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ABSTRACT 

Highly conducting, optically transparent Ta-doped TiO2 (anatase) thin films are grown on 

ordinary soda-lime glass substrate by pulsed-laser deposition. They exhibit quasi-reversible 

cyclic voltammograms of Fe(CN)6
3-/4- and dimethylviologen redox couples, mimicking the 

electrochemical activity of F-doped SnO2 (FTO). Hence, our Ta-doped titania films can 

prospectively replace FTO, e.g. in homo-junction dye-sensitized and perovskite solar cells. 

However, these films are idle for the Ru(bpy)3
2+ oxidation, which is attributed to the space-

charge barrier. The flatband potential of our Ta-doped TiO2 is comparable to that of undoped 

reference film and/or the pristine anatase single-crystal electrode. Our films show 

photoelectrochemical activity upon irradiation with UV light at potentials positive to flatband. 

The photocurrents decrease proportionally to the increase of Ta-content. The Li-insertion ability 

analogously decreases with the increasing Ta-content. This is attributed to the positive charge of 

Ta5+ cations which occupy the Ti4+ sites in anatase lattice and thus impede the Li+-transport. 

Consistent with the quasi-metallic nature of our films, the Li-extraction peak in cyclic 

voltammograms shows no cut at larger potentials. 

Keywords: titanium dioxide, tantalum doping, electrochemistry, UV-photoelectrochemistry, Li-

insertion 



2 
 

1. INTRODUCTION 

Transparent conducting oxides, such as indium-tin oxide (ITO) and F-doped SnO2
 (FTO) are 

widely used in electrochemistry, and in related applications like in dye-sensitized solar cell 

(DSC) [1,2] and photoelectrochemical water splitting for solar fuel generation [3]. However, 

there is a strong demand for their replacement by cheaper materials [4]. Other issues specific 

for DSC applications are the thermal instability of ITO [5] and the formation of a Schottky 

barrier at the heterojunction photoanode interface of TiO2 with both ITO [5] and FTO [6,7]. It 

stems from the fact that the Fermi level of TiO2 is higher than that of ITO/FTO prior to contact 

of the materials. This is particularly important when a dense titania layer [6,7] is deposited on 

top of FTO to prevent recombination [8,9].  These layers are prepared by various techniques 

[6-10], including electrochemical methods [8,10]. The control of energy level alignment 

throughout the interfaces is important for photovoltaic devices such as solid state DSCs and 

perovskite solar cells [11].  For instance, a homo-junction FTO/SnO2 electrode [12] enables 

barrier-free alignment with certain perovskites [13]. However, a barrier-free titania homo-

junction electrode, employing solely doped TiO2 as an electron collecting terminal, was not yet 

reported, to the best of our knowledge.  

Nb-doped [7] and Ta-doped [14] dense TiO2 deposited on top of FTO improve the 

performance of DSC due to enhanced charge collection efficiency. Similar improvement was 

reported for Ta-doped TiO2 which was deposited as the last over-layer on top of mesoporous 

TiO2 [15]. Ta-doped TiO2 nanotubes [16] or other Ta-doped nanostructures [17-19] were 

used as the photoanode material, too. Interestingly, even pure Ta2O5 (band gap of ca. 4 eV) is 

applicable as a DSC photoanode, but with very low efficiency. Pure Ta2O5 has a lower 

conduction band (CB) edge than TiO2 (ca. -4.6 eV/vacuum) which obviously decreases the 

attainable voltage of DSC [20]. On the other hand, a composite Ta2O5/TiO2 behaved 

considerably better in DSCs [19]. Ta-doped TiO2 nanotubes also showed improved water 

splitting ability as compared to pure TiO2 [21]. 

A purely titania-based ‘transparent metal’ with resistivity as low as (2-3)∙10–4 Ω·cm was 

demonstrated through Nb-doping [22,23] and Ta-doping [24]. These doped titania layers are 

degenerate n-type semiconductors thanks to an efficient electron release from the pentavalent 
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dopant [23,25]. The Ta5+ ions occupy Ti4+ sites in the anatase lattice and sometimes also 

concomitant doping by Ti3+ and Ta5+ was observed [26]. Ta-doping is favored over Nb-doping 

by higher Ta solubility in TiO2, higher electron mobility and by retardation of anatase/rutile 

transformation [26]. Compared to ITO, the doped TiO2 provides higher refractive index, higher 

transmittance in the IR-region, and good stability in reducing atmosphere [23]. Highly-

conductive titania can be prepared through sputtering or pulsed-laser deposition (PLD) [23,27-

29]. Sporadic reports about other fabrication techniques, such as chemical vapor deposition, 

show that these Ta-doped TiO2 films are less conducting (≈10–3 Ω·cm) [26]. Some of us have 

recently optimized PLD deposition of polycrystalline Ta-doped TiO2 on glass substrates, and 

investigated the role of the deposition conditions and annealing atmosphere [27,28] on the 

electrical, optical [28] and vibrational [29] properties. In particular, the obtained carrier 

density is influenced not only by the dopant (Ta) content, but also by the presence of intrinsic 

defects in the crystalline structure. This is controlled in a complicated way by the oxygen partial 

pressure during deposition and by the vacuum-annealing conditions. The explanation is still 

debated [27-29] and involves the formation of ‘electron killer’ defects such as Ti vacancies or 

O interstitials. 

As mentioned above, the replacement of FTO by metal-like conducting TiO2 for a homo-junction 

electron-collector in DSC (i.e. the ‘all-TiO2 photoanode’) is a straightforward challenge. The 

first step in this effort is obviously the exploration of electrochemical properties of this material, 

which is the central motivation of our study. We are not aware of any similar work on 

electrochemical properties of Ta-doped TiO2 electrodes. To fill the gap, we characterize here the 

electrochemical performance of Ta-doped TiO2 films obtained by PLD, focusing on 

voltammetric response of model redox couples, electrochemical impedance spectroscopy, 

photoelectrochemistry under band-gap excitation and the Li-insertion electrochemistry.  

2. EXPERIMENTAL SECTION 

2.1. Preparation of electrodes 

TiO2 thin films with the nominal doping amount (Ta content 1, 5, and 10 atomic %) were 

deposited by PLD on soda-lime glass substrates at room temperature using a lamp-pumped Q-

switched Nd:YAG pulsed laser (fourth harmonic, λ = 266 nm, repetition rate 10 Hz, pulse 
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duration ≈ 6 ns, target-to-substrate distance = 50 mm). Films with about 1% Ta content were 

obtained by uniform ablation of TiO2 target (powder purity 99.9%) partially covered with Ta 

metallic wires, so that a fraction of the surface corresponding to roughly 1% Ta with respect to 

Ti is covered. Pure TiO2 films were grown starting from the same ceramic target, while Ta-

doped films with 5 and 10% Ta content were obtained by ablating sintered Ta2O5:TiO2 targets 

(molar ratios of 0.025:0.975 and 0.05:0.95 corresponding to 5% and 10% nominal Ta content 

respectively, powder purity 99.99%). Different oxygen partial pressures (in the range of 1-2 Pa) 

have been used to tune the film properties, as discussed in [28]. The pulsed laser energy density 

on the target was typically 1.15 J/cm2. The PLD process was always followed by  ex-situ 

annealing performed in air or in vacuum (p < 4 × 10−5 Pa) at 550°C with a dwell time of 60 min 

in a homemade heating system and heating/cooling ramp of 10 K/min. 

Each electrode was prepared from a sample layer with dimensions approx. 5 x 10 mm2. Contact 

was made by Ga-In alloy to Cu-wire and protected by TorrSeal epoxy. In some cases, the contact 

was made simply by Ag-epoxy or by ultrasonic solder (Cerasolazer CS186). The exposed area 

was defined by TorrSeal encapsulation between 0.16 to 0.36 cm2.  

2.2. Characterization of electrodes 

Film thickness was evaluated by scanning electron microscopy (SEM, Zeiss SUPRA 40 field-

emission microscope) on samples grown on silicon. Layer thickness of most samples was 150 

nm, sometimes also larger thicknesses (290 nm and 500 nm) were grown (see Fig. S1 in 

Supporting Info). The crystalline structure and its dependence on the deposition/annealing 

conditions have been investigated in previous works [27-29] by a combination of X-ray 

diffraction and Raman spectroscopy; in this work we checked the crystalline phase by micro-

Raman measurements (Renishaw In Via spectrometer with Ar+ laser, λ = 514.5 nm, power on 

sample 1 mW). Example spectrum is shown in Fig. S2 (Supporting Info). The electrical 

characterization was performed in the 4-point probe configuration with a Keithley K2400 

Source/Measure Unit as a current generator (from 100 nA to 10 mA), an Agilent 34970A voltage 

meter, and a 0.57 T Ecopia permanent magnet for Hall measurements. 

Electrochemical experiments were carried out in a one-compartment cell using Autolab PGstat-

30 (Metrohm) with the FRA module. The reference electrode was Ag/AgCl (sat. KCl) for 

experiments in aqueous electrolyte solutions, and Li-metal for aprotic media. The Li insertion 
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experiments were carried in 1 M LiClO4 in (1/1 w/w) mixture of ethylene carbonate (EC) + 

dimethoxy ethane (DME) electrolyte solution. In this case, the reference and counter electrodes 

were from Li metal, hence, potentials were quoted against the Li/Li+ reference electrode in this 

medium. The electrolyte solutions were purged with argon, and the measurement was carried out 

in a glove box under Ar atmosphere. A commercial FTO glass, TEC 15 from Libbey-Owens-

Ford, was used as a reference material. Its sheet resistance was 15 Ohm/sq (declared by the 

manufacturer; own measurement provided 13.4 Ohm/sq), visible-light transmittance 82-85 %, 

layer thickness ca. 500 nm). Electrolytes, solvents and redox-active molecules were of the 

standard quality (p.a. or electrochemical grade) purchased from Aldrich or Merck and used as 

received.  

Impedance spectra were measured in the frequency range from 100 kHz to 0.1 Hz at varying 

potentials, which were scanned from positive to negative values and back (typically between 1.0 

V to -0.7 V vs. Ag/AgCl in 0.5 M KCl, pH 2.5). The counter electrode was a platinum mesh. 

Impedance spectra were evaluated using Zview (Scribner) software. 

Photoelectrochemical measurements were performed in an Ar-saturated 0.1 M Na2SO4 (pH 10) 

solution. The counter electrode was a platinum rod and the reference electrode was Ag/AgCl 

(sat. KCl). The photoelectrochemical cell was placed in a dark room and controlled by a 

potentiostat (Autolab PGstat 101, Metrohm with NOVA software). The working electrode was 

illuminated through fused silica optical window by a Hg lamp (Oriel); the spectral range was 

320-380 nm, defined by optical filters. 

3. RESULTS AND DISCUSSION 

3.1. Structural and electrical properties 

Table 1 summarizes the used preparative conditions and the measured values of sheet resistance 

(Rsheet), resistivity (ρ) and layer thickness. Raman spectra (Figure S2, Supporting Info) show 

broad bands typical of amorphous/highly disordered titanium oxide corresponding to high 

resistivity values of about 10 Ω∙cm. Five distinct peaks at about 144, 197, 399, 519, 639 cm-1, 

related to the Raman modes of anatase [30], are found in all heat-treated films, regardless of the 

annealing atmosphere. The effect of the deposition atmosphere pressure on the crystalline lattice 

parameters and vibrational frequencies has been discussed in [28,29]. It was assessed that the 



6 
 

structure, electronic and optical properties depend on the material defect chemistry in a non-

trivial way. 

The specific resistances, ρ of our films (Table 1) are comparable or better than the literature 

values for degenerately doped titania [22-24]. A Ta-free TiO2 layer was prepared as a reference 

sample. The resistivity (1.16∙10-2 Ω∙cm) and the sheet resistance (Rsheet, 800 Ω/□ for a 150 nm 

thick film) of the Ta-free layer (Ta0) are considerably higher than those for FTO (7∙10-4 Ω∙cm, 

13.4 Ω/□).  

As discussed in the Introduction, carrier concentration depends on Ta content but is also strongly 

influenced by oxygen pressure during deposition, so that the optimal deposition pressure exists 

for the given Ta nominal content, at which the carrier concentration is maximized [29]. Upon 

doping with Ta a significant decrease of resistivity and Rsheet was obtained for samples prepared 

with an optimal deposition pressure of oxygen  (≈1 Pa) and a post-deposition annealing in 

vacuum (sample Ta5a), as discussed in [27,29]. The 4-point electrical measurements show a 

metal-like behavior with a resistivity increase as a function of temperature [27].  Doping at 

deposition pressure of 2 Pa (Ta5b) resulted in a significant increase in the resistivity. The lowest 

value of resistivity was obtained for the Ta5a film with 5% of Ta deposited at 1 Pa (ρ = 6.77∙10-4 

Ω∙cm, Rsheet = 45 Ω/□ for the 150 nm thickness) while either change of the Ta content to 1% or to 

10% of Ta (samples Ta1 and Ta10, respectively, deposited at the optimal pressure conditions) 

resulted in the increase of resistivity and sheet resistance (Table 1). As expected, the sheet 

resistance proportionally decreased with increasing layer thickness from 150 nm to 500 nm 

(Ta5c and Ta5d, respectively).  

Our best value of Rsheet (11.4 Ω/□) for a 500-nm thick TiO2 (5% Ta, Ta5d) is comparable or even 

better than that of the used commercial FTO of similar layer thickness. This is promising in view 

of the prospective use of our doped titania films in the barrier-free, homo-junction DSCs. 

However, thermal treatment in air at 550oC caused a strong increase of resistivity (samples Ta0-

air and Ta5-air). This problem, which seems to be common to doped titania [23,25] as well as 

to ITO [5], presents a challenge for the fabrication of DSC photoanode, because the thermal 

annealing is a standard procedure in the preparation of mesoporous layers TiO2 for dye-

anchoring [1,2,31]. Obviously, the use of ultra-fast annealing procedures [27], low-

temperature growth of mesoporous titania and/or the application of protective tunneling layers 
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(Al2O3 or ZrO2) [20] for vacuum annealing need to be considered for future optimization of the 

manufacturing conditions towards ‘all-titania’ photoanodes. 

The optical transparency of Ta-doped TiO2 films also depends on the synthesis/annealing 

conditions as discussed in [27,28]. Typically, 150 nm thick undoped and Ta-doped TiO2 films 

deposited at the optimal conditions and annealed in vacuum are characterized by an average 

transparency in the visible range (400-700 nm wavelengths) around 80%, and we thus focused 

our electrochemical investigation on the films with this thickness. The transmittance is mainly 

limited by reflectance (between 10-25% in the visible range), and dominated by interference 

fringes depending on layer thickness, while the visible-light absorbance remains as low as 5%.  

Increasing the film thickness improves the sheet resistance (Table 1) but lowers the optical 

transparency (by about 6% for a 290 nm thick layer).   

3.2 Electrochemical behavior: cyclic voltammetry 

Our layers were tested by cyclic voltammetry with Fe(CN)6
3-/4-, Ru(bpy)3

2+ and 

dimethylviologen (MV2+) as model pH-independent redox probes with simple one-electron-

transfer reaction. The redox potential of Fe(CN)6
3-/4- (0.24 V vs. Ag/AgCl) is sufficiently positive 

to the flatband potential (φFB) of TiO2 (anatase) at all practically accessible pH values in aqueous 

media [10,32]: 

φFB = -0.36 – 0.059∙pH (V vs. Ag/AgCl)      (1) 

Figure 1 shows cyclic voltammograms of three TiO2 films of the same thickness (150 nm) Ta5a, 

Ta5b and Ta0 in an aqueous electrolyte solution containing Fe(CN)6
3-/4-. The films Ta5a and 

Ta5b have the same Ta content (5%) but were prepared at different deposition pressures of 

oxygen (1 and 2 Pa, respectively) Ta0 is a pure TiO2 film. Ta doping and deposition pressure 

strongly influence the shape of voltammograms. The Ta-doped TiO2 film deposited at 1 Pa 

(Ta5a) behaves almost like FTO. This film exhibits quasi-metallic nature, no rectifying effect 

(well-known for ordinary semiconducting titania) [8,9] is observed. On the other hand the 

voltammograms of pure TiO2 film or Ta-doped TiO2 film deposited at 2 Pa show irreversible 

electrochemical behavior characterized by larger peak-to-peak splitting.  
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Nevertheless, even the Ta-free (Ta0) electrode shows the anodic wave of ferrocyanide oxidation 

(Fig. 1, curve c). This is interesting in view of its total absence in compact FTO-supported TiO2 

films made earlier by sol-gel (with donor density, ND = (3-5)∙1020 cm-3) [9], by spray-pyrolysis, 

ALD or electrodeposition (with donor density, ND = (1-7)∙1020 cm-3) [8]. Though the 

comparable intrinsic doping of our Ta0 sample (≈1020 cm-3 see below) and the previously 

reported TiO2 layers [8,9] we observe this qualitative difference for our Ta0 layer. We can 

speculate that inhomogeneous doping (with metallic islands in semiconducting matrix) could 

occur during the PLD-process, but we leave this question open at this stage of our research. 

Figure 2 shows the influence of scan rate on the cyclic voltammograms of 5%Ta-doped TiO2 

film deposited at O2 pressure of 1 Pa (Ta5d). The film has a layer thickness of 500 nm, i.e. 

comparable to that of our reference FTO. The plot confirms the quasi-reversible electrochemistry 

of the Fe(CN)6
3-/4- couple with the peak-to-peak splitting (ΔEpp) of 80-110 mV for the scan rates 

from 50 to 200 mV/s, respectively. The FTO reference provided at the same conditions ΔEpp 

from 66 to 82 mV (Fig. S3, Supporting Info). Hence, the charge-transfer rate constant is only 

slightly smaller at the Ta-doped TiO2 referenced to that on FTO. Figures 1, 2 and S3 further 

illustrate the effect of Ta content (1-10%) on the ΔEpp. The charge-transfer is markedly slower 

for the lowest Ta doping (1%), but the films with higher Ta doping (5 and 10%) behave 

similarly. There is only marginal effect of the film thickness on the electrochemical reversibility 

of the otherwise identical layers (150-500 nm, samples Ta5a, Ta5c and Ta5d). On the other hand, 

the air-annealed samples (Ta5-air, Ta0-air) show no electrochemical activity for this redox 

couple, which is interrelated with their insulating nature (Table 1). 

The cyclic voltammograms in pure supporting electrolyte solution (Fig. 3) exhibit a standard 

shape with reversible charging/discharging of chemical capacitance (Cμ) at potentials below the 

flatband potential. This is consistent with the filling/emptying of the exponentially growing 

density of states near the CB edge [9,33-35]. Sometimes, a small pre-peak was reported at 

potentials slightly positive to φFB which is assignable to the trap states (surface states) below the 

CB [33,36,37]. Jankulovska et al. [35] correlated the occurrence of this pre-peak with the 

structural perfection of the respective TiO2 electrodes: it was missing on well-defined surfaces, 

but was omnipresent in the voltammograms of mesoporous nanocrystalline electrodes, both in 

aqueous [33] and non-aqueous media [36]. The absence of the electrochemically detectable 
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surface states in our Ta-doped layers reminds the same behavior of dense TiO2 layers made by 

sol-gel [9], electrodeposition [8] or ALD [8] and is considered a proof of their structural 

quality.  

Eq. (1) predicts φFB = -0.51 V vs. Ag/AgCl for pure anatase single-crystal in this electrolyte 

solution (the experimental values was -0.54 V vs. Ag/AgCl for Ta0, see Section 3.2).   Fig. 3A 

(left chart), indeed confirms that the onset of the charging of CB states is located near this 

predicted φFB position. A closer inspection of the voltammogram in Fig. 3A reveals another 

peculiar feature, which is specific for our Ta-doped electrodes only. While in the ordinary 

semiconducting TiO2 electrodes, the voltammetric current rapidly drops to almost zero at 

potentials positive to φFB [8,9,33,35,36,38], our Ta-doped layers show a significant 

voltammetric current (ic) even at potentials between ca. 0 to 1 V vs. Ag/AgCl. Its capacitive 

nature is confirmed by the scan-rate (v) dependence:  

C = ic/v           (2) 

where C is the total interfacial capacitance.  Inset in Fig. 3A shows an example plot (according to 

Eq. 2 at 0.5 V vs. Ag/AgCl) from which C ≈ 35 μF/cm2. The fact that the current does not drop 

to zero at positive potentials can be attributed to high concentration of electron-donor sites 

provided by Ta doping. However, the voltammogram is not perfectly rectangular, as one would 

expect for purely double-layer charging on metallic electrodes. In general, the total capacitance 

of the TiO2/solution interface has three main contributions: the double-layer (Helmholtz) 

capacitance (CH), the space charge capacitance (CSC) formed at the semiconductor surface and 

the chemical capacitance (Cμ) which is interrelated with proton insertion into TiO2 at sufficiently 

negative potentials (φ < φFB) [8,9,37-40]: 

TiO2 + e- + H+ → TiOOH         (3) 

The total capacitance is a parallel combination of CSC and Cμ, while CH is connected in series to 

the former two [41,42]:  

HSC CCCC

111







         (4) 
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Cμ appears at potentials lower than φFB, so its contribution can be neglected at E > 0 V vs. 

Ag/AgCl. On the other hand, at sufficiently negative potentials (in the hydrogen 

insertion/evolution region, cf. Eq. 3) the Cμ
 becomes significantly larger than CH,  so that C → CH 

[40,43]. Within these approximations, the capacitance C ≈ 35 μF/cm2 estimated from the 

current, ic at 0.5 V vs. Ag/AgCl stems from the series combination of CSC and CH. For evaluation 

of sole double-layer capacitance, we need to use the electrochemical impedance spectroscopy 

[40] (see below).  

Some changes arise in the voltammogram in pure supporting electrolyte, if the electrode passed 

long-term (hours) polarization at potentials between 1 and -0.8 V. This is documented in Fig. 3B 

(right chart). The changes in cyclic voltammogram upon this treatment are attributed to the 

electrochemical doping by H+ insertion [8,37,38]. As in the case of dense layer made by sol-

gel [38], electrodeposition [8] or ALD [8], we observe an enhanced cathodic current which is 

specific for the H-doping. The H-doping is more stable for compact films [8,38] as compared 

to porous films composed from individual nanoparticles, the latter are known to reverse back to 

the H-undoped state within ca. hours of aging [37]. 

Despite that fact that our Ta-TiO2 electrodes show metal-like behavior (mimicking FTO) in 

contact with Fe(CN)6
3-/4-, a strikingly different response is observed for a redox probe with more 

positive redox potential. Figure 4 shows that the cyclic voltammogram of Ru(bpy)3
3+/2+ redox 

couple is fully blocked at the Ta-TiO2 electrodes. This would indicate that Ta-TiO2 is not entirely 

‘metal-like’ but forms a rectifying interface for highly positive redox probes. Though we cannot 

demonstrate the rectifying function for the reduction of Ru(bpy)3
3+ below the φFB (due to the 

unavailability of the Ru(III) species) this finding is qualitatively supported by our observation of   

significant UV-photocurrents for our Ta-doped titania, vide infra.. 

To address the difference between Fe(CN)6
3-/4- and Ru(bpy)3

3+/2+, we recall the fact that thin 

space charge region (depletion layer), is known to exist even on degenerate semiconductors like 

on FTO [8,44-47]. Its thickness, LD scales with the dielectric constant εr, the donor density ND 

and the applied voltage φ: 

2/12/1

02






 










e

kT

eN
L FB

D

r
D 

       (5) 
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(e is the electron charge, ε0 is the permittivity of free space, k is the Boltzmann’s constant and T 

is the temperature). For a bare FTO electrode the dielectric constant (εr ≈ 9) [45] is much 

smaller than that of TiO2 (εr ≈ 55) [8,9] and the donor density of FTO (ND = 6.5∙1021 cm-3) [8] 

is similar or larger than the values found for our Ta-TiO2 layers (see Section 3.3 and Table 2 

below). Hence, we propose that for highly positive redox couples like Ru(bpy)3
3+/2+ (with high φ) 

and the assumption of Fermi level pining, the barrier introduced by larger space-charge field 

effectively blocks the anodic charge-transfer. Eq. (5) provides an estimate of LD ≈ 4.2 nm in a 

model calculation for ND ≈ 1021 cm-3, φFB = -0.6 V (Table 2) and the applied potential for the 

Ru(bpy)3
2+ oxidation, φ ≈ 1.1 V vs. Ag/AgCl (Fig. 4). This space-charge barrier effectively 

blocks the electron tunneling from/to the semiconductor to/from the electrolyte. On the other 

hand, the same model calculation for FTO provides LD ≈ 0.5 nm, which is considerably thinner, 

and the electron transfer is feasible in both directions. In addition to this interpretation, we can 

also assume that attractive interaction between the positively charged titania surface and 

negatively charged Fe(CN)6
3-/4- facilitates the charge transfer (and contrariwise for 

Ru(bpy)3
3+/2+). 

To further illustrate this discussion, we selected another positively charged model redox probe, 

but with smaller redox potential, i.e. dimethylviologen, MV2+/+. Figure S4 (Supporting Info) 

shows that FTO expectedly behaves like metallic electrode, i.e. the reduction/oxidation peaks of 

MV2+/+ do not move with pH. With respect to Eq. (1), the redox potential of MV2+/+ (-0.65 V vs. 

Ag/AgCl) is close to φFB of TiO2 in slightly acidic medium (pH 5.8) but positive to φFB in 

alkaline medium (pH 11.3). Consequently, the anodic wave of MV+ oxidation is normally not 

seen in alkaline medium for ‘ordinary’ semiconducting TiO2, because it is in a depletion regime 

at these conditions [8]. However, the MV2+/+ redox couple is active at the Ta-doped TiO2 

surface like on metal due to smaller φ and thus negligible barrier of the space-charge field (Eq. 

5). Both anodic and cathodic current peaks are present, though the currents are smaller than those 

for FTO and there is slightly enhanced irreversibility in alkaline medium.  

3.3 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is used to explore the conduction-band position 

in n-doped semiconductor electrodes through the Mott-Schottky plots. Figure 5 shows a typical   

plot of our Ta-TiO2 electrode (other plots are included in the Supporting Info, Fig. S5). The 
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experimental EIS spectra (see Fig. S6 in Supporting Info) were fitted to the equivalent circuit 

shown in Fig. S7 (Supporting Info). This provides the serial ohmic resistance of electrodes, 

electrical contacts and electrolyte solution (Rs), and the charge-transfer resistance, RCT. The 

impedance of the CPE equals:  

ZCPE = B(iω)-β           (6) 

where ω is the EIS frequency and B, β are the frequency-independent parameters of the CPE (0≤ 

β ≤1). The value of capacitance, C is obtained from ZCPE as follows: 

 
CT

CT

R

BR
C

/1)( 
          (7) 

An obvious advantage of this evaluation protocol is that it removes the virtual ‘frequency dis-

persion’ of Mott-Schottky plots [8,9,32]. The Mott-Schottky equation used to analyze the data 

is [44]: 

 
2

0
2

121

H

FB
Dr Ce

kT

NeC







 







 


      (8) 

The double-layer contribution (CH) does not influence the slope of Mott-Schottky plots, but 

causes a negative displacement of the flatband potential from the potential-axis intercept of the 

experimental plot by ΔφFB:  

2

0

2 H

Dr

FB
C

Ne 
 

        (9) 

The correction term can further include the contributions from diffuse layer and from a thin 

dielectric layer, which can be present at the titania surfaces [48].  The value of CH can be 

estimated from the total capacitance at the negative potential limit (cf. Eq. 4 and discussion 

thereof) [40]. Inset in Fig. 5 shows this dependence; additional data are presented in Fig. S5 

(Supporting info). Except for the sample Ta10, there are no signs of the capacitance limit 

(C→CH) even at the lowest applied potential. Hence, this analysis provides only the lower 

estimate of CH of ca. 130-200 μF/cm2 in all our samples. This value is smaller than that found for 
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compact TiO2 film made by anodization of Ti (CH = 470 μF/cm2) [40] but larger than some 

other literature values reported for oxidic electrodes (10-50 μF/cm2) [44,49,50]. This spread 

of literature data is obviously caused by the fact that the experimental capacitances are 

normalized to the projected (cross-sectional) electrode areas, i.e. they primarily reflect the 

electrochemically accessible surface area of the particular electrode, rather than the standard 

double-layer capacitance of a flat oxide surface [40]. Furthermore, we should note that the 

double layer formed at deeply negative potentials is inherently different from that formed in 

depletion regime. In spite of these reservations, the correction term (Eq. 9) is very small, 

between 0.02 to 0.0004 V for all our samples, if we use  εr ≈ 55 (as for pure anatase) [8,9] and 

ND from the Hall measurements (Table 2).  

The found values of φFB (Table 1) for undoped (Ta0) are close to the literature value for single-

crystal anatase (-0.51 V vs. Ag/AgCl, see Eq. 1). This finding is not trivial, as the φFB is known 

to vary for pure anatase films having nanocrystalline morphology [8,9,38]. The Ta-doping 

causes zero or very small downshift of φFB  (Table 1). Our finding matches the work of Ghosh et 

al. [18] who reported no significant differences between the φFB values of pure and Ta-doped 

anatase in aprotic electrolyte solution.  In contrast, Liu et al. [17] reported ca. 0.2 V upshift of 

the φFB for Ta-doped TiO2 as referenced to pure TiO2.   The donor concentrations, ND found 

from EIS are reasonably close to values determined by Hall measurements (Table 2), but in most 

cases the Hall measurements provide smaller ND values. The same difference of Hall/EIS was 

observed   in SnO2 films [12]. It was ascribed to several factors, the most plausible one (also for 

our Ta-TiO2 films) seems to be the fact that Hall-effect is occurring in the bulk, whereas EIS is 

addressing solely the thin (space-charge) layer on the surface. 

3.4. UV-photoelectrochemistry 

The occurrence of anodic photocurrent of water oxidation is a well-known effect upon UV 

(band-gap) excitation of semiconducting titania electrodes [10,32,51], but it should be absent 

on metallic electrodes, where the exciton is rapidly quenched due to absence of space-charge 

field. However, we observed here surprisingly high photocurrents even on metal-like, Ta-doped 

titania. Figure 6 shows the influence of Ta-doping on the photoelectrochemical behavior of TiO2 
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films under UV light. The largest photocurrent density was expectedly found for our Ta-free 

sample (Ta0), which behaves nearly like an ideal (single-crystal) anatase [10,32]. 

The overall photocurrent density gradually decreases with increasing Ta content and the shape of 

the current/potential curves is different too (Fig. 6). Nevertheless, the photocurrents at large band 

bending (the applied anodic potential) are still of the order of 10 μA/cm2 at the employed UV-

light intensity even for high Ta-doping. The trend of decreasing photocurrent with Ta-

concentration follows the gradual enhancement of the optical band gap (from 3.31 to 3.44 eV) 

[28]. It is also reminiscent of the photocurrent drop of Ta-doped TiO2 nanotubes (0.1-0.4% Ta) 

where it was interpreted in terms of defects acting as recombination centers [21].  The potential 

of the onset of photocurrent is more positive than the flatband potential, φFB ≈ -1 V vs. Ag/AgCl 

which is expected at pH 10 (Eq. 1 and Table 2). Hence, the photoelectrochemical reactions at our 

degenerate semiconductors require a driving force of enhanced band-bending (ca. 0.3-0.5 V).   

Figure 7 compares the current densities of the reference FTO substrate and two 5% Ta-doped 

films with the same layer thickness (150 nm) but prepared at different oxygen deposition 

pressure (1 and 2 Pa). Larger photocurrents were obtained for the sample Ta5b (2 Pa O2) and 

there is a relation with the electrochemical behavior (Fig.1, Table 2), i.e. the decreased charge-

transfer reversibility of Ta5b is accompanied by the increased photocurrent. The onset of 

photocurrent occurs for Ta5b at more negative potentials, consistent with its more negative φFB 

(Table 2). The dependence of photocurrent on layer thickness of 5% Ta-doped TiO2 films is not 

monotonic, but the largest photocurrents are observed for the thinnest film (150 nm; Figure S8a 

Supporting Info). The photocurrents at the reference FTO are very low, but not zero at larger 

potentials. 

The photoelectrochemical activity is quantified by a photocurrent value at certain arbitrarily 

selected applied potential providing sufficient band bending (1.05 V vs. Ag/AgCl). Table 2 

collects the relevant data. In general, the occurrence of photocurrent on Ta-doped TiO2 is 

surprising in view of its quasi-metallic nature. This finding illustrates again the unexpected 

semiconductor-like behavior for model redox probe with high redox potential (cf. Fig. 4). The 

air-annealed samples (despite their very high resistances) show UV photocurrent only if Ta is 

present (Fig. S8b, Supporting Info). 
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3.5. Li-insertion electrochemistry 

Cyclic voltammetry of Li-insertion is a sensitive method for analyzing details of phase 

composition and other parameters of titania electrodes [10,32,52,53]. The Li+ insertion 

reaction is formally analogous to the proton insertion (cf. Eqs 4 and 10): 

TiO2 + x(Li++ e-) → LixTiO2        (10) 

where x ≈ 0.5 is usually found for anatase.  

The integrated anodic charges (Fig. 8; shaded areas at the corresponding voltammograms) equal: 

3.3, 6.7 and 12.5 mC/cm2 for the samples Ta5a, Ta5b and Ta0, respectively, as determined at the 

scan rate of 0.1 mV/s. The corresponding cathodic charges equal -7.0, -11.7 and -18.3 mC/cm2 

for the same samples. Hence, there is significant misbalance of cathodic (Li-insertion) vs. anodic 

(Li-extraction) charges. Analogous effect was observed on voltammograms of macroscopic 

single crystal anatase electrode, where the cathodic and anodic charges were -54.0 mC/cm2 and 

26.4 mC/cm2, respectively, at the scan rate of 0.1 mV/s [32]. On the other hand, mesoporous 

anatase electrodes usually exhibit well balanced insertion/extraction charges [52-54], yet there 

is also strong contribution of capacitive charging at nanocrystalline TiO2 [52]. The striking 

difference between compact anatase electrodes (both single crystal and polycrystalline) and 

mesoporous ones is attributed to solid-state diffusion effects.  

More specifically, Li+ ions which have been inserted during the initial cathodic scan into the 

subsurface region of compact titania solid continue diffusing into the bulk in the subsequent 

extraction step, too. These deeply penetrating Li+ ions are not recovered in the reverse (anodic) 

scan at the time scale of cyclic voltammogram. The voltammogram of our Ta-free sample (Ta0) 

shows a factor of 2-3 smaller Li+-loading compared to single crystal electrode, which is 

attributed to slowdown of Li-transport at grain boundaries in polycrystalline films. (It manifests 

itself also by orders-of-magnitude smaller diffusion coefficient of Li in polycrystalline electrodes 

[53] compared that in single crystal electrode [32]).  

Though we cannot rule out that the whole film is homogeneously loaded with lithium at smaller 

insertion coefficient (x < 0.5 cf. Eq. 10) the observed charge-misbalance speaks against this 

assumption. An alternative limiting model is that the Li-rich subsurface layer has the ultimate 
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composition (Li0.5TiO2) and the bulk film is free from Li at the initial stages of potential 

scanning.  In this approximation, the found cathodic charges translate into the thickness of the 

Li0.5TiO2 sub-surface film of 17, 51 and 77 nm for the samples Ta5a, Ta5b and Ta0, respectively.  

The metallic conductivity is clearly distinguished on the Li-extraction (anodic) peak, which 

extends towards potentials as large as 3 V vs. Li/Li+. In contrast, ‘truly’ semiconducting (Ta- 

free) anatase shows negligible voltammetric currents at potentials positive to ca. 2.3 V vs. Li/Li+, 

when the electrode is in strong depletion and virtually insulating [52-54].  The Li-storage 

activity of the Ta-doped samples is further surveyed in Fig. S9 (Supporting Info).  

Figures 8 and S9 confirm that the Li-insertion activity decreases with the concentration of Ta; in 

addition to secondary effects of the layer thickness (samples Ta5a, Ta5c, Ta5d) and preparative 

details (samples Ta5a, Ta5b). The monotonic drop of Li-insertion activity with Ta-concentration 

in the series of comparable samples, i.e. Ta0, Ta1, Ta5a and Ta 10, is significant. We propose 

that the Ta5+ cations, which occupy Ti4+ sites in the anatase lattice [26] provide repulsive charge 

impeding the Li+-insertion. Quite interesting is the negligible activity of the air-annealed Ta-free 

sample as compared to the same sample with 5 % Ta. This trend is qualitatively reproduced also 

by the occurrence of the UV-photocurrent at the Ta5-air sample (Figure S8). In spite of the fact 

that that both the air-annealed samples have very high resistivity, solely the Ta-containing 

sample (Ta5-air) exhibits some electrochemical activity for these two principally different 

charge-transfer processes.  

4. CONCLUSIONS 

Highly conducting (ρ ≈ 10-4 Ω∙cm, Rsheet ≈  11 Ω/sq) Ta-doped TiO2 (anatase) thin films were 

deposited by PLD on ordinary soda-lime glass substrate. Quasi-reversible voltammograms of 

Fe(CN)6
3-/4- and dimethylviologen MV2+ redox couples are observed on these films, mimicking 

the electrochemical activity of FTO. However, the analogy with FTO is not absolute, because the 

Ta-doped TiO2 films are idle for the Ru(bpy)3
2+ oxidation.  This is attributed to a larger space-

charge barrier on Ta-doped TiO2 for redox couples with highly positive electrochemical 

potentials. 

Our Ta-doped TiO2 films exhibit both the metal-like capacitive charging and the semiconductor-

like chemical capacitance in pure supporting electrolyte solutions. These two effects manifest 
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themselves in cyclic voltammograms at potentials positive or negative, respectively to the 

flatband potential. Its value is near that of the pure anatase single-crystal electrode, and almost 

independent of Ta-doping, as determined by electrochemical impedance spectroscopy from 

Mott-Schottky plots. 

All our TiO2 layers, both pristine and Ta-doped, exhibit photoelectrochemical activity with 

photocurrents of the order of 10-100 μA/cm2 upon irradiation with UV light (wavelength 320-

380 nm; intensity 2.5 mW/cm2). The photocurrents decrease proportionally to the increase of Ta-

content. The photocurrent onset in linear-sweep voltammetric scans occurs at potentials which 

are positive to the φFB by ca. 0.3 to 0.5 V. The UV-photocurrent is another signature of the dual 

performance (semiconductor/metal) of our electrodes. 

All our TiO2 layers, both pristine and Ta-doped, are active for electrochemical Li-insertion. As in 

the case of UV-photocurrent, the accessible Li-insertion charge decreases proportionally with the 

increasing Ta-content. This is attributed to the repulsive charge of Ta5+ cations occurring at the 

Ti4+ sites in the anatase lattice. The Li-extraction peak in cyclic voltammograms confirms the 

quasi-metallic nature of Ta-doped TiO2: there is no cut of anodic current, which normally occurs 

on semiconducting TiO2 in depletion regime. 
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Figure 1: Cyclic voltammograms of (a) FTO (red dashed curve) and Ta5a (black curve); (b) 

Ta5b and (c) Ta0 samples; scan rate 50 mV/s. The electrolyte solution was 0.5 mM K4[Fe(CN)]6 

+ 0.5 mM K3[Fe(CN)]6 in aqueous 0.5 M KCl, pH 2.5. Voltammograms (b) and (c) are offset for 

clarity, but the current scales are identical. Dashed horizontal line is the zero-current level for the 

voltammograms (a). 
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Figure 2: Cyclic voltammograms of the Ta5d sample (5%-Ta, 500 nm layer thickness) at scan 

rates 50, 100 and 200 mV/s. A reference voltammogram for FTO electrode (at 200 mV/s) is 

shown by dashed line for comparison. The electrolyte solution was 0.5 mM K4[Fe(CN)]6 + 0.5 

mM K3[Fe(CN)]6 in aqueous 0.5 M KCl, pH 2.5. 
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Figure 3: Cyclic voltammograms of Ta5b sample at scan rates 50, 100, 200, 500 and 1000 mV/s. 
The electrolyte solution was aqueous 0.5 M KCl, pH 2.5. Chart (A) shows voltammogram of a 
fresh electrode. Chart (B) shows the voltammogram of the same electrode after passing three 
subsequent measurements of EIS between 1 and -0.5 V vs. Ag/AgCl. Inset in the chart (A) shows 
the capacitive current, icap (measured at 0.5 V vs. Ag/AgCl) as a function of the scan rate. 
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Figure 4: Cyclic voltammograms of a FTO electrode (dashed line) and the other sample 

electrodes (full lines). Scan rate 50 mV/s. The electrolyte solution was 0.1 mM Ru(bpy)3Cl2 in 

aqueous 0.5 M KCl, pH 2.5. Curves for Ta1-Ta10 are offset for clarity, but the intensity scale is 

identical for all voltammograms; ticks on vertical axes define the zero-current levels. 
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Figure 5: Mott-Schottky plot of the Ta5a electrode. Electrolyte solution: 0.5 M KCl, pH 2.5.  

Inset shows the potential dependence of capacitance. 
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Figure 6: Linear sweep voltammetry (scan rate 5 mV/s) under chopped UV light (Hg lamp 320-

380 nm) intensity 2.5 mW/cm2 for samples with different amount of Ta. The electrolyte solution 

0.1 M Na2SO4 (pH 10), dark/light intervals of 10 s. Layer thickness is 150 nm for all four films 

presented. 
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Figure 7: Linear sweep voltammetry (scan rate 5 mV/s) under chopped UV light (Hg lamp 320-

380 nm) intensity 2.5 mW/cm2. Two samples are compared with the same Ta content (5 %) and 

layer thickness (150 nm), but with different deposition pressure of O2 (Table 1). Control 

experiment with pure FTO electrode is also presented. The electrolyte solution 0.1 M Na2SO4 

(pH 10), dark/light intervals of 10 s.  
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Figure 8: Cyclic voltammograms of the Ta5a, Ta5b and Ta0 samples in 1 M LiClO4 + 

EC/DMC. Left chart (A): scan rate 10 mV/s; right chart (B) 0.1 mV/s. Shaded areas highlight the 

anodic (extraction) charge. Curves are offset for clarity but the intensity scale is identical for all 

voltammograms in the respective window. Dashed line is the zero current-level for the sample 

Ta5a. 
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Table 1:  Deposition conditions (PLD) and basic properties of the used layers. 

a The used gas was O2 in all cases. 
b The temperature of annealing was 550 oC in all cases. 
 

Table 2: Donor concentrations and electrochemical parameters. 
 

a Data from Ref. [8] 
bpH = 2.5 
cpH = 10  

sample 

code 
Ta (%) 

deposition  

pressure (Pa)a 

annealing 

atmosphereb 
Rsheet (Ω/□) 

resistivity, ρ 

(Ω∙cm) 

layer thickness 

(nm) 

Ta0 0 1.4  vacuum  776 1.16 * 10-2 150 

Ta1 1 1 vacuum 120 1.79 * 10-3 150 

Ta5a 5 1  vacuum 45 6.77 * 10-4 150 

Ta5b 5 2  vacuum 5450 8.18 * 10-2 150 

Ta5c 5 1  vacuum 19 5.57 * 10-4 290 

Ta5d 5 1  vacuum  11.4 5.72 * 10-4 500 

Ta10 10 1.25 vacuum 65 9.82 * 10-4 150 

Ta5-air 5 1.25 air  not measurable not measurable 150 

Ta0-air 0 1.4  air  not measurable not measurable 150 

FTO (ref) - - - 13.4 6.72 * 10-4 500 

sample 

code 

donor density  

from Hall effect 

( cm-3) 

donor density  

from EIS  

( cm-3) 

flatband potential, φFB  

(V vs. Ag/AgCl)b 

UV-photocurrent  

@1.05 V vs. Ag/AgCl  

(μA/cm2)c 

Ta0 1.18 ∙ 1020 1.6 ∙ 1020 -0.54 395 

Ta1 2.70 ∙ 1020 6.0 ∙ 1021 -0.59 236 

Ta5a 7.99 ∙ 1020 1.0 ∙ 1021 -0.59 133 

Ta5b 3.76 ∙ 1019 6.8 ∙ 1020 -0.61 290 

Ta5c 8.61 ∙ 1020 1.1 ∙ 1021 -0.55 83 

Ta5d 8.98 ∙ 1020 7.9 ∙ 1020 -0.58 98 

Ta10 1.76 ∙ 1021 1.5 ∙ 1021 -0.54 20 

FTO (ref) 3.77 ∙ 1020 a6.5 ∙ 1021 a-0.30 6 
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