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N-doped TiO2 (anatase) with high visible light photoactivity was obtained by the thermal

treatment of nanotube titanic acid (denoted as NTA) in an NH3 flow and investigated by means

of X-ray diffraction (XRD), transmission electronic microscopy (TEM), diffuse reflectance spectra

(DRS), X-ray photoelectron spectroscopy (XPS), electron spin resonance (ESR), and

photoluminescence (PL). With increasing NH3 treatment temperature at T = 400 to 600 1C, the

anatase crystallinity of the N-NTA(400–600) samples was gradually enhanced, while at 700 1C a

new phase, TiN, appeared in the N-NTA(700) sample. XPS results show that the doped N atoms

incorporated into anatase TiO2 exist in the form of NO. A revised explanation for the triplet ESR

signals obtained from the N-NTA(500–700) samples was put forward, i.e. the g = 2.004 main

peak is contributed by single-electron-trapped oxygen vacancies (denoted as Vo
�), while two weak

peaks (g = 2.023, 1.987) are contributed by chemisorbed NO in well-crystallized anatase TiO2.

The visible light photoactivity is proportional to the height of the g = 2.004 main peak, which

suggests that the photoactive centers are Vo
�-NO–Ti. The adsorbed NO molecule can effectively

suppress the photoluminescence of Vo
� defects, which facilitates photogenerated charge transfer to

the surface reactive centers to conduct redox reactions. The higher the Vo
�-NO–Ti concentration,

the better the visible light photoactivity. The highest photoactivity was obtained for the catalyst,

NH3-treated at 600 1C. But the formation of TiN at T = 700 1C can readily destruct Vo
�-NO–Ti

photoactive centers, and thus readily decreases photoactivity efficiency.

1. Introduction

Titanium dioxide is the most promising photocatalyst for its

low cost, non-toxicity, high stability and high efficiency for

degradation of difficult-to-remove pollutants. However, it can

be activated only by irradiating with ultraviolet (UV) light due

to the wide band gap energies, 3.0 eV for the rutile and 3.2 eV

for the anatase forms. Therefore, only a small fraction (B5%)

of the available solar energy can be utilized in practical

applications. To use solar irradiation, many researchers re-

cently have attempted to extend the absorption range of TiO2

from the ultraviolet (UV) to the visible light region by doping

with metal or non-metal elements. Recently, nitrogen-doped

TiO2 has attracted considerable attention due to its photo-

activity in the visible region. In 1986, Sato first reported an N-

doped TiO2 photocatalyst with visible light photoactivity

prepared by annealing an admixture of NH4Cl or NH4OH

with titanium hydroxide.1 Asahi et al. obtained visible light

active TiO2�xNx films by sputtering the TiO2 target in an N2

(40%)/Ar gas mixture in 2001, which rekindled great attention

in TiO2 as a visible light photocatalyst.2 Since then, many

preparation methods have been reported to dope nitrogen into

TiO2 using different N-doped precursors. Ihara et al. prepared

a visible light active photocatalyst using the hydrolysis pro-

duct of Ti(SO4)2 with an ammonia solution as the N-doped

precursor, and evaluated the photoactivity for the oxidation of

acetone to CO2 in the gas phase.3 Wang et al. used the

hydrolysis product of tetra-butyl titanate (Ti(OBu)4) with

ammonia solution as an N-doped precursor and found visible

light photoactivity for the phenol decomposition system.4

Kisch et al. obtained nitrogen-doped titania by mixing

titanium tetraisopropoxide with thiourea in ethanol solution

as precursor and evaluated the visible light activity by miner-

alization of the pollutant 4-chlorophenol.5 On the other hand,

Irie et al. reported a TiO2�xNx powder prepared by annealing

anatase TiO2 under an ammonia flow as its photoactivity was

evaluated by decomposition of gaseous isopropyl alcohol.6

Meanwhile, Gole, Burda and co-workers have developed an

alternative nanoscale synthesis route that can lead to nitrogen

dopant concentrations in excess of 8% in titania.7–10 They

employed the direct nitridation of TiO2 nanocolloids using

alkyl ammonium salts or triethylamine to produce titania-

based oxynitride structures at room temperature. Recently,

Schmuki and co-wokers have investigated N-doped TiO2

nanotubes using N-ion implantation and/or an ammonia

thermal treatment of TiO2 nanotubes produced by self-orga-

nized electrochemical oxidation of Ti.11–13 However, there is a

question under debate concerning the chemical nature of the
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photoactive sites responsible for the photoactivity of N-TiO2

to visible light. Asahi et al. proposed that the N doping of

TiO2 shifts the absorption edge of TiO2�xNx to lower energies

and increases the photoactivity in the visible light region

through narrowing of the TiO2 band gap.2 Some studies,

however, proposed that for N-doped anatase TiO2, the visible

light response arises from electronic transitions from localized

states to the conduction band.5,6,14–16 By contrast, the recent

study by Serpone and co-workers has proposed that the

commonality in all these doped titanias rests with formation

of oxygen vacancies and the advent of color centers that

absorb the visible light radiation.17–19

In 1998, Kasuga et al. obtained a nanotube material by

treating anatase TiO2 powders with a 10 mol L�1 NaOH

aqueous solution at 110 1C for 20 h.20 Subsequently, Jin21

and Tsai et al.22 investigated the composition and structure of

this nanotube material and concluded that it is nanotube

Na2Ti2O4(OH)2, rather than nanotube TiO2.
20,23 Nanotube

Na2Ti2O4(OH)2 can be converted to nanotube titanic acid

(H2Ti2O5�H2O, denoted as NTA) in a pH = 1 HCl solution,

and its crystalline form belongs to the orthorhombic sys-

tem.21,22 In 2006, we prepared N-doped TiO2 by the thermal

treatment of NTA in an NH3 flow and ascribed the visible

light response to the formation of the species with triplet ESR

signals.24 However, the origin of the species responsible for the

triplet ESR signal is still under discussion. In the present

paper, the N-NTA(400–700) samples were investigated by

means of XRD, TEM, BET, DRS, XPS, ESR and PL. Based

on the discussion of the results, a new explanation is put

forward to clarify the effect of doped nitrogen on the visible

light photoactivity of N-doped TiO2. It is suggested that the

species with triplet ESR signals are single-electron-trapped

oxygen vacancies (Vo
�) modified by chemisorbed NO in well-

crystallized anatase TiO2.

2. Experimental section

2.1 Sample preparation

300 ml of 40%(w/w) NaOH aqueous solution was placed in a

PTFE (polytetrafluoroethylene) bottle, equipped with a reflux

condenser. Then, the bottle was placed in an oil bath where the

NaOH solution was heated to 110 1C, 5 g of P25-TiO2(De-

gussa) powder was added to this mixture which was stirred

magnetically. After 24 h, the reaction stopped. When the

dispersion cooled down to room temperature, the precipitate,

settled from the dispersion, was first washed with de-ionized

water to a pH of ca. 7.0, and then immersed in a pH= 1.0 HCl

solution for 5 h under magnetic stirring, washed again with de-

ionized water to remove Cl�, and dried under vacuum at room

temperature. The product obtained was NTA. The as-pre-

pared NTA was then treated in an NH3 flow for 4 h at

different temperatures, T = 400–700 1C, the products ob-

tained are denoted as N-NTA(400–700). Raw P25-TiO2 was

also treated under the same conditions as that of NTA, and

the products obtained were denoted as N-P25(400–700).

2.2 Characterization

Transmission electronic microscopy (TEM) images were taken

on a JEM-2010 electron microscope. BET surface areas were

determined with an ASAP 2010 apparatus produced by Micro

meritics. Diffuse reflectance spectra (DRS) were recorded on a

Shimadzu U-3010 spectrometer. X-ray diffraction (XRD)

patterns were measured by a Philips X’Pert Pro X-ray dif-

fractometer. Photoluminescence (PL) spectra were determined

using a SPEX F 212 spectrometer. Electron spin resonance

(ESR) spectra were obtained on a Brüker ESP300E apparatus

in ambient air. The g-tensors of the ESR signals were obtained

by taking g=2.0036 for diphenyl picryl hydrazyl (DPPH) as a

reference. X-ray photoelectron spectroscopy (XPS) character-

izations were performed using a Shimadzu Axis Ultra multi-

functional X-ray photoelectron spectrometer (Al Ka X-ray,

hv= 1486.6 eV). The energy scale of the spectra was corrected

using the binding energy of adventitious carbon as C 1s =

284.8 eV; quantitative analysis of the surface elemental com-

position was accomplished by a computer program using the

XPS sensitivity factors provided by the Shimadzu Co.

2.3 Evaluation of photoactivity

The photoactivity of N-NTA(400–700) and N-P25 (400–700)

samples was evaluated by photoassisted oxidation of propy-

lene. A 32 � 2 mg sample was spread on one side of a

roughened glass plate (9 � 0.9 � 0.2 cm), which was located

in a flat quartz tube reactor. The visible-light source was a

500 W Xenon lamp, which was kept at a distance of 200 mm

from the reactor. Between the Xenon lamp and the reactor, a

l = 420 nm cut-off filter and a water cell were inserted to

eliminate UV and infrared light, respectively. The intensity of

l Z 420 nm irradiating the sample was 0.4 mW cm�2. The

feed gas was made up of pure C3H6 and dry air, in which the

C3H6 concentration was equal to 580 ppm V�1, and was stored

in a high-pressure cylinder. The concentration of C3H6 and

carbon dioxide was determined by a chromatographic method

(on a Shimadzu GAS CHROMATOGRAPH GC-9A, which

was equipped with a GDX-502 column and a hydrogen flame

detector, for in-situ analysis). The sensitivity for C3H6 analysis

was 1 ppm V�1. The flow rate of feed gas was 100 mL h�1

C3H6 removal = (C0�C)/C0 � 100%.

3. Results and discussion

The XRD patterns of NTA and N-NTA(400–700) are shown

in Fig. 1a. Before NH3 treatment, the crystalline form of NTA

belongs to the orthorhombic system. It can be seen that at

T r 300 1C the orthorhombic crystal form remains un-

changed. But at T = 400 1C, a phase transformation from

orthorhombic to anatase happens. The peak (101) intensity of

anatase increases with NH3 treatment temperature within T=

400–600 1C (see Fig. 1b), which demonstrates that the forma-

tion of the crystalline anatase structure is gradually enhanced.

However, at T= 700 1C, accompanied with the appearance of

the TiN phase (2y = 37.291, 43.271, Fig. 1a), the peak (101)

intensity of anatase decreases (see Fig. 1b). The morphologies

of as-prepared NTA and N-NTA(400–700) are shown in

Fig. 2. As Fig. 2a inset displays, the four-layered nanotube

has a structure with inner diameter 6.4 nm, outer diameter

9.3 nm and distance between adjacent layers ca. 0.8 nm, the

detailed description of its morphology and structure have been

reported elsewhere.21,22,24,25 After treatment under an NH3

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1038–1047 | 1039

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
1 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

94
98

F

View Article Online

http://dx.doi.org/10.1039/b719498f


flow at T=400–700 1C, the nanotube morphology breaks and

converts into nanobundles (Fig. 2b–e). The BET surface areas

change from 379 m2 g�1 (NTA) to 161, 93, 90, 59 m2 g�1 for

N-NTA(400, 500, 600, 700), respectively, while the nanobun-

dle sizes also become larger from E10 nm for N-NTA(400) to

E30 nm for N-NTA(700) for nanobundles diameters (Fig.

2b–e). The color of the samples changed with NH3 treating

temperature, i.e. from white for NTA through gray for

N-NTA(400), light yellow for N-NTA(500), yellow for

N-NTA(600) to black for N-NTA(700), respectively. These

color changes show that the process of dehydration and

nitridation reactions during high-temperature NH3 treatment

is very complex.

Table 1 and Fig. 3 demonstrate the changes of visible light

photoactivity for N-NTA(400–700) and N-P25(400–700) as a

function of NH3 treating temperature. Both as-prepared NTA

and raw P25-TiO2 are inert. It can be seen from Fig. 3 that the

N-NTA(400–700) samples showed higher visible light photo-

activity than that of N-P25(400–700). With the increase of

NH3 treating temperature, both series of samples have a

maximum propylene removal situated at T = 600 1C, 24.9%

for N-NTA(600) and 7.3% for N-P25(600), respectively. The

former is 3.4 times that of the latter. The specific surface areas

of N-NTA(600) and N-P25(600) equal to 90 and 41 m2 g�1,

respectively, so the ratio of specific activity calculated is 1.5.

As T = 700 1C, the activities of both N-NTA(700) and

N-P25(700) decrease to close to zero. The inset in Fig. 3

indicates that the dependence of CO2 production on T. If

C3H6 was completely oxidized, 1 mole C3H6 should produce 3

moles of CO2. However, the selectivity of CO2 formation

calculated was only ca. 80% and 60% for N-NTA(600) and

N-P25(600) samples, respectively. This suggests that the visible

light photoassisted oxidation of C3H6 was incomplete. Com-

paring to the N-TiO2 study on the photooxidation of C2H4 by

Kumar et al.,26 CO2 produced in incomplete oxidation under

visible light illumination was used to evaluate its activity.

The DRS spectra of as-prepared NTA, raw P25-TiO2 and

N-NTA(400–700) are shown in Fig. 4. Compared to NTA and

P25-TiO2, N-NTA(400–700) spectra have a continuous ab-

sorption band at l Z 400 nm, but do not possess steep

absorption edges in the visible light region. For the DRS

spectra of N-NTA(400–700), it can be considered that such

visible light absorption might be due to the effect of lattice

defects, rather than band to band transitions.16,27 According

to the Kubelka-Munk theory,28–30

K/S = (1 � RN)2/2RN (1)

where, RN represents reflectance, K and S characterize the

losses resulted from absorption and scattering, respectively. If

S is independent of wavelength, then the absorptivity (K) is

proportional to (1� RN)2/2RN. Fig. 4 (inset) displays that the

absorptivity at 500 nm first decreases and then increases from

400 to 600 1C, as the black-colored N-NTA(700) can absorb

nearly all the visible light. If we compare Fig. 4 with Fig. 3, it is

obvious that the photoactivity of N-NTA(400–700) has no

direct relation with the visible light absorptivity.

Many papers have reported that N-doped TiO2 prepared by

various methods show visible light photoactivity.1–19 How-

ever, the chemical state of the doped nitrogen in the N-TiO2

lattice is still under discussion. Fig. 5 shows the XPS spectra of

N-NTA(400–700) samples for N1s core levels. It can be seen

from Fig. 5 that only one kind of N species was detected for

the N1s level corresponding to a binding energy of 400.2 eV

for the N-NTA(400–600), which Asahi et al.2 and Schmuki

et al.13 have assigned to be molecularly chemisorbed g-N2.

Sato et al., however, believed that this is implausible because

molecular N2 cannot be chemisorbed on metal oxides such as

TiO2 at room temperature.31 Gole, Burda et al.7–10 studied

their N-doped TiO2 samples prepared by direct nitridation

using alkylammonium salts or triethylamine, also pointed out

the miss-assignment of the 400 eV XPS peak to molecular N2

by Asahi,2 and assigned the peak centered in the range

400.7–401.3 eV obtained by them to N in Ti–O–N bond-

ing.7–10 Rodriguez et al. studied the interaction of NO2 with

Zn by XPS and assigned an N1s peak at 400 eV to be adsorbed

NO.32 Summarizing the references,7–10,31–33 we can conclude

that the preparation methods and conditions used to form

N-doped TiO2 affect the XPS spectral features for nitrogen

and that the N1s peak energy value for NO varies within a

Fig. 1 (a) XRD patterns of NTA and N-NTA(400–700) prepared by treating NTA in an NH3 flow for 4 h at temperatures of 400–700 1C,

respectively. (b) The dependence of peak (101) intensity on NH3 treating temperature.

1040 | New J. Chem., 2008, 32, 1038–1047 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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range of 400 to 401.3 eV. Eb(N1s) = 400.2 eV given by us in

Fig. 5a–c should be confirmed to be N in NO. When the NH3

treatment temperature increased to 700 1C, a strong N1s peak

at Eb(N1s) = 396.4 eV emerged (Fig. 5d). Many researchers

have reported that the N1s peak centered at 396–397 eV

should be assigned to an N bound to Ti.6,34–37 The above

results thus imply that, at T = 400–600 1C, NH3 reacted with

the O atom of NTA to form NO, at T = 700 1C, NH3 mainly

reacted with the Ti atom of NTA to produce a new phase TiN

(Fig. 1), while the NO formation is dramatically reduced

(Fig. 5d).

Table 2 and Fig. 5e show the change of surface nitrogen

concentration with T. Comparing Fig. 3 with Fig. 5e, we can

find that there is no direct relationship between the visible light

photoactivity and surface nitrogen concentration of

N-NTA(400–700). To the contrary, the smaller the surface

nitrogen doping, the higher the photoactivity for

N-NTA(600). Accompanying the formation of the TiN phase

(surface N concentration reaches 11.92%), the photoactivity

of N-NTA(700) is lost, which is in agreement with Diwald’s

results that Ti–N bonding contributes negatively to visible

light photoactivity.37 Since Ti–N bonding is not involved in

N-NTA(400–600 1C), the expectation that the valence band

Fig. 2 TEM pictures of NTA and N-NTA(400–700) prepared by treating NTA in an NH3 flow for 4 h at temperatures of 400–700 1C,

respectively: (a) NTA; (b) N-NTA400; (c) N-NTA500; (d) N-NTA600; (e) N-NTA700.

Table 1 Visible light photoactivity of N-NTA(400–700) and
N-P25(400–700)

NH3 treating temperature 1C 400 500 600 700

C3H6 removal, % N-NTA 12.6 21.0 24.9 0
N-P25 0 3.1 7.3 0.36

CO2/C3H6 mole ratio N-NTA 1 1.5 2.4 0
N-P25 0 1.3 1.9 1

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1038–1047 | 1041
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will be shifted in the negative direction by mixing N2p and

O2p states to narrow the band gap is impossible to realize.

This point was also proposed by Serpone et al.17 and Majima

et al.38 Table 2 shows that the N/O and N/Ti atomic ratios of

N-NTA change greatly, while the O/Ti atomic ratios remain

within 3.2 � 0.2. Fig. 6a–c indicate that the oxidation state of

Ti in N-NTA(400, 500, 600) samples is identical to Ti4+ with

Eb(Ti2p3/2) = 458.9 eV.39 But in the deconvolution spectrum

of N-NTA(700) (Fig. 6d), a new peak at Eb(Ti2p3/2) = 457 eV

appears, which represents Ti in Ti–N bond.34

It is well known that metal-ion doping can extend the

spectral response of TiO2 into the visible light region from

the ultraviolet.40–44 Sato et al. suggested that the role of NO

contained in N-doped TiO2 is similar to that of metal-ion

sensitization because the doped N is in an oxidized state in

NO.31 The oxygen vacancies within the TiO2 lattice can also

lead to visible light absorption.45,46 Using a helium-atom

model, Cronemeyer had calculated the ionization energies

for a two-electron-trapped oxygen vacancy (effective charge

= 0, denoted as Vo
�) in rutile TiO2.

47 The ionisation energy

for the first electron (E1) equals 0.73 eV (upwards toward the

bottom of conduction band, experimental value = 0.75 eV);

the ionization energy for the second electron (E2), i.e. at the

level of a single-electron-trapped oxygen vacancy (denoted as

Vo
�), is calculated to be 1.64 eV (experimental value =

1.18 eV). E1 can be moved towards the bottom of conduction

band (Ecb) with the increase of oxygen-vacancy concen-

tration (Nd):
48

Ecb � E1 = 0.75 � 2.88 � 10�9 N1/3
d (2)

In eqn (2), when Nd = 1.9 � 1025 m�3, Ecb � E1 = 0. The

weight loss of NTA treated at T Z 400 1C to convert to TiO2

is ca. 17%,49 the oxygen-vacancy concentration (Nd) estimated

in the TiO2 lattice is 41.9 � 1025 m�3, which means: (i) E1 is

immersed in the conduction band; (ii) only the levels of Vo
�

(E2) remain in the band gap of TiO2. TiO2 has a high dielectric

constant.47 The g factor of electrons trapped in the oxygen

vacancies of TiO2 converges to that of free electrons (2.0036),

and a number of papers have reported that TiO2 with Vo
�

shows a characteristic ESR signal at g = 2.003 � 0.001.50–53

The symbol Vo
� is also called on F-center.

Oxygen vacancies co-existing with two Ti3+ sites in TiO2

can be obtained by H2 reduction or by vacuum outgassing at

high temperature.45,46 Such oxygen vacancies are easily re-

occupied by the oxygen in the atmosphere. In our previous

work, we have found that TiO2 (anatase) prepared by treating

NTA in ambient air contains a large amount of Vo
�

sites,26,30,49,54 which were very stable in air atmosphere. By

means of a visible-light photoluminescence study on this novel

TiO2, Qian et al. found that a sub-band forms within its band

gap (sub-band width equals 0.48 eV).53 Wang et al. reported

that this novel TiO2 is responsive to visible light, but it is

inactive for the visible-light photocatalytic oxidation of

C3H6.
55 Here a question is raised: Why is N-NTA(400–600)

(i.e. N-doped anatase TiO2) obtained by treating NTA in an

Fig. 3 Visible light photoactivity of N-NTA(400–700) and N-P25(400–700) evaluated by C3H6 removal(vol%). Inset: Change of CO2 production

with NH3 treating temperature.

Fig. 4 UV-visible diffuse reflectance spectra of NTA, P25-TiO2 and

N-NTA(400–700) prepared by treating NTA in an NH3 flow for 4 h at

temperatures of 400–700 1C, respectively. Inset: change of visible light

absorptivity at 500 nm with NH3 treating temperature.

1042 | New J. Chem., 2008, 32, 1038–1047 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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NH3 flow not only responsive to visible light but also shows a

high visible-light photoactivity (Fig. 3)? Shown in Fig. 7 are

ESR spectra of N-NTA(400–700) samples. One can see that

N-NTA(400) displays a symmetrical ESR peak centered at

3484G, g = 2.004, H (peak width) = 6G (Fig. 7a), which

represents the characteristic Vo
�. This feature suggests that

when air atmosphere for the thermal treatment of NTA was

replaced by NH3 at T = 400 1C, Vo
� also formed in TiO2

(anatase). Accompanying this, as the NH3 treatment tempera-

ture increased to 500 1C and 600 1C, the intensity of the g =

2.004 peak (h) is enhanced, and at the same time two weak

peaks (3454G, g = 2.023; 3516G, g = 1.987) appear at its

both sides of the major peak (Fig. 7b and c). The distance from

the weak peaks to the g = 2.004 peak center is 32 � 1 G.

Different assignments for such a triplet displayed by TiO2,

which was prepared by hydrolyzing TiCl4 with aq. NH3 and

then treating under referring conditions, have been reported.

In 1966, Iyengar and coworkers assigned the triplet to surface

adsorbed O2
+ species.56 In 1968, Fukuzawa et al. assigned it

to a solid-state defect.57 In 1971, the triplet was re-studied by

Iyengar et al. and its assignment was modified to be some

paramagnetic nitrogen oxides (NO, NO2, NO2
�, NO2

2�).58 In

2005, Prokes et al.10 reported the surface modification of TiO2

nanostructures to incorporate nitrogen and form visible light

absorbing titanium oxynitride centers, ESR performed on

these samples identified a resonance at g = 2.0035, which

was attributed to an oxygen hole center created near the

surface of the nanocolloid. Recently, Giamello et al.59

Fig. 5 N1s XPS spectra of N-NTA(400–700) prepared by treating NTA in an NH3 flow for 4 h at temperatures of 400–700 1C, respectively: (a) N-

NTA400 ( centered at 400.3 eV); (b) N-NTA500 ( centered at 400.2 eV); (c) N-NTA600 (centered at 400.2 eV); (d) N-NTA700 (peaking at 400.2

and 396.4); (e) dependence of surface N concentration on NH3 treating temperature.

Table 2 Surface atomic concentration of N-NTA(400–700)

NH3 treating temperature 1C 400 500 600 700

O, % 75.73 74.93 74.70 68.07
Ti, % 22.87 24.42 24.85 20.01
N, % 1.39 0.66 0.44 11.92
N/Ti 0.061 0.027 0.018 0.60
N/O 0.018 0.009 0.006 0.18
O/Ti 3.3 3.1 3.0 3.4

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1038–1047 | 1043

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
1 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
71

94
98

F

View Article Online

http://dx.doi.org/10.1039/b719498f


reported the existence of two different triplet ESR signals for

N-TiO2 samples, which were prepared by mixing a solution of

titanium(IV) isopropoxide in isopropyl alcohol with a solution

of NH4Cl in water. The sample was then dried and calcinated

in air. Giamello et al. assigned the first feature as molecular

NO permanently trapped in the crystal and the second to a

nitrogen based paramagnetic center (NO2
2�). Livraghi et al.

investigated N-TiO2 (anatase), prepared by the same method

as Giamello et al.,59 with a combined experimental (ESR,

DRS) and a theoretical approach.16 They assigned the triplet

signal to be a unique signal of N�, that is split into three peaks

by the hyperfine interaction of the unpaired electron with the

nucleus of one single N atom, and proposed that the origin of

photoactivity of N-doped TiO2 is N
� centers. But in this paper,

Livraghi et al. did not show us XPS results about the chemical

state of N with O and Ti in N-TiO2. And some unpublished

results about N-P25(600–700) obtained by us suggest that it is

not proper to assign the triplet signal to be a unique signal of

N� (see supplementary materialw).
Systematically considering the characterization of the re-

sults of N-NTA(400–700), here we put forward a new expla-

nation for the triplet ESR signals shown in Fig. 7b–d. The

g = 2.004 main peak in the triplet is contributed by Vo
�. The

motion of an unpaired electron trapped in an oxygen vacancy

will be inevitably modified by the interrelated crystal field and

adsorbed polar molecules. The synergistic action of TiO2

crystallinity and chemisorbed NO on Vo
� could be the reason

for the formation of two weak peaks (g = 2.023, 1.987)

superposed on the Vo
� signal: (i) although the surface NO

concentration of the sample N-NTA(400) is higher (Table 2, N

atomic% = 1.39), no weak peaks appear (Fig. 7a). This is

likely due to the poor anatase crystallinity (Fig. 1); (ii) for

samples N-NTA(500) and N-NTA(600), the anatase crystal-

linity becomes well defined (Fig. 1), though the surface NO

concentrations are less than N-NTA(400) (Table 2), two weak

peaks form. Early in 1981, on 500 1C-vacuo-reduced TiO2,

Serwicka et al. have found the interaction between Vo
�

(g= 2.003) and adsorbed molecules with high electron affinity

at room temperature.50 After adsorption of O2, SO2,

C6H5NO2 and SF6, the symmetrical ESR signal at g =

2.003 enhanced, while the Ti3+ signal (g = 1.95) greatly

reduced or disappeared. Interestingly, the adsorption of

C6H5NO2 on 500 1C-vacuo-reduced TiO2 clearly demon-

strated a triplet ESR spectrum at room temperature, and they

assigned the triplet as the superposition of Vo
� and C6H5NO2

�

signals.

Comparing Fig. 3 with Fig. 7, it can be seen that the visible

light photoactivity of N-NTA(400–700) is obviously corre-

lated with the intensity of the g = 2.004 peak (h), which

implies that the Vo
� defects formed in a well crystallized TiO2

surface layer and accompanied with chemisorbed NO should

be a key structure for the appearance of visible-light photo-

activity. Scheme 1 describes the photoactive centre Vo
�-

NO–Ti, where NO is an interstitial molecule between Vo
�

and Ti in anatase TiO2, and an O atom in NO links to Ti.

Generally speaking, the lattice defects, Vo
�, of a

Fig. 6 XPS spectra (Ti 2p) of N-NTA(400–700) prepared by treating NTA in an NH3 flow for 4 h at temperatures of 400–700 1C, respectively. (a)

N-NTA400; (b) N-NTA500; (c) N-NTA600; (d) N-NTA700.
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semiconductor play the role of recombination centers for

photogenerated charges which emit a photon or heat. So, as

stated above, TiO2, with Vo
� but without NO, obtained by

thermal treatment of NTA in air atmosphere does not exhibit

visible light photoactivity. The results shown in Fig. 8 and 3

indicate that the photoluminescence intensities [IPL(400) 4
IPL(500) 4 IPL(600), at lex = 470 nm] are in a reverse

correlation to the photoactivity. This phenomenon suggests

that the interstitial NO between Vo
� and Ti can suppress the

photoluminescence of Vo
� defects. Emeline et al. also found

that the role of N-doping lies in the stabilization of some

defects (color centers) as a result of the defect charge compen-

sation effect.19 Under these circumstances, the photogenerated

charges can transfer to surface reactive sites to conduct redox

reactions. The energy relation for the N-doped TiO2 photo-

catalytic redox processes is shown in Scheme 2. The lattice

defects Vo
� generated during NH3 treatment form a sub-band

within the band gap of TiO2 (anatase), which results in visible

light absorption.

Fig. 7 ESR spectra of N-NTA(400–700) prepared by treating NTA in an NH3 flow for 4 h at temperatures of 400–700 1C, respectively: (a) N-

NTA(400); (b) N-NTA(500); (c) N-NTA(600); (d) N-NTA(700); (e) Dependence of g = 2.004 peak height (h) of N-NTA on NH3 treating

temperature; (f) N-P25(600).

Scheme 1 The model for photoactive center of Vo
�-NO–Ti: NO is an

interstitial molecule between Vo
� and Ti in anatase TiO2, and an O

atom in NO links to Ti.
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Based on above discussion, the formula for the NH3 treat-

ment of NTA at T = 400–600 1C may be written as:

H2Ti2O5 �H2O ðorthorhombicÞ
�!�H2O

TiO2�xðV�oÞx ðanataseÞ ð3Þ

TiO2�xðV�oÞx �!
NH3

TiO2�x�yðV�oÞxþyðNOÞy ð4Þ

The reaction takes two steps: (i) accompanying the dehydra-

tion, NTA converts from the orthorhombic form to anatase

TiO2�x(Vo
�)x; (ii) NH3 reacts with an oxygen atom of

TiO2�x(Vo
�)x to form NO with an additional Vo

�, NO will

be chemisorbed in the vicinity of Vo
�.

At T = 700 1C, a transition temperature for the NH3

treatment of NTA, TiN forms (formula 5). Though TiN can

strongly absorb visible light (Fig. 4), it is inert for the photo-

assisted oxidation of C3H6 (Fig. 3):

TiO2�xðV�oÞx �!
NH3

Ti1�yO2�xðV�oÞxðTiNÞy ð5Þ

Why is the photoactivity of N-NTA(400–600) higher than that

of N-P25(400–600) (see Fig. 3)? It may be that TiO2�x(Vo
�)x is

chemically more active than P25-TiO2, and that reaction (4)

takes place more easily to form Vo
�-NO–Ti centers. The

intensity of the g = 2.004 peak for N-NTA(600) (Fig. 7c,

h = 250 000) is ca. 3.4 times of that for N-P25(600) (Fig. 7f,

h = 73000), in accordance with the ratio of their apparent

visible light photoactivity.

4. Conclusion

N-doped TiO2 (anatase) with high visible light photoactivity

was obtained by treating nanotube titanic acid (NTA) in an

NH3 flow at T= 400–600 1C, as a large amount of Vo
� defects

form a sub-band within Eg(TiO2) to extend the optical absorp-

tion of N-doped TiO2 samples into the visible region. The

doped nitrogen was in the form of NO and contained in well-

crystallized TiO2. The photoactive centers Vo
�-NO–Ti can

effectively suppress the PL properties of Vo
� defects so as to

facilitate photogenerated charge transfer to the surface reac-

tive sites to conduct redox reactions, where NO is the inter-

stitial molecule between Vo
� and Ti in anatase TiO2, and the O

atom in NO links to Ti. This could suggest that the higher the

Vo
�-NO–Ti concentration, the better the visible light photo-

activity.
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