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ABSTRACT: TiO2-supported manganese catalysts have been widely investigated because of their unique catalytic properties.
A series of Mn−Ce−Ti−O catalysts were synthesized by a modiﬁed sol−gel method. Mn atom doping into CT-0/1 samples
results in anatase partly transforming into rutile and two-phase coexistence. X-ray photoelectron spectroscopy and NH3
temperature programmed desorption analysis show that the reactions of Mn3+ + Ti4+ ↔ Mn4+ + Ti3+ and Ce4+ + Mn3+ ↔ Ce3+
+ Mn4+ happened, which is propitious to generating plentiful oxygen defects and chemical adsorbed oxygen and beneﬁcial for
the oxidation of NO to NO2. In addition, doping of Mn atoms could produce more acid sites and increase the ability of
adsorption NH3 that reacted with NO2 to achieve high performance of deNOx in a wide temperature window. In situ diﬀusion
reﬂectance infrared Fourier transform spectroscopy shows that MCT-15/1 achieves unpredictable NH3 selective catalytic
reduction activity following transition from the Langmuir−Hinshelwood (L−H) mechanism to the Eley−Rideal (E−R)
mechanism with rising temperature.

1. INTRODUCTION

themselves to synthesizing low cost and high conversion
catalysts for NH3-SCR reaction.
In recent years, manganese oxides and manganese
compound oxides, such as Mn−Ni−Ti, 5 MnSbTiO x , 6
MnCo3−xO4,7 and Fe−MnOx,8 have shown promising low
temperature deNOx activity. In all research advances, modiﬁed
MnTiOx solutions aroused many researchers’ attention due to
their excellent deNOx activity under a broad range of low
reaction temperatures.9−15 Some researchers devote themselves to modifying MnTiOx catalysts by doping transition

During the past decade, nitrogen oxides emitted from power
stations and mobile resources as a vital provider to air pollution
caused plenty of adverse impacts on the environment that have
aroused huge attention from the world, such as acid rain,
photochemical smog, and ozone damage.1 Therefore, all kinds
of methods have been used to abate NOx, and the selective
catalytic reduction of NOx with NH3 (NH3-SCR) has been
proven to be the most eﬀective one.2 The correlational
investigations have shown that V2O5−WO3(MoO3)/TiO2
could be a commercial catalyst for NH3-SCR with the
optimum operating temperatures of 300−400 °C. However,
there still remain many drawbacks of this catalyst, including the
toxicity of vanadium species and high price of WO3.3,4 To
resolve these problems, many research groups have devoted
© 2018 American Chemical Society
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2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The catalysts were synthesized
by a modiﬁed sol−gel method. Cerium nitrate hexahydrate,
tetrabutyl titanate (TBT), and manganese nitrate were used as
precursor. First, a certain molar ratio of tetrabutyl titanate,
manganese nitrate, and cerium nitrate hexahydrate was
dissolved in 15 mL of absolute ethyl alcohol under vigorous
stirring for 40 min. After that, 9.5 g of citric acid monohydrate
and 5 g of activated charcoal were added in the miscible
liquids. The mixture was aged for 24 h and dried at 90 °C for
24 h, and then the solid sample was calcined at 300 °C for 2 h
and at 500 °C for 4 h with a heated rate of 2 °C·min−1. The
catalysts were denoted MCT-x/y, where the molar ratio of
Ti:Mn:Ce was 100:x:y (x = 5, 10, 15, 20, 25; y = 1),
respectively. The CT-0/1 sample was the molar ratio of
Ti:Mn:Ce = 100:0:1, the MT-15/0 sample was the molar ratio
of Ti:Mn:Ce = 100:15:0, and the MCT-15/20 sample was the
molar ratio of Ti:Mn:Ce = 100:15:20 especially. For
comparison, pure TiO2 and pure MnOx were synthesized by
the same methods.
2.2. Catalyst Characterization. The X-ray diﬀraction
(XRD) patterns were measured by a X’Pert PRO diﬀractometer (PANalytical, Netherlands) with Cu Kα radiation
(=1.540 60 Å) at 40 kV and 40 mA. The ratio of rutile in TiO2
counted by the empirical formula is shown in eq 1:24

metal and rare earth metal, which enhanced the synergistic
reaction between MnOx and TiO2. For instant, Zhang et al.16
reported that Mn/Ti−Zr catalysts synthesized by wet
impregnation method possessed more special surface area,
Lewis acid sites, and Mn4+ on the catalyst’s surface which
enhanced the catalytic activity and N2 selectivity. Zheng et al.17
has reported that Mn−SiO2/TiO2 nanocup catalyst exhibited
excellent activity in the temperature range 140−240 °C.
Furthermore, TiO2 has three phases including rutile, anatase,
and brookite, and many researchers deemed that the
investigation of synergistic reaction between diﬀerent phases
with active species has profound meaning. Recently, Deng et
al.1 pointed out that MnOx/TiO2 (anatase) nanosheets
exposing more anatase {001} facet have high NO conversion
and high N2 selectivity at 80−280 °C compared with MnOx/
TiO2 nanoparticles (NPs) with {101} facet. An et al.18 also has
found that 10% MnOx doping into P25 (rutile and anatase
coexistence) catalysts had better catalytic activity than MnOx/
TiO2 (anatase) and MnOx/TiO2 (rutile).
Some research groups have focused on ﬁguring out the
determining factors and reaction mechanisms for the NH3SCR reaction. They indicted two mechanisms of low
temperature SCR reaction: (1) activated NH3 reacts with
gaseous NO and subsequently decomposes to N2 and H2O
(i.e., the Eley−Rideal (E−R) mechanism),5,19−21 or (2)
adsorbed NO reacted with adsorbed NH3 on the adjacent
sites and then decomposed to the reaction products (i.e., the
Langmuir−Hinshelwood (L−H) mechanism).1 The conﬁrmation of the E−R mechanism and the L−H mechanism would
help us to distinguish the active species and ﬁnd the reasons for
high activity.20 Fan et al. pointed out that MnOx−FeOx
nanoneedles had a better NOx adsorptivity than MnOx−
FeOx nanoparticles because of NH3 adsorbed in Lewis (L) acid
sites by the E−R mechanism.22 Liu et al. also focused on
distinguishing active species, and they deemed that the
synergetic eﬀect between Ni and Ce promotes the NH3
adsorbed in Lewis acid sites and monodentate nitrate, which
is beneﬁcial for improving the NH3-SCR activity.23 Although
much attention has been paid to the activity of NOx species
recently, the activity of adsorbed species should be further
discussed. The “fast SCR” reaction, which is NO + NO2 +
NH3 → N2 + 3H2O, has been accepted and made a primary
contribution to low temperature catalytic activity.16 NO
oxidation ability is an important factor to improve catalyst
performance.3 In addition, the NO2 gas molecules and other
diﬀerent intermediates of NOx adsorbed on the catalyst
surface; the reaction rates of these intermediates with NH3
were an important issue to boost activity of NH3-SCR.10
Herein, to further investigate the interaction between the
exposed facet of TiO2 and doped MnOx species, in this work
we synthesized Mn−Ce−Ti−Ox catalysts by a modiﬁed sol−
gel method, which has MnOx and CeOx species highly
dispersed on the surfaces of rutile and anatase. After that, a
range of characterization techniques were used to provide an
interpretation of the nature of activation, and we studied the
inﬂuence of interaction between two-phase intergrowth and
the coexistence of TiO2 and MnOx and CeOx species.
Furthermore, the mechanisms of the low temperature SCR
reaction were investigated using NH3 temperature-programmed desorption (NH3-TPD) and in situ diﬀusion
reﬂectance infrared Fourier transform spectroscopy (DRIFTS)
study.

XR =

1
1 + 0.8IA /IR

(1)

where IA and IR are the diﬀraction peak integral areas related to
the (101) peak of anatase and the (110) peak of rutile. XR is
the mass fraction of rutile in TiO2. The nitrogen adsorption−
desorption tests were recorded on a Micrometrics TriStar II
3020 analyzer at 77 K. The speciﬁc surface areas were
calculated by Brunauer−Emmett−Teller (BET) and Barrett−
Joyner−Halenda (BJH) methods, respectively. The transmission electron microscopic (TEM) and high-resolution
transmission electron microscopic (HRTEM) tests were
performed on an FEI Tecnai G2 F20 microscope operating
at 200 kV. Scanning electron microscopy (SEM) was tested on
a HITACHI S-3400N. Then energy dispersive X-ray energy
spectroscopy element distributions were carried out on a JEM2010. Hydrogen temperature-programmed reduction (H2TPR) was collected by a FINESORB-3010 automated
chemisorption apparatus from Finetec Corp. N2 ﬂow puriﬁed
the sample (50 mg) at 110 °C for 1 h, and then the
temperature was reduced to 50 °C, and the H2−Ar (7% H2 by
volume) mixed gas was injected for 30 min. Last, the
temperature was increased from 50 to 600 °C in N 2
atmosphere. The H2 consumption was collected by a thermal
conductivity detector (TCD). Temperature-programmed
desorption (O2-TPD and NH3-TPD) was also performed by
the same machine as that used for TPR. First, 100 mg of
sample was heated at 110 °C in He ﬂow for 1 h, and then it
was cooled to room temperature. After that, the O2 was
injected and adsorbed for 1 h; He purged the excess gas. Last,
the sample was heated from 50 to 600 °C in He atmosphere.
The O2 consumption was collected by a thermal conductivity
detector (TCD), too. The X-ray photoelectron spectroscopic
(XPS) analysis was performed on a Thermo ESCALAB 250XI
electron spectrometer. In situ diﬀusion reﬂectance infrared
Fourier transform spectra were collected on a Nicolet iS50 FTIR spectrometer, which was equipped with a mercury cadmium
850
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Figure 1. NO conversions (a) of CT-0/1, MT-15/0, and various MCT-x/y (x = 5, 10, 15, 20, and 25, y = 1) catalysts. NO conversions (b) of
MCT-15/1 catalyst at 75 and 100 °C for 60 h. Reaction conditions: NO = NH3 = 500 ppm, O2 = 5 vol %, with N2 as balance, total ﬂow rate 100
mL·min−1, and catalyst 200 mg.

(2)

excess oxidation of NH3. The inﬂuence of various gas hourly
space velocities (GHSVs) on NH3-SCR activity of MCT-15/1
catalyst results is presented in Figure S1a. Even when the
GHSV = 90 000 h−1, MCT-15/1 catalyst still presented
outstanding deNOx at 200−275 °C. The stability of the
catalyst is also an important factor for NH3-SCR reaction.
MCT-15/1 catalyst was tested at 100 °C for 60 h, and the
corresponding results are shown in Figure 1b. It is clear that
the NO conversion of MCT-15/1 catalyst maintained about
95% at 100 °C and 50% at 75 °C for 60 h. The result conﬁrms
that the MCT-15/1 catalyst has an excellent long-term
catalytic stability, which may be related to the interaction
between MnOx and TiO2. Furthermore, to simulate the actual
reaction conditions, the deNOx activity data of MCT-15/1 and
MCT-15/20 at 200 °C were collected by adding water vapor
and SO2 into reactant gas, and the result is illustrated in Figure
S1b. It shows that the catalyst of MCT-15/20 has a more
excellent performance of water vapor and SO2 resistance than
MCT-15/1, which is consistent with the previous reports,16
accounting for Ce oxide preferred to react with SO2 than Mn
oxide.
3.2. Structural and Textural Characteristics (XRD,
BET, and TEM). XRD was used to conﬁrm the crystal phases
of the catalysts; pure TiO2 and pure MnOx were also prepared
for comparison. Figure 2 shows that XRD patterns of pure
MnOx have bixbyite (JCPDS 24-0508) of Mn2O3 and
hausmannite (JCPDS 24-0734) of Mn3O4 and pure TiO2
only has an anatase characteristic peak. No characteristic
diﬀraction peaks of CeOx and MnOx in all composite oxides
were observed, which was because low loaded CeOx, MnOx,

3. RESULTS AND DISCUSSION
3.1. Activities of Catalysts. Figure 1a displays NO
conversions of CT-0/1, MT-15/0, and various MCT-x/y (x =
5, 10, 15, 20, and 25, y = 1) catalysts dependent on diﬀerent
reaction temperatures. The CT-0/1 catalyst exhibited quite
poor NO conversion in the low temperature section. After, a
series of Mn atoms was added into CT-0/1 catalyst, with MT15/0 as a comparison; the deNOx activity was greatly
improved. As the content of manganese increased, the activities
maintaining 50% temperature (T50) moved to low temperature
initially and high temperature afterward. MCT-15/1 catalysts
exhibited the best catalytic performance and promoted low
temperature activity (100−300 °C) in consideration of the
contribution of the strong synergistic eﬀect between Mn and
Ce oxides and TiO2. In the high temperature section, the
deNOx activity was inhibited slightly, which was related to

Figure 2. XRD patterns of TiO2, MnOx, CT-0/1, MT-15/0, and
various MCT-x/y (x = 5, 10, 15, 20, and 25, y = 1) catalysts.

telluride (MCT) detector. The spectrograms were collected
from 650 to 4000 cm−1 at a resolution of 4 cm−1 (number of
scans = 32). Prior to each experiment, the catalyst powders
were placed in a sample crucible and pretreated with puriﬁed
N2 at 350 °C for 1 h, and then a Fourier transform infrared
(FT-IR) spectrometer collected the background spectra of
catalysts per 25 °C from 350 °C cooled to 50 °C by liquid
nitrogen cooling. Subsequently, the catalysts adsorbed in
reaction gas until the peak intensity had no change. Then the
reacted spectra were collected per 25 °C from room
temperature to 350 °C. Finally, the results were obtained
after the corresponding background reference was deducted.
The reaction conditions were controlled as follows: 100 mL·
min−1 total ﬂow rate, 500 ppm NH3 and/or 500 ppm NO, 5
vol % O2, and N2 as the balance.
The NH3-SCR catalytic performances in an air stream of
excess oxygen were tested under steady state. The reaction
conditions were as follows: 500 ppm NH3, 500 ppm NO, 5%
O2, 50 ppm SO2, 5% H2O, and N2 in balance. The sample (200
mg, gas hourly space velocity (GHSV) ca. 45 000 h−1) was
placed in a quartz tube and puriﬁed in a highly puriﬁed N2
atmosphere at 110 °C for 1 h. The reactions were in progress
with temperature from room temperature to 350 °C, and the
concentrations of NH3, NO, N2O, and NO2 were recorded by
a Thermoﬁsher IS10 FT-IR spectrometer with a 2 m path
length gas cell (250 mL volume) at 15 °C. The NO conversion
was calculated from the following formula as shown by eq 2:
NO conversion (%) =

[NO]in − [NO]out
× 100%
[NO]out
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nm. In Figure 3d,e are the HRTEM images of MT-15/0 and
MCT-15/1 presenting the crystal faces (101) of anatase with
0.35 nm and (110) of rutile with 0.32 nm. The transition layer
between anatase and rutile was clearly observed between two
phases, and it presented a state of disorder, which
corresponded with the conjecture mentioned above to a
certain extent. But the states of MnOx and CeOx species on the
surface crystal planes of TiO2 were uncertain. Therefore,
MCT-15/1 catalyst was measured by energy dispersive
spectrometer (EDS) mapping experiment, and the corresponding results are revealed in Figure S3. The O, Ti, and Mn atoms
were well-distributed on the surface of catalysts, and these
distribution regions could coincide together, which illustrated
that the dispersions of MnOx species on anatase, rutile phases,
and transition layer were uniform distributions of tiny particles
and interacted with each other.
The BET surface areas of all samples are displayed in Table
1. Among the composites, CT-0/1 has the largest surface area
of 101.5 m2·g−1. With the Mn atoms added, the surface areas of
MCT-5/1, MCT-10/1, and MCT-15/1 were relative close,
while the surface areas of MCT-20/1 and MCT-25/1 declined
obviously. There are two reasons speculated for these
phenomena: (1) MnOx and CeOx were well-distributed in
MCT-5/1, MCT-10/1, and MCT-15/1 catalysts; when the
superﬂuous Mn atoms were added, agglomerated MnOx led to
the speciﬁc surface area decrease. (2) With the doping of Mn
atoms, the speciﬁc surface area was accompanied by the
contents of anatase phase and rutile phase rising ﬁrst and then
falling. As reported in the literature,25 the surface area of the
rutile was far less than that of anatase, so the speciﬁc surface
area sharply declined.
The H2-TPR and O2-TPD results are displayed in Figure
S3a,b and Table S1. H2-TPR shows that the MCT-15/1
sample has the lowest reduction temperature and the increased
H2 consumption. It was interpreted as a strong interaction of
the reduction of manganese species along with the reduction of
oxygen vacancies on the two phases of TiO2. In addition, O2TPD results suggested that MCT-15/1 and MT-15/0 samples
have the biggest chemically adsorbed oxygen peaks of O2,
which were on account of the charge imbalance and interaction
force of MnOx with TiOx by the reaction of Mn3+ + Ti4+ ↔
Mn4+ + Ti3+. The transition layer between anatase and rutile
has substantial lattice defects where oxygen vacancies and
activated oxygen species were produced. The superﬂuous
oxygen would adsorb and be active on the surface of catalysts
which was conducive to NO oxidizing to NO2.
These results indicated the well-distributed MnOx and CeOx
and two-phase coexistence of TiO2 on catalysts. This
cooperation among these species would expose plenty of
active sites and produce plenty of oxygen vacancies, which
were in favor of higher NH3-SCR activity.
3.3. Chemical State Analysis (XPS). In order to identify
the oxidation states of Ti, Mn, and O atom on catalyst surfaces
and atomic concentrations,28,29 the XPS spectra of the CT-0/1,
MT-15/0, and MCT-15/1 samples were recorded. Surface
atomic concentrations of Mn, Ti, and O determined by XPS
are summarized in Table 2, and photoelectron spectra of Mn
2p, Ti 2p, and O 1s levels are displayed in Figure 4. The
catalysts took part in reaction by adsorption and desorption of
gas molecules, and more active sites exposed on the surface of
catalysts were favorable to the improvement of activity. Table 2
exhibits that Mn atoms exposed on the surface were much
higher than the doping amount; an enrichment of Mn ions on

and the oxides as homogeneous microcrystals or clusters were
just well-dispersed on the surface of TiO2. However, the Mn
composite oxides (MT-15/0 and MCT-x/y (x = 5, 10, 15, 20
and 25, y = 1)) exhibited two diﬀerent crystalline phases of
anatase and rutile, and they all belong to TiO2. The peaks at
25.3, 37.8, 48.0, 53.9, 55.1, 62.7, and 75.0° corresponded to
(101), (004), (200), (105), (211), (204), and (215) of anatase
(JCPDS 21-1272), and those at 27.5, 36.1, 41.2, and 54.3°
corresponded to (110), (101), (111), and (211) of rutile
(JCPDS 21-1276).25,26 It is interesting that the intensity of
rutile phase appears and the anatase diﬀraction peak gradually
decreases as MnOx content increases simultaneously, which
results in unstable anatase transformed into more stable rutile.
The transition layer between anatase and rutile was a
metastable zone where it may have substantial lattice defects
and disorders that were propitious to accelerate NH3-SCR
activity. The diagrammatic sketch is displayed in Scheme 1.
Scheme 1. Interface Diagram of Anatase and Rutile

The amount of face exposure is extremely crucial to activity.
Therefore, by the meaning of the empirical formula (eq 1), the
phase ratio was derived from Figure 2 and is quantiﬁed and
listed in Table 1. Compared with diﬀerent samples, the ratio of
Table 1. Phase Composition of CT-0/1, MT-15/0, and
Various MCT-x/y (x = 5, 10, 15, 20, and 25, y = 1)
Catalystsa
phase composition (wt %)
sample

%A

%R

BET surf. area (m2·g−1)

CT-0/1
MT-15/0
MCT-5/1
MCT-10/1
MCT-15/1
MCT-20/1
MCT-25/1

100
55.52
75.20
63.55
53.01
42.27
26.46

44.48
24.80
36.45
46.99
57.73
73.54

101.5
79.6
91.7
95.8
91.5
83.5
77.7

a

%A is the content of anatase; %R is the content of rutile.

anatase and rutile in MCT-15/1 sample was nearly 1:1, which
illustrated that the MCT-15/1 sample has the maximum area
of transition layer, where it has a strong interaction force
among MnOx and CeOx, and a two-phase interface; the lattice
disorder would produce more lattice defects, oxygen vacancies,
and many activated oxygen species. All of these improved the
redox ability of the catalyst and made it have a better catalyst
performance.27
Transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM) were
performed to characterize the particle structure and the
component information on samples. Figure 3a−c shows the
catalysts of CT-0/1, MT-15/0, and MCT-15/1 possess a welldistributed laminated mesosphere with a diameter of 11−13
852
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Figure 3. TEM images: (a) MCT-15/1, (b) MT-15/0, and (c) CT-0/1. HRTEM images: (d) MCT-15/1 and (e) MT-15/0.

Table 2. Surface Atom Concentrations on CT-0/1, MT-15/0, and MCT-15/1 Catalysts
atomic concentration (mol %)

atomic ratio (%)

sample

O

Mn

Ti

Mn4+/(Mn3+ + Mn4+)

Oα/(Oα + Oβ)

Mn/Ti

CT-0/1
MT-15/0
MCT-15/1

50.54
53.44
50.76

0
5.80
5.64

16.75
14.26
13.86

0
66.68
74.54

33.92
37.42
42.26

0
40.67
40.69

Figure 4. XPS (a) Mn 2p, (b) Ti 2p, and (c) O 1s spectra of CT-0/1, MT-15/0, and MCT-15/1 catalysts.
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Scheme 2. Preparation Process on MCT-15/1 Catalyst

Figure 5. NH3-TPD patterns (a) and in situ DRIFTS of NH3 adsorption depending on reaction temperatures from 50 to 350 °C with temperature
growth rate of 25 °C on MCT-15/1 (b), MT-15/0 (c), and CT-0/1 (d) samples.

1 (66.68%) and MT-15/0 (74.54%), because of the reaction of
Ti4+ + Mn3+ = Ti3+ + Mn4+ that occurred during the
preparation. The redox catalytic cycle was consisted in the
preparation process of MCT-15/1 catalyst and is shown in
Scheme 2. Obviously, the Mn4+/(Mn3++ Mn4+) ratio of MCT15/1 is 74.54%, and the catalyst has preferable Mn4+ over MT15/0 catalyst which is because the slight introduction of Ce
would result in the increase of the Mn4+/Mn3+ ratio. Ce
inhibited the diﬀusion of Mnn+ and O2− ions and prevented the
transition from Mn4+ to Mn3+ by Ce4+ + Mn3+ = Ce3+ + Mn4+.
These two reactions generated a charge imbalance, oxygen
vacancies, and unsaturated chemical bonds on the catalyst
surface.28 This situation would generate additional chemisorbed oxygen or weakly adsorbed oxygen species on the
surface of the catalyst, which was rosy for the SCR reaction and
promoted the eﬀective oxidation of NO to NO2. Therefore, the

the surface would aﬀect suﬃciently the two phases of TiO2,
exposing more active sites, which was in favor of positive
electron mobility. With traces of Ce was added, the contents of
O decreased, the NH3 oxidation process may be stiﬂed, and
nitrogen oxide byproducts would be cut down, which may be
better for broadening the window of operating temperatures,
and this was in accordance with the tendency of catalytic
activity of catalysts.30
The Mn 2p XPS spectra deconvoluted to two peaks (Figure
4a) was relevant to Mn 2p3/2 and Mn 2p1/2 and appeared at
∼642.1 and 653.6 eV, respectively.22,25 Then Mn 2p3/2 was
calculated by peak-ﬁtting deconvolution to characterize
manganese oxide phases and the irrelative intensities; the
peaks at 641 ± 0.2 and 642 ± 0.2 eV corresponded to Mn3+
and Mn4+, respectively.6 The Mn4+/(Mn3++ Mn4+) ratio of
pure MnOx was 53.2%, which was less than those of MCT-15/
854
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acid sites (marked as “B” acid sites), in situ DRIFTS of NH3
was carried out and the results are shown in Figure 5b−d.
Before NH3 adsorption, the samples were treated in N2 at
350 °C for 1 h to get rid of some adsorbed species, and then
the temperature was cooled to room temperature. After that,
500 ppm NH3 was injected to the reaction chamber for 1 h and
N2 purged excess NH3; then the IR spectra were collected with
increasing temperature.
Figure 5b−d shows the adsorption spectra of MCT-15/1,
MT-15/0, and CT-0/1 catalysts, and the three adsorption
spectra were quite similar. Bands at 3254−3393, 1646−1647,
1600, 1450−1458, 1162−1163, and 1118 cm−1 were detected.
The bands centered around 3254−3393 cm−1 were assigned to
the overlap bands of N−H vibrated coordinated NH3 and M−
OH.37,38 The bands at 1600, 1162−1163, and 1118 cm−1
mentioned were ascribed to N−H vibrated bands which were
coordinately linked to Lewis acid sites (marked as L acid
sites).5,35,36 The bands at 1646−1647 and 1450−1458 cm−1
were related to the ionic NH4+ species linked to Brønsted acid
sites (marked as B acid sites).39,40
All samples have abundant L acid sites, and the content of L
acid sites was much more than that of B acid sites. The L acid
sites still existed in the high temperature section, while the
peaks ascribed to B acid sites diminished and ﬁnally vanished
with increasing temperature, which suggested that the
adsorption ability of ammonia was more adsorbed in L acid
sites, and L acid sites were more stable than B acid sites.41 The
CT-0/1 catalyst has fewer acid sites on the catalyst surface
than other catalysts, which implied that the addition of Mn
atom produced more L acid sites and B acid sites. The results
were combined with NH3-TPD; weak acidity consists of
Brønsted acid and Lewis acid sites together, and weak acidity
was the main factor contributing to high SCR activity in the
low temperature section, but only Lewis acid dominated in the
high temperature section. The N−H vibrated bands over
MCT-15/1 still observed at 350 °C implied the Ce atoms were
conducive to enhancing the adsorption ability of ammonia, and
the result was consistent with NH3-TPD. With the increase of
temperature, the intensities of bands of L acid sites were
gradually weakened, and the bands at 1162−1163 cm−1 blueshifted to higher wavenumbers, which meant that the hydrogen
bands formed between the chemisorbed NH3 groups at low
temperature and disappeared as NH3 desorption occurs at high
temperature.40
In the high wavenumber range, the intensities of three peaks
at 3149, 3271, and 3393 cm−1 over CT-0/1 were much weaker
than the bands at 3254−3260 over MCT-15/1 and MT-15/0
samples. According to the results reported previously, the band
at 3395 cm−1 was attributed to NH2 groups,42 and coordinated
NH3 was inclined to be deprived of hydrogen and be activated
by the lattice oxygen of metal oxides to form an amine (NH2)
species in the low temperature section. In other words, Mnn+
O can react with NH3 to generate Mn−OH and NH2(ad);
therefore, the addition of Mn atoms produced more NH2(ad)
and augmented the acid content. Additionally, the Lewis acid
sites were reported to be originated from the oxygen vacancy
defects, charge unbalance, and unsaturated cationic sites.
Therefore, the quantity of Lewis acid sites on the MCT-15/1
catalyst were related to the subsequent formation of surface
defects and disordered structure, as analyzed in the XRD
analysis, and the charge transfer between the Mn, Ce, and Ti
elements, as described in XPS analysis.5

NOx removal via the “fast SCR” route (NO + NO2 + 2NH3 =
2N2 + 3H2O) could be accelerated eﬃciently.29 The XPS
spectra of Ti 2p for MT-15/0, CT-0/1, and MCT-15/1
catalysts are revealed in Figure 4b. For CT-0/1 catalyst, the
binding energy of Ti 2p3/2 was at 458.9 eV, while it clearly
shifted to lower values for MT-15/0 and MCT-15/1 catalysts
which suggested that some Ti4+ was reduced to Ti3+ for the
strong interaction among Mn, Ce, and Ti species. Partial
electrons of oxygen atom are shifted from titanium oxide to
manganese atom under synergistic action, which illustrates that
the improved oxygen mobility and the electron transfer are
favorable. This result was in accordance with the analysis of
valence state change in Mn, and the explanation of O2-TPD for
MCT-15/1. Some researchers believed that the high
reducibility of Ti contributes to improving the NH3-SCR
activity.25
The O 1s peaks can be ﬁtted into two peaks (Figure 4c).
One of the peaks was related to the lattice oxygen O2−
(denoted as Oα) at 529.6−530.2 eV. The other peak was
relevant to the surface adsorbed oxygen species O2− or O−
(denoted as Oβ) at 531.2−531.9 eV.26,30−32 As is listed in
Table 2, in all of the samples, the MCT-15/1 catalyst has the
highest Oβ/(Oα + Oβ) value and the value of up to 42.26%
illustrated that the introducement of Mn atom in the MCT15/1 sample produced more surface adsorbed oxygen.
Generally, surface adsorbed oxygen has outstanding mobility
and it is much more reactive than lattice oxygen, hence it plays
an important role in oxidation reactions.33,34 Combined with
previous analysis, with the addition of Mn and Ce, the lattice
distortion of TiO2 was aggravated. In order for the TiO2 to
cope with this change, more anatase transformed into rutile.
On the TiO2 lattice transition interface, the charge imbalance
also interacted with MnOx and CeOx; some Ti−O bonds were
activated and an electron transfer process “Ti → O” happened,
the signal energy of active oxygen (Oβ) increased to produce
some active electrophilic oxygen species, and these oxygen
species were active mainly in mechanisms of superﬁcial
reactions.
3.4. Surface Acidity Properties (NH3-TPD and NH3 in
Situ DRIFTS). In the NH3-SCR reaction progress, the NH3
adsorption and desorption ability of catalyst has a signiﬁcant
inﬂuence on the catalytic activity. Therefore, NH3-TPD was
chosen to investigate the relative quantity distribution of the
surface acid content over various CT-0/1, MT-15/0, and
MCT-15/1 catalysts. It was well-known that the NH3
desorption peaks of physical adsorption are less than 100 °C
and the weak acidity was situated in the range 100−250 °C;
moreover, the desorption peaks in the range 250−500 °C were
related to strong acidity.
As is shown in Figure 5a, NH3 desorption was surveyed at
100−500 °C, because of the variability of adsorbed NH3
species with diﬀerent thermal stabilities. CT-0/1 has an
amount of weak acidity and a spot of strong acidity with a
minimum of NH3 adsorption areas. When Mn atoms were
added in, the weak acidity and strong acidity had a great deal of
improvement in the catalyst of MCT-15/1, and the top of the
peak was moved forward slightly, which would be signiﬁcantly
helpful for the boost of deNOx eﬃciency in the low
temperature section.
To ﬁgure out the NH3 adsorption and desorption on the
MT-15/0, CT-0/1, and MCT-15/1 catalysts and distinguish
the Lewis acid sites (marked as “L” acid sites) and Brønsted
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Figure 6. In situ DRIFTS spectra of NO + O2 adsorption depending on reaction temperatures from 50 to 350 °C with temperature growth rate of
25 °C on MCT-15/1 (a), MT-15/0 (b), and CT-0/1 (c) samples.

bridged nitrate were came out as the temperature increased.
The transformation indicated that the monodentate nitrates
have unstable thermal stability in the high temperature section
and transformed into bridged nitrate.30
It can be seen that the locations of absorption peaks of
MCT-15/1 and MT-15/0 catalysts were similar except for the
intensity. The more formation of NOx species adsorbed at
room temperature over MCT-15/1 than that over MT-15/0
sample was due to the enhancement of NO activation. The
intensity of gaseous NO2 molecules (at 1623 cm−1) over
MCT-15/1 and MT-15/0 was higher than over CT-0/1
catalyst, which could contribute to that the abundant surface
adsorbed oxygen easier oxidized NO to produce more NO2
molecules for MCT-15/1 and MT-15/0 samples. Based on
XPS results, the charge imbalances from Ti4+ + Mn3+ ↔ Ti3+ +
Mn4+ and Ce4+ + Mn3+ ↔ Ce3+ + Mn4+, and combined with
the XRD results, the aggravation of lattice distortion from the
synergistic reaction between MnOx and two phases of anatase
and rutile would produce more oxygen vacancies, where NO
oxidized to NO2 on the surface of catalysts in the presence of
excess oxygen.17,45,46 The improvement in the generation of
adsorbed NO2 quite favored the low temperature activity via
the “fast SCR”, and also beneﬁted the main intermediates for
the generation of N2. The activation of NO and O2 can be
expressed as shown in Scheme 3.
3.5.2. NO + O2 + NH3 Coadsorption. The pretreatment of
catalysts is the same as for NH3 in situ DRIFTS. After that, 500
ppm NH3, 500 ppm NO, and 5% O2 were injected to the
reaction chamber and IR spectra were collected with increasing
temperature, and the results are shown in Figure 7.
For all catalysts, the peaks at 3036−3363, 1602−1606,
1164−1179, and 1106−1119 cm−1 were assigned to the
coordinated NH3 group, and the ionic NH4+ was located at
1430−1454 cm−1. The bands at 1541 and 1580 cm−1 were
related to bidentate nitrate, and the peak at 1623 cm−1 was
referred to gaseous NO2 molecules.26 The new and strong
bands at 1197−1363 cm−1 were NH4NO2 species of the

DRIFTS spectra of MCT-15/1, MT-15/0, and CT-0/1
implied that the numbers of Lewis acid sites and Brønsted acid
sites were increased after the Mn atoms were added, which,
due to the existence of Mn4+ species and more oxygen vacancy
defects coming from the synergistic reaction among MnOx and
TiOx, as well as being beneﬁcial to NH3-SCR activity
improvement, was similar to previous literature.42 The NH3TPD and NH3 in situ DRIFTS results suggested that L acid
sites dominated NH3-SCR activity in all temperature sections,
while B acid sites only worked in low temperature sections.
3.5. In Situ DRIFTS Analysis. In order to get insight into
the NH3-SCR of MCT-15/1, MT-15/0, and CT-0/1 samples,
in situ DRIFTS experiments have been conducted over these
samples. They were used to investigate the formation and
transformation of surface adsorbed species, and provided
important information for clarifying the activation capacity of
the catalysts, the reaction pathway of intermediates, and the
reaction mechanism.
3.5.1. NO + O2 Adsorption. The pretreatment of catalysts is
as same as for NH3 in situ DRIFTS. After that, 500 ppm NO
and 5% O2 were injected into the reaction chamber and IR
spectra were collected with increasing temperature.
The DRIFTS spectra of NO + O2 on MCT-15/1 at diﬀerent
temperatures were similar to those for the MT-15/0 sample,
and the spectra are shown in Figure 6a,b. The adsorbed species
of the CT-0/1 sample at room temperature were diﬀerent from
the others, and are exhibited in Figure 6c. The bands at 1620−
1623, 1600, 1586, 1494−1486, 1353−1352, 1290, 1266, and
1246 cm−1 were observed. The bands at 1620−1623 cm−1
were ascribed to gaseous NO2 molecules.37,38,41 The band at
1586 cm−1 was referred to bidentate nitrate. The band at 1290
cm−1 was attributed to monodentate nitrates.40,43 The bands of
1600, 1266, and 1246 cm−1 were related to bridged nitrate.44,22
In the high temperature section, the bridged nitrate, gaseous
NO2 molecules were still absorbed in the surface of catalysts,
while the bands of monodentate nitrates (at 1296, 1486 cm−1)
were reduced and those at 1266 and 1246 cm−1 related to
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MCT-15/0 sample has low performance of NH3-SCR activity
at high temperature.
In addition, the IR spectra of CT-0/1 were completely
diﬀerent from those MT-15/0 and MCT-15/1. Though the
NH4NO2 species (1363 cm−1), NOx species (1049, 1580
cm−1), and NH3 species (3081, 3234, 1606, 1454 cm−1) were
all adsorbed on the surface of CT-0/1 samples, the intensities
of all peaks had no obvious changes at low temperature,
suggesting that the NOx species preferred to be adsorbed in
active sites than NHx species and the reaction of NH3-SCR did
not occur at low temperature. When the temperature was
raised to 200 °C, the NH3 species (1606 cm−1) appeared, and
the NOx species (1049 cm−1) was consumed, which proved
the importance of NH3 adsorption and activation abilities.
3.5.3. Reaction between Ammonia and Adsorbed Nitrogen Oxide Species. To go a step further in investigating the
mechanism of NH3-SCR, the in situ transient reactions were
experimented. The IR spectra of reaction between nitrogen
oxides preadsorbed and ammonia adspecies over these
catalysts were recorded. In this experiment, after pretreatment,
both catalysts were heated at 125 °C, then treated with NO +
O2 for 0.5 h, and purged with N2 for 30 min. After NH3 was
introduced, the spectra were recorded as a function of time of
0, 2, 5, 10, 20, and 30 min, and the corresponding spectra are
shown in Figure 8.
When NO and O2 were introduced, the IR spectra of MT15/0 and MCT-15/1 samples were similar: bands at 1616−
1618 cm−1 (gaseous NO2 molecules), 1600 cm−1 (bridged
nitrate), 1540 and 1578−1583 cm−1 (bidentate nitrate), and
1282−1283 cm−1 (monodentate nitrate) appeared. Then the
NH3 was added in; the bands of 1616 −1618 cm−1 were
consumed quickly and disappeared ultimately, the intensity of
the 1540 cm−1 band was slightly cut down, 1456−1468 cm−1
bands emerged, and 1282−1283 cm−1 bands were covered by

Scheme 3. Redox Catalytic Cycle on the Low-Temperature
SCR Reaction over MCT-15/1 Catalyst

intermediates of reaction,17,33,46 and these species over MCT15/1 and MT-15/0 were reacted quickly. It is interesting that
the NH3-IR results showed that the B acid sites were low
content, but B acid sites adsorbed much more NO2 and
produced NH4NO2 by the reaction of NH4+(ad) + NO2(ad) →
NH4NO2 → N2 + H2O, which may because some L acid
transformed into B acid, and these catalysts have excellent
performance of NH3-SCR activity at low temperature.
For the MT-15/0 and CT-0/1 samples in Figure 7b,c, a
variety of intermediates of reaction, NOx species, and absorbed
NH3 all appeared, while MCT-15/1 has no obvious NOx
species bands on the surface of the catalyst. These phenomena
might be caused by the competitive adsorption and following
reactions among NH3, and the NH3 adsorption ability of
MCT-15/1 catalyst was strengthened by adding Ce into MT15/0 catalyst in the NH 3 + NO + O2 atmosphere.
Furthermore, the bands of bidentate nitrates (1541 cm−1)
over MT-15/0 appeared at high temperature, and the area of
this peak was increased with temperature growth, which
indicated that the bidentate nitrates were unable to react with
gas NH3, and the adsorbed NH3was used up. Therefore, the

Figure 7. In situ DRIFTS spectra of NO + O2 + NH3 adsorption depending on reaction temperatures from 50 to 350 °C with temperature growth
rate of 25 °C on MCT-15/1 (a), MT-15/0 (b), and CT-0/1 (c) samples.
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Figure 8. In situ DRIFTS spectra collected at 125 °C upon passing NH3 over NO + O2 presorbed on MCT-15/1 (a), MT-15/0 (b), and CT-0/1
(c) samples with time.

Figure 9. In situ DRIFTS spectra collected at 125 °C upon passing NO + O2 over NH3 presorbed on MCT-15/1 (a), MT-15/0 (b), and CT-0/1
(c) samples with time.

1291 cm−1. This suggested that NO2 molecules and bridged
nitrate easily reacted with NH3, while the bidentate nitrates
(the bands in 1578−1583 cm−1) hardly reacted. After 30 min,
the characteristic absorption bands of NH3 were placed at
3254 and 3353−3367 cm −1 ; that suggested that NO 2
molecules and bridged nitrate reacted with NH3 following
the E−R mechanism. Comparing the IR spectra of MCT-15/1
and MT-15/0, the NOx species adsorbed MCT-15/1 sample
were easier reacted with NH3 than MT-15/0 because the
reaction intermediates were generated ﬁrst. For the CT-0/1
catalyst, the bands of 1620 cm−1 (gaseous NO2 molecules),
1609 cm−1 (bridged nitrate), 1583−1586 cm−1 (bidentate
nitrate), 1290 and 1512 cm−1 (monodentate nitrates), 1246
cm−1 (bridged nitrate), and 1296 and 1451 cm−1 (NH4NO2

species) were shown; the reaction intermediate at 1451 cm−1
was weaker than those of MCT-15/1 and MT-15/0. For all
catalysts, nitrogen oxide species were adsorbed on the surface
of catalysts, and then NH3 was adsorbed on it meaning that the
E−R mechanism contributed to the reaction.
3.5.4. Reaction between Nitrogen Oxides and Ammonia
Adspecies. After pretreatment, all catalysts were heated at 125
°C, treated with NH3/N2 for 1 h, and then purged with N2 for
30 min. After NO + O2 was injected, the spectra were collected
as a function of time for 0, 2, 5, 10, 20, and 30 min, and the
corresponding spectra are shown in Figure 9.
When NH3 passed into the in situ cell, the bands of 1598−
1600 and 1159−1163 cm−1 were related to L acid sites, 1450−
1458 cm−1 bands related to B acid sites were adsorbed. After
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Figure 10. In situ DRIFTS spectra taken at 50 (a) and 200 °C (b) upon passing NH3 over NO + O2 presorbed, and upon passing NO + O2 over
NH3 presorbed at 50 (c) and 200 °C (d) on MCT-15/1 sample with every 3 min.

1500 cm−1 (monodentate nitrate), and 3048 and 3242 cm−1
(NHx species) appeared. These illustrated that the gaseous
NO2 molecules and bridged nitrate were easily reacted with
NH3, while monodentate nitrates were the opposite. In
addition, when the peaks of 1627 cm−1 (gaseous NO2
molecules) reduced, the peaks of 1444 cm−1 (ionic NH4+)
increased, which suggested that the reaction of NH4+(ad) +
NO2(ad) → NH4NO2 → H2O + N2 easily occurred and it
follows the L−H mechanism. Figure 10b was recorded at 200
°C by the same treatment of MCT-15/1. The bands at 1276
cm−1 (bridged nitrate), 1545 cm−1 (monodentate nitrates),
1600 cm−1 (bridged nitrate), 1627 cm−1 (gaseous NO2
molecules), and 1369 cm−1 (N2O2−) were adsorbed, and
then the NH3 passed into the IR cell. Gaseous NO2 molecules,
bridged nitrates, and monodentate nitrates were used up
without N2O2−, and the bands at 1182, 3270, and 3380 cm−1
(NHx species) appeared. Figure 10a,b shows that monodentate
nitrates are in favor of reacting with NH3 in the high
temperature section.
When NO and O2 were passing NH3 presorbed in the cell at
50 °C as shown in Figure 10c, the intensity of L acid sites
(1110, 1148, 1600 cm−1) declined while B acid sites (1420
cm−1) were still covered by 1448 cm−1 (NH4NO2). After 18
min, the intermediate species were shown at 1205 cm−1; NHx
and NOx were all adsorbed on the surface of catalysts and the
L−H mechanism was prior. In Figure 10d the reaction was
started at 200 °C; only L acid sites (1172, 1602 cm−1) were
observed, and 1272 and 1600 cm−1 (bridged nitrate) and 1547
cm−1 (bidentate nitrate) appeared until the L acid sites were
reacted completely, which was the reaction of NH2(ad)+NO(g)
→ N2 + H2O and the E−R mechanism was prior.
The L−H mechanism that occurred in the low temperature
section has a lower barrier than the E−R mechanism, which is
beneﬁcial to enhancing low temperature NH3-SCR activity.
Therefore, it is meaningful to distinguish the diﬀerent reaction
rates of NOx species reacted with ammonia adspecies. Thus
the relative consumption quantities in 30 min of the same

NO + O2 was added in, for all samples, the bands related to L
acid sites decreased quickly, while bands at 1620 cm−1
(gaseous NO2 molecules), 1610−1600 cm−1 (bridged nitrate),
1579−1587 cm−1 (bidentate nitrate), 1498−1515 cm−1 (ionic
NH4+), 1282−1289 cm−1 (NH4NO2 species), and 1244−1258
cm−1 (bridged nitrate) were observed. That means L acid sites
and B acid sites all worked. The B acid sites played important
roles at low temperature by NH4+(ad) + NO2(ad) → NH4NO2
→ N2 + H2O followed by the L−H mechanism. The L acid
sites worked by NH2(ad) + NO(g) → N2 + H2O followed by the
E−R mechanism. In the MCT-15/1 sample, the NH 3
characteristic adsorption bands of 3169, 3275, and 3382
cm−1 (NHx species) were consumed in 10 min, while the
bands were observed until NH3 was introduced after 30 min
over the MT-15/0 sample, which meant the NH3 species
adsorbed on MCT-15/1 were easier reacted with NOx species
than the MT-15/0 catalyst. As to CT-0/1 samples, the bands
of L acid sites (1159, 1598 cm−1) were replaced by NOx
characteristic absorption peaks that coincide with the results
proposed before that the NOx species has more absorbability
than NHx species over CT-0/1 catalysts, and that illustrated
that the adsorbed ammonia species were hardly reacted with
nitrogen oxides.
3.5.5. In Situ Transient Reactions at 50 and 200 °C on
MCT-15/1 Catalyst. Based on these, we can clarify that the
reaction mechanisms about MT-15/0 and MCT-15/1 were
similar, and the mechanism was diﬀerent in the low
temperature section and the high temperature section.
Therefore, we collected the IR spectra of MCT-15/1 at 50
and 200 °C. The IR spectra are shown in Figure 10.
In Figure 10a, the MCT-15/1 catalyst was introduced to NO
and O2 at 50 °C. NOx species were adsorbed at 1298 and 1500
cm−1 (monodentate nitrate), 1600 cm−1 (bridged nitrate), and
1627 cm−1 (gaseous NO2 molecules), then NH3 was passed.
The gaseous NO2 molecules and bridged nitrates were
consumed quickly, the monodentate nitrates did not have
changes, the 1444 cm−1 (ionic NH4+) covered the peak of
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outstanding deNOx performance in the low temperature
section. The E−R mechanism dominated in the high
temperature section due to less NH3 adsorbed on the surface
of catalysts.
(ii) For SCR reaction, the transition layer between anatase
and rutile had substantial lattice defects and disorders
interacting strongly with MnOx and CeOx, and then XPS
results illustrated the charge transfer processes of Mn3+ + Ti4+
↔ Mn4+ + Ti3+ and Ce4+ + Mn3+ ↔ Ce3+ + Mn4+ generated a
series of oxygen defects and oxygen vacancy. All the results
beneﬁted the adsorption and activation of NO molecules to
form adsorbed NO2, which accelerated the reaction between
the NO2(ad) and NH4+(ad), and the “fast SCR” reaction further
elevated the low temperature activity.
(iii) For the high temperature section, ammonia species
were considered as the most important initial adsorbed species.
The additional of MnOx accelerated the reaction of Mnn+O
+ NH3(ad) → Mn(n−1)+OH + NH2(ad) and more Lewis acid
sites were produced, which is the reason for improvement of
deNOx.
(iv) The reaction rates of NOx species reacted with NH3 in
the low temperature section were as follows: NO2 molecule >
bridged nitrate > bidentate nitrate ≥ monodentate nitrate.
Those in the high temperature section were NO2 molecule ≥
bridged nitrate > bidentate nitrate > monodentate nitrate.

nitrogen species reacted with NH3 have been integrated and
shown as Figure S4a,b. From Figure S4a, it is clearly observed
that the NOx species reacted with NH3 in the low temperature
section as follows: NO2 molecule > bridged nitrate > bidentate
nitrate ≥ monodentate nitrate. Figure S4b presents NOx
species reacted with NH3 in the high temperature section as
follows: NO2 molecule ≥ bridged nitrate > bidentate nitrate >
monodentate nitrate. In addition, according to Figures 7a, 8a,
9a, and 10a,d, the results show that the L acid sites reacted by
the L−H mechanism and B acid sites followed the E−R
mechanism in the low temperature section; then with the
temperature increased, the B acid sites were consumed and
only L acid sites reacted by the E−R mechanism.
3.6. Proposed Reaction Mechanism. For the abovementioned analysis, the reaction mechanism for the MCT-15/
1 sample at the low temperature NH3-SCR activity is exhibited
in Scheme 4 and the explanation follows.
O2 + □ → 2O*(ad)
NO(g) + O*(ad) → NO2(ad)

Mn n +O + NH3(ad) → Mn(n − 1) +OH + NH 2(ad)

NH 2(ad) + NO(g) → N2 + H 2O

E−R

NH3 + H+ (B acid sites) → NH4 +(ad)

4. CONCLUSIONS
A series of Mn−Ce−Ti−O catalysts was synthesized by a
modiﬁed sol−gel method. The test of NH3-SCR activity shows
that the MCT-15/1 catalyst has prominent deNOx activity,
and the MCT-15/20 catalyst has 80% deNOx activity when a
small quantity of SO2 is introduced. XRD shows the catalyst
has two phases coexisting of rutile and anatase, and the MnOx
and CeOx are well distributed and strongly interact on the
surface of the two phases. H2-TPR, O2-TPD, and XPS show
that there were a lot of oxygen defects produced by Mn3+ +
Ti4+ ↔ Mn4+ + Ti3+ and Ce4+ + Mn3+ ↔ Ce3+ + Mn4+, which
was in favor of improvement of deNOx. NH3-TPD illustrated
that catalysts have a great deal of acid quantity at 100−450 °C,
which widened the reaction temperature window. The
mechanism was speculated by in situ IR, and the conclusion
as follows: (1) B acid sites were the main active sites in the low
temperature section, and L acid sites worked in the high
temperature section. (2) In the low temperature section, the
L−H mechanism and E−R mechanism both occurred, and the
E−R mechanism dominated in the high temperature section.
(3) The additional Mn atom was in favor of adsorption of
NH3, but the oxygen defects, generated by MnOx and the
transition layer between anatase and rutile, were exposed on
the surface of catalysts which was propitious to the oxidation of
NO to NO2.

NH4 +(ad) + NO2(ad) → NH4NO2 → H 2O + N2
L−H
Mn(n − 1) +OH + 1/4O2 → Mn n +O + 1/2H 2O

Scheme 4. Reaction Mechanism
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with the side reactions
Mn O + NH 2(ad) → Mn
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NH(ad) + NO(g) → N2O + H+

O*(ad) was related to chemisorbed oxygen; □ was the vacancy
oxygen on the catalyst surface.
(i) The B acid sites reacted by the L−H mechanism in the
low temperature section, and the L acid sites followed the E−R
mechanism. On account of the lower reaction barrier of the L−
H mechanism, this predominated and is favorable to
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