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A B S T R A C T

A novel CeO2/TiO2-MoO3 (Ce/TM) catalyst was synthesized by using of Mo as a bulk dopant to boost the NH3-
SCR performance of CeO2/TiO2 catalyst. It displayed 100% NO conversion at 200–350 °C under
60,000mlg−1 h−1 and high tolerance to H2O and SO2 at 250 °C. Characterization results manifested that the
doping of Mo not only resulted in more Brønsted acid and Lewis acid sites formed on the Ce/TM surface, but also
increased the specific surface area and redox ability of the catalyst, all of which account for the enhanced NH3-
SCR activity.

1. Introduction

Nitrogen oxides (NOx), which is mainly emitted from the combus-
tion process of fossil fuels, is considered as a major source of air pol-
lution that causes acid rain and photochemical smog, and thus must be
regulated under stringent environmental regulations [1]. The selective
catalytic reduction of NO with NH3 (NH3-SCR) is an efficient and cost-
effective technology for NOx elimination, and the most widely used
commercial catalysts are V2O5-WO3 (MoO3)/TiO2, where WO3/MoO3 is
used as promoter [2]. However, these systems still suffer from some
inevitable practical shortcomings: narrow temperature window
(300–400 °C), low N2 selectivity at high temperatures, and toxicity of
vanadium to the environment [3]. Given these disadvantages, great
efforts have been made to develop novel catalysts with no vanadium or
reduced vanadium species but own high deNOx performance.

Among the numerous reported non-vanadium-SCR catalysts,
cerium-based catalysts seems to be a kind of potential replacement for
V2O5-WO3(MoO3)/TiO2 catalysts due to the high oxygen storage/re-
lease capacity and good redox property of CeO2 associated with the
existence of oxygen vacancy and fast Ce3+/Ce4+ redox switching [4,5].
By taking advantage of the good resistance to SO2 poisoning of TiO2

support, CeO2/TiO2 catalysts were intensively investigated and a
variety of them were found to display excellent NH3-SCR activity in
medium temperature range [6,7]. Nonetheless, the low-temperature
activity and SO2 resistance of CeO2/TiO2 catalysts are still not very

satisfactory, which hamper their industrial application. As one im-
portant additive in traditional vanadium-based catalysts, MoO3 has
been well recognized as an excellent “structural” and “chemical” pro-
moter to enhance deNOx performance [8]. Researchers found that the
addition of MoO3 could promote the adsorption and activation of NH3,
which was conducive to improvement of the NH3-SCR activity [9,10].
Recently, MoCeTi, MoCeAl and MoCeZr catalysts were also used for
NH3-SCR reaction and they displayed outstanding catalytic perfor-
mance [11–13]. The Li et al. and Liu et al. have reported that the CeO2-
TiO2-MoO3 catalysts prepared by precipitation method displayed good
low-temperature activity and arsenic resistance ability [14,15]. In these
systems, MoO3 is often used as surface modifier to modify the deNOx
performance. However, there have been few reports regarding the in-
corporation of MoO3 into TiO2 to form a binary metal oxide support for
NH3-SCR. As reported, low content of MoO3 could be doped into TiO2 to
form anatase TiMoOy solid solution with high surface area and excellent
thermal stability [16,17]. And previous literature had proved that the
TiMoOy solid solution could be formed and played as an excellent
support for heterogeneous catalysis [18]. Therefore, in this work, we
attempted to replace TiO2 with TiMoOy solid solution to prepare CeO2/
TiMoOy (denote as Ce/TM) catalyst to improve the deNOx performance
of CeO2/TiO2 (denote Ce/Ti) catalyst. Catalytic performance tests
suggested that Ce/TM catalyst with Mo doping displayed a much higher
low-temperature NO removal efficiency than Ce/Ti catalyst. Thus, we
focused on investigating the promotional effect of doping MoO3 into
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TiO2 on NH3-SCR performance over Ce/Ti. The effects of molybdenum
were studied by using N2 physisorption, XRD, Raman, H2-TPR, NH3/
NOx-TPD, XPS, and in situ DRIFTS of NH3 and NOx adsorption. Finally,
mechanism of the NH3-SCR reaction of the Ce/TM catalyst was pro-
posed to further understand the doping effect.

2. Experimental

2.1. Catalyst preparation and activity test

TiMoOy (denoted as TM) solid solution was prepared by a hydro-
thermal method.

In a typical synthesis, 40ml of a precursor solution, including 5mM
MoCl5 and 45mM TiCl4 (with Mo:(Ti+Mo)=1:10M ratio), was
transferred to a Teflon-lined autoclave (50ml) with a stainless steel
shell. Next, the system was heated and kept at 200 °C for 2 h in an oven.
After the heating, the system was cooled down to room temperature.
TiMoOy was washed with deionized water and collected by cen-
trifugation, then dried at in a vacuum oven at 80 °C for 12 h and cal-
cined at 400 °C for 4 h in flowing air. The pure TiO2 was also synthe-
sized by similar method for comparison. Then, the Ce/TM and Ce/Ti
catalysts were synthesized by the wet impregnation method using Ce
(NO3)3·6H2O and calcined at 400 °C for 4 h. The loading of CeO2 on all
the catalysts was 10 wt%. Finally, all catalysts samples were crushed
and sieved to 40–60 mesh for testing.

The catalytic performance of these catalysts for NH3-SCR reaction
was determined under steady state reaction conditions: 500 ppm NO,
500 ppm NH3, 5% O2, 2% H2O (when used),100 ppm SO2 (when used)
and Ar as balance gas, GHSV of ca. 60,000ml g−1 h−1. The catalyst
(200mg) was placed in a quartz tube (6mm i.d., length 40 cm) and the
length of the catalyst bed was 12mm. The catalyst was pretreated in a
highly purified Ar gas stream at 200 °C for 1 h and then cooled to room
temperature. After that, the mixed gases were switched on and the re-
action was carried out at different temperatures. The concentrations of
NO before and after the reaction were measured by using a quadrupole
mass spectrometer (Dycor Dymaxion DM300M, AMETEK).

2.2. Catalyst characterization

X-ray powder diffraction (XRD) patterns were obtained on a Philips
X'pert Pro diffractometer with Ni-filtered Cu Kα radiation
(0.15408 nm). The specific surface areas of samples were measured by
N2-physisorption at −196 °C on a Micromeritics ASAP-2020 analyzer.
Before each adsorption measurement, the samples were activated at
300 °C for 3 h. Raman spectra were collected at room temperature on a
Spex 1877 D triplemate spectrograph with 2 cm−1 resolution and a
532 nm DPSS diode-pump solid semiconductor laser was used as the
excitation source. The H2 temperature programmed reduction (H2-TPR)
and NH3-temperature programmed desorption (NH3-TPD) experiments
were performed on a multifunction chemisorption analyzer with a
quartz U-tube reactor, detected by a thermal conductivity detector
(TCD). X-ray photoelectron spectra (XPS) were collected on a PHI 5000
VersaProbe system, using monochromatic Al Kα radiation (1486.6 eV)
operating at an accelerating power of 15 kW. NOx temperature-pro-
grammed desorption (NOx-TPD) was carried out in a quartz reactor
using a quadrupole mass spectrometer (Dycor Dymaxion DM300M,
AMETEK). In situ DRIFTS spectra were collected in the range of
650–4000 cm−1 at a spectral resolution of 4 cm−1 (number of scans,
32) on a Nicolet 5700 FT-IR spectrometer.

3. Results and discussion

3.1. Catalytic performance

Fig. 1A presented the NO conversions as a function of temperature
from 150 to 350 °C for NH3-SCR reaction over Ce/Ti and Ce/TM

catalysts. It was found that the doped MoO3 significantly enhanced the
activity of Ce/Ti catalyst for NH3-SCR of NOx, especially at low tem-
perature range. The Ce/TM catalyst displayed 78% NO conversion at
175 °C and maintained 100% NO conversion in the range of 200–350 °C
under 60,000 mlg−1 h−1. The results in Fig. S1 also showed that Mo
doping exhibited the best positive impact on enhancing the NH3-SCR
activity of Ce/Ti catalyst in comparison with conventional dopants (Si,
Al, Sn). In addition, as shown in Fig. S2, N2 selectivity of all the cata-
lysts was almost nearly 100% in the tested temperature range, sug-
gesting excellent N2 selectivity of the Ce/Ti and Ce/TM catalysts. The
above results indicated the positive role of Mo in NH3-SCR reaction and
the activity of Ce/TM catalyst was significantly improved in compar-
ison with Ce/Ti catalyst by the addition of MoO3 into TiO2 to form a
binary metal oxide support.

The flue gas usually contains a certain content of H2O and SO2,
which was a key influence factor for the deactivation of NH3-SCR cat-
alysts. Hence, the effect of H2O and SO2 on NO conversions over Ce/Ti
and Ce/TM catalysts as a function of time was tested at 250 °C and the
results were presented in Fig. 1B. As depicted in Fig. 1B, when 2% H2O
was added into the reaction gas, the NO conversions of the two catalysts
were unchanged within 10 h. This suggested that individual H2O in the
feed gas at 250 °C had nearly no influence on the catalytic performance
of Ce/Ti and Ce/TM catalysts. Afterwards, 50 ppm SO2 was also in-
jected into the reaction condition, the NO conversion of Ce/Ti catalyst
started to decrease slowly and reached ca. 82% after 12 h. This phe-
nomenon indicated that the co-existing of H2O and SO2 had more re-
markable negative influence on the NO removal efficiency than in-
dividual H2O. According to literatures, this decrease was related with
the formation of (NH4)2SO3 or NH4HSO4, which deposited on the sur-
face of the catalyst and then blocked the partial active sites [19,20].
However, the Ce/TM catalyst could still obtain the nearly 100% NO
conversion within 12 h, which indicated the better SO2-tolerance ability
than Ce/Ti. In addition, the Ce/Ti catalyst was deactivated rapidly
when adding 100 ppm of SO2 and 2% H2O in the feed gas and the NO
conversion declined to 48% after 30 h of the reaction. While the Ce/TM
catalyst could still achieve 80% NO conversion after 30 h of 100 ppm
SO2+ 2% H2O resistance test. Therefore, the H2O and SO2 tolerance of
Ce/Ti catalyst was improved by Mo doping.

3.2. Characteriaction of catalysts

3.2.1. XRD and BET results
The XRD patterns of Ce/Ti, Ce/TM catalysts and the corresponding

supports were obtained and depicted in Fig. 2. The pure TiO2 sample
showed typical anatase-phase TiO2 (PDF-ICDD 21-1276) [18]. After the
addition of Mo in TiO2, the intensity of the first peak at 2θ∼25.3° over
TM sample decreased and the peak at ∼47.9° shifted from the anatase
TiO2 position to a lower degree (as in Fig. 2B), which implied the for-
mation of a solid solution of Mo-doped TiO2 with an anatase structure
[16]. This result was also supported by Raman result in Fig. S3. As
shown in Fig. S3, for doped TM materials, Raman peaks were observed
at the same Raman shift positions as those of anatase-TiO2, but with
lower peak intensities, which may be attributed to doping of Mo into
the anatase TiO2 structure [18]. After the impregnation of CeO2, both
the Ce/Ti and Ce/TM samples maintained the original crystal structure
of their corresponding supports and more peaks attributed to cubic
fluorite-phase CeO2 (PDF-ICDD 34-0394) was appeared over Ce/Ti [9].
This phenomenon indicated that the ceria oxide species had better
dispersion on the surface of Ce/TM catalyst, which may be due to the
larger specific surface area of the TM support than that of pure TiO2

(Table S1).

3.2.2. H2-TPR results
The redox properties usually played important roles in the NH3-SCR

performance. The H2-temperature programmed reduction (H2-TPR)
experiment was performed to evaluate the redox properties of Ce/Ti
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and Ce/TM catalysts and the profiles were presented in Fig. 3. As the
H2-TPR profile showed, Ce/Ti exhibited two broad reduction peaks
around at 420 °C and 650 °C, which was similar to that reported by Yao
et al. [21] The first reduction peak could be assigned to the reduction of
the surface CeO2, and the peak at higher temperature might be due to
the reduction of bulk CeO2 [2]. With regard to Ce/TM catalyst, a main
broad reduction peak at around 510 °C was observed and the peak area
of Ce/TM was much larger than that of Ce/Ti. After normalization by
BET surface area, the H2 consumption for the peaks was calculated and
the values were listed in the inset of Fig. 3. With the addition of mo-
lybdenum, the H2 consumption was increased from 4.4 to 11.5, which
suggested the reducibility of Ce/TM catalyst was enhanced by the in-
troduction of molybdenum. This meant that there was stronger inter-
action between CeO2 and TM support, resulting in the presence of more
Ce3+ species on Ce/TM, which was consistent with the XPS results
(Fig.S4). In order to further verify the influence of H2-TPR result on the
NH3-SCR activity of the catalysts, the activities of Ce/Ti and Ce/TM
catalysts for NO oxidation were measured in the range from 150 to
300 °C. As shown in Fig.S5, the NO conversion of Ce/TM was higher
than that of Ce/Ti at the same temperatures. As reported elsewhere [3],
the oxidation of NO to NO2 over catalysts could improve the low
temperature NH3-SCR activity by the “fast SCR” reaction route as fol-
lows: NO+NO2+2NH3→ 2N2+3H2O. Therefore, it was reasonable
to deduced that the better redox properties of Ce/TM promoted the
occurrence of “fast-SCR” reaction and enhanced the NO removal rate at
low temperature over Ce/TM in the present work.

3.2.3. NH3-TPD,NOx-TPD and in situ DRIFTS results
The reactant molecules adsorption-desorption property of SCR cat-

alyst was another crucial aspect in the NH3-SCR reaction apart from the
redox property. Therefore, the adsorption behavior of reactants over
Ce/Ti and Ce/TM catalysts were investigated by NH3-TPD and NOx-TPD
and in situ DRIFTS experiments. First, NH3-adsorption in situ DRIFTS
experiments were performed to investigated NH3 adsorption behaviors
over Ce/Ti and Ce/TM catalysts. Prior to NH3 adsorption, the samples
needed to be pretreated at 400 °C under an N2 flow for 1 h, and then the
catalysts were exposed to an atmosphere of NH3/N2. For Ce/Ti sample
in Fig. 4A, three obvious bands were observed between 1000 and
2000 cm−1. The bands at 1160 cm−1 and 1590 cm−1 were ascribed to
coordinated NH3 linked to Lewis acid sites and the band at 1666 cm−1

was attributed to ionic NH4
+ bonded to Brønsted acid sites [13]. With

regard to Ce/TM catalyst in Fig. 4B, the bands attributed to Lewis acid
sites (1183, 1248, 1596 cm−1) and Brønsted acid sites (1666 cm−1)
were also observed at the corresponding positions. In addition, a new
strong band corresponding to the Brønsted acid sites (1448 cm−1) was
detected [10]. This result suggested that the introduction of Mo resulted
in more surface acid sites on the Ce/TM catalyst surface, especially the

Fig. 1. The NO conversions and the H2O and SO2 durability of Ce/Ti and Ce/TM catalysts for NH3-SCR reaction: Reaction conditions: 500 ppm NO, 500 ppm NH3,
5 vol% O2, total flow rate 200ml/min and GHSV=60,000mlg−1 h−1.

Fig. 2. The XRD profiles of the TiO2, TM, Ce/Ti and Ce/TM catalysts.

Fig. 3. The H2-TPR profiles of the Ce/Ti and Ce/TM catalysts.
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Brønsted acid sites. The result was consistent with NH3-TPD result in
Fig. S6 and Table S2. Some previous studies had proved that the
Brønsted acid sites were helpful for improving low-temperature SCR
activity. Thus, the more Brønsted acid sites on the Ce/TM catalyst
surface caused by the introduction of Mo might be one important factor
that contributed to its better low-temperature activity.

Next, in situ DRIFT experiments of NO+O2 adsorption were also
conducted to probe the adsorption behavior of NOx and the results were
depicted in Fig. S7. For Ce/Ti catalyst as shown in Fig. S7A, the bands at
1622, 1585 and 1230 cm−1 attributed to bridging nitrates, the bands at
1551 and 1247 cm−1 attributed to bidentate nitrates and the peaks at
1512 and 1290 cm−1 ascribed to monodentate nitrates were detected
[4,9]. For Ce/TM catalyst in Fig. S7B, the bands assigned to bridging
nitrate species (1623, 1580 and 1241 cm−1), the bands attributed to
bidentate nitrate species (1546 and 1262 cm−1) and the bands assigned
to monodentate nitrate species (1517 and 1283 cm−1) also appeared.
Raising the temperature from 100 to 350 °C, the intensity of these ad-
sorption bands decreased slowly. However, different from Ce/Ti cata-
lyst, the intensity of peaks over Ce/TM catalyst decreased more fastly
with the rise of temperature and all the bands completely vanished at
350 °C, which implied that the adsorbed nitrate species over Ce/TM
were more easily desorbed than that of Ce/Ti. In other words, the ad-
sorption ability of nitrate species over Ce/TM was weakened by the
introduction of Mo, as observed with Mo/CeZr catalyst in previous
report [13]. At the same time, NOx-TPD results presented in Fig. S8 also
confirmed this conclusion. As the NOx-TPD profile showed, the Ce/TM
catalyst had less amounts of the adsorbed NOx species compared with
Ce/Ti. Our previous work had found that the competition adsorption
happened between bridging nitrates and gas NH3 [22]. Therefore, the
weaker adsorption ability of nitrate species over Ce/TM catalyst could
resulted in more active sites available for the adsorption of NH3, which
was beneficial to the improvement of catalyst activity.

4. Conclusion

In this work, novel CeO2/TiO2-MoO3 catalyst had been developed
for the selective catalytic reduction of NOx by adding Mo into TiO2 to
form a anatase TiMoOy solid solution. Compared to CeO2/TiO2 catalyst,
the CeO2/TiO2-MoO3 catalyst exhibited much higher NO removal effi-
ciency especially at low temperature range. Moreover, the CeO2/TiO2-
MoO3 catalyst displayed a high tolerance to H2O and SO2. The syner-
getic effect between CeO2 and TiO2-MoO3 contributed to the adsorption
and activation of NH3, thus leading to superior NH3-SCR catalytic ac-
tivity of CeO2/TiO2-MoO3 catalyst.
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