
Preliminary communication / Communication

Preparation of N-doped TiO2 particles
by plasma surface modification

Kenji Yamada a,*, Hiroyuki Nakamura b, Shigenori Matsushima a, Hirokazu Yamane a,
Teruki Haishi a, Kayo Ohira a, Kiyoshi Kumada a

a Department of Materials Science and Chemical Engineering, Kitakyushu National College of Technology,
5-20-1 Shii, Kokuraminami-ku, Kitakyushu 802-0985, Japan

b Department of Integrated Arts and Science, Kitakyushu National College of Technology, 5-20-1 Shii, Kokuraminami-ku,
Kitakyushu 802-0985, Japan

Received 3 September 2004; accepted after revision 5 April 2005

Available online 15 September 2005

Abstract

A cold plasma is useful for surface modification of solid materials. In this work, plasma surface modification is tried to
prepare visible-light active TiO2 particles of which the surface is doped with nitrogen. A film composed of the particles was
formed on the surface of a glass substrate by spin-casting of TiO2 sol and then was sintered at 673 K. The film was treated with
argon and nitrogen plasmas, in series. The plasma-treated film revealed visible-light absorption, in addition to ultraviolet-light
absorption. Photocatalytic activity of the film was evaluated by using methylene blue and visible-light (wavelength > 420 nm).
An increase of the photocatalytic activity in the film will be originated by the formation of Ti–N bonds which bring about the
appearance of the visible-light activity. To cite this article: Y. Kenji et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La surface de matériaux solides peut être modifiée par plasma froid. Dans cette étude, la modification de surface par plasma
est utilisée pour préparer des particules photoactives dans le visible de TiO2 dont la surface est dopée avec de l’azote. Une
couche constituée des particules a été déposée par spin coating d’un sol de TiO2, sur un substrat de verre, suivi d’un recuit à
673 K. La couche a été traitée en série par plasmas argon et azote. La couche traitée par plasma absorbe, non seulement l’ultraviolet,
mais aussi la lumière visible. L’activité catalytique de la couche a été évaluée en utilisant le bleue de méthylène et la lumière
visible (longueur d’onde > 420 nm). L’augmentation de l’activité photocatalytique de la couche est due à la formation de liai-
sons Ti–N, qui sont à l’origine de l’activité dans le visible. Pour citer cet article : Y. Kenji et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Visible-light active TiO2 films and powder samples
have been prepared by nitrogen-doping. According to
Asahi et al. [1], TiO2–xNx films were prepared by sput-
tering the TiO2 target in an N2/Ar gas mixture, and
TiO2–xNx powder samples were prepared by treating
anatase TiO2 powder in the NH3/Ar atmosphere at
600 °C for 3 h. The TiO2–xNx films and powder samples
show visible-light activity. The active sites of N for pho-
tocatalysis under visible-light are the substitutional ones
that can be identified with the atomic b-N states peak-
ing at 396 eV in the X-ray photoemission spectroscopy
spectra. N-doped TiO2 powder samples were also
prepared by oxidative annealing of TiN powder for
90 min in an oxygen gas flow at 400 or 550 °C [2].
The substitutional doping of N into the TiO2 lattice was
also formed and a significant shift of the absorption
edge of a lower energy in the visible-light region was
observed.

According to Takeuchi et al. [3], the reduction of
TiO2 by the hydrogen plasma treatment created a new
absorption band in the visible-light region and showed
photocatalytic activity in this region. TiO2–x powder
samples were also prepared by reduction treatment
using hydrogen plasma with elevate temperatures, and
showed visible-light activity [4].

According to Irie et al. [5], TiO2–xNx powders were
prepared by annealing anatase TiO2 power under NH3

flow at 550, 575, and 600 °C for 3 h. The prepared pow-
ders had nitrogen substituted at some of the oxygen
sites in TiO2, which formed a narrow N2p band above
the valence band of TiO2. It was determined that the
narrow N2p band was responsible for the visible-light
sensitivity. When irradiating with visible-light, the
quantum yield values decreased as x increased, indicat-
ing that the doping sites could also serve as recombi-
nation sites.

In this work, a film composed of TiO2 particles are
treated with argon plasma and then nitrogen plasma, in
series, for making nitrogen-doping to realize appear-
ance of visible-light activity. The nitrogen-doping state
of the film is investigated with X-ray photoelectron
spectroscopy and X-ray diffraction analyses. Relation-
ship between the nitrogen-doping state and visible-
light activity is discussed.

2. Experimental

2.1. Preparation of TiO2 film on glass substrate

Anatase-type TiO2 particles ST01 (Ishihara Sangyo
Co., Tokyo, Japan) were used in this work. TiO2 par-
ticles were dispersed in 1 M acetic acid solution in con-
centration of 30 wt.% under ultrasonic irradiation,
including polyethylene glycol 40 wt.% vs. TiO2 to make
TiO2 sol. The TiO2 sol was spin coated at 4000 r.p.m.
on a glass substrate and then was sintered in air at 673 K
for 60 min.

2.2. Plasma treatment of TiO2 film

Fig. 1 shows schematic representation of a bell jar-
type plasma reactor used for plasma-treating in this
work. The glass substrate on which the film composed
of the particles was formed was attached on the sub-
strate stage. The stage was rotated at 20 rpm. during
the plasma-treating. The film was treated with argon
and nitrogen plasmas, in series. The discharge power
was in the range of 100–400 W and the discharge time
was in the range of 2–20 min. The discharge time of
nitrogen plasma was the same as that of argon plasma.
The argon plasma treatment was conducted to realize a
cleaned surface of the film through removing absorbed
water molecules. The reactor was equipped with
plasma-monitoring system composed of triple probe
monitoring system to measure electron temperature.

Fig. 1. Schematic representation of bell jar-type plasma reactor used
for plasma-treating.
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2.3. Surface analyses of TiO2 film

An UV–vis diffused reflectance spectrum was mea-
sured with a JASCO V-500 UV–vis spectrophotometer
(JASCO International Co., Tokyo, Japan) equipped with
integral-sphere attachment to clarify a change in light
absorbance behavior after the plasma treatments. X-ray
photoelectron spectroscopy (hereafter abbreviated XPS)
measurement was carried out with a Shimadzu
ESCA750 X-ray photoelectron spectroscopy (Shi-
madzu Co., Kyoto, Japan) to clarify a change in the
surface structure after the plasma treatments.

X-ray diffraction (hereafter abbreviated XRD) inten-
sity curves were measured with a Rigaku Rint1200 X-
ray diffractometer (Rigaku Denki Co., Tokyo, Japan).
After the instrumental broadening was corrected with
a quartz standard, the half-value width of the diffrac-
tion peak of anatase (101) plane was evaluated to esti-
mate crystal lattice distortion of TiO2 caused by the
plasma treatments.

3. Results and discussion

3.1. Analysis of plasma state

Radicals, ions, and electrons are formed in plasma
state of non-polymer-forming gases, such as argon and
nitrogen, and theses active species are attacked on the
surface of the TiO2 film to make chemical reactions.
Figs. 2a and b show electron temperatures as a func-
tion of discharge power in argon plasma and nitrogen
plasma, respectively. The electron temperature of the
argon plasma was in the range of 3.0 through 3.2 eV
and that of the nitrogen plasma was in the range of
5.0 through 5.9 eV. It can be presumed from the elec-
tron temperatures of the argon plasma that the water
molecules adsorbed on the surface of the TiO2 film
would be removed by the argon plasma treating. The
scission of the chemical bond in TiO2 takes place in the
nitrogen plasma state of such high electron tempera-
tures. Thus Ti–O bond scission will take place in the
surface of the film and N ions will be easily attacked to
the surface because of an ion sheath formed in the vicin-
ity of the surface of the film. Therefore, N-doping will
take place in the surface layer of the film during the
nitrogen plasma treating.

3.2 Surface analysis of TiO2 film

Fig. 3 shows plasma irradiation time dependence of
UV–vis diffused reflectance spectrum of the TiO2 film
at discharge power of 400 W. The plasma-treated TiO2

films show visible-light absorption in the range of about
400–600 nm and the absorption strength was increased
with increasing plasma irradiation time.

Fig. 2. Electron temperatures as a function of discharge power (a) in
argon plasma and (b) in nitrogen plasma.

Fig. 3. Plasma irradiation time dependence of UV–vis diffused reflec-
tance spectrum of TiO2 film at discharge power of 400 W.
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Fig. 4 shows the ratio of XPS peak strength, N1s/Ti2p

as a function of plasma irradiation time at discharge
power of 400 W in the TiO2 film. The ratio was in-
creased with increasing plasma irradiation time and then
was decreased above 15 min. This result shows that
nitrogen atoms can be doped on the surface layer of the
TiO2 film by plasma-treating. A decrease of the ratio in
the region of prolonged irradiation time may be origi-
nated from formation of surface structure different from
TiO2 structure, in which N-doping may be depressed.
Fig. 5 shows the ratio of peak strength, N1s/Ti2p as a
function of argon etching time in the TiO2 film plasma-
treated at 400 W for 5 min. The ratio was abruptly
decreased above about 12 min. The argon etching was
conducted in the XPS apparatus. The argon etching con-
dition was argon gas pressure of 0.5 mPa, emission cur-
rent of 20 mA, beam voltage of 2 keV, and ion beam
current of 10 µA. Argon etching rate of aluminum was
10 nm/min under the above etching condition, which
was observed with a scanning electron microscope.
Since sputter etching rates of aluminum and titanium

are 1.9 atoms/argon-ion and 1.1 atom/argon-ion, respec-
tively, it is estimated that argon etching rate of TiO2 is
about 5.8 nm/min. Therefore the thickness of the
N-doped layer would be approximately 70 nm, if porous
structure of the film did not take into account. It
becomes apparent that N-doping layer of a certain thick-
ness is formed on the surface of the plasma-treated TiO2

film. Furthermore, the film plasma-treated at 400 W for
5 min was annealed at 673 K in air for 60 min to clarify
the stability of the N-doped layer. The film lost the
visible-light absorption after the annealing. Nitrogen
atoms doped into the surface layer of the film were
removed by the annealing, since N1s XPS peak was little
observed after annealing.

Fig. 6 shows N1s spectrum of the TiO2 film plasma-
treated at 400 W for 15 min. The peak appeared around
396 eV after plasma-treating is associated with the for-
mation of Ti–N bond. On the other hand, the peaks in
the range of 399–400 eV will be associated with N–N
and N–O bonds. It is presumed that nitrogen atoms are
substituted for oxygen atoms of TiO2 to form Ti–N
bonds, or they are introduced in TiO2 to form N–N and
N–O bonds. Fig. 7 shows the ratio of the decomposed
area of the peak around 396 eV, N1s(Ti–N) to the total
area of N1s, N1s(Total) as a function of plasma irradia-
tion time at 400 W. The ratio was decreased with
increasing plasma irradiation time. This result means
that the substitutional N-doping will preferentially take
place in the initial stage of plasma-treating, whereas
the interstitial N-doping will preferentially take place
in prolonged plasma irradiation time.

Fig. 4. The ratio of XPS peak strength, N1s/Ti2p, as a function of
plasma irradiation time in TiO2 film plasma-treated at 400 W.

Fig. 5. The ratio of peak strength, N1s/Ti2p as a function of argon
etching time in TiO2 film plasma-treated at 400 W for 5 min.

Fig. 6. N1s spectrum of the TiO2 film plasma-treated at 400 W for
15 min.
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3.3. XRD analyses of TiO2 film

Fig. 8 shows XRD curves of the TiO2 film before
and after plasma-treating at 400 W for 20 min. Peak
positions of the curves were not changed and the crys-
tal structure which is anatase-type was not changed by
plasma-treating. Fig. 9 shows half-value width of ana-
tase (101) peak as a function of discharge time in the
TiO2 film plasma-treated at 400 W. The half-value width
was increased with increasing discharge time, but was
little done above about 10 min. An increase in half-

value width will be originated by crystal lattice distor-
tion caused by N-doping.

3.4. Photocatalytic properties of plasma-treated TiO2

Fig. 10 shows a decrease in absorbance at 664 nm,
Dabs of methylene blue adsorbed on the surface of the
TiO2 film as a function of irradiation time of visible-
light. A 500 W Xe lamp as the light source and the two
cutoff filters for UV region (wavelength k < 420 nm)
and IR region (k > 750 nm) were used to obtain the
visible-light. The Dabs after plasma-treating was more
largely decreased with irradiation time of the visible-
light, compared with that before plasma-treating. It
becomes apparent that visible-light active TiO2 can be
prepared by the plasma treatment. Fig. 11 shows the

Fig. 7. The ratio of the decomposed area of the peak around 396 eV,
N1s(Ti–N) to the total area of N1s, N1s(total) as a function of plasma
irradiation time at 400 W.

Fig. 8. XRD curves of TiO2 film (a) before and (b) after plasma-
treating at 400 W for 20 min.

Fig. 9. Half-value width of anatase (101) peak as a function of dis-
charge time in TiO2 film plasma-treated at 400 W.

Fig. 10. A decrease in absorbance at 664 nm, Dabs of methylene
blue adsorbed on the surface of TiO2 film as a function of irradiation
time of visible-light (a) before and (b) after plasma-treating at 400 W
for 10 min.
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Dabs of methylene blue adsorbed on the surface of the
TiO2 film as a function of plasma irradiation time at
400 W. The methylene blue adsorbed on the film sur-
face was irradiated with the visible-light for 3 h. The
Dabs was increased by plasma-treating. However the
Dabs became larger in the initial stage of plasma-
treating.

Fig. 12 shows the Dabs of methylene blue adsorbed
on the surface of the TiO2 film as a function of the
decomposed area of the peak around 396 eV to the total
area of N1s, N1s(Ti–N)/N1s(total) at discharge power of
400 W. The value of Dabs was inclined to increase with
increasing the ratio, N1s(Ti–N)/N1s(total). This result
means that the decomposition of methylene blue under
the visible-light will be mainly originated by substitu-
tional N-doping.

4. Conclusion

N-doped TiO2 particles are prepared with argon and
nitrogen plasmas, in series. The amount of nitrogen
doped in the film composed of TiO2 particles depends
on plasma irradiation time at discharge power of 400 W.
The substitutional N-doping and the interstitional one

will take place preferentially in the initial stage and in
the prolonged stage of plasma-treating, respectively.
The TiO2 film having Ti–N bonds formed by the sub-
stitutional N-doping shows visible-light activity.
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