
 1 

Should TiO2 nanostructures doped with Li+ be used as photoanodes for 

photoelectrochemical water splitting applications? 

R. Sánchez-Tovar, E. Blasco-Tamarit, R.M. Fernández-Domene, B. Lucas-Granados  

J. García-Antón* 

Ingeniería Electroquímica y Corrosión (IEC). Departamento de Ingeniería Química y 

Nuclear. ETSI Industriales. Universitat Politècnica de València. Camino de Vera s/n, 

46022 Valencia, Spain. Tel. 34-96-387 76 32, Fax. 34-96-387 76 39, e-mail:  

jgarciaa@iqn.upv.es 

 

Abstract 

Different TiO2 nanostructures: nanotubes and nanosponges, were obtained by 

anodization of Ti under stagnant and hydrodynamic conditions. Samples were doped 

with Li+ before and after annealing at 450 ºC during 1 h. The nanostructures were 

characterized by different microscopy techniques: Field Emission Scanning Electron 

Microscopy (FE-SEM) and Raman Confocal Laser Microscopy. Additionally, Incident 

Photon-to-electron Conversion Efficiency (IPCE), photoelectrochemical water splitting 

and stability measurements were also performed. According to the results, TiO2 

nanostructures doped before annealing present the worst photocurrent response, even if 

compared with undoped samples. On the other hand, this study reveals that Li+-doped 

TiO2 nanostructures doped after annealing can be used as durable and stable 

photoanodes for photoelectrochemical water splitting applications. 
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1. Introduction 

Titanium dioxide (TiO2) is a wide band-gap semiconductor (Eg ≈ 3.2 eV in the anatase 

crystalline form) which has stirred up the interest of the scientific community over the 

last decades because of its interesting chemical and electronic properties. Specifically, 

its good photocatalytic properties make TiO2 suitable for several energy and 

environmental applications, such as photocatalytic degradation of organic pollutants and 

hydrogen generation via water photoelectrolysis [1-10]. 

The photoelectrochemical performance of TiO2 can be enhanced by inserting small 

cations, such as H+ or Li+, within the oxide lattice. The benefits of this doping process 

have been related to the passivation of surface trap states or to an increase in TiO2 

conductivity due to an increase in the number of defects (oxygen vacancies), resulting in 

an enhancement in photocurrent values [11-15]. The process of Li+ cations insertion in 

TiO2 is explained by the following equation [16]: 

                                           22 TiOLieLiTiO xxx →++ −+                                            (1) 

with a maximum insertion ratio at room temperature of x = 0.5 [16]. 

Although it is widely accepted that Li+ insertion in TiO2 nanostructures leads to higher 

photoelectrochemical efficiencies, there is no general agreement concerning the 

preparation order of Li-doped TiO2 nanostructures. Normally, Li+ insertion is carried 

out into annealed (i.e., crystallized) TiO2 nanostructures [11, 13-17]. However, Kang 

and Park [12] reported that insertion of Li+ after annealing the TiO2 nanotubes (TNTs) 

samples resulted in a non-stable photoresponse in neutral and acidic pH, since Li+ 

cations inserted in the crystallized TNTs were exchangeable with H+. Therefore, 
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according to these authors, Li-TNTs prepared following the order (1) annealing, and (2) 

insertion, were only stable in alkaline electrolytes, whereas Li-TNTs fabricated in 

reverse order, i.e, (1) insertion, and (2) annealing, resulted in higher photocurrent 

densities as well as in stable samples even at neutral pH. On the other hand, Zangari  

[13] observed that Li-TNTs fabricated after annealing the samples were stable in neutral 

electrolytes, which contradicts the claim of Kang and Park [12] that stability of the 

samples can only be achieved if the insertion process takes place before annealing the 

TNTs. 

The objective of the present work is, therefore, to investigate the influence of the 

preparation order of Li-doped TiO2 nanoestructures (nanotubes and nanosponges) on 

their photoelectrochemical performance and stability. 

 

2. Experimental procedure 

 

2.1 Anodization procedure 

Titanium cylinders, 8 mm in diameter and with 99.3% purity, were anodized in this 

study. First, the titanium rod surface was abraded with 220 to 4000 silicon carbide (SiC) 

papers, until a mirror finish was obtained. After this, the sample was sonicated in 

ethanol for 2 min and dried with N2. Two different electrolytes were used for anodizing 

the Ti: glycerol/water (60:40 vol.%) containing 0.27 M NH4F and ethylene glycol + 1M 

H2O containing 0.05 M NH4F. Anodization process was performed under stagnant 

conditions and by stirring the Ti rod using a Rotating Disk Electrode (RDE) at a 

Reynolds number of 600 and at room temperature (the hydrodynamic conditions were 

selected according to previous work [15]). When anodization was performed in glycerol 
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based electrolytes the potential was increased from zero to 30 V at a rate of 200 mV s−1, 

applying subsequently the potential of 30 V for 3 hours. Otherwise, 55 V during 30 

minutes were directly applied to anodize the Ti in ethylene glycol based electrolytes. 

Anodization was performed in a conventional two-electrode cell with a rotating 

electrode configuration and a platinum foil as counter electrode. The active anode area 

exposed to the electrolyte was 0.5 cm2. During the process, anodization current density 

was monitored with a computer. After anodization, the samples were washed with 

distilled water and ethanol and then dried with N2.  

 

2.2. Doping procedure 

The anodized samples were doped with lithium cations in two different moments, that 

is, as anodized and after annealing the samples at 450 ºC for 1h in air atmosphere. It is 

important to point out that the as anodized samples were annealed after doping, in order 

to transform their amorphous structure into a crystalline one. In order to dope the TiO2 

samples, they were immersed in an 1M LiClO4 solution, applying -1.5 VAg/AgCl during 3 

seconds. The purpose of this procedure was to reduce Ti+4 to Ti+3 and, at the same time, 

intercalate the Li+ into the TiO2 lattice. In order to perform the Li+ intercalation, a three 

electrode electrochemical cell was used. The TiO2 nanostructures served as working 

electrode, while a Ag/AgCl (3 M KCl) electrode was the reference electrode, and a 

platinum tip was the counter electrode.  

 

2.3. Morphological and crystalline characterization 

After each test, a Field-Emission Scanning Electron Microscope (FE-SEM) was used 

for morphological characterization of the obtained samples. The materials were also 

examined by Raman spectroscopy (Witec Raman Confocal microscope) after the heat 
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treatment (annealing), in order to evaluate their crystalline structure. For these 

measurements the samples were illuminated with a 632 nm neon laser using 420 μW. 

 

2.4. Electrochemical and photoelectrochemical characterization 

For the electrochemical and photoelectrochemical water splitting tests, a three-electrode 

cell configuration connected to an Autolab PGSTAT302N potentiostat was used. The 

area of the TiO2 nanostructures (working electrode) exposed to the test solution was 

0.26 cm2 (this area was exposed to the electrolyte because of the design of the 

electrochemical cell used in these tests). An Ag/AgCl (3 M KCl) electrode was the 

reference electrode, and a platinum tip was the counter electrode.  

 

For the electrochemical characterization Incident Photon-to-electron Conversion 

Efficiency measurements were performed in 0.1 M Na2SO4 under an applied potential 

of 0.5 V (vs. Ag/AgCl) and in the wavelength region of 300 to 500 nm. The aim of 

these measurements was to determine the photoactive wavelength region of the TiO2 

nanostructures, and the IPCE values were calculated according to Eq. 2 [18-20]: 

 

·100
P·λ

1240·iIPCE =  (2) 

 

where i is the photocurrent density expressed in A·cm-2, P is the light power density in 

W·cm-2 and λ is the wavelength in nm. Additionally, the band gap of the nanostructures 

was measured using the obtained photocurrent densities.  

 

The photoelectrochemical experiments were carried out under simulated sunlight 

condition AM 1.5 (100 mW cm-2) in a 1M KOH solution. Photocurrent vs. potential 
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characteristics were recorded by scanning the potential from −0.8 VAg/AgCl to 0.5 

VAg/AgCl with a scan rate of 2 mV s−1. Photocurrent transients as a function of the 

applied potential were recorded by chopped light irradiation (60 s in the dark and 20 s in 

the light). Samples were left at 0.5 VAg/AgCl in the light for one hour, in order to evaluate 

their resistance to undergo photocorrosion attacks.  

 

3. Results and discussion 

 

3.1. Morphological characterization by means of Field Emission Scanning Electron 

Microscopy (FE-SEM) 

A FE-SEM was used to characterize the morphology of the anodized and doped 

nanostructures (before and after annealing) in the two different electrolytes (Figure 1). 

According to Figure 1 it can be observed that hydrodynamic conditions during 

anodization determine the morphology of the nanostructures. First, for the samples 

anodized in ethylene glycol electrolytes, the initiation layer initially present when the Ti 

rod is under stagnant conditions, disappeared due to the flowing conditions [15]. 

Second, for the samples anodized in glycerol based electrolytes, the morphology of the 

obtained nanostructures drastically changed when the Ti is stirred during anodization, 

that is, the morphology changes from nanotubular to a sponge like [21]. Apart from this, 

several facts regarding the order of the Li+ insertion (before or after the annealing 

procedure), should be pointed out. On the one hand, the pores in the initiation layer on 

the nanotubes synthetized in ethylene glycol based electrolytes doped before annealing 

(Figures 1e and 1f) are smaller (especially the anodized under stagnant conditions: 35 ± 

9 nm  and 50 ± 10 nm, for the samples doped before and after annealing, respectively) 

or partially covered, which may hinder the light absorption. On the other hand, the top 
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morphology of the nanostructures obtained in glycerol based electrolytes also present 

differences between the samples doped before and after annealing; i.e., the TNTs doped 

before annealing under stagnant conditions (Figure 1g) show small microspheres 

distributed on the mouths of the tubes. Besides, the samples anodized under 

hydrodynamic conditions (Figure 1h) present a stacked or collapsed surface. In relation 

to all these facts, it could be elucidated that when the samples were doped before 

annealing, which means that Li+ were intercalated when the TiO2 nanostructures were 

amorphous, these cations might not be correctly inserted into the TiO2 lattice and then, 

when the samples were annealed, the misplaced Li+ cations may be recombined with 

oxygen, forming lithium oxide. In fact, the electrochemical Li+ insertion in the TiO2 

promotes the formation of Li2O due to the creation of new Ti+3 and O1s states [22]. The 

samples doped after annealing do not present variations on their morphology due to the 

addition of Li+; this issue is consistent with the results obtained in other studies [11].  

 

 

 

3.2. Current density transients during anodization 

Figure 2 shows the evolution of the current densities during the anodization process for 

the nanostructures obtained once the final potential was reached, i.e. 55V and 30 V in 

ethylene glycol and glycerol based electrolytes, respectively. In both electrolytes 

(Figures 2a and 2b) the initial trend of the current density is to sharply decrease with 

time, which is related to a growth of an anodic TiO2 layer on the titanium surface [3, 23, 

24]. After this step, the current density slightly or abruptly increases, the latter for the 

samples anodized in glycerol based electrolytes. This second step indicates the TiO2 



 8 

dissolution occasioned by fluoride ions according to the equation presented below [3, 

25]: 

[ ] OH2TiFH4F6TiO 2
2

62 +→++ −+−  (3) 

 

The dissolution of the TiO2 layer is more marked for the samples anodized in glycerol 

based electrolytes due to their higher fluoride content (0.27 M NH4F in comparison to 

0.05 M NH4F). Finally, during the third anodization step, the current density remains 

constant and stable or eventually decrease for the nanostructures synthetized in glycerol 

based electrolytes, indicating that the steady state between the formation and the 

dissolution of TiO2 was reached and, consequently, the formation of an homogeneous 

nanotube or nanosponge layer occurs [3, 21]. 

 

Besides, Figure 2 also shows that the current densities present higher values for the 

nanostructures anodized under hydrodynamic conditions, regardless of the electrolyte 

used for anodization. This confirms, first: that diffusion process is favored due to 

hydrodynamic conditions and, second: that the reaction rate of the nanostructures is 

increased by stirring the electrode during anodization, which may result in a higher 

surface area. Since hydrodynamic conditions improve the diffusion process, the reaction 

rate of the nanostructures during anodization increases. In fact, higher current densities 

were obtained under hydrodynamic conditions in the three stages of anodization, which 

is in agreement with a diffusion control of the processes occurring during anodization; 

that is, the diffusion of either fluoride ions inward or the diffusion of [TiF6]2- outward 

from the bottom of the nanostructures [26]. 
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3.3. Characterization of the crystallinity of the nanostructures by means of Raman 

Confocal Laser Microscopy 

The evaluation of the crystallinity of the TiO2 nanostructures was performed with a 

Raman Confocal Laser Microscopy. Figure 3 shows the Raman spectra of the samples 

doped before (DB) and after annealing (DA) in the two different media: ethylene glycol 

(EG) based and glycerol (G) based electrolytes. Figures 3a and 3c show the Raman 

spectra of the TiO2 nanotubes obtained in ethylene glycol based electrolytes under 

stagnant and hydrodynamic conditions, respectively. It can be clearly observed in these 

two graphs that the Raman spectra of the samples doped after annealing is the 

characteristic of the anatase phase, with four peaks at roughly 141.7, 396.2, 515.1 and 

639.3 cm-1 [27, 28]. Additionally, Figures 3a and 3c also show that the Raman spectra 

of the ethylene glycol nanotubes doped before annealing make difficult to distinguish 

the peaks of the anatase phase. These kind of Raman spectra, obtained for the 

nanostructures doped before annealing, might be the result of a nanostructure with 

plenty of stresses [29]. This could be explained owing to the fact that during the doping 

procedure, a negative potential is applied to the TiO2 samples, reducing the Ti+4 to Ti+3 

and compensating the charges with Li+, which is proporcionated in the electrolyte 

(LiClO4). According to this, the nanostructures doped before annealing are amorphous 

when they are doped and Li+ might be inserted in disorder places of the TiO2 lattice, 

creating strain and stresses. However, when the sample is crystalline, TiO2 nanotubes 

could accoplate the Li+ in strategic places throughout their structure. In fact, some 

studies affirm that the Li+ insertion is favored in anatase TiO2 phase [30, 31]. 

Additionally, several authors do not observed differences between the Raman spectra of 

TiO2 nanostructures undoped and doped after annealing [13]. Contrary to this, the 

Raman spectra of the nanostructures anodized in glycerol based electrolytes doped 
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before and after annealing (Figures 3b and 3d) present the four characteristic peaks of 

anatase [27, 28]. This may be related to the high water content of the nanotubes 

obtained in glycerol based electrolytes (open diameters and thick tubes with ripples) and 

the morphology of the nanosponges, which makes it easier to insert on them the Li+ in 

comparison to the nature of the ethylene glycol based nanotubes (long-plain walls and 

packed- hexagonal nanotubes) [3, 32]. 

 

 

3.4. Photoelectrochemical water splitting measurements 

Figure 4 shows the current density vs. potential curves under both dark and 

illumination conditions. From these curves, it can be seen that TiO2 nanostructures 

doped after the heating treatment showed a much better photoelectrochemical 

performance, which may be explained by taking into account three factors: (1) Li+-

insertion can increase the number of defects present within the TiO2 lattice, hence 

enhancing its electrical conductivity and, as a consequence, improving charge transfer 

processes at the nanostructures/electrolyte interface [14, 15]; (2) Li+ cations can 

passivate trap states present in TiO2, therefore increasing electrons lifetime and 

improving charge transfer processes [13-15]; (3) the Li+-insertion process involves the 

reductions of Ti4+ to Ti3+, which might be responsible for visible light absorption and, 

therefore, higher photoelectrochemical responses [13]. Anyway, according to the 

photocurrent density values presented in Figure 4, it is clear that the preparation order 

of Li-doped TiO2 nanostructures should be first annealing the samples, and 

subsequently inserting the Li+ cations into the TiO2 structure.  
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On the other hand, the low photocurrent values recorded for the samples doped before 

the heating treatment can also be explained by the formation of precipitates (Li2O 

observed in the FE-SEM images, Figure 1) over the nanostructures mouth, partially 

blocking light from entering inside them. Besides, the distortions underwent by the TiO2 

lattice upon Li+ insertion before the heating treatment, which have been observed to 

significantly modify the Raman spectra (Figure 3) can also negatively affect the 

photoelectrochemical behavior of the samples.  

 

Figure 5 shows that the photocurrent density values for the samples doped before 

annealing are even lower than the obtained for undoped nanostructures [10, 15]. 

 

Apart from the higher photocurrent density values in the insertion after annealing case, 

it can be observed from Figures 4 and 5 that when inserting Li+ before the heating 

treatment or in undoped samples, photocurrent densities reached a saturation value at 

very low bias (E > -0.4 VAg/AgCl). Since no geometric changes in the TiO2 

nanostructures when modifying the preparation order have been observed (Figure 1), 

this phenomenon of photocurrent density saturation cannot be due to geometrical 

restrictions, i.e, to the width of the space charge layer being constricted by the small 

dimensions of the TiO2 nanostructures, but more likely to Fermi level pinning due to the 

high density of trap states [13]. Hence, when inserting Li+ and passivating these trap 

states, the Fermi level became unpinning and photocurrent density did not reach 

saturation values at bias as high as 0.5 VAg/AgCl. 
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The stability of the samples under potentiostatic illumination for 1 hour was verified by 

stable photocurrent values. Figure 6 shows Li+ ions are strongly intercalated into the 

TiO2 nanostructures since the registers of the photocurrents are stable with time. 

 

3.5. Incident Photon-to-electron Conversion Efficiency measurements 

Figure 7 shows the IPCE results for the samples doped before (DB) and after annealing 

(DA) in the two different electrolytes under stagnant and hydrodynamic conditions. For 

all the conditions, the onset potential is around 390 nm, which corresponds to a band 

gap of approximately 3.1 eV. This value indicates that the treated TiO2 nanostructures 

only respond for UV light but not for visible light (there is no photocurrent for 

wavelengths above 400 nm), and then, there is no induced response under visible light 

due to the Li+ insertion for the doped TiO2 nanostructures [11, 13]. 

 

Figures 7a and 7b show that the nanostructures doped after annealing achieve higher 

IPCE values in comparison to the ones obtained for the nanostructures doped before 

annealing. On the one hand, the nanostructures doped after annealing are crystalline 

(Figure 3), so the insertion of the Li+ cations takes place in strategic places of the 

structure, whereas for the samples doped before annealing (which are amorphous as 

Figure 3 shows) the Li+ ions can be allocated in disorder places in the structure leading 

to stresses. On the other hand, the insertion of cations, such as Li+, can increase the 

number of defects in the TiO2 lattice, therefore the electrical conductivity is higher and 

charge transfer processes are enhanced [15, 33]. Furthermore, the intercalation of Li+ 

promotes the passsivation of trap sites reducing Ti4+ to Ti3+, which in fact improves 

charge transfer processes and increases electrons lifetime [13-15]. 
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The IPCE results for the nanostructures doped after annealing (Figure 7a) are in 

agreement with the water splitting measurements, achieving the better photoresponses 

for the nanostructures synthetized in ethylene glycol based electrolytes with more than 

20% of IPCE efficiency. The nanostructures formed in glycerol based electrolytes 

manage less than 15% of IPCE efficiency. 

  

The same fact occurs for the nanostructures doped before annealing (Figure 7b), where 

the better photoresponses are reached for the samples anodized in ethylene glycol based 

electrolytes. Nevertheless, the IPCE values for all this samples are lower than 5%, 

showing no significant photoresponse. 

 

 

3.6. Bang gap energy values 

Band gap energy values were obtained from the measurements of photocurrent density 

at 0.55 V (vs. Ag/AgCl) at a wavelength range from 300 to 500 nm. The optical band 

gap was obtained by Tauc’s equation [34-36]: 

 

                                                         ( )ngEhAh −= ννα                                                 (4) 

 

where α is the absorption coefficient and for band gap measurements it is proportional 

to photocurrent density i expressed in A cm-2 [37, 38], h·ν is the phonon energy in eV, A 

is a constant of the material, n is a constant depending on the electronic transition and 

Eg is the bang gap. According to the literature, in TiO2 the anatase has only an indirect 

band gap [39], then the value of n is 2 for an indirect allowed transition and a 
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representation of (α·h·ν)1/2 vs. photon energy is used to calculate the indirect band gap 

(from the intercept of the two linear regions of the plot as Figure 8 shows). 

 

According to Table 1, band gap energy values are similar for all the nanostructures (~ 3 

eV, associated with anatase phase [39, 40]), regardless of annealing and doping order, 

electrolyte or hydrodynamic conditions. 

 

3.7. Stability and durability of the photoanodes 

So far, the beneficial effects of Li-doping on the photoelectrochemical performance of 

TiO2 nanotubes and nanosponges have been demonstrated. It is also clear that in the 

cases under study, doping after the heating treatment has considerably increased the 

photocurrent densities. Moreover, it is only under these experimental circumstances (i.e. 

Li+ insertion into annealed TiO2 nanostructures) that hydrodynamic conditions during 

the anodization process contribute to an enhancement in the photocatalytic activity of 

Li+-doped samples. The stability of the doped nanostructures over one hour operation 

has also been favorably checked. However, the stability of the samples over long 

storage periods, as well as the reversibility of the Li+ insertion during potentiostatic 

operation for several hours, have to be also considered. 

 

Figure 9 shows the photocurrent density vs. potential curves for Li-doped TiO2 NTs 

(doped after annealing), measured just after the Li+ insertion process (t = 0 days) and 

after 30 days of storage inside a desiccator (t = 30 days). It can be observed that 

photocurrent densities slightly increased after 30 days of storage, although both curves 

are similar, which indicates that samples were stable over long storage periods. Zangari 
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observed similar results when working with Li+-doped TiO2 NTs treated after annealing 

[13]. 

 

The other issue, concerning the reversibility of the Li+ insertion, has been investigated 

through Mott-Schottky (MS) analysis. From a thermodynamic point of view, when 

imposing an anodic potential, the previously inserted Li+ cations tend to be ejected from 

the crystalline TiO2 lattice. Hence, during potentiostatic operation (at 0.5 VAg/AgCl) the 

Li+ extraction process is favored. However, since the polarization is not very high, the 

kinetics of this extraction process may be slow enough as to consider the Li+ insertion 

as nearly irreversible (at least along a reasonable period of time). In previous works, an 

important increase in the donor (oxygen vacancies) density, ND, has been observed 

when doping TiO2 nanostructures with H+ or Li+ cations [14, 15]. Hence, the evolution 

of ND with time during potentiostatic polarization at 0.5 VAg/AgCl can be used as an 

indicator of the rate of extraction of Li+ cations.  

 

To investigate these changes, MS analysis was performed in undoped TiO2 NTs 

(synthesized in glycerol under stagnant conditions) and in Li+-doped TiO2 NTs at 

different times from the Li+ insertion (once Li+ was inserted in the annealed TiO2 

nanostructures), to obtain the values of ND in each case. For an n-type semiconductor 

such as TiO2, the Mott-Schottky expression describing the capacitance behavior at the 

nanostructure/electrolyte interface is: 
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where ε is the dielectric constant of the passive film (a value of 100 has been assumed 

for the undoped samples [6, 14, 15, 41], while a value of 500 has been used for the Li+-

doped samples [13, 15]), ε0 is the vacuum permittivity (8.85·10-14 F/cm), e is the 

electron charge (1.60·10-19 C), EFB is the flat-band potential, k is the Boltzmann constant 

(1.38·10-23 J/K) and T is the absolute temperature. 

 

Figure 10 shows, the MS plots (C-2 vs. E) at a frequency of 10 kHz (this value has been 

used in this work to eliminate capacitance dependence on frequency [10]) of the Li+-

doped after annealing TiO2 NTs at different times from the Li+ insertion. In all cases, a 

linear region with a positive slope can be observed, which is indicative of n-type 

semiconductors. From these slopes, ND can be determined, according to the following 

equation: 

                                                             
σεε e

N D
0

2
=                                                       (6) 

 

where σ is the value of the positive slope of each straight line in the MS plots. Values of 

ND are shown in Table 2. It can be seen from this table that ND is two orders of 

magnitude higher in the case of Li+-doped TiO2 NTs, which is consistent with our 

previous results [15] and indicates an increase in the number of defects within the TiO2 

lattice due to Li+ intercalation. It can also be observed that ND remained approximately 

constant during 4 hours of potentiostatic polarization at 0.5 VAg/AgCl. This result implies 

that, although thermodinamically favorable, the extraction of Li+ cations did not take 

place during operation, or took place at such a slow rate that the defect structure of the 

TiO2 crystalline lattice was not perturbed. Hence, during long term potentiostatic 

operation at low bias, the Li+ intercalation process can be regarded as permanent. 
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4. Conclusions 

 

FE-SEM images revealed that the morphology of the samples is affected when Li+ was 

inserted before annealing, since the nanostructures were partially covered with some Li+ 

cations recombined with oxygen. 

 

Raman spectra showed that TiO2 nanostructures doped after annealing are crystalline 

(anatase phase). However, doping before annealing might create stresses in the ethylene 

glycol based nanotubes. 

 

The best photoelectrochemical water splitting response was obtained for the TiO2 

nanostructures doped after annealing. Samples doped before annealing presented worst 

photocurrent response than undoped nanostructures. 

 

IPCE results are in agreement with photoelectrochemical water splitting tests. The band 

gap of the nanostructures corresponds to the anatase phase, indicating that the 

improvement in the photocurrent densities of the Li+-doped TiO2 nanostructures after 

annealing might be a combination between the passivation of the traps and an 

enhancement of their electrical conductivity. 

 

To sum up, this study confirms that the preparation order of Li+-doped TiO2 

nanostructures should be first annealing the samples, and then inserting the Li+ cations. 

Besides, the stability of the samples doped after annealing against photocorrosion and 

over long storage periods, as well as, the stability of Li+ insertion was checked.  
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In this way, TiO2 nanostructures doped with Li+ after annealing are recommended as 

photoanodes for photoelectrochemical water splitting. 
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Figure captions 
 
Figure 1. FE-SEM images of the top-view of the TiO2 nanostructures doped after 

annealing in ethylene glycol ((a) Re = 0 and (b) Re = 600) and in glycerol ((c) Re = 0 

and (d) Re = 600) and doped before annealing in ethylene glycol ((e) Re = 0 and (f) Re 

= 600) and in glycerol ((g) Re = 0 and (h) Re = 600). 

 

Figure 2. Current density transients obtained during the potentiostatic anodization of 

Ti in ethylene glycol based (a) and glycerol based electrolytes (b) under stagnant 

conditions and at Re = 600. 

 

Figure 3. Raman confocal laser spectra of TiO2 nanostructures doped in ethylene glycol 

based electrolytes before (DB) and after annealing (DA) ((a) Re = 0 and (c) Re = 600) 

and in glycerol based electrolytes before (DB) and after annealing (DA) ((b) Re = 0 and 

(d) Re = 600). 

 

Figure 4. Photoelectrochemical water splitting response of the samples doped after 

(DA) and before annealing (DB). 

 

Figure 5. Comparison of the photocurrents obtained for photoelectrochemical water 

splitting of the nanostructures undoped, doped after annealing (DA) and doped before 

annealing (DB) in ethylene glycol (EG) based and glycerol (G) based electrolytes. 

 

Figure 6. Photostability of the samples doped after annealing (DA) and doped before 

annealing (DB) in ethylene glycol (EG) based and glycerol (G) based electrolytes. 
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Figure 7. Incident Photon-to-electron Conversion Efficiency of the samples doped after 

annealing (DA) and doped before annealing (DB) in ethylene glycol (EG) based and 

glycerol (G) based electrolytes. 

 

Figure 8. Band gap measurements of the samples doped after annealing (DA) and 

doped before annealing (DB) in ethylene glycol (EG) based and glycerol (G) based 

electrolytes. 

 

Figure 9. Photocurrent density vs. potential curves for Li-doped TiO2 NTs (doped after 

annealing), measured just after the Li+ insertion process (t = 0 days) and after 60 days of 

storage inside a desiccator (t = 30 days). 

 

Figure 10. Mott-Schottky plots of the Li+-doped after annealing TiO2 NTs at different 

times from the Li+ insertion. 

 

Table captions 

Table 1. Band gap values of the nanostructures doped after annealing (DA) and doped 

before annealing (DB) in ethylene glycol (EG) based and glycerol (G) based 

electrolytes. 

 

Table 2. Values of donor densities (ND) of the Li+-doped after annealing TiO2 NTs at 

different times from the Li+ insertion. 
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