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’ INTRODUCTION

Titanium dioxide (TiO2) has received much attention recently
as a promising material for use in photochemical applications as a
photocatalyst since the discovery that water molecules or organic
pollutants are decomposed on TiO2 under ultraviolet (UV)
irradiation.1�5 TiO2 has the advantages of being both inexpensive
and nontoxic, in addition to its excellent functionality and long-
term stability. However, TiO2 becomes active in photoexcitation
only under UV-light irradiation with energy greater than its band
gap (about 3.2 eV).3,4 Our ultimate purpose is to produce a
photocatalyst that can operate efficiently under visible-light
irradiation. The efforts have so far been directed toward develop-
ing visible-light-responsive materials by reducing the band
gap of TiO2; such approaches are accompanied by doping
with impurities in the material. Samples that include metal
impurities,6�11 oxygen-deficient,12,13 carbon,14�17 nitrogen,18�27

fluorine,28�31 or sulfur,17,32 as well as coupling with narrow-band-
gap semiconductors,33,34 have been prepared, and their sensitiv-
ities to visible light have been examined. In particular, the
nitrogen-doped material has received much attention since Asahi
et al. reported its activity by using a film-type material.19 A visible-
light-responsive TiO2 powder sample is also potentially useful in
photocatalytic reactions; hence, powdered nitrogen-doped titania
is advantageous for practical use as a functional material.35�45

Generally, the powdered or filmy nitrogen-doped TiO2 sample is
prepared by reaction with N2 or NH3 at high temperatures;

46�48

however, the samples thus prepared have a low surface area, as well
as a rutile structure, causing lower reactivity in photocatalytic
processes. Considering such circumstances, the preparation of
titanium oxynitride, TiO2�δNδ, having a larger surface area under
wet or mild conditions is a very significant subject and presents
advantages over various other methods.18,49�53 From such view-
points, it would be epoch-making if nitrogen doping onto the high-
surface-area tubular TiO2 was possible. Actually, it may become
feasible to achieve such characteristics on a tubular TiO2 by taking
account of the recently reported result that this type of tubular
sample exhibits a very unusual surface nature as an acid site.54,55

In this experiment, we succeeded in achieving visible-light
responsiveness on tubular TiO2 samples through the treatment
of tubular TiO2 that has a large surface area with an aqueous
solution of ammonia or triethylamine (TEA) at room tempera-
ture and subsequent calcination at 623 K, according to the
dependence of their reactivity on the surface states of the tubular
sample. The photocatalytic properties of the respective tubular
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ABSTRACT: We succeeded in achieving visible-light respon-
siveness on a tubular TiO2 sample through the treatment of a
tubular TiO2 that has a large surface area with an aqueous
solution of ammonia or triethylamine at room temperature and
subsequent calcination at 623 K, which produced a nitrided
tubular TiO2 sample. It was found that the ease of nitridation is
dependent on the surface states; washing the tubular TiO2

sample with an aqueous acidic solution is very effective and
indispensable. This treatment causes the appearance of acidic
sites on the tubular TiO2, which was proved by the following
experiments: NH3 temperature-programmed desorption and
two types of organic reactions exploiting the acid properties. The prepared samples, TiO2�δNδ, efficiently absorb light in the visible
region, and they exhibit a prominent feature for the decomposition of methylene blue in an aqueous solution at 300 K under
irradiation with visible light, indicating the achievement of visible-light responsiveness on the tubular TiO2 sample. This type of
tubular TiO2�δNδ sample has merit in the sense that it has a large surface area and a characteristic high transparency for enabling
photocatalytic reactions because it has a tubular structure and is composed of thin walls.



9949 dx.doi.org/10.1021/ic200424v |Inorg. Chem. 2011, 50, 9948–9957

Inorganic Chemistry ARTICLE

samples were also examined for the photodegradation of methy-
lene blue (MB), as a typical example.

’EXPERIMENTAL SECTION

Sample Preparation. Tubular titania was synthesized by a hydro-
thermal treatment of a typical P-25 sample, TiO2(P-25) (4 g), in an
aqueous solution of NaOH (10 M, 100 cm3); the hydrothermal treat-
ment in a 150 cm3 Teflon-lined autoclave was performed at 413 K for
72 h.56�67 After the hydrothermal reaction, the precipitate obtained was
thoroughly washed with distilled water until there was no further change
in the pH value of the supernatant solution. The sample thus obtained,
which shows a tubular structure, is abbreviated as T-TiO2(W). The
tubular sample prepared by treatment with NaOH was also immersed in
an aqueous solution of 1 M acetic acid (HAC), followed by sonication.
This washing process was repeated more than 10 times, and finally the
product was washed thoroughly with distilled water to give T-TiO2(AC).
The T-TiO2(AC) sample (4 g) was dispersed into distilled water
(20 cm3) under ultrasonic treatment conditions for 10min. The resultant
suspension was subsequently treated in an ultrasonic bath for 10 min by
adding an aqueous solution of NH3 (28 wt %, 40 cm3), followed by
drying at 303 K. The resultant precipitate was finally annealed at 623 K
for 4 h in an atmosphere of dioxygen, resulting in the formation of a
nitrogen-incorporated tubular sample, T-TiO2�δNδ(NH3). Similar sam-
ples having different amounts of doped nitrogen in T-TiO2 were
prepared by treating the T-TiO2(AC) sample with TEA; the T-TiO2-
(AC) sample was dispersed in an aqueous solution (100 cm3) including
1.0 (or 5.0) wt % TEA, followed by sonication for 10 min. Then, the
preparedmaterials were dried at 303 K for 24 h, followed by calcination at
623 K for 4 h. These samples are abbreviated as T-TiO2�δNδ(TEA01)
and T-TiO2�δNδ(TEA05), respectively. The TiO2 sample that was
obtained by hydrolysis of titanium isopropoxidewith an aqueous solution
of NH3 and subsequently calcined at 623 K was used as the reference
sample, abbreviated as TiO2(hydrolysis-NH3).

23

Transmission Electron Microscopy (TEM) and X-ray Dif-
fraction (XRD) Measurements. All samples were imaged with a
JEOL JEM-2010F transmission electron microscope equipped with a
LaB6 crystal for electron generation. A few milligrams of each sample
were suspended in methanol, and the solution was dispersed by sonica-
tion for 5 min. A drop of this solution was then placed on a TEM grid
(copper grid covered with electric arc-deposited carbon) and allowed to
dry in air under a lamp. For image acquisition, the applied voltage was set
between 80 and 200 keV.

Phase and crystallinity identifications of the tubular samples were
performed with powder XRD using a Rigaku diffractometer (MiniFlexII)
with Cu Kα radiation (λ = 1.541 84 Å) under the operating conditions of
30 kV and 15 mA.
Diffuse-Reflectance (DR) SpectralMeasurements.UV�vis�

near-IR DR spectra were recorded at 300 K in the wavelength range of
200�2500 nm using a spectrophotometer (Jasco V-570) equipped with
an integral sphere attachment to obtain the DR spectra of the samples.
The powdered sample was placed in a vacuum reflectance cell made of
fused silica. The samples were evacuated at various temperatures under
in situ conditions without exposure to environmental gases. Spectralon
(Labsphere USA) was used as the reference material.
IR Spectral Measurements. Fourier transform infrared (FTIR)

spectroscopic measurements were performed at 300 K by accumulating
64 scans at a nominal resolution of 2 cm�1, using a Digilab FTS-
4000MXK FTIR spectrophotometer equipped with a triglycine sulfate
detector. The sample was pressed into pellets with 10 mm diameter and
placed in an in situ cell capable of withstanding pretreatment at high
temperatures and adsorption�desorption (evacuation) operations in the
in situ condition. First, the sample was evacuated at various temperatures,
subjected to treatment with dioxygen under an equilibrium pressure of

1.3 kPa, and then exposed to NH3 vapor, followed by evacuation at the
chosen temperatures. The equilibrium pressure of the adsorbing gas was
monitored with an MKS Baratron-type 390 B transducer.
Raman Spectral Measurements. Raman scattering measure-

ments were performed in the backward-scattering geometry using a
Ventuno 21 NRS-1000 instrument (Jasco) at room temperature. The
Raman spectra were accumulated 32 times from 40�1200 cm�1 with a
slit width of 300 μm and a spectral resolution of 14.09 cm�1. The
532.0 nm line of a solid laser (Nd:YVO4 with a nonlinear optical crystal
inside the laser cavity) was used for excitation at a power level of 100
mW. The spectrometer was equipped with a CCD camera detector.
X-ray Photoelectron Spectroscopy (XPS) Measurements.

XPS measurements were carried out using the advanced XPS imaging
spectrometer AXIS-HS (Shimadzu) with a Mg Kα source to analyze the
surface states, especially the states of doped nitrogen, of various samples.
An electron gun was used to neutralize the surface charging occurring for
insulated samples. Because of a carbonaceous residue on the samples, the
peak of C1s at 284.8 eV was used for internal calibration of the energy
scale. All samples were first degassed at 300 K under a reduced pressure
of 1.3 � 10�7 Pa. The nitrogen amounts doped in the various samples
were evaluated based on the data reported by Wagner et al.68

N2 Adsorption and Desorption Isotherm Measurements.
The pore structures and surface areas of the samples were determined
from N2 adsorption and desorption isotherms at 77 K using an automatic
adsorption apparatus (BEL Japan, Inc., type BELSORP-max). Prior to
adsorption of N2, each sample was degassed at 343 K for 4 h. The surface
areas of the samples were evaluated by applying the obtained isotherms
to the Brunauer�Emmett�Teller equation. The pore-size distribution
was calculated from the adsorption branch using the Barrett�Joyner�
Halenda method.
Temperature-ProgrammedDesorption (TPD)Measurements.

TPD experiments were performed using a BELCAT-A apparatus (BEL
Japan, Inc.) with a thermal conductivity detector (TCD) based on a typical
four-element tungsten�rhenium filament and/or a mass spectrometer
(BELMass) using a quadrupole mass analyzer as the detector. In each TPD
measurement, the samples were first purged by helium (flow rate: 50 mL
min�1) at 300K for 2 h,with the conditions for theTPDmeasurements being
as follows: heliumwas used as the carrier gas at a rate of 30mLmin�1, and the
heating rate was 10 K min�1 to 873 K.
Degradation Reaction of MB. The photocatalytic activity of each

sample was tested by the degradation of MB. An amount of 10 mg of
photocatalyst was calcined at 623 K for 6 h and then dispersed in 100 cm3

of a MB aqueous solution (2.0 � 10�5 M). The mixture was stirred for
1 h in the dark and then filtered. These operations were repeated to reach
MB adsorption equilibrium on the photocatalyst. Then, the sample,
which had completely adsorbed MB, was dispersed in 30 cm3 of a MB
aqueous solution (1.0 � 10�5 M). The photocatalytic reaction was
performed in a quartz reactor irradiated by a 100 W xenon light source
(Asahi spectra, LAX-Cute). To limit the irradiation wavelengths, the light
beam was passed through a Y-44 filter (Hoya Candeo Optronics) to
obtain a wavelength range of 440�700 nm. After the mixture was
irradiated for 1 h, the catalyst was recovered by filtering, and the light
absorption of the solution was measured with a UV�vis spectropho-
tometer (Jasco V-550).

’RESULTS AND DISCUSSION

1. Recognition of the Surface Acidic Properties of the
Prepared Tubular Sample. Surface characterization of the
tubular TiO2 sample T-TiO2(AC), which has an acidic nature,
is essential to examine the reactivity for nitridation of this sample
by utilizing simple molecules with a basic nature, such as
ammonia and TEA.54,55 The TPD experimental procedure is
appropriate to determine the surface acidic properties.55,69 The
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amount and number of different types of surface acidic sites can
be evaluated based on this measurement. Ammonia was selected
as a probe molecule because it is used as the reactant for
nitridation of the tubular TiO2 sample in this experiment and
also is recognized as a suitable compound by taking into account
the size of the molecule. In the present case, it is expected that a
large amount of water also exists on the surface, simultaneously
with ammonia. Therefore, great difficulty will be encountered in
a TPD experiment utilizing the TCD method because of the
simultaneous desorption of both H2O and NH3 from the
T-TiO2(AC) sample treated with ammonia. To avoid such a
problem, we used the mass analysis method for detection of the
respective gases. In this experiment, mass numbers of 16 and 18
were utilized for detection of the respective molecules, by taking
account of the cross section of NH3 andH2O. In the present case,
two types of dominant desorption bands are observed in the
TPD because of H2O and NH3 for the NH3-treated sample,
T-TiO2�δNδ(NH3), as shown in Figure 1: the band centered at
around 423 K is due to desorbed H2O, which shows a shoulder
toward higher temperature and a band at around 533 K for NH3,
which exhibits a symmetrical desorption nature. The TPD
spectra observed are also given in Figure S1 in the Supporting
Information, in which a TCD was used as the detector. The
observed tendencies are very consistent with the desorption
behavior observed by the IR method (1435 cm�1 band, de-
scribed below). For the T-TiO2(AC) sample, the latter band in
TPD-mass spectrometry (MS) spectra (due to NH3) is hardly
observed and only the former band (due to H2O) was found. As

for the TiO2(P-25) sample, two types of bands were observed at
400 and 473 K, which are ascribable to the desorbed H2O,
although both components are smaller in amount compared
with the band intensity for the tubular sample. Needless to say,
there is no band due to NH3 species for the T-TiO2(AC) and
TiO2(P-25) samples. In addition, it is noteworthy that, even after
the NH3 adsorption on TiO2(P-25), the desorbed NH3 gas was
detected in small quantity and the desorption temperature is
lower than that observed for the NH3-treated T-TiO2(AC)
sample, as shown in the spectrum 2. As for the acidity, the
present sample, T-TiO2(AC), showed slightly weaker Brønsted
or Lewis acidity than those for various types of H-zeolite
samples,70 although its acidity is definitely higher than that
observed for ordinary TiO2 samples, such as TiO2(P-25). In
addition, we also examined a similar experiment utilizing TEA as
a probe molecule for samples treated with an aqueous solution of
1.0 and 5.0 wt % TEA because this molecule is also used as an
agent for nitridation in this experiment. In this case, the mass
number of 86 from the parent peak of TEA was selected for the
detection of desorbed species. The resultant data are also
depicted in Figure 1b. The specific feature for both samples
was obtained as follows. In these cases, the desorption tempera-
ture is higher than that observed for the T-TiO2(AC) sample
treated with ammonia, indicating stronger interaction of the
surface of the T-TiO2(AC) sample with TEA, reflecting themore
basic nature of TEA compared with ammonia.
To determine the acidic nature of the T-TiO2(AC) sample, we

examined the catalytic performance through two types of reac-
tions: the ring-opening reaction of epoxide and a Friedel�Crafts-
type reaction. The detailed experimental procedures are given in
the Supporting Information. For comparison, the same reactions
were also carried out utilizing the starting material TiO2(P-25),
as well as the commercial silica, Aerosil 200, and the MCM-41
sample prepared in our laboratory.71 The present inorganic solid
acid, T-TiO2(AC), is expected to possess a Brønsted acid site
that plays a crucial role in determining the catalytic activity for
these reactions because such reactions proceed efficiently over a
Brønsted acid catalyst. In the first reaction (ring-opening reaction
of epoxide), the lone-pair electrons on the O atom in a styrene
oxide molecule were protonated through attack by H+ arising
from a Brønsted acid site, followed by attack by the nucleophilic
part of methanol onto this carbon center, resulting in the ring-
opening reaction, as shown in Scheme 1a. Another type of
reaction (Friedel�Crafts-type) was started by activation of the
CO group in methyl vinyl ketone through protonation, followed
by attack by the π electrons in indole upon the vinyl group
(Scheme 1b). The results show that the T-TiO2(AC) sample
exhibits remarkably high catalytic performance for the reactions
even at 300 K, with the data being given in Table 1. In the first
reaction, the yield evaluated for T-TiO2(AC) is 73%, that for
TiO2(P-25) is 10%, that for Aerosil 200 is lower than 2%, and
that for MCM-41 is only a trace amount. As for the second
reaction, the yield reached 94% in shorter reaction times for
T-TiO2(AC), in contrast to the silica catalysts (5% and 3%), as
well as the starting material, TiO2(P-25), 17%. From these data,
it is obvious that the T-TiO2(AC) sample has an acidic nature,
although the details of the mechanism for the appearance of this
acidic nature are not clear at the present stage.
2. Verification of the Formation of Nitrided Tubular TiO2

Samples. Figure 2 shows the DR spectra for typical samples,
TiO2(P-25), T-TiO2(AC), TiO2(hydrolysis-NH3), T-TiO2�δ-
Nδ(NH3), T-TiO2�δNδ(TEA01), and T-TiO2�δNδ(TEA05),

Figure 1. (a) TPD-MS spectra for H2O and NH3 of the respective
samples: (1) TiO2(P-25); (2) NH3-adsorbed TiO2(P-25); (3) T-TiO2-
(AC); (4) T-TiO2�δNδ(NH3). Each sample had been dried at 300 K. In
this graph, the spectra for samples 1 and 2 are multiplied by 5 in y values
of the original data. (b) TPD-MS spectra for H2O and N(C2H5)3 of the
respective samples: (1) T-TiO2�δNδ(TEA01); (2) T-TiO2�δNδ-
(TEA05). Both samples had been dried at 300 K.
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which were measured at room temperature after calcination at
623 K. It is well-known that TiO2 is generally obtained as a white
powder having a band-gap energy of ca. 3.2 eV;3,4 both T-TiO2-
(AC) and TiO2(P-25) samples only absorb light with a wave-
length shorter than 400 nm (spectra 1 and 2). In addition, it is
clearly indicated that the tubular sample has a larger band gap
than TiO2(P-25). A weak shoulder band between 400 and
500 nm was observed for the TiO2(hydrolysis-NH3) that had
been calcined at 623 K, although the band in this region has a
weak intensity (spectrum 3).23 The as-prepared T-TiO2�δNδ-
(NH3) sample, which was prepared by just treating the T-TiO2-
(AC) sample with an aqueous solution of NH3 at room
temperature, gave a white powder with no absorption in the
visible-light region. In comparison, the T-TiO2�δNδ(NH3)
sample calcined at 623 K was obtained as a pale-yellow powder.
Corresponding to this fact, this pale-yellow sample exhibits a
characteristic shoulder band in the region between 400 and
550 nm, which is clearly distinct from the cases of the calcined
TiO2(P-25) and T-TiO2(AC), indicating the possibility of using
this NH3-treated material as a visible-light-sensitive photocata-
lyst (spectrum 4). The present data clearly indicate the super-
iority of this sample as an absorbent for visible light over the
original samples, namely, both TiO2(P-25) and T-TiO2(AC), as
well as TiO2(hydrolysis-NH3). This tendency is further en-
hanced by treatment with TEA, as can be seen in spectra 5 and 6.
As a result, we can easily tune the amounts of nitrogen doped in
T-TiO2�δNδ using various reagents having different donating
power for nitridation.
First, to achieve more efficient nitrogen doping in the T-TiO2

sample, we examined the effect of the surface state on the ease of
nitridation. The tubular sample just prepared by treatment with
NaOH was immersed in an aqueous solution of 1 M HAC,
followed by sonication, as described in the Experimental Section.
This washing process was repeated more than 10 times. Then,

the prepared samples were treated with an aqueous solution of
ammonia, followed by calcination at 623 K. Variation in the DR
spectra with the number of washings is shown in Figure 2b. For
easy understanding of the changes in the spectra, the y axis of the
DR spectra is given in reflection mode in this figure. The
appearance of a new band in the visible absorption region for

Table 1. Reaction Yields Obtained for the Respective Reac-
tions Tested on the TiO2 and SiO2 Samples

reaction 1 reaction 2

catalyst yield (%) time yield (%) time

T-TiO2 (AC) 73 4 h 94 2 days

TiO2(P-25) 10 3 days 17 6 days

MCM-41 trace 50 h 3 3 days

Aerosil 200 <2 48 h 5 5 days

Scheme 1

Figure 2. (a) DR spectra of the TiO2 samples. All spectra were mea-
sured after calcination of the respective samples at 623 K: (1) T-TiO2-
(AC); (2) TiO2(P-25); (3) TiO2(hydrolysis-NH3); (4) T-TiO2�δNδ-
(NH3); (5) T-TiO2�δNδ(TEA01); (6) T-TiO2�δNδ(TEA05). (b) DR
spectra of the samples (T-TiO2) that had been washed with an aqueous
solution of HAC in different times (1) 0, (2) 2, (3) 6, and (4) 10 and
then treated with an aqueous solution with ammonia, followed by
evacuation at 623 K, and successively treated with dioxygen (1.3 kPa)
at 623 K. To understand easily the change in the spectra, the y axis in this
figure is represented by reflection, as is different from that given in
Figure 2a.
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the calcined samples at 623 K is ascribable to the doping of
nitrogen in the TiO2 lattice as well as on the surface, i.e., to the
appearance of impurity levels in the band-gap regions composed
of O and Ti ions (see also a later section for a discussion of the
XPS data).19 By comparison with the observed spectra, it is
clearly seen that the washed sample exhibits high responsiveness
for visible light with an increase in the number of washings with
an aqueous solution of HAC, indicating the possibility of the
greater effectiveness of the photocatalytic reaction making use of
the light in the visible absorption region, because it is expected
that the prepared sample has almost similar crystallinity and the
starting material is the same. The differences in the surface states
with variation of the number of washings were also checked by
the IR spectra using CO as a probe molecule, with the spectra
being given in Figure S2 in the Supporting Information. Con-
sidering the results of DR and IR spectral measurements, it is
reasonable to infer that the sites formed through the treatment at
higher temperatures, which behave as Lewis acid sites giving the
2195 cm�1 band for the adsorbed CO species, act as reaction
centers for the NH3 molecules, causing insertion of the N atoms
into the lattice.
The observed XRD pattern of the tubular sample prepared in

this work was very consistent with that obtained for the tubular
TiO2 sample reported by Kasuga et al.;56,57 the well-defined
diffraction bands from the lower angle are ascribable to the
diffractions from the (001), (110), (211), and (020) planes
(Figure 3, as one of the assignments).56�62 The samples treated
with HAC, followed by treatment with NH3 or TEA, also give a
pattern similar to that for the original sample, indicating that
these samples retain their tubular structure. In the case of the
TEA-treated samples, the diffraction from the (001) plane is
shifted toward a lower angle. This is ascribable to the expansion
of the layers composed of titanate because of intercalation of
both TEA andH2O into the layers. This fact may be explained by
considering the results obtained by TPD data; a large amount of
water also desorbed simultaneously with TEA.
On the basis of the data described above, the N2 adsorption

data were also measured to obtain fundamental information on
the pore structure of these samples. The N2 adsorption�desorp-
tion isotherms for the samples before and after calcination at
623 K revealed type II isotherms; all isotherms measured reflected
a similar type of isotherm, although the adsorbed amounts were
slightly different, depending on the treatment temperatures of

the samples (all isotherms and pore-size-distribution results are
given in the Supporting Information, Figure S3). The specific
surface areas and pore diameters are summarized in Table 2. All
samples evacuated at 300 K give larger surface areas of ca. 300 m2

g�1, which agrees well with the considerations derived from the
XRD data, i.e., the formation of tubular-type samples. This type of
isotherm exhibits a nature similar to that observed for the original
samples even after heat treatment at 623 K, although a decrease in
the surface area to ca. 250 m2 g�1, being far larger than that for
P-25 (ca. 50 m2 g�1), was observed.72 From these data, we
postulate that different nitrided samples were prepared while
maintaining the tubular morphology.
Raman measurements for the samples were also carried

out, and the spectra are given in the Supporting Information
(Figure S4). The band characteristics of the tubular structure
(181, 274, 397, 455, 663, 835, and 930 cm�1) were also found in
all spectra, supporting retention of the tubular structure for all
samples prepared in this experiment, even after calcination at
623 K.67,73�75 We must say that some crystallization (to the
anatase phase) occurs after calcination at 623 K of the TEA-
treated sample by taking account of the Raman data.
To verify our deduction, we performed TEM measurements

on the samples. Figure 4 shows TEM images of T-TiO2(AC)
used in this experiment as the starting material, the ammonia-
treated TiO2 sample [T-TiO2�δNδ(NH3)], and the TEA-trea-
ted sample [T-TiO2�δNδ(TEA05)], before and after calcination
at 623 K. The shape of the starting material, which was prepared
by hydrothermal treatment of the TiO2(P-25) sample in an
aqueous solution of NaOH, was needlelike, in which a tubular
structure of ca. 5 nm diameter with a wall thickness of 2 nm was
clearly seen. This structure was retained after washing with HAC.
The tubular structure of this sample was completely maintained
after treatment with an aqueous solution of ammonia or TEA at
room temperature. The tubular structure of the respective
samples was basically retained even after treatment at 623 K,
although some amorphous phases could be seen in the samples
treated at this temperature. The presence of some layered
structure was observed in the position forming the wall in the
sample. It was therefore realized that the tubular structure was
made up of the wound titanate layer structure. As a result, it has
become apparent that nitridation was performed for the tubular
sample (T-TiO2) while keeping its structure. This tendency was
also the same for the samples treated with TEA. In this case
[especially the T-TiO2�δNδ(TEA05) sample], some black re-
gions can be seen that may be due to the existence of the
crystallized part; i.e., some crystallization occurred. As shown in
Table 2, the surface areas of the respective T-TiO2(AC) samples
were 370 and 230 m2 g�1, clearly supporting the formation of the
tubular sample and preservation of this structure even after
treatment at high temperatures. Similar tendencies are also
observed for the tubular samples treated with NH3 or TEA;
the tubular structure was preserved even after calcination at
623 K. A tubular TiO2 sample has merit in the sense that it has a
larger surface area and a characteristic high transparency for
promoting reactions because it has a tubular structure and is
composed of thinner walls. Finally, it should also be noted that
TEM, Raman, and pore structural analysis data may indicate some
crystallization occurring in the TEA-treated samples after calcina-
tion at 623K, especially in the sample treatedwith a 5wt% solution.
XPS was measured to determine the states of the nitrided

T-TiO2 samples, shown in Figure 5, together with those for
T-TiO2(W) and T-TiO2(AC). First, the T-TiO2�δNδ(NH3)

Figure 3. XRD data for the respective samples: (1) T-TiO2(W); (2)
T-TiO2(AC); (3) T-TiO2�δNδ(NH3); (4) T-TiO2�δNδ(TEA01); (5)
T-TiO2�δNδ(TEA05).
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sample was calcined at various temperatures. For the sample
treated at 300 K, a broad band assignable to N1s was observed at
around 400 eV, which is represented by the binding energy as the
x axis. The observed band was separated into two dominant
components by a curve-fitting procedure, assuming Gaussian
functions centered at 401.4 and 399.6 eV. With increasing
treatment temperatures, the former band loses its intensity
compared with the intensity of the latter band. The assignment
of XPS features in the NH3-treated T-TiO2(AC) sample, how-
ever, is still under debate, and controversial hypotheses are found
in the literature.19,20,22,24,26,27,41,46,68,76�90 In the case of nitrogen

substitution for the oxygen in TiO2, the electron density around
nitrogen will be reduced, compared with that in TiN.80 Therefore,
the N1s binding energy in N�Ti�O is higher than that in a
N�Ti�N component. Taking into account both these points
and the IR assignment (shown below), we tentatively assigned the
former band to NH4

+ or nitride species (interstitial N�Ti�O)
and the latter to coordinated NH3, NH2 species, or nitrided
species (substituted N�Ti�O).86,87 The band at around 400 eV
“survived” even after calcination at higher temperatures than 623
K, indicating that nitridation of the T-TiO2 sample was verified. In
addition, our assignment of the observed band at around 400 eV
as the nitrogen species substituted for the oxygen in the initial
O�Ti�O structure is in good agreement with the conclusion
independently reported by Sathish et al.,86 Di Valentin et al.,87

Chen and Burda,82 and Wang et al.,90 although there are some
controversies on the assignment of the state of the nitrogen
species formed in TiO2. From this evidence, one may say that the
presence of the substituted nitrogen species was demonstrated by
this experiment.
The N1s XPS spectra for the respective nitrided samples,

followed by calcination at 623 K, are also given in Figure 6,
together with the results of the curve fitting, and the relative areas

Table 2. Surface Areas and Pore Sizes Giving the Maximum Values for Various Types of Tubular TiO2 and Nitrided Samples

evacuated at 300 K calcined at 623 K, followed by evacuation at 300 K

T-TiO2 sample surface area/m2 g�1 pore diameter/nm surface area/m2 g�1 pore diameter/nm

T-TiO2(AC) 371 4 and 20 226 ca. 4 and 20

T-TiO2�δNδ(NH3) 343 4 and 10—20 249 4 and 20

T-TiO2�δNδ(TEA01) 318 4 and 10—25 263 20

T-TiO2�δNδ(TEA05) 264 3�4 and 10 248 4 and 10

Figure 4. TEM images for the respective samples: (a and b) T-TiO2-
(AC); (c and d) T-TiO2�δNδ(NH3); (e and f) T-TiO2�δNδ(TEA05).
(a, c, and e) As-prepared sample (before calcination); (b, d, and f) after
calcination at 623 K.

Figure 5. (a) N1s XPS spectra for the TiO2�δNδ(NH3) sample in the
evacuation and successively dioxygen-treated stages: (1) 300K, (2) 373K,
(3) 473 K, (4) 573 K, (5) 623 K, (6) 673 K, and (7) 723 K. (b) N1s XPS
spectra for the (1) T-TiO2(W) and (2) T-TiO2(AC) samples, which
were evacuated at 300 K.
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for the respective bands of the 623 K treated samples are given in
Table 3. In addition, the atomic ratios (atom %) for the 623 K
treated samples were evaluated from the XPS data (Table 4). In
this calculation, the procedures were as follows. First, the relative
band areas were estimated based on the intensity of the band
resulting from the Ti-2P3/2 species. Second, the atomic ratios for
Ti, O, and N elements were calculated by utilizing the relative
cross-sectional values for Mg Kα radiation.68

Finally, we mention the small component found at around 402
eV after deconvolution of the spectra. It is well-known that
nitrogen oxides give theN1s bands in a wide region on the basis of
experimental as well as literature assignments. Hyponitrite gives a
band at 400 eV, whereas nitrite ion gives a band on the higher-
energy side and another species, NO3

�, also gives a band at
around 407 eV.88 Taking these data into consideration, the small

component observed after deconvolution at around 402 eV may
be assignable to the NO species or some oxidized species formed
on the surface or in the bulk.90

3. Nitridation Process Utilizing the Peculiar Surface Prop-
erties of Tubular TiO2 Samples. To explore the formation
process of the visible-light-responsive tubular titanium oxynitride
(or nitride) sample (T-TiO2�δNδ), the IR spectra, which are
given in Figure 7, were measured for both T-TiO2(W) and
T-TiO2(AC) samples, which exhibited different reactivity in an
aqueous ammonia solution, as described above. In particular, to
obtain information on the relationship between the surface states
of the samples and their reactivity with ammonia, we examined
the IR spectra in the adsorption and reaction processes of NH3

for both samples through treatment with gaseous NH3, followed
by evacuation and subsequent oxidation processes. For the
original T-TiO2(W) sample, three dominant IR bands were
observed at around 1620, 1550, and 1330 cm�1. The first band
is assigned to the H2O bending mode, and the others are due to
carbonate species formed in the preparation process because the
preparation of the sample was carried out under strongly basic
conditions. Exposure to NH3, followed by evacuation at 300 K,
brings about four additional weak bands at 1656, 1605, 1440, and
1207 cm�1. The bands at 1656 and 1440 cm�1 are due to the
formed NH4

+ species {the symmetric bending of NH4
+

[δs(NH4
+)] and the asymmetric bending of NH4

+ [δas-
(NH4

+)], respectively}; the other two bands at 1605 and
1207 cm�1 are due to coordinated NH3 species {the asymmetric
bending mode of NH3 [δas(NH3)] and the symmetric bending

Figure 6. N1s XPS spectra for various kinds of TiO2�δNδ samples that
were prepared by calcination at 623 K after nitridation with NH3 or TEA
with different concentrations: (1) T-TiO2�δNδ(NH3); (2) T-TiO2�δNδ-
(TEA01); (3) T-TiO2�δNδ(TEA05).

Table 3. Relative Band Areas of the Respective Bands Being
Ascribable to N1s to the Band Observed at 399.6 eV for the
T-TiO2�δNδ(NH3) Sample

band

(399.6 eV)

band

(401.4 eV)

band

(402.3 eV)

T-TiO2�δNδ(NH3) 1 0.31

T-TiO2�δNδ(TEA01) 1.13 0.84 0.64

T-TiO2�δNδ(TEA05) 1.71 0.95 0.82

Table 4. Relative Element Ratios (atom %) and Composition
Ratios Based on Titanium, Given in Parenthesesa

Ti O N

T-TiO2�δNδ(NH3) 30.7 (1) 68.4 (2.23) 0.93 (0.030)

T-TiO2�δNδ(TEA01) 30.5 (1) 68.0 (2.23) 1.53 (0.050)

T-TiO2�δNδ(TEA05) 30.5 (1) 67.4 (2.21) 2.09 (0.068)
a Photoionization cross sections of respective elements were obtained
from ref 68.

Figure 7. IR spectra for (a) T-TiO2(W) and (b) T-TiO2(AC) samples.
The samples were evacuated at 473 K and then exposed to NH3 under
the pressure of 1.3 kPa, followed by evacuation and subsequent
oxidation at increasing temperatures: (1) evacuation and subsequent
oxidation at 473 K; (2) exposure to NH3, followed by evacuation and
subsequent oxidation at the respective temperatures (3) 300 K, (4) 323K,
(5) 373 K, (6) 423 K, (7) 473 K, (8) 523 K, and (9) 573 K.
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mode of NH3 [δs(NH3)], respectively}.
91,92 These bands lose

their intensities after evacuation at 423 K; in this stage, the
difference in the appearance of bands is hardly discernible, com-
pared with that observed in the original stage. This means that
nitridation of the sample rarely occurs in this sample, which agrees
well with the finding deduced from the data shown above, i.e., low
efficiency to nitridation. Heat treatment even at temperatures
higher than 473 K results only in small changes in the spectrum.
Quite different patterns of the spectra were observed for the

ammonia-treated T-TiO2(AC) sample. Distinctive bands were
observed in the lower-wavenumber region at 1664, 1605, 1435,
and 1215 cm�1 for the NH3-adsorbed sample, which was
followed by evacuation at 300 K. These bands are associated
with the bending vibration modes of coordinated ammonia,
molecular water, and ammonium ions that were formed through
the adsorption of NH3. The respective bands are assignable to
δs(NH4

+), δas(NH3), δas(NH4
+), and δs(NH3), respectively.

The band resulting from the bending mode of H2O [δ(H2O)] is
presumably superimposed upon the band resulting from the
asymmetric bending mode of the adsorbed NH3 because the
bending mode of H2O is observed at around 1620 cm�1 in the
original sample. The characteristic feature is the appearance of
the band at a slightly higherwavenumber at 1215 cm�1 for the sample
treated at higher temperatures; these spectra exhibited specific new
bands at around 1240 cm�1. The curve-fitting procedure for the
sample treated at 373 K clearly indicates the existence of two bands, i.
e., 1240 and 1215 cm�1, as shown by the result of the curve fitting to
the spectrum. The 1240 cm�1 band can be explained in terms of the
formation of the�NH2 group,δ(NH2).

23,91,92 The formation of this
band seems to be accompanied by the reduction of the band resulting
from the adsorbed NH3 species (1215 cm�1), which decreases in
intensity at a lower temperature compared with the band for the
�NH2 species. This behavior seems to be consistent with a decrease
in the band intensity at around 1605 cm�1. On the basis of these
considerations, the behavior may be related to a change in the
coordination structure from �NH3 to �NH2 through heat treat-
ment, although anydetailedmechanism for the formationof this band
is difficult to formulate at the present stage. The species formed
(�NH2) will be followed by incorporation into the T-TiO2 lattice as
nitride or oxynitride, resulting in the formation of T-TiO2�δNδ, the
visible-light-based photocatalyst.

4. Photoassisted Reaction by Taking Advantage of Visible
Light. Figure 8 shows variation in the absorption spectra of an
aqueous solution of MB under irradiation with visible light with
λ > 440 nm for 1 h, when the powders of TiO2(P-25), nitrided
TiO2(hydrolysis NH3), and T-TiO2�δNδ samples were used as
photocatalysts. For the TiO2(P-25) sample, the intensity of the
characteristic absorption bands of the MB around 664 nm
decreased and finally the solution became colorless when UV
light was used as the light source.93 The powder of the TiO2

(P-25) sample is known as a catalyst having a relatively high
catalytic photoactivity under irradiation with UV light. Once the
UV-cutoff filter was inserted in the light path, the photocatalytic
activity of the TiO2(P-25) sample, as well as that of T-TiO2(AC),
was found to be fairly weak; i.e., there was a remarkable decrease
in the rate of photodegradation, corresponding well to the fact
that the change in the absorption intensity in the visible-light
region is almost negligible (spectra given by red and blue lines in
Figure 8). When the T-TiO2�δNδ(NH3) or TiO2�δNδ(TEA)
powder was used as a sample, the photodegradation rate of MB
under unfiltered light irradiation was approximately equivalent
or lower, compared with that of the TiO2(P-25) sample alone.
A prominent feature was observed for systems in which
T-TiO2�δNδ(NH3) or TiO2�δNδ(TEA) powder was used as
a sample in the experiment when the UV light emitted from a
xenon-discharge light was cut by using a filter inserted in the light
path; the photobleaching of MB was much faster than that
observed for the T-TiO2(AC), TiO2(P-25), or nitrided TiO2

(hydrolysis NH3) samples (Figure 8). When the light was
completely interrupted, the decrease in absorbance became
negligible. This process was followed by the restarting of
photobleaching through the subsequent irradiation. It is clear
from this figure that the degradation reaction proceeded effi-
ciently for the nitride samples depending on the amount of ef-
fective nitrogen in the order T-TiO2�δNδ(TEA05) > T-TiO2�δNδ-
(TEA01) >T-TiO2�δNδ(NH3) >nitridedTiO2(hydrolysisNH3) >
T-TiO2(AC) > TiO2(P-25) under irradiation with visible light (λ >
440 nm). Very recently, Ou et al. have reported that the photo-
catalytic oxidation reaction of phenol over tubular nitrided TiO2

samples is far superior to that observed on the nitrided TiO2(P-25)
sample, well consistent with our result.55 On the basis of their result, a
similar tendency will also be expected as the results of both the
responsiveness to the visible light and the relatively high surface area
in our system. In addition, it is noteworthy that the degradation
reaction of MB using the present nitride samples shows equal or
better performance when compared with the results reported in the
experiments carried out under irradiationof theUVA(400�315nm)
or light (346�395nm) utilizingTiO2 samples.

94,95As a result,we can
be fairly certain that the nitride T-TiO2�δNδ samples are working as
efficient photocatalysts in the MB decomposition reaction under
visible-light-irradiation conditions.

’CONCLUSIONS

In this experiment, we aimed at preparing the visible-light-
derived photocatalyst based on nitridation of a tubular TiO2

sample having high surface area by utilizing the reaction of the
unusual surface acidic sites on the tubular TiO2 sample with basic
molecules having different basicities. In summary, several critical
findings in the present experiment are listed as follows:
1 The washing procedure of the prepared tubular TiO2

sample with an aqueous acidic solution is an indispensable
process for the preparation of the nitrided sample with

Figure 8. Degradationprocesses ofMBon respectiveTiO2 samples, which
had been calcined at 623 K, under irradiation of visible light at 300 K:
(1, black) an aqueous solution of MB kept under similar conditions; (2,
red) TiO2(P-25); (3, blue) T-TiO2(AC); (4, violet) TiO2�δNδ-
(hydrolysis-NH3); (5, dark green) T-TiO2�δNδ(NH3); (6, yellow)
T-TiO2�δNδ(TEA01); (7, light green) T-TiO2�δNδ(TEA05).
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tubular structure exhibiting an efficient visible-light-derived
catalytic property.

2 The acidic nature of the tubular TiO2 sample washed
thoroughly with an aqueous acidic solution was examined
by experiments, such as TPD of the adsorbed basic mol-
ecules and the catalytic performance utilizing two types of
typical reactions including both the ring-opening reaction of
an epoxide and a Friedel�Crafts-type reaction. As a result, it
is clearly shown that the acid-washed sample exhibits a
prominent acidic nature.

3 We succeeded in the preparation of yellow (nitrided) tubular
TiO2 samples with varying amounts of doped nitrogen
species through the reaction of the surface sites having an
acidic nature, with basic molecules exhibiting different basi-
cities, ammonia and TEA, followed by treatment with dioxy-
gen at 623 K. The tubular structure was retained after such
treatment, as shown by experiments such as XRD, TEM,
Raman spectroscopy, and collection of the adsorption data.

4 The processes in the nitridation reactionwere followed by IR
and XPS measurements; first, the acidic OH groups react
with NH3 to formNH4

+ species, followed by decomposition
at higher temperatures, and simultaneous incorporation into
the lattice of TiO2, resulting in the formation of nitrogen-
substituted tubular TiO2�δNδ with high surface area.

5 It is clearly found that the tubular nitrided TiO2 samples
prepared in this experiment function well as efficient
photocatalysts for the decomposition of MB in an aqueous
solution at 300 K under irradiation with visible light (λ >
440 nm), which is different from that observed for the cases
using the tubular TiO2 sample or the P-25 sample, indicat-
ing the efficient attainment of visible-light responsive-
ness on the tubular TiO2 sample through treatment with
ammonia or TEA.
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