
Catalysis Letters 66 (2000) 241–243 241

Photocatalytic decomposition of NO on Ti-HMS mesoporous
zeolite catalysts
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Titanium oxide species were loaded within the framework of mesoporous materials (Ti-HMS) by hydrothermal synthesis. These
Ti-HMS exhibited high and unique photocatalytic reactivity for the decomposition of NO into N2 and O2 at 275 K. In situ diffuse
reflectance absorption and XRD investigations indicated that the titanium oxide species were dispersed well within the zeolite framework
and isolated in tetrahedral coordination with low Ti content.
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1. Introduction

A variety of Ti-containing materials having high surface
areas and high pore volumes such as Ti-MCM-41 and Ti-
MCM-48 have been developed as unique catalysts in recent
years [1]. However, there are only few reports [2,3] on the
photocatalytic activity of these materials, though anatase
TiO2 as well as highly dispersed titanium oxides are known
as effective photocatalysts [4,5]. These Ti-HMS catalysts
exhibit high reactivity and selectivity due to their unique
structural characteristics. Extensive investigations on the
relationship between the local structure and photocatalytic
reactivity have been conducted on Ti silicalites [6] and Y-
zeolites involving Ti oxides in their cavities [7,8]. In such
materials, Ti oxides have tetrahedrally coordinated TiO4

units, and their charge transfer excited complexes exhibit
high photocatalytic activity and selectivity for the decompo-
sition of NO into N2 and O2 [7], as well as the reduction of
CO2 with H2O to form CH4 and CH3OH [9]. The structural
characterizations of the Ti-HMS had been already studied
by Pinnavaia et al. [10] and Kresge et al. [11]. However,
the structural characteristics of the Ti oxide species loaded
within the framework of mesoporous material (Ti-HMS)
and their photocatalytic reactivity and selectivity have yet
to be investigated. The present investigation focuses on the
relationship between the structures of mesoporous Ti-HMS
and their photocatalytic reactivities.

2. Experimental

In this study, the synthesis of Ti-HMS was carried out
successfully by the method reported by the Pinnavaia re-
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search group [10]. Tetraethyl orthosilicate (TEOS), tetra-
isopropyl orthotitanate (TIPOT), and a long-chain alkyl-
amine surfactant (DDA) were used as the source of
silica, titanium, and template, respectively. The TEOS/
TIPOT solution was added to the DDA solution in wa-
ter and ethanol under vigorous stirring. The molar com-
positions of the reaction mixture were 0.01–0.10Ti : 1.0Si :
0.20DDA : 9.0EtOH : 160H2O. The final catalysts were de-
noted as Ti-HMS(x), where x is the Ti content, wt% in gel.
The actual composition of Ti was determined by atomic
absorption spectroscopy. TiO2 powdered catalyst (JRC-
TIO-4: anatase 92%, rutile 8%) was supplied as a standard
reference catalyst by the Catalysis Society of Japan. Prior
to photoreactions and spectroscopic measurements, the cat-
alysts were degassed at 725 K for 2 h, heated in O2 at the
same temperature for 2 h, and finally evacuated at 475 K
to 10−6 Torr. UV irradiation of the catalysts in the pres-
ence of NO (7.8 mmol) was carried out by using a 75 W
high-pressure Hg lamp (λ > 280 nm) at 275 K. The reac-
tion products were analyzed by gas chromatography. The
UV absorption spectra were recorded with a Shimadzu UV-
2200A spectrometer at 295 K. XRD patterns were observed
with a Shimadzu XD-D1 using Cu Kα radiation.

3. Results and discussion

Figure 1 illustrates the XRD pattern of the calcined Ti-
HMS materials. All materials exhibit well-defined (100) re-
flections in their XRD patterns. The relatively well-defined
pattern in figure 1 is typical, though also described by
Pinnavaia et al. [10] and the XRD reflections can be indexed
on a hexagonal lattice. From figure 1, it can also be seen
that the intensity of the XRD peaks decreases with an in-
crease in the Ti concentration. This suggests the hexagonal
lattice may be destroyed by the incorporation of Ti into the
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Figure 1. Powder XRD patterns for different Ti-HMS samples prepared at
ambient temperature: (a) Ti-HMS(1), (b) Ti-HMS(2), and (c) Ti-HMS(10).

Figure 2. Diffuse reflectance UV-VIS spectra of (a) Ti-HMS(1), (b) Ti-
HMS(2), (c) Ti-HMS(10), and (d) JRC-TIO-4.

HMS framework. However, as the Ti/Si ratio approaches
0.1 (Ti-HMS(10)), the (100) peak still appears clearly in the
XRD patterns. The XRD patterns of the HMS samples are
indexed on a hexagonal lattice, as assigned previously [11].

The diffuse reflectance UV-visible spectra of Ti-HMS
are shown in figure 2. Compared to bulk anatase (standard
reference catalyst JR-TIO-4), the absorption edges of the
Ti-HMS samples exhibit a blue shift of more than 50 nm.
For Ti-HMS(1) and Ti-HMS(2), the absorption band cen-
tering near 210 nm can be assigned to the ligand-to-metal
charge-transfer transition (LMCT) between the oxygen lig-
ands to the tetracoordinated Ti(IV) ions of the Ti oxide
species [12–14]. This indicates that the Ti ions are co-
ordinated in the framework of HMS. Only a slight red
shift (∼20 nm) of the LMCT transition can be seen from
Ti-HMS(1) to Ti-HMS(2), indicating that the coordination
geometry rearranges along with changes in the ligand due to
Ti in the framework. The spectrum for Ti-HMS(10), on the
other hand, shows a red-shifted absorption band between
the wavelength of 250 and 300 nm. This indicates that at

Figure 3. Products distribution of the photocatalytic decomposition of NO
on the different photocatalysts: (a) Ti-HMS(1), (b) Ti-HMS(2), (c) Ti-

HMS(10), and (d) JRC-TIO-4.

least a fraction of the Ti oxide in Ti-HMS(10) is in octa-
hedral coordination. However, no significant absorption at
around 300–350 nm can be seen, suggesting that a segre-
gated crystalline TiO2 anatase phase is not present. These
results indicate that most of the Ti atoms in the Ti-HMS
samples occupy site-isolated positions in the silica frame-
work, except for the high Ti content sample Ti-HMS(10),
where some of the Ti species are present in an octahe-
drally coordinated species. According to previous litera-
ture [15,16], the absorption at around 260–270 nm can be
attributed to the presence of isolated Ti oxides having a
penta- or octahedral coordination.

UV irradiation of the powdered TiO2 and Ti-HMS in the
presence of NO was found to lead to the decomposition of
NO to form N2, O2, and N2O in the gas phase at 275 K with
different yields and product selectivities, showing a good
linearity against the UV irradiation time. These results sug-
gest that a photocatalytic decomposition reaction proceeds
on these Ti oxide catalysts. Figure 3 shows a comparison
of the photocatalytic reactivity and selectivity of the four
different types of Ti oxide catalysts. It can be seen that the
specific photocatalytic reactivities of the Ti-HMS catalysts,
which have been normalized for the unit amount of TiO2

in the catalysts, are much higher than that of the bulk TiO2

catalyst.
Figure 3 shows the yields of the photoformed N2 and

N2O (efficiency) and their selectivity in the photocatalytic
decomposition of NO. From figure 3, it is clear that the
efficiency and selectivity for the formation of N2 and O2

strongly depend on the type of Ti oxide catalysts. Ti-
HMS(1) and Ti-HMS(2) exhibit a high reactivity and selec-
tivity for the formation of N2 and O2, while the formation
of N2O is found to be the major reaction on the bulk TiO2

catalyst. The results obtained with the Ti-HMS catalysts
thus show a large difference in the selectivity as well as
efficiency as compared with the bulk TiO2 catalyst.

The photocatalytic performance of Ti oxides appears
to be completely modified by their incorporation into the
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framework of HMS, which leads to change in the coor-
dination structure and reaction environment. The unique
catalytic performance of highly dispersed Ti oxides in Ti-
HMS(1) in comparsion with higher loading Ti-HMS(10)
shows a higher photocatalytic reactivity and selectivity for
the formation of N2 and O2. Pure bulk TiO2 is not an reac-
tive photocatalyst for the direct decomposition of NO into
N2 and O2. In the present study, the catalytic activity and
selectivity for the formation of N2 and O2 in the decompo-
sition of NO on the Ti-HMS photocatalysts are also found
to be affected by Ti content, which is associated with the
change in the coordination geometry and the aggregation
of the Ti oxide species.

From these results, it was found that the photocatalytic
activity and selectivity for the formation of N2 and O2 de-
crease with an increase in the Ti content. The highest pho-
tocatalytic reactivity and selectivity for the formation of N2

and O2 in the decomposition of NO were achieved on the
Ti-HMS(1). This indicates that the highly dispersed tetra-
hedrally coordinated Ti oxide species are the active species
for the formation of N2 and O2.

4. Conclusions

These results show that a high efficiency and selectivity
for the formation of N2 and O2 in the photocatalytic decom-
position of NO was achieved with the Ti-HMS(1) catalyst
having highly dispersed isolated tetrahedral titanium oxide
species and this reactivity decreased with an increase in the
Ti content. The formation of N2O in the photocatalytic de-
composition of NO was found to proceed on bulk TiO2 and
Ti-HMS(10) catalysts which involve an aggregated octahe-
drally coordinated titanium oxide species, suggesting that
this reaction is characteristic to octahedrally coordinated Ti
oxide species.
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