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Abstract 

Anatase TiO2 nanosponges have been synthesized by anodization of Ti, and Li+ cations 

have been inserted in these nanostructures. The influence of hydrodynamic conditions 

(Reynolds number, Re = 0 to Re = 600) during anodization has been studied. Li-doped 

TiO2 nanosponges were characterized by Field Emission Scanning Electron Microscopy 

(FE-SEM), Raman confocal microscopy, Electrochemical Impedance Spectroscopy 

(EIS) and Mott-Schottky analysis (M-S). Photoelectrochemical performance and 

resistance to photocorrosion measurements were also carried out. Li-TiO2 nanosponges 

proved to be better photocatalysts for water splitting than Li-TiO2 nanotubes. Moreover, 

the photoelectrochemical behavior of the Li-doped nanosponges improved as Reynolds 

number increased.  

 

Keywords: Anatase TiO2; nanostructured materials; Li+ intercalation; 

photoelectrocatalyst; anodization. 
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1. Introduction 

 

TiO2 is one of the most widely studied compounds in materials science. Owing to some 

outstanding properties it is used in dye-sensitized solar cells, biomedicine, 

electrochromic and self-cleaning devices, gas sensors and photocatalytic reactions [1–

11]. Especially, TiO2 is used as a photocatalyst due to its high stability and 

semiconductor abilities that are able of generating charge by absorbing energy [12–15]. 

Besides, its suitable band-edge positions allow the photoelectrochemical water splitting 

[16] into H2 and O2 using solar energy. This H2 is a potential fuel of the future. 

 

Many TiO2 applications require to maximize its specific surface area to achieve a 

maximum efficiency. Thus, TiO2 has been synthesized into different nanostructures 

such as nanoparticles [17–19], nanorods/nanowires [19–21] or nanotubes [17,18,22-34]. 

These nanostructures are synthesized by several methods, including sol-gel transcription 

[36,37] or hydrothermal processes [38,39]. Anodization of titanium in fluoride-based 

electrolytes is other possible method, in fact it is one of the most promising method to 

synthesize TiO2 nanotubes because it allows obtaining highly ordered nanotube arrays 

directly grown into the Ti substrate, and their dimensions (length, diameter, and tube 

wall) can be precisely controlled [40–42]. In previous works, the authors showed that 

under specific anodization in glycerol/water electrolytes and  using hydrodynamic 

conditions, a transition from a TiO2 nanotube morphology (stagnant conditions) to a 

nanosponge morphology (hydrodynamic conditions) occurs [34,43,44]. These 

nanosponges provide better performance for water splitting than the tube morphologies 

obtained in glycerol/water electrolytes [34]. 
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The nanostructures formed after electrochemical anodization are amorphous, which 

implies the presence of a high number of defects that act as recombination centers and 

diminish their efficiency as photocatalysts. In general, these amorphous nanostructures 

can be converted into crystalline ones using a thermal treatment in air: anatase (300-500 

C) or rutile (> 500 ºC) [45–47]. After conversion to anatase, the bandgap results in 3.2 

eV and in 3.0 eV if annealing is performed to form rutile [26,48]. In spite of the 

narrower bandgap of rutile, annealing treatments that lead to a complete conversion to 

rutile have not been successfully carried out because the nanostructure tends to undergo 

significant morphological deterioration (sintering and collapse) at around 700 ºC 

[46,47]. However, anatase structure has a significantly higher charge carrier mobility 

than rutile, which is very important in photoelectrochemical applications, and it is a 

suitable material to decompose water into hydrogen and oxygen under illumination 

[46,47]. 

 

The intrinsic bandgap of anatase (3.2 eV) allows the material to absorb light only in the 

UV range, which means that only about 5-7% of the solar spectrum can be absorbed 

[49]. One of the methods to extend the solar spectrum to the visible range is the 

insertion of doping elements in the nanostructure. In fact, another special feature of 

TiO2 is the ability to insert small ions into its lattice, which increases its donor density 

or/and its conductivity [50,51]. The insertion of these ions into the TiO2 nanostructures 

allows modulating their electrical properties and narrowing the bandgap, thus, 

increasing the efficiency of TiO2 nanostructures. Several authors [45,46,52,53] studied 

the insertion of Li+ cation into the TiO2 lattice and reported a drastic change in its 

electronic properties, such as a higher TiO2 conductivity [52,53]. However, these studies 

were made for TiO2 nanotubes, and a complete study on Li-doped TiO2 nanosponges 
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synthesized in glycerol/water electrolytes under hydrodynamic conditions has not been 

evaluated yet. 

 

In this work, Li-doped nanosponges of anatase TiO2 obtained by anodization of Ti in 

glycerol/water/NH4F electrolytes have been synthesized to be used as photocatalysts in 

photoelectrochemical water splitting for hydrogen production using sunlight. The 

influence of hydrodynamic conditions during anodization has been studied to increase 

efficiency. To characterize the nanostructures, different microscopy techniques have 

been used:  Field Emission Scanning Electron Microscope (FE-SEM) and Raman 

confocal microscopy. Electrochemical measurements (Electrochemical Impedance 

Spectroscopy (EIS) and Mott-Schottky analysis (M-S)), as well as photoelectrochemical 

techniques, have also been used. 

 

2. Experimental procedure 

 

Anodization under hydrodynamic conditions was performed in a two electrodes 

electrochemical cell with a rotating electrode configuration. A Teflon-coated Grade 2 

titanium rod (8 mm in diameter) was used as a working electrode with 0.5 cm2 of 

surface exposed to the electrolyte, and a platinum foil was used as a counter electrode. 

Both electrodes were connected to a voltage source. The titanium rods were mounted in 

a rotating electrode to perform the anodization under hydrodynamic conditions (Figure 

1).  
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Figure 1. Scheme of the electrochemical cell with the RDE used in the anodization 

tests: (1) RDE, (2) Ti electrode, (3) platinum counter electrode, (4) cross-section of the 

Ti electrode showing the Teflon coating, (5) electrochemical cell. 

 

Prior to anodization, the titanium surface was abraded with 220 to 4000 silicon carbide 

(SiC) papers and degreased by sonication in ethanol for 2 minutes. Different Reynolds 

numbers (Re) were used: 0, 200, 400 and 600, which correspond to 0, 1307, 2614 and 

3921 rpm. The Reynolds numbers were calculated as follows:  

 

                                                             
μ

ꞏρωꞏr
Re

2

                                                    (1) 
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where ω is the rotation speed expressed in rad s−1, r is the radius of the working 

electrode in cm and ρ and μ are the density in g cm−3 and the dynamic viscosity in               

g cm−1 s−1 of the solution, respectively [43]. 

 

Anodization was performed in a mixture of glycerol/ water (60:40 vol.%) with a 

concentration of 0.27 M of NH4F. The anodization volume was 30 mL. The samples 

were anodized at 30 V for three hours. Current density during anodization was 

measured versus time.  

 

After anodization, the titanium rod was cut to carry out different tests. The morphology 

of the obtained nanostructures was characterized by using Field Emission Scanning 

Electron Microscopy (FE-SEM). The anodized samples were annealed at 450 ºC in air 

for 1 hour (heating at 30 ºCꞏs-1) in order to transform amorphous TiO2 to an anatase 

phase structure. The crystalline microstructure of TiO2 was examined by means of a 

Raman Confocal Laser microscope using a 632 nm neon laser with 420 W. 

 

In order to dope the nanostructures with Li+, the samples were immersed in a 1M 

LiClO4 solution and a potential of -1.5 VAg/AgCl was applied for 3 seconds. In this way, 

Ti+4 was reduced to Ti+3 and, at the same time, Li + was inserted into the TiO2 lattice. 

This Li+ insertion was performed in a three electrode electrochemical cell, using the 

annealed-TiO2 nanostructures obtained after anodization as the working electrode, an 

Ag/AgCl (3 M KCl) electrode as the reference electrode, and a platinum tip as the 

counter electrode. In order to check the Li insertion in the nanostructures, X-ray 

photoelectron spectroscopy (XPS) data were collected on a SPECS spectrometer 

equipped with a 150-MCD-9 detector and using a non-monochromatic Al Kα (1486.6 
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eV) X-ray source. Spectra were recorded at 175 °C, using an analyzer pass energy of 30 

eV, an X-ray power of 50 W and under an operating pressure of 10−9 mbar.  

 

For the electrochemical and photoelectrochemical tests, an electrochemical cell with the 

same electrodes and electrode configuration than that used for doping the samples was 

employed. In this case, due to the configuration of the photoelectrochemical cell, the 

area of the TiO2 nanostructures exposed to the test solution was 0.13 cm2. The 

electrochemical measurements (Electrochemical Impedance Spectroscopy (EIS) and 

Mott-Schottky analysis (M-S)) were conducted in a 0.1 M Na2SO4 solution using an 

Autolab PGSTAT302N potentiostat under dark conditions (without irradiation). EIS 

experiments were conducted at the open circuit potential (OCP) over a frequency range 

from 100 kHz to 10 mHz with a 10 mV (peak to peak) signal amplitude. Mott–Schottky 

plots were subsequently obtained by sweeping the potential from the OCP in the 

negative direction at 10 mV s-1 with an amplitude signal of 10 mV at a frequency value 

of 10 kHz. 

 

The photoelectrochemical experiments were carried out under simulated sunlight 

condition AM 1.5 (100 mWꞏcm-2) in a 1M KOH solution. Photocurrent densities vs. 

potential curves were recorded by scanning the potential from −0.8 VAg/AgCl to  

+0.5 VAg/AgCl with a scan rate of 2 mVꞏs-1 and by chopped light irradiation (60 s in the 

dark and 20 s in the light). In order to evaluate the resistance of the nanostructures to 

photocorrosion, they were left at +0.5 VAg/AgCl under illumination for one hour. 

 

3. Results and discussion 

3.1. Current density transients during anodization 
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Figure 2 shows the current density transients obtained during the potentiostatic 

anodization of Ti at 30 V at different Reynolds. In all cases, anodization curves present 

three stages. In stage I, current density decreases due to the fast formation of an 

insulating compact oxide layer (TiO2) on titanium [43,47,54]. In the second stage (stage 

II), irregular nanoscale pores are formed due to the dissolution of this initial compact 

oxide film by the action of fluoride ions, which results in a current density increase to a 

maximum [47,55] and a subsequent decrease, due to the formation of the nanotubes. 

The third stage (stage III) is characterized by a progressive increase of the current 

density, which is related to the formation and growth of a regular nanostructured layer 

and the establishment of an equilibrium between field assisted oxide formation and 

dissolution [31,34,43,47,56]. It can be observed that, in general, there is a tendency for 

the slope of stage II to increase with increasing Re (especially at Re = 600), indicating 

that hydrodynamic conditions favor the diffusion of fluorides [45]. 
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Figure 2. Current density transients obtained during the anodization of Ti at 30 V at 

different Reynold numbers (Re=0, Re=200, Re=400, Re=600). 

 

 
3.2. Field Emission Scanning Electron Microscopy (FE-SEM) 

 

Figure 3 shows the Field Emission Scanning Electron Microscope (FE-SEM) images of 

the samples obtained by electrochemical anodization of TiO2 under static and 

hydrodynamic conditions and doped with Li+. Figure 3 allows distinguishing the top of 

self-organized TiO2 nanotubes at Re=0. However, a different structure was observed 

under hydrodynamic conditions (Re > 0). As an example, Figure 3 shows the top 

surface of the nanostructure formed at Re=600. This nanostructure is called nanosponge 

and is characterized by a connected and highly porous TiO2 structure [34,43,44].  

 

Re = 0 
 

Re = 600 

1 m

 
 

1 m

Figure 3. Field Emission Scanning Electron Microscope (FE-SEM) images of the 

samples obtained by electrochemical anodization of Li-doped TiO2 under static (Re=0) 

and hydrodynamic conditions (Re=600).   
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Apart from a higher porosity, the nanosponge morphology obtained at Re > 0 implied 

an increase in the nanostructure layer thickness [43]. Hence, from FE-SEM images, it 

can be said that nanosponges have higher surface areas than nanotubes, which has a 

direct relation with subsequent Li+ insertion. 

 

The images shown in Figure 3 are similar to those obtained by the authors in previous 

works [43] for anatase TiO2 nanostructures under the same conditions of anodization 

but without Li+ insertion. Therefore, the insertion of Li+ does not reveal any significant 

change in the surface morphology of the nanostructures. 

 

3.3. Raman Confocal Laser Microscopy 

 

Figure 4 shows the Raman confocal laser spectra of the as-prepared and annealed TiO2 

nanostructures anodized at Re=0 and Re=600 and doped with Li+; no differences were 

found in these spectra regardless of the Re used during anodization. Raman peaks 

originated from the molecular bond provide useful information about the crystallinity of 

the nanostructures. The as-prepared nanostructures show a single baseline, but it is not 

possible to distinguish defined peaks in their spectra. However, the annealed 

nanostructures show four peaks in the spectra at 149, 398, 516 and 637 cm-1, which are 

typical of the anatase phase [57–61]. This fact indicates that the as-prepared samples are 

amorphous, but after the annealing process they present an anatase crystalline phase. 

Comparing these results with those obtained by the authors in previous works [43] for 

anatase TiO2 nanostructures under the same anodization conditions but without Li+ 

insertion, no changes were observed in the Raman spectra after Li+ insertion. Therefore, 
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it can be concluded that there are no significant variations in the crystalline structure 

after Li+ insertion. 

 

Figure 4. Raman confocal laser spectra of the as-prepared and annealed at 450 ºC 

during 1 hour Li-doped TiO2 nanostructures obtained at Re=0 and Re=600. 

 

3.4. XPS measurements 

Figure 5a shows as an example the XPS spectrum of a Li-doped nanostructure 

anodized at Re = 600 and annealed at 450ºC for 1h.  

The peak at ~55 eV of Li 1s spectrum was detected, as shown in Figure 5b, which 

indicates the successful Li doping. Additionally, the peak at ~61.5 eV corresponds to Ti 

3s (Figure 5b). This confirms the presence of Ti3+ in the doped nanostructures, i.e. the 

intercalation of Li+ induces a partial reduction of Ti4+ to Ti3+ within the TiO2 lattice 

[62]. 

Re= 0 annealed 
 

Re= 600 annealed 

Re= 0 as prepared 
 

Re= 600 as prepared 



 12

 

C 1s

Ti 2p

0 200 400 600 800 1000

In
te
n
si
ty
 /
 a
.u
.

Binding Energy /eV

O 1s

 

a) 

45 50 55 60 65 70 75

In
te
n
si
ty
 /
 a
.u
.

Binding Energy /eV

Li 1s

Ti 3s

 

b) 

 

Figure 5. XPS spectrum of the Li-doped TiO2 nanostructure anodized at Re = 600 and 

annealed at 450 ºC during 1 h (a) and magnification of the XPS spectrum at the Li 1s 

peak region (b). 
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3.5. EIS measurements  

 

Figure 6 shows the experimental Nyquist (Figure 6a), Bode-phase (Figure 6b) and 

Bode-module (Figure 6c) plots for the Li-doped TiO2 nanostructures anodized at 

different Reynolds numbers, measured in a 0.1M Na2SO4 solution at open circuit 

potential under dark conditions and at 25º C.  

 

Nyquist plots (Figure 6a) are characterized by an unfinished semicircle with high 

amplitude. On the other hand, Bode-phase plots (Figure 6b) show the presence of two 

well-defined time constants. This behavior could be associated with the  formation of 

the nanostructure on the top of the compact TiO2 layer [33].  

Bode-module plots (Figure 6c) show lower values of impedance modules in 

nanosponges (anodized at Re > 0) than in nanotubes (anodized at Re=0) at low and 

intermediate frequencies, indicating that the anodization process under hydrodynamic 

conditions favors the conductivity of nanosponges.  However, no differences are 

observed at high frequencies. This is due to the fact that the impedance at high 

frequencies in Bode plots corresponds to the resistance of the electrolyte which 

possesses similar values regardless of the Reynolds number.  
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Figure 6. Experimental Nyquist (a), Bode-phase (b) and Bode-module (c) plots for the 

Li-doped samples anodized at different Reynolds numbers. 

 
(a) Nyquist 
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Experimental EIS data can be represented with the electrical equivalent circuit shown in 

Figure 7. This equivalent circuit has been used in the literature to model the impedance 

data of compact and nanoporous TiO2 films [23,25,28,33,43,63]. Constant phase 

elements (CPEs) have been used instead of pure capacitors to account for frequency 

dispersion and non-ideality. This equivalent circuit is formed by a resistive element 

(Rs), corresponding to the electrolyte resistance, and two groups of resistances and 

constant phase elements (R-CPE), corresponding to the nanostructure overlayer (R1-

CPE1) and the compact TiO2 underlayer (R2-CPE2). CPEs have been converted into 

pure capacitances (C) by using the following equation [64, 65]: 

 

                                                         
 

R

QꞏR
C

α
1

                                                          (2) 

 

where Q is the impedance of the CPE and R corresponds to R2 when equation (2) is 

used to calculate C2. To determine C1 from CPE1, R is calculated using equation (3). 

 

                                                         
1S R

1

R

1

R

1
                                                         (3) 
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The values of the equivalent circuit parameters obtained after fitting the EIS 

experimental results are shown in Table 1. Rs corresponds to the electrolyte resistance 

and it has similar values for all the studied conditions, since the electrolyte did not 

change. On the other hand, R2 values are significantly higher than R1 values regardless 

of the hydrodynamic conditions. This fact results from the higher electrical conductivity 

of the nanostructure overlayer (nanotubes or nanosponges) compared to the base oxide, 

as a consequence of the higher surface area of the former [17,21,33,66-68].  

 

Figure 7. Electrical equivalent circuit used to simulate experimental EIS data. 

 

Table 1. Equivalent circuit parameters for Li-doped TiO2 nanostructures (nanotubes and 

nanosponges) at different Re values. 

Re Rs 

 (Ωꞏcm2) 

R1  

(kΩꞏcm2) 

C1  

(μFꞏcm-2) 

α1 R2 

 (kΩꞏcm2) 

C2  

(μFꞏcm-2) 

α2 X2 

 (x10-4) 

0 51.94 ± 2 3.20 ± 0.8 885 ± 25 0.90 ± 0.05 272.20 ± 5 835 ± 63 1.00 ± 0.05 2.2 

200 43.23 ± 6 0.18 ± 0.1 7930 ± 180 0.97 ± 0.03 108.63 ± 9 3139 ± 201 0.91 ± 0.01 1.6 

400 39.09 ± 5 0.36 ± 0.2 3660 ± 273 0.88 ± 0.02 77.41 ± 2 3192 ± 208 1.00 ± 0.02 2.7 

600 41.81 ± 8 0.33 ± 0.3 4230 ± 123 0.85 ± 0.01 88.52 ± 7 2437 ± 255 1.00 ± 0.03 1.4 

 

 
The CPE constant, α, indicates the ideality of the capacitive behavior of the CPE.  Table 

1 shows that both α1 and α2 take values around 1 in all cases, in general α1 values being 

lower than α2. This implies that the TiO2 nanostructure overlayer has a higher active 
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surface and is more heterogeneous, that is, this overlayer is more conductive and 

defective in comparison to the compact TiO2 underlayer, whose behavior approximates 

to an ideal capacitor [33,43,63].   

 

Additionally, C1 values are higher than C2 values in all cases (Table 1). This fact can be 

attributed to a lower thickness of the TiO2 nanostructure overlayer or to a higher 

porosity of this layer as compared to the compact TiO2 underlayer. Even these higher C1 

values have been associated with a higher density of charge carriers by other authors to 

[69]. 

 

With respect to the behavior of the different doped nanostructures obtained in this work 

depending on the hydrodynamic conditions of the anodization process, Table 1 shows 

that R1 values are higher for the nanotubes formed under static conditions than for the 

nanosponges formed at Re > 0, indicating that the electrical conductivity of the TiO2 

nanosponges is higher in comparison to that of the TiO2 nanotubes. R2 values are also 

higher for nanotubes, indicating that the hydrodynamic conditions also affect the 

electrical properties of the compact TiO2 underlayer. In general, α1 values are lower in 

the case of Re0 than in the case of Re > 0, indicating a higher degree of porosity in the 

nanosponges formed under hydrodynamic conditions compared with the nanotubes 

formed with Re = 0, which confirms the R1 results. Similarly, C1 and C2 are higher in 

the nanosponges than in the nanotubes, indicating that nanosponges have a higher 

density of charge carriers. 

Comparing with the results obtained by the authors in previous works [43] for anatase 

TiO2 nanostructures under the same anodization conditions but without Li+ insertion, it 

can be concluded that doping with Li+ significantly reduces the resistance of both the 
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TiO2 nanostructure overlayer and the compact TiO2 underlayer in all studied conditions 

(Re=0 and Re > 0), since higher values of R1 and R2 were obtained for the undoped 

nanostructures. As an example, R1 and R2 values at Re=0 were around 9 Ωꞏcm2 and  

576 Ωꞏcm2 respectively and for the Re= 400 around 2 Ωꞏcm2 and 860 Ωꞏcm2 

respectively (undoped nanosponges) [43]. Additionally, higher values of both C1 and C2 

were obtained for the doped nanostructures than for the undoped ones, indicating a 

higher density of charge carriers in the doped nanotubes and nanosponges [69].  These 

facts can be explained by a higher number of controlled defects due to Li+ insertion 

which improves conductivity.  

 

3.5 Mott-Schottky analysis 

 

Figure 8 shows the Mott Schottky plots of the Li-doped nanostructures formed at 

different Reynolds numbers. These plots have been obtained under dark conditions and 

at a frequency of 10 kHz since at this high value there is no capacitance dependence on 

frequency [70-72] and the measured capacitance can be entirely attributed to the space 

charge capacitance [73]. The Mott-Schottky analysis is a common tool used for the 

characterization of the electrochemical capacitance of the semiconductor/electrolyte 

interface as a function of the applied potential [23]. 

 
In this analysis, the total capacitance can be approximated by the capacitance of the 

depleted semiconductor electrode, which is known as the space charge capacitance 

(CSC). The Mott-Schottky equation (eq.4) for an n-type semiconductor (such as TiO2) 

predicts a linear relationship of 2
SCC  with the applied potential (U) [33, 73]:  
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where DN is the donor density, 0 (8.85ꞏ10-14 F/cm) the vacuum permittivity, r the 

dielectric constant, e  the electron charge (1.60ꞏ10-19 C), FBU  the flatband potential, k  

the Boltzmann constant (1.38ꞏ10-23 J/K) and T is the absolute temperature. The 

dielectric constant varies depending on the Li+ insertion, taking a value of 500 for doped 

TiO2 nanostructures [49]. In fact, Van de Krol et al. claimed that the increase in the 

dielectric constant may be originated by an increase in the polarizability of the TiO2 

from the inserted Li+ cations [73]. 

 

Figure 8. Mott Schottky plots obtained at a frequency of 10 kHz for the Li-doped 

nanostructures formed at different Reynolds numbers. 

 

The positive slopes of the M-S plots (Figure 8)  are characteristics of n-type 

semiconductors, with the dominant defects in TiO2 being oxygen vacancies due to their 

lower formation energy compared with Ti3+ interstitials [34,65,74-79].  The donor 
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densities (ND) can be determined from the positive slopes of the straight lines in the 

Mott-Schottky plots using eq. 4 (Table 2).  

 

Table 2. Values of ND and UFB for Li-doped TiO2 nanostructures (nanotubes and 

nanosponges) at different Re values. 

Re ND (x 1021 cm-3) UFB (V vs (Ag/AgCl)) 

0 3.61 -3.10 

200 4.38 -2.34 

400 13.00 -4.36 

600 18.00 -6.82 

 

 

The donor density of the doped nanostructures increases as Reynolds number increases 

(Table 2). That is, nanosponges have a higher value of donor density than nanotubes. 

The increase in oxygen vacancies should improve the n-type character of the TiO2 

nanostructures and thus enhance electron transport through the nanostructures 

[18,19,66]. However, although this fact seems to be a favorable effect due to an increase 

in the electrical conductivity of the nanostructure, it can also be related to a decrease in 

thickness of the depletion layer, resulting in an increase of the recombination losses 

[70,72,80]. If the depletion layer is very thin, photons can penetrate beyond this layer 

and light will be absorbed in the bulk semiconductor, where the electrical field is absent 

[43,70,72,80-81]. The lack of an electrical field prevents the photo-excited electron-hole 

pairs from being effectively separated, thus increasing the probability of recombination 

[33,70,72,80]. Moreover, oxygen vacancies in TiO2 can act as recombination centers for 

electron and holes, leading to a decrease in the efficiency of the photocatalytic process 
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since they play a critical role in the trapping process: an excess of oxygen vacancies will 

result in more trapped photogenerated electrons thus decreasing their contribution to the 

photoelectrochemical processes [19,82,83]. 

 

Comparing the results obtained in this study with the results obtained by the authors in 

previous works [43] for undoped anatase TiO2 nanostructures under the same 

anodization conditions, it can be concluded that the donor density notably increases in 

the doped samples compared to the undoped ones. This increase in the donor density 

might be associated with an increase in the number of defects present in the TiO2 

nanostructures due to Li+ insertion. These defects improve charge transfer through the 

nanostructures, which is in agreement with the results obtained by EIS. 

 

The recombination probability can also be affected by the flatband potential ( FBU ),which 

is the potential required to reduce  band bending of the semiconductor to zero, i.e., at 

this potential there is no depleted space charge layer. The UFB value is related to the 

potential drop at the depletion space charge layer, USC,, and the applied external 

potential, U, according to eq. 5: 

 

                                                      FBSC UUU                                                             (5) 

                                                       

 According to eq. 5, assuming a constant value of U, the higher and more negative the 

value of UFB, the higher the value of USC and, consequently, the stronger the electrical 

field within the depleted space charge layer, which is the driving force to separate the 

photogenerated electron-hole pairs. Thus, to favor charge separation and reduce 

recombination probability UFB should be high and negative [19,70]. 
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Table 2 shows the FBU  values obtained from the intercept of the straight line with the 

potential axis in the M-S plot [72]. The most negative UFB values were obtained at 

Re=400 and Re= 600, indicating a displacement of the Fermi level towards the 

conduction band edge and, consequently, to a larger band bending and electrical field 

within the depleted space charge layer [18,19,66]. These results indicate that the 

recombination probability diminishes as the Reynolds number increases in the case of 

the nanosponges.  

 

Comparing these results with the results obtained by the authors in previous works [43] 

for undoped anatase TiO2 nanostructures under the same anodization conditions, it can 

be concluded that flatband potential is more negative in the Li-doped TiO2 

nanostructures than in the undoped ones, which indicates that Li+ insertion favors 

charge separation  and reduces recombination probability. 

 

3.6. Photoelectrochemical tests  

 

Figure 9 shows the photoelectrochemical tests carried out under simulated sunlight AM 

1.5 conditions for the Li-doped nanostructures formed at different Reynolds numbers. It 

can be observed that photocurrent densities increase with Reynolds number, showing 

the highest increase when Reynolds increases from 200 to 400. This fact indicates that, 

on the one hand, nanosponges of anatase TiO2 (Re > 0) generate higher photocurrent 

densities than nanotubes (Re=0) when used as photocatalyst in water splitting. This is in 

agreement with the EIS measurements (lower R1 values for nanostructures obtained 

under hydrodynamic conditions) and with the Mott-Schottky analysis (higher values of 
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the donor density and flatband potentials (in absolute value) obtained under 

hydrodynamic conditions). On the other hand, the performance of these nanosponges 

improves as the hydrodynamic conditions during anodization increase, which is also in 

agreement with the EIS and Mott-Schottky measurements. The high photocurrent 

densities obtained for the nanostructures anodized at higher Reynolds numbers are 

related to an increase in their conductivity, which favors the current flow [28,82].  

 

 

Figure 9. Photoelectrochemical water splitting tests carried out under simulated 

sunlight AM 1.5 conditions for the Li-doped nanostructures formed at different 

Reynolds numbers. 

 

Comparing the results shown in Figure 9 with the results obtained by the authors in 

previous works [43] for undoped anatase TiO2 nanostructures under the same 

anodization conditions, it can be concluded that doping with Li+ increases the 

photocurrent registered during water splitting, especially at higher Reynolds numbers. 
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As an example, values around 0.1 mA/cm2 were reached for the Li-doped nanosponges 

synthesized at Re=400 while values around 0.07 mA/cm2 were reached for the undoped 

nanosponges synthesized under the same conditions [43]. This result is in agreement 

with the increase in the conductivity of the Li-doped nanostructures: lower R1 and R2 in 

the doped nanostructures than in the undoped ones, as well as an increase in donor 

density and flatband potentials (in absolute value) for the doped nanostructures. In 

general, cation insertion into the nanostructures can reduce the recombination losses 

associated with the capture of electrons by trap states, which mainly originate from 

incompletely coordinated Ti+4 surface sites [49,73,83,84-88]. Hence, the blocking of 

these charge recombination sites could be the cause of the photocurrent enhancement of 

the Li+ doped samples. 

 

3.6. Stability against  photocorrosion 

 

It is important to check if the nanostructures obtained in this work are stable agaisnt 

photocorrosion. Figure 10 shows the photostability experiments carried out under AM 

1.5 illumination at 0.5 VAg/AgCl during 1 hour in 1 M KOH solution for the samples 

anodized at different Reynolds numbers and doped with Li+. Results show that both 

nanotubes and nanosponges registers of photocurrent densities are stable with time, i.e., 

they are stable to photocorrosion and the Li+ doping process is stable. 
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Figure 10. Photostability experiments carried out under AM 1.5 illumination at 0.5 

VAg/AgCl of the Li-doped samples anodized at different Reynolds numbers. 

 

 
4. Conclusions 

 

The morphology of the TiO2 nanostructures formed by Ti anodization in glycerol/water 

electrolytes with fluorides depended on the hydrodynamic conditions during 

anodization: nanotubes were formed under static conditions and nanosponges were 

formed under hydrodynamic conditions. FE-SEM images showed these different 

nanostructures. 

 

Li-doped nanosponges of anatase TiO2 (Re > 0) generated higher photocurrent densities 

than nanotubes (Re=0) when they were used as photocatalysts. This is in agreement 



 26

with the EIS measurements (lower impedance, R1 and 1 values for nanostructures 

obtained under hydrodynamic conditions), indicating that the anodization process under 

hydrodynamic conditions favored the conductivity of the formed nanostructure, as well 

as a higher degree of porosity in nanosponges than in nanotubes. The Mott-Schottky 

measurements also corroborated this behavior, with higher values of donor density and 

flatband potentials (in absolute value) under hydrodynamic conditions, indicating a 

lower recombination probability in nanosponges than in nanotubes.  

 

The performance of nanosponges improved as the hydrodynamic conditions during 

anodization increased, which is also in agreement with the EIS and Mott- Schottky 

measurements. The high photocurrent densities obtained for the nanosponges anodized 

at higher Reynolds numbers were related to an increase of their conductivity and to a 

decrease in their recombination probability, which favored the current flow.  

 

Comparing the results obtained in this study with the results obtained by the authors in 

previous works, it was observed that doping with Li+ significantly diminished the 

resistance of both TiO2 nanostructures, increasing their conductivity. Both the donor 

density and the flatband potential (in absolute value) notably increased in the Li-doped 

samples compared to the undoped ones, which might be associated with an increase in 

the number of defects present in the TiO2 nanostructures due to Li+ insertion. These 

defects improved charge transfer through the nanostructures. In general, Li cation 

insertion into the nanostructures seemed to reduce the recombination losses associated 

with the capture of electrons by trap states. Moreover, doping with Li+ increased the 

photocurrent registered during water splitting, especially at higher Reynolds numbers. 
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Results showed that both nanotubes and nanosponges registered stable photocurrent 

densities with time, i.e., they were resistant to photocorrosion and the Li+ doping 

process was stable. 
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