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We have investigated the origin of the experimentally observed change in photoactivity of anatase and rutile
TiO2 induced by substitutional N-doping using state-of-the-art density functional theory calculations. Our
results show that in both polymorphs N 2p localized states just above the top of the O 2p valence are present.
In anatase these states cause a redshift of the absorption band edge towards the visible region. In rutile, instead,
this effect is offset by the concomitant N-induced contraction of the O 2p band, resulting in an overall increase
of the optical transition energy. Experimental trends are well described by these results.
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Photochemistry is one of the most promising technologi-
cal applications of TiO2.

1–3 TiO2 is biologically and chemi-
cally inert, stable to corrosion, non-toxic and relatively inex-
pensive. Among various semiconductors, TiO2 has proven to
be the most suitable for environmental applications and has
been widely employed to promote photocatalytic degradation
of harmful organic compounds.1 The main drawback of TiO2
for photocatalysis is that its band gap is rather large,
3.0–3.2 eV, and thus only a small portion of the solar spec-
trum is absorbed in the UV regionsl,380 nmd. Hence, a
large effort has been made to prepare doped TiO2 with the
absorption edge shifted towards the visible light region, as
this would result in a tremendous improvement of photocata-
lytic efficiency. Many attempts have been made in this direc-
tion and various transition metal(TM) doped TiO2 systems
which absorb in the visible region have been synthesized.4

Unfortunately, the photocatalytic activity and photostability
of these systems are rather poor. Absorption in the visible
region is not always accompanied by photocatalytic proper-
ties since the photoproduced electronssecb

− d and holesshvb
+ d

may not be available for chemical reactivity.
Doping with nonmetal atoms seems to be more

successful.5–8 In particular, the presence of substitutional N
atoms in the TiO2 matrix (mixed anatase-rutile films,5,9 ana-
tase films,10 powders,5,11,12 or nanoparticles13) improves ab-
sorption in the visible region and leads to a corresponding
photochemical activity. The origin of this phenomenon is
controversial. Based on spin-restricted LDA calculations on
anatase Asahiet al.5 proposed a narrowing of the TiO2 band
gap due to mixing of N with O 2p states in the valence band.
By contrast, photoelectrochemical measurements9–12 have
been interpreted as due to the presence of localized N 2p
states. The picture is even more confused for the rutile poly-
morph of TiO2, for which Diwald et al.14 have measured a
blueshift of the photochemical activity(O2 photodesorption)
using single crystals, while Morikawaet al.15 observed a
redshift of the adsorption edge using powders. The redshift is
the typical behavior in N-doped anatase and anatase-rutile
mixed systems.

To obtain microscopic insight into the effect of N doping
on the photochemical activity of rutile and anatase, we have
carried out an accurate comparative analysis of the atomic

and electronic structures of N-doped TiO2 rutile and anatase
for various levels of N doping, using spin-polarized DFT
calculations within the generalized gradient approximation
(GGA). We show that even for relatively high N concentra-
tions the impurity states are localized and lie slightly above
the top of the O 2p valence band. The shift in optical absorp-
tion has a different sign in rutile and anatase because of the
contraction of the O 2p band in rutile upon doping. The re-
sults provide a solid basis for the rationalization of recently
observed redshifts(anatase) and blueshifts(rutile) in photo-
activity as a consequence of N doping.

The computations have been done using the plane-wave-
pseudopotential approach, together with the Perdew-Burke-
Ernzerhof(PBE)16 exchange-correlation functional, and ul-
trasoft pseudopotentials17 (with kinetic energy cut-offs of
25 ad 200 Ry for the smooth part of the electronic wave
functions and augmented electron density, respectively). Two
independent codes were employed:CP90, based on the Car-
Parrinello (CP) approach,18,19 which is particularly efficient
for structural optimizations but hask-point sampling re-
stricted toG, and thePWSCFpackage,20 which was used to
perform calculations at a low-symmetryk point (hereafter
denotedKLS). We considered nearly cubic 2Î232Î231 and
23233 supercells to model anatase and rutile, respectively.
The optimized bulk lattice parameters are taken from previ-
ous calculations,21 in which the same approximations of this
work were used. N doping was modeled by replacing 1, 2, or
3 oxygen atoms in the 96-atom anatase supercell and 1 or 2
oxygen atoms in the 72-atom rutile supercell. The resulting
stoichiometry is TiO2−xNx with 0.031,x,0.094 for anatase
and 0.042,x,0.084 for rutile, comparable to that used in
the experiments. The procedure of including more N atoms
in the same supercell is more accurate than using smaller
supercells as it allows a direct comparison of the various
levels of doping on the band structure of the material.
Atomic relaxations were carried out until all components of
the residual forces were less than 0.025 eV/Å. When exam-
ining the relative positions of valence and conduction band
edges(Ev andEc, respectively) and impurity states, the Ti 3s
levels, which in pure and N-doped rutile and anatase are
practically at the same energy, have been aligned to each
other. Values computed atKLS are discussed, although values
at G are also reported in Table I.
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Experimentally, anatase has a slightly larger band gap
sE1d than rutile, 3.2(Ref. 22) versus 3.0 eV(Ref. 23). The
difference is somewhat overestimated in the calculations:
E1=2.61 and 2.14 eV for anatase and rutile, respectively, at
KLS (2.19 and 1.81 eV, respectively, inG), see Table I. The
band gaps are underestimated, as usual in DFT. The primary
structural difference between the two phases is that anatase is
9% less dense than rutile, and has larger Ti-Ti distances, a
more pronounced localization of the Ti 3d states and a nar-
rower 3d band.24–26This entails that a carrier(electron) gen-
erated in anatase by UV excitation is less mobile than in
rutile. Also the O 2p-Ti 3d hybridization is different in the
two structures(more covalent mixing in rutile), with anatase
exhibiting a valence and a conduction band with more pro-
nounced O 2p and Ti 3d characters, respectively.24 In rutile
the greater Pauli repulsion among the oxygen 2p electrons
results in a larger O 2p bandwidth (denoted as W in the
following). Experimentally, WsO 2pd in rutile is 6 eV (Ref.
26) while it is 4.7 eV (Ref. 27) in anatase. Our calculated
values, 5.3 and 4.5 eV, respectively, nicely reflect this impor-
tant difference in the electronic structures(Table I).

Replacing an O with a N atom in anatase does not result
in significant structural changes. The Ti-N bond length,
1.964 and 2.081 Å, are only slightly longer than the Ti-O
ones, 1.942 and 2.002 Å[Fig. 1(a)]. Therefore, the electronic
changes due to the structural modifications are minor. The
inclusion of a N atom in the lattice results in a paramagnetic
impurity and in a doublet ground state. The unpaired electron
has a strong N 2p character, and is largely localized on the N
atom, with small tails extending on the nearest O atoms[Fig.
2(a)]. Considering the tendency of DFT calculations to pro-
duce delocalized spin states, this is a good evidence for the
localized nature of the impurity state.

Analysis of the electronic energy levels shows that in
N-doped anatase there is virtually no shift of the position of
both top and bottom of the O 2p valence band, as well as of
the conduction band, with repect to the undoped material
(see Table I and Fig. 3). This is in contrast with the conclu-
sions of Asahiet al.5 In addition to the singly highest occu-
pied az state, nitrogen has four additional 2p electronsax
and ay and the correspondingbx and by counterparts. In
particular, the az state associated to the N dopant lies
0.14 eV aboveEv (seeE3 in Fig. 3), while the emptybz state
lies about midway between the valence and the conduction
bands. Thus, the N impurity can act as a deep electron trap in
the material. Also theax, ay, bx, and by N 2p states lie
slightly above the O 2p valence band(Table I). The energy
difference between these localized states and the conduction
band, E2 in Fig. 3, is about 0.2 eV smaller than in pure
anatase and the band gap transitions are reduced by the same
amount(Table I). The presence of localized states above the
valence band is consistent with the interpretation of recent
photocatalytic experiments,9–12 and provides an explanation
of the enhanced optical absorption in the visible region(in
the range of 400–550 nm) observed for N-doped TiO2 ana-
tase. For simplicity, in the following we restrict the discus-

TABLE I. Energy differences in eV according to Fig. 3, com-
puted atKLS (values in italic computed atG).

na W E1 E2 E3 E4

a b a b

anatase

0 4.5 2.61

4.5 2.19

1 4.4 2.48 2.30 0.14 0.32

4.5 2.05 1.90 0.16 0.27

2 4.4 2.49 2.33 0.15 0.31

4.4 2.08 1.93 0.15 0.30

3 4.3 2.50 2.36 0.17 0.33

4.4 2.10 1.94 0.16 0.31

rutileb

0 5.3 2.13

5.7 1.81

1 4.9 2.21 2.25 0.38 0.29 0.43

5.0 2.31 2.40 0.61 0.42 0.79

2 4.8 2.19 2.26 0.51 0.33 0.52

4.9 2.30 2.46 0.69 0.38 0.85

aNumber ofN atoms per unit cell.
bFor rutile results refer to geometries optimized atKLS.

FIG. 1. N-doped TiO2 (a) anatases96-atomd and (b) rutile
s72-atomd supercells. Bond lengths in Å(computed atG; values in
italic refer to KLS). For comparison, the Ti-O bondlengths of un-
doped anatase(rutile) are 1.942(1.956) and 2.002s1.999d Å.

FIG. 2. Electron density corresponding to the highest singly
occupied state in N-doped TiO2. (a) Anatase,(b) rutile.
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sion to thea set of states, since the same trends(even more
pronounced) are observed for theb set, as reported in Table
I.

Higher dopant concentrations have been simulated by re-
placing two and three oxygen atoms in the 96-atoms anatase
supercell. The positions of the substitutional N atoms were
chosen so as to maximize their mutual distance. Since every
N atom introduces an unpaired electron, the total spin mul-
tiplicity is triplet (in the case of two N impurities), and quar-
tet (for three N), assuming maximum multiplicity. Despite
the relatively high doping, up to 5% with three N atoms, the
structural modifications are small and similar to those ob-
served for a single N impurity. The electronic structure is
always characterized by the presence of a number of local-
ized N 2p states just aboveEv. The states maintain a rather
well localized character, and the mixing with the O 2p levels
is small. Of course, higher levels of N doping are expected to
result in the formation of a continuum of states and in a
consequent real shift of the top of the valence band. How-
ever, the experimental concentration of N atoms in the TiO2
matrix is always very small, even below the minimum con-
centration considered here, TiO1.969N0.031(notice that a much
higher concentration, TiO1.875N0.125, was assumed in a previ-
ous theoretical study).5 At higher levels of doping, our results
show a small shift ofEc towards higher energies(,0.05 eV
in the case of three N atoms per supercell). This shift is
overcompensated by the presence of N-derived states just
above the valence band, so that the excitation energyE2 from
these states to the conduction band is reduced by<0.1 eV
compared to pure anatase.

For the rutile TiO2 polymorph, the structural variations
following the replacement of one O atom with N in the
72-atom supercell appear to be more pronounced than for
anatase. The equatorial Tieq-N bonds (1.988 and 2.036 Å)
are asymmetrically stretched with respect to the correspond-
ing bonds in undoped rutiles1.956 Åd, while the axial Tiax

-N bond is slightly stretched[2.021 vs 1.999 Å, see Fig.
1(b)]. As for anatase, the spin density is largely localized on
the N atom[Fig. 2(b)]. The electronic structure shows both
analogies and differences with respect to anatase. The main
difference is a contraction of the valence band width,
WsO 2pd. Since the position of the bottom of the band does

not change, this results in a lowering ofEv by 0.43 eV with
respect to the undoped case, seeE4 in Fig. 3. The highest N
induced level is 0.38 eV aboveEv, hence the N 2p localized
states are slightly lower in energys0.05 eVd thanEv in pure
rutile, see Fig. 3 and Table I. This shift of the occupied states
is accompanied by a modest shifts0.03 eVd of Ec to higher
energies. The consequence is that N doping in rutile is pre-
dicted to produce a small blueshift of 0.08 eV in the optical
absorption and not a redshift, as observed for anatase. The
replacement of a second oxygen by N in the 72-atom rutile
supercell does not change these conclusions. The electronic
and geometric structures are in line with those discussed for
the single N impurity case. Therefore, a small blue-shift in
the optical absorption energy is expected also for higher lev-
els of N doping. This conclusion is entirely consistent with
recent measurements of Diwaldet al.14 on N-doped rutile
TiO2 single crystals.

The different behavior of rutile and anatase can be ratio-
nalized by considering the differences in the structure and
electronic properties of these two polymorphs. Compared to
anatase, rutile has a wider O 2p band, due to both its higher
density, and its different structure. For instance, test calcula-
tions on a rutile supercell with the volume expanded by 9%
yield an O 2p bandwidth 12% smaller with respect to the
bandwidth for the regular supercell. In regular rutile, the re-
moval of one electron from the volume of the cell, resulting
from the replacement of one O with N, leads to a reduction
of the Coulomb repulsion and a contraction of the band. This
effect is found to be less pronounced in expanded rutile,
where the repulsion is already significantly reduced. The
same effect is also present in anatase, but it is in this case
much weaker and practically irrelevant. Therefore in anatase
the change in the absorption energy upon doping is deter-
mined by the occurrence of N-induced states above the top
of the O 2p band, and the net effect is a reduction of the
optical threshold energy.

One open question is the role of oxygen vacanciessVOd in
the visible light sensitivity and in the photocatalytic activity
of both doped28 and undoped29 TiO2. Experimental estimates
place the position of these states in rutile 0.75–1.18 eV be-
low Ec (Ref. 30) (about 0.3 eV belowEc, in our calcula-
tions). Electrons trapped in these high-energy states can be
easily excited into the conduction band, thus accounting for
the blue coloring and the electrical conductivity of reduced
titania crystals. For large deviations from stoichiometry the
formation of a vacancy-related band below the conduction
band may also enhance TiO2 absorption in the near UV-
visible regions. However, the simultaneous presence of N
impurities and oxygen vacancies may lead toVO+N→VO

+

+N− charge transfer states which can also contribute to the
photocatalytic activity. Work is in progress to clarify this
point.

In summary, because of different structures and densities,
N-doping has opposite effects on the photoactivity of anatase
and rutile TiO2, leading to a redshift and a blueshift, respec-
tively, of the absorption band edge. In both cases the doping
is accompanied by the appearance of well localized N 2p
states above the O 2p valence band but in rutile the shift of
the top of the valence band towards lower energies leads to
an increase of the band gap transition.

FIG. 3. Schematic representation of the band structure of pure
and N-doped anatase and rutile. Energies are not in scale.
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