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Abstract: Defect-engineering of TiO, can have a major impact on its photocatalytic properties for the
degradation of persisting and non-biodegradable pollutants. Herein, a series of intrinsic and extrinsic
defects are induced by post annealing of crystalline TiO, under different reducing atmospheres. A
detailed optoelectronic characterization sheds light on the key characteristics of the defect-engineered
TiO, nanopowders that are linked to the photocatalytic performance of the prepared photocatalysts.
The photodegradation of a model dye, malachite green, as well as the inactivation of bacterial
endospores of the Geobacillus stearothermophilus species were studied in the presence of the developed
catalysts under visible light illumination. Our results indicate that a combination of certain defects is
necessary for the improvement of the photocatalytic process for water purification and disinfection
under visible light.

Keywords: photocatalysis; defect-engineered TiOj; solar light; decolorization and disinfection of
water; advanced oxidation processes; metallic oxide nanoparticles

1. Introduction

Semiconductor photocatalysis has attracted great attention in the last decades due
to the potential and prospects it offers in a variety of fields including environmental
remediation, energy production, and organic synthesis [1]. The exploitation of solar energy
in the presence of nanostructured semiconductors and mild environmental conditions may
serve as a reliable alternative to energy-intensive conventional technologies [2,3].

A well-established material for photocatalytic applications is TiO, (anatase) because
of its high photocatalytic activity, resistance to photo-corrosion, biological inertness, and
low cost. [4-6]. Several strategies have been applied to tackle the main disadvantage of
TiO,, which is its inability to be activated by visible light due to its high band gap energy.
Strategies such as doping with transition-metal ions (Fe, W, Mo, V, and many others),
dye sensitization (Ru-, Os-, Zn-complexes, etc.), as well as non-metal ion doping with
nitrogen serving as probably the most popular and efficient dopant [7-9]. It has been found
that substitutional doping of N introduces p states that, combined with the O 2p states
of TiO,, contribute to its bandgap narrowing. In addition, interstitial N doping couples
with lattice O, creating antibonding states in the bandgap of the material [10,11]. These
states are located close to the valence band (VB) of TiO,, and ionized electrons coming
from the VB can be accommodated. In turn, this increases the concentration of holes in the
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VB. Additionally, electrons from these states can be photoexcited by longer wavelengths
improving the performance of TiO, under visible light irradiation [12,13].

Recently, the colorful chemistry of TiO; has been revealed and especially important
was the development of black TiO; by Chen and co-workers [14]. In the latter case, the
formation of oxygen vacancies, Ti>* states, as well as of core-shell crystalline-disorder
structures, Ti-H and Ti-OH species, has extended the activation potential of TiO; even in
the IR region of the light spectrum. Since the discovery of black TiO, in 2011, there have
been numerous reports of the improved photocatalytic activity and electronic conductivity
of TiO,, leading to enhanced photocatalytic efficiencies both in the degradation of organic
molecules, and the production of solar fuels [14-18].

In this work, TiO; nanopowders were synthesized via the sol-gel method and were
then sensitized by (a) high temperature nitridation in NH3 atmosphere and (b) reduction
in Hy atmosphere. The synthesized N-doped and black TiO, nanopowders were then
tested for their efficiency on the decomposition of a model and non-biodegradable organic
pollutant as well as on the inactivation of highly resistant biological targets, in the presence
of visible light. Both N-doped and black TiO; are well-known material classes and they
have been extensively studied in the literature. However, a direct comparison of their
efficacy and efficiency in the visible light-driven water remediation coupled to their intrinsic
and extrinsic defects (oxygen vacancies, Ti**, N lattice heteroatoms) is not common. Our
work showcases how certain defects are associated with the photocatalytic performance of
two important forms of TiO,.

More specifically, an evaluation of photocatalytic efficiencies of the as prepared TiO,
nanopowders under visible light was conducted based on the degradation of an organic,
triarylmethane dye, malachite green (MG). Organic dyes are used in a wide range of
applications including textile, leather, and paper production industries, laser technology,
photoelectrochemical, and dye-sensitized solar cells [19-21]. It is estimated that approx-
imately 7 x 10° tons of dyes are produced annually, while more than 10° tons per year
are released in output flows, severely contaminating aquatic bodies. Organic dyes are
in most cases soluble in water, non-biodegradable, and toxic to humans and ecosystems,
rendering their efficient removal from waterbodies of the outmost importance [22,23]. MG,
in particular, is annually produced in thousands of tons and consumed mainly in the
textile and paper industry [24]. MG is also used as one of the most effective fungicides and
ectoparasiticides in aquaculture and fisheries [25] and may persist in edible fish tissues
for extended periods of time [26]. Furthermore, MG is used in medical applications as a
disinfectant and a biological stain or counterstain for microscopic analysis of cell biology
and tissue samples. In spite of its extended use, MG is a highly controversial material
due to its toxic properties which are known to cause respiratory problems, carcinogenesis,
mutagenesis and teratogenicity [27].

After investigation of the photocatalytic degradation of MG in the presence of the
as prepared photocatalysts and visible irradiation, the study focused on the catalysts
with the optimum photocatalytic properties and their potential to inactivate bacterial
endospores of the Geobacillus stearothermophilus species. After prions [28] and along with
certain protozoans, endospores demonstrate the highest resistance to harsh environmental
conditions, enabling them to survive in dormant state for up to thousands of years and to
germinate when conditions become favorable. Endospores, such as G. stearothermophilus
exhibit a remarkably high degree of resistance to inactivation by most physical treatments
and oxidizing agents [29,30]. Bacterial endospores can serve as excellent reference tools in
inactivation studies, due to the remarkable stability of their suspensions [31].

2. Results
2.1. Characterizations
The morphology of the as-prepared TiO, samples was observed under ultra-high

resolution cold-field emission SEM, as shown in Figure 1b—e. Photographs of the obtained
powders are also presented in Figure 1a.
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SU8200 3.0kV 2.9mm x150k

All the nanoparticles in the A-TiO; sample appear to aggregate and do not show
regular morphology (Figure 1b). However, the post thermal treatments have a significant
effect on the visual appearance and size of the obtained TiO; nanoparticles. The white color
of the amorphous TiO; powder (A-TiO;) did not change after heat treatment at 550 °C
in air (C-TiO;), but it turned yellow after nitridation (N-TiO,) and grey after hydrogen
reduction (H-TiO;), as seen in Figure 1a. In general, bandgap engineering in order to alter
the absorption properties of a semiconductor produces colored powders and especially the
lattice N incorporation results in yellow-colored TiO;. In the case of intrinsic doping of
TiO,, i.e., induction of intrinsic defects, the appearance of a grey color can be ascribed to
Ti** and oxygen vacancies (vg) species that increase in concentration after treatment in
reducing atmospheres. Furthermore, as evident from the comparison of nanocrystals in
Figure 1b—e, the average particle size progressively increases in accord with the received
amount of thermal energy (annealing T X treatment time).

300nm

300nm SU8200 3.0kV 2.9mm x150k SE(UL) 300nm

Figure 1. Photographs of the investigated TiO, nanocrystals (a) and representative SEM images of A-TiO; (b), C-TiO; (c),
H-TiO, (d), and N-TiO; (e), respectively. Scale bar: 300 nm.
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To determine the crystal structure and possible phase changes after the hydrogenation
and nitridation treatments, the X-ray diffraction (XRD) patterns of the TiO, samples an-
nealed in the presence of different gases were collected and are presented in Figure 2. All
the TiO;, nanocrystals display almost the same XRD patterns, which can be indexed mainly
to the pure anatase phase. More specifically, the peaks at 20 = 25.2°, 37.7°, 48.0°, 53.8°,
55.2°, and 62.7° are indexed to the (101), (004), (200), (105), (211), and (118) crystal planes of
anatase (JCPDS Card No.21-1272), respectively. The intense XRD diffraction peaks for the
H- and N-TiO; at 26 = 25.4° samples indicate their improved crystallinity, in accordance
with the SEM observations above. The crystallite size of all the samples was calculated
using the Scherrer equation based on the XRD spectra. The results show that the crystallite
sizes are increasing following the trend: A-TiO; (5.4 nm) < C-TiO; (13.1 nm) < H-TiO,
(21.6 nm) < N-TiO5 (29.6 nm). The calculated values indicate that calcination under Hp
and NHj atmosphere promoted the growth of the TiO, naono- grains. Consequently, we
can assume that the surface area of each powder sample decreases with the same trend.
Compared to the C-TiO,, the (101) diffraction peak (Figure 2 inset) of the rest three samples
shows a slight shift towards a lower angle, which can be ascribed to lattice expansion [32].
It is reasonable to assume that this expansion is the result of the lattice disorder and the
interstitial /substitutional N incorporation in the case of the H- and N-TiO, samples. More-
over, the XRD patterns of the H-TiO, and N-TiO, samples show a small amount of rutile
phase. Indeed, the characteristic diffraction peaks at 27.5°, 36.1° and 41.2° are attributed to
the (110), (101) and (111) facets of rutile, respectively (JCPDS Card No. 21-1276). The rutile
phase in the C-TiO; sample is not obvious from the corresponding XRD pattern, but it may
be hindered by the lower degree of crystallinity and obscured by the background signal.

(101)
= rutile 004 (200) 24 26 28]
E 0 G umen e o,
% ¥ H-TiO,
8
c .
= C-TiO,
A-TiO,
I anatase
1 | (] " ' vt
I rutile
l Y N | | | ) It v
20 40 60 80

20 (degree)
Figure 2. XRD patterns of the prepared TiO, nanocrystals.

(Scanning) Transmission Electron Microscopy ((S)TEM) was employed for a more
detailed phase identification and structural analysis on the nanoscale. Figure 3 shows
Selected-Area Electron Diffraction (SAED) patterns (a—c) and high-resolution Annular
Bright Field (ABF) STEM images (d—f) from C-TiO,, H-TiO, and N-TiO,, respectively. The
coexistence of both anatase and rutile phases is identified in all samples, with anatase
being dominant. High-resolution imaging reveals the formation of nanoparticles of high
crystal quality, terminated by well-defined facets. The maximum particle-size is ~15 nm
for C-TiO,, while a slight enlargement up to ~25 nm is observed when TiO, was annealed
in Hy and NHj atmospheres, corresponding very well with the sizes obtained by the XRD
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refinement. Additional ABF-STEM images indicative of the difference in the grain sizes
can be seen in Figure S1 as well. Precise measurements of the d-spacings were performed
on high-resolution images, as well as on the corresponding Fast Fourier Transform (FFT)
diffractograms. A lattice expansion in the H-TiO, and N-TiO, nanoparticles is detected
with respect to C-TiO;. In particular, the average d-spacing of the anatase (101) lattice
planes in C-TiO; is 0.347 & 0.001 nm, while the values increase in the case of H-TiO, and N-
TiO; to 0.355 & 0.001 nm and 0.357 & 0.001 nm, respectively. This lattice expansion justifies
the left-shift of the XRD peaks presented in Figure 2. Furthermore, as shown at Figure 3d,
the C-TiO, nanoparticles were terminated by highly crystalline sharp facets, while arrows
at Figure 3e,f indicate the formation of a distorted surface layer of ~1 nm thickness in the
case of H-TiO, and N-TiO,. This phenomenon is well known and discussed for black TiO,
and was also reported by Wang et al., where surface distortion in TiO, nanoparticles was
also observed after hydrogen and nitrogen plasma treatments [17,33].

<+ R(220) " A (105) —> «— R(201)

< R (201) A (200) —> 210
—R'(&1%

<— R (001)
A (101) —

Figure 3. Selected-Area Electron Diffraction (SAED) patterns(a—c) and high-resolution ABF-STEM images (d—f) acquired
from C-TiO,, H-TiO; and N-TiO,, respectively. Anatase (A) and rutile (R) phases coexist in all samples, with anatase

being dominant. The insets in (d—f) show lower-magnification images, illustrating the overall morphology of the faceted

nanoparticles. Measurements of the A(101) d-spacings reveal a lattice expansion in the case of H-TiO, and N-TiO; along

with the formation of ~1 nm surface lattice distortion (annotated by pink arrows).

The absorption properties of the TiO, powders derived from the diffuse reflectance
measurements at room temperature are summarized in Figure 4. The bandgap energy and
the dominant type of optical transitions can be determined from the onset and linearity
of the absorption edge by applying standard Kubelka—Munk [34] and Tauc [35] treatment
to the DRS spectra in Figure 4a. The absorption spectra, represented by K-M function in
Figure 4b, explain the coloration of TiO, powders apparent in Figure 1a. The dissimilar
yet spectrally uniform absorption throughout the visible range leads to a white/grey
appearance of the A-TiO,, C-TiO; and H-TiO,, whereas the yellow color of N-TiO; is a result
of higher absorption in the blue-green region (400-500 nm). Note that unlike other samples,
N-TiO; exhibits a prominent absorption band in the visible spectral region centered at
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2.95 eV as indicated by the dashed curve in Figure 4b obtained after deconvolution of
the fundamental edge. The investigated TiO, powders demonstrate a relatively minor
variation of optical bandgaps as evidenced by the absorption edge positions indicated on
the Tauc plot in Figure 4c. It is worth noting at this point that the direct application of the
Tauc method for bandgap estimation is only appropriate for spectra with fundamental edge
undistorted by manifestation of defects/dopants, localized states and phonon interaction
collectively referred to as Urbach tail. In practice, most accurate estimates can be obtained
through deconvolution of absorption spectra into major constituents, or by employing the
so-called baseline method [36], which was used in the present work. The estimated bandgap
values of the C-TiO, and H-TiO, powders appear similar and close to 3.3 eV, whereas
A-TiO; and N-TiO, demonstrate slightly blue-shifted fundamental edges at ~3.33 eV. These
values are consistent with the reported bandgaps of amorphous [37,38] and anatase TiO; [2],
also suggesting that crystallization of anatase leads to a slight reduction of the bandgap in
agreement with earlier studies [39].

Photon Energy (eV) Wavelength (nm) Wavelength (nm)
454 35 3 25 2 15 ‘800 700 600 500 400 300 500 400 300
et iaans T T T T 10" T T T T T T T
_(a) % (b) 1.0 h(c)
& Indirect Eg
0 ——ATIO, 3.33eV
= g | —cC-Tio, 3.30ev
2102 ;\ H-TIO, 3.31eV
g € [ =—N-TiO, 3.32eV
c w
£ o =
Gl ®
I 5 NO05
¥ g
5 10° . 5
—ATiO, | = —ATIO, | Z
—CTo, | £ —CTio,
Q401 .
H-TiO, | 210 H-TiO,
= N-TiIO, | X = N-TiO,
1 1 I L L 10*2 L 1 1 1 0.0 === 22 . 1 1
300 400 500 600 700 800 15 20 25 30 35 40 25 3.0 35 40
Wavelength (nm) Photon Energy (eV) Photon Energy (eV)

Figure 4. Optical absorption properties of the TiO, powders: diffuse reflectance (a), modified Kubelka-Munk function (b),
Tauc plot assuming indirect (allowed) transitions (c).

In general, there are several factors that can affect the apparent absorption edge (op-
tical bandgap) of the investigated TiO, powders, such as the level of crystallinity (lattice
disorder/imperfections), strain-induced bandgap modulation (built-in strain in nanoparti-
cles) and doping-induced bandgap modulation (bandgap-narrowing and Burstein-Moss
effects). The bandgap states introduced by defects and dopants are a common cause of
absorption extending into the visible range. Indeed, the red-shift of TiO, absorption edge
is generally attributed to the localized gap states induced by Ti** and N species (inter-
stitial and/or substitutional N ions, whose orbitals hybridize with orbitals from lattice
oxygen) [40,41] as well as to oxygen vacancies [42]. These paramagnetic species have
been evidenced in the case of H-TiO; and N-TiO, by our EPR measurement as shown and
discussed later. In the case of N-TiO,, the absorption band seen in the visible spectral
region at 2.95 eV is unambiguously associated with oxygen vacancies (F-type color centers)
according to [43].

The optical emission properties of the TiO, powders measured in vacuum at 300 K
and 10 K are summarized in Figure 5. The high surface-to-volume ratio of the nanometer
size particles that form TiO, powders leads to an enhanced role of surface-related effects as
compared to bulk material or a film. The luminescence from surface-related sources of both
intrinsic and extrinsic nature, such as sub-surface defects (e.g., v¢y') and adsorbed species
on the surface (e.g., -OH), apparently dominate in the room-temperature spectra (PL300K)
shown in Figure 5a, where several characteristic optical signatures are indicated by arrows.
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For reference, their spectral positions are extrapolated as vertical dash-line markers and
shared with low-temperature spectra (PL10K) presented in Figure 5b. At low temperatures,
the non-radiative recombination pathways are suppressed, and surface-related features
become overwhelmed by the increased emission originating from self-trapped exciton
(STE) recombination [44-47] and luminescent defects in the bulk of nanoparticles, which
collectively represent intrinsic properties of the anatase TiO,. There is a consensus in the
literature that the emission in the visible optical spectral range of anatase TiO; can be
due to two distinct radiative recombination processes involving STEs and localized states
within the bandgap related to surface defects [48]. Indeed, the broad PL band comprises
of several emission components, as indicated by Gaussian deconvolution curves with
shaded areas in Figure 5b. In addition to the dominant STE emission centered at around
2.37 eV, the other major contributions at 2.55 eV and 2.13 eV could be associated with N
species (interstitial and substitutional) incorporated in the TiO, lattice; such an assumption
was inferred from the calculations by Asahi and Morikawa in [49]. On the other hand,
note that the deconvoluted components in Figure 5b are common to all TiO, samples,
and thus their respective origins cannot be associated with specific outcomes of different
growth/doping/post-processing of the powders. Instead, according to the literature
reports, the emission peak at 3.16 eV can be attributed to phonon-assisted indirect band
transitions, and the peak at 2.97 eV can be linked to STE localized on TiO4 octahedra [50].
A series of peaks originate from v¢y-the peaks at 2.78 and 2.55 eV are associated with
Ti** ions (Ec-0.5 eV), the peaks at 2.37 eV and 1.9 eV are linked to color centers F (oxygen
vacancies occupied by two electrons, v¢y, Ec-0.8 eV) and F* (oxygen vacancy occupied
by a single electron, v¢)), respectively [51-53]. Note that the peak at 2.37 eV could also be
assigned to STEs as mentioned earlier. The emission around 2.13 eV is possibly due to
transitions involving hydroxyl (OH™) related deep acceptors [52].

As a final point, we note that a generally low PL efficiency is observed for all samples,
which is consistent with the indirect bandgap of TiO; also inferring that photo-generated
carriers recombine mostly non-radiatively via surface defect traps and mid-bandgap states.
The concentration of such non-radiative centers determines quantum efficiency; hence
the total PL yield can be considered as a measure of TiO; crystallinity. In this regard, the
highest PL yields observed for the N-TiO, and H-TiO, powders imply the highest degree
of crystal order among the investigated samples, which agrees very well with the XRD and
TEM results discussed afore.

To further analyze the electronic defects in the different TiO, samples, EPR studies
were performed and the results are presented in Figure 6. Several EPR signals have been
identified, which are summarized in Table 1. It can be seen that all the studied samples
have EPR signals arising from the presence of oxygen vacancies with varying intensities.
As expected, the H-TiO; has the strongest EPR signal associated with oxygen vacancies,
which is attributed to electrons localized at the vacancies induced by high temperature
reduction in H; gas atmosphere. This is in accordance with previous studies on black
TiO, nanotubes prepared in our labs [54]. Moreover, the presence of oxygen vacancies in
C-TiO,, with a much lower intensity though, is also reasonable and explains the n-type
conductivity of TiO;. In the case of N-TiO, several additional paramagnetic species have
been detected, such Ti®*, 0,*~, and N}, *. The latter, as argued by Livraghi et al., denotes
the incorporation of N in the bulk of the TiO;, crystal and it can be either placed interstitially
or substitutionally [55]. The same authors have also identified the presence of superoxide
radicals upon illumination of their N-doped TiO, samples [55], but these species have
been previously detected in reduced TiO, surfaces [56,57]. Another interesting finding is
the presence of Ti>* only in the case of N-TiO, as indicated by the strong EPR signal at
g = 1.9846. Such a signal arises when excess of electrons is introduced into the crystal and
it is suggested that these additional electrons representing Ti>* are delocalized over several
Ti%* lattice ions [58].
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Figure 5. Optical emission properties of the TiO, powders: PL spectra measured in vacuum at
300 K (a) and 10 K (b). The key emission components are indicated by Gaussian deconvolution
curves/shaded areas.

n Background

, i —C-TiO,

/‘ 'I ———H-TiO,
——N-TiO,

Intensity (a.u.)
>

I I
340 345 350 355

Magnetic Field (mT)

Figure 6. EPR spectra of paramagnetic species in C-TiO,, H-TiO; and N-TiO,. Spectra in this
display have not been adjusted for slightly different microwave frequencies or for slightly different
sample weights. The frequencies were 9755.2 MHz, 9755.0 MHz, 9753.3 MHz and 9754.3 MHz for
background, C-TiO,, H-TiO, and N-TiO;, respectively.
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Table 1. Spin Hamiltonian Parameters of the different paramagnetic species in C-TiO,, H-TiO,, and
N-TiO, identified by EPR. The uncertainty is about £0.0006.

Samplespeues * VE). T3+ 0,° (822) 02~ (gyy) Np* (g1)
C-TiO, 2.0020 - - 2.0088 ** 2.0050 **
H-TiO, 2.0033 - - - -
N-TiO, 2.0018 1.9846 2.0235 2.0087 2.0055

* The notation used herein is in accordance with Livraghi et al. [55]. ** It is underlined that the intensity of these
signals is marginal but can still be differentiated from the background signal. A higher resolution graph is given
in the Supplementary Information (SI) in Figure S1.

2.2. Evaluation of Photocatalytic Efficiencies

An evaluation of the photocatalytic efficacy and efficiency of the as prepared nanopow-
ders was conducted in bench scale employing MG as a target molecule, at an initial con-
centration of 5 mg L~! in the presence of 0.5 g L~! of photocatalyst and visible light
illumination. The performance of the prepared photocatalysts was compared against the
state-of-the-art and commercially available TiO, P25 [59]. The concentration of the organic
molecule present in the aqueous suspension (C), divided with the equilibrium concentra-
tion (Ceq), after 15 min of dark adsorption, is plotted as a function of the illumination time
in Figure 7a. Degradation kinetics are described by a pseudo first-order equation based
on the Langmuir-Hinshelwood model, according to which the initial degradation rates,
rg, were calculated and are given in Table 2. The prevalence of the N-TiO, followed by
H-TiO; is revealed by the degradation curves of Figure 7. The initial degradation rate of
N-TiO; is approximately three times higher than that of P25 or A-TiO,. H-TiO; has a two
times higher degradation rate in comparison to P25, while both have led to the complete
decolorization of the MG solution within 300 min of illumination. On the other hand,
visible light itself led to a mere 23% degradation of MG after 300 min.

(a) (b)
1.0 4o 7x10° %
6x10°
0.8- .
visible light % S
——ATIO, L, N
7 0.6 —a—C-TiO, S 4x10° 1
@) H-TiO, 5
S ——N-TiO, =~ 3x10°- isible ligh
0.4+ —o—TiO, P25 z _._:;I,smi -
2x10° 1 H-TiO,
0.2+ . —o—N-TiO,
1x10” 1 —o—Ti0, P25
0.0 T T T T T > 0 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t (min) t (min)

Figure 7. Photocatalytic decolorization of MG (a) and inactivation of G. stearothermophilus endospores (b) under visible light
illumination. In all cases 0.5 g L™! of the corresponding photocatalyst were used.

The photocatalytic inactivation of G. stearothermophilus was conducted in aqueous
endospore suspensions in the presence of 0.5 g L~ nanopowders and visible light il-
lumination. The number of G. stearothermophilus endospores present in the suspension,
N (cfu mL™1) is plotted as a function of the illumination time (Figure 7b). As it can be
seen, C-TiO, and P-25 were unable to inactivate G. stearothermophilus even after 5 h of
visible light illumination. On the other hand, and similarly to the decolorization of MG,
Figure 7b demonstrates the efficacy of the N-TiO, sample also in the oxidative attack on
the endospore suspension. N-TiO; followed by H-TiO; led in both cases in enhanced
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photocatalytic efficiencies and after 300 min of illumination approximately 70 and 40%
of the initial endospore content was inactivated. On the other hand, spore viability was
not affected when experiments were performed in the dark (data are not shown), in the
presence of all tested photocatalysts, demonstrating that spore death was induced by the
photogenerated ROS.

Table 2. Initial degradation (ro) rates during photocatalytic oxidation of 5 mg L~! MG in the presence
of 0.5 g L~! photocatalyst and visible light illumination.

Photocatalyst rp (mg L1 min—1)
- 0.0002 £ 0.00008
A-TiO, 0.007 £ 0.0009
C-TiO, 0.002 £ 0.0003
H-TiO, 0.012 £ 0.007
N-TiO, 0.019 £ 0.002
TiO, P25 0.006 £ 0.001

3. Discussion

It is well known that the charge-carrier mobility and the band edge positions are
key-factors which determine the photocatalytic reactivity of TiO,. To achieve the solar
degradation of organic pollutants, the photo-generated holes must be able to oxidize OH™
to reactive eHO groups, while the reduction ability of conduction band (CB) electrons
should be able to generate superoxide anion radicals (O,°~) and superoxide acid. For
pure anatase, the bandgap is 3.2 eV while the conduction band minimum (CBM) and
valence band maximum (VBM) are about —0.37 V and +2.83 V, respectively. The oxidation
ability of the generated holes in the VB is so high that may induce a significant potential
difference between the VB holes and most organic materials, which in turn undermines
the transfer of holes to the target organic material. The superiority of the as prepared
N-doped TiO; in the disinfection and decolorization of water is primarily attributed to its
improved visible light absorption as identified by our DRS measurements. These are closely
related to the different defects found by our well-aligned EPR and PL data. In addition,
high-resolution ABF-STEM images on N-TiO, further showcase the formation of point
defects, which are observed as nano-scale crystal lattice distortion (Figure S3). The presence
of the N},* species is known to introduce energy levels above the valence band of TiO, due
to the hybridization of the O 2p with the N 2p orbitals [11,60]. Such hybridization leads
to the uplifting of the density of states (DOS) in the VB region that eventually improves
the mobility of charge carriers. Furthermore, the potential difference between holes and
pollutants is also diminished due to the overlap between O 2p and N 2p states. Apart from
the sub bandgap charge excitation in the N-doped material (i.e., visible light activation), an
increased number of holes is expected that can contribute to its improved oxidizing power.
It should be mentioned that X-ray Photoelectron Spectroscopy (XPS) measurements were
also conducted (refer to SI and Figures S4 and S5) and the N 1 s peak at 399.91 eV implies
that N is placed interstitially in the TiO; lattice [61]. Interstitial N incorporation correlates
very well with the shift in the (001) peak in the XRD measurements but on the other hand,
the same N 1 s peak is found for the rest of the samples, which is not uncommon even for
undoped TiO; [10]. Ar* sputtering can probe further into the bulk of the material, but ion
sputtering in TiO, is also known to preferentially remove oxygen and reduce the material
(induction of Ti®* states) [61]. For these reasons, we relied on the EPR and PL data for
our conclusions.

In accordance with the increased holes concentration, the presence of Ti** introduces
localized states below the CBM, which may finally render the formation of the conduction
band tail. An excess of electrons and improved electron conductivity are achieved in
the CB region, which can facilitate reducing reactions, e.g., of oxygen gas to superoxide
radicals [60]. Such reactive oxygen species (ROS) can further contribute to the oxidation
of organic pollutants and herein we provide clear evidence of such boosting phenomena.
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This finding also suggests that both v& and Ti>* species are necessary for the improvement
of the photocatalytic efficiency under visible light. This is the reason that H-TiO; is inferior
compared to N-TiO. Our PL data at 10 K showed the improved crystallinity of the N-TiO,,
and the decreased amount of non-radiative recombination centers, implying the improved
charge separation of the N-doped sample and its higher intrinsic photocatalytic activity.
Moreover, we see that H-TiO; can completely decolorize the MG solution after 300 min,
similarly as the N-TiO,, but its efficiency in the endospore inactivation is 40%, while N-TiO,
reached 70%. This observation further correlates with the notion that both defect species
are necessary for improved visible light photocatalysis.

Finally, it should not be neglected that reduced oxides, operating under oxidizing
conditions may not be stable and oxidize themselves. Recycling experiments involving the
H-TiO; and N-TiO; samples have been performed for the decolorization of MG solutions.
The results are given in Figure S6 and show the excellent stability of both samples after
three consecutive photocatalytic cycles of 300 min each. The N-TiO, sample showed no
efficiency degradation, while the H-TiO; sample retained 95% of each activity after 900 min
of photocatalytic MG decolorization. The structural integrity of the recycled photocatalysts
was also confirmed by XRD, where no changes were observed (Figure S7).

4. Materials and Methods
4.1. Materials

Malachite green carbinol hydrochloride (bis[4-(dimethylamino)phenyl]-phenylmethanol
hydrochloride, Co3HsN,OeHCI, CAS No: 123333-61-9, Mr: 382.93) was purchased from
Sigma-Aldrich and was used as received.

TiO, P25 (Evonik GmbH, anatase/rutile = 3.6/1, BET: 50 m? g_l, nonporous) was used
for comparative purposes against the synthesized nanopowders. All other reagent-grade
chemicals were purchased from Merck and were used without further purification. Doubly
distilled water was used throughout the study.

B. stearothermophilus endospores were initially purchased impregnated on paper strips
(ATCC 7953, Fluka, 10° cfu/strip). These endospores are highly resistant thermophiles and
can grow at temperatures > 60 °C. This particular strain is used as an indicator of proper
autoclave performance and is specified by U.S. military specification MIL-5-36586 as GMP
requirements of the U.S. Food and Drug Administration.

4.2. Synthesis of TiO Nanopowders

TiO, was prepared according to the sol-gel method. The desired amounts of titanium
isopropoxide (TTIP, >97%, Merck, KGaA, Darmstadt, Germany, 87560) and absolute
ethanol (Fisher chemicals, E/0650DF /17, Fisher Scientific UK Ltd., Leicestershire, UK)
were mixed in a beaker and placed in an ultrasonic bath for 15 min taking the necessary
precautions to prevent addition of moisture in the TTIP/ethanol mixture. Then, an aqueous
HCI 1 M solution was added dropwise (~1 mL min~?) to the above solution under vigorous
magnetic stirring. The molecular ratio of TTIP/ethanol/H,0O/acid was 1/25/8/0.007. The
viscous content of the beaker was vigorously stirred for 16 h and then left to age for 16 h at
room temperature yielding a gel, which was dried at 75 °C for 16 h. The resulting white
product (A-TiO,) was ground, washed 5 times with doubly distilled H,O and dried at
75 °C for 16 h. This was followed by calcination at 550 °C with a heating rate of 2 °C min~*
for 60 min, cooling to room temperature, grinding, and storage at room temperature. This
sample is denoted as C-TiO,.

N-doped TiO, (N-TiO;) was obtained by high temperature annealing in NHj3 gas
atmosphere of the C-TiO, sample. Briefly, the as-prepared TiO, powder was put in a
ProboStat™ cell (NORECS, Oslo, Norway) under NHj gas flow at atmospheric pressure
and calcined at 550 °C for 4 h with a heating rate of 5 °C min~!. Finally, hydrogenated
TiO, (H-TiO;) was obtained by annealing the A-TiO; sample under H, gas atmosphere at
550 °C with a heating rate of 5 °C min~! for 2 h.
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4.3. Characterizations

Micrographs were obtained with a Hitachi SU8230 ultra-high resolution cold-field
emission scanning electron microscope (SEM) equipped with a secondary electron (SE)
detector under an acceleration voltage of 3 kV. The TiO; phase in all the samples was
confirmed using X-ray diffraction (XRD, Bruker D8 Discover, Cu K«1, Bragg-Brentano)
with a Cu Ka-filtered radiation source (A = 1.5046 A), step 0.01° (20) and a scan rate
of 1° min~1.

(S'TEM investigations were conducted on an FEI Titan G2 60-300 kV equipped with a
CEOS DCOR probe-corrector, monochromator and Super-X EDX detectors. Observations
were performed at 300 kV with a probe convergence angle of 24 mrad. The camera length
was set to 77 mm and simultaneous STEM imaging was conducted with 3 detectors:
HAADF (collection angles 98.7-200 mrad), ADF (collection angles 21.5-98.7 mrad), and
ABF (collection angles 10.6-21.5 mrad). The resulting spatial resolution achieved was
approximately 0.08 nm. For the (5)TEM study, the TiO, powders were dispersed in ethanol
with ultrasonic support and drop-casted onto Cu-grids supported by holey-C films.

The optical absorption properties were investigated at room temperature by means of
diffuse reflectance spectroscopy (DRS) using a ThermoScientific EVO-600 UV —Vis spec-
trophotometer. The emission properties were attained by measuring photoluminescence
(PL) of the powder samples in vacuum at 10 K and 300 K using a 325 nm wavelength
He-Cd cw-laser as an excitation source (power density < 10 W cm~2). The emission was
collected by a microscope and analyzed by an imaging spectrometer system (Horiba Jobin
Yvon, iHR320 coupled to Andor iXon888 Ultra EMCCD) with a spectral resolution below
0.2 nm. Low-temperature measurements were realized using a closed-cycle He refrigerator
(Janis, Inc. CCS450).

Electron paramagnetic resonance (EPR) spectra were recorded at room temperature
using a BRUKER EleXsyS 560 spectrometer operating at X-band frequencies and an ER
4122 SHQE cavity. The sample was placed in a 4 mm OD Wilmad quartz tube located in
the cavity center by a Teflon rod. Spectra were obtained at 5 mW microwave power (16 dB
attenuation), receiver gain 76 dB and 0.4 mT modulation width at 100 kHz modulation
frequency. The central magnetic field was fixed at 338 mT and the sweep width at 20 mT at
1 k points resolution. The field sweep time and the time constant were 84 s and 165 ms,
respectively. Among the samples, the microwave frequency varied between 9753.3 and
9755.0 MHz. 10 spectra were added for each sample.

4.4. Preparation of G. stearothermophilus Endospore Suspension

The G. stearothermophilus endospore suspension was prepared as previously de-
scribed [31]. After staining with the Schaeffer—Fulton method [62] and enumeration
employing a reverse phase microscope, it was found that the suspension consisted of
at least 98% endospores. To determine the initial concentration of the prepared endospore
suspension, serial dilutions were performed in triplicates and the samples were plated
and incubated on plates containing tryptic soy broth (TSB) as described in Section 4.5.
It was found that the initial concentration of the purified endospore suspension was
approximately 4 x 107 cfu mL~1.

4.5. Enumeration of G. stearothermophilus Endospores

To evaluate the efficiency of photocatalytic inactivation of G. stearothermophilus, sam-
ples were collected in duplicates and spread on 9 cm agar plates containing TSB (casein
peptone 17 ¢ L1, soya peptone 3 g L1, K;HPO, 2.5 g L~!, NaCl5¢g L=}, glucose 2.5 g L1,
bacteriological agar 15 g L~!) under sterile conditions. The samples collected during the
photocatalytic experiments were incubated for 5 min at 100 °C to induce sporulation of
endospores to vegetative cells (thermal activation). 20 uL of each activated sample were
added to 3 mL of melted TSB containing 0.7% (w/v) agarose (pure plate method) and were
spread under sterile conditions onto the plates. The plates were then incubated for 24 h at
60 °C and BSE colonies were enumerated by direct counting.
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4.6. Photocatalytic Experiments

The photocatalytic oxidation of MG was performed in a bench-scale photocatalytic
reactor of 300 mL capacity, equipped with a central visible lamp (Osram Dulux S, 9 W/71,
emission range: 400-550 nm, maximum emission: 450 nm) and inlet and outlet ports for
bubbling CO; free air, under constant magnetic stirring, at a working volume of 250 mL.
Potassium ferrioxalate served as a chemical actinometer [63] to determine the incident
photon flow of the irradiation source, which was 57 x 10~° Einstein L~! min~!. Photo-
catalytic experiments were conducted at initial pH of 5.0 &+ 0.1 and constant temperature
(25 £ 0.1 °C). Maximum adsorption of the dye onto the photocatalyst’s surface, in the
absence of light, was achieved within 30 min. The photocatalyst particles were removed
from the MG solution by employing a 0.45 um filter.

The photocatalytic inactivation of BSE endospores was performed in sterile polystyrene
6 well plates with lid (Greiner). Each well served as a cylindrical 12 mL photocatalytic
reactor. The appropriate amount of the stock endospore suspension was diluted in sterile
distilled H,O and was added to a single well of the plate. The catalyst was then added at the
desired concentration, resulting to a 10 mL working volume. The plate was illuminated by
a system of 4 parallel lamps emitting visible irradiation (length: 45 cm, Osram L 15 W /840.
Lumilux cool white, emission range: 400-700 nm, maximum emission: 550 nm), connected
with a voltage regulator, placed 5 cm above the surface of the endospore suspension.
The intensity of the incident irradiation at this distance was measured using a Photome-
ter/Radiometer PMA 2140 (Solar Light Co., Glenside, PA, USA) equipped with a global
range detector, which measures irradiance within the range of 400-1100 nm and found to
be 2 + 0.1 mW cm 2. Photocatalytic inactivation took place at room temperature, under
constant magnetic stirring. Samples of 20 uL were collected in duplicates at various time
intervals in sterile Eppendorf tubes, diluted up to a final volume of 200 uL with sterile,
distilled H,O, and kept in the dark. After the end of the photocatalytic process the samples
were spread on TSB plates and enumerated as described in Section 4.5. All experiments
were repeated three times, under identical experimental conditions.

4.7. Analytical Methods

A UV-Visible spectrophotometer (UV-1700, PharmaSpec, Shimadzu, Randburg, South
Africa) was employed to follow changes in the concentration of MG, based on the linear
dependence between the initial concentration of the insecticide and its absorption at 617 nm.
The standard deviation of the optical density values was within +5%.

5. Conclusions

In this work, TiO; nanopowders were prepared via a sol-gel synthesis route followed
by anatase formation after annealing at high temperature in air atmosphere (C-TiO;).
In order to obtain visible light activated photocatalysts, the sol-gel prepared powders
were subsequently annealed in hydrogen gas (H-TiO;) or ammonia stream (N-TiO;). An
extensive physico-chemical characterization revealed the presence of several lattices as well
as electronic defects. Clearly, the N-TiO, sample showed an absorption shoulder stretching
in the visible region and down to 2.5 eV, as showed by the DRS spectra. It also showed the
highest degree of crystallinity and a suppressed number of non-radiative recombination
centers, which are related to the identified defects via the EPR measurements (v¢y, Tid+,
0O,°~ and Ny, *). These defects are known to introduce energy states inside the bandgap
of the material and facilitate its activation with light in the visible region, in accordance
with the DRS and PL data. On the other hand, the hydrogenation of the C-TiO, sample led
to an increased amount of oxygen vacancies, which are charge compensated by localized
electrons in the form of Ti>* species. The latter species were not seen by EPR but only a
strong signal assigned to oxygen vacancies, thus leading to the conclusion that the excess
electrons were not delocalized in the Ti atoms. The H-TiO, sample was still not visible light
active and retained the bandgap of the C-TiO, of approx. 3.3 eV.
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The efficiency of the synthesized photocatalytic nanopowders was assessed based
on the decolorization and disinfection of water and two model systems were studied for
this purpose: malachite green, a triarylmethane dye and G. stearothermophilus endospores,
respectively. As expected, the N-TiO; sample showed the best performance in both cases
under visible light illumination. The MG solution was completely decolorized after 3 h of
illumination, while the endospore suspension was inactivated by 70% after 5 h. It should
be underlined that both TiO, P25 and C-TiO, showed no activity towards the inactivation
of the endospore suspension in the presence of visible light.

This work studies and exemplifies the colorful chemistry of defective TiO, and pro-
vides a direct comparison of the photocatalytic activity under visible light between white
(C-TiOyp), grey (H-TiO;) and yellow (N-TiO;) TiO,. The ability to tune and induce certain de-
fects can have a major impact on the photocatalytic efficiency and intrinsic properties of the
material. Photocatalysts activated by visible illumination are highly desirable, especially
for practical applications regarding water purification and disinfection.
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XPS spectra of N 1 s of A-TiO, (black), C-TiO; (blue), H-TiO, (green) and N-TiO, (red), Figure S6:
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