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Abstract

A series of Mo-MCM-41 mesoporous molecular sieves of varying Mo content were synthesized and the local structures of their a
characterized by means of XRD, UV–vis, photoluminescence, and XAFS measurements. Mo-MCM-41 was found to possess three diff
of Mo-oxide species, the concentrations of which were dependent on the Mo content: a highly dispersed tetra-coordinated monome
date, a tetra-coordinated dimeric and/or oligomeric molybdate, and a hexa-coordinated polymeric molybdate. Moreover, the tetra-c
molybdate species was observed to play a major role in the photocatalytic reduction of NO in the presence of CO to form N2 and CO2.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In the study of catalysis and photocatalysis, detailed c
acterizations of the active sites at the atomic and struc
level are important in understanding the mechanisms that
lead to high reactivity and efficiency[1–9]. Molybdenum cat-
alysts incorporated on various supports such as zeolites
Mo/HZSM-5 and Mo-oxide/ZrO2) have been found to be e
fective in the selective oxidation of CH4 or C2H6 as well as for
hydrodesulfurization reactions and the conversion of meth
into aromatic compounds such as benzene[10–12]. The struc-
ture and reactivity of the supported molybdenum oxide c
lysts, as well as the chemical state of the active sites,
been investigated using such spectroscopic techniques as
tron paramagnetic resonance (EPR)[13–19], X-ray absorption
fine structure (XAFS)[1], UV resonance Raman[20], and
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photoluminescence (PL) analyses[8,9]. Iglesia et al. reported
that solid-state reactions between MoO3 and H-ZSM-5 at 773–
973 K could yield isolated and/or dimeric tetrahedrally coor
nated Mo-oxides within the zeolite cavities. In particular,
dimeric tetrahedrally coordinated Mo-oxide species was fo
to play a significant role in the aromatization of methane[10].

The photochemical properties of molybdates supported
PVG or SiO2 for the selective oxidation of hydrocarbons a
CO oxidation with O2 have also been investigated[21–33].
In previous work we observed that supported Mo-oxides
hibit a photo-induced metathesis reaction of C3H6 to produce
C2H4 and 2-C4H8. In fact, PL spectroscopic analysis show
that the charge transfer-excited triplet state of the highly
persed tetra-coordinated molybdate played a significant ro
the reaction[26,27]. Recently, we developed photocatalysts
corporating transition metal oxides (Ti, Cr, V, Mo) and ions (C
Ag) confined within microporous and/or mesoporous zeol
[8,9]. The capacity for incorporation of the large Mo6+ ions
within the microporous zeolites is limited because of the ri
inorganic framework structure of such materials as ZSM
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whereas hexagonal mesoporous silica molecular sieves (M
41), with their high specific surface area, offer greater flexibi
in structure than the microporous zeolites and thus allow
atively easy incorporation of Mo ions into their framewo
Mesoporous molecular sieves containing a large number o
tive sites thus can be expected to exhibit high photocata
reactivity for various reactions[34–42]. Therefore, investiga
tions into the properties of Mo-oxides with varying Mo conte
on Mo-MCM-41 are important to understanding the correlat
between the local structure of Mo-oxides and the photocata
activity.

In this paper we report on (1) the synthesis of Mo-MCM-
mesoporous molecular sieves with different Mo content; (2
characterization of Mo-MCM-41 with different local structur
for the Mo-oxides by X-ray diffraction (XRD), UV–vis, XAFS
and PL techniques; and (3) the photocatalytic reactivity for
reduction with CO to form N2 and CO2.

2. Experimental

2.1. Preparation of the catalysts

Mo-MCM-41 mesoporous molecular sieves with Si/Mo ra-
tios of 320, 160, 80, and 40 were synthesized using tetrae
orthosilicate and ammonium heptamolybdate [(NH4)6Mo7O24·
4H2O] as the starting materials and cetyltrimethylamm
nium bromide (CTMABr) as the structure-directing age
[43,44]. The molar composition of the reaction mixture w
1.0 SiO2:x MoO3:0.20 [C16H33N(CH3)3]Br:160 H2O (x =
0.0031, 0.0063, 0.013, and 0.025 for Si/Mo ratios of 320, 160
80, and 40, respectively). The pH was adjusted to 0.5 with
HCl solution, and the reaction mixtures were stirred for 5 d
at room temperature. After the products were recovered by
tration, washed with distilled water several times, and drie
373 K for 12 h, the samples were calcinated under a dry
of air at 773 K for 8 h to remove any organic compounds.
fore spectroscopic measurements and photocatalytic reac
the catalysts were degassed at 773 K for 2 h and calcined i2
(>20 Torr) at 773 K for 2 h, then degassed at 473 K for 2 h.

The imp-Mo/MCM-41 catalyst (1.0 wt% as Mo) was pr
pared by impregnating an aqueous solution of ammonium
tamolybdate into MCM-41. It was dried at 373 K for 12
followed by calcination under a dry flow of air at 773 K f
5 h.

2.2. Catalyst characterizations

The powder XRD patterns of the samples were obtained
a Shimadzu XD-D1 using Cu-Kα radiation (λ = 1.5417 Å).
The hexagonal unit cell parameter (a0) was calculated from
2d/

√
3 and a diffraction peak of 100, obtained from 2θ of

the first peak in the XRD patterns by the Braggs equa
(2d sinθ = λ). The value ofa0 was equal to the internal por
diameter plus one pore wall thickness. The pore sizes of
MCM-41 samples were calculated by subtracting the siz
the wall thickness of about 10 Å, as reported by Horva
Kawazoe[44], from the value ofa0.
-
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The amount of Mo on Mo-MCM-41 was determined with
Shimadzu atomic absorption flame emission spectrophoto
ter (model AA-6400F). The calcined Mo-MCM-41 mesoporo
molecular sieves with Si/Mo ratios of 320, 160, 80, and 4
corresponded to Mo amounts of 0.5, 1.0, 2.0, and 4.0 w
respectively. UV–vis spectroscopic measurements were ca
out on a Shimadzu UV–vis recording spectrophotometer (m
UV-2200A). The PL and lifetimes were measured at 77 K w
a Shimadzu RF-501 spectrofluorophotometer and an appa
for lifetime measurements, respectively.

The XAFS (XANES and EXAFS) spectra were obtained
the BL-10B facility of the High-Energy Acceleration Resear
Organization (KEK) in Tsukuba, Japan. The storage ring en
was set at 2.5 GeV, and the positron current was 250–350
The XAFS spectra of the dehydrated samples were record
Mo K-edge absorption in the transmittance mode at 295 K.
EXAFS data were examined by an EXAFS analysis progr
Rigaku EXAFS (REX). Fourier transform was performed
k3-weighted EXAFS oscillations in the region of 3–10 Å−1 to
obtain the radial structure functions.

2.3. Photocatalytic reactions

The photocatalytic reduction of NO with CO into N2 and
CO2 was performed under a closed system. Typically, 80
of the sample was loaded in a quartz cell with a flat bott
(35 mL) connected to a vacuum system (10−3 Torr range). After
pretreatment, NO and the reducing gases (180 µmol g−1

cat) were
introduced into the quartz cell. UV irradiation was carried
using a high-pressure mercury lamp (75 W) through a UV
filter (λ > 270 nm) at 295 K, with a water bath used to ke
the flat bottom at a constant temperature. The products
then analyzed by an on-line gas chromatograph equipped
a thermal conductivity detector for analysis of N2, N2O, CO,
CO2, and other elements.

3. Results

3.1. Characterizations of Mo-MCM-41

3.1.1. XRD studies
As the Mo content increased, the color of the as-synthes

samples changed from white to pale yellow, and that of the
cined samples changed from white to pale green. As show
Fig. 1, the XRD patterns of the calcined Mo-MCM-41 (0.5, 1
2.0, and 4.0 wt%) and silicious MCM-41 exhibited well-defin
100 diffractions accompanied by broader, unresolved hig
order reflections, indicating that they have hexagonal MCM
mesostructures. The 100 diffraction attributed to Mo-MC
41 showed a shift toward lower degrees than that for silici
MCM-41. Table 1 summarizes thed100, hexagonal unit cel
parameters (a0), and specific BET surface area for all of t
samples. The pore size of Mo-MCM-41 was observed to
crease from 32.3 to 37.8 Å on incorporation of Mo-oxides i
the meso-frameworks. An increase in the unit cell size p
meter was also noted on the incorporation of Cr ions into
MCM-41 and HMS frameworks, in good agreement with
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Fig. 1. XRD patterns of the silicious MCM-41 (a) and Mo-MCM-41 with d
ferent Mo contents of (a) 0.5, (b) 1.0, (c) 2.0, and (d) 4.0 wt%.

Table 1
Hexagonal unit cell parameters and BET specific surface areas of Mo-MC
with different Mo contents and imp-Mo/MCM41(1.0)

Samples
(wt% as Mo)

d100
(Å)

a0
(Å)

SBET
(m2 g−1)

MCM-41 36.6 42.3 1086.5
Mo-MCM-41 (0.5) 36.9 42.6 1007.6
Mo-MCM-41 (1.0) 38.1 44.0 1002.4
Mo-MCM-41 (2.0) 39.2 45.3 987.7
Mo-MCM-41 (4.0) 41.4 47.8 945.4
imp-Mo/MCM-41 (1.0) 37.6 43.4 672.0

Fig. 2. Diffuse reflectance UV–vis spectra of Mo-MCM-41 with different M
contents of (a) 0.5, (b) 1.0, (c) 2.0, and (d) 4.0 wt%.

data from previous analyses[43,45]. A specific BET surface
area of about 1000 m2 g−1 was retained on Mo-MCM-41 in th
range of 0.5–2.0 wt% and then slightly decreased to 4.0
due to some extra-framework Mo-oxides.

3.1.2. UV–vis studies
The absorption spectra of Mo-MCM-41 with varying M

content (0.5–4.0 wt%) are shown inFig. 2. The absorption
bands appeared at around 220–240 nm and 260–300 nm
of the samples and are assigned to the charge transfer from2−
1

all

Fig. 3. XANES spectra of Mo-MCM-41 with different Mo contents of (a) 1
(b) 2.0, (c) 4.0 wt%, (d) imp-Mo/MCM-41 (1.0 wt%), (e) K2MoO4, and
(f) MoO3.

to Mo6+. The intensity of the absorbance increased with
creasing Mo content. The local structures of the Mo-oxid
such as the tetra- and/or hexa-coordinated Mo-oxides, c
not be clearly identified by electronic transition because t
exhibit a similar energy gap between the HOMO and LUM
levels [46]. However, none of the samples exhibited abso
tion at wavelengths longer than 340 nm due to the existenc
MoO3, indicating that they have no aggregated MoO3 species,
but rather only highly dispersed Mo-oxides.

3.1.3. XAFS studies
The normalized MoK-edge XANES spectra of the Mo

MCM-41 (1.0, 2.0, and 4.0 wt%), imp-Mo/MCM-41 (1.0 wt%
K2MoO4 with tetra-coordinated molybdate, and MoO3 with
hexa-coordinated molybdate are shown inFig. 3. In the XANES
spectra, a characteristic feature of the pre-edge peak for
MCM-41 was the appearance of a peak due to the so-c
“1s–4d transition” of the Mo ions[1]. With low loadings of
the Mo content, the shape of the XANES spectra was sim
to that of K2MoO4. In contrast, with high loadings (4 wt%
the shape of the spectra changed slightly and became
lar to that for MoO3. These results clearly indicate that tet
coordinated molybdates are formed mainly on Mo-MCM-
with low loadings of Mo, whereas with high loadings, n
only tetra-coordinated molybdates, but also hexa-coordin
molybdates were involved.

The Fourier transforms of thek3-weighted Mo K-edge
EXAFS spectra of Mo-MCM-41 (1.0–4.0 wt%) are shown
Fig. 4. Mo-MCM-41 (1.0 wt%) exhibited a peak due to th
presence of the neighboring oxygen atoms (Mo–O) at aro
0.8–2.0 Å (without phase-shift corrections), and no other c
acteristic peaks were observed. It was observed that the p
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Fig. 4. Fourier-transformed EXAFS spectra of Mo-MCM-41 with different M
contents of (a) 1.0, (b) 2.0, (c) 4.0 wt%, and (d) imp-Mo/MCM-41 (1.0 wt%

shifted toward a longer distance, suggesting that the b
length between Mo and O increased with increasing Mo c
tent. Moreover, an intense peak at around 3 Å due to
presence of the neighboring Mo atoms (Mo–O–Mo) was
served in Mo-MCM-41 (4.0 wt%). Curve-fitting analysis of t
EXAFS spectra indicated that Mo-MCM-41 (1.0 wt%) involv
tetra-coordinated molybdate (MoO4

2−) with two shorter Mo–
O bonds (1.68 Å) and two longer Mo–O bonds (1.88 Å),
shown inTable 2. The structures of the molybdate are sho
in Scheme 1. The two shorter Mo–O bonds may have a doub
bond nature, whereas the two longer bonds have a single-
nature. These bonding distances increased slightly when th
content was increased (1.0–4.0 wt%), indicating that part
the molybdate in MCM-41 changed from tetrahedral mono
to dimer/oligomer and octahedral polymolybdate. The cur
fitting data show only the averaged values; if different mol
dates existed in Mo-MCM-41, then it would be difficult
elucidate the structure of the Mo species from the para
ters estimated by the curve-fitting analysis. In the sample
4 wt% Mo loading, the presence of the neighboring Mo at
through the O bridge bond was detected. Taking the XAN
spectrum into consideration, small parts of Mo are seen to e
as hexa-coordinated polymolybdate in Mo-MCM-41 (4 wt%
In addition, the XANES and XAFS spectra show that im
Mo/MCM-41 (1.0 wt%) involves some hexa-coordinated po
molybdate that differs from Mo-MCM-41 (1.0 wt%).
d
-
e
-

-
nd
o
f
r
-

-
h

st

Table 2
Curve-fitting results of Fourier-transformed EXAFS spectra of Mo-MCM
and imp-Mo/MCM41

Samples
(wt% as Mo)

Shell C.N.a Rb

(Å)
σ2c

(Å2)

Mo-MCM-41 (1.0) Mo–O 2.1 1.68 0.005
Mo–O 1.9 1.88 0.005

Mo-MCM-41 (2.0) Mo–O 2.1 1.72 0.005
Mo–O 1.8 1.92 0.005

Mo-MCM-41 (4.0) Mo–O 2.3 1.74 0.0003
Mo–O 1.8 1.95 0.0003
Mo–O–Mo 0.8 3.19 0.0003

imp-Mo/MCM-41 (1.0) Mo–O 2.1 1.70 0.005
Mo–O 1.9 1.91 0.005
Mo–O–Mo 0.4 3.18 0.005

a Coordination number.
b Inter-atomic distance.
c Debye–Waller factor.

Scheme 1. Model of the (a) monomeric tetra-coordinated molybdate
(b) polymeric hexa-coordinated molybdate.

3.1.4. Photoluminescence studies

(1)

[Mo6+=O2−] excitation[Mo5+–O−]∗
phospho-
rescence

quenching
[Mo6+=O2−]

(
Ground state
of tetra-
molybdate

) (
Charge transfer
excited triplet
state

)
[Mo5+–O−· · ·Q]
Q: quencher molecules

Mo-MCM-41 (1.0 wt%) exhibited a phosphorescence sp
trum at around 400–600 nm on excitation at around 295
recorded at 77 K, coinciding with the phosphorescence s
trum of the tetra-coordinated Mo-oxide species highly d
persed on SiO2, as shown inFig. 5. The excitation and emis
sion spectra are attributed to the following electron tran
processes from O2− to Mo6+ ions of the tetra-coordinate
molybdate (MoO42−) and its radiative decay from the char
transfer-excited triplet state to the ground state (Eq.(1)) [8,9].

The shape and wavelength of the phosphorescence spe
maximum intensity did not change upon varying the excita
wavelengths, indicating that there was only one emitting
defined as theα species. Moreover, the phosphorescence yi
were seen to decrease efficiently by the addition of quen
molecules (Q), such as NO, accompanied by a shortened
time of the excited state.

In contrast, there were at least two emitting sites on M
MCM-41 (4.0 wt%). The absorption spectrum for the phosp
rescence can be deconvoluted into two components due toα
andβ species having the peak position of the emission exc
tion spectrum (absorption) at 295 and 310 nm, respectivel
shown inFig. 6. The imp-Mo/MCM-41 (1.0 wt%) also involve
two emitting sites (α andβ), although Mo-MCM-41 (1.0 wt%)
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Fig. 5. Effect of the addition of NO on the phosphorescence spectrum an
excitation spectrum of Mo-MCM-41 (1.0 wt% as Mo). Pressure of added
(a, A) 0; (B) 0.07; (c, C) 0.4 Torr; (D) excess; (E) degassed after (D).

Fig. 6. Effect of the addition of NO on the phosphorescence spectrum an
excitation spectrum of Mo-MCM-41 with 4.0 wt%. Pressure of added N
(a, A) 0, (B) 0.6, and (c, C) 4 Torr; (D) excess; (E) degassed after (D).

involved only α. The phosphorescence due toα and β was
quenched completely by the addition of excess NO, whe
the absorption due toα, in particular, was quenched more ef
ciently than that ofβ. The PL studies clearly indicated that tw
different emitting sites exist, complementing the XAFS stud

The effect of the Mo content on the lifetimes of the cha
transfer-excited triplet state, determined from the decay
phosphorescence spectra, was also investigated. In sa
with low Mo content (0.5–1.0 wt%), a single exponential d
cay curve with phosphorescence lifetimes of 2.25–2.26 ms
α was obtained, whereas for the sample with high Mo con
(2.0–4.0 wt%),α with lifetimes of 2.27–2.29 ms andβ with
lifetimes of 0.87–0.91 ms were obtained.

The yield of the phosphorescence increased with a good
earity against the Mo content up to 1.0 wt% with an incre
in α concentration, as shown inFig. 7. At 2.0–4.0 wt%, the
concentration ofα decreased, whereas the concentration oβ

increased. It should be noted that imp-Mo/MCM-41 (1.0 wt
involves α and β, whereas Mo-MCM-41 (1.0 wt%) involve
only α even with the same Mo content.

3.2. Photocatalytic reaction of NO with CO

The photocatalytic reduction of NO by CO to form N2 and
CO2 was also investigated to study the reactivity of these M
e
:

e

s

f
les

r
t

-
e

-

Fig. 7. Effect of the Mo content on the yield of the phosphorescence an
concentration of theα andβ species.

Fig. 8. Reaction time profiles of the photocatalytic reduction of NO in the p
ence of CO on Mo-MCM-41 (1.0 wt% Mo): yields of (a) CO2, (b) N2, (c) N2O,
and (d) conversion of NO.

MCM-41 catalysts. Silicious MCM-41 and MoO3 itself did not
exhibit any reactivity to form N2 from a NO-CO system unde
UV light irradiation. The reaction time profiles for the yiel
of the photo-formed N2 on Mo-MCM-41 (1.0 wt%) are shown
in Fig. 8. The yields of N2 were found to increase with goo
linearity against the UV irradiation time, accompanied by
formation of CO2. The turnover number, defined as the value
the number of photo-formed N2 molecules divided by the tota
number of Mo species involved in the used catalyst, excee
1.0 after UV irradiation for 2 h on Mo-MCM-41 (1.0 wt%), in
dicating that the reaction proceeds photocatalytically at 29
Moreover, after 3 h of UV irradiation, NO conversion and
lectivity for the formation of N2 reached close to 100% throug
the formation of small amounts of N2O during the reaction[42].
The reaction rate constant for N2 formation were determined a
15.7, 28.7, 26.1, and 24.2 µmol g−1

cat h
−1 on Mo-MCM-41 of 0.5,
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Fig. 9. N2 yields in the photocatalytic reduction of NO in the presence of
for 3 h and the phosphorescence yields on Mo-MCM-41 (0, 0.5, 1.0, 2.0
4.0 wt%) and imp-Mo/MCM-41 (1.0 wt%).

1.0, 2.0, and 4.0 wt%, respectively, showing a maximum rat
the Mo-MCM-41 with 1.0 wt% Mo content.

The effect of Mo content on the photocatalytic reactivity a
the yield of phosphorescence is illustrated inFig. 9. Photocat-
alytic reactivity was the highest for Mo-MCM-41 (1.0 wt%
in good correspondence with the phosphorescence yield.
imp-Mo/MCM-41 (1.0 wt%) catalyst showed reactivity simil
to that of Mo-MCM-41 (4.0 wt%).

4. Discussion

4.1. Local structures of the Mo-oxides on Mo-MCM-41

In previous work, an anchored Mo/SiO2 (0.07 wt%) pho-
tocatalyst prepared by chemical vapor deposition of va
MoCl5 with the surface OH group on SiO2 was observed to
involve only one type of emitting site, whereas the impregna
Mo/SiO2 (0.1 wt%) had at least two different types of em
ting sites[25]. Thus the local structure of the Mo-oxides w
seen to depend on the sample preparation method. In this w
mesoporous molecular sieves show advantages in the d
of photocatalysts with an isolated tetra-coordinated molyb
species with high concentrations, up to 1.0 wt%. Kazan
et al. [22] reported that the lowest excited triplet state of
hexa-coordinated polymeric molybdate causes an efficien
diationless deactivation, leading to the absence of the phos
rescence. Our XAFS and photoluminescence studies ind
that theα species, with an absorption peak at 295 nm, can
assigned to the tetra-coordinated monomeric molybdate on
MCM-41 of up to 1.0 wt%. In fact, the samples with high M
content (∼2.0 wt%) exhibited a more efficient radiationless e
ergy transfer, leading to a decrease in phosphorescence y
as well as a shortening of the lifetimes attributed to the inte
tions of Mo–Mo through oxygen bonding (Mo–O–Mo). Bas
on these results, theβ species can be assigned to the te
coordinated dimeric and/or oligomeric molybdate, which
favorable due to their clustered structure. XAFS studies sho
d

n

e

r

d

k,
gn
e
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-
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e
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d

the coexistence of small parts of hexa-coordinated polym
molybdate in the sample with higher Mo content (4 wt%),
addition to theα andβ species. The local structures of the T
oxide were observed to change depending on the Ti conte
Ti-MCM-41 [40]. Thus, such changes in the local structure m
be applied for various transition metal oxides supported on
olites and silica.

4.2. Photocatalytic reactivities of the Mo-oxide species

Our results showed that theα species is able to react wit
quencher molecules such as NO and CO more efficiently
the β species, suggesting that the isolated tetra-coordin
molybdate (α) has better photocatalytic performance than
dimeric and/or oligomeric tetra-coordinated molybdate (β).
Comparison of the photocatalytic reactivity for NO–CO p
unit of Mo on Mo-MCM-41 showed that the isolated tetr
coordinated molybdate (α) was more reactive than the dimer
and/or oligomeric tetra-coordinated molybdate (β), in good
agreement with the results obtained through phosphoresc
quenching by NO or CO.

5. Conclusions

Mo-MCM-41 mesoporous molecular sieves with low M
content (∼1.0 wt%) were found to have only tetra-coordinat
monomeric molybdate. However, two different types of te
hedral Mo species, monomeric and dimeric and oligom
molybdate, were involved in Mo-MCM-41 with high Mo con
tent (2.0–4.0 wt%). Moreover, hexa-coordinated polyme
molybdates were observed for Mo-MCM-41 when the Mo c
tent was increased to 4.0 wt%. The excited triplet state of
monomeric molybdates was found to interact with the re
tant molecules more efficiently than that of the dimer/oligom
species, leading to different photocatalytic reactivities. T
photocatalytic performance of Mo-MCM-41 for the reducti
of NO with CO to form N2 and CO2 was investigated unde
UV irradiation (λ > 270 nm) at 295 K. The charge transfe
excited triplet state of the tetra-coordinated molybdate spe
with monomeric, dimeric and/or oligomeric molybdate spec
was found to play a significant role in these reactions.
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