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Abstract

:

Highly ordered TiO2 nanotubes (TNTs) decorated with a series of lanthanide ions (Ln3+ = Ho3+, Tb3+, Eu3+, Yb3+, and Er3+) were prepared through an electrochemical process and anodization. The composition, structure, and chemical bond of the as-prepared photocatalysts were characterized through scanning electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, ultraviolet photoelectron spectroscopy, and ultraviolet diffuse reflectance spectroscopy. Furthermore, the electrochemical characteristics of the catalysts were analyzed and photoelectrochemical properties were investigated through water splitting. All samples were prepared in the anatase phase without changing the crystal structure. The holmium-doped TNT photocatalyst exhibited the best performance with a hydrogen evolution rate of 90.13 μmol cm−2h−1 and photoconversion efficiency of 2.68% (0 V vs. RHE). Photocatalytic efficiency increased because of the expansion of the absorption wavelength range attributed to the appropriate positioning of the band structure and reduced electron/hole pair recombination resulting from the unhindered electron movement. This study demonstrated the preparation of high-potential solar-active photocatalysts through the synergetic effects of the work function, band edge, and bandgap changes caused by the series of lanthanide combinations with TNTs.
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1. Introduction


Overuse of fossil fuels is the primary reason for global warming and environmental pollution [1]. Researchers have emphasized that sustainable energy resources must be explored to overcome nonrenewable energy shortages and to address the issues of environmental pollution and the continuously rising energy demand [2]. Hydrogen is an energy carrier that can store and transport energy; therefore, it provides an alternative energy strategy for replacing other hydrocarbon fuels that do not emit pollutants upon reaction with oxygen [3,4]. Solar energy is an energy source that can generate green hydrogen. According to the World Energy Council, the total solar energy reaching the earth in a year is 3,400,000 EJ, which is between 7000 and 8000 times the annual global primary energy consumption [5]. Hydrogen production through photoelectrochemical (PEC) water splitting using solar energy is a promising approach for meeting large-scale global energy demand to realize a clean, environmentally friendly, and sustainable energy supply.



TiO2 is an n-type semiconductor photocatalyst that is inexpensive, non-toxic, chemically and thermally stable, and environmentally friendly; furthermore, it exhibits low photocorrosion characteristics. On the one hand, TiO2 is being extensively researched for environmental remediation and renewable energy industry because of its characteristics that support reaction, such as position of the TiO2 band edge, and long electron lifetime of anatase. On the other hand, TiO2 has a wide bandgap, which allows it to absorb only energy that corresponds to the ultraviolet (UV) region, which is 3–4% of the total solar energy reaching the ground. A large amount of bandgap energy causes a large driving force for the redox reactions of electrons and holes; it is difficult to efficiently utilize the solar energy because it requires high-energy photons. Bandgap engineering through doping can be attempted to overcome this limitation. Researchers have modified catalysts using non-metals [6,7], noble metals [8,9,10], transition metals [11,12], carbon materials [13], enzymes [14], and lanthanide [15,16] as dopants.



Among the various dopants, lanthanide metals can combine with TiO2 to promote the redox reaction through a synergetic effect, which makes it a promising approach. The effects of lanthanide doping reported thus far are as follows. First, the f-orbitals of lanthanide ions are coordinated by interaction with various Lewis bases such as amines, alcohols, aldehydes, and thiols. These interactions can enhance photoactivity by altering the surface adsorption properties of lanthanide-doped TiO2 and the complexation of organic contaminants. Second, modification with lanthanide ions enhances charge trapping and prevents the electron–hole recombination process. Lastly, it can reduce the bandgap of materials by creating electronic states of lanthanide between the energy states of TiO2 [16,17].



Avram et al. [18] prepared lanthanide (Eu, Sm, Nd, and Er)-doped TiO2 nanoparticles by using the sol-gel method and hydrolysis. In addition, they identified the new substitutional lanthanide centers of anatase TiO2 related to Eu, Sm, Nd, and Er, and described the characteristic emission spectra, decays, and excitation routes. Yu et al. [19] prepared YbF3-Ho@TiO2 by using the hydrothermal and screen printing methods and investigated its photocatalytic activity. Furthermore, they reported that as-prepared catalysts could be used as a photoanode to facilitate charge separation by suppressing electron/hole recombination at the photoanode/dye/electrolyte interface. Although various attempts have been made, the preparation of stable lanthanide-doped TiO2 continues to remain challenging [20]. To the best of our knowledge, no study has analyzed the changes in material properties by doping immobilized TiO2 nanotubes (TNTs) with lanthanide and attempted to produce hydrogen from water splitting. In this study, we first selected five affordable elements with optical properties from among the lanthanides comprising 17 elements in the periodic table based on immobilized TNTs. Then, a series of lanthanide ion (Ln3+ = Ho3+, Tb3+, Eu3+, Yb3+, and Er3+)-doped titanium dioxide nanotubes were synthesized [16]. Subsequently, the bandgap, work function, and surface characteristics of the synthesized catalysts were compared and analyzed using X-ray photoelectron spectroscopy (XPS), ultraviolet diffuse reflectance spectroscopy (UV-DRS), and ultraviolet photoelectron spectroscopy (UPS). Furthermore, the effects of each metal on the photochemical reactions and their optical properties were examined by comparing the properties and activities of catalysts through various electrochemical analyses. Lastly, the synthesized catalysts were used for hydrogen production from water splitting and the stability of the produced hydrogen was verified. The results of this study are expected to aid in the preparation of durable binary composites, which will help expand their limited applicability to include the energy field.




2. Results and Discussion


2.1. Morphology and Surface Characteristics of Lanthanide-Doped TiO2


The pure TNT and lanthanide (Ho, Tb, Eu, Yb, and Er)-doped TNT were analyzed through SEM and EDS to examine the surface morphologies and composition of each sample (Figure 1 and Table 1). The EDS pattern (Figure 1a–f and Table 1) indicated the presence of the lanthanide element in addition to the Ti and O elements from TiO2. The SEM results (insets of Figure 1a–f) indicated that all samples had a tubular structure of highly ordered nanotubes with vertically uniform morphology. The pore diameter was approximately 78 ± 5 nm, and the wall thickness was 19 ± 3 nm on average. The subsequent discussion of the PEC properties and performance shows that lanthanide doping through the electrochemical process influenced only the photocatalytic properties, and not the morphology of the TNTs. Figure 1g show the results for holmium-doped TNT (Ho-TNT), which represents the mapping analysis of all samples; Ti, O, and Ho elements of holmium-doped TNTs (Ho-TNT) were uniformly distributed over a large area.



The diffraction patterns of the as-synthesized samples obtained from the XRD analysis results are shown in Figure 2, and the crystallite size, refined lattice parameters, and cell volume are summarized in Table 1. Ti and TiO2 in the form of anatase were the commonly detected phases in the six types of prepared electrodes. They were tetragonal anatase structures of the (101), (103), (004), (112), (200), (105), (211), (213), (116), (215), and (301) crystal planes at the 2θ values of 25.28°, 36.94°, 37.8°, 38.57°, 48.04°, 53.89°, 55.06°, 62.68°, 68.76°, 75.02°, and 76.01°, respectively, according to JCPDS #00-021-1272. There was no crystalline phase transformation of TiO2 owing to the effect of lanthanide when the lanthanide (Ln)-doped TNTs were prepared using electrochemical doping. No diffraction peaks of a secondary phase such as pure Ln or Ln2O3 were detected because either the trace amount of the dopant was highly dispersed or the concentration of lanthanide ions was too low to be detected through XRD [21]. The average crystallite size of the (101) plane was calculated using the Scherrer equation. In our data, the average particle sizes (Table 1) were 351, 289, 279, 323, 337, and 341 Å for pure TNT, Ho-TNT, Tb-TNT, Eu-TNT, Yb-TNT, and Er-TNT, respectively. The crystallite size of every lanthanide (Ln)-TNT was smaller than that of the pure TNT because the formation of the Ln-O-Ti element bonds by TiO2 and the lanthanide metal restricted direct contact between the crystals, which inhibited the crystal growth of anatase [22]. An increase in the electrode surface area attributed to a reduction in the crystal size increased the photocatalytic reaction efficiency.




2.2. Electronic Structure and Optical Properties of Lanthanide-Doped TNTs


The effect of lanthanide doping on the energy level and band position of TiO2 was investigated by analyzing the as-prepared samples through UPS, XPS, and UV-DRS. The electronic work function is defined as the energy difference between the Fermi level and vacuum level; this function indicates the electromagnetic bonding strength of a catalyst—a material with low electronic work function facilitates electron transport [23]. Figure 3 shows the secondary electron cut-off area obtained through UPS analysis and the calculated work function. The electronic work function of a material can be obtained spectroscopically by subtracting the difference between the secondary electron cut-off and Fermi level from the incident photon energy; this can be expressed as [24]


φ = hν − (Ecut-off − Ef),



(1)




where φ, hν, Ecut-off, and Ef represent the work function (eV), excitation energy (here, 21.22 eV), secondary cut-off energy (eV), and Fermi level (eV), respectively. The calculated electronic work functions are summarized in Table 2. The work function of the pure TNT determined by secondary electron onset is 4.8 eV and it is shifted by 0.27, 1.27, 0.08, 0.9, and 1.44 eV after doping with holmium (Ho), terbium (Tb), europium (Eu), ytterbium (Yb), and erbium (Er), respectively (Figure 3 and Table 2). The work function of the lanthanide-doped TNT decreased when compared with that of pure TNT; this promoted electron transport and improved photoactivity.



The potential of the valence band maximum (VBM) positions was determined by linearly extrapolating the intersection of the background near the Fermi level and the leading edge [25]. Values obtained in Figure 4 are summarized in Table 2. The VBM of the pure TNT was −6.45 eV, and all doped TNTs up-shifted in the positive direction because of the creation of a new energy level within the bandgap by the lanthanide.



The bandgap is the minimum energy required for electrons to be excited from the valence band to the conduction band. It is critical for explaining the photocatalytic properties because it determines the wavelength range of light that can be absorbed. Therefore, the diffuse reflectance spectra were analyzed to examine the optical properties of the prepared samples and estimate the bandgap. Figure 5a shows the comparison of the variation in the absorbance according to the wavelength for the catalysts doped with lanthanide. All samples were photocatalysts based on TiO2 and commonly showed the maximum absorption wavelength in the UV range below 400 nm. The visible light range of the lanthanide-doped TNT increased noticeably when compared with that of pure TNT. The largest difference was observed in the case of the electrode doped with holmium. The introduction of lanthanide enables effective solar energy utilization by improving the light-harvesting properties in the visible light range [26]. Each prepared electrode was an indirect bandgap semiconductor, and the bandgap was determined based on the Tauc plot generated using [27]


(αhν)1/2 = A(hν − Eg),



(2)




where α, h, ν, A, and Eg represent the absorption coefficient, Planck’s constant (6.626 × 10−34 J s), frequency of light (s−1), proportionality constant, and bandgap energy (eV), respectively.



The calculated bandgaps of the samples are depicted in Figure 5b and summarized in Table 2. The bandgap of Ho-TNT, which was the smallest among the samples, was 2.29 eV, i.e., smaller by approximately 0.5 eV than that of pure TNT; theoretically, it can absorb wavelengths of up to approximately 540 nm, which is consistent with the XRD results (Table 1), wherein the crystal size of Ho-TNT decreased by 17.66% when compared with that of pure TNT.



The valence and conduction bands of a semiconductor are fixed energy levels determined by the atomic arrangement structure, and they influence electronic properties of the material [28]. The energy difference (in electron volts) between the potentials at the VBM and conduction band minimum positions is referred to as the bandgap energy, which is an important factor that determines the photon energy of the photocatalyst. Therefore, energy diagrams are important for explaining the photocatalytic activity. In this study, the energy diagram is drawn based on the work function, valence band, and bandgap of the as-prepared samples obtained through the UPS, XPS, and UV-DRS analyses, as shown in Figure 6; the related band structure parameters are listed in Table 2.




2.3. Photoelectrochemical Characterization


The open-circuit potential (OCP) in photoelectrochemistry is the potential difference between the photoelectrode and counter electrode when the current is 0. Based on this definition, the OCP values obtained using |OCPlight − OCPdark| for a given PEC cell are listed in Table 3 [29]. Band bending that occurs in the photoanode during illumination, direction of movement of the photogenerated electrons, semiconductor type, and effect of lanthanide on the maximum potential difference generated spontaneously can be determined by measuring the OCP. The OCP results of pure TNT and lanthanide-doped TNT in Figure 7a can be divided into three steps from the perspective of electron transport. First, in the dark condition from 0 s to 60 s, upward bending occurred as the electrons of the photoanode moved until they attained electrochemical equilibrium with the Fermi level of the electrolyte [29,30]. Second, during the illumination of the photoelectrode from 60 s to 120 s, the photogenerated electrons accumulated on the photoanode simultaneously as the electrons of the photoanode were excited from the valence band to the conduction band because they were injected from the surface to the Ti substrate and the quasi-Fermi level shifted in the negative direction. This confirmed that all prepared electrodes were n-type semiconductors [31,32]. Lastly, the photogeneration of electrons did not occur when the light was blocked after 120 s; however, the electrons accumulated on the photoelectrode were recombined and the potential increased in the positive direction. Thus, the OCP of the photocatalysts reflects the photogenerated charge carrier density [33]. Figure 7a shows that doping with lanthanides results in higher OCP values than that of pure TNT, regardless of the type (Table 3). The OCP value of Ho-TNT was 0.63 V (vs. Hg/HgO), which is the largest among all electrodes. This result confirmed that the PEC reaction improved when the lanthanide ions were applied to the electrodes.



Figure 7b shows the photocurrent density measured for each catalyst when illuminated for intervals of 60 s at 1.5 V (vs. Hg/HgO). The photoreaction, reproducibility, and stability of the catalysts were examined during repeated on/off cycles of illumination via chronoamperometry analysis, and the values of the photocurrent density were compared with those in other electrochemical analysis results. The prepared electrodes showed fast photoreaction and stable reproducibility. In the case of Ho-TNT, the average photocurrent density under illumination (Jph) increased approximately 25 times compared with that of pure TNT. This trend is consistent with that of linear sweep voltammetry (LSV) and photoconversion efficiency.



Figure 7c shows the LSV analysis results of the prepared electrodes. The LSV analysis in photoelectrochemistry reflects the photoresponsive property of the electrode. The current value of an n-type semiconductor under the dark condition was not expressed in the graph because it is negligible [34]. This can be verified in the results for the dark condition in chronoamperometry. The order of the limiting current density of the photoelectrodes at 1.5 V (vs. Hg/HgO) was Ho-TNT (23.6 mA cm−2) > Eu-TNT (18.6 mA cm−2) > Yb-TNT (14.6 mA cm−2) > Tb-TNT (8.15 mA cm−2) > Er-TNT (7.21 mA cm−2) > pure TNT (1.03 mA cm−2). The holmium-doped TNT showed the highest photocurrent density, which is approximately 23 times higher than that of pure TNT. The photocurrent density can be used to comprehensively predict the efficiency of each reaction step in the PEC system because it indicates the light absorption by the photocatalysts and the generation, separation, and movement of electron/hole pairs. High light absorption and low resistance of the catalysts improve photoreaction efficiency. The following equation was used to represent this result as the photoconversion efficiency (PCE); the results are shown in Figure 7d [35]. η


    η =   t o t a l   p o w e r   o u t − E l c t r i c a l   p o w e r   o u t p u t   L i g h t   p o w e r   i n p u t   × 100 %     =    j p         E  r e v  0  −      E    a p p          I 0    × 100 % ,    



(3)




where η,    j p   ,    E  r e v  0  ,  E  a p p    , and    I 0    represent the PCE (%), photocurrent density (A cm−2), standard reversible potential (1.23 V vs. reversible hydrogen electrode (RHE)), electrode potential (vs. RHE) of the working electrode at which the photocurrent was measured under illumination, and power density of the incident light (W cm−2), respectively.



Table 3 shows that the order of the maximum photoconversion efficiency of the catalysts is Ho-TNT (2.68% (0 V vs. RHE)) > Eu-TNT (2.21% (0.08 V vs. RHE)) > Yb-TNT (2.19% (0 V vs. RHE)) > Er-TNT (1.59% (0 V vs. RHE)) > Tb-TNT (1.55% (0 V vs. RHE)) > pure TNT (0.29% (0.22 V vs. RHE)). The photoconversion efficiency per unit area of the catalyst decorated with Holmium was 9.24 times higher than that of pure TNT.




2.4. Photoelectrochemical Performance of Lanthanide-Doped TNT


Figure 8a shows the results of comparing the PEC activities of the modified photoelectrodes in terms of the hydrogen evolution from water splitting and average reaction current density. The order of the hydrogen evolution rates of the prepared catalysts was Ho-TNT (90.13 μmol cm−2h−1) > Eu-TNT (71.33 μmol cm−2h−1) > Yb-TNT (68.91 μmol cm−2h−1) > Er-TNT (26.95 μmol cm−2h−1) > Tb-TNT (25.18 μmol cm−2h−1) > pure TNT (10.28 μmol cm−2h−1). The hydrogen evolution rates of the modified photocatalysts increased by 2.4–8.7 times compared with pure TNT. The hydrogen evolution rate of Ho-TNT, which showed the highest activity, was approximately 1.2–3 times higher than those of the other lanthanide-doped TNTs. The PEC reaction current density, which is used as an indicator for the activities of the photoelectrode, also showed a similar trend. The hydrogen production rate of Ho-TNT can be converted into 45,065 μmol g−2h−1, customary units of photocatalyst powders (weight of 1 × 1 cm2 catalyst peeled off = ca. 2 mg). However, t is difficult to compare with photoelectrochemical activities of other studies because the experimental conditions are different.



The electronic work function indicates the ease of electron transport of materials. Hence, it was predicted that a lower work function suggests higher activity; however, Tb-TNT and Er-TNT exhibited PEC properties that were unfavorable to the hydrogen evolution rate, which was low even though the materials had relatively low work functions among the lanthanide-doped TNTs. Figure 6b compares the energy diagrams of the catalysts vs. the vacuum level; the valence band edge and conduction band edge of Tb-TNT and Er-TNT are beyond the oxygen evolution reaction potential (−5.67 eV vs. vacuum) [36]. The activities of Tb-TNT and Er-TNT were better than that of pure TNT, even though the oxygen evolution reaction was thermodynamically impossible because the conditions were favorable for the reaction of SO42−/SO32− (Eeq(V) = −0.107 V −0.0591 pH at 25 °C) in the electrolyte (Na2SO3) [37,38] and the electron/hole recombination decreased consequently.



Figure 8b shows the repeated experimental results of Ho-TNT, which showed the highest activity with regard to hydrogen evolution. Five repetitions of the experiment were conducted with the same catalyst. After checking the hydrogen generation rate under illumination for 90 min in one cycle, the electrolyte was replaced with a fresh sample under the dark condition, and oxygen was removed from inside the reactor by purging for 1 h. The photocatalytic activity remained constant without significant variations during the reaction cycles, which helped establish the potential of Ho-TNT for reuse and reproducibility. Ayon et al. [39] explained the reduction in the charge carrier recombination rate by introducing Ho3+ doping in ZnO nanoparticles, which helped control bandgap tuning by the holmium 4f states. Pan et al. [40] fabricated HoTixOy dielectric films and achieved satisfactory electrical characteristics such as high current and high mobility through electron trapping; thus, applying Holmium to photocatalysts can increase the photocatalytic activity because of various synergetic effects. Consequently, doping the crystal structures of TNTs with lanthanide ions can improve the PEC performance by enhancing light harvesting and facilitating electron transport. An important factor to be considered here is band structure engineering to ensure appropriate positioning.





3. Materials and Methods


3.1. Preparation of TiO2 Nanotubes


TNTs were prepared using the anodization process. TNTs on a titanium substrate decorated with erbium and reduced graphene oxide for hydrogen production was reported in our previous study [13]. In this study, we focused on a series of lanthanide ion-doped TNTs. First, titanium foil (0.25 mm thick, 99.6% pure, Goodfellow, Cambridge, UK) was cut into 2 cm × 5 cm pieces and sonicated for 20 min in ethanol (Duksan Chemicals Co., Ansan, Korea) and distilled water to remove the impurities from the surface. Then, it was etched with diluted hydrofluoric acid (Duksan Chemicals Co., Korea), thoroughly washed with deionized (DI) water, and dried at room temperature (approximately 25 °C) overnight. The anodization process was performed with a two-electrode system that comprised a pretreated Ti foil as the anode, Fe foil as the cathode, and 0.5 M ammonium fluoride (purity > 97%, Junsei Chemicals Co., Tokyo, Japan), 2 vol.% DI water, and ethylene glycol (purity > 99.5%, Ducksan Chemicals Co., Korea) as the electrolytes. The two electrodes were separated by 2 cm and connected to a power supply. After anodization under a constant current of 0.1 A for 150 min, the resulting amorphous TiO2 was rinsed with DI water several times and then dried at room temperature (approximately 25 °C) overnight. The amorphous TiO2 was annealed at 450 °C in an oxygen atmosphere (400 mL min−1) for 2 h to obtain TNTs in the anatase crystalline phase.




3.2. Preparation of Lanthanide-Doped TiO2 Nanotubes


The lanthanide-doped TNT was prepared using the electrochemical process in a two-electrode system [41]. Three cells were prepared with the following structure: amorphous TiO2 as the working electrode, Pt gauze (52 mesh, 99.9% trace metals basis, Sigma-Aldrich, Burlington, MA, USA) as the counter electrode, with a distance of 2 cm between the two electrodes, and 150 mL of 0.01 wt.% Ln2(NO3)3 aqueous solution (Ln3+ = Ho3+, Tb3+, Eu3+, Yb3+, and Er3+) as the electrolyte. Electrochemical doping was conducted with a constant current of −0.1 mA cm−2 for 200 s. The samples were then washed with distilled water, dried at room temperature (approximately 25 °C) overnight, and annealed in oxygen atmosphere (400 mL min−1) at 450 °C for 2 h.




3.3. Characterization


The morphologies and elemental composition of the as-prepared samples were studied using a field-emission scanning electron microscope (FE-SEM, HITACHI S-4800, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (EDS). The crystalline phase was identified by analyzing the X-ray diffraction (XRD, Dmax-2500pc, Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 0.15418 nm) at 60 kV, 300 mA, and 2θ range of 20–80°. The work function of the prepared catalysts was measured using ultraviolet photoelectron spectroscopy (UPS, AXIS Supra, Kratos Analytical Ltd., Manchester, UK). A helium discharge lamp (He I, 21.22 eV) was used as the excitation source. X-ray photoelectron spectroscopy (XPS) was performed using a K-alpha (Thermo Scientific Co., Ltd., Waltham, MA, USA) spectrometer equipped with an Al K-alpha monochromator X-ray source to measure the elemental composition and chemical and electronic states of the elements within the materials. The binding energy scales of all recorded spectra were calibrated with reference to the C 1s peak at 284.5 eV. Ultraviolet–visible diffuse reflectance spectroscopy (UV–Vis DRS, SolidSpec-3700 spectrometer) of the samples was performed to measure the absorbance in the 300–1000 nm range.




3.4. Electrochemical Characteristics


All electrochemical analyses of the samples were conducted using a three-electrode cell system and an electrochemical analyzer (ZIVE, WonATech, Seoul, Korea). The prepared electrode was used as the working electrode, and a gasket made of Teflon was set on the edge of the electrode to irradiate an area of 1 cm × 1 cm. The counter electrode was made of a platinum wire (2.6 g, diameter 1.0 mm, 99.9% trace metals basis, Sigma-Aldrich, USA), and the reference electrode was made of Hg/HgO (1.0 M NaOH inner solution). A 1000 W Zenon lamp (Oriel, Stratford, CT, USA) was used as the light source. The light intensity irradiated on the electrode was adjusted to 44 mW cm−2 (at 360 nm) using a portable radiometer (UM320, Minolta Co., Tokyo, Japan). The light source and intensity conditions were identical to those applied in the PEC water splitting experiment.




3.5. Photoelectrochemical Water Splitting Experiment


The PEC water splitting experiment was performed with a two-electrode system (Figure S1). The prepared electrode was used as the photoanode, and a platinum wire (2.6 g, diameter of 1.0 mm, 99.9% trace metals basis, Sigma-Aldrich, USA) was used as the cathode; the electrolyte was composed of 25 mL of 0.1 M Na2SO3 (purity ≥ 98%, Sigma-Aldrich, USA). A gasket made of Teflon was attached to the photoanode to achieve an illumination area of 1 cm × 1 cm. Before the reaction experiment, the reactor was purged with Argon (purity 99.999%) for at least 30 min to remove oxygen from inside the reactor and electrolyte. The two electrodes were connected to an electrometer (2450 SourceMeter, Keithley, Tektronix Company, Beaverton, OR, USA) and the hydrogen production rate was analyzed by illuminating at 1.5 V for 90 min. The generated product was sampled in 300 μL units and analyzed through gas chromatography (7890A, Agilent Technologies, Santa Clara, CA, USA).





4. Conclusions


A series of lanthanide-doped TNTs were manufactured by introducing lanthanides based on highly ordered TNTs prepared through the anodization process to improve the efficiency of PEC water splitting. It was confirmed that lanthanide ions enhance the activity of catalysts without transforming the anatase crystal structure of the TNTs. The combination of holmium with TNTs strengthened the photocatalyst activity through high charge carrier separation and transportation, high catalytic activity, and stability attributed to an appropriate bandgap, band position, and electronic characteristics that are favorable for water splitting. This hybrid photocatalyst is expected to be applicable to a variety of scenarios such as CO2 conversion and environment treatment in addition to applications in the field of energy.
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Figure 1. EDS spectra of (a) pure TNT, (b) Ho-TNT, (c) Tb-TNT, (d) Eu-TNT, (e) Yb-TNT, (f) Er-TNT (insert: SEM image) and (g) representative scanning transmission electron microscopy elemental mapping (Ho-TNT). 
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Figure 2. XRD patterns of pure TNT, Ho-TNT, Tb-TNT, Eu-TNT, Yb-TNT and Er-TNT. 
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Figure 3. UPS spectra of the secondary electron with the onset highlighted in the graph to determine the work function. TNT and lanthanide-doped TNT. 
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Figure 4. Valence band XPS spectra of pure TNT and lanthanide-doped TNT. 






Figure 4. Valence band XPS spectra of pure TNT and lanthanide-doped TNT.



[image: Catalysts 12 00866 g004]







[image: Catalysts 12 00866 g005 550] 





Figure 5. (a) UV–Vis-diffused absorbance spectra; (b) Tauc plots. 
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Figure 6. Energy scheme for as-prepared samples with respect to the fermi level (a) and vacuum level (b). 
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Figure 7. Photoelectrochemical characterization of as-prepared samples. (a) Open-circuit voltage (OCP), (b) chronoamperometry, (c) linear sweep voltammetry (LSV), and (d) photo-conversion efficiency (PCE). 
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Figure 8. (a) Hydrogen evolution rate and average current density; (b) five repeated experiments with Ho-TNT. 
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Table 1. Elemental composition (in at. %) and structural properties of lanthanide-doped TiO2 nanotubes.
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Sample Label

	
EDS

	
XRD




	
Elemental Composition (Atomic %)

	

	
Lattice Parameter

	




	
Ti

	
O

	
Ho

	
Tb

	
Eu

	
Yb

	
Er

	
Size (Å)

	
a (Å)

	
b (Å)

	
c (Å)

	
Cell Volume (Å3)






	
pure TNT

	
31.13

	
68.87

	
-

	
-

	
-

	
-

	
-

	
351

	
3.78

	
3.78

	
9.49

	
135.42




	
Ho-TNT

	
28.44

	
69.35

	
2.22

	
-

	
-

	
-

	
-

	
289

	
3.78

	
3.78

	
9.48

	
135.35




	
Tb-TNT

	
29.53

	
70.03

	
-

	
0.44

	
-

	
-

	
-

	
279

	
3.78

	
3.78

	
9.50

	
135.69




	
Eu-TNT

	
30.59

	
68.26

	
-

	
-

	
1.15

	
-

	
-

	
323

	
3.78

	
3.78

	
9.48

	
135.29




	
Yb-TNT

	
29.2

	
69.59

	
-

	
-

	
-

	
1.2

	
-

	
337

	
3.78

	
3.78

	
9.48

	
135.29




	
Er-TNT

	
27.94

	
71.19

	
-

	
-

	
-

	
-

	
0.87

	
341

	
3.78

	
3.78

	
9.48

	
135.38
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Table 2. Band structure parameters of doped TNTs.
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	Sample Label
	Work Function

(eV)
	Valence Band

(eV)
	Conduction Band

(eV)
	Band Gap

(eV)





	pure TNT
	4.8
	−6.45
	−3.65
	2.8



	Ho-TNT
	4.53
	−6.08
	−3.79
	2.29



	Tb-TNT
	3.53
	−4.86
	−2.29
	2.57



	Eu-TNT
	4.72
	−6.02
	−3.71
	2.31



	Yb-TNT
	3.90
	−5.80
	−3.45
	2.35



	Er-TNT
	3.36
	−4.93
	−2.19
	2.74
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Table 3. Open-circuit voltage (OCP) measurement, maximum current density and photoconversion efficiency of the samples, obtained from electrochemical analysis.
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	Sample Label
	Light Off (V vs. Hg/HgO)
	Light On (V vs. Hg/HgO)
	OCP(V vs. Hg/HgO)
	Maximum Current Density (mAcm−2)
	Photo-Conversion Efficiency (%)





	pure TNT
	−0.16
	−0.61
	0.46
	1.03
	0.29



	Ho-TNT
	−0.25
	−0.87
	0.63
	23.6
	2.68



	Tb-TNT
	−0.25
	−0.82
	0.57
	8.15
	1.55



	Eu-TNT
	−0.17
	−0.77
	0.61
	18.6
	2.21



	Yb-TNT
	−0.17
	−0.83
	0.66
	14.6
	2.19



	Er-TNT
	−0.14
	−0.71
	0.57
	7.21
	1.59
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