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ABSTRACT

Nanostructured oxide semiconductors are widely used in energy conversion, catalysis, sensing and
environmental applications, due to their high stability, commercial availability, efficiency and low
cost. Despite its crucial importance for the design of more efficient materials, the interplay between
intrinsic and extrinsic defects is yet to be clarified. For example, oxygen vacancies (Vo’s) can be
either beneficial or detrimental to the desired performances, depending on a variety of factors. Here,
we synthesize TiO,, samples by the addition of three different N chemical sources (NHj,
triethylamine, urea). X-ray absorption spectroscopy, confocal microscopy, UV-vis absorbance and
fluorescence, are employed to explore the occurrence and location of Vg’s both in real and energy
spaces. High—grade bulk DFT simulations complement the experimental picture. Synergy between
theory and experiment, on the one hand, estimates the relative Vo’s content in the different samples
from local structural information. On the other hand, a sharp optical transition at 2.7 eV serves an
unequivocal spectral signature of Vg’s, allowing a semi-quantitative analysis by confocal
microscopy. Fluorescence quenching of this feature is observed to a different degree in each sample
under UV pumping and is attributed to the reaction of surface defects with atmospheric O,. Thus, we
demonstrate that confocal microscopy can discriminate surface-localized Vq’s if coupled with the
detection of O,—induced fluorescence quenching. Concurrently, UV-induced photochromism and
visible light photodegradation shed light on the most effective reactive defects. Eventually, surface-
localized oxygen vacancies are predominant where actual N substitutional doping occurs, leading to
materials exhibiting visible-light activity and characteristic photochromic behaviour. Implications on

strategies for concomitant Vg engineering and extrinsic doping are discussed.



1. INTRODUCTION

Oxide-based semiconductor materials are at the forefront of innovative technologies for
pollutant remediation, renewable energy production and storage, optoelectronics, sensing and CO,
reduction.'"¢ Being cheap, stable and highly versatile, as their properties can be tuned by adjusting
the synthesis procedure’ and doping strategies® '°, oxide semiconductors are well-suited for large—
scale industrial applications.

It is widely acknowledged that the intrinsic and extrinsic defectivity of semiconductor oxides
plays a pivotal role in determining their physicochemical properties and ensuing performance. In
particular, oxygen vacancies (Vo’s) are key players in determining the surface and bulk properties of
semiconductor oxides, from adsorption behaviour to their electronic features.!!:1> As a result, growing
interest is being paid to strategies to control the Vo concentration and distribution.!3-!® For instance,
highly defective TiO,, materials have been extensively investigated to develop efficient
photocatalysts, especially under visible-light irradiation. The most common synthesis protocols
include thermal treatment with H,,'> reduction with NaBH,'® and doping with accurately chosen
extrinsic species.!’

Unfortunately, there is still an incomplete understanding on the interplay of different defects
in determining the final material performance.!? A case in point is represented by TiO,., materials,
where Vg’s play a Jekyll-and-Hyde role. To ensure electroneutrality, Vo’s are accompanied by
charged defects, like reducing Ti** centres.!” The latter are associated to shallow mid—gap states?’
that lower the apparent band gap and shift the main absorption edge into the visible region. Moreover,
Vo’s increase the oxide adsorption properties, especially if they lie close to the oxide—solution
interface.'4?! These merits clash against a faster electron—hole (e—h") recombination,? as the same
Vo’s act as recombination centres that lower the lifetime of photogenerated e—h* pairs. As a result,
developing oxides with optimized performance is often a matter of trial and error.

The reasons for this lack of knowledge are twofold. First, techniques able to quantify the
amount of V’s are not available, especially in the presence of dopants and/or multiphasic systems.
Vo’s are usually studied through X-ray photoelectron spectroscopy (XPS), X-ray absorption
spectroscopy (XAS) and electron paramagnetic resonance (EPR) spectroscopy,?~23 which try to
provide tentative quantifications but cannot easily discriminate among the various kinds of defects in
complex matrices. Second, a further issue is the location of Vq’s defects, since bulk and surface
species have different effects on adsorption and recombination phenomena.'??¢ For instance, Cao et
al. recently studied the influence of surface vacancies by transmission electron microscopy (TEM)
and electron energy loss spectroscopy (EELS), in enhancing the photocatalytic activity of TiO,

towards Rhodamine B degradation and hydrogen generation.”!In any case, the occurrence of



significant amounts of bulk defects can be expected, especially at high dopant concentrations.?’
Doping by heteroatoms, such as N species, is thought to promote the formation of extra oxygen
vacancies to ensure lattice electroneutrality. According to the Kroger—Vink notation, the equilibrium
is:
2N+ Vp=N, + 0g (1)
That is, 1 mol of oxygen vacancies is needed to compensate 2 mol of substitutional nitrogen.
However, the amount of defects is highly dependent also on the synthesis method, and particularly
on the nitrogen precursor selected. It has been proposed that when ammonia or urea is adopted as N
precursors during wet syntheses of TiO,, the formation of labile NO-TiO, species®® or of
heterojunctions with g-C3;N4?° may preferentially occur instead of N-doping. In a recent review,
Pulgarin and coauthors called for more studies to explore these issues.?®
This work aims to shed light on the interplay between oxygen vacancies and N species in
Ti10,.« materials prepared using different N precursors (ammonia, triethylamine and urea). Their role
on the optical, photochromic and photocatalytic properties of the resulting materials is discussed.
Probes ranging from X-ray to UV-vis light, including X-ray absorption spectroscopy, confocal
fluorescence microscopy, UV-vis absorption and fluorescence spectroscopy, are combined with high-
grade DFT simulations to locate Vo centres both in the real and energy spaces. By this innovative
approach, we disentangled the effects related to surface-localized V’s defects in this complex, multi-

defect systems.

2. MATERIALS AND METHODS
2.1 Synthesis of TiO, materials

All reactants were purchased from Sigma-Aldrich and used without further purification.
Solutions and suspensions were prepared using doubly distilled water passed through a Milli-Q
apparatus. Pristine and N-modified TiO, samples were synthesized by a sol-gel route using titanium
(IV) isopropoxide (TTIP) as starting material and three different N-containing species (triethylamine,
ammonia and urea) as N-sources. TTIP (30.7 mL) and 2-propanol (37.6 mL) were mixed in a 500 mL
flask. Then, 180 mL of a basic solution containing KOH and a variable amount of N species was
added dropwise while stirring at 300 rpm. The concentration of the basic solution was adjusted to fix
the pH at 9. The adopted H,O/TTIP and H,O/2-propanol molar ratios were 100 and 20, respectively.
The obtained gel was stirred for 90 min, then dried in oven at 80 °C overnight. Finally, the powder

was calcined at 400 °C for 6 h under O, stream (9 NL h!).



Titania samples prepared with the addition of triethylamine (-T), urea (-U) and NH; (-N) are
named “TNT x”, “TNU_x” and “TNN_x”, respectively, with x standing for the nominal N/Ti molar

ratio (x = 0.1 and 0.5), whereas the pristine one is labelled as “T”.

2.2 Materials characterization

Powder X-ray diffraction (PXRD) patterns were collected using graphite-monochromated Cu
Ko radiation on a Philips PW 3710 Bragg-Brentano goniometer equipped with a scintillation counter
and 1° divergence slit, 0.2 mm receiving slit and 0.04° Soller slit systems. Scans were recorded at 40
kV x 40 mA nominal X-rays power between 20° and 90°, using a step size 0.1° wide. Instrumental
line broadening effects were corrected using a microcrystalline Si-powdered standard. The average
crystallite size for the anatase phase was determined applying the Scherrer equation to the (101) most
intense non-overlapping reflection attributed to this phase.

The specific surface area of the samples was characterized by adsorption-desorption isotherm
of N, in subcritical conditions using the Brunauer—Emmett—Teller (BET) method on a Coulter
SA3100 apparatus. Total pore volume was determined from desorption isotherms using the Barrett-
Joyner-Halenda (BJH) method.

Diffuse reflectance spectroscopy (DRS) measurements were carried out on a Shimadzu UV-
2600 UV-vis spectrophotometer, equipped with an integrating sphere. Spectral scans were performed
in the 250-700 nm range, using BaSO, as a reference. Apparent band gap values, E,, were determined
according to the Kubelka-Munk method.3? Spectral measurements were carried out before and after
irradiation with UV, using a Jelosil HG500 halogen lamp with an effective power density of 17.0 mW
cm 2 between 280 and 400 nm. To ensure the reproducibility of the measurements and avoid
inhomogeneous irradiation of the powder samples due to light penetration effects, the DRS sample
holder was packed with a proper amount of ground and homogenized powder to prepare a compact,
flat and homogeneous surface. The sample was then analyzed with the spectrophotometer, irradiated
without removing it from the sample holder and remeasured at set time intervals.

Extended X-ray absorption fine structure (EXAFS) spectra were recorded at the Swiss-
Norwegian beamline (BM01B) at the European Synchrotron Radiation Facility (ESRF). The TiO,
powder was diluted in CaCOj; to avoid thickness effects. X-ray absorption curves were collected in
transmission mode across the Ti K-edge at room temperature. A Si (111)-monochromated beam was
employed, either in the 4.9-5.4 keV (pure TiO,) or in the 4.9-5.8 keV (TNN, TNU and TNT series)
energy ranges. The Horae suite of programs,’! based on the IFEFFIT library,*? was used throughout
for data processing and fitting, adopting the same strategy described in detail elsewhere.?’ Section S1

in the Supporting Information summarizes the details of the least-squares fittings.



UV-Vis fluorescence spectra were recorded with a LS55 fluorescence spectrophotometer on
water-suspended nanostructured TiO, powders. Two scan modes were employed. In the “excitation”
(EX) one, the spectral intensity was monitored as a function of the pumping wavelength, looking at
a fixed fluorescence emission of 2.254 eV (A =550 nm). In the “emission” (EM) mode, the excitation
wavelength was fixed at 3.179 eV (A =390 nm), which corresponds to the maximum of the EX scan.
Then, the fluorescence intensity was probed as a function of the emitted wavelength. Raw spectral
data were normalized according with the procedure proposed by Angulo and co-workers.?3

Images of TNN, TNU and TNT samples were acquired by confocal laser scanning microscope
(CLSM) Olympus FV1000. A spot of 1000x diluted TiO, nanoparticles, previously vortexed and
heated, was aliquoted on a microscopy glass. More in detail, an aliquot of the water-suspended
nanoparticles stock (1:1 v/v) was diluted in distilled water in order to observe an appreciable
decrement of nanoparticle aggregates. The best resulting dilution of the nanoparticles stocks was
1000x. Then, 5 pLL were put on a laboratory slide and analyzed. Great care was taken to optimize the
operational parameters of the laser and the detector. Excitation was performed at the lowest
wavelength achieved by the microscope (405 nm). The detector voltage was initially set at 580 V,
which allowed us to consider luminescence of pristine T10; nanoparticles close to zero, the calibration
state for the quantification of emission related to N addition. As indicated below, the detector voltage
was incremented to 700 V, due to the unexpected background luminescence of pristine TiO,
nanoparticles which could be due to intrinsic material defects. This increment enables to detect the
minimal luminescence of particles by keeping a low laser intensity (10%). When the laser intensity
was increased to 12.9%, the fluorescent spots could be clearly appreciated (Figures S10-S12), but
without an accurate determination of the intensities, as the photon flux overcame the linearity interval
of the detector. A lower laser intensity, coupled with a lower sample loading, was deemed necessary
to quantify the fluorescence intensity by microdensitometry. The microscope ouverture was set at 4x
and the offset values within the range of 30-50%. Particles detected on each image were counted by
Image J Fiji software** and the related luminescence intensity was calculated.

Confocal microscopy is sensitive to the distribution of active fluorophores within the bulk
volume of each independent crystal lattice. However, in the present case, samples are aggregates of
nanostructured particles (Figures S10—S12), which have pm-to-mm large thickness and can shield
the fluorescence output effectively. Moreover, both total integrated intensity and self-absorption
depend on the amount of material in the active eyepiece area. To provide quantitative estimates, as
well as reliable comparisons among different materials, we define a fluorescence density output, I

as:



Ip=7= 3)

and a total specific fluorescence, /s according to:

=7 4)
where I} is the total integrated fluorescence intensity (in arbitrary units) as retrieved from the visible
blue spots of each image, Ay, is the corresponding total emitting area and 4,,, the total area covered
by nanoparticle aggregates (in um?). I, represents the average emitting density per unit area. It is easy
to see that the Is/Ip ratio corresponds to the Aum/Acot ratio, that is, to the relative amount of emitting
area with respect to the total area. As extrinsic and intrinsic defects are expected to be distributed
randomly through each whole nanostructured powder, we propose to take the quantity w=1—

Apm/ Aror = 1 —Is/Ip as a measure of the self-absorption due to aggregation of the nanoparticles.

2.3 Photocatalytic tests

The photocatalytic activity of the samples was tested towards the gas phase degradation of a
model volatile organic compound (ethanol) under either UV (Jelosil HG500 halogen lamp) or visible
light (Lot Oriel halogen lamp equipped with a 400 nm long wave pass edge filter). Effective power
density values during photocatalytic tests were determined using a Thorlabs S314C radiometer and
were 17.0 and 2.4 mW cm? for UV and visible light irradiation, respectively. The adopted
photocatalytic apparatus was described previously?> and allows monitoring via a gas-
chromatographic system (Agilent 7890 equipped with Porapak and DB-VAX columns, a methanator
and two FID detectors) both ethanol disappearance, intermediate formation (acetaldehyde) and build-
up of CO, as mineralization final product. The TiO, powders were drop casted on a Petri dish: 50 and
70 mg of sample powder, corresponding to an irradiated area of 51 and 102 cm?, were used
respectively for UV and visible tests due to the different reaction rates provided by the two irradiation

sources. An ethanol starting concentration of 238 ppm was employed for all tests.

2.4 DFT simulations

Theoretical simulation were performed with the ab initio plane-wave Quantum-Espresso (Q-
E) suite3¢38 with a PBE+U level of theory. For the Hubbard U we choose a value of 3.5 eV since it
provides a compromise between the increasing band gap and preserving lattice parameters
comparable with experiment.3%4° The core electrons are accounted by ultrasoft pseudopotentials and
we set the energy cutoff to 50 Ry for the wavefunctions and 400 Ry for the electron density. We
obtained the theoretical lattice parameters of anatase by performing a variable cell optimisation with

a 10x10x10 k-points mesh obtaining a lattice parameter a=3.838 A and ¢=9.711 A (reasonably close



to the experimental values of @=3.782 A and ¢=9.502 A)*! with an electronic band gap of 2.477 eV
(still smaller than the experimental value of 3.2 e€V).#! The supercell has been generated by 3x3x1
replicas of the conventional cell and, consequently, the k-points sampling was reduced to a 2x2x2
mesh for the supercell. Since the removal of an oxygen atom in the supercell yields to a pair of excess
electrons, all the calculations have been performed with a collinear spin polarization (unrestricted
DFT) with the orbital occupation described adopting a gaussian smearing of 0.005 Ry. We tested
several starting guesses, eventually identifying the most stable spin configurations (both with parallel
and antiparallel spins). We found a substantial agreement with previously published results.!%42>-47
For the detected states we analyzed the Spin Density, total Density of States (DOS), its Projection on
selected atoms (PDOS), and computed the Bader charges. To achieve reliable results for the DOS we
increased the k-point sampling adopting a 5x5x5 mesh. Finally, the Bader analysis have been
performed thanks to the Critic2 code*®#° starting from the electron density obtained from the Q-E

code.

3. RESULTS
3.1 Structural and optical properties

Table 1 reports the main physicochemical properties of the prepared samples: in all cases,
anatase-brookite composites were obtained, with N addition favouring a higher anatase content, in
agreement with previous reports.” The addition of ammonia also promotes the sample crystallinity,
almost doubling the anatase crystallite size.” Upon N addition, samples exhibit a lower surface area
and porosity compared to the pristine reference, especially in the case of urea addition, fully in
accordance with the literature.

Moreover, N addition also induces a visible light absorption in all tested samples,?’? although
the optical properties vary with the type of N source adopted, as shown by Figure 1. Ammonia and
urea give rise to a localized absorption centred around 2.65 eV, with no appreciable shift in the
absorption edge (as shown by the derivative graph, Figure 1, inset). As a result, the apparent band
gap value is hardly modified with respect to the pristine reference (Table 1). Increasing the urea
content promotes the visible light absorption, whereas no changes are observed in the case of
ammonia, probably because of the high volatility of NH; (during the calcination step) which may
limit the effective amount of N species introduced.

Visible light sensitization upon urea addition has been attributed to the formation of g-C3Ny4
during calcination at temperatures > 350 °C.?° According to the literature,’! it is known that g-C3Ny
gives rise to intense bands in the 1200-1600 cm! region, in particular, bands at 1250, 1330, 1400,

and 1530 cm! related to the stretching vibration mode of CN heterocycles.



Table 1. Physicochemical characteristics of the synthesized TiO, samples (phase composition: A for
anatase, B for brookite; average anatase crystallite size, d,(1°V; specific surface area, Spgr; total pore
volume, V,,.s; apparent band gap value, E,) and their photocatalytic performance during UV and
visible tests in terms of pseudo-first order kinetic rate constant of ethanol degradation, &, and %CO,
evolved after 30 min of reaction.

phase o) s v £ photocatalytic tests
sample composition (;m) (meTI) (mﬁorefl) (eé) k gonuy % CO,uy Kk gton,vis
% g g x103s1)  (30min)  (x10%s7)
T gf ;3 6 173 0240 323 70+2 84.7 1.6+ 0.4
A: 85
TNNO1 B 11 112 0152 323  69+2 77.1 17404
TNN 0.5 %.955 14 113 0163 323 995 94.7 39402
A: 84
™uol o 9 70 0071 318 66l 51.6 31403
A: 88
™Uos o 9 530090 320 56+l 14.2 14404
A: 85
™™NTOL 50 8 154 0191 306 703 745  138+0.6
A: 90
™ros 50 9 100 0029 3.00 54l 14.4 64+0.6
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Figure 1 — Kubelka-Munk graph as a function of light energy for the synthesized TiO, samples. Inset:
Relative first derivative of DR spectra.



In the present case, however, TNU samples do not exhibit any additional IR features in the
1200-1600 cm ! region compared to the pristine TiO, sample, even at the highest tested urea content
(Figure S1). This observation is consistent also with photocatalytic data (see Section 3.6).

The addition of triethylamine provokes instead a red-shifted absorption edge, lowering the
apparent band gap (Table 1). Furthermore, TNT samples present also a broad absorption in the visible
range, more clearly appreciable in the TNTO.5 sample (Figure 1).

3.2 Local structure

The local structure of the synthesized materials was investigated by EXAFS spectroscopy,
which is sensible to the average short-range structure of the probed absorbing atom, particularly to
the first coordination shell. In the present case, any distortion from the expected crystallographic
anatase structure, which is based on axially elongated TiO4 octahedra, can be attributed to synthesis-
induced lattice defects (Table 2). Owing to the nanometer-size distribution of the samples, we focused
just on point defects, which imply substitutional N (Np), interstitial N (N;) and oxygen vacancies
(Vo). We relied upon periodic quantum simulations to disentangle the different structural effects
triggered by the various defects, according to a previously reported approach?’”. While Ng’s leave
unchanged the average Ti—O coordination distances, N;’s lengthen them by up to 5-6%. The reason
is that the Ti site symmetry is poorly perturbed by a Ng defect, while N; produces n? coordinated
N=O species that strongly distort the local Ti environment. On the contrary, Vy’s determine an
apparent ~ 3% shrinkage of the average Ti—O distances. In all cases, the longest axial bonds are the
most affected Ti—O distances. Keeping in mind these scenarios, Table 2 reports the average Ti—O first

coordination distances as a function of the nominal N/Ti content.

Table 2. Average axial and equatorial Ti—O distances as a function of the nominal N/Ti ratio, as
estimated from the least squares against EXAFS data on TiO, samples. Results for the TNT series
are the same already reported in ref.’2. Estimated standard deviations (e.s.d.’s) in parentheses. See
Section S1 for details of the least-squares fittings.

N/Ti nominal ratio axial equatorial
0 2.04(2) 1.82(1)
TNT TNN TNU TNT TNN TNU
0.1 2.04(2) 2.05(5) 2.08(5) | L.81(1) 1.84(2) 1.80(2)
0.5 1.93(3) 2.07(5) 2.06(6) | 1.83(1) 1.85(2) 1.83(3)

The average equatorial distances are reasonably close to the crystallographic reference> and
remain unchanged at increasing N precursor amounts. In contrast, the trend of axial distances depends

on the N chemical source. At high N concentrations, TNT samples present a significant amount of
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oxygen vacancies,?’ as it can be appreciated by the apparent reduction of the average Ti—O bond
length. This is not the case for urea and ammonia, where axial Ti—O distances remain equal to the
pristine reference within 1 estimated standard deviation. Thus, no patent distortions are detectable in
the average local TiOg¢ structure. This implies that the urea- and ammonia-derived materials do not

bear any marked Vg excess compared to the pristine TiO,.

3.3 Photochromism

The photochromic properties of TiO, samples were studied to investigate the nature of light-
active trap centres in the three series of samples. Photochromism is normally interpreted in terms of
light-induced formation of charge carriers, followed by their separation at electron and hole traps,
thermally-stimulated detrapping and recombination.>*

Figure 2 reports differential spectra of the synthesized samples, obtained as difference
between the reflectance (R) curves of the same sample before and after irradiation with broadband

UV light.
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Figure 2 — Effect of UV irradiation, as variation in reflectance, on the optical properties of
synthesized samples with N/Ti nominal ratio of 0.1 (a) and 0.5 (b). The relative spectrum of the
pristine TiO, reference is reported for the sake of comparison.

Following Serpone and coworkers,” the transmittance of titania samples can be safely
assumed to be zero, being them opaque to visible light. In Figure 2, a positive peak means an increase
in absorbance (4) upon treatment with UV light, whereas a negative peak implies a corresponding
decrease in absorbance. We denote with the as Ry and Ry, the reflectance respectively before and after
the UV irradiation process. Then, R + 4 = 1 and AR = Ry— Ri, = (1-A4¢) — (1-4;y) = 4in—Ao. If AR >
0, it follows that A, > A, that is, the irradiated sample absorbs more than the not-irradiated one. An

increase in light absorption upon UV irradiation is appreciable for most of the samples, especially at
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the highest N/Ti ratio. This suggests that the number of absorbing defects is growing, whereas a
decrease in absorbance implies photobleaching.’! The pristine sample T shows no change in light
absorption after UV irradiation. This implies that photochromism is not due to the intrinsic electronic
properties of TiO,.

A fitting of the differential spectra was performed using Gaussian curves’® and peak positions,
along with peak width and relative area, are reported in Table 3. Details of the fitting procedures and

deconvoluted spectra are reported in the Supporting Information (Figure S3).

Table 3. Least-squares fitting of differential DRS features reported in Figure 2.

peak 1 peak 2 peak 3
Sample posttio width area  position width greq  position  width area
P R O N C 7 N N C /A

TNNO.1 3.00 0.39 30 232 0.67 70 - - -
TNNO.5 3.03 0.39 27 2.27 0.69 73 - - -
TNUO0.1 2.97 0.45 36 2.10 0.75 64 - - -

TNUO.5 3.05 0.31 12 2.21 0.78 88 - - -

TNTO.1 2.88 0.30 35 2.30 0.49 44 1.51 0.64 21
TNTO0.5 2.65 0.52 15 2.03 0.58 25 1.49 0.75 60

Also in this case, the TNN and TNU samples exhibit similar behaviour, showing two main
components at around 3.0 and 2.2 eV (the latter being the most intense), which imply an improved
absorption in the violet (430 nm) and green (530 nm) regions. Conversely, TNT samples show a more
complex behaviour. Besides a positive component at ca. 2.9 eV, TNTO.1 is the only specimen that
shows a patent broad decrease in absorbance in the 1.8-2.6 eV range (Figure 2a), i.e. in the 690—480
nm (red-blue) region of the visible window, with the minimum lying at 2.3 eV (539 nm). This feature
indicates that only UV irradiation reduces the amount of trapped electrons for TNTO.1. On the other
hand, TNTO.5 presents all positive peaks, with main components at ca. 2.0 and 1.5 eV (Figure 2b).

Overall, these data suggest a similar nature and content of trap defects in TNN and TNU
samples, supporting also a lesser role of the nominal N/Ti ratio on the former. Moreover, in good
agreement with EXAFS data, photochromic spectra show the presence of additional trap defects for

the TNT series and a far higher defectivity for TNTO0.5 compared to TNTO.1.

3.4 Photoluminescence

12



The photophysical properties of the samples were investigated by UV-vis fluorescence

spectra, as reported in Figure 3.
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Figure 3. Normalized*? emission (“EM”) (a) and excitation (“EX”) UV—Vis fluorescence spectra for
synthesized TiO, samples from different N sources (blue: triethylamine, red: urea, green: ammonia)
with nominal N/Ti ratio of 0.1. Other concentrations are shown in Figure S4.

Two almost symmetrical curves are shown for each specimen, referring to the same electronic
transitions, followed through excitation (“EX” spectra) or emission (“EM” spectra). The horizontal
distance between the main symmetrical features quantifies the corresponding Stokes shifts. In
excitation mode (Figure 3b), the most intense band starts at roughly 2.9 eV and shows a broad
maximum around 3.1-3.2 eV (395-397 nm), which corresponds to the adiabatic (vertical) transition
across the anatase band gap. Owing to the indirect nature of this semiconductor, dissipative processes
involving lattice phonons downshift the emission by = 0.9—1.0 eV through non-radiative decay,
resulting in a maximum close to 2.2 eV (Figure 3a).

Three points are worth noting. First, all the spectra bear the same peak at = 2.68 eV (461-464
nm), which undergoes an almost negligible Stokes shift of = 0.017 eV. This feature is not attributable
to N species, as it is already detectable in the pristine specimen T (Figure 3).

Second, the signal of the TNN and TNU series closely resembles that of the blank reference
(see Figure S4 SI), with root mean square deviations invariably lower than 0.025 (TNN) or 0.020
(TNU) normalized intensity units between the corresponding curves. Moreover, signals
corresponding to 0.1 and 0.5 N/Ti nominal ratios are almost completely superimposable in both the
TNN and TNU series, as it can be appreciated by visual inspection of Figure 3. In other words, when
the precursor is either urea or ammonia, the nominal N concentration does neither significantly affect
the band edges, nor it is expected to strongly reduce the band gap. This agrees with the DRS results

shown in Table 1 and Figure 1.
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The picture changes when the TNT series is considered (Figure 3). A =0.11 eV large
downshift of the maximum of the main absorption band is apparent at higher N concentration in the
excitation scan mode. This is comparable with the decrease in the apparent band gap (0.1-0.2 eV)
detected by DRS measurements (see Section 3.1). The shape of the high-energy excitation band is
also influenced. As the shift does not affect the emission signal, we must conclude that non-radiative
decay mechanisms reset the differences among distinct excitation paths, as the radiative step of the
relaxation process starts from the energy of the absolute conduction band minimum (CBM) and
results to a 2.1-2.2 eV wide step. On average, TNT spectra are significantly more different compared
to the pristine reference, with root mean square deviations of ~ 0.040 normalized intensity units. This
further confirms that the electronic properties of TiO, are significantly affected only when the

material comes from the triethylamine precursor, in accordance with DRS analyses (see Section 3.1).

3.5 Periodic DFT results

To clarify the relationship between defectivity and photophysical features, we exploited DFT
to simulate an anatase TiO, supercell with a single V. The purpose was to disclose the genuine
electronic and structural effects of Vo, getting rid of possible interactions with extrinsic dopants.?%-3
In particular, we look for the possible occurrence of colour centres and changes affecting the formal
oxidation state of Ti ions. An oxygen vacancy implies that two excess electrons must be accounted
for to ensure electroneutrality of the lattice. Within our PBE+U approach (U=3.5 eV), among the
possible stationary states we identified seven possible electronic states, differing in either the spin
pairing or the relative localization of the excess electrons. A full description, as well as a discussion
on the relative stability of the different states, is reported in Section S4. We consider the least stable
nonmagnetic closed shell state as a suitable reference for the subsequent discussion. The six magnetic
solutions all have lower energies. The magetization yields to a total energy reduction with the most
stable state presenting an energy -0.51 eV below the unpolarized case, implying a high localization
of the excess electrons on different Ti atoms, one adjacent to the Vo and the other slightly further
(Figure 4a).

Two almost degenerate spin configurations are possible for this state, the one with parallel
spins being more stable of the order of 1073 V. The —0.51 eV stabilization comes from the relief of
unshielded Coulomb repulsion, which requires the excess electrons being localized into sites far apart
from each other. At the same time, it is reasonable that electrons on different metal ions show a poor
spin correlation in a diamagnetic matrix. Moreover, our ground-state simulations do not predict the

formation of Farbe centres in the Vg void.
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A closer insight can be achieved by inspecting the net charges of atoms involved in the internal
reduction Ti*" + e~ — Ti*". We evaluated integral atomic charges from the topological analysis of the
total charge density, according to the Bader’s Quantum Theory of Atoms in Molecules (QTAIM);>’
full results are shown in Tables S4-S5. Granted that individual charges are not quantum observables,
and henceforth any partitioning scheme is arbitrary to say the least, the QTAIM approach has the
advantage of subdividing the total charge density into non-overlapping disjoint regions (“topological
atoms”, £2°’s), whose boundaries are self-consistently set by the topology of the Vp(r) vector field.
Thus, the net charge of each topological atom is defined as:

q(@) =Zg—e- [ p(r)dr @)
where Zj, is the positive charge of the nucleus in £2and e is the elementary charge. QTAIM charges q
(22) depend on the electron population of the topological basin (2, which can be taken as a reliable
estimator of the oxidation state of that atom in its crystalline environment.’8° As for the present case,
QTAIM charges confirm that the excess electrons are localized on specific Ti ions close to the Vg

defect (Table S4), which bear = 15% more electrons than the corresponding bulk Ti atoms.
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Figure 4. a) Spin density isolevel (yellow) at 5-10- atomic units of the most stable state in oxygen—
defective anatase TiO, with the PBE+U exchange and correlation potential. Ti atoms: grey. O atoms:
red. The blue circle highlights the position of the oxygen vacancy. b) Density of States of defective
anatase TiO, with the PBE+U exchange and correlation potential. Comparison of different
magnetization states for the bulk and defective system. Upper and lower panels are for the two
different unrestricted spin magnetization.

We note that the oxygen vacancy is equatorial with respect to both the reduced Ti centres
(Figure 4a). An analogous behaviour is observed for all the magnetic solutions (Table S4-S5), with
some V-neighbouring Ti atoms being reduced to some extent. Considering the band structure, the
excess electrons inject new electronic states inside the band gap with respect to perfect TiO, (see
Table S3 and Figure 4b). It is clear from the above discussion that these must be localized on Ti
centres close to the Vo, as it can be appreciated also from the projected density of state (PDOS)
schemes (Figure S8). Moreover, they fall deep inside the band gap, with a minimum distance from
the conduction band minimum (CBM) of 0.9-1.0 eV for the two most stable solutions, as supported
by a recent combined theoretical and experimental approach.?® When related to the total DFT-
predicted magnitude of the indirect band gap (2.48 eV), they correspond to = 36-40% of the latter
(Figure 4b). Remarkably, this is in quantitative agreement with the UV-vis fluorescence results
discussed in Section 3.4, where excitation and emission spectra show a signal at 1.06 eV from the
indirect-gap CBM. Moreover, the highly localized nature of the defect complies well with the
immaterial Stokes shift measured for the corresponding transition (see Section 3.4), indicating that
the relaxation process is essentially radiative in nature. This is expected, considering that bulk Vg’s
can act as efficient recombination centres. Hence, bulk DFT calculations support an attribution of the
spectral feature noted in UV-Vis fluorescence experiments at 2.68 eV to oxygen vacancies, in

agreement with previous reports.®°

3.6 Confocal Microscopy

As the aforementioned transition falls in the blue region of the visible window (461-464 nm),
confocal microscopy (CM) can be employed to quantify the relative amount of fluorescence
attributable to emitting V¢ centres in our samples. CM is an imaging technique that allows locating
fluorophores with high spatial resolution (<0.5 um), even in complex matrices.! In the present case,
the specimen is a suspension of nanoparticle aggregates (Figure 5), hence data processing was

performed taking into account the issue of self-absorption (see Section 2.2).
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Figure 5. Confocal images (40x, area: 310 x 310 umz offset correction 50%, HV 700V, laser
intensity 10%) of TNNO.5. Left: fluorescence in false colors to enhance the fluorescence output.
Legend in arbitrary units. Right: visible light. This picture has an illustrative purpose to see what
information the confocal images convey; see Figures S10-12 to see all samples.

In particular, I quantifies the average emitting density of regions whose fluorescence is not
hampered by aggregation effects. Thus, I is uncorrelated with self-absorption (Figure S13) and it
can be taken as a least-biased intrinsic property of the material, genuinely related with the nature of

Vo defects. Figure 6 shows I, estimates for the three series. Results are also summarized in Table S6.
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Figure 6. Fluorescence density (in arbitrary units per pm?) of the synthesized samples, as estimated
by confocal microscopy.

A first outcome from Figure 6 is that TNT materials have the lowest fluorescence output: their
Ip is almost halved with respect to T, despite of a similar self-absorption (Table S6). This is quite
surprising, as EXAFS results (Table 2) neatly demonstrate that the TNT series displays a promoted
formation of extra oxygen vacancies. The latter can be attributed to an effective incorporation of

extrinsic N defects in the lattice in the TNT series, according to Eq. 1. Furthermore, the trend shown
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in Figure 6 countercorrelates with the expected amount of N that enters the lattice, as inferred from
the distortion of the crystallographic unit cell of TiO, anatase (TNT > TNN > TNU) described
elsewhere’. It should be noted that Figure 6 compares the fluorescence emission from Vg centres, i.e.
the amount of radiative recombination from these species, and not the actual density of oxygen
vacancies. The discrepancy between EXAFS and CM outcomes entails that Vg centres with different

de-excitation pathways exist in each series, as will be further discussed in Section 4.

3.7 Photocatalysis

The role played by these different defective ensembles on the photocatalytic performance of
the material was investigated towards the degradation of a model volatile organic compound, ethanol,
in the gas phase (Figures S14-S15). Under UV light irradiation, pristine TiO, performs better than
most of the visible-sensitized samples, both in terms of ethanol disappearance and of final
mineralization (Table 1). This result could be rationalized considering the much lower specific
surface area of N-modified samples with respect to the pristine reference. It is well-known that the
morphological features of the photocatalyst play a major role on gas phase reactions: in the gas phase
photocatalysis, only the adsorbed pollutant molecules can undergo redox reactions by photogenerated
charge carriers or surface radicals.®?> Moreover, the occurrence of lattice defects has been related to
poorer photocatalytic performance by promoting recombination®® or lowering the oxidative potential
of photogenerated charges.?® Notably, the only exception is represented by TNNO.5, which showed
promoted photocatalytic performance, despite the lower surface area. The enhanced performance
could be possibly related to the higher anatase content and crystallinity.

The role of N-addition on the photocatalytic performance under visible light irradiation was
also investigated. Overall, the reaction rates are much lower than under UV irradiation, as a result
only the rate constant of ethanol degradation are here commented (Table 1). Interestingly, most of
the visible-sensitized samples do not exhibit significantly enhanced performance compared to the
pristine reference. The residual activity of the latter under visible irradiation is due to the light
absorbance above 400 nm of anatase. The best performing samples belong to the TNT series, with
the TNTO.1 showing a reaction rate under visible light one order of magnitude higher than that of

pristine TiO,.

4. DISCUSSION
The reported experimental evidence underlines a diverse role of the three N sources in
introducing intrinsic and extrinsic defects into the oxide lattice. Upon triethylamine addition in

synthesis, the local structure and photophysical properties, in agreement with previous PXRD
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studies,’ support N substitution of O atoms within the TiO, lattice, leading at high N nominal contents
to a marked increase in the amount of Vo, in accordance with theoretical calculations.®* Conversely,
the TNN and TNU samples exhibit a localized visible-light absorption but miss the tell-tale signs of
N substitutional doping (shift of the absorption edge and promotion of oxygen vacancies formation®*),
in accordance with previous reports of TiO, modification using either ammonia or urea.’® However,
the nature of visible-light inducing defects in these samples remains controversial. Promoted PL
emission from the TNU series suggests a fast charge carrier recombination, possibly explaining the
observed poor photocatalytic performance of these samples (Section 3.7). These observations also do
not support the formation of efficient TiO,/g-C;N4 heterojunctions in the present conditions, as also
suggested by FTIR spectra (Section 3.1). Furthermore, the similar photophysical behaviour of TNN
and TNU samples seems to underscore common traits related to trap sites (see e.g., photochromic and
PL properties).

Samples from different N sources thus present notable differences in terms of Vy’s density.
CM results suggest that each series differs also in the de-excitation pathways available for V centres.
Scheme 1 summarizes the mechanisms of photoexcitation and relaxation of defective TiO, here
proposed on the grounds of the present spectroscopic analyses, theoretical calculations and literature

results20.

CB

CBM ——

VBM

VB

Scheme 1. Qualitative illustration of the main radiative excitation-relaxation processes in TiO,-based
nanoparticles discussed in this work. CBM and VBM are the conduction band minimum and the
valence band maximum. Green: main absorption path, already active in bare anatase TiO,. The
difference in energy between CB and CBM corresponds to the Stokes shift seen in UV-vis
fluorescence spectra and involves a phonon-mediated non-radiative decay. Blue: absorption from
occupied shallow mid-gap states due to substitutional N (estimated from bulk plane-wave
calculations?’). Red: radiative excitation-relaxation process due to oxygen vacancies, with no
significant Stokes shift (UV-vis fluorescence data, this work).
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In this picture, Vo centres are responsible for a sharp transition at 2.7 eV, appreciable both
in absorption and fluorescence spectra of all samples. The trend in the fluorescence emission of this
transition mirrors, however, neither that in light absorption nor in the Vg content based on local
structural data. A possible explanation invokes the O,-induced quenching of fluorescence. It is well
known that, under the action of UV light, polycrystalline TiO, can promote the formation of highly
reactive oxygen species (ROS), like superoxide radicals (07)% or singlet dioxygen (10;).66:67
Experimental evidence®-%0-68 suggests that ROS formation involves an initial absorption of ground-
state triplet O, at surface Vq’s, followed by an electron transfer from vacancy-related Ti** species.®
The quenching of the characteristic emission of Vg’s is likely a byproduct of the UV-induced
interaction of surface vacancies with O,. We hypothesize that the strong I, reduction in TNT samples
be ascribable to stronger O,-induced quenching, which in turn is expected to depend on a higher
concentration of surface Vg’s. The combination of EXAFS and CM outcomes thus indicate that TNT
materials have the greatest amount of surface Vo’s compared to the pristine reference (Figure 6).
Conversely, Vo’s are mainly of bulk nature in TNU, that is, they are buried deep inside the
nanoparticles, being preserved from interaction with O,. In this respect, it should be noted that TNU
samples have lower surface area and porosity than the TNN and TNT series (Table 1). The TNN
series exhibits an intermediate behaviour, with TNNO.1 showing a similar fluorescence emission than
T, and TNNO.5 displaying a reduced PL emission, possibly related to the sample’s higher crystallinity
and promoted UV-light photocatalytic activity. This scenario awaits experimental confirmation
through dedicated measurements in controlled oxidant environments. It is worth noting, however,
that an analogue conclusion was drawn for O-defective CeO, nanoparticles, which were proposed to
exploit quenching of fluorescence for applications in oxygen detection.”®

These diverse landscapes in terms of intrinsic and extrinsic defects give rise to notably
different photochromic and photocatalytic properties. Transient absorption features have been related
to trap states, hence have been used to investigate the defectivity of TiO,.!! Here, the photochromic
peak at the highest energy falls at ca. 3.0 eV for the TNN and TNU series and <3 eV for TNT samples,
i.e. ca. 0.2 eV below the band gap value of each sample. Electron trapping states located ca. 0.26 eV
below the CB edge have been previously related to Ti** ions.!:”! Mendoza Diaz et al. recently studied
the PL emission of TiO, samples using scavengers: a PL peak at ca. 2.9 eV was attributed to
recombination between electrons trapped in shallow trapping states due to Ti*" species associated
with Ti interstitials, and holes in the VB.2¢ With respect to PL transitions, here the transient absorption
features are produced by UV irradiation over the course of minutes and are stable for several hours.
Indeed, slow interconversions between electron traps, taking place over the course of minutes to hours

at 0-50 °C, have been previously reported in reduced TiO, systems and attributed to equilibration in
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trap states involving changes in structure or stoichiometry.”> Also the absorption feature centered
between 2.2 and 2.3 eV has been previously reported and assigned to the 2T, to 2E transition of
Ti3*.737% Furthermore, Serpone and coauthors consistently reported a photochromic peak at 2.16 eV
upon UV light irradiation of N-doped TiO, samples, which was attributed to Ti3" centres*7>. The
TNN and TNU photochromic features, as well as some of the TNT ones, could thus be related to
photogenerated Ti3" species. These features are observed only in the N-modified samples, suggesting
that the addition of these external sources, particularly ammonia and urea, introduce electron donor
species, which, in turn, lead to the formation of Ti3" species upon light irradiation.’®

Furthermore, the TNT0.5 sample shows a marked photochromic component at ca. 1.5 eV: this
observation, along with the increased Vo content and low PL emission of this sample, suggests that
this component could be related to Ti** species associated with surface V. Notably, Kuznetsov and
coauthors®® attributed a photochromic peak at 1.56 eV to extra-charged Ti*" species (Ti%"), such as
two adjacent Ti** centers located near a single oxygen vacancy, whose formation occurs only at high
density of photogenerated Ti** centers.

Hence, the photochromic behaviour of all N modified samples highlights the occurrence of
trap states for photogenerated electrons due to lattice defects formed upon N addition during
synthesis. Overall, the presence of trap sites in N-modified samples goes hand in hand with poorer
photocatalytic performance under UV irradiation. The only notable exception is TNNO.5: This sample
is characterized by larger crystallites and higher anatase content, which have been related to reduced
recombination of photogenerated charges (see confocal microscopy results) and promoted
photocatalytic activity.

Visible-light tests also show mixed results. The visible-absorbing species in TNU and TNN
fail to promote visible-light activity, which could be related to an insufficient oxidation potential or
mobility of trapped holes to generate highly oxidizing radicals.?®77 Conversely, the TNT series
displays visible light activity, which could be due to its N substitutional doping. In the TNT series,
the highest activity is achieved by TNTO.1. Notably, TNTO.1 is the only sample displaying some
detrapping effects upon light irradiation. It is widely accepted that charge transfer occurs from Ti3*
states to singly occupied N-states:”®

Ti3* + Nj=2Ti* + Nj (2)

Moreover, light irradiation regenerates paramagnetic N}, centers from Nj states by exciting
electrons to the conduction band, which are then captured by adsorbed O,.”® Hence, the presence of
substitutional nitrogen could promote detrapping of Ti**-related states. However, if V’s are in excess
compared to N states, the Ti*" states still remain partially populated.?’ This could explain why the

Vo-rich TNTO0.5 sample displays such a different photochromic behavior compared to TNTO.1. The
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presence of trap sites related to extra-charged Ti*" could, in turn, rationalize the lower visible-light

activity of TNTO0.5 compared to TNTO.1.

5. CONCLUSIONS

In this work, we applied a multidisciplinary approach, including advanced spectroscopy and
microscopy methods, to investigate the role of oxygen vacancies (Vg’s) in highly defective
nanostructured TiO, matrices. Plane wave bulk quantum simulations complemented the experimental
picture. The purpose was twofold: on the one hand, to explore the distribution and role of surface and
bulk V’s; on the other hand, to study how Vg’s may affect the photophysical and photochemical
properties of TiO,. The amount of V, species was tuned by addition of an extrinsic defect, nitrogen.
As a matter of fact, thermodynamics ensures that the concentration of bulk N and extra Vy’s are
correlated, despite being both not easily amenable to quantitative experimental determination.

UV-vis fluorescence showed a characteristic spectral signal in the blue range of the visible
window (= 2.7 eV, 461-464 nm), which was present already in the pristine TiO, reference. High-
grade DFT simulations demonstrated that this signature is specific of Vo defects. Excess electrons
coming from a Vg are highly localized on at least two reduced Ti ions around the vacancy. In turn,
this produces sharp mid-gap states, which are involved in rapid excitation-recombination processes
with almost no Stokes shift.

Further insights into the quantity and distribution of V’s within the nanostructured particles
were obtained by comparing local structural information, gained by a combination of EXAFS and
DFT data, with fluorescence density output per um?, measured by confocal microscopy. We
hypothesize that, in the case of the TNT series, the Vg excess does not promote fluorescence emission
due to the surface nature of these defects, which can interact with adsorbed oxygen species under UV
pumping. We propose that confocal microscopy might be employed as a cheap tool to discriminate
the distribution of V’s in nanostructured TiO;: the more effective the fluorescence quenching, the
higher the amount of surface Vg '’s.

Actually, a lowered fluorescence in N-modified species is correlated with a promoted
photocatalytic activity, as TNNO.5 and the TNT series are the best performing samples under UV and
visible sources, respectively. The photocatalytic features of the latter samples could be attributed to
substitutional N doping, as other N-related defects, such as those prevalent in the TNU and TNN
series, are not visible-active despite absorbing visible-light.

The intrinsic defects play a notable role as well in the photochromic and photocatalytic
properties of the N-modified samples. A good balance between the extrinsic and intrinsic defects,

such as in TNTO.1, seems related to detrapping phenomena and an ensuing enhanced photocatalytic
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activity in the visible region. A further increase in Vg content (even surface ones) could promote the
formation of other electron traps, such as photo-induced extra-charged Ti** species, slightly

worsening the photocatalytic performance.
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Synergy of visible light probes and DFT calculations allow to highlight the preferential location

and the relative content of oxygen vacancies in highly defective TiO, materials
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