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Origin of the different photoactivity of N-doped anatase and rutile TiO,
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We have investigated the origin of the experimentally observed change in photoactivity of anatase and rutile
TiO, induced by substitutional N-doping using state-of-the-art density functional theory calculations. Our
results show that in both polymorphs b Bcalized states just above the top of the Pvalence 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 thep®@&hd, 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-and electronic structures of N-doped Ti@itile and anatase
cal applications of Ti@1~2 TiO, is biologically and chemi- for various levels of N doping, using spin-polarized DFT
cally inert, stable to corrosion, non-toxic and relatively inex-calculations within the generalized gradient approximation
pensive. Among various semiconductors, Ji@s provento (GGA). We show that even for relatively high N concentra-
be the most suitable for environmental applications and hations the impurity states are localized and lie slightly above
been widely employed to promote photocatalytic degradatiothe top of the O p valence band. The shift in optical absorp-
of harmful organic compoundsThe main drawback of Ti9 ~ tion has a different sign in rutile and anatase because of the

for photocatalysis is that its band gap is rather |argepontraction of the O @ band in rutile upon doping. The re-

3.0-3.2 eV, and thus only a small portion of the solar Specg,ults provide a solid basis for the rationalization of recently

trum is absorbed in the UV regiof\ <380 nm. Hence, a observed redshifteanatasgand blueshiftgrutile) in photo-

i@ activity as a consequence of N doping.
large effort has been made to prepare doped, the The computations have been done using the plane-wave-

. . . ?)seudopotential approach, together with the Perdew-Burke-
this would result in a tremendous improvement of phOtocataErnzerhof(PBE)16 exchange-correlation functional, and ul-

lytic efficiency. Many attempts have been made in this direCya50ft pseudopotentials (with kinetic energy cut-offs of
tion and various transition metéTM) doped TiQ systems 55 54 200 Ry for the smooth part of the electronic wave
which absorb in the visible region have been synthesizedfynctions and augmented electron density, respectivéiyo
Unfortunately, the photocatalytic activity and photostability independent codes were employesoq based on the Car-
of these systems are rather poor. Absorption in the visiblggrrinello(CP) approacH819 which is particularly efficient
region is not always accompanied by photocatalytic properfor structural optimizations but hak-point sampling re-
ties since the photoproduced electrgag) and holesh;,)  stricted toI", and thepwscr packagé® which was used to
may not be available for chemical reactivity. perform calculations at a low-symmetky point (hereafter
Doping with nonmetal atoms seems to be moredenoted, s). We considered nearly cubig/2x2y2X 1 and
successfu?~8 In particular, the presence of substitutional N 2X 2% 3 supercells to model anatase and rutile, respectively.
atoms in the TiQ matrix (mixed anatase-rutile film3? ana-  The optimized bulk lattice parameters are taken from previ-
tase filmsl® powders> 12 or nanoparticle’) improves ab-  ous calculationg! in which the same approximations of this
sorption in the visible region and leads to a correspondingvork were used. N doping was modeled by replacing 1, 2, or
photochemical activity. The origin of this phenomenon is3 oxygen atoms in the 96-atom anatase supercell and 1 or 2
controversial. Based on spin-restricted LDA calculations oroxygen atoms in the 72-atom rutile supercell. The resulting
anatase Asalet al® proposed a narrowing of the Tjand  stoichiometry is TiQ_N, with 0.031<x< 0.094 for anatase
gap due to mixing of N with O @ states in the valence band. and 0.042<x<0.084 for rutile, comparable to that used in
By contrast, photoelectrochemical measurenfettshave the experiments. The procedure of including more N atoms
been interpreted as due to the presence of localizegp N 2in the same supercell is more accurate than using smaller
states. The picture is even more confused for the rutile polysupercells as it allows a direct comparison of the various
morph of TiQ,, for which Diwald et al* have measured a levels of doping on the band structure of the material.
blueshift of the photochemical activifyD, photodesorption ~ Atomic relaxations were carried out until all components of
using single crystals, while Morikawat all® observed a the residual forces were less than 0.025 eV/A. When exam-
redshift of the adsorption edge using powders. The redshift i;ing the relative positions of valence and conduction band
the typical behavior in N-doped anatase and anatase-rutiledgeqE, andE, respectively and impurity states, the Tis3
mixed systems. levels, which in pure and N-doped rutile and anatase are
To obtain microscopic insight into the effect of N doping practically at the same energy, have been aligned to each
on the photochemical activity of rutile and anatase, we havether. Values computed & 5 are discussed, although values
carried out an accurate comparative analysis of the atomiatI" are also reported in Table I.
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TABLE I. Energy differences in eV according to Fig. 3, com-
puted atK g (values in italic computed df).

na W E E, Es E,
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 43 250 236 017 0.33 _ ' 2016  1.988

4.4 2.10 1.94 0.16 0.31 (b) 2.021

rutile®
FIG. 1. N-doped TiQ@ (a) anatase(96-atom and (b) rutile

0 53 213 (72-atom supercells. Bond lengths in fcomputed af’; values in

5.7 1.81 italic refer to K g). For comparison, the Ti-O bondlengths of un-
1 4.9 221 2.25 0.38 0.29 0.43 doped anatas@utile) are 1.942(1.956 and 2.002(1.999 A.

5.0 231 2.40 0.61 0.42 0.79 . . .
2 48 219 226 051 033 052 Analysis of the eIect_ronyc energy Ie\_/els shows 'Fhat in

N-doped anatase there is virtually no shift of the position of

4.9 230 246 069 038 085 o, top and bottom of the Op2valence band, as well as of
aNumber ofN atoms per unit cell. the conduction band, with repect to the undoped material
PEor rutile results refer to geometries optimizedKat. (see Table | and FIg)SThIS is in contrast with the conclu-

) ) sions of Asahiet al® In addition to the singly highest occu-
Experimentally, anatase has a slightly larger band gapied «, state, nitrogen has four additionap Zlectronsa,

(Ey) than rutile, 3.2(Ref. 22 versus 3.0 eMRef. 23. The  5pq ay and the corresponding, and B, counterparts. In
difference is somewhat overestimated in the calculationsyarticular, the a, state associated to the N dopant lies
E,=2.61 and 2.14 eV for anatase and rutile, respectively, &} 14 ey abovéE, (seeE; in Fig. 3), while the emptys, state

Kis (2.19 and 1.81 eV, respectively, Iy, see Table I. The jio5 anout midway between the valence and the conduction
e e I T e m2Hands. Thus, he N impurty can act s ceep eleton 12p
9% less dense than rutile, and has larger Ti-Ti distances, éi(;hr:l];taetr)lgl\ll.eptﬁeo éh;;‘élgry]’cf Xéa?]r&qra'g glerzq_;éa;ng?

more pronounced localization of the Td 3tates and a nar- difference between these localized states and the conduction
rower 3 band?~2%This entails that a carrigelectron gen- e ; .
rpand,EZ in Fig. 3, is about 0.2 eV smaller than in pure

erated in anatase by UV excitation is less mobile than i .
rutile. Also the O -Ti 3d hybridization is different in the anatase and the band gap transitions are reduced by the same

two structuregmore covalent mixing in rutile with anatase amount(Table )). The presence of localized states above the
exhibiting a valence and a conduction band with more provalence band is consistent with the interpretation of recent
nounced O B and Ti & characters, respectivel{.In rutile  Photocatalytic experiments!? and provides an explanation
the greater Pauli repulsion among the oxygenefectrons ©Of the enhanced optical absorption in the visible region
results in a larger O 2 bandwidth (denoted as W in the the range of 400—-550 nnobserved for N-doped TiQana-
following). Experimentally, WO 2p) in rutile is 6 eV (Ref.  tase. For simplicity, in the following we restrict the discus-
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- o) ﬁ ® Sl = T
&

tant difference in the electronic structur@able ). b

° qQ
o oq @5
N {
- -
(i) Q
=

Replacing an O with a N atom in anatase does not resul{d__ 9 ) .
in significant structural changes. The Ti-N bond length, [~ \—é fgs " )
1.964 and 2.081 A, are only slightly longer than the Ti-O | @ U '@ @ (3& ® &0 q
ones, 1.942 and 2.002 [ig. 1(a)]. Therefore, the electronic n ) " ! . 9
changes due to the structural modifications are minor. The B ; -, '
inclusion of a N atom in the lattice results in a paramagnetic GA @1 @ i @ | m" Cﬁ @ QO@ @ )
impurity and in a doublet ground state. The unpaired electron Q# 0 @ @ @ @/\‘ l 0 c

a

L

has a strong N R character, and is largely localized on the N Ao @ < 4
atom, with small tails extending on the nearest O atQifig. b

2(a)]. Considering the tendency of DFT calculations to pro-

duce delocalized spin states, this is a good evidence for the FIG. 2. Electron density corresponding to the highest singly
localized nature of the impurity state. occupied state in N-doped TjO(a) Anatase(b) rutile.
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E. K 3 - 4

T not change, this results in a lowering Bf by 0.43 eV with
respect to the undoped case, &ean Fig. 3. The highest N
induced level is 0.38 eV aboue,, hence the N @ localized
E, states are slightly lower in enerd®.05 e\) thanE, in pure
Es E+ E rutile, see Fig. 3 and Table I. This shift of the occupied states
is accompanied by a modest sHit.03 e\j of E. 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
Ev T _Es _T E absorption and not a redshift, as observed for anatase. The
Es| 7 4 replacement of a second oxygen by N in the 72-atom rutile
Pure |N-doped w supercell does not change these conclusions. The electronic
Pure | N-doped and geometric structures are in line with those discussed for
the single N impurity case. Therefore, a small blue-shift in
ANATASE RUTILE the optical at_)sorptio_n energy i_s e>_<pecte_d also for_ higher !ev-
els of N doping. This conclusion is entirely consistent with
FIG. 3. Schematic representation of the band structure of purecent measurements of Diwatd al* on N-doped rutile

and N-doped anatase and rutile. Energies are not in scale. TiO, single crystals. ) ) ]
The different behavior of rutile and anatase can be ratio-

sion to thea set of states, since the same treeleen more  nalized by considering the differences in the structure and
pronouncedare observed for thg set, as reported in Table electronic properties of these two polymorphs. Compared to
l. anatase, rutile has a wider @ Band, due to both its higher
Higher dopant concentrations have been simulated by redensity, and its different structure. For instance, test calcula-
placing two and three oxygen atoms in the 96-atoms anatagismns on a rutile supercell with the volume expanded by 9%
supercell. The positions of the substitutional N atoms werg/ield an O 2 bandwidth 12% smaller with respect to the
chosen so as to maximize their mutual distance. Since evetyandwidth for the regular supercell. In regular rutile, the re-
N atom introduces an unpaired electron, the total spin mulmoval of one electron from the volume of the cell, resulting
tiplicity is triplet (in the case of two N impuritigsand quar-  from the replacement of one O with N, leads to a reduction
tet (for three N, assuming maximum multiplicity. Despite of the Coulomb repulsion and a contraction of the band. This
the relatively high doping, up to 5% with three N atoms, theeffect is found to be less pronounced in expanded rutile,
structural modifications are small and similar to those ob-where the repulsion is already significantly reduced. The
served for a single N impurity. The electronic structure issame effect is also present in anatase, but it is in this case
always characterized by the presence of a number of locauch weaker and practically irrelevant. Therefore in anatase
ized N 2o states just abovE,. The states maintain a rather the change in the absorption energy upon doping is deter-
well localized character, and the mixing with the @ [Rvels  mined by the occurrence of N-induced states above the top
is small. Of course, higher levels of N doping are expected tof the O 2 band, and the net effect is a reduction of the
result in the formation of a continuum of states and in aoptical threshold energy.
consequent real shift of the top of the valence band. How- One open question is the role of oxygen vacantigy in
ever, the experimental concentration of N atoms in the,TiO the visible light sensitivity and in the photocatalytic activity
matrix is always very small, even below the minimum con-of both dopeé and undope®f TiO,. Experimental estimates
centration considered here, Tigd\q o031 (Notice that a much place the position of these states in rutile 0.75-1.18 eV be-
higher concentration, TiQs,dNg 105 Was assumed in a previ- low E. (Ref. 30 (about 0.3 eV belowE,, in our calcula-
ous theoretical study At higher levels of doping, our results tions). Electrons trapped in these high-energy states can be
show a small shift o, towards higher energigs-0.05 eV easily excited into the conduction band, thus accounting for
in the case of three N atoms per supercelhis shift is  the blue coloring and the electrical conductivity of reduced
overcompensated by the presence of N-derived states juitania crystals. For large deviations from stoichiometry the
above the valence band, so that the excitation enésgsom  formation of a vacancy-related band below the conduction
these states to the conduction band is reducee=Byl eV  band may also enhance TiGbsorption in the near UV-
compared to pure anatase. visible regions. However, the simultaneous presence of N
For the rutile TiQ polymorph, the structural variations impurities and oxygen vacancies may lead\g+N — V§
following the replacement of one O atom with N in the +N~ charge transfer states which can also contribute to the
72-atom supercell appear to be more pronounced than fgshotocatalytic activity. Work is in progress to clarify this
anatase. The equatorial N bonds(1.988 and 2.036 A point.
are asymmetrically stretched with respect to the correspond- In summary, because of different structures and densities,
ing bonds in undoped rutilél.956 A), while the axial Tiy  N-doping has opposite effects on the photoactivity of anatase
-N bond is slightly stretched2.021 vs 1.999 A, see Fig. and rutile TiG, leading to a redshift and a blueshift, respec-
1(b)]. As for anatase, the spin density is largely localized ortively, of the absorption band edge. In both cases the doping
the N atom[Fig. 2(b)]. The electronic structure shows both is accompanied by the appearance of well localizedpN 2
analogies and differences with respect to anatase. The mastates above the Op2valence band but in rutile the shift of
difference is a contraction of the valence band width,the top of the valence band towards lower energies leads to
W(O 2p). Since the position of the bottom of the band doesan increase of the band gap transition.
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