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A series of bimetallic Fe–Mo-SBA-15 materials were synthesized through direct synthetic strategy and
comprehensively characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), N2

sorption, inductively coupled plasma (ICP), thermogravimetry and differential thermal analysis
(TG–DTA), Fourier-transform infrared spectroscopy (FT-IR), UV–vis spectroscopy (UV–vis), tempera-
ture-programmed reduction (TPR), X-ray photoelectron spectroscopy (XPS), in situ NH3-adsorbed FT-IR
(NH3-IR) and temperature-programmed desorption of NH3 (NH3-TPD). The results indicated that: (1)
all the samples exhibited typical hexagonal arrangement of mesoporous structure; (2) the incorporation
of Fe could efficiently promote the incorporation/dispersion behavior of Mo in SBA-15; (3) the addition of
Mo species could enhance the structural ordering of mesoporous materials. Moreover, the prepared
materials were evaluated in the selective catalytic reduction (SCR) of NO with NH3. The results showed
that the materials containing Fe and Mo exhibited higher catalytic activity than monometallic modified
SBA-15 due to the increased intensity and quantity of surface acidity with the addition of Mo species.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

NOx is a major source of air pollution, because it has the ability
to generate secondary contaminants through its interactions with
other primary pollutants [1]. Selective catalytic reduction of NO
with NH3 (NH3-SCR) is a well-proven technique for the removal
of NOx from stationary sources such as coal-fired power plants,
and is also one of the most promising techniques for the NOx elim-
ination from diesel exhaust in oxygen-rich conditions. Due to some
inevitable disadvantages of the present V2O5–WO3(MoO3)/TiO2

catalyst for industrial use, many researchers focus on the develop-
ment of novel, highly efficient, stable, environmental-friendly and
vanadium-free NH3-SCR catalysts. Many metal-exchanged zeolites
(ZSM-5, MOR, BEA and FER) have been shown to be active for
NH3-SCR [2,3]. However, mesoporous materials are relatively few
used in NH3-SCR.

Among the mesoporous materials so far reported, the most pop-
ular ones are the MCM-41 materials reported by Mobil and SBA-15
materials reported by Stucky and co-workers from the University
of California at Santa Barbara [4]. SBA-15 materials display thicker
pore walls than MCM-41 materials, and thus higher hydrothermal
ll rights reserved.
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and thermal stability is obtained [4], which suggests their wider
and more potential applications. However, pure silica framework
is chemically inert for various catalytic applications because of
their lack of acid sites and redox sites. The incorporation of metals
is an efficient method to improve the properties of these materials,
which represents a timely topic in catalysis research [5,6]. Several
successful examples of heteroatoms such as Al [7], Fe [8], Ti [9],
and Ga [10], incorporated into the wall of mesoporous materials
have been demonstrated. Most of these reports are focused on
incorporation of single metal ions, while introduction of binary
and/or trinary heteroatoms into SBA-15 is relatively neglected.

Multi-component introduction can create new redox and acid
sites compared with mono-heteroatom, and hence displays differ-
ent catalytic activities. Calleja et al. introduced Al into Cr-SBA-15
which showed better activity than Cr-SBA-15 in the ethylene
polymerization reaction [11]. Gu et al. reported the synthesis and
catalytic activity of VOx/CuSBA-15 and their results showed that
catalytic activity in the hydroxylation of benzene using molecular
oxygen as oxidant was significantly promoted by loading
vanadium oxide on CuSBA-15 [12]. Cai and Li found that Ru had
a remarkable promoting effect on the catalytic performance of
Co/SBA-15 for Fischer–Tropsch synthesis, and the activity of cata-
lysts for FT synthesis increased with increasing Ru loading [13].
The catalytic activity of these catalysts is significantly promoted
mainly due to the synergetic effect of multi-components. In gen-
eral, most of these materials are synthesized by post-synthetic
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grafting methods, but post-treatment may result in partial
blocking of mesopores. Fewer researches concerning the direct
synthesis and catalytic application of bimetallic ions modified
mesoporous molecular sieves have been reported [14,15].

Selective catalytic reduction (SCR) using transition metal oxides
catalysts with ammonia as the reducing agent is widely used for de-
NOx in stationary pollution sources due to its high efficiency [16].
Many reports have shown that Fe-based catalysts were active for
the catalytic reduction of nitrogen oxides [2,17]. The Mo element
is also found to be a good promoter for the catalytic reduction of
nitrogen oxides [18]. However, the simultaneous incorporation of
Fe and Mo into mesoporous SBA-15 through the direct synthesis
for the selective catalytic reduction is little explored.

In the present work, we report Fe and Mo incorporated SBA-15
by the direct synthesis. The resulting materials exhibit a well
defined mesoporous structure. The effect of Mo species in the syn-
thesis process of mesoporous materials is studied. The influence of
Mo ions addition on the reducibility of Fe species, as well as surface
acidity of catalysts, has been also explored by using H2-TPR, XPS,
NH3-IR and NH3-TPD combined with micro-reactor test of selective
catalytic reduction of NO by NH3, and the relationship between the
surface properties and the catalytic activity of catalyst is also
discussed.
2. Experimental details

2.1. Sample synthesis

A typical synthesis procedure of Fe–Mo-SBA-15 was as follows:
4 g of nonionic triblock copolymer surfactant EO20PO70EO20 (P123,
Aldrich) was dispersed in 30 ml of water and 2 ml of 2 M HCl solu-
tion, and then stirred at 40 �C for 4 h. Thereafter, 60 ml of water
was added and the mixture was stirred for 2 h. Then, the appropri-
ate amount of ferric nitrate and ammonium heptamolybdate (i.e.,
(NH4)6Mo7O24) were added directly to the homogeneous solution
with stirring for 1 h. After pH value was adjusted to 2.3, 9 g of tet-
raethyl orthosilicate (TEOS) was added dropwise. This gel mixture
was continuously stirred at 40 �C for 24 h, finally hydrothermal in a
Teflon-lined autoclave at 100 �C for 24 h. The molar composition of
the gel mixture was 1:0.0125–0.05:0.025–0.2:0.016:0.46:127
TEOS:Fe2O3:MoO3:P123:HCl:H2O. After that, the solid product
was filtered, washed with deionized water and absolute ethanol
for several times, and finally dried at 100 �C for 12 h. The as-pre-
pared product was calcined in air at 500 �C for 5 h to decompose
the template. The Fe–Mo-SBA-15 materials were labeled as
Fe(x)–Mo(y)-SBA-15, where x and y denoted the nSi/nFe molar ratio
and nSi/nMo molar ratio in the final product, respectively. For com-
parison, Fe-SBA-15 and Mo-SBA-15 materials were also prepared
as the same synthesis procedure of Fe(x)–Mo(y)-SBA-15.
2.2. Sample characterization

The X-ray diffraction patterns were collected on a Philips X’pert
X-ray diffractometer with Ni-filtered Cu Ka radiation (k =
0.15418 nm). The X-ray tube was operated at 40 kV and 40 mA.

Transmission electron microscopy (TEM) images were taken on
a JEM-2100 instrument at an acceleration voltage of 200 kV. The
samples were sonicated in A.R. grade ethanol for 15 min and the
resulting suspension was allowed to dry on carbon film supported
on copper grids.

N2 sorption isotherms were measured at �196 �C using a
Micromeritics ASAP 2020 system. The samples were degassed for
160 min at 300 �C in the degas port of the adsorption analyzer.
The Brunauer–Emmett–Teller (BET) specific surface area was cal-
culated using adsorption data in the relative pressure range from
0.04 to 0.2. The total pore volume was determined from amount
adsorbed at a relative pressure of about 0.98. The pore size distri-
bution (PSD) curves were calculated from the analysis of the
desorption branch of the isotherm using the Barrett–Joyner–Halen-
da (BJH) algorithm.

Chemical compositions were determined using a Jarrell-Ash
1100 inductively coupling plasma (ICP) atomic emission spectrom-
eter. The samples were completely dissolved in suitable hot acid
before analysis.

Thermogravimetry and differential thermal analysis (TG–DTA)
experiment was carried out on STA-499C, NETZSCH apparatus,
and 3.49 mg sample was placed in a ceramic crucible and heated
from room temperature to 1000 �C at 10 �C min�1 in air stream.

Fourier-transform infrared spectroscopy (FT-IR) was carried out
on a Nicolet 5700 FT-IR instrument running at 2 cm�1 resolution.

UV–vis spectra (UV–vis) profiles were recorded in the range of
200–900 nm by a Shimadzu UV-2401 spectrophotometer.

H2-TPR experiments were performed in a quartz U-type reactor,
and 50 mg sample was used for each measurement. Prior to the
reduction, the catalyst was pretreated in N2 stream at 100 �C for
1 h and then cooled to room temperature. After that, H2–Ar mix-
ture (7% H2 by volume) was switched on, and the temperature in-
creased gradually with a rate of 10 �C min�1. The H2 consumption
was monitored using a thermal conduction detector (TCD).

X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 Versaprobe system, using monochromatic Al Ka
radiation (1486.6 eV) operating at 25 W. The sample was out-
gassed overnight at room temperature in a UHV chamber
(<5 � 10�7 Pa). All binding energies (BE) were referenced to the C
1s peak at 284.6 eV. The experimental errors were within ±0.1 eV.

Infrared spectroscopy measurements of NH3 adsorbed on the
catalysts (NH3-IR) were performed with a Nicolet 5700 FT-IR spec-
trometer. The samples were pressed to self-supporting pieces with
the same feeding-mass of samples. The samples were pretreated in
flowing N2 at 200 �C for 1 h, and then saturated with NH3 at 100 �C
for 0.5 h. After purging with N2 at 100 �C for 1 h, the samples were
heated to 400 �C under N2 atmosphere at a rate of 10 �C min�1, and
the spectra were recorded at target temperatures.

Temperature-programmed desorption of ammonia (NH3-TPD)
was carried out in a quartz U-tube reactor, detected with a thermal
conductivity detector (TCD). About 0.1 g sample was pretreated in
flowing air at 500 �C for 1 h and then cooled down to 100 �C. The
samples were first saturated with pure NH3 at 100 �C for 0.5 h,
and after purging with flowing pure He until the TCD signal was
stabilized, the samples were heated to 800 �C in flowing He at a
rate of 10 �C min�1.
2.3. SCR activity measurements

The reaction activity tests of NO selective catalytic reduction by
ammonia (‘‘NO + NH3 + O2’’ reaction) were measured in a flow mi-
cro-reactor with a gas composition of 0.05% NH3, 0.05% NO, 2% O2

and 98% N2 by volume at a space velocity of 90,000 ml g�1 h�1,
100 mg catalyst was used for each measurement. The NO concen-
trations before and after reaction were determined by using an
N-(1-naphtyl)-ethylenediamine dihydrochloride spectrophotome-
ter method (Saltzman method) [19].
3. Results and discussion

3.1. Mesoporous structure of Fe–Mo-SBA-15

For the elemental compositions, the calcined Fe–Mo-SBA-15
materials with different Fe and Mo contents are characterized by
ICP as listed in Table 1. Generally, in all cases, the nSi/nFe ratio



Table 1
Texture properties of the samples Fe-SBA-15, Mo-SBA-15 and Fe–Mo-SBA-15.

Samples nSi/nFe nSi/nMo d100 (nm) a0
a (nm) ABET

a (m2/g) dp
a (nm) Vp

a (cm3/g) Wa (nm)

Gel Product Gel Product

Fe(33)–Mo(65)-SBA-15 20 33 40 65 9.5 11.0 936 6.5 1.33 4.5
Fe(33)–Mo(48)-SBA-15 20 33 20 48 9.5 11.0 970 6.5 1.25 4.5
Fe(32)–Mo(36)-SBA-15 20 32 5 36 9.4 10.9 916 6.5 1.16 4.4
Fe(51)–Mo(53)-SBA-15 40 51 30 53 9.0 10.4 1005 6.5 1.17 3.9
Fe(28)–Mo(49)-SBA-15 20 28 30 49 9.5 11.0 928 6.5 1.28 4.5
Fe(20)–Mo(50)-SBA-15 15 20 30 50 9.9 11.4 950 6.5 1.34 4.9
Fe(12)–Mo(41)-SBA-15 10 12 30 41 10.3 11.9 905 7.5 1.38 4.4
Fe(19)-SBA-15 15 19 – – 10.0 11.5 905 6.4 1.14 5.1
Fe(27)-SBA-15 20 27 – – 9.6 11.1 930 6.5 1.30 4.6
Mo(547)-SBA-15 – – 30 547 8.9 10.3 931 6.4 1.24 3.9

a a0: unit cell parameter, calculated according to a0 ¼ 2d100=
ffiffiffi

3
p

; ABET: specific surface area, calculated by the desorption branch of the isotherm according to the BJH
method; dp: pore diameter; Vp: pore volume; W: thickness of pore wall, estimated by W = a0 � dp.
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Fig. 1. The small angle XRD patterns of (a) Fe(19)-SBA-15, (b) Mo(547)-SBA-15, (c)
Fe(20)–Mo(50)-SBA-15 and (d) Fe(12)–Mo(41)-SBA-15.
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Fig. 2. The small angle XRD patterns of (a) Fe(33)–Mo(65)-SBA-15, (b) Fe(33)–Mo(48)-
SBA-15 and (f) Fe(20)–Mo(50)-SBA-15.
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and nSi/nMo ratio of the calcined materials are higher than the input
nSi/nFe ratio and nSi/nMo ratio in the synthesis gel. This is due to the
high solubility of the Fe and Mo precursors in the acidic hydrother-
mal synthesis conditions [20].

Fig. 1 shows the small angle XRD patterns of different materials.
For Fe(19)-SBA-15 (Fig. 1a), only a broad diffraction peak ascribed
to (100) is observed. However, when Mo precursor is added, the
structural ordering of Fe(20)–Mo(50)-SBA-15 is greatly improved,
as can be seen by the presence of three well-resolved peaks
(100), (110) and (200) in the Fig. 1c, which indicates that the
addition of molybdic species can obviously enhance the structural
ordering of mesoporous materials. According to the report of Zhao
et al. when pH value is 2.3, above the isoelectric point of silica
(pH � 2), no formation of pure silica SBA-15 occurs, because the
absence of sufficiently strong electrostatic or hydrogen-bonding
interaction between silica species and surfactant at pH � 2.3 leads
to the formation of amorphous or otherwise disordered silica [4].
However, when Mo precursor is added to the initial gel,
Mo(547)-SBA-15 shows three well-resolved peaks (100), (110)
and (200) (Fig. 1b). The result further confirms that the addition
of molybdic species can enhance the structural ordering of SBA-
15. So in the guidance of the idea, Fe(12)–Mo(41)-SBA-15
(Fig. 1d) is synthesized, which shows three peaks (100), (110)
and (200), indicating its ordered mesoporous structure. Under
the assistance of molybdic species, the maximum iron content
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Fig. 3. TEM images of (a and b) Fe(20)–Mo(50)-SBA-15 and (c) Fe(19)-SBA-15.
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nSi/nFe molar ratio can be increased to 12 in the product (Table 1),
higher than that of Fe-SBA-15 materials in the absence of molybdic
species (nSi/nFe = 19). Therefore, all samples are synthesized under
the assistance of molybdic species.

Fig. 2 shows the small angle XRD patterns of Fe–Mo-SBA-15
materials with different Fe and Mo contents. For all samples in
Fig. 2, three well-resolved peaks (100), (110) and (200), which
are characteristic of mesoporous material with 2D-hexagonal
structure, can clearly be seen. Fig. 2d–f shows that as the content
of Fe increases, all peaks of the calcined samples obviously move
to lower angle, implying the dilation of the structure of the mate-
rials. Considering the Fe–O bond length (0.197 nm) and Mo–O
bond length (0.187 nm) larger than Si–O bond length (0.161 nm),
it can be inferred that Fe and/or Mo species may be incorporated
into the framework of SBA-15. A similar result has also been re-
ported in the metal-substituted mesoporous materials [21]. On
the other hand, with the Mo content increasing (Fig. 2a–c), the
(100) diffraction peaks in XRD analysis are located at quite similar
angle values, which indicates that the Mo species is not incorpo-
rated into the pore walls of the mesostructured materials but prob-
ably highly dispersed on the pore surface of SBA-15. Hence, it can
be speculated that the change of the d100 lattice is mainly caused
by the incorporation of Fe species. At a higher angle of XRD pat-
terns (Fig. S1 in Supplementary material), no characteristic peaks
of crystalline Fe2O3 and MoO3 have been observed, which suggests
Fe and Mo species might be in the framework or highly dispersed
on the surface of SBA-15.

The structural ordering of the samples can be directly observed
by TEM. Fig. 3 shows the TEM images of Fe(20)–Mo(50)-SBA-15
and Fe(19)-SBA-15. Fe(20)–Mo(50)-SBA-15 exhibits well-ordered
hexagonal arrays of mesopores with one- dimensional channels,
indicating a 2D-hexagonal mesostucture (Fig. 3a and b). However,
Fe(19)-SBA-15 presents a ‘‘worm-like’’ structure (Fig. 3c), indicat-
ing the irregularity of the pores. These are consistent with the re-
sults of small angel XRD measurements and support that the
addition of Mo species is favorable for maintaining the highly or-
dered mesostructure.

Fig. 4 shows the sorption isotherms and pore size distributions
of Fe–Mo-SBA-15 materials. For Fe(ca. 33)–Mo(y)-SBA-15 samples
(Fig. 4A), the isotherms are different as the contents of Mo increase.
For Fe(33)–Mo(65)-SBA-15 and Fe(33)–Mo(48)-SBA-15, the iso-
therms are typical type IV with an H1 hysteresis loop according
to the IUPAC classification [22], which is a typical adsorption for
ordered mesoporous materials with 2D-hexagonal structure. A
sharp step occurs at relatively high pressure of 0.6–0.8, corre-
sponding to capillary condensation of nitrogen within the uniform
mesopores. However, the isotherm of Fe(32)–Mo(36)-SBA-15
exhibits a hysteresis loop of the H3 type at P/P0 > 0.8 [22], corre-
sponding to capillary condensation in the interparticle pores or
some impurity phases [23]. For Fe(x)–Mo(ca. 50)-SBA-15 samples
(Fig. 4B), all isotherms are typical type IV with an H1 hysteresis
loop. Compared with Fe(20)–Mo(50)-SBA-15, the isotherm of the
sample Fe(19)-SBA-15 shows a soft step at relatively high pressure
and the pore size distribution becomes broader, indicative of
inhomogenous mesopores. Therefore, the addition of molybdic
species is an efficient method for synthesizing highly ordered
mesostructure.

The structure parameters of the samples are summarized in Ta-
ble 1. With the increased Mo content in Fe(ca. 33)–Mo(y)-SBA-15
samples, the pore volume decreases from 1.33 to 1.16 and the
change of a0 is not obvious, which indicates that Mo in Fe(ca.
33)–Mo(y)-SBA-15 samples may be mostly dispersed on the pore
surface. Oppositely, with the Fe content increasing in Fe(x)–Mo(ca.
50)-SBA-15 samples, the changes of pore parameters (Vp: from
1.17 to 1.34, a0: from 10.4 to 11.4, etc.) are obvious. The increase
of Vp and a0 value can be taken as an indication of Fe incorporated
into silica framework. And the similar results are also reported by
Kruk et al. [24].

3.2. Synthesis mechanism of Fe–Mo-SBA-15

3.2.1. Effect of Mo species in the synthesis of mesoporous materials
According to the above results, it can be concluded that the

addition of Mo species can enhance the structural ordering of
SBA-15. To clarify the nature of the interactions between surfactant
and Mo species, UV–vis spectrum of the aqueous blends of P123
and (NH4)6Mo7O24 before adding TEOS is investigated. For the pur-
pose of comparison, it is helpful to refer to the UV–vis spectra of
P123 and (NH4)6Mo7O24 separately in aqueous solutions, and all
the spectra are presented in Fig. 5. It is worth to note that the aque-
ous solutions of P123 and (NH4)6Mo7O24 are both colorless, while
the aqueous blends of P123 and (NH4)6Mo7O24 turn light green,
which implies that some interactions have taken place between
P123 and Mo species. In Fig. 5b, the aqueous solution of
(NH4)6Mo7O24 exhibits an adsorption peak at 211 nm which is
assigned to Mo6+ in tetrahedral coordination ðMoO2�

4 Þ [25].
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Scheme 1. The interaction between P123 and Mo species in the synthesis process.
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Compared with Fig. 5a and b, Fig. 5c exhibits a new adsorption
peak near 319 nm, which is assigned to octahedral Mo species
[25,26]. It is speculated that MoO2�

4 interacts with the EO moieties
of P123 and Mo coordinates with two neighboring oxygen atoms
from PEO, as a result, Mo species is changed from tetrahedral to
octahedral ones (Scheme 1). The interaction between P123 and
Mo species adds electrostatic interactions in the coassembly pro-
cess of surfactant and silica species, improving the mesoscopic
ordering. The assembly of mesoporous SBA-15 with addition of
Mo species is expected to proceed through S0Mo�NH4

+I� or
S0Mo�H+I� synthesis routes where S0 is the surfactant, Mo� is
the Mo species, I� is silica species with negative charge (Scheme 2).



Scheme 2. Mechanism proposed for the formation of SBA-15 under the assistance
of Mo species.
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Fig. 6. The TG–DTA curve of as-prepared Fe(28)–Mo(49)-SBA-15 sample.
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3.2.2. The interactions among ferric species, molybdic species and silica
species

As shown in Table 1, compared with solely Mo substituted sam-
ples, bimetal incorporated samples have relatively higher Mo con-
tent. The phenomenon has a great relationship with the
hydrolyzation of Fe and Mo ions.

Iron species can form positively charged iron hydroxo com-
plexes FeðOHÞþ2 at pH � 2.3 [27], which can easily interact with
negatively charged silica species by the electrostatic affinity, mak-
ing Fe species incorporated into the framework of SBA-15. Mo spe-
cies with negative charge interacts with positively charged iron
species by the electrostatic affinity, to form some mixed species
with positive charges and hydroxides. Then this mixed species
can react with the Si species, which makes Mo species easily intro-
duced to mesoporous molecular sieves and thus enhances the uti-
lization of Mo. The content of Mo in Mo(547)-SBA-15 is very low.
Because silica species and Mo species show negative charge at
pH � 2.3, which compels Mo difficultly introduced into SBA-15
Mo Precursor

pH=2.3
MoO4

2-

Si(OEt)4-n(O-)n

Sol-Gel

pH=2.3
MoO4

2-

Fe(OH)2
+

Mo Precursor

pH=2.3
MoO4

2-

Si(OEt)4-n(O-)n

Sol-Gel

pH=2.3
MoO4

2-

Fe(OH)2
+

e

Scheme 3. The simulated connection process of F
due to the electrostatic repulsion force. Fe species with positive
charge can reduce the electrostatic repulsion force between silica
species and Mo species, thus the content of Mo in Fe–Mo-SBA-15
samples is much higher than Mo-SBA-15. The simulated connec-
tion process of Fe, Mo and Si species in the synthesis process is
shown in Scheme 3.
3.3. Thermogravimetry and differential thermal analysis of the sample

Fig. 6 shows the TG–DTA curve of the as-prepared Fe(28)–
Mo(49)-SBA-15. The first mass-loss process of the sample below
150 �C with an endothermic peak maximum at 68 �C is due to
the loss of physically adsorbed water (4.7%). The second mass-loss
progress between 150 �C and 350 �C with an exothermic peak
maximum at 300 �C is ascribed to the decomposition of the tem-
plate (29.2%) [28]. The third mass-loss progress after 350 �C with
an exothermic peak maximum at 470 �C is often ascribed to the
combustion of remaining carbon species and the dehydroxylation
of Si–OH groups (6.5%) [29]. There seems to be no additional
weight loss with a small exothermic peak at 820 �C, which is due
to further structural rearrangement of the mesoporous materials
[30]. A total weight loss measured is about 40.4%, lower than the
previously reported values (58%) [4], because the sample has been
repeatedly washed by the distilled water and absolute ethanol to
remove large amount of surfactant in advance. When the temper-
ature increases above 500 �C, there is little mass change, which
indicates the template can be completely removed in air at
500 �C for 5 h.
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3.4. The Fe and Mo species states of Fe–Mo-SBA-15

Fig. 7 shows the FT-IR spectra of Fe–Mo-SBA-15 samples. In the
framework region (400–1500 cm�1), the bands at 1085 cm�1 and
806 cm�1 are assigned to antisymmetric stretching vibration and
symmetric stretching vibration of [SiO4], and the band at
470 cm�1 is assigned to rocking vibration of [SiO4] [31]. The band
at ca. 960 cm�1, assigned to a stretching vibration of a [SiO4] unit
bonded to heteroatoms, may be the evidence of the existence of
framework metal ions [32]. However, silanol groups m(Si–OH) of
mesoporous SiO2 can also contribute to this band because it exists
in mesoporous SiO2 without metal ions [33]. In order to shed light
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into the question of assignment about the band at 960 cm�1, the IR
spectra experiments of dehydrated samples are conducted. A thin
self-supporting wafer of the samples is prepared and mounted in-
side a high temperature cell. Then the wafer is pretreated by N2 at
200 �C for 1 h. The IR spectra at room temperature are shown in
Fig. 7B. Based on extensive literature reports, the band at
3737 cm�1 can be assigned to the stretching vibration of isolated
terminal silanol (Si–OH) groups [34]. The silanol band at
3737 cm�1 is imperceptibly changed for different contents of metal
ions and thus an amount of silanol (Si–OH) groups exist in the
Fe–Mo-SBA-15 materials. Therefore, the contribution of the Si-OH
groups for the band at around 960 cm�1 cannot be eliminated.
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Since a large number of silanol groups are present in Fe–Mo-SBA-
15 materials, the band at 960 cm�1 cannot be taken as proof of
metal ions incorporation in the framework of SBA-15.

The diffuse reflectance UV–vis spectroscopy is known to be a
very sensitive probe for the identification and characterization of
metal ion coordination and its existence in framework and/or in
the extraframework position of metal containing zeolites. UV–vis
spectroscopy has been used extensively to characterize the coordi-
nation circumstance of Fe3+ and Mo6+ ions in mesoporous materi-
als [35,36]. Fig. 8 shows the diffuse reflectance UV–vis spectra for
Fe–Mo-SBA-15 materials. The bands below 300 nm (ca. 275 nm)
are attributed to the charge-transfer translations of isolated frame-
work Fe3+ or Mo6+ in tetrahedral geometry. Moreover, a shoulder is
observed at around 343 nm which is ascribed to polymeric M–O–M
species. In addition to these peaks, one extra shoulder peak at
around 515 nm is detected, indicating the presence of Fe2O3 or
MoO3 nanoparticles although the particles escape the XRD mea-
surement. As Mo content increases in Fe(ca. 33)–Mo(y)-SBA-15
samples (Fig. 8a–c), both the bands at ca. 343 nm and ca. 515 nm
intensify, which indicates that the Mo may be as crystalline
MoO3 dispersed on the surface of SBA-15. In Fe(x)–Mo(ca. 50)-
SBA-15 samples (Fig. 8d–f), as the Mo content is stable, the inten-
sity at 343 nm and 515 nm does not change obviously with the Fe
content increasing, which may be due to Fe incorporated into the
framework of SBA-15. It can be taken as another evidence that
the change of the two bands at 343 nm and 515 nm are caused
by dispersion of Mo species.

3.5. Redox behavior characterization

To explore the reducibility of the different samples, Fig. 9 shows
the TPR patterns for Fe-SBA-15 and Fe–Mo-SBA-15 materials. For
Fe-SBA-15, two main reduction peaks are assigned to the stepwise
reduction of Fe species, i.e., Fe3+ ? Fe2+ (<400 �C) and Fe2+ ? Fe0

(>500 �C) [37,38]. Compared with Fe-SBA-15, the two peaks of
Fe–Mo-SBA-15 materials shift to higher temperature, suggesting
that the introduction of a proper amount of Mo species can decrease
the reducibility of Fe species. This may be due to the strong interac-
tion between Fe and Mo species, which decreases the oxidative
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Fig. 9. The TPR patterns of (a) Fe(19)-SBA-15, (b) Fe(27)-SBA-15, (c) Fe(33)–Mo(65)-SBA
15, (g) Fe(28)–Mo(49)-SBA-15 and (h) Fe(20)–Mo(50)-SBA-15.
ability of Fe species. For Fe(ca. 33)–Mo(y)-SBA-15 (Fig. 9c–e), the
reduction temperature of Fe species shifts to higher temperature
with the Mo content increasing, which suggests the average oxida-
tive ability of iron species in Fe(ca. 33)–Mo(y)-SBA-15 decreases
with the Mo content increasing. For Fe(x)–Mo(ca. 50)-SBA-15
(Fig. 9f–h), the reduction temperature of Fe species shifts to lower
temperature with the Fe content increasing, which suggests the
average oxidative ability of iron species in Fe(x)–Mo(ca. 50)-SBA-
15 increases with the Fe content increasing.

In order to understand the nature of the interaction between
the two metal oxide species, the calcined samples are investigated
using the XPS technique. Fig. 10 shows the XPS results for Fe-SBA-
15 and Fe–Mo-SBA-15 materials. For Fe 2p XPS spectra (Fig. 10A
and B), two well-defined peaks ascribed to Fe 2p3/2 (710.5–
711.6 eV) and Fe 2p1/2 (724.0–725.0 eV) show up. The binding
energies of these two peaks correspond well with characteristic
Fe3+ according to literature [39,40]. Compared with Fe-SBA-15,
the Fe 2p3/2 and Fe 2p1/2 peaks for all Fe–Mo-SBA-15 samples show
a little negative shift in binding energy. This could be due to the
electron transfer from Mo6+ to Fe3+. Therefore, Fe species in
Fe–Mo-SBA-15 have higher density of electron cloud than that in
Fe-SBA-15, leading to decrease the oxidative ability of Fe species
in Fe–Mo-SBA-15 [41], which is well in accordance with the TPR
results. For Fe(ca. 33)–Mo(y)-SBA-15 (Fig. 10A), the Fe 2p3/2 and
Fe 2p1/2 peaks show a little negative shift in binding energy with
the Mo content increasing, which also suggests the average oxida-
tive ability of iron species in Fe(ca. 33)–Mo(y)-SBA-15 decreases
with the Mo content increasing. For Fe(x)–Mo(ca. 50)-SBA-15
(Fig. 10B), the Fe 2p3/2 and Fe 2p1/2 peaks show a little positive shift
in binding energy with the Fe content increasing, which suggests
the average oxidative ability of iron species in Fe(x)–Mo(ca. 50)-
SBA-15 increases with the Fe content increasing.

According to the law of conservation of charge, a binding energy
increase of one element must be accompanied by a binding energy
decrease of another element in an isolated system. Therefore, we
can speculate that the Mo species in Fe–Mo-SBA-15 may have a
higher binding energy than that in MoO3 system. For Mo 3d XPS
spectra (Fig. 10C and D), two well-defined peaks ascribed to Mo
3d5/2 (232.0–232.5 eV) and Mo 3d3/2 (235.0–235.6 eV) show up,
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Table 2
Comparison of catalytic performance of different catalysts at 400 �C.

Catalysts Fe content (%) NO conversion (%) TOFa �104 (s�1)

Fe(33)–Mo(65)-SBA-15b 2.8 61 6.15
Fe2O3/TiO2

c 7.0 73 1.42
Fe2O3/Al2O3

c 7.0 88 1.71
Fe-ZSM-5d 5.0 64 3.65
Fe–Mo-ZSM-5d 5.8 85 4.18
Fe(IMP)-SBA-15e 2.7 58 4.67

a TOF (turnover frequency) is defined as the number of NO molecules convert per second per Fe (based on total Fe).
b Reaction conditions: 100 mg catalyst, 500 ppm NO, 500 ppm NH3, 2% O2, balance N2, and total flow rate = 150 ml/

min (ambient conditions).
c Reaction conditions [45]: 14 g catalyst, 1000 ppm NO, 1000 ppm NH3, 2.2% O2, balance N2, and total flow

rate = 5 l/min (ambient conditions).
d Reaction conditions [46]: 200 mg catalyst, 500 ppm NO, 500 ppm NH3, 5% O2, balance N2, and total flow

rate = 300 ml/min (ambient conditions).
e Reaction conditions [47]: 93 mg catalyst, 0.25% NO, 0.25% NH3, 2.5% O2, balance He, and total flow rate = 40 ml/

min (ambient conditions).
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and the variation trend of Mo 3d is nearly the same as those of Fe
2p in Fig. 10A and B. According to that reported earlier for MoO3

system, the binding energy of Mo 3d5/2 is found at 231.9 eV [42–
44]. When the Mo species coexists with Fe species in Fe–Mo-
SBA-15 materials, the binding energy of Mo 3d5/2 shows obvious
shift toward the high binding energy direction, owing to the induc-
tive effect of Fe species to ‘‘pull’’ the electron cloud of Mo species
closer. The above results suggest that Fe–O–Mo species should be
formed in the mixed oxides.

3.6. Activity of ‘‘NO + NH3 + O2’’ reaction

A comparison of several iron-contained catalysts for the selec-
tive catalytic reduction (SCR) of NO by NH3 is shown in Table 2.
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The rates in Table 2 are expressed in terms of TOF. The TOF is cal-
culated based on the total number of Fe ions in the catalysts. This is
done in order to have a uniform comparison for rates that are ob-
tained under different conditions. From the TOF values, we can see
that the activity of Fe–Mo-SBA-15 is higher than other iron-
contained catalysts [45–47]. Therefore, bimetallic Fe–Mo-SBA-15
materials display promising applications in SCR.

Fig. 11 gives the NO conversion of different samples for the
selective catalytic reduction (SCR) of NO by NH3 as a function of
temperature. It can be seen that:

(1) When the Si/Mo molar ratio is ca. 50, the conversion of NO
increases with the iron content. This is because the average
oxidative ability of iron species in Fe(x)–Mo(ca. 50)-SBA-15
increases with the iron content, which is beneficial to the
oxidation of NO to NO2 and thus the SCR activity [41,48].
At the same time, the number of active sites in the SCR reac-
tion increases with the iron content.

(2) When the Si/Fe molar ratio is ca. 33, the conversion of NO
decreases with the Mo content. This is because as the Fe con-
tent is stable, the average oxidative ability of iron species in
Fe(ca. 33)–Mo(y)-SBA-15 decreases with the Mo content
increasing, which reduce the oxidation of NO to NO2 and
thus the SCR activity [41,48].

(3) The Fe–Mo-SBA-15 catalysts have a higher SCR activity than
the Fe-SBA-15 catalysts with the same content of Fe.
Although Fe–Mo-SBA-15 materials show lower oxidative
ability of iron species than Fe-SBA-15, Fe–Mo-SBA-15 mate-
rials show a higher SCR activity, which may be due to differ-
ent surface acidity. It has been established that the surface
acidity also plays important roles in the selective catalytic
reduction of NO by NH3 [49]. In order to investigate the dif-
ferent acidity of Fe–Mo-SBA-15 and Fe-SBA-15 catalysts,
NH3-IR spectroscopy and NH3-TPD are employed to eluci-
date the influence of Mo species on the acid sites of the
samples.

The results of NH3-IR spectroscopy for Fe(27)-SBA-15 and
Fe(28)–Mo(49)-SBA-15 samples are presented in Fig. 12. The bands
at about 1690 and 1480 cm�1 are due to the symmetric and
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antisymmetric bending vibrations, respectively, of ðNHÞþ4 that is
chemisorbed on the Brønsted acid sites, while the band at
1610 cm�1 is assigned to the coordinated ammonia adsorbed on
the Lewis acid sites [37,50]. The band at 1544 cm�1 is assigned to
the scissoring mode of NH2 amide species, formed by hydrogen
abstraction from ammonia coordinated over Lewis acid sites [50].
For both samples, the band at 1544 cm�1 is intensified with the
temperature increasing. For the sample Fe(27)-SBA-15, the peak
of NH3 adsorption on Lewis acid sites (�1610 cm�1) is very weak
and almost disappears at 200 �C, and the peak of NH3 adsorption
on Brønsted acid sites disappears at 250 �C. For the sample
Fe(28)–Mo(49)-SBA-15, the peaks of NH3 adsorption on Brønsted
acid sites and Lewis acid sites can be both detected at 400 �C, indi-
cating the presence of Mo species increases the intensity of surface
acidity.

Fig. 13 shows the NH3-TPD profiles for Fe-SBA-15 and Fe–Mo-
SBA-15 samples. For Fe-SBA-15, two overlapped NH3 desorption
peaks at �160 �C and 675 �C are observed, indicating that catalysts
contain two kinds of acid sites, i.e., weak acid sites and strong acid
sites [19]. With the addition of Mo species, in the low temperature
region, Fe–Mo-SBA-15 samples have another new NH3 desorption
peak at �220 �C besides the peak at �160 �C. The desorption peak
at �160 �C is mainly from NH3 adsorbed on Fe species, while the
new desorption peak is probably related to Mo species. The stron-
ger acidity of the MoO3 sites leads to an increased desorption tem-
perature of NH3, in accordance with the NH3-IR results. A
quantitative comparison can be made among the relative amounts
of surface acid sites (obtained by integration of the total area) pres-
ent on Fe(27)-SBA-15 and Fe(28)–Mo(49)-SBA-15, 733 (a.u.) and
1227 (a.u.), respectively. The relative amounts of surface acid of
Fe(19)-SBA-15 and Fe(20)–Mo(50)-SBA-15 are 1128 (a.u.) and
1474 (a.u.), respectively. The results of our study indicate that
the presence of Mo species results in a significant increase in the
amount of surface acid and thus remarkable increase of SCR activ-
ity. The addition of Mo species can form new adsorption sites of
NH3, thus forming an NH3 reservoir. Then, the migration of NH3

to the Fe sites from Mo sites can occur much faster through surface
diffusion, leading to a substantially lower ammonia slip on the Fe–
Mo-SBA-15 catalyst and thus remarkable increase of SCR activity
[51]. According to the results of NH3-IR and NH3-TPD, the addition
of Mo species increases the intensity of surface acidity and the
amount of surface acid sites, which results in promoted catalytic
reduction of NO with NH3 over Fe–Mo-SBA-15.

4. Conclusions

SBA-15 materials simultaneously incorporated with Fe and Mo
were first synthesized by sol–gel method. The characterization re-
sults confirmed the high surface area, large pore volume and nar-
row pore distribution of the materials. Fe atoms were mostly
incorporated into the framework of SBA-15 and Mo atoms were
incorporated or highly dispersed on the surface of the samples.
And the addition of Mo species enhanced the structural ordering
of mesoporous materials. The catalytic activity of the novel cata-
lysts was investigated in SCR of NO with ammonia. Selective cata-
lytic reduction of materials was correlated not only to the oxidative
ability of catalysts but also to the surface acidity. Although Fe–Mo-
SBA-15 materials showed lower oxidative ability than Fe-SBA-15,
Fe–Mo-SBA-15 materials had higher SCR activity, which was due
to the increased intensity of surface acidity and amount of surface
acid sites.
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