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Recent experiments have indicated that titanium dioxide (TiO2) codoped with nitrogen and fluorine
may show enhanced photocatalytic activity in the visible region with respect to TiO2 doped only with
nitrogen. Prompted by these findings, we have investigated N-F codoped TiO2 through a combined
theoretical and experimental study. Density functional theory (DFT) calculations have been carried out
both within the generalized gradient approximation (GGA) and using hybrid functionals to accurately
describe the electronic structure; substitutional as well as interstitial locations of nitrogen in the TiO2

lattice were considered. From these calculations we infer that N-F codoping reduces the energy cost of
doping and also the amount of defects (number of oxygen vacancies) in the lattice, as a consequence of
the charge compensation between the nitrogen (p-dopant) and the fluorine (n-dopant) impurities. The
UV-visible spectra of the sol-gel prepared TiO2 powders confirm the synergistic effect of N-F codoping:
more impurities are introduced in the lattice with an increased optical absorption in the visible. EPR
spectroscopy measurements on the codoped samples identify two paramagnetic species which are associated
to bulk N impurities (Nb

•) and Ti3+ ions. Preliminary photocatalytic tests also indicate an enhanced
activity under vis-light irradiation toward degradation of methylene blue for the codoped system with
respect to N-doped TiO2.

1. Introduction

Doping is a promising approach to reduce the absorption
threshold of titanium dioxide (TiO2) and bring it from the
UV to the visible region.1 For this reason a large number of
investigations have focused on doping of TiO2 with both
metal and nonmetal elements over the past decade.2–4 Still,
the photocatalytic performance of doped TiO2 in the visible
is usually found to be less satisfactory than that of pure TiO2

under UV irradiation.5,6 In fact, the absorption in the visible,
although improved by doping, remains scarce, while the
recombination rate of the charge carriers increases in the
doped samples,7 because dopants may themselves be recom-
bination centers or generate other defects such as oxygen

vacancies. A possible way to improve the photocatalytic
performance of doped TiO2 is to exploit the cooperative
effect of introducing different dopants into the matrix. As
shown in a recent communication,8 however, codoping is
not a guarantee of success, indicating that a careful analysis
and evaluation of the choice of codopants is important.

Recent experimental studies have reported a remarkable
photocatalytic activity of nitrogen and fluorine codoped TiO2

under visible light.9,10 With the goal to clarify the physical
origin of these observations, in this paper we report on a
combined theoretical and experimental study of N-F
codoped anatase TiO2 (N-F/TiO2). Theoretical investigations
provide detailed microscopic information on the electronic
structure of the system and are therefore useful to identify a
“good pair” of dopants with potential synergistic effects.

A useful prerequisite for understanding cooperative effects
in codoping is the precise knowledge of the two separately
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doped systems. For N-doped TiO2 (N/TiO2), several studies
have been reported,1–3 including a series of papers from our
group.11 The electronic structure of nitrogen substitutional
and interstitial impurities has been clarified,11a,b as well as
the stabilizing interaction between impurities and oxygen
vacancies in reduced TiO2.11b,d The N-impurities give rise
to localized states just above the valence band (few tenths
of an electronvolt) and also cause a drastic reduction of the
cost of formation of oxygen vacancies as a consequence of
electron transfer from the O-vacancies derived Ti3+ states
to the partially unoccupied nitrogen states.11d As to the
doping with fluorine, in a recent combined density functional
theory (DFT) and electron paramagnetic resonance (EPR)
study of F-doped TiO2 (F/TiO2) we have found that
(substitutional) F-dopants induce the formation of Ti3+

species in the bulk of anatase polycrystalline TiO2 samples,
with consequent formation of Ti 3d occupied states in the
band gap, some tenths of an electronvolt below the conduc-
tion band.12 A simple sketch of the electronic structure of
the N-doped (both substitutional to O and interstitial) and
F-doped systems is given in Scheme 1. In the following we
will present new results for the N-F codoped system
obtained by means of DFT calculations and a number of
experimental techniques. The doped samples were synthe-
sized through the sol-gel technique and characterized by
X-ray diffraction (XDR), UV-visible, and EPR spectros-
copy. Some preliminary comparative photocatalytic tests
were also performed for the photodegradation of methylene
blue under visible light irradiation.

2. Computational Details

The calculations were performed including spin polariza-
tion and using both the generalized gradient approximation

(GGA) with the PBE13 functional and the hybrid B3LYP14

functional. The percentage of exact Hartree-Fock (HF)
exchange in the B3LYP functional is 20%. For the GGA-
PBE calculations a plane wave basis set was used. The
cutoffs for the smooth part of the wave function and the
augmented density were 25 and 200 Ry, respectively, as
implemented in the Quantum ESPRESSO code.15 For the
hybrid functional calculations the Kohn-Sham orbitals are
expanded in Gaussian type Orbitals (GTO), as implemented
in the CRYSTAL06 code16(the all-electron basis-sets are Ti
86411(d41) [ref 17], O 8411(d1) [ref 18], N 7311(d1) [ref
19], and F 7311 [ref 20]). For an improved description of
the Ti3+ species we have added a more diffuse d function
with R exponent ) 0.13.

We considered a nearly cubic 2�2 × 2�2 × 1 supercell
to model doped anatase. The optimized bulk lattice param-
eters were taken from previous PBE (a ) 3.786 Å, and c )
9.737 Å)21 and B3LYP (a ) 3.776 Å, and c ) 9.866 Å)22

calculations. Ns-Fs codoping (s ) substitutional) was
modeled by replacing two oxygen atoms in the 96-atoms
supercell. The resulting stoichiometry is TiO2-2xNxFx with x
) 0.031. Ni-Fs codoping (i ) interstitial) was modeled by
adding one N atom to the system and replacing one O atom
with one F atom in the 96-atom supercell. The resulting
stoichiometry in this case is TiO2-xNxFx with x ) 0.031. Nb

(b ) bulk) will also be used in the following as a general
reference to both Ns and Ni present in the bulk of TiO2.

Full geometry optimization was performed until the largest
component of the ionic forces was less than 5 × 10-4 au.
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The k-space sampling was restricted to a special k-point, in
the irreducible part of the Brillouin zone,11 for the plane wave
self-consistent field (PWSCF) calculations, and to the Γ-point
for the CRYSTAL calculations. The CRYSTAL densities
of states (DOS) have been obtained with a 36 k-point mesh.

3. Experimental Details

Bare TiO2 was prepared via sol-gel, mixing a solution of
titanium(IV) isopropoxide in isopropylic alcohol with water. N/TiO2

and N-F/TiO2 samples were prepared in the same way as TiO2

using, instead of water, a solution of NH4Cl and NH4F, respectively.
While N and F are introduced in the lattice in substitutional position
to O, Cl is not because of its too large atomic size. The gel was
left aging for 15 h at room temperature and subsequently dried at
70 °C. The dried material was eventually calcined in air at 770 K
for 1 h. In the case of N,F-codoped TiO2 the nominal N/F ratio is
1. The actual N/F ratio in the prepared materials is probably different
from the nominal one which is referenced to the solution composi-
tion. Samples with increasing N/F ratio (nominal ratios of 10 and
100, respectively) were prepared dosing ammonium chloride and
ammonium fluoride in the solution maintaining constant the NH4

+

concentration in all cases. In the following we will refer, for the
various samples, to the N/F ratio of the solutions being aware that
the actual concentration in the solid is not in principle the same.

The structures of the prepared materials were determined by
X-ray diffraction (XRD) using a Philips 1830 diffractometer with
a Co KR source. A X’Peret High-Score software was adopted for
data handling. Diffuse reflectance UV-visible (DR UV-vis)
spectra were recorded by a Varian Cary 5 spectrometer using a
Cary win-UV/scan software. Electron paramagnetic resonance
(EPR) spectra were run on a X-band CW Bruker EMX spectrometer
equipped with a cylindrical cavity and operating at a 100 KHz field
modulation. Computer simulation of the spectra were obtained using
the SIM32 program.23 A catalytic test on the photodegradation of
methylene blue with monochromatic visible light (λ ) 437 nm)
was performed following the procedure reported by Burda et al.24

4. Results and Discussion

4.1. Theoretical Calculations. 4.1.1. Ns-Fs Codoping.
We have chosen the positions of the N and F impurity atoms
in the 96-atoms anatase bulk supercell so that their distance
is about 6 Å.25 Both N and F impurities have an odd number
of valence electrons. When introduced at O substitutional
sites in the TiO2 bulk matrix, two possible configurations
can occur: either the two unpaired electrons remain unpaired,
possibly localized on two different sites (triplet configura-
tion), or they pair up either on one of the two dopant sites
or somewhere else (singlet configuration). Both electronic
configurations have been considered in the present study.
The densities of states (DOS) for the triplet and singlet
configurations obtained using the GGA-PBE (with the plane-

wave pseudopotential scheme) are reported in Figure 1a,b,
where the projected densities of states (PDOS) on the
impurity atoms are also shown.

We start considering the DOS for the triplet configuration
which is found to be essentially the result of the superposition
of the separate DOS for the N/TiO2 and F/TiO2 systems,11a,12

without any significant modification resulting from the
interaction between the two dopants. The impurity states fall
in very different energy regions: the F 2p states fall well
below the bottom of the O 2p valence band, while the N 2p
states fall just above the top of the O 2p valence band. The
Fermi energy lies high up in the band gap, and crosses a
narrow Ti 3d band, almost at the conduction band edge. The
same electronic structure feature is found for the F-doped
system because the F-dopant behaves as an n-donor and
introduces an extra electron in the system.12 In GGA the
high energy state in the gap (at the CB edge) is largely
delocalized on several Ti atoms, consistent with the fact that
the corresponding state is nearly in the conduction band. The
other electron of the triplet state is fully localized on the N
atom (Ns

•, see the spin density plot reported in the Supporting
Information, Figure S1). The spin delocalization of the Ti
3d states is known to be an artifact of local (LDA) and
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793.
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analysis of the electronic structure reported in the text is correct for
both configurations which differ only for nonrelevant details.

Figure 1. Total and projected (black, on N atom; grey, on F atom) density
of states from the PBE calculation for the (a) triplet and (b) singlet Ns-Fs/
TiO2. The zero energy value is set at the top of the valence band. States
below and above the dotted vertical line are occupied and unoccupied,
respectively.
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semilocal (GGA) DFT functionals, found also for other
paramagnetic defects in wide-gap semiconductors and
insulators.26,27 This is caused by the fact that these func-
tionals do not fully remove the electron self-interaction and
therefore tend to overestimate electron delocalization. We
have previously shown for the case of the O-vacancy on the
rutile (110) surface28 that this difficulty can be largely
overcome by the use of a hybrid functional such as B3LYP,
which includes some exact HF exchange and thus corrects
for the on-site Coulomb repulsion. A description of N-F/
TiO2, based on the B3LYP hybrid functional, will be
presented in the following.

If the electron in the Ti 3d state pairs up with the unpaired
electron in the N 2p states (starting triplet configuration: Ns

•

+ Ti3+) the overall spin configuration of the system becomes
a closed shell singlet (final singlet configuration: Ns

- +
Ti4+). In this case (Figure 1b), the Fermi energy of the
system corresponds to the highest N 2p state, a few tenths
of an eV above the valence band. This pairing has a strong
stabilizing effect which can be estimated as the difference
in the total energy between the two spin configurations. It
amounts to 1.75 eV and corresponds to ∆ET-S in Scheme 2.
In the experimental section 4.2 we will show that the electron
transfer just proposed is supported by the experimental
findings. A similar stabilizing effect, a case of negative
Hubbard U, was already predicted by us, and confirmed in
later studies,29 for electrons in Ti3+ states associated to
oxygen vacancies in reduced TiO2 systems.11b,d In this case
the extent of stabilization is such that N-doped samples
probably include a large number of oxygen vacancies, as
indicated by some experimental works.30–32 In the present
context of N-F/TiO2, the Ti3+ species are formed in

association to the substitutional F-doping. No oxygen vacan-
cies are required to induce extra electrons available to fill
the N 2p states with the relevant consequence that a smaller
number of oxygen defects should be present in the bulk of
the N-F codoped TiO2 samples than in an N-doped
counterpart. This could be the reason of the larger photo-
stability and photocatalytic activity of the codoped sample
studied in ref 9. In fact, it is generally assumed that oxygen
vacancies act as efficient recombination centers, drastically
reducing the charge carrier lifetimes.33,34 If the number of
O vacancies is smaller, then the photocatalytic efficiency is
expected be improved, as reported for O2 evolution from
aqueous silver nitrate solution under vis-light irradiation of
Cr-Sb codoped TiO2.35

As shown previously,28 hybrid functionals provide a
satisfactory description of the localized nature of the 3d1 Ti3+

state associated with the presence of O vacancies, OH groups,
or F-dopants,12 and also improve the evaluation of the band
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63, 054102.
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166803.
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Phys. 2006, 125, 094706.
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026103.

(31) Nakano, Y.; Morikawa, T.; Ohwaki, T.; Taga, Y. Appl. Phys. Lett.
2005, 86, 132104.

(32) Sutter, E.; Sutter, P.; Fujita, E.; Muckerman, J. Abstracts of the
European Materials Research Society Spring Meeting, Nice, France,
2006; European Materials Research Society: Strausbourg, France,
2006; p M-14.

(33) Weidmann, J.; Dittrich, Th.; Kostantinova, E.; Lauermann, I.; Uhlen-
dorf, I.; Koch, F. Sol. Energy Mater. Sol. Cells 1999, 56, 153.
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Scheme 2

Figure 2. Total and projected (black, on N atom; grey, on Ti atom) density
of states from the B3LYP calculation for the (a) triplet and (b) singlet Ns-Fs/
TiO2. The zero energy value is set at the top of the valence band. States
below and above the dotted vertical line are occupied and unoccupied,
respectively.
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gap of TiO2 which is underestimated within the GGA.36

Therefore, we have repeated the calculations of the triplet
and singlet spin configurations for the Ns-Fs codoped system
using the hybrid B3LYP functional (localized atomic basis
set and CRYSTAL06 code). The main characteristics of the
DOS and PDOS are not substantially different with respect
to those obtained using the plane-wave GGA-PBE approach
(Figure 2 vs Figure 1). The main differences are the band
gap, which increases from 2.6 (PBE) to 3.9 eV (B3LYP),12

and the position of the 3d1 Ti3+ defect state which is about
0.9 eV below the conduction band in the B3LYP calculation
whereas it is at the conduction band edge with PBE. Details
of the position of the impurity states in the band gap are
reported in Table 1. Moreover, in the B3LYP calculation
the gap state is fully localized on a single Ti3+ ion adjacent
to the F impurity (see Figure 3). Given these differences, it
is important to estimate the energy gain associated to the
electron transfer from the Ti3+ 3d1 state to the N singly
occupied 2p state, when going from the triplet (Ns

• + Ti3+)
to the singlet configuration (Ns

- + Ti4+). While the GGA-
PBE provides a lower bound, B3LYP provides an upper
bound (given the different estimates of the band gap). The
stabilization energy, see ∆ET-S in Scheme 2, amounts to 2.22
eV in B3LYP, to be compared with the previous value of
1.75 eV obtained with the PBE functional. On the basis of
these data we confidently estimate that the actual value will
be in this energy window.

A related important consequence of the internal electron
transfer is the reduction in the energy cost to dope the
material. By adding the energy costs of doping TiO2

separately with N and with F and comparing the resulting
value with the cost of codoping with the two species, one
obtains a difference in energy of 1.8 (2.3) eV with PBE
(B3LYP), according to the following equations:

TiO2 + (1/2)N2fTiO2-xNx + (1/2)O2

∆Er ) 5.0 (5.3) eV (1)

TiO2 + (1/2)F2fTiO2-xFx + (1/2)O2

∆Er )-0.4 (0.0) eV (2)

TiO2 + (1/2)N2 + (1/2)F2fTiO2-2xNxFx +O2

∆Er ) 2.8 (3.0) eV (3)

The codoping effect can thus be summarized in three main
points which are all intimately interconnected: (i) charge
compensation between a p-type (N) and an n-type (F) dopant
through an internal charge transfer with a large stabilization
effect; (ii) reduction of the number of oxygen vacancies

associated with N-doping, resulting in less defective N-F/
TiO2 system; and (iii) reduction in the overall energy cost
to dope the material.

Relevant structural parameters in anatase N-F/TiO2 are
reported in Figure 4a (PBE data) and Figure 4b (B3LYP
data). In the triplet state the N-Ti and F-Ti bond lengths
are similar to those observed for the separate N-doped and
F-doped anatase TiO2 systems.11a,12 With the PBE functional,
the bond lengths for Ti bound to the F dopant are typical of
a Ti4+ center, as a consequence of the delocalization of the
excess electron over a large number of Ti atoms. By contrast,
with the B3LYP functional the excess electron is fully
localized on a Ti atom that has an elongated Ti-O bond.
This is a manifestation of the polaronic distortion which
allows the charge trapping, as reported for other Ti3+ electron
traps. Going from the triplet to the singlet configuration, with
both functionals, the N-Ti bond lengths are strengthened
and shortened as a result of the addition of a new bonding
electron in the N 2p uppermost state. Since this is the
consequence of the electron transfer and reoxidation of the
Ti3+ to Ti4+, the Ti-O bond lengths in the singlet state are
those typical of a Ti4+ ion in both the PBE and B3LYP
calculations.

4.1.2. Ni-Fs Codoping. It is generally believed that there
are various possible configurations or chemical environments
for nitrogen impurities in N-doped TiO2, as suggested by
the multiple features observed by XPS.37,38 The relative
abundance of the various N-containing species essentially
depends on the method and conditions of the synthesis of
the doped sample. In a previous work we have analyzed the
possibility of having the N-dopant interstitially bound to a
lattice O forming a N-O fragment tightly bound to the lattice
Ti atoms (Ni).11b Here we consider the N-interstitial dopant,
while leaving the F-atom in the substitutional site, since there
is no evidence so far of other relevant locations for the F
dopant in the lattice.12,39–41 The DOS and PDOS for the

(36) Muscat, J.; Wander, A.; Harrison, N. M. Chem. Phys. Lett. 2001, 342,
397.

(37) Qiu, X.; Burda, C. Chem. Phys. 2007, 339, 1.
(38) Asahi, R.; Morikawa, T. Chem. Phys. 2007, 339, 57.
(39) Yu, J. C.; Yu, J.; Ho, W.; Jiang, Z.; Zhang, L. Chem. Mater. 2002,

14, 3808.
(40) Park, H.; Choi, W. J. Phys. Chem. B 2004, 108, 4086.
(41) Li, D.; Haneda, H.; Hishita, S.; Ohashi, N.; Labhsetwar, N. K. J.

Fluorine Chem. 2005, 126, 69.

Table 1. B3LYP Energy Differences in eV According to Scheme 2,
Obtained from the Eigenvalues Computed at Γ Point with

CRYSTAL06 Code

system Eg ∆EVB ∆ECB

TiO2 3.92
N-doped TiO2 3.90 0.11
F-doped TiO2 3.92 0.77
N-F/TiO2-triplet 3.95 0.10 0.89
N-F/TiO2-singlet 3.91 0.64

Figure 3. Spin density plots for the triplet spin configuration of Ns-Fs/
TiO2 as obtained with the B3LYP calculation: (a) localized spin on the
N-atom and (b) localized spin on the Ti3+ cation adjacent to the F dopant.
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codoped Ni-Fs system are reported in Figure 5. These have
been computed at the PBE level only: as discussed above
for Ns-Fs codoping, except for the localization properties,
the electronic structures calculated with the PBE and the
B3LYP functionals are qualitatively similar. We first consider
the triplet state (Ni

• + Ti3+, see Figure 5a). Also in this case
the triplet electronic structure is the result of the superposition
of the electronic structures of the two unperturbed separated
Ni-doped and Fs-doped systems. In agreement with our
previous calculations,11b the N-impurity states are found to
lie higher in energy than for the substitutional case and are
essentially π and π* states of the N-O fragment. The DOS
projected on the impurity atoms indicates the substantial
localization of the dopant derived states. The projection on
Ti atoms (not reported) shows the delocalized nature of the
state hosting the excess electron associated to the F impurity,
as already discussed for the Ns-Fs codoped triplet config-
uration. In the singlet state, the overall spin configuration of
the system becomes a closed shell singlet (Ni

- + Ti4+, see
Figure 5b), as the unpaired electron of the Ti 3d state pairs
with that in the highest π* state of the N-O fragment.
Similarly to what we found for the Ns-Fs codoped system,
this electron transfer induces a large energy stabilization, ∆E,
of 1.34 eV (Scheme 2), and also a structural deformation
which confirms the occurrence of an electron transfer from
Ti 3d to NO π*: the N-O bond length increases from 1.36
to 1.46 Å (see Figure 4c).

In conclusion, the Ns-Fs/ and Ni-Fs/TiO2 systems do not
qualitatively differ in the essential features of the electronic
structure. They differ for the details of the position of the
impurity states and for the extent of stabilization energy
resulting from the codoping effect.

4.2. Experimental Characterization of the Codoped
Materials. The XRD patterns of N/TiO2 (b) and N-F/TiO2

(c, N/F ) 1) materials are compared in Figure 6 with the
reference spectrum of bare TiO2, prepared with the same
procedure. All samples show the XRD pattern typical of the
anatase polymorph. The sharp peaks in the case of the N-F/
TiO2 (Figure 6c) indicate the occurrence of relatively larger
crystallites than those obtained for the other two materials
and possibly also a less defective sample.

The photocatalytic activity of the three sol-gel prepared
materials have been compared by performing some prelimi-
nary tests, consisting in the degradation of an aqueous
solution of methylene blue under monocromatic visible light
(λ ) 437 nm) irradiation. This is a standard, widely employed
reaction for a rough evaluation of the photocatalytic potential
of titania based powders. In Figure 7 the results of these
tests are reported in terms of the amount of the decomposed
dye as a function of time for the three different systems
considered in the present work: TiO2, N/TiO2, and N-F/
TiO2. The data for the degradation of methylene blue in the
absence of the catalyst is also enclosed for comparison
(Figure 7a). The catalytic tests confirm what was already
reported by Li and co-workers9 indicating a clear increase
of the catalytic activity for the N-F codoped material in
comparison with that of all the other samples. The catalytic
effect related to the presence of fluorine is however complex,
and it will not be discussed further in this paper as it requires
the detailed analysis of the role of F when incorporated in
the bulk and when adsorbed at the surface.39,42

The DR UV-vis spectra of the prepared materials are
reported in Figure 8. For the doped samples the typical
absorption edge due to electronic transitions from valence

(42) (a) Minero, C.; Mariella, G.; Maurino, V.; Pelizzetti, E. Langmuir
2000, 16, 2632. (b) Minero, C.; Mariella, G.; Maurino, V.; Pelizzetti,
D.; Vione, E. Langmuir 2000, 16, 8964.

Figure 4. Details of the structural parameters (bond lengths) for some relevant bonds in Ns-Fs/TiO2 (a, b) as obtained with the (a) PBE and (b) B3LYP
functionals in the triplet and singlet spin configurations and in Ni-Fs/TiO2 (c) as obtained with the PBE functional in the triplet and singlet spin configurations.

3711Chem. Mater., Vol. 20, No. 11, 2008DFT and EPR of the Effect of N-F Codoping of TiO2



band to conduction band of TiO2 (Figure 8a) is modified by
the onset of a relatively broad absorption band in the visible
region (Figure 8 b-e) whose intensity depends on the type
of sample. This band is more intense for N-F/TiO2 (N/F )
1) and progressively decreases in the following order: N/F

) 10, N/F ) 100, N-TiO2. This absorption in the visible
region is similar to those reported in the literature for
N-doped titania and is associated to the impurity states
deriving from nitrogen insertion in the bulk of the oxide.9b,10

The concomitant presence of nitrogen and fluorine in the
material definitely enlarges this optical feature in the
spectrum. Its intensity is proportional to the F content,
indicating a determinant role of F in the promotion of N
insertion in TiO2 lattice. This observation is consistent with
the result reported above from the theoretical calculations
of a reduction of the energy cost of doping when both N
and F impurities are simultaneously introduced in the lattice.
The absorption edge observed for the sample with N/F ) 1
is slightly blue-shifted (3.22 eV) with respect to those
recorded for TiO2 and N/TiO2 (3.15 and 3.12 eV, respec-
tively). This effect is observed also in the case of F/TiO2

and is related to the presence of fluorine in the solid.12

The pivotal role of EPR spectroscopy in unraveling the
nature of the defect states in the solid state is very well-
known, and the potentiality of the technique in monitoring
the extrinsic defects in titanium dioxide has already been
exploited in the recent past.11 The N-F/TiO2 sample with
N/F ) 1 ratio exhibits, at 77 K, the spectrum reported in

Figure 5. Total and projected (black, on N atom; grey, on F atom) density
of states from the PBE calculation for the (a) triplet and (b) singlet Ni-Fs/
TiO2. The zero energy value is set at the top of the valence band. States
below and above the dotted vertical line are occupied and unoccupied,
respectively.

Figure 6. X-ray diffraction patterns of bare TiO2 (a), N/TiO2 (b), and N-F/
TiO2 (N/F ) 1) (c) prepared by sol-gel synthesis and calcined at 770 K in
air.

Figure 7. Photocatalytic activity in the methylene blue decomposition under
visible light with λ ) 437 nm of TiO2 (b), N/TiO2 (c), and N-F/TiO2 (d,
N/F ) 1). Curve a: decomposition of the dye molecule in the absence of
the catalyst.

Figure 8. DR UV-vis spectra of bare TiO2 (a), N/TiO2 (b), and N-F/
TiO2 (c-e). N/F ) 100, 10, and 1 for (c, d, and e, respectively).
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Figure 9 with the corresponding computer simulation. The
latter one suggests that the spectrum is the overlap of two
distinct signals whose features are summarized in Table 2.

The first signal is due to the N containing species located
in the bulk of the oxide already observed in previous work
on N/TiO2 and labeled Nb

•. The spin Hamiltonian parameters
of this species (which bears a hyperfine structure due to the
interaction of the unpaired electron with the N nucleus)
closely corresponds to those calculated for a nitrogen atom
in the interstitial position in the TiO2 lattice (Ni).11b In such
conditions, as described above, the atom sticks to an oxygen
ion of the lattice giving rise to a paramagnetic species with
the unpaired electron in one of the π* orbitals of the N-O
fragment. The energy level of the species, as shown by the
reported theoretical calculations and by EPR experiments
under irradiation with visible light11d lies some tenths of an
electronvolt over the valence band of TiO2. An EPR signal
with features and parameters not very different from those
in Figure 9 is expected also in the case of the presence of
substitutional nitrogen.

The second signal has no visible hyperfine structure and
an axial g tensor with both parallel and perpendicular
components lower than 2.0023 (ge) which can unambiguously
be assigned to Ti3+ ions in the lattice. As in many cases of
Ti3+ species the relaxation time T2 is small enough to cause
the broadening of the signal at T > 77 K so that at room
temperature the same signal is barely observable. The
presence of Ti3+ in the solid is a direct consequence of the
inclusion of F in the structure.12 The spin Hamiltonian

parameters and the relative abundance of the two paramag-
netic species, both derived by the computer simulation
(Figure 9b), are reported in Table 2. This method, in the
case of overlap of different signals, is much more accurate
than a direct integration of the two signals. Interestingly the
Ti3+ species is nearly 1 order of magnitude more abundant
than the nitrogen one (0.88:0.12). A fraction of the nitrogen
content in the solid is (as expected by the theoretical
calculations shown above) in the diamagnetic negative form
Nb

-. Though this species is EPR silent, its existence has been
put into evidence, in the case of N/TiO2, by experiments
performed irradiating the solid with visible light (λ ) 437
nm) and monitoring the increase of Nb

• due to the selective
excitation of one of the two coupled electrons of the Nb

-

HOMO orbital.11d Also in the present case (N-F/TiO2)
visible light irradiation causes an increase in the number of
Nb

• centers.

From integration of the two peaks discussed above for a
series of registered EPR spectra it is possible to provide a
rough estimate of the concentration of the paramagnetic Nb

and Ti3+ species present in lattice: 4 × 1013 spin/g and 3 ×
1014 spin/g, respectively.

The calculations reported in the first part of the present
paper point to the occurrence of an electron transfer between
bulk defects (see Scheme 2) which can be summarized by
the following equation:

Ti3++Nb
•TTi4++Nb

- (4)

If reaction 4 is not complete, that is, an equilibrium is
established, all four species exist. This could explain why
the spectrum in Figure 9 shows that both Nb

• and Ti3+ signals
survive in the codoped material. Even if we assume that the
process is complete and the equilibrium is totally shifted to
the right, the presence of the paramagnetic species Ti3+ and
Nb

• can have other origins. First, as already mentioned, the
bulk concentration of the two dopants is not necessarily
the same as they have different propensity to enter in the
structure. Second, the sample is not completely homoge-
neous, presenting microcrystals with slightly different N/F
relative content. Related to what was just considered, it is
interesting to report the following analysis. In the case of a
higher bulk concentration of fluorine (hence Ti3+) than of
nitrogen, one could expect that all Nb

• centers disappear
owing to the electron transfer from excess Ti3+ species. On
the contrary, if we examine both the results of (a) UV-vis
absorption (Figure 8, see discussion above) and (b) the EPR
intensity of Nb

• in the series of three samples with different

Figure 9. EPR spectrum and computer simulation of N-F/TiO2 (N/F )
1). Spectrum recorded at 77 K.

Table 2. Spin Hamiltonian Parameters and Relative Abundance of Observed Paramagnetic Species in N-F/TiO2 Prepared with Different N/F
Ratios

paramagnetic species Ti3+ Nb
•

EPR parameters g| g⊥ g1 g2 g3 A1/G A2/G A3/G

1.99 1.94 2.005 2.004 2.003 2.3 4.4 32.2

N/F in solution relative abundance of the paramagnetic species

1a 0.88 0.12
10 0.75 0.25

100 1.0
a Spectrum in Figure 9.
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nominal N/F ratios (Table 2, spectra available as Supporting
Information, Figure S2) we conclude that (a) the amount of
incorporated N increases with increasing F concentration in
solution and is maximum for N/F ) 1; (b) with an opposite
trend, the fraction of Nb

• increases with decreasing F
concentration and is maximum for N/F ) 100. From the
combined analysis of these results we can infer that the
presence of fluorine actually increases the Nb

-/Nb
• ratio

according to the process in eq 4.
Summarizing the experimental investigation has put into

evidence the following facts: (a) both F and N can be
incorporated in the structure of anatase; (b) the presence of
fluorine favors nitrogen incorporation; (c) the presence of
fluorine increases the catalytic activity of N-F/TiO2 in
comparison with that of N/TiO2; (d) the presence of the two
dopants generates shallow (Ti3+) and deep (Nb

- - Nb
•)

localized states in the band gap; and (e) a partial electron
transfer occurs between shallow and deep states (according
to eq 4 and Scheme 2).

Conclusions

The codoping with nitrogen and fluorine gives rise to some
remarkable effects as proven by the experimental results on
the sol-gel prepared materials: (i) the incorporation of
nitrogen is favored in the presence of fluorine, and (ii) the
vis-light absorption and (iii) the photocatalytic activity under
visible light irradiation are enhanced with respect to the
singly doped materials. While in a first approximation one
would assume that the codoped N-F/TiO2 system behaves

like the superposition of the two singly doped materials with
the simultaneous presence of both shallow and deep localized
states into the band gap, we have shown in this work that
the situation is more complex. DFT calculations show a large
stabilizing effect connected to the charge compensation
between a p-type (N) and an n-type (F) dopant, through an
internal charge transfer from the high lying Ti3+ 3d to the
low lying N states. This process largely reduces the overall
energy cost to dope the material (from about 5 to 3 eV) and
occurs with no need to generate extra electrons by oxygen
vacancy formation, opposite to what was reported in the case
of N/TiO2.11b,d,29–31 This has the relevant consequence that
a smaller number of oxygen defects are expected to be
present in the bulk of the N-F codoped TiO2 samples than
in the N-doped counterpart and is probably the reason for
the larger photostability and photocatalytic activity of the
codoped sample.
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