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Abstract

:

Anatase and rutile mixed-phase TiO2 with an ideal ratio has been proven to significantly enhance photoelectrochemical (PEC) activity in water-splitting applications due to suppressing the electron–hole recombination. However, the mechanism of this improvement has not been satisfactory described yet. The PEC water oxidation (oxygen evolution) at the interface of TiO2 photoanode and electrolyte solution is determined by the fraction of the photogenerated holes that reach the solution and it is defined as the hole transfer efficiency. The surface and bulk recombination processes in semiconductor photoanodes majorly influence the hole transfer efficiency. In this work, we study the hole transfer process involved in mixed-phase TiO2 nanotube arrays/solution junction using intensity-modulated photocurrent and photovoltage spectroscopy (IMPS and IMVS); then, we correlate the obtained hole transfer rate constants to (photo)electrochemical impedance spectroscopy (PEIS) measurements. The results suggest that the enhanced performance of the TiO2 mixed-phase is due to the improved hole transfer rate across the TiO2/liquid interface as well as to the decrease in the surface trap recombination of the holes.
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1. Introduction


Since the discovery of water photo-oxidation at semiconducting photoanodes, tremendous research has been undertaken to improve the practical efficiency of photoelectrochemical (PEC) water-splitting devices [1,2]. Upon proper light illumination, a semiconductor generates electron–hole pairs that must be adequately separated to simultaneously complete water oxidation and reduction processes [3,4,5]. However, in practice, the recombination of the photoinduced electron–hole pairs in the bulk of the materials, as well as at the electrode/electrolyte interface, limits the overall efficiency associated with photoelectrodes for PEC water-splitting [4,5,6,7,8]. Several strategies have been reported to minimize the recombination processes in semiconductor photoelectrodes, such as: increasing conductivity with doping [9,10,11,12], heterojunction formation [7,13,14], modification of photoanode surface with co-catalysts [15,16,17], and coatings of thin conformal layers using atomic layer deposition (ALD) [18,19,20]. Among these, the heterojunction formation has been widely reported for different combinations of materials and is proved to be particularly effective for the charge separation in photoelectrodes [7,13,14]. This strategy has already been successfully employed for titanium dioxide (TiO2), which is one of the most investigated materials in PEC water-splitting [12,21,22,23] thanks to its abundance, low toxicity, and chemical stability in harsh environments under light illumination [7,8]. The heterojunctions have been mostly realized by coupling TiO2 with other semiconductor materials [13,14,24,25] but also using only TiO2 and exploiting the slight bandgap offset (0.2 eV) of the anatase and rutile phases: this has been widely reported for photocatalytic water-splitting, in which the commercially available P25 TiO2 powder is often employed [26,27]. The charge separation effect between the two phases, leading to increased photocatalytic efficiency, has been initially explained by an electron transfer from anatase to rutile due to the 0.2 eV higher conduction band minimum (CBM) of anatase with respect to rutile [21,28,29]. However, in 2003 Hurum et al. examined this phenomenon by means of EPR (Electron Paramagnetic Resonance Spectroscopy) experiments, suggesting that electrons could move from rutile to anatase trap states, allowing holes to reach the surface for photocatalytic reactions [30]. More recent calculations and experiments, furthermore, have suggested that the CBM of rutile is higher in energy than that of anatase, enabling the electron transfer from the former to the latter and a hole transfer in the opposite direction [31,32,33,34]. From the above discussion, it can be understood that the charge transfer/separation effect in mixed-phase TiO2 nanomaterials has not been fully clarified, especially considering PEC photoelectrodes, which have been investigated in much fewer studies compared to the nanoparticulate forms. For example, it has been shown that TiO2 photoelectrodes with a controlled anatase/rutile configuration could be obtained by rapid thermal treatments [34,35,36] thus, avoiding complex or costly synthetic processes to make a composite of different polymorphs. To probe the charge transport and charge transfer properties of such photoelectrodes, occurring respectively in the bulk and at the semiconductor/electrolyte junction, perturbation PEC techniques may be employed, such as light intensity-modulated photocurrent spectroscopy (IMPS), light intensity-modulated photovoltage spectroscopy (IMVS) and electrochemical impedance spectroscopy (EIS) [37,38,39,40]. Here, we report on the study of the bulk and surface state recombination processes in single and mixed-phase TiO2 nanotube photoanodes by employing IMPS and IMVS to gain information on non-radiative recombination (i.e., electron/hole recombination mediated by emission of phonons). Nanotubes are chosen as a suitable morphology for TiO2 photoanodes due to their high surface to volume ratio, preferential electron transport towards the Ti back-contact, and a scalable synthetic process by electrochemical anodization [7,24,41,42,43,44]. Further, we correlate the obtained results to electrical characteristics of our photoelectrodes retrieved from EIS and to the information on radiative recombination (i.e., electron/hole recombination mediated by emission of photons) gained by photoluminescence spectroscopy. In this way, we provide a complete picture regarding the charge transfer/transport properties associated with TiO2 nanotubes samples. The obtained results provide more insights on the working principles of mixed-phase TiO2 photoelectrodes: the photocurrent enhancement is underlied by lower radiative recombination and, at the same time, by a more efficient hole transfer and the decrease in the surface state recombination across the TiO2/electrolyte interface.




2. Results and Discussion


2.1. Structural and Optical Properties


The TiO2 nanotubes obtained from the electrochemical anodization were annealed at different temperatures; the corresponding FESEM images are shown in Figure 1. The average length of the nanotubes is ~2 µm, the internal diameter is about 90 nm, and the wall thickness is ~20 nm. The as-prepared nanotubes are amorphous in nature and are transformed to the crystalline state upon annealing in air.



To analyze the variation of the phase composition upon annealing, XRD patterns were recorded (Figure 2a). The TiO2 nanotubes annealed at 500 °C (TNT500) show reflections belonging to the sole presence of the anatase phase. However, upon increasing the annealing temperature, a rise of rutile phase fraction was observed. It is known that Ti metal beneath the TiO2 nanotubes readily oxidizes and forms the rutile layer at the Ti/TiO2 interface during the annealing [45,46,47]. This rutile layer acts as an initiation layer for further conversion of anatase to rutile in the TiO2 nanotubes [48,49,50] (See Figure S1). In contrast, in the absence of the Ti metal, the formation of rutile layer and subsequent transition from anatase to rutile was not observed [46,49]. Further, the rutile layer formed due to thermal oxidation observed to be thicker with the shorter nanotubes because of the increase in the proximity of the metal to the top surface of the nanotubes [47,49]. Moreover, recent studies suggest that during the phase transition from anatase to rutile, the as-formed rutile layer plays a crucial role in further distortion of the TiO6 octahedral across the interface of the Ti metal/nanotube and the reformation of the Ti-O bonds into the rutile phase. This process gradually continues along the tube length upon the temperature increase [48,50]. In our samples, the rutile phase appeared at 600 °C (TNT600) and it was confirmed in XRD patterns by the peak at 27.72° corresponding to (110) plane (JCPDS file no. 87-0920). Conversely, for the sample annealed at 700 °C (TNT700), the dominant phase is rutile; this indicates the transformation of a maximum number of anatase grains to rutile starting from the interface of the Ti metal and the nanotubes [48,50]. This transformation creates a layered structure of the TiO2 nanotubes with rutile content at the bottom, anatase layer at the top, and an intermediate gradual transformation layer between the two phases of the nanotubes [50], resulting in the heterojunction between the two phases of TiO2. The phase fraction of TiO2 nanotubes annealed at different temperatures retrieved through Rietveld refinement of XRD measurements.



The phase composition of TNT500 was 100% in anatase, while the weight ratio of rutile to anatase was determined 18:82 and 77:23 for TNT600 and TNT700, respectively. It indicates an increase in the rutile layer thickness upon the increase in the calcination temperature [49,50,51].



The crystallite size (grain growth) was calculated using the Debye–Sherrer formula shown below


d = 0.9λ/(β cosθ),



(1)




where d is crystallite size, λ is wavelength (0.154 nm) of X-rays, β is full-width half maximum in radians, and θ is the angle of diffraction.



As the annealing temperature changes, the decrease in anatase crystallite size and the transformation of anatase to rutile were observed. The crystallite size for TNT500 was 58 ± 2 nm corresponding to (101) planes, whereas it was decreased to 42 ± 3 for sample TNT600. At the same time, the rutile crystallization was observed and the size corresponding to (110) for TNT600 is 34 ± 1 nm. A further change in annealing temperature showed an increase of rutile crystallite size up to 74 ± 2 nm for the sample TNT700. During the process of annealing the distortion of TiO6 octahedra takes places, which leads to the shrinking in size of anatase crystallite and transformation to rutile. [52,53,54].



The Raman spectra of the TiO2 nanotube samples are shown in Figure 2b. The intense peak at 144 cm−1 and the other peaks at 391 cm−1, 513 cm−1, 638 cm−1 correspond to Eg(1), B1g, A1g+B1g, and Eg(3) modes, which belong to anatase TiO2 [34,55]. Further, the appearance of the peaks at 451 cm−1, 610 cm−1, and the second order peak at 240 cm−1, besides the peak at 144 cm−1, indicates the presence of rutile in TNT700 [55]. The observation of a small peak at 199 cm−1 suggests that the annealed samples are highly crystalline. Asymmetric broadening and shift in Eg(1) the Raman peak position (inset of Figure 2b) indicates the existence of intrinsic defects and a crystallite size variation in the TiO2 nanotubes annealed at different temperatures [54,56].



Phase content and microcrystalline structure were further analyzed using HR-TEM (Figure 3). The tube morphology is smooth for TNT500 in comparison to TNT600 (Figure 3a,c). Further, the lattice fringe spacing was 0.35 nm, corresponding to the (101) plane of anatase for the sample TNT500. The phase junction of anatase and rutile is observed for the sample TNT600, and the lattice fringe spacing 0.32 nm was assigned to the (110) rutile plane. The boundary line shown in Figure 3d represents phase junction and corresponding FFT images is also presented. The observation of anatase and rutile phases is well in agreement with the XRD and Raman measurements.



Further, in order to investigate the intrinsic recombination processes and the presence of defects, we carried out photoluminescence (PL) measurements on the TiO2 nanotube samples annealed at different temperatures (with 350 nm or 3.54 eV excitation), as illustrated in Figure 4. It can be noted that: first, the higher the annealing temperature, the higher the PL signal; second, the low signal/noise ratio for all the samples, due to the weak emission of TiO2 in air [57]; and third, the broad shape of all the PL curves, which suggests the presence of several recombination pathways. The spectra presented in Figure 4 were fitted with four Gaussian components (see Figure S5) with the following peak energies: 2.21–2.29 eV, 2.58–2.68 eV, 2.84–2.85 eV, and 3.00–3.02 eV. The same peaks were found independently on the phase composition of the nanotubes. The PL of rutile is characterized by an intense and narrow peak in the NIR region (1.48 eV or 835 nm) [57,58,59,60]; thus, the spectra in Figure 4, which show emissions occurring in the visible region, may be related only to the anatase PL. For this phase, emissions with sub-bandgap energies have been widely attributed to radiative recombination mediated by defect states. However, the PL of TiO2 nanomaterials is strongly dependent on the material morphology, crystallinity, and defectivity, which leads to conflicting results in the literature [61]. The curves in Figure 4, in particular, are similar to the PL spectra reported by Lei et al. [62], who investigated highly ordered anatase nanowires. Based on their report and on other studies, the following spectral assignments may be proposed. The highest energy peak (3.00 eV) may be attributed to self-trapped exciton recombination in TiO6 octahedra [57]. The peaks at 2.85 eV and at 2.58–2.68 eV may be related to oxygen vacancies [59,60,63], which exhibit a different energy level in the bandgap according to their charge state [64,65,66]. Finally, the lowest energy peak (2.21–2.29 eV) may be attributed to surface states, i.e., radiative recombination involving unsaturated Ti atoms on the surface (e.g., Ti3+) [57,63,67]. It should be noted that precise and univocal identification of the defect states in TiO2 nanotubes was not the main scope of this work; rather, the PL measurements overall suggest that with the increasing fraction of rutile, radiative recombination in the remaining anatase crystals increase, thus, affecting the charge transport properties of the films. This effect may be explained by the fact that the rutile crystallites nucleate with a lower amount of defects. Alternatively, the increase of rutile fraction may induce the formation of trapping sites in anatase crystals at their interfaces with rutile ones [33]. In any case, the TNT600 sample could represent a good compromise between better charge separation (enabled by the presence of both anatase and rutile phases) and radiative recombination (mainly occurring via the defect states in anatase crystals).



The UV-Vis absorbance spectra for all the TiO2 nanotube samples are shown in Figure 5. The onset of the optical absorption for TNT500 is observed at 390 nm corresponding to a band gap of ~3.18 eV, while for TNT600 and TNT700 red-shifted at 410 nm (~3 eV) due to the presence of rutile content in the samples. The UV-Vis absorbance spectra for all the TiO2 nanotube samples are shown in Figure 5. The onset of the optical absorption for TNT500 is observed at 390 nm corresponding to a band gap of ~3.18 eV, while for TNT600 and TNT700 red-shifted at 410 nm (~3 eV) due to the presence of rutile content in the samples.




2.2. Photoelectrochemical Measurements


Linear sweep voltammetry (LSV) scans were recorded for the prepared samples under dark and illumination conditions using a three-electrode setup in 1 M NaOH solution against Ag/AgCl reference electrode. Figure 6a shows photocurrent measurements for TNT500, 600, and 700 under AM1.5G illumination. All samples show approximately the same photocurrent onset potential of −0.59 V vs. Ag/AgCl while showing a different steady-state photocurrent. Sample TNT600 showed the highest photocurrent density (0.11 mA cm−2 at 0.5 V vs. Ag/AgCl) followed by TNT500 (0.10 mA cm−2 at 0.5 V vs. Ag/AgCl) and TNT700 (0.05 mA cm−2 at 0.5 V vs. Ag/AgCl). In addition, the photocurrent plots reveal that TNT600 had also a higher fill factor if compared to TNT500. To gain further information on the effect of the anatase/rutile heterojunction on the PEC performance of our samples, we carried out IPCE measurements at 0.5 V vs. Ag/AgCl (Figure 6b). The IPCE is defined as the ratio between the measured photocurrent and the power of the incident photons from the following relationship [23]


IPCE (%) = (1240/λ) × (Jph/Ilight) × 100,



(2)




where λ is the incident wavelength in nm, Jph is the photocurrent density in mA cm−2 and Ilight is the intensity of the incident light in mW cm−2. The spectra showed high IPCE % below 400 nm because of significant absorption of UV light for above bandgap excitation. The measured IPCE for TNT600 is 52% at 370 nm, whereas for TNT500 it was 42% and decreased to 21% in the case of TNT700 sample. The same trend was reflected in the photocurrent measurements. However, for samples TNT600 and TNT700, there was a little higher (0.05) IPCE % observed in the wavelength region 400–420 nm, well in agreement with the absorption spectra and the increased light absorption related to rutile phase content.



From these measurements, it is clear that the sample which contains a proper ratio of the anatase and rutile phases (TNT600) shows the highest photocurrent density compared to the single anatase phase (TNT500) and the highest rutile content phase sample (TNT700). This effect is in agreement with previous studies [40], but cannot simply be explained by the results of PL (Figure 4) or absorption (Figure 5) spectroscopy. Indeed, the effect of non-radiative recombination must also be taken into account, which is significant in TiO2 [57]. Thus, to analyze the photocurrent enhancement and the recombination pathways in these samples in more detail, we employed intensity-modulated photocurrent and photovoltage (IMPS, IMVS) and electrochemical impedance spectroscopy (EIS) techniques. Figure 7 shows representative plots of IMPS, IMVS and EIS spectra (Figure 7a–c, respectively), measured at −0.5 V vs. Ag/AgCl, and a schematic of an equivalent circuit used for the EIS data fitting (Figure 7d).




2.3. Intensity-Modulated Photocurrent Spectroscopy (IMPS)


IMPS is a perturbation method used to extract charge transfer kinetics across the semiconductor/electrolyte interface by a sinusoidal variation of the illumination light intensity (see Figure S3). The rate constants corresponding to both charge transfer and surface recombination were derived from the normalized IMPS spectra [68,69,70]. The complex Nyquist photocurrent response plots were recorded using a small sinusoidal perturbation light signal. The representative normalized IMPS plots obtained for TiO2 nanotubes at −0.5 V vs. Ag/AgCl are shown in Figure 7a. Further, the rate constants were extracted using Equation (3) below. The ratio of low-frequency intercept to high-frequency intercept (LFI to HFI) in Figure 7a corresponds to the charge transfer efficiency as shown in the equation below [69,70].


ηct = Jss/Jinst = ktrans/(ktrans + krec) = LFI/HFI,



(3)







In Equation (4), the HFI in recombination semicircle (Figure 7a) represents instantaneous photocurrent and LFI corresponds to steady state photocurrent.



The time constant of the process is ωmax = ktrans + krec and it can be determined from the maximum of recombination semicircle perturbation frequency in a complex plane. Since the real part of semicircle at ω = 0 tends towards I0(ktrans/(ktrans + krec)), the radial maximum is assumed to occur at ktrans + krec [68]. The diameter of the positive semicircle corresponding to normalized IMPS spectra in Figure 7a is smaller for TNT600 followed by samples TNT500 and TNT700, thus, suggesting the higher hole transfer ability of TNT600 compared to TNT500 and TNT700 samples. The calculated rate constants for both the hole transfer (Ktr) and the surface recombination of the holes (Ksr) are shown in Figure 8a,b. The maximum hole transfer rate is observed at the onset potential for all the samples and it decreased with increasing potentials, to finally become constant at higher potentials. TNT600 showed the highest hole transfer rate indicating the highest concentration of hole flux towards the solution. Further, the surface recombination rate constant is lower at potentials greater than 0 V leading to a decrease in surface state recombination. Further, it is to be noted that the overall photocurrent enhancement depends on the charge transfer efficiency (ηct) as shown in Figure 8c, and it is higher for TNT600 followed by samples TNT500 and TNT700. These results shed more light on the increased performance of the TNT600: compared to the pure anatase photoanode (TNT500), the sample with low rutile content exhibits a higher charge transfer efficiency across the electrode/electrolyte interface, which greatly affects the magnitude of the photocurrent. This may be related to the presence of several anatase/rutile interfaces close to the electrolyte, leading to an efficient charge separation between the two phases.




2.4. Intensity-Modulated Photovoltage Spectroscopy (IMVS)


To examine the bulk electron transport properties of the TiO2 nanotubes, we carried out the IMVS measurements with varying light intensity at open circuit conditions. The representative plots are shown in Figure 7b. The electron lifetime was calculated using the formula below:


τn = 1/(2πfmin (IMVS)),



(4)




where fmin is the minimum frequency of IMVS plot, τn is electron lifetime.



The electron lifetime is higher for TNT500 and TNT600 compared to TNT700 indicating that higher rutile content significantly increases the electron–hole recombination, in agreement with PL results. In order to confirm these results, we carried out additional PEC-EIS measurements as discussed below.




2.5. Electrochemical Impedance Spectroscopy (EIS)


To correlate the charge transport, charge transfer, and recombination rate constants achieved from IMPS and IMVS measurements, we additionally carried out EIS measurements under 1 sun illumination in a frequency range of 0.1–105 Hz (see Figure S4). The representative spectra are shown in Figure 7c. The measured impedance data at each potential were fitted using the equivalent circuit reported in Figure 7d. The selection of the right equivalent circuit is crucial to extract the proper parameters [68]. This circuit has been previously employed for hematite (α-Fe2O3) as well as for TiO2 nanotubes, neglecting charge transfer via surface states [38,71,72,73]. In wide bandgap semiconductors like TiO2, the surface trap states act as spectators and then the hole transfer mainly occurs via the valence band as shown in the schematic reported in Figure 7d. (typical water oxidation process across photoanode/electrolyte illustrated in Figure S2). In the equivalent circuit, Rs is the solution resistance, CSC,bulk is the bulk capacitance or space charge layer capacitance corresponding to hole diffusion into the space charge layer, Rtrap,bulk is the bulk transport resistance related to electron–hole recombination from the valence band to the conduction band of TiO2; Rct,VB is the hole transfer resistance from the valence band of TiO2 to the solution; CSE,trap represents the Helmholtz capacitance or capacitance of double layer (CPE2 in equivalent circuit), which is also called the TiO2/solution interfacial capacitance and it suggests the hole transfer ability of the TiO2 nanotubes to the electrolyte [68,70].



The constant phase element (CPE) can be expressed as


ZCPE = (1/C) jωn−1,



(5)




where C is ideal capacitance, j is an imaginary number, ω is angular frequency, and n indicates microscopic roughness or slow adsorption of chemical species on TiO2 electrode (for ideal capacitance behavior n = 1).



A smaller semicircular arch of the Nyquist plot is observed for the TNT600 sample compared to TNT500 and TNT700 (Figure 7c), indicating a lower charge transfer resistance and in turn an increased charge transfer rate to the electrolyte. Figure 9 shows the bulk charge transport resistance (Rtrap,bulk) at different potentials for TNT500, 600, and 700. The charge transport resistance is lower for TNT500, followed by TNT600 (very similar) and TNT700. These results generally agree with PL results, where TNT700 showed the highest radiative recombination. In PL case though, TNT600 shows a slightly higher recombination than TNT500. This small discrepancy reflects the different conditions utilized in PL and EIS experiments: the former, indeed, were carried out in air (i.e., dried sample exposed to molecular O2) and in open circuit, while the latter in basic pH under an applied bias, which can change the occupation of trap levels in the bandgap [74]. The increase in rutile content produces an increased Rtrap,bulk (sample annealed at 700 °C); this is consistent with the recombination time constant or electron lifetime (τn) extracted from IMVS measurements (Figure 8d) and with solid state conductivity measurements [75]. The charge transfer resistance (Rct,trap) across TiO2 nanotube/electrolyte interface is shown in Figure 9b. A monotonic increase in Rct,trap was observed for all the samples with an increase in potential. This results from the increase in the hole flux upon increasing the bias potential as well as the recombination of the excess holes across the TNT/electrolyte interface [38]. The trend correlates to the photocurrent saturation observed at higher potentials. As obtained Rct,trap is lower for TNT600 compared to the single phase (TNT500) and the excess rutile phase content (TNT700), behaving accordingly with the charge transfer rate and collection efficiency shown in Figure 8a,c. This result emphasizes the increase in hole transfer rate towards the solution interface in the case of TNT600, i.e., when a proper anatase/rutile content is present in the material. Figure 9c shows the space charge layer capacitance (CSC,bulk) obtained from impedance data fitting. These values are one order of magnitude smaller compared to the double layer capacitance (CSE,trap), analogues to the negligible separation of charges in the space charge layer formed in TNT600 and TNT700, which results from the increase in bulk recombination, and it is consistent with Rtrap,bulk. However, a different trend in CSC,bulk of TNT500 was observed compared to TNT600 and TNT700. The increase in CSC,bulk until 0 V vs. Ag/AgCl and later its monotonic decay indicates the slow diffusion and the separation of charges into the space charge layer because of the absence of the heterojunction, whereas in case of TNT600 and TNT700, the junction between the two phases avoids charge accumulation. Figure 9d shows the variation of double layer capacitance (CSE,trap) for TNT600, TNT500, and TNT700. The most efficient sample (i.e., TNT600) shows significantly higher values of CSE,trap at all potentials, proving the accumulation of a higher concentration of the holes at the interface of TNT600/electrolyte compared to the other samples [71,73]. The monotonic decay in CSE,trap indicates that at a higher potential, the holes accumulate less in the photoanode/solution thus, contributing to generate higher current.



The charge transfer via the surface states in the TiO2 nanotubes has been reported to be negligible [38] thus, the overall performance of the photoanodes can be assessed by the sum of the recombination resistance (Rbulk,trap) and the charge transfer resistance (Rct,trap) across the TiO2 nanotube/solution interface (considering solution resistance Rs to be the same for all photoanodes) [73]. The sum Rbulk,trap + Rct,trap is smaller for TNT600 followed by TNT500 and TNT700, which corresponds to hole transfer rate constant Ktr (k1 in Figure S2a) and confirms once again the higher hole transfer ability of the mixed-phase TiO2 nanotubes annealed at 600 °C (TNT600), which results in higsher performance associated with TNT600 than that of TNT500 and 700. Figure S6, shows the Mott–Schottky plots of the photoanodes.





3. Materials and Methods


TiO2 nanotubes were grown by electrochemical anodization from titanium foil. Prior to anodization, Ti foil (Goodfellow, 0.125 mm thick) was cleaned in a solution composed of isopropyl alcohol, acetone, and deionized with equal volume ratio followed by rinsing in DI water.



Eventually, the substrates were dried with nitrogen stream before mounting onto the anodization setup. A typical anodization setup consists of a PTFE (Teflon) beaker and two electrodes, in which Ti foil was the working electrode and Pt foil the counter electrode. The electrolyte comprises 98 mL ethylene glycol (Sigma Aldrich, St.Louis, MO, USA), 2 mL DI water, and 0.25 wt% NH4F.HF. A DC voltage of 60 V was applied between the two electrodes keeping the distance 2 cm. After anodization the samples were cleaned in DI water and annealed in air at different temperatures for 30 min, keeping constant heating and cooling rates of 1 °C min−1.



3.1. Characterization


The morphology of the TiO2 nanotubes was characterized using a field emission scanning electron microscope (FESEM) Hitachi SU 6600 (Hitachi, Tokyo, Japan). The X-ray diffraction patterns were measured with an Empyrean (PANalytical, Almelo, The Netherlands) diffractometer equipped with Co radiation source. The absorbance and PL was measured using an FLS980 fluorescence spectrometer (Edinburg Instruments, Livingston, UK). The Raman spectra were collected using a DXR Raman spectroscope (Thermo Scientific, Waltham, MA, USA) and using a laser operating at a wavelength of 633 nm with laser power of 5 mW. The Raman spectra were evaluated using instrument control software (OMNIC, version 8, Thermo Scientific, Waltham, MA, USA). For TEM measurements, a High-Resolution Transmission Electron Microscope (HRTEM) Titan G2 (FEI, Waltham, MA, USA); accelerating voltage 80 kV was used. Images were taken with BM UltraScan CCD camera (Gatan, CA, USA).




3.2. Photoelectrochemical Measurements


The photocurrent measurements were carried out with a standard three-electrode electrochemical cell using Gamry series G 300 potentiostat (Gamry Instruments, Warminster, PA, USA) in 1 M NaOH solution (pH 13.5). The TiO2 nanotubes on Ti foil were used as working electrode with an active area of 0.28 cm2, Pt wire was the counter electrode, and Ag/AgCl (3 M KCl) was the reference electrode. A xenon lamp (150 W) equipped with AM1.5G filter was used as a light source. The illumination light intensity was 100 mW cm−2 (1 sun), calibrated using a silicon reference solar cell (Newport Corporation, Irvine, CA, USA). The electrochemical impedance measurements (EIS) were carried out using Gamry series G 300 potentiostat (Gamry Instruments, Warminster, PA, USA) in a frequency range 0.1 Hz to 105 Hz under 1 sun illumination. The incident photon-to-current conversion (IPCE) efficiency measurement was carried out using a xenon arc light source coupled to a Newport Oriel 1/8 Cornerstone monochromator. Electrolyte solutions were purged with nitrogen.



Intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage spectroscopy (IMVS) measurements were carried out using a Zahner PP 211 CIMPS (Zahner-Elektrik Gmbh & Co.KG, Kronach, Germany) setup with a LED of wavelength 369 nm in a frequency range 0.1 to 105 Hz. The TiO2 nanotube electrode was illuminated through the electrolyte side (1 M NaOH) with the fixed intensity of 80 mW cm−2. A sinusoidal perturbation of ~10% of the steady state illumination was superimposed on the constant base light intensity. The IMVS measurements were carried out at open circuit potential with varying power intensity of LED (369 nm). All measurements were performed against an Ag/AgCl reference electrode (3 M KCl), using Pt wire as a counter electrode.





4. Conclusions


In conclusion, mixed-phase TiO2 nanotubes have been fabricated using anodization of Ti foils and annealed at different temperatures to tune the phase composition of the nanotubes. The nanotubes annealed at 600 °C (TNT600) have the optimum anatase-to-rutile ratio (82:18) showing improved photocurrent compared to the single anatase phase (TNT500) and to the mixed-phase having a higher rutile content (77%, TNT700). To gain a better understanding of the mechanisms underlying the increase of performance, an analysis of both radiative (with PL spectroscopy) and non-radiative (with perturbative PEC techniques) recombination processes have been carried out. An increase of PL related to the increase of rutile fraction was found, revealing higher radiative recombination of electron–hole pairs mediated by the defects in anatase crystals or at their interface with rutile ones. On the other hand, the role of charge transport and of non-radiative recombination has been investigated with IMPS, IMVS, and EIS techniques. The rate constants related to the hole transfer and the recombination across the semiconductor/electrolyte interface have been retrieved and correlated to the electrical analogs obtained from fitting the EIS data to an equivalent circuit. The obtained results suggest that the increased hole transfer rate across the TiO2 nanotube/solution interface in mixed-phase samples is crucial in regulating the improved photocurrent observed in the mixed-phase nanotubes. Follow-up studies on nanostructured mixed-phase TiO2 electrodes are expected, aiming at further elucidating the enhancement mechanisms, studying the effect of different junctions (i.e., anatase/brookite), or optimizing the nanostructure to control the location of the different phases, which could allow a more efficient charge transport and, thus, higher performance.
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Figure 1. Field emission scanning electron microscope (FESEM) images of TiO2 nanotubes (a–c) top view and (d–f) corresponding cross-sectional images. 
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Figure 2. (a) X-ray diffraction patterns and (b) Raman spectra of TiO2 nanotubes annealed at different temperatures. (inset) An enlarged view of the Raman Eg(1) peak. 
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Figure 3. Transmission electron microscopy (TEM) (a) and high resolution (HR)-TEM images of TNT500 (b). (c) TEM image of TNT600. (d) HR-TEM image of TNT600 and corresponding FFT representations. 
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Figure 4. Photoluminescence spectra of TiO2 nanotubes with UV excitation energy (3.54 eV). 
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Figure 5. Normalized absorbance spectra of TiO2 nanotubes annealed at different temperatures. 
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Figure 6. (a) Linear sweep voltammetry scans (LSV) of nanotubes measured in 1 M NaOH solution, under 1 sun illumination (100 mW cm−2, AM1.5G) and (b) IPCE (%) spectra of TiO2 nanotubes measured at 0.5 V vs. Ag/AgCl. 
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Figure 7. Representative perturbative PEC spectroscopy plots of TiO2 nanotubes annealed at different temperatures. (a) Intensity-modulated photocurrent spectroscopy (IMPS, normalized), spectra measured at −0.5 V vs. Ag/AgCl. (b) Intensity-modulated photovoltage spectroscopy (IMVS) measured under open circuit conditions. (c) Photoelectrochemical impedance spectroscopy (PEIS) measured at −0.5 V vs. Ag/AgCl. (d) Schematic of an equivalent circuit used for fitting. Rs is the contact/solution resistance, Rtrap,bulk is the bulk charge transport resistance, Rct,VB is the charge transfer resistance across the semiconductor/electrolyte interface. CSC,bulk is the space charge layer capacitance, CSE,trap represents the capacitance of the semiconductor/electrolyte interface. All measurements were performed in 1 M NaOH electrolyte. 
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Figure 8. Kinetic parameters retrieved from IMPS and IMVS measurements. (a) Hole transfer rate (Ktr), (b) surface recombination rate of holes (Ksr), and (c) hole transfer efficiency (ηct) at different applied potentials. (d) Bulk recombination rate of electron obtained from IMVS measurements performed under open circuit conditions. 
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Figure 9. Electrical circuit parameters retrieved from the EIS measurements performed in 1 M NaOH and equivalent circuit fitting. (a) Bulk transport resistance (Rtrap,bulk) represents the bulk recombination resistance and the trend suggests the increase in the electron–hole recombination with a change in the phase ratio of anatase to rutile, which is in agreement with the IMVS measurements. (b) Charge transfer resistance (Rct,VB) indicates the resistance of the hole transfer from the valence band of the semiconductor to the electrolyte, which is in agreement with the charge transfer efficiency and the photocurrent trend observed for the TiO2 nanotubes. (c) CSC,bulk is the space charge layer capacitance. The trend suggests an improved charge separation in TNT500 and a decrease in charge separation in mixed-phase TiO2. It is in agreement with Rtrap,bulk. (d) CSE,trap suggests the hole transfer ability to the electrolyte. It is in agreement with the trend observed in the photocurrent. 
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