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a b s t r a c t

Nitrogen-doped TiO2 (N-TiO2) nanoparticles with a homogeneous anatase structure were synthesized
using three different chemical methods. X-ray photoelectron spectra (XPS) analysis shows that nitrogen
was successfully doped into TiO2 nanoparticles and the nitrogen atoms are present in both substitutional
and interstitial sites. The electron binding energy (BE) of N 1s core level is found to depend on the synthesis
methods. Changes in Ti–O bond lengths of the substitutional and interstitial N doped-TiO2 were calculated
eywords:
itrogen-doped TiO2

hemical states
PS
isible light

by computational geometry optimization, and confirmed by Raman shift analysis. Differences in UV–vis
light absorption and visible-light-induced photocatalytic activity of three N-TiO2 samples were attributed
to their different nitrogen states within TiO2 lattice, which would create different defect levels. The
defect levels were confirmed by photoluminescence (PL) analysis and density of states (DOSs) calculation.
From one to one correspondence between XP spectrum and photocatalytic activities, it is concluded

bstitu
atom
hotocatalyst that nitrogen atoms in su
effectively than nitrogen

. Introduction

Photocatalysts that are sensitive to visible light have attracted
uch attention for their potential use of solar energy [1–4]. In

articular, nitrogen-doped TiO2 is known to be a promising visible-
ight photocatalyst [2]. Therefore, there have been a number of
tudies on the synthesis and characterization of various types of
-doped TiO2, including thin films [2,5–7], single crystals [8–10],
nd powders [1,4,11–17].

However, the chemical states of doped N and its relation to
hotocatalytic properties under visible light are still controver-
ial. Saha and Tompkins [18] and Asahi et al. [2] measured the N
s core levels using XPS analysis and observed three peak struc-
ures at binding energies of 402, 400, and 396 eV. They assigned
he peaks as atomic �-N (396 eV) and molecularly chemisorbed �-
2 (400 and 402 eV) [2,18]. Also, Asahi et al. [2] concluded that the

ctive sites of N for photocatalysis under visible light are the sub-
titutional sites, which correspond to the peak at 396 eV in the XP
pectra. Thereafter, Irie et al. [19] observed N 1s peak at 396 eV and
xplained it to result from a substitutional N in O–Ti–N. Diwald
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tional sites enhances the photocatalysis of TiO2 under visible light more
s in interstitial sites.

© 2010 Elsevier B.V. All rights reserved.

et al. [9] observed the N 1s feature at 396.7 eV and assigned the
peak to N2

− anion replacing oxygen in the TiO2 lattice. In contrast
to these studies, there have been also a great number of reports
showing that the signal at around 396 eV is completely absent in
N-TiO2 [4,12,17,20–27]. Burda and co-workers [4,20,24] found that
the binding energy of N 1s extended from 397.4 eV to 403.7 eV and
was centered at 401.3 eV, and they assigned the peak to partially
oxidized N in N–Ti–O linkages. They reported that the synthesized
N-TiO2 nanoparticles had photocatalytic activity in the visible light
region [4]. Thereafter, Sathish et al. [17] and Ma et al. [28] found
the N 1s core level to be at 398.2 eV and 398.3 eV, respectively.
They explained these peaks in terms of nitrogen in N–Ti–O linkages
(nitrogen is substituted for oxygen in the initial O–Ti–O structure),
and Sathish et al. [17] reported that the N-TiO2 exhibited photo-
catalytic activity under the visible light region. A few researchers
have reported that the photocatalytic power of N-TiO2 under visi-
ble light is correlated with the N 1s core level peak at around 400 eV
[2,9,12,18,23,26,28]. In some of these reports, molecularly adsorbed
or interstitially doped N species such as NO and NHx [1,9,29,30],
were proposed to generate the peak at around 400 eV in the XP

spectrum and develop the photoactive properties under the visible
light.

As stated above, the chemical states of nitrogen and their effects
on the photocatalytic activity in the visible light are still controver-
sial. It may be due to the fact that the N doping is very sensitive
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rocessing conditions. Therefore, previous studies observed only
art of chemical states of N allowed in TiO2. In the present work, N-
iO2 samples that were synthesized by different methods show that
he N 1s binding energy can be 398.3, 401.5, and 400 eV, depending
n the processing conditions. This is the first investigation report-
ng the N 1s binding energy of both 398.3 and 401.5 eV and the
ffect of N doping states on the photocatalytic properties of N-TiO2
anoparticles. The doping states of nitrogen (i.e. substitutional or

nterstitial) with different binding energy N-TiO2 were analyzed by
ombining experimental and theoretical studies. In addition, the
ffects of the N doping states on the optical properties and photo-
atalytic activity of N-TiO2 in the visible region were investigated.

. Experiment

.1. Preparation of nanoparticles, films, and
hotoelectrochemical (PEC) cells

Bare-TiO2 nanoparticles were synthesized via the hydrolysis of
itanium tetraisopropoxide (TTIP, Ti(OC3H7)4, 97%, Aldrich Chemi-
als Co.) with excess water ([H2O]:[Ti] = 50:1) at 80 ◦C. The sol was
tirred at 80 ◦C for 24 h and dried at 90 ◦C in an oven. The dried
owder was annealed at 450 ◦C for 1 h in air, and the resultant
hite powder was denoted as “PT”. The three different types of
-TiO2 nanoparticles called “NT1”, “NT2”, and “NT3” were pre-
ared by the following methods. NT1 nanoparticles were prepared
y annealing the PT powder at 400 ◦C for 2 h in flowing NH3 gas.
T2 nanoparticles were synthesized by the hydrolysis of TTIP with
H4OH solution ([NH4OH]:[H2O]:[Ti] = 5:45:1) at 80 ◦C. The sol was

tirred for 24 h, centrifuged, and then washed with distilled water
ve times; the subsequent drying and annealing process was iden-
ical to that used for PT. NT3 nanoparticles were synthesized by
ydrolysis of titanium chloride (100 mL, 2 M TiCl4 in H2O) with
mmonium hydroxide (900 mL, 5 M NH4OH in H2O) at room tem-
erature. The suspension was stirred for 2 h, centrifuged, and then
ashed with distilled water five times; the subsequent drying and

nnealing process was identical to that used for PT. The resultant
T1, NT2, and NT3 powders were pale yellow. TiO2 films were
repared using the synthesized nanoparticles. Dried nanoparticles
ere dispersed in a mixture of water, ethanol, and acetyl acetone,

nd then spin-coated on fused silica substrates. The spin-coated
lms were annealed using the several methods (PT, NT1, NT2,
nd NT3) described above. The thicknesses of the films were mea-
ured using a field-emission scanning electron microscope (FESEM,
odel JSM-6330F, JEOL, Japan) and all of films were about 1 �m

hick.

.2. Characterization

The crystal structures of the prepared samples were char-
cterized using a powder X-ray diffractometer (XRD, model
18XHF-SRA, MAC-Science Instruments, Japan). The morphologies
f the prepared TiO2 nanoparticles were observed using a high-
esolution transmission electron microscope (HRTEM, model JEM
000F, JEOL, Japan). The chemical states of N in TiO2 were analyzed
sing X-ray photoelectron spectroscopy (XPS, model SIGMA PROBE,
hermoVG, UK). The XP spectra were acquired using monochro-

able 1
itrogen sources and structural characteristics of undoped- and N-doped TiO2 nanoparti

Sample N source Crystallite size (nm)

PT – 11.2
NT1 NH3 (gas) 11.5
NT2 NH4OH (aq.) 16.4
NT3 NH4OH (aq.) 17.0
Fig. 1. Powder X-ray diffraction patterns.

matic Al–K radiation (100 W), and the core levels of N 1s were
calibrated with respect to the C 1s level at 284.5 eV. The diffuse
reflectance spectra were obtained using a UV–vis-NIR spectropho-
tometer (model U-3501, Hitachi, Japan) and were converted to
the absorbance spectra by the Kubelka–Munk method. The pho-
toluminescence (PL) spectra of the samples were obtained using
a photoluminescence spectrometer (SPEX 1403, SPEX). The spe-
cific surface areas of the TiO2 nanoparticles were measured using
a Brunauer–Emmett–Teller (BET) analyzer (BELSORP-mini II, BEL,
Japan). The Raman spectra were recorded using a Raman spectrom-
eter (T64000, HORIABA Jobin Yvon, France).

2.3. Evaluation of photocatalytic activity and computational
geometry optimization

The photocatalytic activities of the prepared powders were eval-
uated by measuring the decomposition of phenol (10 ppm) in an
aqueous system. The catalyst (0.1 g) was added to 100 mL of phenol
solution in a Pyrex reactor. Prior to irradiation, the suspension was
stirred in the dark until the concentration of solution was stabilized.
A 200 W halogen lamp was used as a light source and a 420-nm cut-
off filter was employed to filter UV light and excite samples only
by visible light. The concentration of the phenol solution was mea-
sured using the UV–vis spectrophotometer. Moreover, the amount
of total oraganic carbon (TOC) in the aqueous solution was mea-
sured by Total Organic Carbon analyzer (5310C, Sievers, U.S.A.).
In addition to the powders, we also examined the photocatalytic
activities of the prepared films by measuring the decomposition of
stearic acid (10 mM in ethanol) that was spin-coated on the films. A
50 W halogen lamp was used as a visible-light source and a 420-nm
cut-off filter was used for selecting only visible light. The amount
of stearic acid remaining on the film was quantitatively character-
ized using a Fourier-transform infrared (FT-IR) spectrophotometer
(model DA8-12, Bomen, Canada). Optimized geometry of atoms,
electronic band structures, and density of states (DOSs) were cal-
culated by density functional theory (DFT) using the well-tested
CASTEP code which is based on the plane-wave pseudopotential

method [31]. The generalized gradient approximation (GGA) with
gradient corrected functional Perdew–Burke–Ernzerhof (PBE) has
been used throughout the calculation. The 2 × 2 × 1 supercell of
TiO2 anatase structure was used for this theoretical study.

cles.

d spacing for (1 0 1) plane (Å) BET surface area (m2/g)

3.51 105.76
3.50 106.82
3.51 94.38
3.51 89.76
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ig. 2. (a) UV–vis diffuse-reflectance spectra of the synthesized nanoparticles and
T2 ( ), and NT3 ( ) powders as a function of irradiation time (� ≥ 420 nm). Th
egradation of phenol for the PT sample (3% in 12 h) can be attributed to the existe

. Results and discussion

The crystal structures of the synthesized TiO2 particles (PT, NT1,
T2, and NT3) were analyzed by using XRD technique. As shown in
ig. 1, all of the synthesized TiO2 particles are pure anatase phase.
RD peaks were fitted by following the Debye–Scherrer equation
nd the crystallite size of the TiO2 particles was calculated [32]. The
rystallite size and other physical characteristics are summarized
n Table 1. There is not any change in “d” space of (1 0 1) planes in
our different powders, which indicates that the prepared nanopar-
icles possess similar crystallinity and that N is incorporated into

he lattice without changing the average dimension of the unit cell
17]. The TEM micrographs (see Supplementary data 1) show that
he nanoparticles have a fairly uniform spherical shape and that
he crystallite sizes of the prepared nanoparticles are in the range

ig. 3. XP spectra (solid lines) of the synthesized nanoparticles at the N 1s (a), Ti 2p (b)
pectrum. An arrow in (C) denotes the O 1s peak at 531.5 eV.
ncentration of phenol in the aqueous solution with presence of PT (�), NT1 ( ),
ease of the concentration indicates the photocatalytic degradation of phenol. The
some degree of visible light absorption up to 450 nm for PT (a).

of 10–20 nm, which is in agreement with the calculated crystallite
sizes obtained from the XRD data. The BET surface area is in the
range of 90–107 m2/g. The difference in the surface area is consis-
tent with the change in particle size.

The optical absorption characteristics and photocatalytic prop-
erties of the prepared samples are shown in Fig. 2a and b,
respectively. Fig. 2a presents the diffuse-reflectance spectra of the
N-doped and undoped TiO2 powders. PT shows a small absorp-
tion tail over the region from 400 to 450 nm. In contrast, three
different N doping methods significantly increase the absorption of
visible light ranging from 400 to 550 nm. It is noted that NT1, NT2,

and NT3 show different light absorption behaviors for the visible
light. While the UV–vis spectrum of NT1 shows a tail-like feature
with monotonous decrease in the absorption, the UV–vis spectrum
of NT2 and NT3 show humps with a local peak of 450 nm. Also,

, and O 1s (c) core levels. The dotted lines in (a) are the fitting curves of each XP
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Table 2
Nitrogen concentration of N-doped TiO2 (TiO2−xNx) nanoparticles. The values refer
to x calculated from the N 1s spectra shown in Fig. 3a.

Sample N 1s total 400 eV 401.5 eV 398.3 eV

PT – – – –
32 S. Lee et al. / Journal of Photochemistry and

he absorbance of NT1 in the visible light region (400–550 nm) is
ower than those of NT2 and NT3. The photocatalytic activity of
iO2 nanoparticles over the visible light is remarkably improved
hen nitrogen is doped. After 12 h reaction, the remaining amount

f phenol is 0.03% for NT1, 48% for NT2, and 33% for NT3 (see
ig. 2b). In contrast, more than 97% of phenol was still left in PT,
hich reveals that the doped nitrogen promotes the generation of

adical ions by collecting photons in the visible light. The TOC anal-
sis showed the consistent result. 99.5%, 54.1%, 69.3%, and 67.6%
f carbon remained for PT, NT1, NT2, and NT3, respectively, after
2 h reaction. In three N-doped TiO2 samples, differences in the
egradation rates are observed. Though the crystallinity, particle
ize, and optical absorption of NT2 and NT3 are similar, NT3 has
etter photocatalytic activity than NT2. Moreover, NT1 absorbing

ess visible light shows better photocatalytic activity than NT2 and
T3. These experimental observations indicate that the amount
f the visible light absorbed by N-doped TiO2 is not only a fac-
or determining the photocatalytic ability of N-doped TiO2. To find
ut the origin of the different photocatalytic activity, the optical
roperties and the states of doped N were analyzed. The UV–vis
ata were converted to [(˛hv)1/2 vs. E], which were subsequently
xtrapolated [33], as shown in Supplementary data 2. The band
ap energy of PT and NT2 is 3.00 eV, and that of NT1 and NT3 is
.91 eV. It is remarkable that the extrapolation of the shoulder-like
egion for NT2 and NT3 indicates the charge transition energy of
pproximately 1.85 eV. The different optical characteristics of three
ifferent N-TiO2 samples imply that each sample possess the dif-
erent energy states, which may be caused by the different types of

doping. From the density of states (DOSs) calculations, Asahi et al.
2] has shown that substitutional N doping would narrow the band
ap by the coupling of the O 2p and N 2p orbitals, while interstitial
oping would create an additional defect state between the con-
uction band and valence band. Following studies [19,23,34] also
eported that nitrogen impurities would induce the formation of
ocalized states in the band gap and that the substitutional N states

re present slightly above the valence band edge (0.14 eV). The
nergy state of interstitial N was proposed to 0.73 eV larger than the
op of the valence band, which yields a new absorption band such
s a shoulder-like absorption tail [23,35]. As a result, the interstitial
impurities work as hole trapping sites and reduce the direct oxi-

Fig. 4. The structural model of the 2 × 2 × 1 TiO2 anatase supercell (a) and
NT1 0.0134 0.0107 – 0.0027
NT2 0.0143 0.0106 0.0037 –
NT3 0.0150 0.0110 0.0018 0.0022

dation power of N-TiO2 in the photocatalytic process by decreasing
the concentration of radical ions [2,23]. Therefore, the charge tran-
sition energy of about 1.85 eV in NT2 and NT3 samples indicates the
inconsistency between the visible-light absorption characteristics
and the photocatalytic activity can be correlated with the different
N doping states of different N-TiO2 samples.

The binding energy of N in N-TiO2 nanoparticles were analyzed
by using XPS. Fig. 3 shows the XP spectra of the N 1s, Ti 2p, and
O 1s regions of the samples. The N-doped samples exhibit differ-
ent N 1s peaks, which are fitted by using 2 or 3 subpeaks (Fig. 3a).
The Ti 2p spectra of all samples are almost same (Fig. 3b). The N
concentrations are listed in Table 2. The concentration was esti-
mated by comparing product of integrated N 1s peak area and the
nitrogen sensitivity factor (0.42) with product of integrated O 1s
peak area (530 eV) and oxygen sensitivity factor (0.66). Three types
of peaks, plotted from fitting curves, are observed at 398.3, 401.5,
and approximately 400 eV, respectively. Among them, a peak with
the binding energy (BE) of 400 eV is found in all of the N-doped
samples with similar concentrations (about x = 0.011). In most of
previous studies, this peak at 400 eV has been assigned to molecu-
larly adsorbed or interstitially doped N species [2,9,12,18,28] such
as NOx and NHx [1,9,29,30].

The BE peak at 398.3 eV is found in NT1 and NT3, and the BE
peak at 401.5 eV is found in NT2 and NT3. N in TiN or simple
chemisorbed N show the BE peak at ≤397.5 eV [17,27]. Therefore,
the peak at 398.3 eV corresponds to N that has a lower electron

density than the N present in the N–Ti–N structure. Because molec-
ularly adsorbed N species appear at around 400 eV, the peak at
398.3 eV must correspond to N incorporated into the TiO2 lattice in
some manner. It is known that NO and NO2 species appear above

the supercells containing substitutional N (b) and interstitial N (c).
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ig. 5. Raman spectra of the synthesized nanoparticles (a), and the Raman spectra o
he values are noted in (b).

00 eV [18,29,36–39], hence we assign the N 1s peak at 398.3 eV to
he anionic N− in N–Ti–O linkages. Sathish et al. [17] and Ma et al.
28] found the N 1s peak at 398.2 and 398.3 eV, respectively. They
lso attributed these peaks to N− in the N–Ti–O structure. The pos-
ibility of NH3 being incorporated is ruled out, due to its higher BE
398.8 eV [20]), as reported by Sathish et al. [17]. The arguments in
he above suggest that the 398.3 eV peak results from the N species
hich substitutes for O in the TiO2 lattice as N–Ti–O.

Since the N 1s BE of substitutional N appears at 398.3 eV, the
eak at 401.5 eV must be due to the different doping state of N
hat has a lower electron density than N in the form of N–Ti–O
inkages. When N is incorporated into the TiO2 lattice as Ti–O–N, the
lectron density of the oxidized N is lowered compared to that of N
n the N–Ti–O structure and the BE of the 1s electron for oxidized N
hifts to higher energy. Burda et al. indicated that the BE of the N 1s
lectron is higher as the formal charge of N becomes more positive
e.g., 408 eV in NaNO3), as compared to N with zero or negative
ormal charge (398.8 eV in NH3) [20,40]. Hence, the peak at 401.5 eV
n this study is attributed to the N 1s level of oxidized N which
as a configuration of Ti–O–N in the TiO2 lattice, i.e. interstitial N
oping [4,21–24,41]. When N is directly bonded to O, N also has
onnections with Ti and O to complete its valency [24].

In this study, the O 1s peaks are observed at 531.5 eV and 530 eV
or both NT1 and NT2, as shown in Fig. 3c. However, the intensity
atio of the peaks at 531.5–530 eV is quite different. The peak of NT2
t 531.5 eV is higher than that of NT1. Although TiO2 nanoparticles
sually show the O 1s peak at 531.5 eV due to its contamina-
ion, such as OH− (shown in Supplementary data 3), NT2 shows
higher peak at 531.5 eV than NT1, and this supports the presence
f oxidized N species such as Ti–O–N being present [18,20,39]. Fur-
hermore, it is noticeable that the 530 eV peak of NT2 is shifted to
lower BE compared to NT1 (the inset of Fig. 3c). The lower BE

ndicates that the higher electron density of O in NT2, that is the
ower oxidation state of O in NT2 [20,39]. As O nearby an inter-
titial N is in a more reduced state than O nearby a substitutional
, this feature further confirms that N in NT2 is incorporated as
i–O–N.
Based on the overall results of XP and UV–vis spectroscopic
tudy, we attributed the 398.3 eV peak of NT1 and NT3 to substitu-
ional N in an N–Ti–O structure, and the 401.5 eV peak of NT2 and
T3 to interstitial N in an Ti–O–N structure. Our synthetic meth-
ds and procedures for NT1, NT2, and NT3 are quite different from
e Ti–O stretching mode (b). The center of the Eg peaks are indicated by arrows and

those of Sathish et al. [17], Ma et al. [28], or Burda et al. [4]. How-
ever, NT1 and NT3 have an N 1s peak at 398.3 eV that is very similar
to those found by Sathish et al. [17] (398.2 eV) and Ma et al. [28]
(398.3 eV); NT2 and NT3 have an N 1s peak at 401.5 eV that is also
very close to that found by Burda et al. [4] (401.3 eV). Therefore, it
is clear that different preparation routes can lead to different N 1s
states in TiO2. However, this does not imply that the electron BE
of substitutional or interstitial N is dependent on the preparation
route, but that different preparation routes can lead to different
states of nitrogen in the TiO2 crystalline structure.

Detailed atomic structures of N-TiO2 lattices described above
are theoretically calculated and schematically presented in Fig. 4.
When the nitrogen impurities incorporate into TiO2 crystalline, the
Ti–O bond length of the structure could be varied, as different ionic
radius and electron negativity between nitrogen and oxygen would
deform the local balance constructed by Ti–O. Therefore, the dis-
torted structures of the N-doped TiO2 were estimated by using a
geometry optimization with the CASTEP package, which is followed
by the calculation of the electronic structure for the optimized
geometry. A Nitrogen atom was placed in an oxygen atom site for
the substitutional N-doped TiO2, and a nitrogen atom was bonded
with oxygen atoms for the interstitial N-doped TiO2. As shown in
Fig. 4a–c, the super cell of substitutional N-doped TiO2 and inter-
stitial N-doped TiO2 deviate from the super cell of undoped anatase
TiO2. The average Ti–O bond lengths for the optimized structures
of undoped TiO2, substitutional N-doped TiO2, and interstitial N-
doped TiO2 were 1.950 Å, 1.952 Å, and 1.961 Å, respectively. The
large extension of the Ti–O bond length by the interstitial N doping
indicates that there exists strong local strain energy. The changes in
the local energy might affect the force constant of the bonds, which
would influence the vibration frequency of the lattices. Therefore,
Raman shift spectra of the PT, NT1, NT2, and NT3 were measured
(Fig. 5) and compared with the results of the geometry optimization
simulations. All the samples show the typical Raman shift spectra
of TiO2 anatase, as shown in Fig. 5a; about 144 (Eg, O–Ti–O bend-
ing mode, region 1), 400 (B1g, region 2), 514 (A1g/B1g, region 3),
and 639 cm−1 (Eg, Ti–O bond stretching mode, region 4) [42]. Since

stretching wave numbers are related to the force constants and
lengths of the bonding, Raman spectroscopic analysis can provide
important information on the Ti–O bond lengths of the N-doped
TiO2 crystallines [43]. The best known empirical equations between
stretching wave numbers (�) and equilibrium bond lengths (R) are
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ig. 6. (a) PL spectra of PT (solid), NT1 ( ), and NT2 ( ) at 6 K. (b) Norm
unction of irradiation time (� ≥ 420 nm). The decrease of the normalized absorban

s follows:

= A exp(−BR) or � = A − BR

here A and B are experimentally derived fitting parameters
44,45]. Therefore, the significant red shift of the Eg peak (the
tretching vibration mode of Ti–O), from 638.3 cm−1 (PT) to
36.4 cm−1 (NT2), can be attributed to the increase in Ti–O bond

ength, which is consistent with the results from the optimized
tructure. Also, corresponding to the estimated Ti–O bond length
f the substitutional N-doped TiO2 by geometry optimization, rel-
tively less shift in wave number occurred for NT1 (637.9 cm−1),
hat is, Ti–O bond length decreased more slightly. Therefore, the
aman spectra and the geometry optimization simulations pro-
ide an additional evidence for the different states of nitrogen
n N-TiO2. Moreover, the DOSs for the doped- and undoped-TiO2
hown in Supplementary data 4 confirm that the interstitial doping
nduces an additional defect states between the conduction band
nd valence band in deeper region (1.05 and 0.52 eV, energy dif-
erence from valence band edge) than the substitutional doping
just narrowed band gap), which is consistent with the results from
V–vis spectrum shown in Fig. 2a and the previous reports [2,46].

The defect energy levels of PT, NT1, and NT2 were character-
zed by PL spectroscopy and the results are shown in Fig. 6a . All
f the samples exhibit relatively shallow levels that are usually
etected in the PL spectrum of anatase TiO2 [47–49]. However,
ome differences in each sample are observed and the conceivable
eaks are indicated in Fig. 6a as A to D. The peak of NT1 in region
assigned for indirect transitions, namely, X1 → �1 and X2 → �1

47], shifted to a lower energy level compared to that in the spectra
f PT. However, there is no difference between the spectra of PT
nd NT1 except for the shift in the phosphorescence peak region
region A, from 3.03 to 2.97 eV). These results are consistent with
he narrowed optical band gap energy shown in Fig. 2a. On the other
and, NT2 shows distinct peaks in relatively deep levels marked as
(2.12–2.08 eV), C (1.99–1.95 eV), and D (1.69–1.65 eV). It is con-

istent with the results from UV–vis spectrum shown in Fig. 2a and
he previous reports [2,46]. Finazzi et al. reported that interstitial
itrogen generates energy states at deep levels (0.41–1.44 eV) [46].
oreover, our calculation results using DFT (Supplementary data

) also present that interstitial nitrogen induces the deep defect
nergy levels, while substitutional nitrogen narrows the band gap.
ven though the distinct energy levels, which were observed in
he present PL study, cannot be exactly assigned to such calculated
efect levels, the undefined energy levels of NT2 can be considered

s defect levels associated with the interstitial N doping. In order to
xamine the effect of the interstitial N on the photocatalytic activ-
ties, films were made from three N-TiO2 samples and stearic acid

as spin-coated on the top of the films. While the photodecom-
osition of phenol occurs on the surface of the nanoparticles, the
d absorbance of stearic acid on PT (�), NT1 ( ), NT2 ( ), and NT3 ( ) films as a
icates the photocatalytic degradation of stearic acid.

reaction with the stearic acid happens on the top of the film sys-
tem. Hence, the holes generated in the middle or bottom of the
films must be transferred onto the surface of the N-TiO2 film to
contribute to the photodecomposition of organic molecules. This
indicates that the transport of the carriers becomes more important
in the photocatalysis of the films. Therefore, if the interstitial N of
NT2 traps the holes during their transport, a difference in the pho-
tocatalytic efficiency between films and powders becomes more
pronounced in NT2, compared with NT1 and NT3 that have less
carrier trapping sites. Fig. 6b shows the degradation of stearic acid
on the N-TiO2 films using visible light. Compared with the powder
experiments (Fig. 2b), it is noted that the photocatalytic power of
NT2 decreases significantly in the film experiments. Since the NT2
sample exhibited photocatalytic activity in the powder system (see
Fig. 2b), the very low decomposition activity of NT2 film shown in
Fig. 6b indicates that NT2 has more hole trapping sites prevent-
ing the transport of the holes from the middle or bottom of the
films to the surface of N-TiO2 films, leading to the decrease in the
photocatalytic activity.

4. Conclusions

We found the N 1s binding energy peaks at 398.3, 401.5, and
around 400 eV in the N-TiO2 samples (NT1, NT2, and NT3) that
were synthesized using different preparation methods. The opti-
cal absorption properties and photocatalytic activities of the three
types of N-TiO2 nanoparticles were obviously different in the
presence of visible light. The difference in the optical absorption
and photocatalytic activities was attributed to the different states
of nitrogen present in each sample. From the XPS analysis, we
attributed the 398.3 eV peak of NT1 and NT3 to substitutional N in
an N–Ti–O structure, and the 401.5 eV peak of NT2 and NT3 to inter-
stitial N in an Ti–O–N structure. The extended Ti–O bond length for
NT2, confirmed by Raman spectra and the geometric optimization,
was another evidence for the interstitially incorporation of nitro-
gen in NT2 nanocrystalline. The optical absorption spectra, DOSs
calculated using DFT and PL measurements support the hypothe-
sis that interstitial N doping creates defect levels in deep region
of the band gap and that these defects disturb the charge transfer
in the TiO2 nanoparticles, in spite of the visible light absorption.
A comparison of the photocatalytic decomposition in the powders
and films show that the photocatalysis under visible light is more
efficient for substitutional N doping than interstitial N doping due
to smaller concentration of trapping sites.
Acknowledgements

This work was supported by WCU (World Class University)
program through the Korea Science and Engineering Foundation



Photo

f
2
t
g
T
m

A

t

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
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