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ARTICLE INFO ABSTRACT

Editor: Yunho Lee In this work titanium dioxide modified by the simultaneous presence of both carbon and nitrogen dopants (C-N/

TiO3) has been prepared (starting from a commercial TiO2 multiphasic matrix) and characterized according to

Keywords: two distinct lines of comparison, namely a) the typology of chemicals used in the doping and, b) the type of
P}"f’tocat’alyﬁs visible light (monochromatic or polychromatic) used to irradiate the solid. Singly doped systems C/TiO5 and N/
?22‘(2: light TiO have also been prepared and compared to the co-doped one. All materials have been characterized by X-ray
TiO, diffraction, UV-VIS spectroscopy and EPR (Electron Paramagnetic Resonance). The air pollutants remediation

C, N co-doping capability was evaluated by means of nitric oxide (NO) abatement tests according to the standard ISO 22197-1.
NOx Photoactivity of the pristine matrix is not modified by the presence of carbon (C/TiO2) while it markedly in-
creases when nitrogen is present (N/TiO5 and C-N/TiO3) confirming an essential role of this element in VLA
photocatalytic systems. The photocatalytic tests indicate that the Illumination with monochromatic blue light is
much more effective than that using a white LED light, which however represents a more common light source in
indoor or occupational contexts. The effect of milling (a procedure often used to prepare photocatalytic devices
for indoor air remediation) on the activity of the photocatalysts is slightly detrimental on the catalytic perfor-

mances which however remain good enough to allow practical applications.

1. Introduction

Since the seminal paper of R. Asahi in 2001 [1] concerning the
photocatalytic activity under visible light of N-doped TiO, the last two
decades have seen an intense research activity devoted to the modifi-
cation, or doping, of photoactive oxides with non-metals in order to
obtain efficient Visible Light Active (VLA) photocatalysts. Nitrogen,
carbon and fluorine are the most interesting elements investigated to
dope metal oxides and in particular TiO, [2-7], and to date several
commercial products are available, as in the case of the nitrogen doped
TiO5 (N-TiO5) from Colorobbia (WO 2019/ 211787) [8].

The modification of photoactive oxides can involve either the bulk of
the solid or its surface and, in some cases, both locations. Lattice mod-
ifications with an hetero-element can basically be of two types, substi-
tutional, when the non-metal dopant takes the position of oxygen in the
lattice, and interstitial when it is located in the empty spaces of the
lattice. For instance, in the case of nitrogen-doped titanium dioxide, wet

* Corresponding author.
E-mail address: stefano.livraghi@unito.it (S. Livraghi).

https://doi.org/10.1016/j.jece.2023.109451

chemistry methods usually lead to interstitial forms of doping with ni-
trogen close and covalently bound to a lattice oxygen, while with high
energy procedures such as the oxidation of nitrides or the nitridation of
the oxide with ammonia, the substitutional form in the oxygen position
is favoured [9]. Introducing carbon in the oxide lattice, an even wider
range of possibilities is contemplated [10]. In any case, for both ele-
ments, the introduction of heteroatoms in the lattice of titanium dioxide
(whose band gap energy is around 3 eV corresponding to ultraviolet
frequencies) extends the light absorption to the visible range. This is due
to the formation of energy states located between the valence band (VB)
and the conduction band (CB) from which electron promotion into the
CB is induced by photons with lower energy than the ultraviolet ones [8,
11].

As far as surface modifications are concerned, the situation is less
defined as it ranges from anchoring either carbonaceous species of
various complexity or more ordered structures such as graphene or C3N4
[12,13]. For instance, in the case of the well-known VLA material
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KRONOClean7000 the activation with visible light is attributed to the
presence at the surface of carbon containing species with aromatic
character and not to substitutional or interstitial carbon [14-16]. In
general, these surface species act as antenna centres for the absorption of
visible light or affect the lifetime of the photoinduced charge carriers.

In the present work we intend to show how a commercial TiO sys-
tem (PARNASOS® PH000025, COLOROBBIA CONSULTING S.r.1., Vinci,
Italia) can be easily sensitised to the visible light via nitrogen and/or
carbon doping and how practical aspects of both the material prepara-
tion (namely the chemical nature of dopants) and the conditions of the
photocatalytic tests (monochromatic or polychromatic light) can affect
the photoactivity results. For this purpose, three differently modified
systems have been prepared using an equivalent amount of C/N con-
taining dopant sources. Ammonium citrate has been selected as carrier
of both N and C dopants, ammonia as carrier of nitrogen only, ethyl
citrate as carrier of carbon. The last molecule has been selected since it is
similar to ammonium citrate but with non-ionic character.

In the first part of the paper the characterization of the modified TiO,
systems will be illustrated in order to find evidence of the species
responsible of visible light activity. In the second part, the photo-
catalytic activity under visible irradiation of the modified systems is
compared using the reaction of nitric oxide (NO) abatement, a bench-
mark test adopted by EU regulations to compare photocatalysts working
in gaseous atmosphere.

Concerning the photocatalytic activity under visible light, two main
experimental parameters have been considered. The first one is, as
already mentioned, the type of light employed in the tests. For the
practical application of VLA photocatalysts in indoor contexts, in fact,
the use of visible light irradiation is highly recommended. However, at
laboratory level, the choice of the irradiation source is usually made on
the basis of the optical absorption properties of the VLA material
(monochromatic sources, filtered UV-Vis lamp and so on). This choice
does not always reproduce the illumination usually adopted in indoor or
occupational environment. For this reason, two different light sources
have been tested in this work, a blue Light Emitting Diode (LED), whose
wavelength corresponds to the maximum absorption in the visible range
of the systems prepared in this work, and a white LED, more common in
indoor or occupational contexts.

A second parameter concerns the ball milling procedure, which is
commonly adopted in the preparation of photoactive phases [17, 18, 19,
-20], but also as a post synthesis process. The latter procedure (poorly
investigated in the literature) has the dual purpose of increasing the
surface area and of obtaining a stable suspensions of the photocatalytic
powders which is a crucial step for the functionalization of inert sup-
ports with the photocatalyst in commercial devices [21]. In the present
work, the above described materials were submitted to ball milling in
order to evaluate, by comparison with the non-milled solids, the effect of
this treatment on their ultimate photocatalytic activity [22-24].
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2. Materials and methods
2.1. Modified TiO;

The doped and co-doped systems were obtained starting from a
commercial TiO, suspension (PARNASOS® PH000025, COLOROBBIA
CONSULTING S.r.l., Vinci, Italia) modified in three distinct ways with
nitrogen and/or carbon using as dopant source NHg, dibasic ammonium
citrate (CgHgO7-2NH3), and triethyl citrate (C12H20O7) respectively. For
each preparation an appropriate amount of dopant in order to get the
same nominal N/Ti and C/Ti molar ratio has been employed (C/Ti =
0.11 and N/Ti = 0.035). In a typical synthesis the dopant was mixed
with the starting commercial suspension and the resulting mixture was
then recovered via spray-dry procedure. The final solid was then
calcined at 743 K for 60 min using a heating rate of 6.2 K/min. The
samples are identified according to the labels reported in Table 1.

2.2. Bare TiOy

Bare TiO5 was obtained recovering the solid from the same com-
mercial TiO5 suspension and submitting it to a calcination in air at 743 K
for one hour (heating rate 6.2 K/min) in order to reproduce the thermal
treatment employed to obtain the C/N modified samples (Section 2.1).

2.3. Ball milling procedure

A high-energy grinding system (High energy ball mill E-MAX, Retsch
GmbH) was employed. The powders were dispersed in ethanol in order
to obtain suspensions with titania concentration around 15% w/w, using
yttria stabilized zirconia beads with 0.1 mm diameter as grinding me-
dium. Ethanol has been selected since it is the liquid used in the large
scale procedure of preparation of commercial photocatalyst from the
same matrix [8] The milling time was 90 min and the speed used was
1500 min™l. The samples are identified according to the label reported in
Table 1.

2.4. X-Ray Diffraction (XRD)

Powder X-ray diffraction (XRD) patterns were recorded with a
PANalytical PW3040/60 X’Pert PRO MPD diffractometer using a copper
Ka radiation source. The diffraction patterns were obtained in the 20
range between 20° and 80° and the X’Pert High-Score software was used
for data handling. Diffraction patterns were refined with Rietveld
method using MAUD (Material Analysis Using Diffraction) program
[25].

2.5. Diffuse Reflectance spectroscopy (DRS)

The UV-Visible Diffuse Reflectance (DR-UV-Vis) spectra of the pre-
pared solids were recorded using a Varian Cary 5000 spectrometer. A
Polytetrafluoroethylene (PTFE) sample was used as the reference. The

Table 1

Phase composition and features of the materials prepared in the present work.
Sample description Sample Anatase (%) Rutile Brookite (%) Anatase Crystallite Rutile Crystallite Brookite Crystallite BG

labelling (%) (nm) (nm) (nm) (eV)

Samples before milling
Bare TiO, T 44 25 31 21 33 15 3.0
C-modified TC 49 23 28 17 41 12 3.0
N modified TN 41 24 35 18 32 15 3.0
C/N modified TCN 28 52 20 21 48 9.3 2.9
Ball milled samples
Bare TiO, Tm 26 20 54 23 13 7.1 3.0
C modified TCm 28 22 50 18 12 5.8 3.0
N modified TNm 25 19 56 22 12 6.7 3.0
C/N modified TCNm 15 41 44 36 13 5.3 2.9
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spectra were recorded in the 200-800 nm range at a scan rate of 240
nm/min with a step size of 1 nm. The measured reflectance was con-
verted with the Kubelka-Munk function.

2.6. Attenuated total reflection infrared spectroscopy (ATR-IR)

Spectra were acquired on Perkin-Elmer Spectrum Two FT-IR spec-
trometer with the ATR accessory with a diamond cell and a MIR source
(8000-30 cm ™). ATR were obtained recording 16 scans between 800

and 4000 cm ! at a resolution of 4 cm ™.

2.7. Continuous Wave Electron Paramagnetic Resonance (EPR)

EPR spectra were acquired using a Bruker EMX spectrometer oper-
ating at X-band (9.5 GHz), equipped with a cylindrical cavity operating
at 100 kHz field modulation. All the spectra were recorded at room
temperature (RT) with a 1 mW of incident microwave power and with a
modulation amplitude of 0.2 mT.

2.8. Photocatalytical NO abatement test

The NO abatement experiments were carried out in a photoreactor
developed by Cericol (Fig. 1) [26] and designed according to the ISO
22197-1 standard [27]. This standard serves as a sound basis for mea-
surements and its recommendations were largely followed for the
practical conduction of the present study.

The system consists of a glass reaction chamber equipped with a
quartz window, in which the environmental conditions are simulated in
terms of concentration of contaminants, temperature and relative hu-
midity. The device works in automatic and a dedicated software controls
the flow of pollutant gas and the moisture. The photocatalytic efficacy
was tested studying nitric oxides (nitrogen monoxide and/or nitrogen
dioxide) degradation using a device measuring chemiluminescence
(model 42i, Thermo).

The photoreactor allows performing the analysis either in continuous
or discontinuous mode.

The first mode permits to perform the analysis in single step from the
reaction chamber directly to the chemiluminescence. In this case, the
inlet pollutant concentration remains constant during the entire anal-
ysis. The initial concentration of the chemical species is determined
before switching-on the light. After turning on the light, a decrease is
measured, whose value is proportional to the efficiency of the

Fig. 1. Landscape picture of the photoreactor.
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photocatalyst.

In the second mode, the reaction chamber is connected to a bag and
to a peristaltic pump, in order to create a closed circuit. The bag works as
reservoir from which it is possible to send the pollutant atmosphere to
the measuring instrument. Regulating the sampling and the recircula-
tion times, it is possible to obtain data to determine the kinetic of the
degradation reaction.

Capability in NO abatement has been tested under two different
irradiation conditions, i) upon blue light illumination obtained using a
blue LED source with an incident irradiance of 58 W/m? (detection
range 400-800 nm), ii) upon white light illumination obtained using a
white (3000 K) LED source with an incident irradiance of 87 W/m?
(detection range 400-800 nm). In a typical test, each powder obtained
from the calcination process was used to prepare a 5% w/w water sus-
pension, which was applied on a glass piece via spray-gun, with an
active sample area of 100 mm =+ 0.10 mm in width and 100 4+ 0.10 mm
in length. Approximately 0.15 g of dry product was employed in each
test.

Each suspension obtained from the milling process was deposited by
spray-gun on a glass sheet, with an active sample area of 100 mm
=+ 0.10 mm in width and 100 + 0.10 mm in length.

The analyses were performed using the discontinuous mode, con-
sisting in six samplings of 5 min each, alternated with 15 min of recir-
culation, for a total time of analysis of 105 min.

The dry air, moist air and nitric oxide were mixed in proportions such
as to obtain a fixed nitric oxide concentration of around 500 + 50 ppbv
in an atmosphere having about 50 + 10% of relative humidity at a
temperature of about 25 £+ 5 °C.

3. Results
3.1. Structural and optical characterization

Table 1 summarizes the main structural features of the samples
studied in this work. Fig. 2 (panel A) shows the XRD powder patterns of
the samples before milling. The corresponding phase composition is
reported in Table 1. Interestingly, as it will be discussed later, pristine
TiO4 is composed by three different crystallographic phases, anatase,
rutile and brookite. The modification of this solid does not introduce
relevant differences from the point of view of the phase composition
except for the case of the TCN system for which the conversion of a
fraction of both anatase and brookite into the thermodynamically fav-
oured rutile phase [28] is observed.

i
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Fig. 2. XRD pattern. Panel A: samples before milling. a = T, b = TC, ¢ = TN,
d = TCN. Panel B: ball milled samples. a = Tm, b = TCm, ¢ = TNm, d = TCNm.
In the lower part the expected patterns for the TiO, polymorphs, A= anatase
(ICSD: 01-086-1157), R = rutile (ICSD: 01-086-0148) and B = brookite (ICSD:
01-076-1937). The corresponding composition are reported in Table 1.
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The optical properties of the samples before milling are reported in
Fig. 3 (panel A). All spectra are dominated by the typical absorption in
the UV region due to the electronic transition between the valence band
and the conduction band of TiO». The Band Gap values (Eg) evaluated
via the Tauc’s plot method are about 3.0 eV for all samples (see Table 1).
This value is the same reported for the rutile polymorph suggesting that
the optical absorption mainly depends on this polymorph. The bare ti-
tanium dioxide matrix (sample T) is also characterized by a weak ab-
sorption tail which reaches the visible light range. Such an absorption is
still due to the rutile component as in the case of other systems con-
taining this phase, for instance the well-known P25-Envonik (see the
Supporting Information, hereafter S.I.) [29]. The insertion during the
synthesis of the carbon and nitrogen dopants modifies the absorption in
the visible region. The TC sample shows again a weak absorption tail
however extended, in this case, to the whole visible region while the TN
sample shows a more defined absorption shoulder in the range 400 —
500 nm (Fig. 3A curve b and c). The more relevant effect is observed in
the case of the TCN material for which the optical absorption in the
visible is by far higher than that of the other doped samples. This can be
due to the presence, in this case, of two added elements (C and N) but
also to a superior capability of the compound used to modify the system
(ammonium citrate) to interact with the TiO matrix, thus affecting the
total amount of carbonaceous species loaded at the surface. Two
different citrates (the ammonium salt and the ester) in fact, lead to a
dramatic difference in terms of visible light absorption, much higher in
the case of the ammonium citrate (Fig. 3. Panel A). This different
behaviour is tentatively ascribed to a stronger interaction of the
ammonium salt with the oxide surface due to its ionic character, with
respect to the organic ester for which a weaker interaction with the solid
matrix is likely involved, affecting thus the decomposition pathway
during the calcination. In order to confirm the key role of the ionic
character of the precursor in determining the amount of carbon con-
taining residual species a further, “ad hoc” preparation has been per-
formed using sodium citrate (See S.1.). Using sodium citrate, the optical
properties are similar to those of the TCN system.

Upon ball milling, a change in the ratio of the TiO3 polymorphs oc-
curs in parallel with a decrease of the crystallites size. The amount of
rutile phase remains almost unchanged whereas that of the brookite
polymorph increases at the expense of the anatase one. This is due to the
high energy involved in the ball milling procedure that causes a partial
conversion of anatase which however is not sufficient to convert this
phase into the most thermodynamically stable rutile one. In other words,
brookite represents an intermediate phase in the mechanically induced
anatase-to-rutile phase transformation as also reported in the literature
[30,31]. The ball milling procedure also affects the optical properties of
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Fig. 3. DRS spectra. Panel A: samples before milling. Panel B: ball milled
samples. Line a =T, b = TC, ¢ =TN, d = TCN. The corresponding Band Gap
(GB) evaluated via the Tauc’s plot are reported in Table 1.
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the starting materials in the visible region (Fig. 3B), while the intrinsic
band gap transition does not change. In detail, sample T shows a new
absorption feature, clearly visible in the region 400 — 550 nm whereas
for the TC and TN materials no significant modification can be observed.
In the case of sample TCN, the milling process induces a drastic decrease
of the initial absorption in the visible region which, however, remains
higher than those of the other doped materials. This last experimental
evidence clearly indicates that in the case of TCN, ball milling partially
removes the species responsible for the visible light absorption. It can be
thus inferred that the removed species have surface nature.

The effects of the milling procedure are not limited to the partial
removal of surface compounds observed in the case of TCN. Some new
organic moieties are in fact left at the surface of the materials after
milling as revealed by Infra-red analysis (Fig. 4). The figure in fact points
out that the samples before milling show two spectroscopic features
only, the broadened absorption around 3000 cm™ due to surface hy-
droxyl groups and adsorbed water and a second features centred at
1635 cm’! due to the molecular water deformation mode [32]. Features
related to the presence of the dopant are undetectable in the three cases.
After milling in liquid phase (ethanol) the IR pattern becomes more
complex. The previously described features due to OH and HO increase,
and a triplet appears in the region (2850 — 2990 cm™) due to aliphatic
C-H [33]. A complex vibrational pattern appears also in the region be-
tween 1500 cm™ and 1000 cm. In this region carbonate-like species
and aliphatic C-H bending modes are expected [34]. Summarising, the
ball milling procedure not only affects the particle size of the materials
but also modifies the optical properties and the chemical surface
composition of the samples, the latter modification being due to the
effect of the organic medium used in the milling procedure.

3.2. EPR characterization

The CW-EPR technique can be adopted to characterize nature and
features of the photoactive center in C/N modified TiOy. With this
technique, it is possible in fact to monitor the solids either in the dark or
under irradiation unravelling, in this second case, the features of excited
states. It was shown, for instance, that in the case of titanium dioxide
doped with nitrogen, paramagnetic centers form in the bulk of both
anatase and rutile and that one of these species (interstitial N, formally
NO?) plays a decisive role in the photochemistry of the system under
visible light [7]. This species, whose concentration is affected by irra-
diation with visible light, is in fact responsible of photoinduced electron
transfer at the surface and can be therefore individuated as a photoactive
species. The species is characterized by a rhombic g tensor whose
components span over the range 2.007-2.003, and by a hyperfine triplet
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Fig. 4. ATR spectra. a =T, b = TC, ¢ = TN, d = TCN. Panel A. Samples before
milling. Panel B: ball milled samples.
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due to the interaction of the unpaired electron with the nucleus of N
isotope (nuclear spin I = 3/2, expected lines 2I+1 =3). The g tensor of
the N species is poorly informative being the three principal values close
one to each other while the hyperfine interaction shows a main coupling
in one direction (A = 3.27 mT in Fig. 5) that can be considered the
fingerprint of such a species.

Similarly, for a TiO, material doped with carbon, E.A. Konstantinova
et al. reported the presence of a carbon-based paramagnetic center
whose spectral intensity depends on the irradiation conditions [35]. In
that case, the signal is characterized by an isotropic line shape with a g
factor close to that of the free electron (g, = 2.0023) and no hyperfine
coupling are observed since the most abundant isotope (2C) has I = 0.
The EPR spectra recorded in the dark of the materials synthetized for this
work are shown in Fig. 4. The bare material (T) does not show, as ex-
pected, any paramagnetic signal while, after the modification, the EPR
signals above introduced show up. Sample TC shows an isotropic signal
centered at g= 2.002 due to C containing species while the TN material
shows a more intense signal amenable to the previously discussed
interstitial nitrogen in TiOy (NO?) [36,37]. The TCN sample shows a
more complex EPR spectrum based on the overlap of the two already
described signals indicating the simultaneous presence of both the
previously discussed species (C-based and N-based respectively). The
former has a prominent role in quantitative terms, as also indicated by
the optical absorption which is qualitatively similar for the two samples
TC and TCN but more intense in the case of the co-doped system. The
ionic dopant (ammonium citrate) is therefore more efficient in forming
photosensitive phases though apparently less efficient than NHj in
introducing N into the TiO; lattice. (Figs. 3 and 5).

3.3. NO abatement test

Nitrogen oxides are a family of poisonous, highly reactive gases.
These gases form when fuel is burned at high temperatures. NOx
pollution is emitted by automobiles, trucks and various non-road vehi-
cles (e.g., construction equipment, boats, etc.) as well as industrial
sources such as power plants, industrial boilers, cement kilns, and tur-
bines. Nitrogen oxides have a significant impact on the ozone layer and
are significant greenhouse gases and cause acid rain. The impacts of NOx
on human health include damage to the lung tissue, breathing and res-
piratory problems.

To date, a number of researchers have investigated the dynamics of
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the photocatalysis of nitrogen oxides. Photocatalytic oxidation (PCO)
based on the use of titanium dioxide is an attractive proposition due to
its ease of use, instant impact and low cost when compared with other
methods for ambient NOx removal [38].

The capability to remove contaminants such as NO in the presence of
a gaseous phase simulating the atmosphere composition (O3, Ny and
H,0) was investigated using two different light sources (see experi-
mental section). In a typical test, beside the abatement on the NO
molecule, the formation of the NO, intermediate is also followed since
Nitrogen(II) and Nitrogen(IV) oxides, considered together as NOx, are
very harmful for the life organisms and for this reason both these species
must be monitored during the test for the correct assessment of the
pollutant abatement.

In order to evaluate the data reported in this Section, it has to be
taken in mind a possible contribution to NO conversion of the two
following non photoinduced reactions (i.e. occurring also in dark
conditions).

2NO + 0, — 2NO, (@)
2NO, + H,0 - HNO, + HNO3 @)

The presence of such processes on the TiO5 surface in fact has been
reported in the literature in some studies devoted to monitoring NO
absorption in dark conditions [39,40].

The following figures report the results of NO abatement under
irradiation with white LED (Figs. 6 and 7) and blue LED (Figs. 8 and 9) of
the samples before milling (Figs. 6 and 8) and after milling (Figs. 7 and
9) respectively. A first scrutiny of the figures indicates a non-negligible
photoactivity of the undoped matrices (T and Tm) which can be ascribed
to the above mentioned dark reactions (1,2) and, tentatively, to a second
factor, namely an intrinsic visible light photocatalytic activity of the
pristine titania here employed which is a complex triphasic system
(Table 1) reminiscent of the well-known and extremely active Evonik
P25 material. This effect, which in any case remains a partial contri-
bution to the whole reactivity of the doped systems, will not be discussed
further since it is out of the purposes of the present paper. By the way,
and analogously to Evonik P25 (see S.1.), the optical absorption of T and
Tm indeed shows a shoulder in the visible region (Fig. 2).

Under illumination, a series of further reactive steps triggered by the
photoinduced charge carriers are expected, namely [41,42]: i) charge
carrier separation and formation of reactive oxygen species (reactions 3

a.u.
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Fig. 5. CW-EPR spectra of the samples before milling.
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Fig. 7. NO abatment on the milled samples upon white LED illumination.

- 5), ii) partial oxidation of NO leading to NO5 or HNO,, (reactions 6 and
7), iii) full oxidation to NO3 or HNO3 (reactions 8 — 9).

TiO; + hv — TiO, (h'; e) 3
H,0 + h" - *OH + H' @
0, +¢ = 05~ 5)
NO + 2°0H — NO, +H,0 (6)
NO + NO, +H,0 — 2HNO, @
NO; + *OH — HNO; (8)
NO + 03~ - NO3 9

In the following section the NO degradation capability of the pristine
and modified systems using either white or blue light is reported.

3.3.1. NO abatement under white LED illumination

Figs. 6 and 7 refer to the samples before milling (Fig. 6) and the
milled ones (Fig. 7) under white LED illumination. The emission spec-
trum of the light source covers a wide range in the visible wavelengths
region, between 400 nm and 800 nm (see S.1.), and in principle is able to
exploit the whole absorption features of the samples, and, not less
important, represents a typical illumination in indoor contexts. The
abatement of NO (black line) involves two processes, namely its
oxidation to gaseous NO3 (blue line) and the oxidation to non-gaseous
compounds (nitrites and nitrates) thus removed from the atmosphere.
For this reason, it is convenient to evaluate the actual activity of each
system considering this second fraction that is reported in the Figures in
terms of overall NOx abatement (red lines). Considering in particular the
whole abatement of gaseous oxides (NOx, red lines), the following trend
of activity can be identified for the samples before milling
T ~ TC<TN~TCN, while the generation of the oxidation intermediate
(NO») remains almost the same in all cases (Fig. 6 and Table 2). In detail,
the modification with carbon (sample TC) does not seem to introduce
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Fig. 9. NO abatement on the milled samples upon blue LED illumination.

Table 2
NO gas decomposition activity of samples after 105 min, under the two different
light sources employed in this work.

T Tm Tc TCm TN TNm TCN TCNm
White LED
% NOx degr. 31 41 31 30 41 34 39 29
% (NO -NO3) 44 45 47 37 48 43 44 68
Blue LED
% NOx degr. 42 46 42 27 87 68 70 48
% (NO-NO3) 57 55 58 62 13 32 29 53

significant improvements in the photooxidation of NO. In this case, in
fact, the total abatement of the pollutants (NOx) and the amount of
photogenerated NO; are almost the same of the corresponding pristine
sample T. For both nitrogen containing samples (TN, TCN), a slightly
higher abatement of NOx is observed suggesting a role of nitrogen
doping in improving the photocatalytic activity. In these two samples,
the photodegradative pathway (reaction 8 — 9) more significantly

contributes to the overall activity which, however, is only weakly
improved by the doping process. As far as the milled samples are con-
cerned, a worsening of the photoactivity for the samples TN and TCN is
observed (Fig. 7). This experimental evidence can be attributed to a
further and detrimental carbon contamination occurring during the
milling process as evidenced by the IR bands (Fig. 4). In the case of the
bare sample Tm only, the total NOx abatement is slightly higher as the
milling contamination is less effective on the undoped material (T). In
the case of TCNm the NO concentration actually drops close to zero but
this positive effect is cancelled by the NO; concentration that reaches its
maximum value (Fig. 7) so that the total NOx abatement is not
improved. Data here reported indicate that, even though both modifi-
cations with carbon and nitrogen introduce energy states in the mate-
rials extending the optical properties to the visible light range, the most
relevant role seems to be associated to the presence of nitrogen. The
higher activity is observed in fact for the samples TN and TCN.
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3.3.2. NO abatement under blue LED illumination

By employing a monochromatic blue LED, in spite of the lower
irradiance of the source (see S.I.), the photoactivity results are much
more interesting with respect to those obtained using white light. For all
samples (Fig. 8), differently from the case of white illumination (Fig. 6),
only few traces of the initial NO are detected after 105 min of irradiation
(Table 2). However, the formation of NO is still relevant in the two
cases of T and TC whose global performances (NOy) are therefore similar
to those observed under white illumination. Moreover, since the activ-
ities of T and TC are again very close to each other, the effect of doping
with the only carbon source seems again ineffective despite the clear
onset of a visible light absorption in the case of TC (Fig. 3). The same
consideration can be drawn analysing the photoactivity of the sample
prepared using sodium citrate as a dopant precursor (see S.I.). This
material shows a relevant absorption in the visible region as in the case
of the TCN sample, but its NO abatement capability does not differ
significantly from that of TC or T samples. In this system therefore most
of the species that contribute to the overall absorption in the visible light
range, do not really contribute to the photoactivity in the same condi-
tions. The photocatalytic activity of the two nitrogen containing samples
(lower panels in Fig. 8 and Table 2) is definitely higher. The total NOx
curves clearly indicate that in these two cases a more efficient total
oxidation of the initial NO occurs, in particular for the sample modified
using NHs, as the NO concentration is close to zero after about 100 min
and the NO; one attains the minimum value in this set of experiments.
This confirms what previously inferred about the essential role of ni-
trogen in these systems. In one case N is introduced directly using an
ammonia solution (TN) thus obtaining the most active material. The
activity in NO abatement however is only slightly lowered if a co-doped
material is prepared using an organic ammonium salt indicating that
both modifications can be confidently adopted according to the conve-
nience. As already observed and discussed in the case of white LED
irradiation, also in this case, after milling, a general worsening of the
photoactivity is observed (Fig. 9) still maintaining the trend in photo-
activity observed for the samples before milling (T ~ TC<TCN<TN) [7].

4. Discussion

The data here reported show how an extension of the photocatalytic
activity to the range of the visible light can be easily achieved by simple
chemical treatments modifying a commercially available TiO5 powder.
For the sake of clarity, it has to be recognized that the observed activity
encompasses a partial contribution of the intrinsic, non negligible, ac-
tivity of the polyphasic TiO, matrix (see before) and of that of the dark
reactions (1) and (2). Nonetheless, the contribution of the dopants re-
mains important (Table 2). We have also shown that the treatments
necessary to insert the photocatalytic materials in a commercial device,
i.e. ball milling in an organic liquid medium, reduce the performance of
the solid at an extent that does not impede their practical application.

In all cases here studied, species active in the visible range are
formed as indicated by both optical absorption and EPR. Absorption in
the visible region is due to the presence of energy states from which
electronic excitation can be originated by the action of visible light, and
that are distributed differently in the various materials (Scheme 1). In
the case of nitrogen doped TiO; the new energy levels are well known
and mainly localized close to the valence band giving rise to a relatively
sharp transition in the 400 — 500 nm range [7,9]. In the case of carbon,
the modification of the electronic structure is less clear and certainly
more complex since, in principle, both C-doping centres within the
matrix and active interfaces between TiO5 and surface carbonaceous
species can be present. Whatever the structural organisation, a complex
distribution of energy levels leads to the extension of the optical ab-
sorption over a wider range of wavenumbers (400-800 nm). The TCN
sample shows the higher absorption ability of the whole set of samples.
The optical absorption covers the entire visible range (400-800 nm) and
it is qualitatively similar to that of the TC sample. The contribution of
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T TN TC TNC

Scheme 1. Sketch of the electronic structure of the C/N modified photo-
catalysts compared with that of the pristine TiO,. The contribution of carbon is
schematically illustrated in terms of energy states between valence and con-
duction band only, neglecting if the states are due to bulk or surface C-con-
taining species.

nitrogen doping ( N is present in the system as firmly indicated by EPR
results) is buried by the overwhelming absorption due to carbon species.
Nonetheless the role of nitrogen is fundamental in the photocatalytic
activity of the materials in the reactions of NO abatement.

The best photocatalytic activity (Table 2) is observed in fact for ni-
trogen containing materials (TN and TCN) pointing to a prominent role
of the intra-band gap N states (NO?, monitored by EPR) in the genera-
tion of the charge carriers entailing the photocatalytic process. This is
further evidenced when a system prepared using sodium citrate is ana-
lysed. For this material, in spite of a relevant absorption in the visible
region, no significant difference in the activity with respect to the
pristine T sample is observed (See S.I.). The higher photocatalytic ac-
tivity obtained using monochromatic blue light confirms this point of
view since the energy of the blue photons (around 2.7 eV) corresponds
to the energy needed for the excitation of the NO? intra-band gap
centers [9]. An effective synergy between C and N dopants has not been
observed at least for the reaction here investigated (Figs. 8 and 9)
though it cannot be excluded in the case of other reactions in gas phase
on which our laboratories are still actively working. The somehow
surprising result of a lower efficiency of the illumination with a poly-
chromatic light source (Figs. 6 and 7) can be tentatively explained, as
before mentioned, in terms of the efficiency of the selective excitation of
NOZcenters. The presence of a wide set of intra bad gap levels (see
Scheme 1) together with that of a multiplicity of photon energies could
easily entail a series of interactions detrimental for the whole photo-
catalytic activity.

Finally, as mentioned at the beginning of this Section, the activity of
the materials is negatively affected by the post-treatment ball milling
procedure that is required in case of some practical application of the
materials [23]. Although the materials, as evidenced by diffractometric
analysis, have nanometric size, after the calcination process, they appear
as a soft’ aggregate. The most suitable technique for breaking down this
type of aggregates to obtain stable suspension is the ball milling. During
this process the powder is subjected to high-energy collisions from the
balls for getting well-dispersed slurries or suspensions. Such a process
involves the dispersion of the particles in a liquid medium to neutralize
the surface charges, and either water or alcohol can be used as disper-
sion medium, depending on the sample material.

Such a detrimental effect has already been observed in TiO5 systems,
and a general consensus ascribes the phenomenon to the generation of
new phases, mainly amorphous TiOy and brookite, containing high
amounts of defects [24-26]. The defects can act as recombination cen-
tres and the loss in photoefficiency offsets any gain due to the increase in
surface area. It is also worth to mention that such studies were carried
out grinding the powders without liquid medium or using water, and the
photoefficiency was evaluated under UV light, making difficult a
straightforward comparison. In the present case however a further
parameter has to be considered that is the surface contamination due to



A. Zollo et al.

the alcohol employed as dispersion medium during ball milling pro-
cedure. Previous studies have shown in fact that photocatalytic activities
in visible wavelength strongly depend on the solvent used: if the organic
solvent causes surface contamination a worsening of the photoactivity is
expected [43]. The presence of organic moieties is in fact clearly evident
by the ATR analysis (Fig. 4). These residues cannot improve the visible
light absorption due to their aliphatic nature but can hamper the
interaction of substrates with the oxide surface. This effect could be
attenuated by treatments on the ground materials aimed at removing the
excess of organic matter deposited at the surface during milling. This
point also is currently under investigation in our laboratories.

5. Conclusion

Summarizing, we have prepared three photoactive systems doping a
multiphasic TiOo matrix with different dopants namely using an organic
ester (ethyl citrate, C doping), a corresponding organic ammonium salt
(ammonium citrate, C-N doping) and ammonia (N doping). Even though
carbon modification is reported to be an efficient way to improve the
TiO4 photoactivity, for the systems analysed in this work the presence of
nitrogen plays a crucial role in dictating the final properties of the
photocatalysts. A significant difference in photoactivity is observed
comparing the results obtained using a blue light, whose wavelength
corresponds to the maximum absorption in the visible range of the
systems prepared in this work, and a white LED, more common in indoor
or occupational contexts. These results clearly indicate that the choice of
the correct light source is crucial to understand the activity in indoor
applications, this because the common illumination in occupational
contexts may not coincide with the best absorption properties of the
material. Finally, the effect of ball milling procedure has also been
evaluated. A slight worsening of the photoactivity, in terms of NOx
decreasing, is observed caused by the grinding procedure that does not
preclude the applications of the materials in devices for pollutant
abatement. In some cases, as the TCN sample of the present work, the
fading of the photocatalytic activity could also be amenable to a second
factor, i.e. the removal by mechanical action of superficial active
species.
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