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Photocatalytic decomposition of NO under visible light irradiation
on the Cr-ion-implanted TiO2 thin film photocatalyst
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Transparent TiO2 thin film photocatalysts were prepared on transparent porous Vycor glass (PVG) by the ionized cluster beam (ICB)
method. In order to improve the photocatalytic performance of these thin films under visible light irradiation, transition metal ions such
as Cr and V were implanted into the deep bulk inside of the films using an advanced metal-ion-implantation technique. The UV-vis
absorption spectra of these metal-ion-implanted TiO2 thin films were found to shift smoothly toward visible light regions, its extent
depending on the amount and kinds of metal ions implanted. Using these metal-ion-implanted TiO2 thin films as photocatalysts, the
photocatalytic decomposition of NOx into N2 and O2 was successfully carried out under visible light (λ > 450 nm) irradiation at 275 K.
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1. Introduction

In recent years, titanium dioxide photocatalysts have
attracted much attention as an environmentally harmo-
nious and clean catalyst [1–4]. Especially, transparent TiO2

thin film photocatalysts prepared on glass, tile and vari-
ous architectural materials have been actively investigated
as promising antibacterial, self-cleaning and deodorization
systems [5,6]. However, the TiO2 photocatalyst in itself
does not allow the absorption of visible light and only
makes use of the 3–5% of the solar beams that reach the
earth, necessitating the use of an ultraviolet light source
such as a high-pressure Hg lamp or a black lamp. In order
to make more efficient use of solar beams as a light and
energy source, it is necessary to develop a new and unique
type of TiO2 photocatalysts which are able to work under
visible and/or solar light irradiation. Recently, we have re-
ported that by applying an advanced metal-ion-implantation
method, unique TiO2-powdered semiconductors which are
able to absorb visible light and operate under visible light ir-
radiation were successfully developed [7–9]. In the present
paper, we deal with the preparation of TiO2 thin film pho-
tocatalysts by the ionized cluster beam (ICB) method, a dry
preparation process, and the modification of their electronic
properties by an advanced metal-ion-implantation method
in order to achieve the absorption of visible light for the
decomposition of NO at 275 K.
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2. Experimental

TiO2 thin films were prepared by an ionized cluster beam
(ICB) method [10,11]. The metal titanium in the crucible
as the ion source was heated up to about 2000 K and
then titanium vapor was introduced into a high-vacuum
chamber producing TiO2 clusters on a support in the O2

atmosphere. The ionized TiO2 clusters were accelerated
by the high electric field (acceleration voltage 500 V) and
bombarded onto the support substrate (PVG). In the pres-
ence of a low pressure of O2 at around 10−4 Torr, TiO2

thin films were prepared on the support without any calci-
nation at high temperature. The film thickness was mon-
itored by a quartz thicknessmeter and controlled to retain
a 300 nm thickness, which was calibrated by consideration
of the absorption coefficient of the TiO2 thin films. The
Cr ions accelerated by an acceleration energy of as high
as 150 keV were implanted into the TiO2 thin films using
a metal ion implanter (the amounts of implanted Cr ions
3 × 1016 and 6 × 1016 ions/cm2) [7–9]. After the metal
ion implantation, the Cr-ion-implanted TiO2 thin film pho-
tocatalysts were calcined in O2 at 725 K. The catalyst (size
10 mm× 10 mm× 1 mm) was then put on the flat bottom
of a quartz reaction cell (30 ml) and then connected to a
conventional vacuum system (10−6 Torr range). Prior to
photoreactions and spectroscopic measurements, the cata-
lysts were degassed at 725 K for 2 h, heated in O2 at the
same temperature for 2 h, and finally outgassed at 475 K
to 10−6 Torr. Visible light irradiation of the TiO2 thin film
photocatalysts in the presence of NO (12.3 mol) was carried

 J.C. Baltzer AG, Science Publishers



136 M. Takeuchi et al. / Photocatalytic decomposition of NO under visible light irradiation

out using a 100 W high-pressure Hg lamp (Toshiba SHL-
100UVQ-2) through a color and water filter (λ > 450 nm)
at 275 K. The reaction products were analyzed by gas chro-
matography. The UV-vis absorption spectra (measured by
the transmittance method) of the catalysts were measured
at 295 K using a Shimadzu UV-2200A spectrophotome-
ter. The depth profiles of the Cr ion contents for the Cr
ion-implanted TiO2 thin films were measured using a Shi-
madzu/Kratos ESCA3200 at 295 K.

3. Results and discussion

As shown in figure 1, the UV-vis absorption spectra ex-
hibit specific interference fringes, indicating that uniform
and transparent TiO2 thin films are formed by the ICB
method. The absorption spectra of the Cr-ion-implanted
TiO2 thin films are found to shift toward visible light re-
gions as the amount of Cr ions implanted was increased,
indicating that the TiO2 thin films have been modified to
absorb visible light by Cr ion implantation. On the other
hand, Cr ions chemically doped TiO2 thin films by an im-
pregnation method did not exhibit such a shift in the ab-
sorption spectra but instead exhibited a new peak due to the
formation of the impurity energy levels within the bandgap
of the TiO2 catalyst [7–9]. Thus, the absorption spectra
of the TiO2 thin films physically implanted with Cr ions
are completely different from those of catalysts chemically
doped with Cr ions or impregnated with Cr ions. These
results indicate that the method of doping causes the elec-
tronic properties of the TiO2 catalysts to be modified in
completely different ways.

Visible light (λ > 450 nm) irradiation of the Cr-ion-
implanted TiO2 thin film photocatalyst in the presence of
NO was found to lead to the evolution of N2 and O2 as
well as N2O into the gas phase at 275 K, while this NO
decomposition reaction did not take place, neither on the
unimplanted original TiO2 thin film photocatalyst nor on the
TiO2 thin films chemically doped with Cr ions. Figure 2

Figure 1. The UV-vis absorption spectra of TiO2 thin film prepared on
PVG (a) and Cr-ion-implanted TiO2 thin film (b,c) photocatalysts. The
amount of implanted Cr ions: (a) 0, (b) 3 × 1016 and (c) 6 × 1016

Cr ions/cm2.

shows the reaction time profiles of the photoinduced de-
composition of NO into N2 and O2 on the Cr-ion-implanted
TiO2 thin films under visible light irradiation (λ > 450 nm).
The reaction proceeds with a good linearity against the ir-
radiation time, suggesting that the reaction proceeds pho-
tocatalytically. These results clearly indicate that Cr ions
implanted into the TiO2 thin films do not work as electron–
hole recombination centers but only work to modify the
electronic properties of the catalyst, enabling the absorption
of visible light and operation under visible light irradiation.

Figure 3 shows the depth profiles of the Cr ions im-
planted into the TiO2 thin film obtained from the analysis
of the relative intensities of the Cr 2p1/2 (576.5 eV) and Ti
2s (564.5 eV) measured by the XPS of the thin film as a
function of the depth from the surface of the sample. It is

Figure 2. The time profile of the evolution of N2 for the photocatalytic
decomposition of NO on the Cr-ion-implanted TiO2 thin film photocatalyst

under visible light (λ > 450 nm) irradiation.

Figure 3. The depth profiles of the Cr ion content for the Cr-ion-implanted
TiO2 thin film photocatalyst, where Cr ions were implanted at the energy

of 150 keV.
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clear from figure 3 that the Cr ions implanted into the TiO2

thin film are located in the deep inside of the film and a
distribution maximum of the Cr ions is observed at around
70–80 nm from the surface. And, Cr ions are not present on
the surface nor the near surface. Thus, the XPS measure-
ments of the Cr-ion-implanted TiO2 thin film clearly show
that the Cr ions are not present at the surface but distribute
within the deep bulk inside of the TiO2 thin film photo-
catalyst. It was found that the TiO2 thin films which were
implanted with Cr ions by acceleration energies such as 70
and 250 keV did not show such remarkable shift in the
absorption spectra toward visible light regions. These re-
sults clearly suggest that the appropriate depth profile of
the metal ions implanted causes an electronic modification
of the TiO2 thin film photocatalysts due to the interaction
between the implanted Cr ions and TiO2.

In conclusion, we have successfully prepared TiO2 thin
film photocatalysts which can absorb visible light and work
efficiently as photocatalysts for the decomposition of NO
into N2 and O2 at 275 K even under visible light irradiation
by means of a combination of the ICB method and an ad-
vanced metal-ion-implantation technique. The development
of such environmentally harmonious photocatalysts as these
Cr-ion-implanted TiO2 thin film photocatalysts which can
operate under visible light to eliminate toxic compounds

such as NO in the atmosphere, can be considered a break-
through in the utilization of solar energy to address urgent
environmental concerns.
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