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Abstract

The performance of TiO2 nanomaterials in solar energy conversion applications can

be tuned by means of thermal treatments in reducing atmospheres, which introduce

defects (such as oxygen vacancies), allowing, for instance, a better charge transport

or a higher photocatalytic activity. The characterization of these defects and the un-

derstanding of their role are pivotal to carefully engineer the properties of TiO2, and,
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among various methods, they have been addressed by photoluminescence (PL) spec-

troscopy. A definitive framework to describe the PL properties of TiO2, however, is still

lacking. In this work, we report on the PL of nanostructured anatase TiO2 thin films,

annealed in different atmospheres (oxidizing and reducing), and consider the effects of

different excitation energies and different surrounding media on their PL spectra.

A broad PL signal centered around 1.8–2.0 eV is found for all the films with UV

excitation in air as well as in vacuum, while the same measurements in ethanol lead to a

blueshift and to intensity changes in the spectra. On the other hand, measurements with

different sub-bandgap excitations show PL peaking at 1.8 eV, with an intensity trend

only dependent on the thermal treatment and not on the surrounding medium. The

results of PL spectroscopy, together with electron paramagnetic resonance spectroscopy,

suggest the critical role of oxygen vacancies and Ti3+ ions as radiative recombination

centers. The complex relationship between thermal treatments and PL data in the

explored conditions is discussed, suggesting the importance of such investigations for a

deeper understanding on the relationship between defects in TiO2 and photoactivity.
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1 Introduction

Nanostructured forms of titanium dioxide (TiO2) have been extensively investigated in solar

energy conversion applications, such as in dye-sensitized1,2 and perovskite3,4 solar cells, in

photocatalysis,5,6 and in photoelectrochemical (PEC) water splitting.4,7 The performance of

TiO2 in these applications is strongly influenced not only by the nanoscale morphology and

crystallinity (anatase, rutile or mixtures between them are typically employed), but also by

the defect chemistry of the material.6,7 Even without intentional modifications, TiO2 is often

characterized by a slight sub-stoichiometry, mostly related to oxygen vacancies (VO),8 which
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account for its n-type conductivity. Since the 1950s it has been shown that conductivity of

TiO2 can be increased by thermal treatments in hydrogen (H2), attributed to an increase

of VO concentration.9 In recent years, the controlled introduction of defects in TiO2 by

means of reducing thermal treatments has gained a renewed interest to increase the material

photoactivity in water splitting experiments10,11 after the work of Chen et al. in 2011,12

concerning the so-called “black titania”.

The characterization of defect states in the bandgap of a semiconductor can be addressed

with photoluminescence (PL) spectroscopy, which is considered as a simple and versatile

tool to probe discrete electronic states.13 However, this task is quite complex for TiO2, as

evidenced by the wide and sometimes conflicting literature on the PL properties of nanocrys-

talline TiO2 materials.14 Generally, it has been shown that anatase and rutile exhibit distinct

PL bands in the visible15–23 and near-infrared (NIR)17,19,21,23 regions of the electromagnetic

spectrum, respectively, while brookite is by far less investigated.24 McHale and co-workers, in

particular, have developed an interpretative model for these emissions:19,25–27 i) a weak and

phase-independent emission at about 2.95 eV is attributed to recombinations between self-

trapped excitons; ii) the main visible emission in anatase is composed of a green component

(“type 1 PL” or “green PL”), at about 2.25 eV, due to recombinations between shallowly-

trapped electrons and deeply-trapped holes, and a red component (“type 2 PL” or “red PL”),

at about 2.0 eV, due to recombinations between valence band holes and deeply-trapped elec-

trons; iii) the NIR emission in rutile is assigned to radiative recombinations between valence

band holes and deeply-trapped electrons.

Other works have suggested the role of surface state-mediated recombinations,15,20 donor-

to-acceptor transitions,21 and of band bending22 on the visible PL of anatase. Recently,

Pallotti et al.23 have also investigated the PL mechanisms of TiO2 nanocrystalline films,

confirming the results obtained by McHale’s group for the PL of anatase and giving a deeper

explanation for the PL of rutile.

From the complex framework discussed above, it is possible to infer that some open
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issues are still present in the current understanding of PL properties of TiO2 nanomaterials:

i) unambiguous results are difficult to obtain as PL properties vary according to the material

porosity, morphology and defectivity;14 ii) in the case of hydrogenated or reduced TiO2, PL

measurements have mostly been reported as characterization tools to gain insights on the

material photoactivity28–30 (sometimes with misinterpretations, as pointed out in ref.31)

rather than for in-depth analyses;27 iii) few-studies have compared above- to below-bandgap

excitations with the aim of probing different trap/defect states in the bandgap.15,20,23,32

In this work we consider nanostructured anatase TiO2 thin films, prepared by Pulsed

Laser Deposition (PLD), exhibiting different activities in PEC water splitting experiments

based on different degrees of defectivity induced by thermal treatments, as reported in previ-

ous works.33,34 A deeper understanding on their defect states is here addressed by performing

PL experiments and considering: i) the effect of post-deposition thermal treatments in both

oxidizing and reducing atmospheres; ii) the effect of the excitation energy, both above the

bandgap energy (UV) and below (blue, green and red excitations, the last one being not

previously reported); iii) the effect of the surrounding medium (air, ethanol and vacuum),

to probe alternative recombination pathways of the photogenerated charges. The present re-

sults show a more complex occurrence of the green PL and red PL mechanisms with respect

to previous studies. Indeed, the “activation” of the former appears strongly influenced by

the annealing treatment and the excitation energy, on the contrary of the latter. A tenta-

tive model to interpret these results is also proposed. This model relies on the information

on defect states provided by electron paramagnetic resonance (EPR) spectroscopy, which

suggests the presence of Ti3+ ions as electron traps and oxygen-based radicals as hole traps.

2 Experimental

Synthesis and characterization of TiO2 films. TiO2 nanostructured films were syn-

thesized according to previous studies.33,34 The films were grown at room temperature by
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ablating a TiO2 (99.9%) target with a ns-pulsed laser (Nd:YAG, 2nd harmonic, λ = 532 nm,

repetition rate 10 Hz, pulse duration 7 ns) at a background gas pressure of 5 Pa in an Ar/O2

(50%-50%) atmosphere. The laser fluence on the target was set at about 3.5 J/cm2 and

the laser pulse energy was 170 mJ. Si (100) with 0.5 mm thickness (University Wafer) was

employed as substrate material, since it has no PL contribution in the investigated region,35

with a fixed target-to-substrate distance of 50 mm.

Two kinds of post-deposition annealing treatments were performed: a reference air an-

nealing in a Lenton muffle furnace (4 ◦Cmin−1 heating ramp, 2 h dwell at 500 ◦C), and three

double thermal treatments in reducing environments: i) air annealing followed by a thermal

treatment in an Ar/H2 (97%-3%) mixture at atmospheric pressure in a home-made furnace

(10 ◦Cmin−1 heating ramp, 3 h dwell at 500 ◦C); ii) the same, but with the second step in

Ar/H2 substituted with a thermal treatment with the same temperature program in vacuum

(P < 3 ·10−4 Pa); iii) air annealing followed by a thermal treatment in pure H2. The samples

are hereinafter labeled as follows: TiO2 is the reference air-annealed film; TiO2-AH is the

film annealed in air and in Ar/H2 mixture; TiO2-V is the film annealed in air and in vacuum;

TiO2-H is the film annealed in air and in pure H2 (as summarized in Table S1).

The morphological and structural analyses of these films were performed by scanning

electron microscopy (SEM), Raman spectroscopy and X-ray diffraction (see Supporting In-

formation). X-ray photoelectron spectroscopy (XPS) was performed at room temperature

with monochromatized Al-Kα source. Electron paramagnetic resonance (EPR) spectroscopy

was performed at T = 143 K in two different conditions: first, at the solid state in the dark;

second, in water/methanol (H2O/MeOH) solution (50/50, vol/vol) with 5 mg/mL phenyl-

N -ter -butylnitrone (PBN) as spin trapping agent upon UV laser light irradiation (325 nm,

100 mW) for 5 min at 253 K. The simulation of the EPR traces was performed with the

WinEPR SimFonia software (V.1.25) using second-order perturbation theory. Theoretical

modeling of the spin-trapped radical adduct with estimation of the spin density distribution

was obtained by density functional theory (DFT) using an unrestricted B3LYP functional.
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Further details on the characterization of TiO2 films, DFT simulations, and PL data fitting

and normalization procedures are reported in Supporting Information.

Photoluminescence (PL) spectroscopy. Room temperature PL spectra were ac-

quired at different excitation wavelengths employing Raman spectrometers; the following

excitation wavelengths were chosen: UV at λ = 325 nm or Eexc = 3.82 eV (0.6 mW power),

blue at λ = 457 nm or Eexc = 2.71 eV (1 mW power), green at λ = 514.5 nm or Eexc = 2.41

eV (1 mW power), and red at λ = 633 nm or Eexc = 1.96 eV (3 mW power). Measurements

in ethanol (95% purity) were performed in a quartz cuvette, while in vacuum by placing

the sample into a cryostat connected to a diaphragm pump (see Supporting Information for

additional details).

3 Results and discussion

3.1 XPS and EPR characterization

Crystalline anatase TiO2 films were characterized by a vertically-oriented mesostructure

with nanoscale porosity resulting from the assembling of fine nanoparticles of about 10 nm

in size (Figure S1), confirming previous investigations employing similar synthesis condi-

tions.33,34,36–38 The films exhibit interference colors due to their low thickness (about 280 nm)

and the high reflectance of the Si substrate. As a consequence, their reflectance (not shown)

did not exhibit major differences related to the annealing process (see the optical analysis

in previous works on thicker films deposited on glass substrates).33,34

The electronic properties of TiO2 films were investigated by valence band XPS, as re-

ported in Figure 1. For the TiO2 (annealed in air) and TiO2-H (annealed in air and in pure

H2) films, the band edge was found at 2.66 and 2.63 eV (with the Fermi level EF = 0 in

Figure 1), respectively, while slightly lower values were found for the TiO2-AH (annealed

in air and in Ar/H2 mixture) and TiO2-V (annealed in air and in vacuum) films (2.54 and

2.52 eV, respectively).
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On average, considering an experimental error of ' 0.1 eV, we determined an offset

between the conduction band edge (Ec) and EF of 0.6 eV, consistent with other reports.39,40

This value suggests the n-type conductivity of TiO2 with a relatively low doping level, which

may be ascribed to the effect of the first annealing step in air. A low doping level is also

consistent with optical measurements reported in our previous studies33,34 and with EPR

measurements at the solid state (Figure 2, see below). In addition, no substantial VB shift

was found upon reduction/hydrogenation (i.e. ' 0.1 eV), similarly to previous reports39–41

and contrarily to others.12,42 The density of states (DOS) in the VB exhibited two main

features, i.e. one at ∼ 7 eV, mainly constituted by Ti 3d orbitals, and one at ∼ 5 eV, mainly

made up of O 2p orbitals.43–45 The intensity of the latter was slightly lower in TiO2-AH and

in TiO2-V films, which may suggest a higher sub-stoichiometry for these films. However, no

peak at 1.0 eV below EF was found, which has been attributed to the presence of Ti3+ on

the surface.43,46 Indeed, the Ti 2p and O 1s XPS spectra did not evidence any clear change

between the TiO2 film and all the other ones treated in reducing conditions (Figure S2 and

Table S2). This finding can be attributed to the effect of air exposure (which could not

be prevented during samples handling), i.e. most of the VO present at the surface would

be “healed” by O2 molecules in air. As a consequence, the overall XPS analysis suggested

that the surface of all the annealed TiO2 films was substantially stoichiometric, i.e. the

concentration of defects in the surface layers of the films was lower than the detection limit

of XPS.

EPR spectroscopy was employed to probe the presence of spin-containing defects in the

TiO2 films. All the samples showed the presence of weak resonances (Figure 2), which, based

on their shape and position, can be assigned to the formation of Ti3+ sites (3d1, S = 1/2)

in regular lattice positions in distorted tetragonal fields (with g⊥ > g‖).47,48 The distortion

was associated with a variation of Ti–O bond lengths due to the different charge (Ti3+ vs.

Ti4+) and with the change of effective spin (3d1 vs 3d0). Representative spectra of the

materials are shown in Figure 2a for the TiO2 film, 2b for the TiO2-AH film, and 2c for the
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Figure 1: Valence band XPS spectra of annealed TiO2 films. Black dashed lines highlight the features
at ∼ 7 and ∼ 5 eV mainly constituted by Ti 3d and O 2p orbitals, respectively. An orange dashed line
highlights the Fermi level at 0 eV.

TiO2-V film, while the simulated EPR trace (via perturbation theory) of lattice-embedded

Ti3+ cations in the anatase phase is given in Figure 2d. A quantitative comparison of the

spin concentration in these materials was not possible, due to experimental difficulties on

loading identical amount of thin films into the tubes and due to the very low concentration

of paramagnetic Ti3+ species detected.

Ti3+ states can be formed by the release of electrons from a doubly-ionized oxygen va-

cancy (which becomes neutral),8

O2− + 2Ti4+ −−⇀↽−− V 2−
O + 2Ti4+ +

1

2
O2(g) −−⇀↽−− VO + 2Ti3+ +

1

2
O2(g) (1)

where it is assumed for simplicity that all the species are located at regular lattice sites.49

On the other hand, such states can be originated also in stoichiometric TiO2 upon photo-

generation (Equation (2)) by electron trapping (Equation (3)); electrons can be also trapped

by oxygen vacancies (Equation (4)):

TiO2 + hν −−→ e −
CB + h +

VB (2)

Ti4+ + e −
CB
−−⇀↽−− Ti3+ (3)

V −
O + e −

CB
−−⇀↽−− V 2−

O (4)
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Figure 2: Experimental X-band EPR spectra (9.15 GHz) of a) TiO2, b) TiO2-AH and c) TiO2-V films
recorded at T = 143 K. Experimental parameters: microwave power 3.8 mW (b), 2.8 mW (b and c).
d) Simulated Ti3+ resonance signal (frequency 9.15 GHz) as obtained from second-order perturbation theory,
with spin-Hamiltonian parameters gx,y = 1.998, gz = 1.961, Lorentzian/Gaussian ratio of 0.63, line-width
tensor (Lx,y,z) of 8.0,7.0,40.0 Gauss. The bold lines in (a–c) correspond to the resolution-enhanced EPR
resonance signals (Savitzky-Golay, denoise algorithm).
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Irrespectively of the precise mechanism, EPR measurements in Figure 2 suggested the

presence at equilibrium (without prior light illumination) of Ti3+ sites in regular lattice

positions, thus not exposed at the surface. The absence of major differences in the spectra

among the films with different annealing treatments and the lack of specific Ti3+ features in

XPS measurements (Figures 1 and S2) is consistent with slightly reduced titanium dioxide

materials, i.e. TiO2−x.

To achieve a better understanding on the defect-mediated charge transfer properties

at the surface of TiO2 materials, relevant in terms of photocatalytic applications, we em-

ployed EPR spectroscopy in conjunction with spin-trapping experiments, using phenyl-N-ter -

butylnitrone (PBN) as the chemical trapping agent. The experimental strategy is schemat-

ically illustrated in Figure 3a. The TiO2 materials were placed inside the EPR tubes in

H2O/MeOH solution containing PBN. The solutions were irradiated inside the EPR cavity

with an UV laser source (325 nm), allowing the photogeneration of electron-hole pairs in

TiO2 (Equation (2)). Thus, photogenerated holes could react with MeOH leading to the

methoxy radical (CH3O•)50 and this radical could be trapped by PBN, leading to the EPR-

active species PBN–CH3O• (Figures S3 and S4). After few minutes, necessary to cool down

the tubes at T = 143 K, EPR spectra were acquired, showing a clear signature of the trapped

PBN–CH3O• radicals, as highlighted by the blue segment in Figures 3b and 3c for the TiO2

and TiO2-H films, respectively (the TiO2-AH and TiO2-V films showed similar spectra to

the TiO2-H film and are thus not reported). However, it has been reported that TiO2 un-

der UV irradiation may decompose methanol to the OH–CH2
• species,51 which would lead

to the EPR active species PBN–CH2OH•. As a consequence, the close resemblance of the

simulation of the EPR resonance of the PBN–CH3O• species in Figure 3d to the experi-

mental traces in Figures 3b and 3c confirmed the formation of the methoxy radical in our

experimental conditions. The formation of this species suggests that all the TiO2 materials

are active catalysts for the water splitting process in the presence of methanol as sacrificial

agent (see also the Discussion section).
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Figure 3: a) Schematic of the EPR measurements in H2O/MeOH in the presence of PBN as spin-trapping
agent after UV irradiation and experimental spectra of b) TiO2 and c) TiO2-H films (experimental param-
eters: frequency 9.140 GHz (b), 9.134 GHz (c), applied power 3.6 mW (b) and 2.8 mW (c), time constant
0.03 s, modulation width 6 Gauss and T = 143 K). d) Simulated EPR trace (frequency 9.134 GHz) of the
PBN–CH3O• (neutral) radical and its optimized structure by DFT (UB3LYP/6-31G*, E = −673.232495 au)
with the spin density isosurface drawn at IsoVal of 0.002 au. The following spin-Hamiltonian parameters
were obtained: gxx = 2.0069, gyy = 2.0048, gzz = 2.0022, Azz(14N) = 33.5 Gauss, Ayy(14N) = 4.0 Gauss,
Lorentzian/Gaussian ratio= 0.6 (spherical integration using θ,φ of 200,200).
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On the other hand, not all the photogenerated holes reacted with methanol, giving the

methoxy radical and, thus, PBN–CH3O•. Indeed, additional resonances appeared in the

EPR spectra in Figures 3b and 3c, attributed to the formation of trapped holes (h +
trap ,

oxygen-based radicals, i.e. Ti4+–O•),52 with g-values given in the EPR plots (see also the

simulated EPR signal in Figure S5). In particular, the broad EPR signals with resonances at

g = 2.067 and g1 = 2.078 for the TiO2 (Figure 3a) and TiO2-H (Figure 3b) films, respectively,

could be associated to holes trapped at the surface of TiO2. Additionally, the sample TiO2-H

showed two other signals at g2 = 2.050 and g3 = 2.039, which could be related to a different

type (e.g. sub-layer) of trapped holes experiencing lower g-anisotropy, possibly related to

the second annealing step in H2. In the bulk, indeed, holes are trapped by lattice oxygen

sites upon photoexcitation (Equation (2)):8

O2− + h +
VB
−−⇀↽−− O− (5)

Other hole trapping sites suggested in the literature are bridging O•− or OH• surface

sites6 and surface OH groups bound to low-coordinated Ti atoms at the surface of nanopar-

ticles.53 A clear assignment of the features in Figure 3 to a specific chemical species was

not possible; however, our observations suggest that i) both oxidized and reduced TiO2 thin

films exhibit the presence of trapped holes even in the presence of methanol (which acts as

a hole scavenger),54 and ii) the reducing thermal treatment introduces additional trapped

hole states (the g2 and g3 features in Figures 3c and S5). Thus, EPR measurements with the

spin trapping technique gave information on hole traps, detected upon UV light irradiation,

adding information to EPR experiments in the dark, which gave information on electron

traps (Figure 2). These species of traps can be active recombination centers for photogen-

erated charges, giving rise to different PL mechanisms in anatase TiO2, as discussed in the

following.
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3.2 PL measurements in air

The PL spectra of the TiO2 films, measured in air with all the investigated excitation wave-

lengths, are shown in Figure 4. PL spectra with UV excitation (3.82 eV, Figure 4a) showed

a similar spectral shape for all the films, with the highest intensity detected for the TiO2-AH

film. The PL maximum was found approximately at 2.0 eV, with a large Stokes shift with

respect to the excitation energy. Also with blue excitation (2.71 eV, Figure 4b) the maximum

PL intensity was shown by the TiO2-AH film at about 2.1 eV; this was slightly shifted with

respect to the maximum exhibited by the TiO2-H and TiO2-V films (at about 2.2 eV). More-

over, the TiO2 film did not show any signal at all. A somehow similar outcome was found

with green excitation (2.41 eV, Figure 4c): also in this case the TiO2 film had no emission.

The TiO2-AH film clearly showed the highest intensity, followed by the TiO2-H and TiO2-V

films (close to each other). The PL curve maxima were found at about 1.8–1.9 eV. Finally,

with red excitation (1.96 eV, Figure 4d) the intensity trend was the same as with the other

excitation energies and the TiO2 film did not show any PL emission (the signal at energy

below 1.3 eV is due to the PL of Si substrate).35

The thickness (about 280 nm) of the films considered in this study prevents any inter-

ference effect, being lower than the lowest excitation wavelength (UV, 325 nm);55,56 for this

reason, PL spectra were fitted with a superposition of Gaussian curves (see Figures S6–S9

and Tables S3–S6 for the details). The fit results are summarized in Table 1. Each individ-

ual Gaussian component was labeled as PLn,λ, where n = 1, 2, 3... and λ is the excitation

wavelength (UV, blue, green or red), having energy εn,λ (eV). In addition, when at least two

components emerged from a fit procedure, the ratio between the area under the n-th compo-

nent and the first one, defined as αn,λ = A(PLn,λ)/A(PL1,λ) was calculated (Tables S3–S6)

and reported in Table 1 accordingly (in brackets).

With UV excitation (Figure 4a), the experimental PL curves of all the annealed films

could be fitted with three Gaussian components, peaked in the red (ε1,UV = 1.80 eV), or-

ange (ε2,UV = 1.97 eV), and yellow (ε3,UV = 2.17 eV) regions of the visible electromagnetic
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Figure 4: Photoluminescence spectra of annealed films (red: TiO2; blue: TiO2-AH; black: TiO2-V;
green: TiO2-H) with different excitation energies: a) 3.82 eV (UV), b) 2.71 eV (blue), c) 2.41 eV (green),
d) 1.96 eV (red). Raman peaks, corresponding to the anatase phase (•) and Si substrate (�), appear on the
right part of spectra in b–d (see Figure S1b) due to the vicinity between the excitation energy and the PL
emission (the spectral assignment is reported only in d for clarity).
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spectrum, with very similar values of αn,λ (see Table 1). With blue excitation (Figure 4b),

a good fit of the experimental curves was achieved employing a single Gaussian peak for the

TiO2-V and TiO2-H films (with ε1,blue = 2.30 and 2.23 eV, respectively, both in the green

visible region), while two peaks were needed for the TiO2-AH film (with ε1,blue = 2.10 eV and

ε2,blue = 2.52 eV, in the yellow and blue-green visible regions, with the first component clearly

more intense and wider than the second one). With green excitation (Figure 4c), in all cases

two Gaussian components were found, peaked in the red (ε1,green = 1.79–1.85 eV) and orange

(ε2,green = 2.03–2.06 eV) regions of the visible spectrum. In particular, the PL1,green com-

ponent is larger than the PL2,green one, but for the TiO2-H film they have similar intensity

(α2,green = 0.99). With red excitation (Figure 4d), finally, the PL spectra of all the double-

treated films could be fitted by forcing a single Gaussian peak in the interval 1.79–1.87 eV,

i.e. in the visible region at red wavelengths.

Table 1: Peak position values obtained from the multi-Gaussian fit of PL spectra presented in Figure 4.
The numbers in brackets represent the αn,λ values (αn,λ = A(PLn,λ)/A(PL1,λ)). The error estimate is
e = 0.05 eV.

Exc. Peaks TiO2 TiO2-AH TiO2-V TiO2-H

UV
PL1,UV 1.81 eV 1.80 eV 1.81 eV 1.81 eV
PL2,UV 1.98 eV (5.20) 1.98 eV (5.83) 1.98 eV (5.45) 1.97 eV (4.68)
PL3,UV 2.18 eV (10.69) 2.17 eV (8.53) 2.17 eV (8.04) 2.18 eV (9.79)

Blue
PL1,blue - 2.10 eV 2.30 eV 2.23 eV
PL2,blue - 2.52 eV (0.09) - -

Green
PL1,green - 1.79 eV 1.85 eV 1.80 eV
PL2,green - 2.05 eV (0.27) 2.06 eV (0.38) 2.03 eV (0.99)

Red PL1,red - 1.81 eV 1.85 eV 1.87 eV

By overall considering the experimental data in Figure 4 and the fitting analysis in

Table 1, some observations can be pointed out: i) for UV excitation, comparable results

for all the investigated films were found, independently on the specific thermal treatment;

ii) the films treated with a second step in reducing atmosphere exhibit PL emissions with

below-bandgap excitation, on the contrary of the TiO2 film; iii) the TiO2-AH films showed

the highest PL intensity for all the excitation wavelengths; iv) in general, all the PL bands
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are centered around 1.8–2.2 eV and they exhibit some components with very similar energies

for different films and for different excitation energies: ε1,UV = ε1,green = ε1,red and ε2,UV '

ε2,green. The last point may suggest that the observed PL mechanism was the same and that

the different excitation energies allowed to probe various components of the overall emission:

for instance, with UV excitation the “complete” PL emission could be investigated.

3.3 Effect of the surrounding environment

With the aim of evaluating the charge transfer properties of the TiO2 films with the sur-

rounding environment, PL measurements were performed in liquid ethanol and in vacuum,

and compared to the results obtained in air. Indeed, O2 molecules in air can scavenge pho-

togenerated electrons in the conduction band of TiO2 or trapped electrons, which does not

occurr in vacuum; ethanol, conversely, can scavenge valence band holes.54,57 Moreover, the

same hole scavenging effect is common among several alcohols, including methanol, thus the

PL results in ethanol (see below) can be related to the EPR results with the spin trapping

agent (Figure 3). To this purpose, two excitation wavelengths were selected, one above

the bandgap energy (UV) and one below (green); accordingly, the results are presented in

Figure 5.

Measurements with UV excitation (Figures 5a and 5b) revealed a change in the intensity

trend with respect to the measurements in air (Figure 4). In particular, in the case of ethanol

(Figure 5a), the TiO2-H film showed the highest intensity, followed by the TiO2-AH, TiO2-V,

and TiO2 films. Notably, the latter exhibited a very weak and broad spectrum. Moreover,

for all these films, a change in the spectral shape and a blueshift emerged with respect to

measurements in air. On the other hand, the PL curves recorded in vacuum (Figure 5b)

showed a spectral trend comparable to that measured in air (i.e. without any substantial

shift/broadening, see Figure 4a), but, surprisingly, the intensities were almost the same for

all the films.

With green excitation, both in ethanol and in vacuum (Figures 5c and 5d, respectively),
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similar PL curves as those measured in air (Figure 4c) were obtained; indeed, the spectra

did not exhibit any shift or broadening, and the intensity trend with respect to the annealing

treatment did not change, i.e. TiO2-AH > TiO2-H > TiO2-V > TiO2' 0. The only relevant

difference is the appearance of ethanol Raman peaks in Figure 5c due to their superposition

with the TiO2 PL curve excited at 2.41 eV; this feature did not substantially affect the PL

curves.
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Figure 5: Photoluminescence spectra of annealed films (red: TiO2; blue: TiO2-AH; black: TiO2-V;
green: TiO2-H) with UV (a, b) and green (c, d) excitations in ethanol (a, c) and in vacuum (b, d).
Raman peaks, corresponding to ethanol (◦) and Si substrate (�), appear on the right part of spectra in c
and d due to the vicinity between the excitation energy and the PL emission.

To gain further understanding on the PL curves obtained with UV excitation, Figure 6

illustrates the effect of the surrounding atmosphere for each of the annealed TiO2 films; in

each case, the curve obtained in air was taken as reference and a normalization procedure

was employed to qualitatively compare the intensities measured in the different experimental

conditions (see Supporting Information). For the TiO2 film (Figure 6a), an evident intensity

decrease and broadening occurred for the PL measurement in ethanol with respect to that in

air; in vacuum, conversely, the intensity increased without any substantial spectral shift. For

the TiO2-AH and TiO2-V films (Figure 6b and 6c, respectively), conversely, the measurement
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in ethanol led to a slight intensity decrease and to a blueshift compared to the emission

recorded in air. The measurement in vacuum, on the other hand, led to equal and higher

intensity to the measurement in air for the TiO2-AH and TiO2-V films, respectively. Finally,

for the TiO2-H film (Figure 6d), the PL curve recorded in vacuum showed a slightly higher

intensity than that measured in air, while a clearly higher intensity and a substantial blueshift

was observed with the measurement in ethanol.
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Figure 6: Effect of the surrounding environment on the PL emission of annealed TiO2 films with UV
excitation. a) TiO2; b) TiO2-AH; c) TiO2-V; d) TiO2-H.

As for the measurements in air, the multi-Gaussian fitting of the PL curves measured in

ethanol and in vacuum is reported in Figures S6–S9 and Tables S3–S6. Table 2 summarizes
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only the results obtained in ethanol with UV excitation, as only in these conditions an evident

spectral change with respect to the measurements in air was observed. For the TiO2 film,

only one broad Gaussian peak with ε1,UV = 2.22 eV was found (i.e. in green visible region),

which was considered unreliable due to the very low signal/noise ratio of the PL curve (see

Figure S6b). Conversely, for all the films treated in reducing atmospheres, five Gaussian

components were found; interestingly, the first three ones (PL1,UV, PL2,UV, and PL3,UV)

exhibited a very similar energy to the corresponding components with air as surrounding

medium, i.e. at red, orange and yellow wavelengths of the visible electromagnetic spectrum.

The two additional components, i.e. PL4,UV and PL5,UV, appeared at 2.30–2.33 eV (green)

and 2.49–2.51 eV (blue-green), respectively. Furthermore, the relative intensities between

these components varied from film to film: the most intense one was the yellow component

(α3,UV = 7.56) for the TiO2-AH film and the green component for the TiO2-V and TiO2-H

films (α4,UV = 5.41 and α4,UV = 5.42, respectively).

Table 2: Peak position values obtained from the multi-Gaussian fit of PL spectra recorded with UV
excitation in ethanol Figure 5. The numbers in brackets represent the αn,λ values (see the text for the
definition). The error estimate is e = 0.05 eV. *This value is considered not reliable.

Exc. Peaks TiO2 TiO2-AH TiO2-V TiO2-H

UV

PL1,UV 2.22 eV* 1.84 eV 1.88 eV 1.93 eV
PL2,UV - 1.98 eV (0.40) 1.99 eV (0.40) 2.01 eV (0.62)
PL3,UV - 2.13 eV (7.56) 2.10 eV (2.54) 2.13 eV (2.25)
PL4,UV - 2.33 eV (2.77) 2.30 eV (5.41) 2.31 eV (5.42)
PL5,UV - 2.49 eV (1.09) 2.51 eV (0.78) 2.50 eV (1.14)

3.4 Discussion

With the aim of rationalizing the large set of PL results in relation to the electronic char-

acterization and previous literature studies, a tentative scheme for the PL processes in the

TiO2 films is presented in Figure 7. This scheme adopts the same nomenclature for the red

PL and green PL mechanisms to that reported by McHale and co-workers19 and Pallotti

et al.,23 although a different assignment for the green PL-active states is proposed (see be-
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low). In contrast to other literature reports, it does not support interpretation involving

self-trapped exciton recombinations,58 nor the effects of band bending,22 the latter hardly

occurring in a particle-assembled film.59 In addition, we consider the time scales for charge

generation, trapping and recombination processes based on previous literature studies.

Upon UV excitation, hot electron/hole pairs (i.e. excitons) are generated in the range of

fs and migrate in shallow traps in 100-200 fs.6 Shallow traps for electrons can participate in

charge transport through a hopping mechanism, enhancing the conductivity of TiO2,60 and

they have been represented with a width of 0.2 eV (grey-shaded area) below the conduction

band minimum (Ec) based on the reported Urbach energy of anatase.61 Accordingly, trans-

mittance and reflectance measurements in previous works showed an absorption tail in the

visible range in films prepared in analogous conditions, without major differences related

to the thermal treatments.33,34 Conversely, shallowly-trapped holes have not been discerned

from valence band holes as previous studies suggest that they are in equilibrium (i.e. they

have very similar energies).62 The deep trapping for holes occurs in 200 fs, considerably

faster than that for electrons (50–500 ps).6,63 The widths of deep traps of electrons (1.0 eV)

and holes (0.8 eV) have been represented based on the experimental width of the PL peaks.

The position of these traps has been chosen according to the description of the red PL and

green PL mechanisms given by McHale and co-workers.19

Notably, electron traps are represented below the Fermi level, which is located at 2.6 eV

with respect to the valence band maximum (Ev) based on valence band XPS measurements

(Figure 1). This can be considered as a lower limit of the EF −Ev offset, since EF would be

much closer to Ec (i.e. ' 0.05 eV instead of ' 0.5 eV) in strongly n-doped TiO2 materials.64

Nevertheless, this positioning of EF allows the (partial) occupation of deep electron traps

at equilibrium, in agreement with EPR results at the solid state (see below). On the other

hand, the population of hole traps in Figure 7 occurs only upon photoexcitation, as suggested

by EPR results with spin trapping (Figure 3). The recombination between trapped charges

occurs in timescales of 20–200 ns.6,62 Figure 7 also reports the surface reactions involving
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the trapped charges, which compete with the recombination processes. On the one hand, O2

molecules can scavenge either photogenerated electrons in the conduction band of TiO2 or

trapped electrons, thus forming the superoxide species, O•−2 (ads), which occurs in 10–100 µs

and 100 ns, respectively, while ethanol can scavenge valence band holes in 1 ns.54,57 Figure 7

also reports a chemical assignment of electron and hole traps, based on previous literature

studies and on the EPR results (Figures 2 and 3). Theoretical calculations suggested that

shallow electron traps could be assigned to neutral oxygen vacancies (V 2−
O ), while deep

states to singly/doubly ionized vacancies (V −
O /VO).65–67 Experiments have generally shown

that deep defect levels around 0.75–1.00 eV from the anatase conduction band minimum

could be related to oxygen vacancies and Ti3+ ions.42,68,69 Accordingly, Figure 7 reports the

labels V 2−
O and V −

O /VO/Ti
3+ for shallow and deep electron traps, respectively. Ti3+ ions

not exposed to the surface (as suggested by EPR) would be less sensitive to the scavenging

effects of O2 molecules as well as their vacancy-healing effect.69 Thus, as they would lie below

the Fermi energy, they could be populated by electrons at equilibrium, also if TiO2 were in

contact with molecular O2. Conversely, deep hole traps have been associated to surface or

sub-surface oxygen-based radicals (O•) based on EPR results with spin trapping (Figure 3)

and literature studies.6,8,53 This assignment is different from the one developed by McHale

and co-workers19 and Pallotti et al.,23 who related such traps to oxygen vacancies. Apart

from their unequivocal identification, which was not possible in this work, the location of

hole traps on the surface is in agreement with previous literature.6,19,23,53

PL with UV excitation. The PL curves reported in Figure 4a, i.e. with UV excitation

in air, could be interpreted in terms of the red PL mechanism reported by McHale and

co-workers19,25–27 and Pallotti et al.,23 i.e. radiative recombinations between electrons in

deep traps and valence band holes. The absence of the green PL mechanism, i.e. radiative

recombinations between free or shallowly-trapped electrons and deeply-trapped holes, could

be ascribed to the quenching effect of O2 molecules. Electrons in deep traps (on the energy

scale), conversely, would not be scavenged by O2, leading to a stronger red PL with UV
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Figure 7: Schematic illustration of the possible PL mechanisms in annealed nanostructured TiO2 films.
The grey areas corresponding to shallow electron traps, deep hole traps and deep electron traps have been
depicted with a width of about 0.2 eV, 0.8 eV, and 1.0 eV, respectively, based on the PL measurements
(deep traps) and on the reported value of anatase Urbach energy.61 The energy scale is reported against
the valence band maximum, Ev = 0, so that the conduction band minimum is Ec = 3.2 eV, while the Fermi
level is EF = 2.6 eV, based on the valence band XPS measurements (Figure 1).

excitation in air.

Ethanol (Figure 6), conversely, would scavenge valence band holes, resulting in a pref-

erential quenching of the red PL mechanism. At the same time, mobile electrons would

not suffer anymore the scavenging effect by O2 (which is absent) and could recombine with

deeply-trapped holes (i.e. O• radicals exposed at the surface or in the sub-surface layer).

The latter could be less reactive than free holes,62 thus “surviving” the scavenging pro-

cess, as already hypothesized previously for EPR measurements in Figure 3, occurring in a

H2O/MeOH mixture. As a consequence, the green PL mechanism may be activated, pro-

ducing a blueshift in the PL curves in Figure 6. Notably, the highest-energy component, i.e.

PL5,UV, having ε5,UV = 2.49 eV, has been ascribed to the green PL mechanism and not to the

self-trapped exciton recombination (reported at 2.95 eV for mesoporous anatase TiO2
19 and

2.5 eV for anatase single crystals)58 due to its occurrence together with the green component,

i.e. PL4,UV. The incomplete quenching of the red PL mechanism in these conditions (see

also Figures S6–S9 and Table 2) may be related to the presence of non-scavenged holes due

to their generation “far away” from the surface, as suggested by their low diffusion length in
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TiO2 (about 10 nm).70 It should also be noted that PL experiments in ethanol (Figures 5a

and 5c) and EPR experiments with spin-trapping agent in the presence of methanol (Fig-

ure 3) provide an indication on the charge trapping and recombination processes occurring

during water splitting experiments in the presence of a hole scavenger.

Finally, by removing any surrounding medium and performing the PL measurements in

vacuum, the scavenging of mobile electrons would not come into play, thus increasing the

intensity of PL in Figure 6 for most of the investigated films. However, no green PL seem

to occur in this case, as the spectral shape of PL curves recorded in vacuum is completely

comparable to that of PL curves recorded in air. Thus, it may be hypothesized that, for

these hierarchical TiO2 films, the red PL may be a sort of “preferred” mechanism, possibly

related to a lower concentration of hole traps (i.e. O-based radicals only in the first surface

layers) with respect to electron traps (i.e. Ti3+ ions in the sub-surface layers and/or in the

bulk). TiO2 nanostructured films prepared in similar conditions to the present study (by

ablating a TiO2 target in pure O2 atmosphere at 7 Pa) showed an evident green PL with UV

excitation.23 In this case, however, the use of a mixed Ar/O2 atmosphere during deposition

may induce the formation of Ti3+ states in the whole thickness of the film, which would

“survive” the annealing processes33,34 and lead to the observed red PL mechanism.

PL with visible excitations. The observation of PL with sub-bandgap excitation has

already been reported in few works, i.e. with blue20,23 and green15,32 excitations. Pallotti et

al., in particular, suggested that sub-bandgap excitation (2.8 eV) can promote electrons to

shallow states, which then migrate into deeper traps and, eventually, radiatively recombine

with valence band holes according to the red PL mechanism.23 Other authors reported a PL

peaking at 2.15 eV (yellow) with 2.4 eV excitation (green).15,32 Thus, the results presented in

Figure 4b and 4c may be compared to those studies, since the PL curves exhibited peaks in

the orange and red regions of the visible electromagnetic spectrum, consistently with the red

PL mechanism. Indeed, Rex et al. have shown that the red PL mechanism could be charac-

terized by more than a single emission: an additional peak in the yellow region was detected
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by means of spectroelectrochemical experiments.71 However, the measurements with blue

excitation (Figure 4b) present a somehow conflicting picture, as for the TiO2-V and TiO2-H

film the PL curve could be fitted with a single Gaussian peak in the green (see Tables 1,

S5, and S6). This effect has not been fully clarified and the recombination pathway upon

blue light excitation was not represented in Figure 7. Further experiments, such as photo-

luminescence excitation spectroscopy (PLE),23 may be required for a clearer understanding

of those results. Moreover, differently to previous studies (to the authors’ knowledge), this

work presents the observation of PL with red excitation (1.96 eV, see Figure 4d), which can

be interpreted with the same argument as above, i.e. in terms of the red PL mechanism.

In this case, the lowest-energy component would indeed be observed (i.e. the PL1 peak at

1.8 eV).

Another interesting feature is the absence of blueshift for PL curves measured in ethanol

(Figure 5c) and in vacuum (Figure 5d) with respect to air (Figure 4c). i) In these conditions

only the red PL mechanism is expected, because the green PL process would be activated by

above-bandgap excitation. The former is mediated by deeply-trapped electrons, which are

much less sensitive to the O2 scavenging effect.20,23 ii) On the other hand, deeply-trapped

electrons, in addition to those already present at equilibrium, can be directly photoexcited

with visible irradiation (i.e. direct photoexcitation of electrons from the valence band to

deep traps).10 The resulting photoexcited holes in the valence band could be scavenged by

ethanol, quenching the red PL mechanism. Since this does not occur in Figure 5c, the

photogeneration process may occur relatively “far away” from the surface, due to the low

absorption cross-section of TiO2 for energies lower than the bandgap. As a consequence,

by excluding both the scavenging of deeply-trapped electrons by O2 (i) and of valence band

holes by ethanol (ii), the PL measured under green excitation in all the investigated media

should be similar for each TiO2 film, as in Figure 4c (air), Figure 5c (ethanol), and Figure 5d

(vacuum).

Annealing effects. In this work, both the effects of oxidizing/reducing thermal treat-
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ments and different surrounding media on PL measurements have been taken into account,

as rarely performed in most of the previous studies on the same topic. A previous work

employing a similar methodology was reported by Rex et al.,27 who performed spectroelec-

trochemical PL measurements on pristine and H2-annealed rutile TiO2 nanowires.

The main observation related to the effect of the various thermal treatments is that they

give rise to clear intensity trends either with sub-bandgap excitations (Figures 4b, 4c, 5c,

and 5d), or with UV excitation in ethanol (Figure 5a). In both cases, the PL intensity trend

with respect to annealing is TiO2-AH > TiO2-H > TiO2-V > TiO2' 0. The negligible

signal for the TiO2 film in those conditions is consistent with previous results obtained with

thicker films with analogous synthesis and annealing parameters,33 but in contrast to other

studies.15,20,23,32 Similar PL intensities for all the annealed films, instead, appeared with UV

excitation in air and in vacuum (Figures 4a and 5b).

To explain such observations, it may be hypothesized that: i) the concentration of defects

induced by thermal treatments in the TiO2 thin films varies along the distance from the

surface; ii) the location of photoexcited charge carriers may also vary depending on the

incident wavelength. The second point can be understood by considering estimates of the

light penetration depth in the TiO2 films based on optical spectroscopy measurements.33,34

The values of ' 170 nm, ' 7 µm, and ≥ 10 µm were obtained respectively for UV, blue,

and green or red excitation energies, respectively. This suggests that the UV light is fully

absorbed within the film thickness (as expected), on the contrary of visible light, which

travels along the whole film being poorly absorbed. These are approximate values valid

for all the films, since their optical properties were only slightly influenced by the different

thermal treatments.33,34

Let us first consider deep electron traps. i) Lattice-embedded Ti3+ defects may be present

in similar concentrations in the first surface layers of all the TiO2 films but higher in the

“bulk” of the reduced films, especially for the TiO2-AH, possibly due to diffusion phenomena

during thermal treatments. ii) The region for UV excitation absorption would occur in the
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first tens of nm of TiO2 nanostructured films due to the short penetration depth, while

visible excitations would be (poorly) absorbed in the whole film. The observations i) and

ii) together could explain the similar intensities of PL spectra for all the films with UV

excitation in air and in vacuum (Figures 4a and 5b) and the different intensities observed

with visible excitations (Figures 4b and 4c).

Let us now consider deep hole traps. i) The TiO2 film may be characterized by the

presence of surface-exposed O radicals, while the reduced films by additional hole traps

(i.e. in the subsurface) with greater stability against the hole scavenging effect of alcohols,

especially in the TiO2-H film. ii) As previously, UV excitation would be absorbed in the first

tens of nm, while visible excitation in the whole film. As a consequence, the observations i)

and ii) together could explain the highest PL intensity for the TiO2-H film in ethanol with

UV excitation and, in general, higher for the reduced films with respect to the TiO2 film

(Figure 5a).

Alternative hypotheses with respect to the above discussion may also be made. For

instance, the different thermal treatments could allow additional excitation pathways for the

photoexcitation of electron-hole pairs, without changing the energy levels of deep electron

luminescent traps. In this regard, the TiO2 film would have few light-absorbing electron

traps, thus showing no red PL with sub-bandgap excitation (Figures 4b–4d), as well as hole

traps, thus exhibiting a negligible green PL in ethanol (Figure 5a). A different perspective

would consist in taking into account the role of non-radiative recombinations, which are

indeed significant in anatase TiO2.19,24 In this regard, the higher PL signal for the TiO2-AH

film with visible excitation with respect to all the other films (Figures 4b–4d) may indicate a

lower degree of non-radiative recombinations for the former. This hypothesis could agree with

the general observation of improved charge carrier conduction and increased photocurrents

in reduced TiO2 materials as photoanodes, as a result of lower charge recombinations.72–74

We point out that the PL intensity trends in this work do not correlate, nor anti-correlate,

with the photoconversion efficiency trends reported in our previous investigations on TiO2
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photoanodes prepared in analogous conditions.33,34 This can be understood considering, on

the one hand, the effect of the surrounding medium (PEC experiments were performed

in 0.1 M KOH solution), and that of non-radiative recombinations, as already mentioned.

Spectroelectrochemical experiments, as performed by McHale and co-workers,26,27 may be

required to find a more reliable correlation between PL intensity and photocurrent density

of photoelectrode materials.

The different hypotheses presented above can partially explain the results of this work,

but at the moment the identification of the precise underlying mechanism is hardly possi-

ble, due to the complexity of the current observations. Similarly, the identification of deep

electron traps as Ti3+ ions in the lattice and of deep hole traps as surface/sub-surface O•

radicals should be considered as a hypothesis and not as a unquestionable answer. Neverthe-

less, the results presented here suggest the important role of PL spectroscopy as a technique

to detect low concentrations of defects in TiO2 nanostructures formed by reducing thermal

treatments.

4 Conclusions

We have presented a study on the PL properties of reduced anatase TiO2 nanostructured

films, in which various effects have been considered to search for a better understanding

on the radiative recombination processes. While the concentration of defects is below the

detection limit of XPS, EPR spectroscopy can identify the presence of Ti3+ ions as electron

traps at the solid state and oxygen-based radicals as hole traps with the aid of a spin-trapping

agent. Moreover, clear differences related to the annealing treatments appear in PL spectra.

Indeed, while measurements with UV excitation in air show a similar emission for all the

films, interpreted in terms of the red PL mechanism for anatase TiO2,19 intensity trends

related to the thermal treatment appear with UV excitation in ethanol and with all the

visible excitations in any surrounding medium. This is attributed, on the one hand, to a
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different degree of surface hole traps introduced by thermal treatments (i.e. oxygen-based

radicals), giving rise to the green PL mechanism. On the other hand, results with sub-

bandgap excitation could be interpreted in terms of different concentrations of Ti3+ ions in

the sub-surface layers of TiO2, also in this case related to the specific annealing atmosphere.

Conversely, the concentration of such states close to the surface may be more similar between

all the investigated films. However, the effects of non-radiative recombinations, which could

not be directly probed in this study, hinder a straightforward identification of the underlying

processes.

The present findings elucidate once more the complexity of PL processes in TiO2 ma-

terials, which require further investigations to achieve a more general understanding. The

same holds for a unequivocal physical-chemical identification of the nature of electron and

hole traps. A thorough knowledge on the radiative as well as non-radiative recombination

processes in the material could allow a fine tuning of the photoactivity and efficiency of

TiO2-based solar energy conversion devices. Steady-state PL spectroscopy could be cou-

pled with other techniques, such as EPR, time-resolved PL, and transient absorption (TA)

spectroscopy.24 Moreover, DFT simulations of realistic systems should be also considered to

pursue such a challenging task.53 A similar methodology could be applied to gain further

understanding on other Earth-abundant oxides typically employed for photocatalysis/water

splitting applications (i.e. Fe2O3, BiVO4), yielding to higher solar energy conversion perfor-

mances.
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