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Selective catalytic reduction (SCR) of NO, with NH3 has been widely used for the removal of NO,. Because of the
inevitable disadvantages of conventional V205-WO3(MoOs3)/TiO; catalysts such as poor low-temperature SCR
activity and toxicity of vanadium, as well as the high-cost and over-strong NH3 adsorption of zeolite catalysts, the
development of efficient and non-toxic metal oxide SCR catalysts is highly demanded. Previously, we have
developed an environmentally-benign CeO,-SiO2 mixed-oxide SCR catalyst (CeSiz), which exhibited superior SO2
resistance ability. However, the low-temperature SCR activity on CeSiy was not that satisfactory. In this work, we
proposed a new strategy of Mo doping to improve the low-temperature SCR activity on CeSiy, which was very
crucial for its practical application. By a simple co-precipitation method, a homogenous Mo-Ce-Si mixed-oxide
catalyst was prepared. The Mo doping could significantly enhance the NH3-SCR activity on CeSiy below 250 °C,
and the optimal catalyst was Mog CeSiz, which could achieve 80% NO, conversion at 200 °C. Moy ;CeSiz also
exhibited superior Nj selectivity and resistance to SO2/H20 poisoning. Via a series of characterizations, it was
found that the redox properties and surface acidity on CeSiz by Mo doping, which accounted for the enhanced
low-temperature NH3-SCR activity on Mog 1CeSis. The reaction mechanism on Moy ;CeSi; was also fully revealed
by in situ DRIFTS experiments. This work provided a new insight for the development of efficient low-
temperature SCR catalysts with superior SO; resistance ability.

novel catalysis materials are common strategies [7-11]. To meet the
tightened emission control standard, many efforts have been devoted to

1. Introduction

With the increasing demand for fossil fuels in human society, the
harmful gas emission from various plants and engines has resulted in
serious air pollution [1]. Among these air pollutants, nitrogen oxides
(NO,) have drawn great attention because they may induce major air
pollution problems (photochemical smog, haze and acid rain, etc.) [2].
Selective catalytic reduction (SCR) by injected reductants is considered
as one of the most efficient techniques for NO, removal [3,4]. Among
them, SCR of NO, with NH3 (NH3-SCR of NO,) has been recognized as a
low-cost but efficient technology for the removal of NO, [5,6]. As is well
known, one of the research cores in the energy and environmental
catalysis field is the catalyst. Improving the existing catalysts or develop
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developing novel NH3-SCR catalysts with improved activity and better
resistance to poisoning [4,12,13].

Due to the biological toxicity and relatively poor low-temperature
activity of the state-of-art vanadium-based NH3-SCR catalyst,
designing an efficient vanadium-free catalyst is highly demanded [14].
Among all the candidates, CeO5 has attracted much interest for its su-
perior redox property and environmentally friendly features [15-20].
Recently, we reported a novel Ce-Si mixed-oxide catalyst with enhanced
NH;3-SCR activity and superior resistance to SO5/H»0 poisoning, while
the low-temperature NH3-SCR activity on this Ce-Si mixed-oxide cata-
lyst still needs to be further promoted [21]. Typically, improving the
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surface acidity was one of the most common but effective strategies to
boost the NH3-SCR activity on CeOy-based materials [22-26]. For
example, WO3 modification has been proved to be an effective method
to promote the deNO, efficiency of CeOy/TiO; catalysts [27,28]. Zhao
et al. proposed a Zr doping strategy to improve the surface acidity of
CeVOy4 catalyst, by which the NH3-SCR activity and N selectivity were
significantly promoted [29]. It was also found that sulfation treatment
on CeO, could dramatically enhance its surface acidity, then contribute
to the enhancement of NH3-SCR activity [20,26,30-32]. For Ce-Si
mixed-oxide catalyst, abundant surface hydroxyl groups could serve as
the Brgnsted acid sites. However, the acid strength of the Brgnsted acid
sites on the Ce-Si mixed-oxide catalyst was still relatively weak [21],
which restricted the further improvement of catalytic activity. As has
been widely reported, to further tune the acidity of a catalyst, modifying
it with some other transition metal oxides (WO3, Nb,Os and MoOs, etc.)
could be effective [22,24,33-41]. Previously, it was found that the
well-dispersed Mo species in CeO,-based catalysts could act as efficient
acid sites for NH3 adsorption and activation [42,43]. Moreover, Mo
could facilitate the redox properties and the SO2/H20/arsenic-resistance
of CeO5 based materials [44-46]. Therefore, MoO3 doped Ce-Si mixed
oxides could be a promising catalyst with enhanced low-temperature
activity and superior resistance to SO2/H20 poisoning.

Herein, aimed at broadening the operating temperature window of
Ce-Si mixed-oxide catalyst to lower temperatures and maintaining the
superior resistance to SOy poisoning at the same time, a Mo-doping
strategy was adopted. The Ce-Si mixed oxide doped with optimal
doping amount of Mo presented satisfactory low-temperature (~200 °C)
activity together with almost 100% Ny selectivity in the operating
temperature window (200-400 °C). It also performed excellent NO
conversions (>85%) even after being exposed to 500 ppm SO at 225 °C.
Via a series of characterizations, it was found that the Mo doping could
greatly promote the redox properties and surface acidity of Ce-Si mixed
oxides, which accounted for the higher low-temperature NH3-SCR ac-
tivity on Mo doped Ce-Si mixed oxides catalysts.

2. Material and methods
2.1. Catalyst preparation

The Ce0,-SiO, mixed oxide was prepared by a coprecipitation
method reported elsewhere [21]. In details, 0.05 mol (NH4)2Ce(NO3)6.6
H>0 was dissolved in 200 mL ethanol to obtain a homogenous solution.
After that, 0.1 mol tetraethyl orthosilicate (TEOS) was added dropwise
into the ethanol solution of (NH4)2Ce(NO3)e under vigorous magnetic
stirring. Keep stirring for 30 min and then aqueous ammonia (NHs-H50,
25%) was added dropwise into the mixture until the pH reached 10. The
resulting precipitations were aged overnight, filtered, and washed with
distilled water. The obtained gel was desiccated at 100 °C for 12 h and
finally calcined at 550 °C for 4 h in air, with a ramping rate of 5 °C/min.
The prepared sample was denoted as CeSiy. For the preparation of Mo
doped Ce0,-SiO; catalysts, a certain amount of ammonium molybdate
((NH4)6M07024.4H20) and 0.05 mol (NH4)2C8(N03)6.6H20 were
co-dissolved in 200 mL ethanol to obtain a homogenous solution with
Mo-Ce molar ratio of a:1 (a = 0.01, 0.05, 0.1, 0.25 and 0.5). The
following procedures were just the same as the preparation of CeSi,. The
obtained samples were denoted as Mo,CeSiy. CeO; prepared by a pre-
cipitation method was also used as a reference. For further character-
izations, all samples were grounded into fine powder for use.

2.2. Characterizations

The specific surface areas of the prepared catalysts were calculated
from Ny adsorption-desorption isotherms at —196 °C by the Brunauer-
Emmett-Teller (BET) method on a Micromeritics ASAP-2020 analyzer.
Before the test, the catalysts were degassed at 300 °C for 4 h.

Powder X-ray diffraction (XRD) patterns of the catalysts were
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collected on a Philips X'pert Pro diffractometer equipped with a Ni-
filtered Cu Ko radiation (0.15408 nm). The range of 26 was 10° - 80°
with a scanning speed of 10°/min. The step size was set at 0.02°.

Raman spectra of the catalysts were collected on LabRAM Aramis
(Japan Horiba) Laser Raman spectrometer with an Ar" laser beam with
an emission line at 532 nm. The power output was set at 10 mW.

The transmission electron microscopy (TEM) and the energy
dispersive spectroscopy (EDS) elemental mapping images were obtained
from a JEOL 2800 instrument equipped with a dual-type EDS detector.

X-ray Photoelectron Spectroscopy (XPS) experiments were per-
formed on a PHI 5000 Versa Probe system equipped with a mono-
chromatic Al X-ray radiation source (1486.6 eV) with an accelerating
power of 15 kW. Binding energies (BE) of all the elements were cali-
brated with C 1s line at 284.6 eV.

Hy-temperature-programmed reduction (Hp-TPR) experiments were
performed on a quartz U-tube reactor connected to a thermal conduc-
tivity detector (TCD). In each measurement, ca. 10 mg of the catalyst
was first pretreated in flowing N5 (30 mL/min) at 200 °C for 1 h and then
cooled down to room temperature. Then the temperature was raised
from 100 °C to 900 °C linearly with a ramping rate of 10 °C/min in a
flow of 7 vol% Hy/Ar (30 mL/min).

NH;s-temperature-programmed desorption (NH3-TPD) was carried
out in a fixed-bed quartz tube reactor connected to an online Thermo
Nicolet iS10 FTIR spectrometer equipped with a 2 m path-length gas cell
(250 mL volume). Before the test, ca. 100 mg samples were pretreated in
a flow of Ar (100 mL/min) at 300 °C for 30 min. Then the samples were
cooled to room temperature and exposed to a flow of 1000 ppm NH3/Ar
(100 mL/min) to saturation, followed by Ar purge for 30 min. After that,
the samples were heated linearly to 600 °C with a ramping rate of 5 °C/
min.

In situ diffuse reflectance infrared Fourier transform spectroscopy (in
situ DRIFTS) experiments were performed on an FTIR spectrometer
(Nicolet Nexus 5700) equipped with an MCT detector cooled by liquid
No. Before the test, samples were pretreated in flowing air at 450 °C for
1 h. Background spectra were then collected in a flowing high-purity No
stream as the powder samples cooled to the target temperature, and the
backgrounds of samples would be subtracted from the sample spectrum
automatically. The feeding gas (50 mL/min) contained 3000 ppm NHj3
(when used), 3000 ppm NO (when used), 5 vol% Oy (when used) and Ny
balance. All spectra were collected from 400 to 4000 cm ™! recorded by

accumulating 32 scans, with a resolution of 4 cm™*.

2.3. Catalytic performance measurements

NH;3-SCR and NO/NHj3 oxidation activity on the prepared samples
were tested on a fixed-bed quartz tube reactor. Before the test, catalysts
were pressed into tablets and sieved to 40-60 mesh. The feed gas was
composed of 500 ppm NO (when used), 500 ppm NH3 (when used), 5 vol
% O, 200/500 ppm SO, (when used), 5% H30 and N; balanced. The
total flow rate was 200 mL/min, giving a weight hourly space velocity
(WHSV) of 48,000 mL-g~*-h~! (Gaseous hourly space velocity (GHSV)
was approximately 90,000 h™1). The concentration of NO, NO», N>O and
NHj3 in the effluent gas was analyzed by an FTIR spectrometer (Thermo
Nicolet iS10) equipped with a 2 m path-length gas cell (200 mL volume).
The NO, conversion and N selectivity were calculated according to the
following formulas:

NO|. — [N
NO  comversion  —  NOlu =INOLyy 000
[NOJ,,
N, selectivity = [No]in+[NH3]in — [NO]()ut_[NH3]0m - [N02]nuz — Z[Nzo]m«r
[NOY,,+[NHs],, — [NO],,,—[NH:],,,

x 100%

The NHj3 conversion in NH3 oxidation reaction and NO conversion in
NO oxidation reaction were determined by the following equations:
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Fig. 1. a) NO conversions and b) N, selectivity in NH3-SCR reaction on CeSis
and Mo,CeSi, catalysts (a = 0.01, 0.05, 0.1, 0.25 and 0.5).

. [NH;),, — [NH;]
NH S = —m = Rou o 100%
3 conversion INFL ], X o
NO|. — [NO
NO conversion = %O][m]”’“ x 100%

3. Results and discussion
3.1. NH3-SCR catalytic performance

The NH;3-SCR activity and Ny selectivity on Mo,CeSiy were tested to
investigate the influence of Mo doping on the NH3-SCR performance of
CeSiy. As illustrated in Fig. 1a, with the increase of the Mo doping, the
NH;3-SCR activity was promoted and reached the best low-temperature
activity on Mo 1CeSip, with a NO conversion of 80% at 200 °C under
the WHSV of 48,000 mL-g’1~h’l, much higher than that of CeSiy (47%).
A broader operating temperature window (200-400 °C) was also ach-
ieved on Moy ;CeSip. Moreover, as reported previously, CeSiy exhibited
a satisfactory Ny selectivity [21]. As shown in Fig. 1b and Table S1, on
the Mo doped CeSi, catalyst, the high-level Nj selectivity (>90%) was
well maintained. The superior low-temperature activity and Ny selec-
tivity made Moy 1CeSiy a promising catalyst for the application in in-
dustrial flue gas DeNO, at a low-temperature range. A reference catalyst
of Mo supported on CeSiy (Mog.1/CeSiz, with a molar ratio of Mo:
Ce = 0.1) was also tested in its NH3-SCR activity. As shown in Fig. S1,
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Fig. 2. a) NO conversions on CeSi, and Mo,CeSi, catalyst in the presence of
500 ppm SO, at 225 °C; b) NO conversions on Mog 1CeSi, catalyst in the
presence of 200 ppm SO, + 5 vol% H,0 at 250 °C.

the operating temperature window of Mog 1CeSi was much broader
than that of Mog 1/CeSiy. In the following sections, we would try to
reveal the promoting effect of Mo doping on the NH3-SCR catalytic
performance of CeSiy.

3.2. Influence of H20 and SO»

The resistance to SO5 and Hy0 was an important performance indi-
cator of NH3-SCR catalysts aimed at industrial applications. The SOy/
H,0 resistance ability of Mo,CeSi; was evaluated through a long-time
test in the presence of SO, and HyO. As shown in Fig. 2a, CeSiy and
Moy 1CeSiy exhibited excellent resistance to SO5 (500 ppm) even at
225 °C. Only a slight decline in their NO conversions was observed in
8 h. Although CeSi; showed great resistance to SO2-poisoning, the NO
conversion of it was relatively lower at low-temperature range (<70% at
225 °C). Via Mo doping, the low-temperature activity on CeSip was
improved, the excellent SO resistance of the CeSiy catalyst was fully
maintained. To further estimate the SO/HoO resistance ability of
Moy 1CeSip, the NH3-SCR activity on Mog 1CeSiy was tested in the
presence of 200 ppm SO3 + 5 vol% H,0 at 250 °C (Fig. 2b). Almost no
inhibition effect was observed on Moy 1CeSig, which exhibited a high NO
conversion (>90%) throughout the entire test. As shown in Table S2,
when compared with the recently reported novel NH3-SCR catalyst,
Moy 1CeSiy still performed as one of the best SO2/H0 resistance.
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Table 1
Data summary on BET surface area, parameters of Raman spectra and surface
elemental compositions.

Samples Specific surface area In/ Atomic concentration (%)
2 a
IF.
(m™/8) % Ce  si o Mo
CeO, 55 0.09 21.1 / 789 /
CeSiy 163 0.22 12.4 7.6 799 /
Moo 0sCeSis 223 / 9.0 146 759 050
Moy.1CeSia 269 0.33 10.3 11.0 77.8 0.84
Moy.25CeSiz 220 / 11.5 7.6 80.1 0.74
Moy sCeSiy 179 / 109 85 80.0 0.61

# Calculated by the ratio of the peak area of D-bands and F, bands of CeO».
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3.3. Structural characteristics

As listed in Table 1, after Mo doping, a higher specific surface area
was achieved on Mog 1CeSiy (269 m2/ g) when compared with CeSiy
(163 m?/g). The higher specific surface area was always related to more
exposed active sites, which might contribute to the enhanced NH3-SCR
activity on Mog 1CeSio. The XRD patterns for Mo,CeSi, were also
collected (Figs. 3a and S2). Similar to CeSis, no diffraction peak assigned
to crystalline CeO, was detected on Moy CeSiy, and no bulk MoO3 was
found, indicating the formation of an amorphous Mo-Ce-Si mixed oxide
with highly dispersed CeOy and MoOj3 species. The low crystallinity of
Mo,CeSi, might contribute to their high specific surface area (>200 m?/
g).

To further investigate the structure of Moy 1CeSis, Raman spectra
were also collected (Figs. 3b and S3). The band at ca. 460 cm ! could be

a) b) T10000 Fay CeO,

> S |I300 CeSi,

L) CeO, L)

> )

x= =

(2] 72}

c c Si-O

: :
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. Si-O + Dispersed Mo
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Fig. 3. a) XRD patterns and b) Raman spectra for CeO,, CeSi; and Mog ;CeSis.

Fig. 4. TEM and EDS-mapping images of a) CeSi; and b) Moy ;CeSis.



W. Tan et al.

Catalysis Today xxx (xxxx) xXxx

w o Uy * V'Ced = 22. 4% v
A vV

Intensity‘ (a.u.)

—— Ce3dy, ——— Ce 3dg, —|

b) Mo 3d

Mo®*

Mo, ;CeSi,

Mo, ,5CeSi,

Intensity (a.u.)

Mo, ,CeSi,

Mo, ,sCeSi,

Mo 3d,, Mo 3ds,

920 915 910 905 900 895 890 885 880

Binding Energy (eV)

240 238 236 234 232 230

Binding energy (eV)

Fig. 5. a) Ce 3d and b) Mo 3d XPS spectra for Mo,CeSi», with CeO, and CeSi, as references.

assigned to the Fyg vibration mode of CeO; cubic fluorite structure [47,
48]. For CeSi, the intensity of Fa; band on CeSiz was much lower than
that on CeO,, indicating the lower crystallinity of CeSiy. After being
doped with Mo, the intensity of Fo; band further decreased. The lowest
intensity of Fa; bands on Moo ;CeSiy suggested its lowest crystallinity
(Fig. S3), well explaining the highest specific surface area of Mog ;CeSis.
The band at ca. 590 cm ™! was related to the oxygen defects (D-bands),

a
544 755
oo, N4
543
-
g CeSi,
— 533
>
= | Mog,
d:) 521
+ |Mo, ,CeSi,
Mo, ,.CeSi,
550
Mo, .CeSi,

200 I 360 l 460 I 560 l 660 I 760 I 860
Temperature (°C)

Fig. 6. H,-TPR profiles of CeO,, CeSi, and Mo,CeSi,.

and the peak area ratio of D-bands to Fy¢ band (Ip/IF2g) could be used to
indicate the relative concentration of oxygen defects on CeOy [47,49].
As listed in Table 1, the Ip/IFaq value of Mog.1CeSiz was higher than that
of CeSiy and CeO,, which meant that more oxygen defects formed on
Moy 1CeSiy. Interestingly, a broad band at 800-1000 cm ™! was observed
on CeSiy, which could be attributed to the symmetric Si-O stretching
vibrations. For Mog 1CeSip, the relatively more intense bands at
800-1000 cm ! could be attributed to the mixed signals of Si-O species
and highly dispersed molybdate species [50-52]. More oxygen defects
could significantly promote the redox performance of Moy ;CeSiy, then
facilitate the activation of reactants [49].

TEM and EDS-mapping images of CeSiy and Mo 1CeSiy were also
collected. CeSi; and Mog 1CeSi; showed no specific morphology
(Fig. S4). As shown in Fig. 4, similar to CeSi, that Ce and Si were well
mixed, the distribution of Mo, Ce and Si in Mo ;CeSi; matched well with
each other, suggesting the formation of a homogeneous Mo-Ce-Si mixed
oxide, and Mo was in a highly dispersed state. It has been reported that
highly dispersed MoOs species could dramatically promote the NH3-SCR
activity on CeOp-based materials [53]. The abundant Mo sites on
Moy 1CeSiy could be one of the main reasons for the enhanced
low-temperature NH3-SCR activity.

The surface chemical states on Mog ;CeSiy was investigated by XPS
spectra. The surface elemental composition was listed in Table 1. As
shown in Fig. 5a, the Ce 3d XPS spectra were resolved into 10 peaks by
Gaussian-Lorentz fitting. The peaks marked with u’, w/, v° and v’ were
attributed to 3d'%4f! state of Ce3* species, while the other peaks were
ascribed to 3d'%4° state of Ce** species [54]. The surface concentration
of Ce>* was calculated by the following formula:

0 +80+5, 45,
> (Su+S,)

Su and Sv were the areas of peaks marked with u and v.
The concentration of surface Ce3* species on Mo 1CeSiz (25.9%)

ce*t (%) = x 100%
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Fig. 7. a) NH3-TPD profiles for CeSi; and Moy 1CeSiy; b) In situ DRIFTS of NH3
adsorption on CeSi, and Moy ;CeSi, (50 °C).

was higher than that on CeSiy (22.2%) and CeO (18.3%), indicating
that appropriate Mo doping could facilitate the formation of Ce>" on
CeSip. The higher concentration of surface Ce®" on MogCeSiy was
beneficial for the activation of reactants, thereby promoting its NH3-SCR
activity. The Mo 3d XPS spectra on Mo,CeSip were also collected
(Fig. 5b). Mo species on Mo,CeSiy are mainly in Mo®" state [55].
Interestingly, as listed in Table 1, it was found that a higher surface
concentration of Mo was observed on Moy ;CeSi; despite of its lower Mo
doping amount than that on Mo 25CeSi; and Mog 5CeSiy, indicating the
best dispersion of Mo species on Moy ;CeSiy. As shown in Fig. S5a, the
peak at ca. 102.5 eV could be assigned to Sitt species [56]. The shift of
the Si 2p to lower binding energy as well as the shift of the O 1s XPS peak
of lattice oxygen species to higher binding energy on Mo,CeSi, further
supported the argument that a strong interaction between Ce and Si
(Ce-0O-Si) formed on CeSiy and MogCeSiy (Fig. S5), matching well with
our previous report [21].

3.4. Redox properties and surface acidity

Topsge et al. have reported that the NH3-SCR reaction was composed
of a redox cycle and an acid cycle [57]. Here, Ho-TPR experiments were
conducted to evaluate the redox properties of Mo,CeSi, (Fig. 6). For
CeOg, the peak o at ca. 544 °C and the peak f at ca. 780 °C could be
assigned to the reduction of surface oxygen species/Ce** and bulk Ce**
respectively [14]. While for CeSi; and Mo,CeSi,, the intensity of peak a
significantly enhanced, indicating the drastically improved reduction
degree. The missing peak  on CeSip and Mo,CeSiy suggested the

Catalysis Today xxx (xxxx) xXxx

25
a) “ T cesi,
< 20- —&— Mo, ,CeSi,
<
=
9O 15-
7
S
S
z 10
o
o
O 51
Z
04

150 200 250 300 350 400
Temperature (°C)

b)100{ _a—cesi,
—9— Mo, ,CeSi,

(%)

; conversion
[=2]
o

NH

200 250 300 350 400
Temperature (°C)
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formation of ultra-small CeO;, particles, well supported by the results of
XRD and Raman spectra. Furthermore, for Mo,CeSi, with the optimal
Mo doping amount (Mog 1CeSiz), peak a shifted to the lower tempera-
tures from 545 °C to 521 °C, which meant that the redox capability of
CeSiy was further improved by Mo doping.

NH3-TPD profiles for CeSi; and Mog 1CeSiy were collected to further
estimate the impact of Mo doping on the surface acidity. The fitted pa-
rameters could be found in Table S3. As shown in Fig. 7a, after Mo
doping, a higher desorption amount was observed on Mog ;CeSis
(0.82 mmol/gc,t) when compared with that on CeSiy (0.45 mmol/gcat ),
related to the formation of more acid sites on Mog ;CeSiy. Peak o and
could be attributed to the NH3 adsorbed on Ce or Si sites. Much more
intensive desorption peak at ca. 250 °C on Mog CeSiy (Peak y) was
mainly assigned to NHj3 species bounded to Mo sites, suggesting that Mo
doping could further promote the strength of acid sites. More acid sites
with higher strength could be one of the reasons for the improved NHs-
SCR activity on Mog 1CeSis. In situ DRIFTS of NH3 adsorption was also
conducted on Moy ;CeSiy to investigate the types of acid sites (Figs. 7b
and S6). The bands at ca. 1460 cm™ ! and ca. 1646 cm™ ! could be
assigned to the NH species bound to Brgnsted acid sites [14,21,58,59],
while the relatively weaker band at ca. 1563 cm™! was attributed to NH;
on Lewis acid sites [46], well supported by our previous report that
Brgnsted acid sites were much more than Lewis acid sites on MoO3-CeO,
catalyst with highly dispersed Mo species [60]. No distinct difference in
the type of acid sites was observed on Moy ;CeSi; and CeSi;. As reported
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elsewhere, highly dispersed Mo species could serve as Brgnsted acid sites
[42,44,53], which well supported the results of NH3-TPD and in situ
DRIFTS of NH3 adsorption.

3.5. NO/NHjs-oxidation

To further reveal the effect of Mo doping on CeSiz, NO/NHj3 oxida-
tion activity test on Mog ;CeSiy and CeSi, was conducted. As illustrated
in Fig. 8a, higher NO oxidation efficiency was observed on Moy ;CeSiy
than on CeSi,. It has been widely reported that the NH3-SCR activity
could get enhanced by the in situ oxidation of NO to NO; by following a
“fast SCR” mechanism [61,62]. The higher NO oxidation activity on
Moy 1CeSi; suggested that Mo doping could promote the
low-temperature NH3-SCR activity on CeSiy by facilitating the NO
oxidation to NOs. Also, a higher NH3 oxidation activity was achieved on
Moy 1CeSiy, suggesting the more efficient activation of NHs (Fig. 8b).
Interestingly, although the NHg3 oxidation activity on Mog ;CeSiy was
higher than that on CeSiy, the Nj selectivity was still maintained at a
high level (>90%). As discussed in the previous section, the better redox
properties on Mo 1CeSi; might contribute to its higher NO,/NH
oxidation activity, then dramatically improved low-temperature
NH3-SCR activity.

3.6. Reaction mechanism

The reaction mechanism on Moy ;CeSiy was investigated by in situ
DRIFTS experiments. Firstly, to identify the reactivity of adsorbed NHs,
NO + Oz was introduced into the samples pre-adsorbed with NHg
(Fig. 9a). It was observed that the bands assigned to the adsorbed NHZ
(1450 cm ! and 1675 cm_l) decreased rapidly with the introduction of
NO + O3 in the first 4 min, and several bands ascribed to gaseous NO5
(1629 cmfl), bridging bidentate nitrates (1597 cm’l), chelating
bidentate nitrate (1578 cm’l), and monodentate nitrates (1530 cm 1)
emerged [63-65], indicating that adsorbed NHj3 species was the efficient
active species in the NH3-SCR reaction. More acid sites on Mog ;CeSis
could make a great contribution to its enhanced NH3-SCR activity. To
further investigate the reactivity of adsorbed NO,, in situ DRIFTS of NH3
reacting with pre-adsorbed NO + O was conducted (Fig. 9b). After
being exposed to NHs, although the band at 1597 cm™! assigned to
bridging bidentate nitrates vanished rapidly, the bands at ca. 1530 cm ™!
enhanced significantly, indicating the deformation of bidentate nitrates
to monodentate nitrates instead of consumption by NH3 [14]. For the
bands at 1578 and 1552 ¢cm ™! (chelating bidentate nitrates), no obvious
change was observed even after 10 min of exposure to NHs. In short

summary, adsorbed nitrates on Moy ;CeSiy were inert in the NH3-SCR
reaction. The NH3-SCR reaction on Moy 1CeSiy followed an efficient
Eley-Rideal (E-R) mechanism, in which the adsorbed NHj species could
react with gaseous NOy, efficiently [37,66].

4. Conclusions

In this work, based on a CeO,-SiO, catalyst with superior SO,
resistance ability, we developed a novel Mo doped Ce0O5-SiO; catalyst
with improved low-temperature activity. After being doped with the
appropriate amount of Mo, the redox properties and surface acidity of
CeSiy were greatly enhanced, which could facilitate the activation of
reactants and the adsorption of active NH3 species on Mo 1CeSis. By
following an efficient E-R mechanism, better NH3-SCR performance was
achieved on Moy ;CeSis. Moy 1CeSi; also exhibited superior resistance to
SO2/H0 poisoning. This work provided a simple and effective strategy
to prepare an efficient Mo-Ce-Si mixed-oxide catalyst with great resis-
tance to SO, poisoning.
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