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Abstract: Nitrogen-doped titanium dioxide (N-TiO;), a photocatalytic material active in visible light, has
been investigated by a combined experimental and theoretical approach. The material contains single-

atom nitrogen impurities that form either diamagnetic (Np~

) or paramagnetic (Ny*) bulk centers. Both types

of Ny centers give rise to localized states in the band gap of the oxide. The relative abundance of these

species depends on the oxidation state of the solid, as, u
Ny results in the formation of Ti** and N,~. EPR spectra

pon reduction, electron transfer from Ti** ions to
measured under irradiation show that Ny, centers

are responsible for visible light absorption with promotion of electrons from the band gap localized states
to the conduction band or to surface-adsorbed electron scavengers. These results provide a characterization
of the electronic states associated with N impurities in TiO, and, for the first time, a picture of the processes

occurring in the solid under irradiation with visible light.

1. Introduction

An intense research activity has been recently devoted to the
preparation and characterization of titanium dioxide @)iO
materials doped with nonmetal impurities. The goal is to produce
an active photocatalyst which can work under visible light, rather
than UV irradiation, so that sunlight can be more efficiently
used in photocatalysis. One of the most promising and widely
investigated systems in this respect is nitrogen-doped titanium
dioxide, N-TiQ,, which shows a significant catalytic activity
in various reactions performed under visible light irradiafiols.

The potential technological impact of this system is huge, and
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some practical applications have already appeared on the market.
Recently, also a highly efficient dye-sensitized solar cell (DSC)
was fabricated using a nanocrystalline nitrogen-doped titania
electrodet?
To incorporate nitrogen in titanium dioxide, different strate-

gies are used, either based on chemical reactivity—gel
synthesis;>"° chemical treatments of the bare ox#e>12
oxidation of titanium nitridé? etc.) or on physical methods (ion
implantationt®~18 magnetron sputterin®?9. These different
procedures probably lead, at least in some cases, to materials
with somewhat different properties. Independent of the prepara-
tion method, one of the key points under debate concerns the
chemical nature and the location in the solid of the species
responsible for the photoactivity in visible light. Different
chemical species like N®3925-23 sypstitutional N&©:8.16 or

NH,® have been proposed as responsible of this effect. Several
nitrogen-containing species are actually produced during the
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chemical treatments leading to the final N-Ei®aterial, and employed in this work were purchased by Aldrich and used without
the main problem is to identify the species present in the systemany other purification treatment. The mixture was kept under stirring
and to rationalize the role of each of them. In other words, one at room temperature until a complete hydrolysis was reached. The gels
needs to distinguish between inert byproducts of the chemical Prepared in this way were left aging for 15 h at room temperature,
preparation, unavoidably present in the solid, and species Whichsubsequently dried at 340 Krfd h and eventually calcined in air at

are playing an effective role in visible light absorption and 770 K. Both samples have a surface area of about 9@ thwhich
playing g P was measured by the BET method and anatase structure as measured

molecular (photo_) activation. ThIS is also useful for choosing by X-ray diffraction. The N-doped titanium dioxide exhibits a pale-

the most convenient preparation method for the photocatalyst. yejiow color. Prior to the spectroscopic analysis and in order to remove
A second key issue concerns the electronic structure of thethe physisorbed water, the material was outgassed at room temperature

doped material and its modification upon irradiation. This until a residual pressure of about £kPa was reached.

question has been addressed in a number of computational 2.2. Experimental Methods. Structural features of the prepared

studies, but no general consensus has been reached yet. Whilmaterials have been determined by X-ray Diffraction (XRD) on a Philips

some authors claim that the band gap of the solid is reduced1830 XRD spectrometer using acKCo source. UV-vis diffuse

due to a rigid valence band shift upon dogiag2° (the gap is reflectar_me (DR UV-vis) spectra_ were recor_ded by a Varian Cary

3.2 eV, corresponding to UV radiation, for undoped anatase 2/YY~ViS~NIR spectrometer using a Cary win-UV scan software to

TiO,), others attribute the observed absorption of visible light follow the visible absorption enhancement after nitrogen doping.

by N-TiO h - fel f | lized i . Electron paramagnetic resonance (EPR) spectra were run using a
y N-TIO; to the excitation of electrons from localized impurity X-band CW-EPR Bruker EMX spectrometer equipped with a cylindrical

i ,6,9,10 . i ) :
states in the band gdp: o cavity operating at 100 kHz field modulation and a temperature
A significant advance toward a clarification of the above controller unit. The measurements were carried out in cells that can be
issues has been recently achieved by means of electronconnected to a conventional high-vacuum apparatus (residual pressure
paramagnetic resonance (EPR) spectroscopy measurements anel0® kPa). The EPR spectra intensity has been obtained by double
DFT calculations. Due to the sensitivity and capability of EPR integration qf the signal. The evaluation of the intensity of e_ach singl_e
to directly describe the electronic structure of a paramagnetic component in spectra composed by two or more overlapping species
center, this technique has assumed, in the past 40 years, #2s been derived by a computer simulation of the signal performed
paramount importance in the investigation of point defects in using SIM32, a program elaborated by Z. Sojka (Jagellonian University,
insulators and semiconductdfin the case of N-Ti@prepared Cracow)?® The effect of visible light on EPR spectra was investigated

. —qel thesis EPR h id d i tp P lia. th directly irradiating the sample into the EPR cavity using a 500 W
Vla tSO QEf Synthesis, tic nit as evi en_ce > t'm etr Ia_lat’ et mercury/xenon lamp (Oriel instruments) equipped with a IR water filter
existence of a paramagnetc nitrogen species inimately INteract-anq 5 grating monocromathor with a transmission range between 500
ing with the TiQ lattice. The spin-Hamiltonian parameters of z1g 180 nm.
such a species are consistent with calculations for both 2.3 Computational Details.The calculations have been performed
substitutional and interstitial N impuriti@3In the substitutional using the plane-wave-pseudopotential approach together with the
case, corresponding to a nitrogen atom replacing an oxygen atPerdew-Burke—Ernzerhof (PBE) exchange correlation functioffals
a regular lattice site, calculations show that the impurity energy implemented in thev-ESPRESSO paCkad@-The_Ca_f—Parrin_EHO
levels are just above the top of the valence b#nshereas in ~ approacf*® was employed for geometry optimizations, with the
the case where the N atom is hosted in an interstitial position, Brillouin zone sampling limited to the point, while the PWSCF code:
directly bound to a lattice oxygen, the impurity states are found was used to refine the calculations by including low-symmetry k-points,
to lie slightly higher in the géﬁg Although not proven and to obtain electronic band structures and the energetics of the

. . . o processes. An almost cubic bulk anatasé22x 2+/2 x 1 supercell
experimentally, it was inferred from theory that excitations from containing 96 atoms was used. Substitutional N-doping gpecies)

these localized states could explain the visible light absorption 45 modeled by replacing one oxygen atom in this supercell, while

of the yellow N-TiQ, material and the consequent activity in  interstitial N-doping (I species) was modeled by adding one N atom
visible light. However, conclusive evidence for this picture has in the supercell. In the following, the paramagnetic species will be

not yet been found. denoted as N, where b stands for bulk, when the distinction between
In this paper we describe a series of experiments aimed atNi- and N is irrelevant for the discussion. When studying oxygen
investigating the behavior of sefjel prepared N-Ti@under vacancy formation, one oxygen atom was removed, while either two

irradiation with photons of different energy and in the presence °ther oxygen atoms were replaced with N atoms or two N atoms were
of adsorbates. We unambiguously show that the above- added in interstitial positions. The supercell models are overall neutral
. _ o - espite the fact that the isolated defects are charged (as described below)
”.‘e.gf'o”eg. T Specff If’hmdie? go;nec(;ec: tot thetabsofrptlfon Of?n order to reflect the experimental situation. The resulting stoichiometry
th1$| el": lation ?n od e Fl)t) %Olln uced electron trans erl ronl] is TiO,—3Nax with x = 0.031, so that the N concentration is comparable
the solid to a surface-adsorbed electron scavenger as moleculaf, hat used in the experiments. Atomic relaxations were carried out

oxygen. By coupling these experiments with state-of-the-art DFT ysing a second-order damped dynamics until all components of the
calculations we provide, for the first time, a consistent detailed residual forces were less than 0.025 eV/A. For further computational
picture of the electronic states associated with the N impurity details, see ref 23 and 25.

and a mechanistic picture of the processes occurring in the solid
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Figure 1. UV—vis diffuse reflectance spectra of bare and N-doped,TiO B/Gauss
Figure 3. EPR spectra and corresponding simulations gfdgecies and
surface adsorbed©. (a) Ny, experimental spectrum;'§a\y’, simulation;

1.0
(b) Ny and Q*~, experimental spectrum; 'fiNp* and Q*~, simulation; (c,
C/C, ¢, ¢") deconvolution of signal b (M, O~ (1), O~ (2), Table 1).
0.94 Table 1. Spin-Hamiltonian Parameters of the Species Identified
by EPR
0.8 species 0 9 [ N4(G) NAy(G) NAy(G)
' Np* 2.005 2.004 2.003 2.3 4.4 32.2
O 2 — g 9 9
0 1 2 3 4 5 O~ (1 2.023 2.009 2.00 / / /
Time (h) O~ (27 2.025 2.009 2.8 / / /
Figure 2. Rate of methylene blue degradation under irradiation with visible a . . . o
light in the presence of (a) N-doped material, (b) bare,T{©) blank.Co Ti4 +‘|_'he twoh_s%na}!s ﬁrle g‘;‘fe to superomdfe spe(c:;_es stabilized on two surface
is the initial concentration of methylene blue a@idthe concentration at a te:xt)lons which slightly differ in terms of coordinative environment (see

given time.

Standard density functionals do not properly describe band gaps andza) was Compargq with that pbtalned using bare{l(i@ggre .
impurity levels in semiconductors, while hybrid functionals can 2b). A npn-negllglble reduction of the MB Concgntratlon n
successfully overcome these difficultiés2 However, in the present ~ Solution is also shown by the bare TiGample which seems
context there is no need to use hybrid functionals for two reasons: 1) €ssentially due to surface adsorption of the reactant and
the position of the N-impurity states is not altered when computed with photodegradation of adsorbed molecules. Noncatalytic degrada-
the B3LYP hybrid function&? which correctly describes the band gap tion of MB in solution also occurs and its trend has been
of TiO; 2) when considering the concomitant presence of N-impurities monitored by the blank test in Figure 2c. The most relevant
and oxygen vacancies, there are no excess electrons*instites information coming from the experiment in Figure 2 is that the
(poorly described by standard DF¥)as they are transferred to the activity of N-TiO, in photodegradation of MB is definitely

empty N-states (see below). Even if the original position of the Ti (though not largely) higher than that of the bare oxide. This is
states is not accurately given by PBE, there is no doubt that these state?n line with results previously reported in the literatdrg:3"
are higher in energy than those associated with the N impurities. Thus, . )

3.2. The Ny Center. EPR Spectra and Behavior upon

internal charge transfer occurs independently of the exchange-correlation ; .
functional used Redox Treatments.Previous work from our laboratorigs®

identified two distinct N-containing paramagnetic species in

3. Results and Discussion N-doped TiQ. One of these species, molecular ¥©egregated
3.1. Optical Absorption and Photocatalytic Activity of in closed pores within the crystals, does not influence the

N—TiO», Figure 1 compares the diffuse reflectance (DR)-JV ~ €lectronic structure of the solid. The other species (Figure 3a,

Vis speétra of bare and N-doped TiPrepared via setgel. Table 1 first row), which is the one of interest, is characterized

The two spectra essentially differ for the broad absorption in PY @ rhombiag tensor with the principal values extremely close
the visible region centered at about 450 nm (blue) which One to the other and by a hyperfine structure based on a main
characterizes the doped material. triplet of lines As = 32.2 G) and two minor tripletgy; andA,,

The spectrum in Figure 1 is very similar to that reported by Centered ory: andg,, respectively. This clearly indicates the
Satot who first obtained N-Ti@ in 1986, and to the spectra Presence of a single N atom in the species. The absence of H
reported by other authdv&3334as well. The photocatalytic hyperfine Iln_es in the spectrum rule_s out the presence of NH
activity of the materials has been tested in the degradation Paramagnetic fragments. By recording the EPR spectrum at 77
reaction of methylene blue (MB; Figure 2) using monochromatic K in the presence of a surface physisorbedn@iltilayer, the
light (437 nm) and following a procedure already reported by line width of the signal reported in Figure 3a remains unchanged,
Burda et aPf° The reaction rate in the presence of N-T{Bigure

(35) Burda, C.; Lou, Y.; Chen, X.; Samia, A. C.; Stout, S.; Gole, J. Nano

Lett. 2003 3, 1049-1051.
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2001, 63, 054102. 1308.
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Kittaka, S.Langmuir2005 21, 8026-8034. 2005 498-500.
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Scheme 1 cb cb
Ti Ti Ti— O—Ti —4— g
~nN / 4+
N N N,* 1 30T gy N 3dTi
, K AE AE4
Ti Ti vb vb
N N. Figure 4. Electronic band structure modifications resulting from the
s 1

interactions between ;N(Ns or Ni*) and TE™ (oxygen vacancy) defects.

indicating that no dipolar interaction is established betweenthe Due to the presence of twoyNcenters and one oxygen
species and the paramagnetic oxygen molecules. This resultvacancy per supercell, various spin configurations need to be
allows us to exclude that the paramagnetic entity under considered in the calculations. In particular, the high-spin
investigation is a surface-anchored species, and rather suggestgonfiguration corresponds to four unpaired electrons (quintet
that its nature is that of a bulk diluted paramagnetic center.  state), two on the two N-impurities and two on twdTions,
The spin-Hamiltonian parameters of'Nb = bulk), reported  while a low-spin closed shell configuration (singlet state) results
in Table 1, appear to be compatible with those calculated from from the charge transfer of the two unpaired electrons occupying
first principles DFT fa a N atom in interstitial position within  the high-lying T#* states to the low-lying Nand/or N° singly
the anatase Tiglattice, N*, even though the computed hyperfine  occupied levels, just above the top of the valence band (Figure
constants for a substitutional N impurity at an oxygen sit¢, N 4). This process leads to the formation of charged diamagnetic
are also quite simil&? (Scheme 1). N;~ and N~ defects and reoxidized i ions. The low-spin
Whatever the precise nature of the nitrogen centers, anconfiguration is found to be about 3 eviore stablethan the
important point is that, at variance with other diamagnetic and high-spin quintet one. Another possible internal charge-transfer
paramagnetic species observed in N-Ji@e species is stable  causing spin pairing directly involves thg*Nind N centers,
upon washing and calcination in air up to 773 K. This indicates with formation of N* and N;”. However, the associated energy
a deep interaction of the Ncenter with the solid matrix.  gain is tiny, 0.1 eV, and this second charge transfer is probably
Furthermore, the intensity of the EPR signal from this center not playing a direct role in the process under investigation. In
dramatically decreases when the solid is outgassed at 773 K (aall cases, the formation of charged defects in the material is
treatment that is known to cause oxygen depletion, and thusaccompanied by a local distortion: thgN\center is character-
reduction of TiQ), and reversibly reappears after reoxidation ized by shorter N-Ti bond lengths than & N;~ by a longer
in O at the same temperature. This indicates that the energyNO bond length than N
levels of the N-species are part of the electronic structure of  Similar to their neutral counterparts, the diamagneticahd
the solid and that their population is affected by the structural Ny~ charged defects give rise to localized levels in the gap of
or electronic modifications induced by reduction of the material. the material which lie a few tenths of an eV above the valence
The details of this interaction have been clarified by means of band edge. Because of the increased Coulombic repulsion, the
DFT calculations. N-induced defect states for the diamagnetic charged species are
3.3. Electronic Structure of N-TiO,: Influence of Oxygen slightly higher in energy than the corresponding singly occupied
Vacancies on N States.To study the interplay between N |evels for the paramagnetic neutral species: 0.59 eV for N
impurities and oxygen vacancies, DFT calculations have beenand 0.75 eV for N° (AEq in Figure 4) to be compared to 0.14
performed for a bulk supercell of 96 atoms (anatase phase)eV for Ns and 0.73 eV for N (AE, in Figure 4). The N—Ns~
containing either two X or two Ns' paramagnetic species plus  shift of about 0.4 eV for substitutional nitrogen is caused by
an oxygen vacancy located as far as possible from the N-centersthe fact that, in this case, the orbital where the extra electron is
S0 as to avoid any direct defegmpurity interaction. It is well- accommodated is a localized atomic-like orbital; instead the shift
establishe®?#! that the excitation under irradiation in TiO s almost negligible for interstitial nitrogen because the added
essentially produces electrehole pairs in the bulk. These  electron occupies a more extendednolecular orbital. On the
charge carriers rapidly diffuse (in the nanosecond regime) to basis of these data, no significant variations in the absorption
the surface unless they are trapped or recombine. Thereforespectrum of the doped material are expected as a consequence
though some surface impurities may, in principle, exist and play of the internal charge transfer from the oxygen vacancies derived
some role, we have focused our attention on those bulk states to the N-impurity states, in particular if the species present
impurities which indeed exist and interact with visible photons are interstitial N atoms, Nor N;~.
and we have investigated the relationship between the induced Another important aspect of the interaction between N-centers
impurity states and the photoabsorption in the visible. and oxygen vacancies Y is that the energetically favorable
An oxygen vacancy in Ti@is characterized by the presence charge transfer from ¥ ions to Ny centers is likely the reason
of two excess electrons which cause reduction of twh" Ti  why the cost of \b formation in bulk TiG is largely reduced
cations and formation of ¥ ions. The states of the latter are in the presence of N-impuriti€d.Indeed, the computed energy
experimentally found to be about 0.8 eV below the bottom of
the conduction bantk43 The electrons are localized in the 3d  (42)
orbitals of the T¢" ions, thus resulting in a magnetic resonance (43) Henderson M. A.; Epling, W. S.; Peden, C. H. F.; Perkins, Q. [Phys.
detected by EPR experimerfts46 ) Chem. B2003 107, 534545,
)

See A. K.; Bartynsky, R. AJ. Vac. Sci. Technol., A992 10, 2591~
596.

(44) Serwicka, E.; Schlierkamp, M. W.; Schindler, R.Z\ .Naturforsch1981,

363 226-232.
(39) Hagfeldt, A.; Gi&zel, M. Chem. Re. 1995 95, 49—68. (45) Berger, T.; Sterrer, M.; Diwald, O.; Kamger, E.; Panayotov, D.;
(40) Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. @hem. Re. Thompson, T. L.; Yates, J. T, JJ] Phys Chem. ROOS 109 6061—
1995 95, 69—-96. 6068.
(41) Linsebigler, A. L.; Lu, G.; Yates, J. T., JEhem. Re. 1995 95, 735- (46) Hurum, D. C.; Agrios, A. G.; Gray, K. A.; Rajh, T.; Thurnauer, M. L.
758. Phys. Chem. R003 107, 4545-4549.
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Blue EPR signal of ' grows by a factor of about 2.3. This higher
351 Lamp Lam’; - intensity remains constant until the lamp is turned off, when
3.0- off  off the signal recovers the initial value. The described behavior is
i, Blue |Blue thus completely reversible, and the signal grows again as the
251 lamp is turned on.
2.0 arasd g (b) When the irradiation at 437 nm is performed in oxygen
1.5 Green atmosphere (p(9 = 5 kPa), the increase of the,Nsignal is
! accompanied by the simultaneous appearance of new EPR lines
1.0 bt oy in the same spectral region (Figure 3b), which are due to two
0.5- o NL very similar surface superoxide,O radical species (Table 1).
00, —o-0, In particular the negative oxygen species are stabilized on two
’ 0 20 100 150 distinct surface Ti ions (as indicated by theg,; components
Time (min) at 2.025 and 2.023 respectively) which slightly differ one from
the other in terms of coordinative environment (see Table 1).

Figure 5. EPR signal intensity of M and Q*~ in various conditionsly = .
1is the Ny intensity in the non-irradiated sample. The observed values are the same reported in the casef O

on TiO, generated by oxygen adsorption on the thermally
cost to create oxygen vacancies is drastically reduced from 4.2reduced solid® The experimental spectrum in Figure 3b and
eV in pure TiQ to 0.6 eV in N-doped Ti@ as indicated by  those successively recorded in the experiment (Figure 5, right-
the computed energetics for the following procesdes: hand side) were deconvoluted in the three signals (Figure 3; c,
. . ¢, ') by computer simulation. The quantitative evaluation of
TiO, = IO, + XV, + 1/2X0, AE=4.2eV @) O~ (species ¢ and'xwas performed only after turning off
TiO,_, Ny, — TiO,_5,N,, + XV, + 1/2X0, the irradiation since, in sugh conditions, it is possible to evacuate
AE=0.6eV (2) O, from the gas phase without altering the relative abundance
of the various species. In fact the presence of gas-phase O
Thus, DFT calculations suggest that N-doping favors O vacancy reduces the accuracy of the quantitative measure of a surface
formation. Such a finding has been very recently confirmed by paramagnetic species. This method allows us to evaluate the
real-time transmission electron microscopy (TEM) experi- weight of all components () and Q") contributing to the
ments?’ A consequence of the relatively higher number of “mixed” signal and, therefore, to derive the intensity data
oxygen vacancies in N-Ti§especially in oxygen-poor condi-  reported in the right-hand side of Figure 5. The formation of
tions48is the partial quenching of the paramagnetic N-impurities superoxide is irreversible at room temperature. Upon turning
(Np*) which are transformed in N This is in agreement with  the lamp off the intensity value of Nremains higher than the
the previously mentioned experimental observation that the EPRinitial value recorded in the dark prior to oxygen adsorption.
features related to fNcenters disappear upon reduction of the For the sake of comparison, we have also investigated the
sample by annealing in vacuand reappear upon reoxidation. behavior under irradiation of the undoped }j@repared via
Similarly, recent experiments have found that N-implantation sol—gel (see Experimental Section). As expected for this sample,
reduces the features associated " Tons1? All these results adsorbed @~ ions are abundantly formed under UV irradiation.
suggest that N-Ti@ contains, besides a given number of However, under visible light irradiation of 437 nm, only a tiny

paramagnetic M centers, a fraction of diamagnetigNmpuri- superoxide signal is observed which is about 1 order of
ties, which depends on the level of oxygen deficiency in the magnitude weaker (see Supporting Information) than the cor-
sample. responding feature for the N-TiGsample reported in Figure

3.4. EPR Spectra under Irradiation. To further clarify the 3b. Therefore, we conclude that the formation of superoxide
role of diamagnetic and paramagnetig’ Nspecies in the ions under irradiation at 437 nm in the presence oiQypical
photoactivity of N-doped Ti@ we have studied their behavior ~of N-doped TiQ materials.
under irradiation in vacuo and in oxygen atmosphere, using light ~ 3.5. Visible Light-Induced Photoactivity in N-TiO2: A
in the visible range. In particular, we have used two different Mechanistic View. The experimental and theoretical results
wavelengths, one in the blug,= 437 nm, and the othef, = presented in this paper allow us to draw a schematic picture of
500 nm, in the green region of the visible spectrum (see Figure the mechanism connected to the interaction of N-Ti@th
1). The first wavelength roughly corresponds to the maximum visible light.
absorption of the system, while the second one corresponds to (a) EPR investigations of N-TiDreveal the presence of
the tail of the absorption band. Figure 5 reports the intensity of paramagnetic centers consisting of single N atoms localized at
the observed EPR signals. The intensity scale is in arbitrary interstitial and/or substitutional positions of the bulk oxide
units, with the intensity of B in N-TiO, before irradiation lattice. Independent of its specific character, thg benter
normalized to 1. introduces localized electronic states in the gap which can be

From inspection of Figure 5 the following facts emerge: either doubly occupied (diamagnetig or singly occupied

(a) The EPR signal of | is not (or poorly) affected by  (paramagnetic N). The existence of EPR silent diamagnetic
irradiation with green light which causes just a small increase Ny~ centers is strongly supported by theoretical calculations
of the signal intensity. Using blue light of similar intensity the (section 3.3) showing that there is a large energy gain associated
- to the transfer of an electron from a3Tistate to a singly
“7) ,\S,l‘;gég-hggg;%hpéo';‘é'ﬁéﬁﬁ n’\g/"fvf'gg{ﬂh];g'“gfgnaccés;gégepiggﬁﬂeiﬂ occupied . The same conclusion is experimentally supported

(48) Di Valentin, C.; Pacchioni, G.; Selloni, £hem. Mater2005 17, 6656—
6665. (49) Che, M.; Tench, A. JAdv. Catal. 1983 32, 1—147.
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by at least two facts: (i) the reversible decrease of the intensity cB ) 0,
of the N,* EPR signal upon reduction of the solid (section 3.2) : = C
due to the following process hy-vis : 0,°"
N, + Ti¥ =N, + Ti*" 3 - S
b b ( ) Nb # - ' h Nb PR
and (ii) the intensity increase of the same signal upon irradiation

in vacuo or in Q which can be uniquely explained in terms of )
electron transfer from diamagnetig,Ncenters (vide infra). "r' A
(b) Irradiation with visible light at 437 nm (2.84 eV)

selectively promotes electrons from these states to the Conduc_Figure 6. Sketch of the proposed mechanism for the processes induced

tion band according to the following process: by vis-light irradiation of the N-doped sample i, @tmosphere.
N, LA N, + € 4) role in the absorption of visible light, in the promotion of
electrons to the conduction band, and in photoinduced electron
N, o, Nb+ +e (5) transfer to reducible adsorbates. Both neutral paramagngtic N

and charged diamagnetigNare present and introduce localized

The fact that before irradiation EPR shows the presence,of N N-states a few tenths of an eV above the valence bagd. N
centers in the sample is not in contradiction with the theoretical paramagnetic centers in the presence of oxygen vacancies form
prediction of a higher stability of the N centers. This indeed  N,~ diamagnetic precursors at the expenses of tiié ibins
suggests that the number of N impurities exceeds that of oxygenwhich are oxidized to Ti". DFT calculations show that this is
vacancies and that not all N paramagnetic centers are quenchean effective process as the formation energy of oxygen vacancies
by the charge-transfer mechanism. is drastically reduced by N-doping. Visible light of 437 nm

The energy of the visible light is not sufficient to excite causes excitation of electrons mainly from the diamagnetic
electrons from the valence band, as the JéDatase band gap  N-centers. These electrons reversibly occupy delocalized con-
is 3.2 eV. However, as reported above (section 3.3), DFT duction band states (when the irradiation is performed in vacuo)
calculations show that the N-induced defect states lie a few Or are irreversibly transferred onto an adsorbed electron
tenths of an eV above the valence band edge in the case ofscavenger like oxygen (irradiation in & @tmosphere). This
both paramagnetic and diamagnetic charged species. DiamagMechanistic picture is sketched in Figure 6. It is therefore
netic N,~ species are expected to be definitely more abundant démonstrated that among the various species which form during
because they are energetically favored and are thus preferentiallf€ synthesis of N-Tig) the bulk N, centers in the anatase
excited (reaction 4) so that under irradiation the equilibrium Matrix are photoactive centers, and likely the only ones capable
attained involves an increase of the concentration of tge N Of Visible light absorption and molecular photoactivation.
paramagnetic centers (Figure 5). The equilibrium conditions in . 11 Visible light-induced charge separation here described

the dark are recovered instantaneously when irradiation is 'S analqgou_s, n N'T.'@ fo the classical experiment induced
stopped by UV light in bare TiQ. In the latter case, however, both the

() The presence of oxygen in the gas phase modifies theelectron and the hole formed are delocalized and available for
situation as a fraction of photoexcited electrons is scavenged redox processes at the surface as shown in the glassic experiment
by O,, producing adsorbed £ reported by Howe and Gizel 2 In the case of N-Ti@ however,

y Qo P 9 ' the hole formed by charge separation remains localized onto

N~ 40 e N°+ O ®) the center, which becomes a'Nor Ny) center. Photoexcited
b 2(gas) b 2 (surf) electrons are available for chemical interactions at the surface.
ho The same does not hold for the hél€2and this fact constitutes

. LN + o«
No + Ozgas ™ No - + Oz s @) a potential limit of the activity of the N-Ti@ system in
This shifts the equilibrium with formation of a higher amount photocatalytic processes which are usually based on the parallel
of paramagnetic N centers with respect to simple irradiation reductive/oxidative action of the electron and hole respectively.
in vacuo At this stage of the experiment the number of The picture here proposed holds for systems prepared by sol

paramagnetic states observed in the system reaches its maximurfl€! reactions and, very likely, for other chemically prepared
value as the increase of;Ns accompanied by © formation. N-TiO, systems. It cannot be excluded however, that for systems

In other words, photoinduced charge separation has occurred.preD"JlrEd by radically different techniques other types of centers

The generation of surface adsorbegt Qcauses the formation are formed, and other r_nechanis_ms of photoactivation apply.
of a negative layer at the interface. This, in turn, is expected to MIﬁcérlﬁ\;vgid%m:rgbf;g'go‘gorrk S tsupported by the ltalian
cause band bending which limits further electron transfer. U9 ) P olgc. . .
Stopping irradiation, the electrons scavenged by oxygen remain Supporting Information Avaﬂgblg. .The superox@e formation

in the ad-layer so that the initial concentration of Nenters is at e surface ‘under |r_rad|§t|on, th_e comparison e
not recoveredThe difference between the final and the initial undoped_and N-doped TtOTh'_S material is available free of
amounts of N is rather close to the obseed amount of charge via the Internet at http://pubs.acs.org

generated @~. This reinforces the idea that most of the surface JA064164C

scavenged electrons are excited fronr States.

(50) Grizel, M.; Howe R. F.J. Phys. Cheml99Q 94 (6), 2566-2572.

4. Conclusions (51) Mrowetz, M.; Balcerski, W.; Colussi, A. J.; Hoffmann, R.Phys. Chem.
; ; B 2004 108 17269-17273.
_The reported experiments show that benters (single atom 55y K ikamura, R.: Tanaka. T - Nakato, X Phys. Chem. B004 108 10617-
nitrogen centers in the bulk of titanium dioxide) play an essential 10620.
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