectra, ti = 0 min curve (1); titrated at t = 30 min, (curves 2–5). TiO2 anatase (3) TiO2-B (5) and TiO2-Ce (2). P25 is a reference sample (4). 






Figure 6. (a) Photo-discoloration of RB5 (Reactive Black 5) under UV-Vis light, (b) log (A/A0) vs. t, and (c) UV-Vis Reactive Black 5 (RB5) azo dye spectra, ti = 0 min curve (1); titrated at t = 30 min, (curves 2–5). TiO2 anatase (3) TiO2-B (5) and TiO2-Ce (2). P25 is a reference sample (4).



[image: Surfaces 04 00008 g006]







[image: Table] 





Table 1. Physicochemical and textural properties, and band-gap energy.
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	Sample
	Surface Area BET

(m2g−1)
	Pore Size

(nm)
	Band-Gap (eV)





	Degussa P-25
	56
	1.75 [48]
	3.15



	TiO2
	128
	5
	3.35



	TiO2-B
	146
	5.63
	3.32



	TiO2-Ce
	173
	5.59
	3.20
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Table 2. Weight composition of O 1s, Ce 3d3/2, 5/2, and B 1s from the modified TiO2.
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Species

	
TiO2-B

	
TiO2-Ce




	

	
Weight (%)

	
Bind Energy (eV)

	
Weight (%)

	
Bind Energy (eV)






	
B 1s

	
B-N

	
6.59

	
190.8

	
-

	
-




	

	
H3BO3

	
11.44

	
193.7

	
-

	
-




	

	
B–O, BCO2

	
30.6

	
192.08

	
-

	
-




	

	
B2O3

	
51.38

	
192.85

	
-

	
-




	

	

	

	

	

	




	
O 1s

	
TiO2

	
85.48

	
530.03

	
76.7

	
529.94




	

	
B–O, Ti–O–B, Nitrates

	
3.99

	
532.15

	
-

	
-




	

	
B3+ (B2O3)

	
0.39

	
533.07

	
-

	
-




	

	
Ce4+ (CeO2)

	
-

	
-

	
3

	
528.51




	

	
Ce3+ (Ce2O3)

	
-

	
-

	
7.5

	
530.59




	

	

	

	

	

	




	
Ce 3d 3/2, 5/2

	
Ce3+

	
-

	
-

	
72.8

	
885.7




	

	
Ce4+

	
-

	
-

	
27.2

	
882.55
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Table 3. The open circuit potential data obtained in darkness, pseudo constant rates, and IPCE. Intensity of the lamp = 30.8 mW/cm2.
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Sample

	
Photo-Potential (ΔEph/V)

	
k (min−1)

	
IPCE (%)




	
0.5 M H2SO4

	
0.5 M H2SO4 + 0.5 M CH3OH






	
P25

	
0.16

	
0.54

	
0.06

	
0.13




	
TiO2

	
0.47

	
0.62

	
0.10

	
0.35




	
TiO2-B

	
0.53

	
0.63

	
0.12

	
0.40




	
TiO2-Ce

	
0.39

	
0.40

	
0.05

	
0.12
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