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Nb and N codoped TiO2 s are outstandingly versatile semiconductor oxides. Their high conductivity makes them
valid alternatives to commercially available, but very expensive, conductive oxides. They show increased photonic
efficiencies compared to the cases of solely Nb or N doped
TiO2 , when used as visible light sensitised photocatalysts.
Furthermore, they are excellent materials for O2 sensors
at very low temperature. Despite these remarkable properties, a clear picture of the electronic and optical mechanisms induced by the simultaneous presence of the dopants
has just begun to be understood. Using a combination
of electron paramagnetic resonance (EPR) spectroscopy,
electrochemical impedance spectroscopy (EIS) and optical
spectroscopy, we present here novel fundamental insights
into the mechanisms responsible for the enhanced conductivity and visible light photochemistry.
Nb 5+ can isomorphically and aliovalently replace Ti 4+ in the
TiO2 crystal lattice. The difference in the valency of Nb 5+
and Ti 4+ not only leads to a change in the stoichiometry of the
composite, it significantly influences its electrical conductivity too 1 . Very recently, the enhanced conductivity (and high
refractive index) of Nb doped anatase TiO2 was shown to be
largely exploitable in fields such as: transparent conductive
oxides (TCOs) 2–4 , transparent electrodes for solar cells and
GaN-based LEDs 5,6 . This increased conductivity seems to
be associated with the formation of Ti 3+ . Biedrzycki et al. 7
showed that Ti 3+ centres formed as a result of valence induction when Nb 5+ aliovalently replaces Ti 4+ are structurally
very different from the Ti 3+ centres formed as a consequence
of chemical or chemo/thermal reduction of pure TiO2 . The
former seem to be delocalised bulk species with optical absorption deep in the infra-red 7 and responsible for the increased conductivity in Nb-doped TiO2 (effectively the excess
electrons are shared by more than one lattice Ti). The latter on the contrary tend to be localised surface species. Their
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optical absorption lies across the boundary visible/infra-red,
thus generating the typical blue colour often associated with
Ti 3+ in TiO2 when kept under O2 -deficient atmosphere. Lim
et al. 8 lately studied the photocatalytic activity of Nb and N
codoped TiO2 . Together with an experimentally proven enhanced photonic efficiency under visible light irradiation when
both dopants are present (compared to the cases of either Nb
or N single doping), their computed density of states (DOS)
predicted a significant amount of Ti 3+ in the lattice, somehow
suggesting an analogy with the Biedrzycki’s case of solely Nb
doping. In this study we use an interesting combination of
spectroscopic methods to investigate the simultaneous effect
of Nb and N in the anatase lattice and reveal the nature of the
Ti 3+ species predicted by Lim et al.’s calculations. We report
of an n-type character enhancement of the codoped semiconductor oxide associated with delocalised Ti 3+ species. Furthermore by analysing electron paramagnetic resonance spectra in the dark and under irradiation we are able to provide an
explanation for the photo-generation of paramagnetic charge
carriers and the resulting photochemistry under visible light
irradiation.
Continuous-wave electron paramagnetic resonance spectroscopy (CW-EPR) can provide evidence of paramagnetic
species associated with crystal defects, including dopants. The
identification of such species helps us to understand fundamental phenomena like charge compensation associated with
aliovalent substitution of atoms/ions in lattice positions as well
as the identification of interstitial species 9,10 . The analysis of
optical properties such as valence to conduction band energy
gaps can then be coupled with EPR spectroscopy to investigate
the formation of charge carriers upon photon absorption. By
comparing EPR spectra in the dark and under in-situ irradiation with ultra band gap photons, excitons (i.e. electron-hole
pairs) dynamics, including formation and trapping, can be followed. Here, we focus on such an association between optical
properties and paramagnetic species to assemble a puzzle of
dynamics, function, and structural location of anatase dopants.
Figure 1 shows an X-ray diffraction pattern of a (Nb,N)codoped TiO2 oxide containing 0.1 at.% of Nb together with
the pattern of a pure anatase; no crystalline phases other than
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anatase are detectable in the doped sample. Diffuse relectance
UV-vis spectra of the N- and Nb-codoped samples (Figure 2)
are typical of anatase but with an additional feature emphasised in the Tauc plots (inset in Figure 2) for the codoped samples, corresponding to an energy gap (extrinsic band gap) of
2.29 eV ± 0.01 eV and likely to be associated with an electronic transition from an intra-band-gap state due to the presence of N doping 9,10 to the conduction band. This transition
is responsible for the observed pale yellow colour of the material. The measured intrinsic and extrinsic absorption edges are
not corrected for the phonon energy involved with the indirect
transition and for the exciton binding energy. However, in the
case of TiO2 these quantities are on the order of thousandths
of an electron-volt 11 . They are smaller than the average error
on the measurement being on the order of hundredths of an
electron-volt, and can therefore be neglected.

( N b ,N ) - c o d o p e d T iO

Fig. 2 Optical absorption spectra for the (Nb,N)-codoped TiO2 and
anatase TiO2 as a reference. Inset: Tauc plots used to derive band
gap values for the (Nb,N)-codoped TiO2 and anatase TiO2 .
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Fig. 1 XRD patterns for the (Nb,N)-codoped TiO2 and anatase
TiO2 as a reference.

The conduction band edge was derived using electrochemical impedance spectroscopy (EIS) measurements as described
elsewhere 12 . A Mott-Schottky plot was then constructed as
reported in Figure 3 by plotting the inversed square of the
space charge layer capacitance normalised for the contact area
against the potential at which the Csc was derived. The extrapolation of the linear trend in the Mott-Schottky plot to the
x-axis (potential) led to the quantity (U f b + kBeT ) (see eq. 1)
from which the flat band potential (U f b , also representing the
Fermi level since there is no band bending at flat band conditions) for a given semiconductor oxide could be derived. 13–15
(Csc )−2 =

kB T
2
· (U −U f b −
)
ε · ε0 · e · nd
e

(1)

Additionally, the donor density nd was calculated from the
slope of the linear part using a value of 41 for the dielectric
constant of anatase. 16 As the donor density was found to be
2|
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higher (≥ 1 × 1020 cm−3 ) than the effective density of states
in the conduction band (2.42 × 1019 cm−3 assuming a value
of 1.0 me for the electron effective mass 17,18 ), the energy difference between Fermi level and conduction band edge is very
small (< kBeT ≈ 25 mV) and they can be assumed to be approximately the same (Ucb ≈ U f b ) and equal to −0.2 V vs RHE,
defining the positions of the valence band edge and intra-bandgap edge at +3.0 V and +2.1 V respectively. A schematic diagram of the band structure is given in Figure 4.
The specific nature of the dopants and visible-light active
species could be deduced using EPR. Figure 5 shows the Xband (9.5 GHz) spectra of the (Nb,N)-codoped TiO2 oxide in
the dark and under in situ visible light irradiation (550 nm).
Upon illumination, the EPR signal is modified compared with
that from the non-illuminated sample. The experimental spectra are presented in Figure 5 together with the simulated spectra obtained using the SIM 32 simulation software. The very
good agreement between fitted and experimental profiles allows the extraction of the characteristic EPR parameters as
well as the precise description of each individual paramagnetic centre contributing to the overall spectrum. The nature
of the EPR signals recorded can be described on the basis
of three different EPR active centres for which g and A tensors are reported in Table 1. g and A tensors are also graphically visualised in Figure 5. The paramagnetic centre b1 can
be attributed to adsorbed molecular NO · 19,20 often detected
in the cavities of sol-gel N-TiO2 20 . This species exhibits an
anisotropic g tensor with rhombic symmetry, gxx 6= gyy 6= gzz .
The coupling of the unpaired electron with 147N (nuclear spin
I = 1; signal multiplicity 2I + 1 = 3) develops a hyperfine
structure characterized by 3 x 3 lines. The values reported
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Fig. 3 Mott-Schottky plot of the electrode coated with the Nb, N
codoped anatase TiO2 . The individual data points (red circles) were
extrapolated to the x-axis by using linear regression (blue line). The
regression did not take into account the points at lower potentials. In
this region the inverse of the charge layer capacitance ( C1SC ) is low
enough to be comparable with the inverse of the Helmholtz layer
capacitance ( C1H ). The latter is therefore no longer negligible
causing a deviation from the linear model.

in Table 1 are in good agreement with those reported elsewhere 9,19,20 . The paramagnetic center b2 consists of an interstitial N chemically bound to a lattice O ion forming a Ni O ·
group carrying one electron in the singly occupied molecular
orbital (SOMO). Ni O · is effectively an intraband gap NO 2 –
state also exhibiting an anisotropic g tensor with rhombic symmetry, gxx 6= gyy 6= gzz (Table 1) 9,19,20 . As to its hyperfine
structure, the electron in the SOMO couples with the non-zero
spin 147N nucleus forming another set of 3 x 3 lines. b2’s g tensor components were found to be shifted by 0.002 compared
to previously reported values 9,10,19,21 . This shift may be associated with the influence of the transition metal dopant 9,21 .
Nb occurs naturally as a single isotope, 93
41Nb, with 100 %
abundance and nuclear spin I = 29 (expected line multiplicity 2I + 1 = 10). Despite the high isotopic abundance of this
high spin state nuclide, no super-hyperfine coupling (no signal splitting) between the single electron of the Ni O · and the
Nb nucleus was detected. This may be attributable to line
broadening due to the use of powdered samples and the use
of X band radiation, i.e. spectra were recorded at 9.5 GHz.
It is likely that a well resolved 10 line super-hyperfine structure will be observable using single crystals and at 34 GHz (Q
band) 22 .
The paramagnetic center b3 consists of an axial g tensor
having g⊥ 6= gk . The values reported in Table 1 of 1.988 and
1.957 are consistent with a signal attributable to Ti 3+ . Although these values could be assigned to substitutional Ti 3+ as

4 .0
( N b ,N ) c o d o p e d a n a ta s e T iO 2

Fig. 4 Band structure diagram and paramagnetic species formation
for (Nb,N) codoped TiO2 containing 0.1 at.% of Nb.

reported by Kiwi at al. 23 and De Trizio et al. 4 , they also match
the values for interstitial Ti 3+ found in colloidal TiO2 by Howe
and Grätzel 24 . The shape of the signal however seems to confirm substitutional bulk Ti 3+ as observed in Nb-doped or Fand Nb-codoped anatase by Biedrzycki et al. 7 . The presence
of Ti 3+ can be explained by ion substitution and charge compensation. When Nb 5+ replaces Ti 4+ in the TiO2 lattice, the
excess positive charge must be compensated by an excess of
negative charge, for example through an electronic compensation:
2 TiO2
0
1
•
Nb2 O5 −−−→
2 NbTi
+ 4 OOx + 2 e + O2
(2)
2
In our codoped system another mechanism may also occur, where the charge compensation is provided by the other
dopant, i.e. nitrogen species:

2 TiO

0

2
•
Nb2 O5 + O2 + 2 NH3 −−−→
2 NbTi
+ 2 [ NO]O + 2 OOx + 3 H2 O
(3)
As far as the above charge compensation equations are concerned, all the species involved are diamagnetic apart from
the free electrons generated through electronic compensation
’
) and/or
in Equation 2, that can indeed be trapped as Ti 3+ (TiTi
4+
x
1
Nb (NbTi ) (d paramagnetic metal cations, hence EPR active):
0

0

x
TiTi
+ e −−→ TiTi
0

•
x
NbTi
+ e −−→ NbTi

(4)
(5)

We did not observe Nb 4+ at 77 K (and above), however this
could be due to its signal broadening beyond detection at this
1–5 | 3
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Table 1 Spin Hamiltonian parameters (g and A tensors) for the 3 active EPR centres detected in (Nb,N) codoped TiO2 at 77 K and 9.5 GHz,
including line width and relative contribution. The values in brackets refer to the best fit under visible light irradiation

EPR Centre

Paramagnetic species

gxx

gyy

gzz

Axx

Ayy

Azz

Wxx

Wyy

Wzz

Relative Contribution

G

G

G

G

G

G

%

b1

adsorbed NO ·

2.001

1.996

1.927

<1

31.4

10.1

9(10)

9(10)

9(10)

14.3(6.4)

b2

NO 2 –

2.003

2.002

2.001

2.3

4.4

32.3

6(7)

6(7)

6(7)

14.3(55.3)

b3

Ti 3+

1.988

1.957

-

-

-

-

5

5

5

71.4(38.3)

g x x ,b 2

Ti vacancies:

g y y ,b 2
g ⊥, b 3

5 TiO

g //, b 3

lig h t e x p e r im e n ta l

b 1 = 6 .4 %
b 2 = 5 5 .3 %
b 3 = 3 8 .3 %

lig h t s im u la te d

h ν
d a r k e x p e r im e n ta l

b 1 = 1 4 .3 %
b 2 = 1 4 .3 %
b 3 = 7 1 .4 %

d a r k s im u la te d
g z z ,b 1
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Fig. 5 EPR spectra at 77 K in the dark and under in situ irradiation
with 550 nm wavelength visible light for (Nb,N)-codoped TiO2 .

temperature 23 . Nb 4+ is characterised by a very short spin relaxation time 22,25 and it was observed in Nb-doped rutile single crystals 22,25 and in Nb-doped TiO2 powders containing
both anatase and rutile 23 at 4.2 K only. However De Trizio
et al. 4 at the same temperature could not detect Nb 4+ in Nbdoped colloidal anatase nanocrystals. A further investigation
(not reported here) was conducted using EPR spectroscopy at
4.2 K to confirm potential presence of Nb 4+ in our (Nb,N)codoped systems. In line with De Trizio et al.’s findings 4 , we
could not observe any Nb 4+ in our codoped anatase samples.
These results seem to suggest that the energetics or the kinetics of reaction 5 could significantly vary between anatase
and rutile polymorphs. It is important to mention that a third
mechanism is also possible, i.e. ionic compensation through
4|
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0000

2
•
2 Nb2 O5 −−−→
4 NbTi
+ VTi + 10 OOx

g z z ,b 2

(6)

The experimental detection of Ti vacancies is a challenging task and on the basis of our experimental observations we
are not able to quantify the real contribution of such a compensation mechanism. However, as already highlighted by
Biedrzycki et al. 7 , aliovalently doped systems seem to selectively favour the solution of higher stability, hence the extensive presence of Ti 3+ ions would indicate much higher contribution of the mechanism of valence induction over that one of
vacancy formation. The bulk substitutional Ti 3+ ions created
by such a valence induction tend to have the unpaired electron delocalised beyond the first coordination sphere, which
would explain the high conductivity typical of these doped oxides 7,26 .
The visible light photo-induced electron injection is mainly
driven by the discrete N donor levels situated in the band gap,
Figure 4. This can be proven by comparing the EPR spectra
in the dark and under visible light (550 nm) illumination. A
large fraction of the nitrogen centres is diamagnetic before
light irradiation, carrying two paired electrons in the highest occupied molecular orbital (HOMO), designated Ni O – ,
i.e. intraband gap NO 3 – states. Upon irradiation with visible light, electron transitions CB ← NO 3 – occur, leaving behind a much larger quantity of paramagnetic NO 2 – states. As
we already proved for (W,N)-codoped TiO2 9 , this mechanism
is confirmed by the fact that by increasing the relative contribution of the b2 species in the simulation from 14.3 % to
55.3 % (accordingly the b1 and b3 signal contributions drop
from 14.3 % and 71.4 % to 6.4 % and 38.3 % respectively),
the simulated dark spectrum turns into a new profile which
perfectly matches the spectrum recorded under in-situ visible
light irradiation, Figure 5. Interestingly, although the relative contribution of the b3 centre decreases (b2 signal very
intense), its absolute intensity actually increases. This seem
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to suggest that the photo-injected electrons can be trapped to
form exactly the same type of reduced Ti 3+ centres already
present in the initial material.
In conclusion, doping anatase TiO2 with both Nb and N
demonstrated to improve optical and electronic properties.
EPR experimentally proved a valence-induced n-type character enhancement that can be explained through shallow trapping of charge compensation electrons and formation of bulk
substitutional Ti 3+ species. The presence of these species is
associated with an increased conductivity and improved O2
affinity exhibited by Nb-containing titanias compared to the
case of pure, undoped TiO2 . In addition, the formation of
electron-hole pairs sensitised by visible light is a consequence
of electron transitions from the HOMO of NO 3 – species
([NO]O’ in Kröger-Vink notation) to the conduction band. The
electrons photo-injected in the conduction band can be trapped
as bulk substitutional Ti 3+ species too, as confirmed by the increased absolute intensity of the b3 EPR signal under in-situ
visible light irradiation and absence of any other known Ti 3+
species signals. Using a different approach for the electron
injection (photo-injection rather than chemical reduction like
in Biedrzycki et al. 7 ), we corroborate the theory that the high
conductivity of the starting material induces the formation of
more of the same bulk reduced centres (responsible for the
high conductivity in the first place), when extra electrons are
injected. This seems to be very different from the case of pure
undoped anatase TiO2 where electron injection generates very
localised surface Ti 3+ species.
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