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Dominant role of OH− and Ti3+ defects on the electronic structure 
of TiO2 thin films for water splitting† 

Maria Isabel Mendoza Diaz,a Andrea Balocchi,b Kolade A. Oyekan,c Kui Tan,c William G. 
Vandenberghe, c Alain Estevea and Carole Rossi*a 

Anatase/rutile consituted TiO2 thin films were prepared by sputter-deposition, and the influence of post-annealing step with 

a narrow window at 200 °C, revealed a gaining factor of 5 in the H2 production. An in-depth analysis of the photocatalytic 

performance revealed the dominant role of intermediate states, rather than the hetero-crystalline nature and mesoscale 

structure. Structural, chemical and optical investigations based on scanning electron microscopy, x-ray diffraction, x-ray 

photoelectron spectroscopy, UV-visible spectroscopy and photoluminescence supported by ab-initio calculation, correlated 

the H2 production with the dual presence of OH− and Ti3+ defects in the form of titanium interstitial atoms. In addition, 

steady-state photoluminescence measurements determined the chemically active role of ethanol, commonly used as a hole 

scavenger, into inducing deep hole traps upon dissociation on the surface. These results give new directions for the design 

of TiO2 based photocatalytic systems for light-driven H2 production through water splitting, guided by a detailed description 

of defects present on the electronic structure and their chemical identification.

1. Introduction 

The conversion of solar energy into hydrogen (H2) is an 

attractive route to allow sustainable and clean energy 

production.(1,2) Uniquely driven by sunlight, the photocatalysis 

can dispense with the use of an external electric field source, 

electrode or electrolyte.(3–6) The most important challenge is 

to match the transport and lifetime of photo-induced carriers 

with the chemical processes that drive the water splitting at the 

photocatalyst surface. Ideally, a semiconductor should absorb 

over a broad spectral range in order to operate under solar light 

irradiation. In addition, the conduction (CB) and valence bands 

(VB) should straddle the water redox potential, i.e. 1.23 eV at 

pH = 0. In this context, titanium dioxide (TiO2), despite of its 

wide band gap (3 - 3.2 eV) and high carrier recombination, still 

remains a benchmark photocatalyst with high stability, low cost, 

and low toxicity, all fitting with industrial requirements.(1) The 

photocatalytic activity of TiO2 has been reported to depend 

strongly on both its nanoscale morphology and crystalline 

structure, where a mixed anatase/rutile structure with a 

dominant anatase phase has proved to exhibit higher 

photocatalytic activity than the pristine ones.(6–9) Such 

properties have been fully investigated for different fabrication 

techniques such as TiO2 synthesized powder,(2) sol-gel chemical 

synthesis,(10) vapor deposited films by sputtering(3) or atomic 

layer deposition technique.(4) In addition, post-processing 

treatments such as thermal-annealing,(11) UV-photon 

irradiations and electrochemical reduction(12) have been 

reported to modify the crystalline structure, but also, the 

optical and electronic properties by the creation of localized 

defects.  

It has been found that the presence of either intrinsic 

defects or extrinsic impurities in nano-TiO2 materials can induce 

intrinsic intermediate gap states which are found to play a 

decisive role determining the charge carrier kinetics.(12) Among 

these defects, oxygen vacancies (Vo) and Ti interstitials (Ti(i)) 

are considered the predominant and more common in TiO2. 

Photoluminescence (PL) spectroscopy, is a powerful technique 

for studying the radiative recombination between 

photogenerated charge carriers, occurring in a few tenths to 

hundreds of nanometers below the semiconductor surface.(13) 

Furthermore, PL emission has been reported to elucidate the 

presence of intermediate states and of the over-all energetic 

distribution on nanocrystalline TiO2 materials.(5–9,14–16) 

Interestingly, Knorr et al.(17) reported two well-defined PL 

bands in the visible at ~520 nm and ~650 nm for films composed 

of anatase particles; and, a very defined near IR emission for 

rutile. These emissions were assigned to distinct transitions of 

trapped electrons (associated to Vo) and trapped holes, which 

revealed carrier interphasial electron transport for a mixed 

anatase/rutile heterostructure. More recently, Mascaretti et 

al.(16) proposed a slightly different interpretation of the two PL 

signatures, where the green PL transition was assigned to hole 

traps induced by oxygen-based radicals; and the red PL 

transition, was related to electron traps associated to coupled 

Vo and Ti3+ sites. Thus, TiO2 literature lacks a well-established 

consensus on the PL processes and about the nature 

identification of the intermediate states involved in the 

radiative transitions, which we propose to address in this paper 

by using Density Functional Theory calculations (DFT). In 

addition, PL studies have not yet addressed the role of the 

energetic trap states located in the band gap in relation to the 

water splitting reaction at the TiO2 surface/aqueous solution 

interface.  One first limitation comes from the fact that PL 

properties vary highly with the material elaboration technique. 

Second, while PL characterization permits to gain insights on the 

radiative recombination that take place on the nanocrystalline 

TiO2, rather than an in-depth analysis of type and concentration 

of defects present, such as the Vo or Ti3+. Third, to the best of 
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our knowledge, a specific description of the role of defects and 

in terms of their detailed chemical nature and concentration of 

oxygen vacancies, Ti interstitials, Ti3+ sites, and hydroxyl radicals 

(OH−), on H2 production through water splitting, which 

represents a crucial step for the design of photocatalytic 

systems, has never been reported. 

The purpose of the present work is to elucidate the 

mechanisms of water photoreduction by a characterizing the 

type and nature of defects on TiO2 thin films and their role on 

the H2 production rate from the viewpoint of the electronic 

structure. We consider nanostructured anatase/rutile TiO2 thin 

films prepared by sputter-deposition, exhibiting different 

activities in direct water splitting experiments based on 

different types and quantity of defects induced by thermal 

treatments. The paper discusses these performances in relation 

to basic TiO2 properties, including structural, morphological, 

optical, and chemical properties leading to a rationale of their 

impact on photocatalysis. An in-depth understanding on their 

defect states is addressed by performing PL experiments and 

DFT calculations considering: i) the effect of post-deposition 

thermal treatments in reducing atmosphere; and ii) the 

selective scavenging of photogenerated charges to localize the 

gap states and chemical nature of the most pertinent defects 

that correlate with water splitting photo-activity. 

2. Experimental 

2.1 TiO2 films deposition. Physical vapor deposition (PVD) of TiO2 

was conducted by direct current magnetron sputtering of a Titanium 

target (99.999% purity) on silicon and quartz substrates. Before 

loading, substrates were cleaned by O2 plasma. Pressure of the 

chamber was 8 × 10-8 Pa. A gas mixture of 40% O2 and 60% Ar 

(99.9999% purity each) was set with a pressure of 1.07 Pa. DC power 

of reactive plasma was 1200 W. The deposition cycles were adjusted 

to obtain a film with a thickness of 270 nm chosen in coherence with 

previously reported study (3). Annealing treatments were conducted 

for three samples at 200, 550 and 700 °C in an inert atmosphere (N2 

99.9999% purity flow 2 l min-1). The heating ramp of 5 °C min-1 and 

the annealing time 1 h. 

2.2 Experimental characterization. The morphological and 

structural analyses were performed by scanning electron microscopy 

(SEM, S-4800, Hitachi), high resolution transmission electron 

microscopy (HRTEM , JEOL 2100F) with detector STEM HAADF (JEOL) 

and EDS SDD detector (Ultim-Max) in TEM, HRTEM and diffraction 

modes; atomic force microscopy (AFM, Dimension ICON, Bruker) and 

grazing incidence X-ray diffractometry (GI-XRD, Bruker D8 Discover 

system). Residual stress was measured by mechanical profilometry 

(KLA Tencor, P17). Photocatalytic experiments were carried by gas 

chromatography (GC, Perkin-Elmer Clarus 580) to measure the H2 

production rate. Samples were placed into a quartz reactor (60 mL) 

filled with an aqueous solution (10 mL, DI water and 35% v/ v ethanol 

Technic, 99.9% purity, CAS: 64-17-5) under Ar atmosphere. Sample 

were irradiated by a Xenon light lamp (Cermax® PE300B-10F) with a 

spectral region of 300 to 1100 nm. The hydrogen evolution rate was 

normalized with respect to the light flux received by the sample, 

corrected for the UV absorption and calculated after 24 h of 

irradiation. Optical properties were studied by UV−Vis spectroscopy 

(PerkinElmer Lambda 650 UV−Vis spectrometer), for which samples 

were deposited on quartz; and by X-ray photoelectron spectroscopy 

(XPS, PerkinElmer, PHI System) performed at room temperature with 

an Al Kα (1486.6 eV) X-ray source at a residual gas pressure < 3.99 × 

10–7 Pa chamber pressure, and using a 16-channel detector with a 

hemispherical analyzer. Electron Microprobe analysis (EMP, Cameca 

SXFive FE microprobe) was operated at low voltage (7 kV) for a sub-

µm X-ray generation volume, measurements were obtained by 

setting the probe depth in a range of 228.1 to 256 nm from the 

surface to the bulk of the film.  Atomic composition of the films was 

obtained using a quantitative analysis by comparing the intensities 

of the characteristic X-rays for elemental O and Ti with the respective 

intensities of standard natural minerals. Photoluminescence spectra 

were recorded at room temperature on a custom-made set-up. The 

excitation was provided by a frequency-doubled picosecond 

Titanium:Saphire laser (Spectra Physics, Tsunami) at λ = 355 nm (1 

mW average power, 1 ps pulse duration and 80 MHz repetition 

frequency). The luminescence spectrum was dispersed by a 500 mm 

focal length imaging spectrometer (Princeton Instrument, Acton 

2500i) and its intensity recorded with a silicon UV-enhanced, liquid-

nitrogen-cooled charge-coupled device detector (Princeton 

Instrument, Pylon Excelon 400). Measurements in ethanol and 

vacuum, were performed in a quartz cuvette and in a in a cryostat 

connected to a diaphragm pump, respectively. 

2.3 Computational details. Spin-polarized DFT calculations were 

performed using the generalized gradient approximation (GGA) with 

the Perdew-Burke-Ernzehof (PBE)(18) exchange-correlation 

functional as implemented in the Vienna ab-initio Simulation 

Package (VASP).(19–22) Projector augmented waves (PAW) 

pseudopotentials were employed to describe ion-electron 

interactions,(23,24) and the electron wave functions were expanded 

in terms of plane wave basis sets, with a kinetic energy cutoff of 400 

eV. Wavefunctions were optimized until the change in total energy 

was less than 10-6 eV. We employed Grimme’s DFT-D3 method to 

include dispersion contributions to the energy values.(25) The 

anatase (101) supercell, with lattice parameters a = b = 3.8073 Å and 

c = 9.7318 Å(26,27) was built using a vacuum of 10 Å between 

anatase slabs along the direction normal to the surface 

(Supplementary Information Figure S6-1). The 1 × 3 supercell 

surface contains a total of 108 atoms, and the bottom layer of TiO2 

was held fixed while all other atoms were allowed to relax in all 

directions during minimization of the total energy. The Brillouin zone 

was sampled at the gamma point. The density of states calculations 

where performed using the DFT+U method. Several model surfaces 



 

 

Please do not adjust margins 

have been generated to include a series of defects and adsorbed 

species as detailed in the Supplementary Information S6. 

3. Results and discussion 

3.1 Structural and morphological characterization 

TiO2 films were deposited on silicon substrates and annealed at 

200, 550 and 700 °C, hereafter named T-AD (as-deposited), T-

200, T-550 and T-700, respectively. The effect of the annealing 

temperature was analyzed by GI-XRD to investigate the changes 

of phase structure. Figure 1a displays the XRD patterns of the 

films. T-AD sample shows the characteristic peaks of PVD 

polycrystalline TiO2 at 2θ = 25.37, 37.89, 38.72, 48.22, 53.88, 

53.30, 62.77 and 70.42° corresponding to the anatase planes 

(101), (004), (112), (200), (105), (211), (204) and (215); (3,28) 

and at 2θ = 27.42, 54.37 and 68.93°, corresponding to the rutile 

planes (110), (211) and (301),(29,30) respectively. Both 

structures were confirmed with COD database, patterns 

number 1010942 and 9009083, for anatase and rutile, 

respectively. No peaks related to impurities are observed. Upon 

annealing at 200 °C (T-200), the intensities of the peaks 

corresponding to the anatase planes (101), (004), (112), (105) 

and (211), increase with respect to the as-deposited film (T-AD); 

and a further increase is observed by annealing at 550 °C (T-

550). However, by annealing at 700 °C (T-700), the intensities of 

the anatase peaks become weaker, while the peaks associated 

to rutile planes (110), (211) and (301), increase notably. 

Subsequently, new rutile peaks also appeared at 2θ = 36.10 and 

44.17°, associated to (101) and (210) planes, respectively. The 

major change is observed in the intense narrow peaks located 

at 2θ = 25.37 and 27.42° that correspond to tetragonal anatase 

plane (101) and rutile plane (110). For T-AD, the ratio of the 

intensity anatase (101) peak with respect to rutile (110) is 3.5; 

and it increases up to 3.7 and 4.2 by annealing at 200 (T-200) 

and 550 °C (T-550), respectively. Upon annealing at 700 °C (T-

700), this ratio decreases drastically to 0.3. In order to quantify 

the composition of each crystalline phase, the percentage 

composition of rutile was estimated using Equation 1: 

[R]  % = 1/(1 + 0.884 
𝐼𝐴

𝐼𝑅
⁄  ) × 100                        (1) 

Where IA and IR correspond to the area of the anatase (101) 

and rutile (110) peaks, respectively. The number 0.884 is a 

scattering coefficient. Therefore, the anatase composition is 

equal to [A] = 100 – [R].(31) Results reported in Table 1 show 

that anatase phase dominates the film structure for the T-AD 

with 60.58% and, it increases almost linearly by annealing at 200 

°C and furthermore to 71.36% at 550 °C. Inversely, by increasing 

the thermal treatment up to 700 °C, the anatase phase 

transforms greatly into rutile: 71.36% of rutile.  

The crystallite diameter of anatase and rutile was also 

estimated by using the Scherrer’s formula (Supplementary 

Information S1).(32) As reported in Table 1, the crystallite 

diameter of anatase does not change notably upon annealing, 

with 21.00, 17.11, 25.52 and 21.96 nm for T-AD, T-200, T-550 

and T-700, respectively. In contrast, rutile crystallite exhibits 

minor changes by annealing at 200 °C, with relatively small 

crystallite diameters (6.95 and 5.53 nm, for T-AD and T-200). 

Moreover, a noticeable increase is observed at higher 

temperatures (13.55 and 24.66 nm, for T-550 and T-700). These 

results demonstrate that both crystalline structures are present 

in the polycrystalline films where anatase is the predominant 

phase even when films are annealed to 200 and 550 °C. 

The morphology of the cross-section was observed by TEM, 

Figure 1b-inset shows an HAADF-STEM image of the cross-

section of T-AD exhibiting the characteristic columnar growth of 

TiO2 deposited by PVD. Next, high-resolution images were 

obtained from the grains, the HRTEM image (Figure 1b) displays 

a d-spacing of 0.35 and 0.23 nm that agree well with the 

reported spacing for the (101) and (004) lattice planes of 

anatase; and a d-spacing of 0.24 nm, ascribed to the (101) 

lattice planes of rutile.(15,33) Also Moiré fringes where found 

repeatedly (Supplementary Information S1 Figure S1-1), which 

have been reported for the combination of lattice fringes of 

anatase and rutile.(34) The selected area electron diffraction 

(SAED) image (Supplementary Information Figure S1-1) 

corroborated the polycrystalline structure of the film as well as 

the d-spacing identified for anatase and rutile by HRTEM. 

Surface morphology was observed by SEM. In agreement 

with XRD and TEM results, the polycrystalline surface is 

composed of grains (see Figure 1c-f) with well-defined 

boundaries and faceted shape of the columnar morphology for 

TiO2 deposited by PVD.(3) Average grain size and average pore 

size are reported in Table 1 as AGS and APS (details in 

Supplementary Information Figure S2-3). Upon annealing at 

550 °C the morphology remains almost unchanged, indicating a 

Fig. 1 (a) GI-XRD patterns TiO2 thin films deposited by PVD on silicon (anatase and rutile 

crystalline planes identified), (b) High-resolution TEM image of T-AD for selected square 

in inset (inset: TEM image showing columnar morphology). SEM images of (c) T-AD, (d) 

T-200, (e) T- 550 and (f) T-700 (the arrows indicate pore locations).
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Table 1. Crystalline structure and dimensions of crystallite, grains, and pores of TiO2 thin films deposited on silicon. 

A and R denote anatase and rutile, respectively. 

[1] Calculated with Scherrer formula from XRD patterns. 

[2] Average grain size measured by SEM. 

[3] Average pore size measured by SEM. 

[4] Average stress measured by profilometry. 

 

negligible effect of the temperature on the film morphology; 

yet, the grains and pores size decreases slightly, from ~32 to 29 

nm and ~8 to 6 nm, for AGS and APS, respectively; leading to a 

more compact structure. However, by annealing at 700 °C, AGS 

increases notably to 59 nm. Likewise, APS doubles. Note that 

some big grains in T-700 show the remaining embossed grain 

boundaries of the individual merged grains. Surface roughness 

was calculated by AFM mapping over 1 μm2 area. The calculated 

roughness is 4.21, 4.21, 4.29 and 5.44 nm for T-AD, T-200, T-550 

and T-700 samples, respectively. 2D and 3D images are shown 

in Supplementary Information Figure S1-4.  

These observations confirm the XRD analysis, where up to 

550 °C, anatase structure dominates the composition and its 

respective crystallite diameter does not change significantly, 

except a slight densification of the film, whereas at 700 °C, a rich 

rutile phase is obtained with a marked bigger crystallite and 

pore sizes. The structural changes affect the homogeneity of the 

film and can be correlated with internal stresses accumulated 

during the film growth. The average tensile stress values are 

shown in Table 1 and Table S2 (calculation details in 

Supplementary Information S1). The residual stress increases 

with temperature. Yet, even if the dominant phase changes to 

rutile upon annealing at 700 °C, the residual stress caused by 

annealing from 550 to 700 °C is small, whereas a drastic change 

is observed by annealing from 200 to 550 °C (315.50 to 605.50 

MPa). This increase of the tensile stress can be ascribed to the 

change in the film microstructure.(35) 

 

3.2 Photocatalytic activity 

H2 production through photocatalysis represents a sustainable 

solution since it can be obtained through solar energy and 

biomass derivatives, such as methanol, ethanol, and sugars; 

these are considerate renewable products as they can be 

produced from biomass resources i.e., energy plants, industrial 

wastewaters, as well as plastic waste.(36,37) Among these 

derivates, ethanol is readily produced from alcoholic 

fermentation of cellulose, and starch(38) and is known as a 

model hole scavenger as it has been reported to enhance the 

hydrogen evolution reaction of TiO2.(15,39) Hence this study 

uses a water-ethanol solution is used for the gas 

chromatography characterization, the H2 production rates for 

each TiO2 sample is presented in Figure 2. As supplement, 

temporal H2 evolution is provided in Supplementary 

Information Figure S2. Except for the sample annealed at 200 

°C, with 2.0 µmol W-1 h-1, all other films production rate is below 

0.4 µmol W-1 h-1. T-200 exhibits a 4.6 enhancement factor 

compared to the reference sample T-AD. This suggests a very 

narrow annealing pathway in order to optimize the TiO2 water 

splitting performance. Note that at this stage, the linear 

increase of anatase structure with the temperature up to 550 °C 

does not coincide with the H2 production enhancement. 

Importantly, this indicates that the nanoscale surface 

morphology and structural composition are not the 

determinant factors in maximizing the TiO2 water splitting 

process, pointing to the potential role of the TiO2 

surface/subsurface chemical states. In the next sections, an in-

depth study of the effect of the thermal annealing on the TiO2 

Sample Crystalline structure Crystallite diameter [1] 

(nm) 

AGS [2] (nm) APS [3] (nm) Average Stress [4] 

(wt%) Err. (MPa) Std. Dev. 

T-AD 60.58 (A), 39.42 (R) 5.12 10-5 21.00 ± 0.14 (A),  

6.95 ± 0.05 (R) 

32.0 ± 0.9 8.8 ± 0.5 191.0 7.46 10-8 

T-200 66.36 (A), 33.64 (R) 5.12 10-5 17.11 ± 0.11 (A),  

5.53 ± 0.04 (R) 

30.4 ± 0.8 6.3 ± 0.3 315.5 7.78 10-8 

T-550 71.36 (A), 28.64 (R) 5.12 10-5 25.52 ± 0.17 (A),  

13.55 ± 0.09 (R) 

29.2 ± 0.7 6.6 ± 0.4 605.5 8.24 10-8 

T-700 21.63 (A), 78.37 (R) 5.02 10-5 21.96 ± 0.15 (A),  

24.66 ± 0.16 (R) 

59.1 ± 2.0 15.6 ± 0.7 638.3 7.76 10-8 

Fig. 2 Normalized H2 production rate of TiO2 thin films under UV+vis irradiation.
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Table 2. Details of EMP measurements and XPS Ti 2p and O 1s spectra of TiO2 thin films. 

[1] Calculated with electron microprobe analysis (EMP). 

[2] High energy (HE) and low energy components (LE) of O 1s XPS spectra. 

[3] Calculated with XPS spectroscopy. 

[4] Relative to Fermi level. 

films will be conducted by chemical, optical and theoretical 

studies to shed light on its relationship with the photocatalytic 

activity results. In order to establish a hierarchy of the potential 

contributions, the TiO2 stoichiometry (surface and bulk), defect 

presence, their electronic structure and chemical nature 

identification is analyzed next. 

 

3.3 Chemical characterization 

Table 2 reports bulk and surface chemical nature and oxidation 

states upon annealing. While a TiO2.0 bulk stoichiometry is 

expected, at least for the as-deposited sample, PVD deposition 

led to slightly higher oxygen atomic ratio in all samples. Yet, T-

AD and T-200 have the highest oxygen content with TiO2.07 and 

TiO2.08 stoichiometry, respectively. Consistently, by annealing 

above 550 °C the process reduces slightly the films, resulting in 

a stoichiometry stabilizing at 2.02 for both T-550 and T-700. 

Figure 3a-d shows the deconvoluted Ti 2p core-level XPS 

spectra. The two distinct peaks corresponding to Ti 2p3/2 and 

2p1/2 are present in all the samples (see binding energies in 

Supplementary Information Table S3). Both peaks are 

dominated by the Ti4+ oxidation state component, located at 

459.16 and 464.90 eV in T-AD; with a minor presence of the 

reduced Ti3+ species component, located at 457.72 and 463.32 

eV in T-AD. Upon annealing, a slight shift to lower energies of 

both Ti 2p2/3 and 2p1/2 peaks is observed. This has been 

associated to the presence of Ov defects.(40) To analyze the Ti4+ 

and Ti3+ components, gaussian deconvolution was carried out. 

From the Ti3+/Ti4+ ratios reported in Table 2, it is clear that T-

200 presents the maximum number of Ti3+ species (4.6 10-2 

ratio), followed by T-700 (4.2 10-2 ratio). 

The presence of Ti3+ sites is commonly associated with the 

formation of Vo,(41,42) resulting in surface excess charge in the 

form of localized Ti3+ sites with an unpaired electron.(43) Jin et 

al.(44) showed that annealing in inert atmospheres can induce 

the removal of oxygen atoms creating a lone pair of electrons 

neighboring two Ti4+ sites, which are then oxidated to Ti3+. This 

was also documented by Sajines et al.(45) who states that by 

removing an oxygen atom, two adjacent titanium atoms 

become fivefold coordinated. Therefore, the Ov is negatively 

charged in order to maintain the local charge neutrality. This 

charge is shared by the two adjacent titanium atoms changing 

its oxidation state from Ti4+ to Ti3+. Note that Ti3+ species can 

also be attributed to Ti(i), as Finazzi et. al.(46) demonstrated 

when a Ti(i) is located in a host crystal, it spontaneously 

transforms into a Ti3+ ion with a single electron localized, 

surrounded by a polaronic distortion which favors its 

Samples O / Ti bulk 

atomic ratio [1] 

Ti3+ / Ti4+ 

ratio 

O1s HE / LE [2] 

ratio 

O / Ti surface 

atomic ratio [3] 

VBE (eV) [4] 

T-AD 2.07 ± 4.8 10-3 3.04 10-2 ± 2.1 10-6 0.96 ± 1.1 10-4 1.92 ± 2.0 10-3 2.85 ± 5.0 10-3 

T-200 2.08 ± 3.5 10-3 4.64 10-2 ± 4.0 10-4 1.14 ± 1.1 10-4 1.91 ± 2.6 10-3 2.69 ± 5.0 10-3 

T-550 2.02 ± 3.4 10-3 2.77 10-2 ± 2.5 10-4 0.59 ± 2.9 10-5 1.80 ± 2.2 10-3 2.89 ± 5.0 10-3 

T-700 2.02 ± 3.2 10-3 4.16 10-2 ± 3.9 10-4 0.62 ± 3.0 10-5 1.77 ± 2.3 10-3 2.58 ± 5.0 10-3 

Fig. 3 Ti 2p and O 1s XPS core level spectra of TiO2 thin films (a, b) T-AD, (c,d) T-

200, (e, f) T-550 and (g,h) T-700.
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localization; whereas the remaining electrons of Ti3+ are 

distributed on the titanium ions of the lattice with a small 

exchange interaction. However, XPS characterization does not 

allow to clearly differentiate the origin of Ti3+ species (i.e., due 

to Vo or Ti(i) formation). However, the increased intensity of Ti3+ 

species in T-200 and T-700 samples, denotes a higher density of 

defects which contrast with the structural characterization and 

photocatalytic activity, where both samples show remarkedly 

dissimilar characteristics. 

The O 1s core-level XPS deconvoluted spectra (Figure 3) 

exhibit two defined components in all samples, the first at high 

energy (noted HE), commonly assigned to weakly adsorbed 

oxygen species in the form of hydroxyl groups (−OH) or 

bounded to carbon (−C) (as contaminants) and/or lattice oxygen 

atoms bounded to undercoordinated titanium atoms, making it 

an indirect signature of Vo.(40) And, the second component at 

lower energy (noted LE) is ascribed to the metal oxide bond, in 

this case the O−2 bound to Ti+4. In T-AD these components are 

located at 532.8 and 530.3 eV, respectively.  

A shift of the HE component (OH−, O−C) to lower binding 

energies is seen for T-550 and T-700, decreasing from ~532.6 to 

~531.6 eV; whereas the LE component (O−Ti) remains at ~530 

eV for all the samples. Components associated with −OH groups 

may also be influenced by defects created by thermal 

treatment.(45) Within the HE component, the OH− species 

position has been located at 532.2 eV.(10,47) Note that surface 

bound OH− radicals have been found to generate hole traps,(42) 

which will be discussed later in the paper. The HE / LE ratio 

(Table 2) points out a higher content of OH− radicals for low 

temperatures samples, notably T-200, followed by T-AD, which 

decreases upon annealing above 550 °C. This suggests that the 

presence of such species in T-200 is related to intermediate 

states within the band gap possibly improving the charge 

transfer. 

Regarding the surface stoichiometry, the O/Ti atomic ratio 

reported in Table 2, was calculated from the XPS core level 

spectra (calculation details in Supplementary Information S3). 

Contrary to the atomic ratio of the bulk obtained by EMP, all the 

samples exhibit a lower oxygen content on the surface, even 

below the expected TiO2.0 stoichiometry. Interestingly, T-AD 

presents the most stoichiometric surface with TiO1.92, which 

decreases consistently upon increasing the annealing 

temperature until TiO1.77 for T-700. 

In summary, thermal annealing above 550 °C affects notably 

the surface stoichiometry, exhibiting a highly reduced surface, 

whereas the bulk stoichiometry remains closest to TiO2.0. This 

can be related to H2 production results, where samples T-200 

and T-AD exhibit the best performances. T-AD and T-200 

samples present a similar stoichiometry: the surface 

composition is the closest to TiO2.0, whereas the bulk presents 

a richer oxygen content, (higher atomic content compared to T-

550 and T-700). Yet, T-200 sample which exhibits the best H2 

production yield, possess a higher density of defects associated 

to Ti3+ and OH− species, both pointing to the dominant role of 

surface defects. In order to investigate further on these defects 

in relation to the photocatalytic activity, optical 

characterization (UV-vis and PL) and first principles calculations 

are discussed in the next sections. 

 

3.4 Optical properties and electronic structure 

Transmittance spectra was used to calculate the optical band 

gap (Eop) and Urbach energy (Eu) of the different samples 

(Supplementary Information S4). The values plotted in Figure 

4, range from 3.28 to 3.38 eV and 165.07 to 205.80 meV, for Eop 

and Eu, respectively. The indirect band gap values for TiO2 

reported in literature for anatase and rutile are 3.2 and 3.0 

eV.(48) This could explain the higher Eop calculated for T-200 

and T-550, since they have a higher content of anatase; 

consequently, T-700 has a lower Eop since the dominant phase 

is rutile. The Urbach energy is closely related to the structural 

disorder in the band gap since it is determined by the width of 

the band gap tails, which are formed due to the presence of 

defect states in the band gap.(49) Note that the T-200 optical 

band gap is wider than that of T-AD by +0.03 eV. Also, the 

structure disorder is relatively high in T-200 (Eu = 189.24 meV), 

which suggests the presence of intermediate states in the band 

gap. Upon annealing at 550 °C the Urbach energy is the lowest, 

but the optical band gap is the widest. These results contribute 

to elucidate the difference between these two samples, since 

both samples have a similar structure in terms of anatase to 

rutile ratio, and a similar morphology; yet the photocatalytic 

activity drops dramatically for T-550. This is also in coherence 

with XPS analysis, indicating that upon annealing at 200 °C, 

more defective sites are induced, that contribute somehow to 

the water splitting reaction. 

The valence band edge (VBE) can be obtained from the low 

energy range of the XPS spectrum (spectra in Supplementary 

Information Figure S4-3), this allows to precisely locate the 

conduction band edge (CBE). By using the VBE and the 

calculated Eop and the fermi level (EF = 0), CBE was calculated to 

be at 0.49, 0.68, 0.49 and 0.77 eV above the EF for T-AD, T-200, 

T-550 and T-700, respectively. These values are in coherence 

with the reported n-type nature of TiO2.(16) 

In order to locate the intermediate states in the band gap, 

PL measurements were carried out. Figure 5 shows the spectra 

recorded in vacuum. Two clear signals are present in samples T-

Fig. 4 Variation of the optical band gap and Urbach energy of TiO2 films deposited 

on quartz. Data obtained from transmittance spectra. Eu error bars range from 0.04 

to 0.06 meV.
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AD, T-200 and T-550, located at ~425 and ~530 nm, which 

hereafter will be named blue and green PL, respectively. Upon 

increasing the annealing temperature above 550 °C, the 

intensities decrease. At 700 °C the blue and green PL signals are 

completely quenched, and a minor band appears at 450 nm. The 

quenching is ascribed to the rich rutile composition of T-700, 

whose characteristic PL signals are in the near-IR region.(17) 

The blue PL is well defined in T-AD and T-200 compared to 

T-550 which features broader bands. Even though these 

samples and T-550 have a rich anatase composition, they 

exhibit a very different PL spectrum. Therefore, the blue and 

green PL signals cannot be mainly assigned to the anatase rich 

structure. Interestingly, the relative intensity of the blue to 

green PL bands is higher for T-AD and T-550, while for T-200 is 

the opposite. PL responses have been reported in a similar 

range, from 400 to 800 nm, but with one single broad 

component for anatase films annealed above 500 °C composed 

of particles(8) or deposited by pulsed laser deposition.(16) A PL 

feature similar to green PL centered at ~550 nm, was also 

obtained for sol-gel nanostructured anatase with a small 

portion of brookite; and it was assigned to Vo, which are 

ascribed to displacements of the oxygen atoms position in the 

bond lengths (Ti–O) creating a degree of structural disorder.(10) 

Furthermore, for anatase films, two defined PL bands have been 

reported: a green component at ~520 nm, assigned to 

recombination between electrons in the CB and deeply-trapped 

holes; and a red component at ~650 nm, assigned to the 

recombination between holes in VB and deeply-trapped 

electrons. Yet for a mixed anatase/rutile phase, the second 

radiative transition was quenched.(26) 

Moreover, the band to band transitions are not present in 

the PL spectra, since the signals are located at lower energy 

than the calculated Eop (< 3.34 eV in T-AD). Hence, the PL bands 

can be assigned to intermediate states located in the band gap. 

Based on the most recent studies,(8,16) the blue PL signal is 

attributed to the recombination of electrons in the CB with hole 

traps located in the band gap, whereas, the green PL signal is 

attributed to the recombination of deep trapped electrons with 

holes in the VB, which will be demonstrated later by steady-

state PL measurements by exposing the samples to scavenging 

agents. Importantly, a direct correlation can be presumed 

between the enhanced photocatalytic activity, i.e. the H2 

production of samples T-AD and T-200, and the presence of 

intermediate states associated with Ti3+ and OH− species. 

Indeed, studies reported that the introduction of Ti3+ species 

accompanied by high Vo concentration leads to the formation 

of defect states with energies of 0.75 to 1.18 eV below the CB; 

hence, since these energies are closer to the CB, these defects 

states act as electron traps.(50) On the other hand, OH− radicals 

are related to the presence trapped holes as mentioned 

previously.(42) 

The next study will focus on T-AD and T-200 samples, which 

shown notable intensities of the PL bands and a high 

concentration of defects, notably Ti3+ and OH− species. Yet, it is 

necessary to corroborate the assignation of the radiative 

recombination to specific electron or holes traps. This will be 

addressed in the following section by steady-state PL 

measurements conducted in different scavenging media (air 

and ethanol) in order to elucidate the quenching of specific 

transitions. Based on the later, the next two sections are focus 

on T-AD and T-200 samples, which shown notable intensities of 

the PL bands and a high concentration of defects according to 

XPS. In Section 3.5, the PL radiative recombination will be 

assigned to specific electron and hole traps. This will be 

addressed by PL measurements conducted with scavenging 

agents of holes and electrons separately. Next, in the final 

section, the traps will be correlated to the surface and 

subsurface defects and the stoichiometry findings. 

 

3.5 Identification of intermediate states by PL with 

scavenging agents 

Air and ethanol were used in steady-state PL measurements to 

elucidate the quenching of specific transitions. While oxygen 

present in air can scavenge electrons from the CB, ethanol is 

known to be an efficient hole scavenger. Therefore, if the 

Fig. 5 Photoluminescence spectra excited at 355 nm in vacuum of TiO2 thin films. 

Blue and green PL bands signals assigned to the recombination of electrons in the 

CB with hole traps, and to deep trapped electrons with holes in the VB. 

Fig. 6 Photoluminescence spectra excited at 355 nm of TiO2 thin films T-AD and T-

200 in different media. Blue lines: air, green: ethanol; and black: vacuum. Upper 

plots: normalized to green PL band, bottom: normalized to blue PL band.
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intermediate states exist, the photogenerated charges 

(electrons or holes) will be trapped at these localized states and 

will not take part to the radiative recombination. Upon air 

exposure (Figure 6 blue plots), the blue PL intensity in T-AD 

sample is quenched from 1 to 0.5 a.u., meaning that oxygen 

scavenges the electrons on the CB, thus quenching the signal 

associated to recombination of CB electrons with hole traps. In 

contrast, the blue PL intensity of T-200 in air decreases just from 

0.75 to 0.70 a.u, and it shifts to slightly higher wavelengths, 

meaning that a recombination within the band gap with a lower 

energy remains active under air. This could be attributed to the 

presence of shallow electron traps below the band gap where 

electrons are trapped after excitation before recombining with 

the hole traps. Next, the green PL remains at the same 

wavelength upon air exposure in both samples, this is 

consistent with the presence of deep electron traps that 

prevent the electrons from being scavenged by oxygen, and 

subsequently undergo recombination with holes in the VB. 

Experiments have identified the presence of deep electron 

traps for intermediate states located around 0.75 – 1.00 eV 

below the CBE.(16) Therefore, by using the calculated Eog, the 

green PL for T-200 with an energy of ~2.32 eV (530 nm), which 

accounts for the recombination of trapped electrons with holes 

in the VB, indicates that the electron traps are located at 1.0 eV 

below the CB, hence evidencing its role as deep electron traps. 

In addition, the blue PL (~2.92 eV) which accounts for 

recombination of trapped holes with electrons, determines the 

position of the electron at traps located at -0.44 eV below the 

CB for T-200 (-0.39 for T-AD). This corroborates the shallow 

electron traps in both samples, such traps have been correlated 

to titanium ions in the lattice, which are characterized by a small 

interaction within the lattice, compared to Ti3+; therefore do not 

affect greatly the total stability.(46) As explained in Section 3.3, 

the titanium ions in the lattice are originated by the donated 

electrons of the reduced Ti3+ species induced by Ti(i). In order 

to avoid misinterpretation of the bands associated to the 

radiative recombination at the TiO2/ethanol interface, PL 

spectra of ethanol was recorded in order to identify its 

characteristic PL response (Supplementary Information Figure 

S5). The spectra of the films in ethanol (Figure 6 green plots) are 

normalized with respect to the blue PL, as it is the most stable 

band and not affected by scavenging. As expected, the green PL 

of T-AD sample is quenched, since ethanol scavenges the holes 

in the VB, eliminating the possibility of radiative recombination 

with trapped electrons. In T-200, the green PL is mildly 

quenched by comparison with vacuum, this indicates that the 

holes in the VB are partially scavenged. This could be explained 

by the presence of holes in deep traps which cannot be 

scavenged by ethanol. 

The green PL signal shifts to higher energies (+0.12 eV), 

positioning the radiative emission at ~506 nm (Cyan PL). After 

considering the recombination of holes positioned at these 

traps with electrons located in shallow traps below the CB, the 

Cyan PL is associated to deep hole traps. It has been reported 

that deep holes traps are chemically equivalent to surface-

bound OH− radicals which have been proposed as an important 

intermediate in the oxidation reaction of the water splitting 

process by various authors.(42) This agrees with the XPS results 

where the T-200 exhibits the highest HE/LE O 1s ratio, plus the 

position of the HE component is assigned to OH− radicals. To 

shed more light in the identification of the defects that are 

associated with the observed radiative recombination, DFT 

calculations are performed on model surfaces screening the 

defects under consideration in the present paper. 

 

3.6 Chemical defects correlation to intermediate states by 

DFT 

Density of states (DOS) of a stoichiometric 1 x 3 anatase (101) 

slab (pristine slab) with specific defective model surfaces were 

performed to elucidate the creation of intermediate states. The 

scheme of the slab anatase structures are shown in 

Supplementary Information S6. The DOS shows the CB and VB 

well defined on the right and left extremes, respectively, on the 

energy axis. Figure S6-1 (see Supplementary Information S6) 

shows the DOS of the pristine slab, where no intermediate 

states are observed in the band gap. As mentioned in the 

previous sections, Ti3+ species are correlated of Ti3+ sites 

coupled to Vo (Ti3+−Vo), but also to the presence of Ti(i). Figure 

7a shows the DOS of the slab with a subsurface Ti(i), leading to 

the formation of shallow states, and deep states, close to the 

CB, therefore deep and shallow electron traps; this in coherence 

with the nature of Ti3+ species originated from the localization 

of Ti(i). 

In addition, the DOS of the slab with an Ov localized on Ti3+ 

atoms (Supplementary Information Figure S6-3) also shows the 

presence of deep electron traps, corroborating the presence of 

Ti3+ sites neighboring Ov in addition to the creation of shallow 

electron states, are expected, since Ti(i) provide more electrons 

to the lattice than the Vo.(46) Next, in the presence of adsorbed 

−OH groups on Ti3+ sites in Figure 7b, shallow hole traps are 

created close to the VBE, which confirms the assignment of the 

blue PL to shallow hole traps.(26) By combining both defects 

Ti(i)-slab with an adsorbed OH− (Figure 7c), shallow and deep 

Fig. 7 DOS plots of stoichiometric 1 x 3 anatase (101) slab with (a) a Ti interstitial 

Ti(i), (b) an adsorbed OH−, (c) Ti(i)-slab with an adsorbed OH− and (d) Ti(i)-slab with 

an adsorbed ethanol molecule. The arrows indicate intermediate states, green: 

electron traps, blue: hole traps.
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electron traps remain present, and interestingly, the deep traps 

are more prominent; yet, the hole traps do not appear. In order 

to emulate the hole scavenging as in steady-state PL, Figure 7d 

shows the T(i)-slab after dissociative chemisorption of ethanol 

onto TiO2. Here, the appearance of hole traps is evident, 

meaning that in a defective structure with Ti(i), the traps near 

the VB relocate creating deep hole traps. The DOS results 

indicate a clear correlation between the creation of 

intermediate states and the presence of Ti(i), Vo localized on 

Ti3+ atoms, and OH− adsorbates located on the surface and 

subsurface.  

According to the XPS results, T-200 sample, followed by T-

AD showed a higher concentration of such species, in the form 

of Ti3+ and OH−, compared to the T-550 and T-700. The presence 

of shallow and deep electron traps is therefore associated to 

Ti(i) which transform to Ti3+ sites coupled to Vo (Ti3+−Vo), both 

present in T-AD and T-200.  

Hence, the increased Ti3+/Ti4+ ratio for T-200 compared with 

T-AD, can now be attributed to a higher concentration of Ti(i). 

Furthermore, since the O1s HE component was already ascribed 

to OH− species due to their shifted position (Section 3.3), both 

samples also possess a high content of adsorbed OH−, where T-

200 also exhibited an increased O1s HE/LE ratio, accounting for 

the presence of deep hole traps. In addition, OH− bond species 

have been proposed as an important intermediate in 

photocatalytic oxidation processes,(42) promoting the charge 

transport. Both contributions (i.e., Ti3+ and OH−) lead to an 

extended region of electron deep traps in T-200. This is 

confirmed by the remarked quenching of the blue PL on air for 

T-AD (Figure 6), whereas in T-200, electrons are trapped in deep 

states avoiding scavenging by oxygen. Finally, the presence of 

deep hole traps is elucidated by the adsorption of ethanol on a 

slab with Ti(i) in the subsurface. Since T-200 possess a higher 

concentration of Ti(i), upon ethanol exposure, the holes located 

in shallow states are trapped in these deep traps and avoid 

scavenging by ethanol, this explains the broadening of the blue 

PL into the lower-wavelength (cyan PL) and the quenching of 

the green PL for T-AD, where such deep traps are not present. 

Figure 8 summarizes the main findings of this study just 

discussed, based on a mapping of states and radiative processes 

within the gap for T-AD and T-200.  

4. Conclusions 

Structural and morphological studies, chemical and optical-
electronic spectroscopy techniques supported by 
photoluminescence measurements and DFT calculations were 
used for the determination of the band structure and its 
correlation to the photocatalytic activity of TiO2 films prepared 
by sputtering and annealed at different temperatures from 200 
°C to 700 °C in neutral atmosphere. We observe a narrow post 
annealed temperature window, 200 °C, that enhances H2 
production (×5 compared to other samples). The structural 
properties and SEM observations point to a similar rich anatase 
phase for the films annealed up to 550 °C, pushing the structural 
aspects to a secondary role for what concerns H2 production. 
Rather, we find that the higher photocatalytic TiO2 performance 
correlate with the dual presence of OH− and Ti3+. While Ti3+ was 
commonly associated to oxygen vacancies in the literature, we 
demonstrate that interstitial Ti atoms is also a potential 
contributor to be associated with the Ti3+ PL signature.  
Moreover, we highlight the chemically active role of ethanol, 
commonly used as a hole scavenger, inducing deep hole traps 
upon dissociation on the surface. We believe that the paper 
gives new directions to optimize the TiO2 for achieving the 
water splitting mechanisms, and more generally to extend its 
photocatalytic activity. 
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Fig. 8 Band gap scheme with localized intermediate traps of electron and holes in 

TiO2 thin films T-AD and T-200. PL radiative recombination are represented by 

dashed lines. Electron traps are created by the presence of Ti3+ species associated to 

Ti interstitials Ti(i) and oxygen vacancy Vo located on Ti3+ sites, whereas hole traps 

are associated to OH− radicals adsorbed on the surface.
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