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H I G H L I G H T S

• Sm, Zr co-doped MnOx-TiO2 catalysts
were prepared by inverse co-pre-
cipitation.

• Excellent N2 selectivity and SO2 re-
sistance are achieved by Sm and Zr co-
doping.

• Redox cycle of Mn4++ Sm2+↔
Mn3++Sm3+ is responsible for the
good N2 selectivity and SO2 resistance.

G R A P H I C A L A B S T R A C T

Sm, Zr co-doped MnOx-TiO2 catalysts exhibited excellent N2 selectivity and SO2 resistance ability. Redox cycle of
Mn4++ Sm2+↔Mn3++Sm3+ is responsible for the good N2 selectivity and SO2 resistance ability.
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A B S T R A C T

A series of Sm- and/or Zr-doped MnOx-TiO2 catalysts were prepared, and the catalysts exhibited better N2

selectivity and SO2 resistance than the undoped MnOx-TiO2 catalyst for the selective catalytic reduction of NO by
NH3 (NH3-SCR). The reasons for the good N2 selectivity and SO2 resistance of the catalysts were proposed. X-ray
photoelectron spectroscopy (XPS) combined with density functional theory (DFT) calculations suggested that
electron transfer between the manganese and samarium species by Mn4++Sm2+↔Mn3++Sm3+ redox cy-
cles occurred in the Sm-containing catalysts. Furthermore, electron transfer from Sm2+ to Mn4+ suppressed
electron transfer from NH3 to Mn4+, inhibiting the formation of NH2 or NH. Thus, the pathway for NH gen-
eration was removed, and the reaction of 2NH+4NO→ 3N2O+H2O was prevented. Consequently, the N2

selectivity of the NH3-SCR reaction was enhanced. In situ diffused reflectance infrared Fourier transform spec-
troscopy (in situ DRIFTS) combined with thermogravimetry, differential scanning calorimetry and mass spec-
trometry (TG-DSC-MS) results revealed that the deposition rate of sulfate species decreases after Sm doping,
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which was also attributed to the suppressed electron transfer from SO2 to Mn4+, i.e., the oxidation of SO2 to SO3.
Thus, the catalysts exhibited better SO2 resistance.

1. Introduction

Nitrogen oxides (NOx) emitted from stationary sources (such as
coal-fired power plants, and industrial furnaces) are major pollutants in
the atmosphere [1–3], which can lead to acid rain, ozone depletion, the
greenhouse effect, and photochemical smog and directly harm to
human health [4,5]. The selective catalytic reduction of NOx with
ammonia (NH3-SCR) in the presence of excess oxygen is considered one
of the best available approaches to control the emissions of NOx pro-
duced from stationary sources. Commercial deNOx technology, which
employs V2O5-WO3(MoO3)/TiO2 as a catalyst [6], has exhibited ex-
cellent catalytic performance in the NH3-SCR reaction in the tempera-
ture range of 300–400 °C. However, some inevitable disadvantages,
such as a narrow operating temperature range, poor low-temperature
activity and toxicity of the vanadium species, pose a barrier to its fur-
ther application [7,8]. Thus, the development of a highly active catalyst
for low-temperature SCR (< 300 °C) that works downstream of the
electrostatic precipitator and desulfurization would be highly valuable
and lead to improved economics for the SCR process.

MnOx-TiO2 catalysts have attracted much attention for the low-
temperature selective catalytic reduction of NO with ammonia, and
numerous works have been reported [9–15]. Wu et al. [9] studied
MnOx-TiO2 mixed oxide synthesized using a CTAB-assisted method,
which achieved ∼100% NO conversion at 125 °C. Park et al. [16] re-
ported a MnOx/TiO2 catalyst prepared by a chemical vapor condensa-
tion (CVC) method, which showed high SCR activity in the range of
100–250 °C, and the abundant quantity of amorphous Mn2O3 played an
important role in the high activity. However, two flaws limit the ap-
plication of the MnOx-TiO2 catalyst. First, the N2 selectivity of this
catalyst is relatively low and undesired N2O always forms in the NH3-
SCR process [4,6,9]. Second, the catalyst usually suffers from deacti-
vation by SO2 and H2O [10,12,16]. To solve these problems, re-
searchers have performed many works to modify the Mn-based catalyst.
For example, Fe [4,17], Co [5,18], Ni [13,19], W [20], Ce [14,21,22]
and other metal elements have been employed to modify the Mn-based
catalyst to improve the N2 selectivity and H2O and/or SO2 resistance of
the catalyst. Yang et al. [8] suggested that the main reason for the high
N2 selectivity of the Mn/Fe-Ti spinels was that NH3 was mainly ad-
sorbed on the support of the catalyst, and therefore, it was not over-
activated by Mn4+, and the formation of N2O was inhibited. Jin et al.
[23] found that Mn-Ce/TiO2 catalysts prepared by a sol-gel method
showed improved SO2 tolerance compared with Mn/TiO2, as the ad-
dition of Ce made the surface sulfate groups decompose more easily.
Although many outstanding works have been reported, the results ob-
tained thus far still cannot meet the needs of H2O and SO2 resistance at
low temperature, and therefore, further studies should be carried out.
Recently, Sm-doped mixed oxide catalysts were shown to exhibit con-
siderably enhanced catalytic activity and SO2 tolerance [2,24,25].
Meng et al. [2] found that a SmOx-MnOx catalyst had an ideal SO2

tolerance at low temperature, and they suggested that the incorporation
of Sm could induce the formation of bulk-like sulfate on the Sm sites
and weaken the influence of SO2 on the Mn sites. However, the origins
for the effect of Sm doping into the catalysts on the SO2 tolerance are
still unclear, and an in-depth study is still urgently needed. In addition,
the effect of Sm doping into the catalysts on the N2 selectivity of the
NH3-SCR reaction should also be investigated.

In this study, Zr is used to adjust the surface acidic properties of the
catalyst to pursue a higher catalytic activity [26,27]. Individual Sm-
and Zr-doped MnOx-TiO2 catalysts and a Sm/Zr co-doped catalyst are
synthesized, and the doping effects of Sm and/or Zr are studied.

Generally, the NH3-SCR reactivity of a catalyst is closely related to its
redox and acidic properties. Therefore, the influences of Sm and/or Zr
doping on the redox and acidic properties of catalysts are explored, and
the relationships between these chemical properties and the activities
are discussed. The main purpose of this work is to investigate the effects
of Sm doping on the N2 selectivity and SO2 resistance of the MnOx-TiO2

mixed oxide catalyst for the NH3-SCR reaction. Accordingly, the inter-
action mechanisms of NH3, NO+O2 and SO2 with the catalyst surfaces
are investigated deeply, and the essential reasons of the good N2 se-
lectivity and SO2 resistance performance of the catalysts are proposed.

2. Experimental

2.1. Catalyst preparation

The Zr and Sm co-doped MnOx-TiO2 mixed oxide catalyst was pre-
pared by an inverse co-precipitation method. Suitable amounts of a
50 wt% Mn(NO3)2 solution (50% solution, Sinopharm Chemical
Reagent Co., Ltd), Sm(NO3)3·6H2O (99.9%, Aladdin, China), Zr
(NO3)4·5H2O (98%, Sinopharm Chemical Reagent Co., Ltd) and Ti
(SO4)2 (≥96%, Sinopharm Chemical Reagent Co., Ltd), at a molar ratio
of Mn:Sm:Zr:Ti= 0.2:0.1:0.1:1, were dissolved in deionized water and
stirred for 0.5 h. Then, an equal volume of a CTAB (≥99.0%,
Sinopharm Chemical Reagent Co., Ltd) solution (60mmol/L) was
mixed with the solution and stirred for 1 h. The resulting solution was
added dropwise to excess aqueous ammonia (25 wt%), and the solution
during the entire process was maintained at pH≥ 11. After stirring for
5 h, the solution was aged for 24 h, washed five times with deionized
water and placed in an oven at 110 °C overnight for drying. The sample
was placed in a muffle furnace in an air atmosphere, heated to 500 °C at
a temperature ramp rate of 2 °C∙min−1 and maintained at this tem-
perature for 6 h. The obtained sample was compressed and sieved
(40–60 meshes) to prepare the catalyst. For comparison, we also syn-
thesized ZrOx-TiO2, SmOx-TiO2, MnOx-TiO2, and MnOx-SmOx(ZrOx)-
TiO2 samples with the same method, and these samples are denoted as
ZTOx, STOx, MTOx, MZTOx, MSTOx and MSZTOx, respectively. In ad-
dition, taking MTOx as an example, the used sample tested in the pre-
sence of SO2 for 24 h is denoted as MTOx-U.

2.2. Catalyst characterization and DFT calculations

X-ray powder diffraction (XRD) measurements were performed at
room temperature with a Rigaku D/max2000 diffractometer employing
Cu Kα (40 kV, 100mA) radiation (λ=1.5406 Å). Inductively coupled
plasma-optical emission spectrometry (ICP-OES) was performed on a
Thermo Scientific iCAP 7000 apparatus to determine the actual con-
centrations of the various elements in the samples. The Brunauer-
Emmett-Teller (BET) surface areas of the samples were measured by
physical adsorption measurements of N2 at −196 °C using a
Micromeritics ASAP 2020/TriStar 3000 instrument. Each sample was
degassed for 4 h at 350 °C under vacuum prior to the BET determina-
tion. X-ray photoelectron spectroscopy (XPS) measurements were re-
corded on a PHI 5300 Versa Probe high performance electron spec-
trometer using monochromatic Al Kα radiation (1486.6 eV) operating
at an accelerating power of 15 kW.

Temperature programmed reduction by H2 (H2-TPR) was carried
out in a quartz U-tube reactor connected to a TCD with a H2-Ar mixture
(7% H2 by volume) as a reductant. An amount of 100mg of each sample
was used for each measurement. Before introducing the sample to the
H2-Ar stream, the sample was pretreated in a N2 stream at 300 °C for
1 h. TPR started from room temperature to 700 °C at a rate of
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10 °C∙min−1. Temperature programmed desorption of NH3 (NH3-TPD)
experiments were carried out on a multifunction chemisorption ana-
lyzer with a quartz U-tube reactor, monitored by a TCD. Approximately
100mg of each sample was pretreated by passing high-purity N2

(35mL∙min−1) at 350 °C for 1 h. Then, each sample was saturated with
NH3-N2 (1% of NH3, 35mL∙min−1) at room temperature for 1 h.
Afterwards, the sample was flushed by flowing high-purity N2

(35mL∙min−1) at 100 °C for 1 h. Subsequently, the sample was heated
to 700 °C at a rate of 10 °C ∙min−1.

The in situ DRIFTS experiments were conducted on a Nicolet Nexus
5700 FTIR spectrometer using a diffuse reflectance attachment
(HARRICK) equipped with a reaction cell (ZnSe windows). The reaction
conditions were as follows: 500 ppm NH3, 500 ppm NO, 5 vol% O2,
100 ppm SO2 (when used), balance N2 and a 100mL∙min−1

flow rate.
Thermogravimetry, differential scanning calorimetry and mass spec-
trometry characterization (TG-DSC-MS) was performed on STA-449-F5
and QMS-403-D hyphenated instruments. The DSC reference was an
empty crucible. The MS instrument was prepared by detecting the mass
spectrum channel of SO2.

Spin-polarized period DFT calculations of bulk Sm-doped MnO2

were performed using the Vienna ab initio simulation package (VASP)
with projector-augmented wave (PAW) potentials [28–30]. The gen-
eralized gradient approximation (GGA) with Perdew-Burke-Ernzerh
(PBE) [31] was applied to solve the Kohn-Sham equations. Hubbard
corrections with U=4 eV and 8 eV were added on the d-orbitals of the
Mn atoms and f-orbitals of the Sm atoms, respectively. A plane wave
basis with a cutoff energy of 400 eV was expanded for the valence
electron wave functions, and a minimum of 4×4×4 k-points was
sampled for the bulk calculations. The structural optimization was

relaxed until the force acting on each atom was less than 0.02 eV/Å,
and the smearing width was 0.02 eV.

2.3. Catalytic performance test

The catalytic performance test was carried out on a fixed bed system
using a continuous reactive gas flow at a reaction space velocity of
30,000 h−1. The reactive gas consisted of 500 ppm NO, 500 ppm NH3,
5 vol% O2, 100 ppm SO2 (when used), 2.5 vol% H2O (when used), and
N2 (remaining gas fraction). The concentrations of effluent NO, NH3,
N2O and NO2 gases were recorded online using Thermo Fisher IS10
FTIR spectrometer, and the catalytic performance data with as a func-
tion of temperature were collected after stabilizing at each temperature
point for 60min. The NO conversion rate and N2 selectivity were at-
tained by the following formulas:

=
−

×

NO
NO conversion (%) [NO] [NO]

[ ]
100%in out

in

=
− + − −

− + −

×

N selectivity (%) [NO] [NO] [NH ] [NH ] 2[N O]
[NO] [NO] [NH ] [NH ]

100%

in out
2

3 in 3 out 2 out

in out 3 in 3 out

3. Results and discussion

3.1. Catalytic performance

Fig. 1(a) and (b) shows the results of NO conversion and N2 se-
lectivity as a function of temperature for NH3-SCR over the catalysts.

Fig. 1. (a) NO conversions and (b) N2 selectivities of the catalysts in the NH3-SCR reaction as a function of temperature. (c) SO2 (100 ppm) resistance tests and (d)
H2O+ SO2 (2.5 vol%, 100 ppm) resistance tests at 200 °C over the catalysts.
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For the ZTOx and STOx catalysts, both have poor catalytic activity in the
NH3-SCR reaction. MTOx exhibits high activity with ∼100% NO con-
version from 100 to 200 °C (Fig. 1(a)) but shows low N2 selectivity less
than 75% (Fig. 1(b)). After Zr is introduced into MTOx, the low-tem-
perature activity considerably decreases. The NOx conversion is ∼54%
at 100 °C and reaches ∼100% at 175 °C. However, the N2 selectivity is
greatly improved and increases to more than 88% in the range of
100–300 °C. In contrast, when Sm is doped into MTOx, the maximum
reactivity is approximately 91%, and it has a larger temperature oper-
ating range compared with the MTOx and MZTOx catalysts. Further-
more, it should be noted that the N2 selectivity is enhanced, and more
than 92% NO is converted to N2 in the range of 100–300 °C. The Zr and
Sm co-doped catalyst exhibits higher catalytic activity compared with
all the other catalysts, and the NO conversion is close to 100% from 125
to 275 °C. More importantly, over 95% N2 selectivity is achieved in the
entire studied temperature range for the MSZTOx catalyst.

In practical working conditions, especially in coal-fired power
plants, the effluent gases always contain certain amounts of SO2 and
H2O [27,32]. Thus, the influences of SO2 and H2O on the catalytic
performance should be considered for NH3-SCR catalysts. Fig. 1(c)
shows the results of the catalytic activity in the presence of SO2 over
MTOx, MZTOx, MSTOx and MSZTOx at 200 °C. For the MTOx and
MZTOx catalysts, the NO conversions decline from ∼100% to ∼34%
and ∼44%, respectively. However, the NO conversions over the MSTOx

and MSZTOx catalysts decrease slightly after the injection of SO2, and
the NO conversions are maintained at ∼80.5% and ∼90%, respec-
tively. These results indicate that Sm doping greatly improves the SO2

resistance of the MTOx catalyst. We further investigated the influences
of H2O and SO2 on the catalytic performance of the catalyst. As shown
in Fig. 1(d), when 2.5 vol% H2O was added at 200 °C, the NO conver-
sions of MSTOx and MSZTOx dropped ∼4%, MZTOx dropped ∼14%,
and MTOx dropped ∼17%, which likely results from the competitive
adsorption between H2O and NH3 [33]. After 12 h, 100 ppm SO2 was
added to the reaction system. The NO conversions declined to ∼31%
for MTOx and ∼52% for MZTOx at 33 h. However, for the MSTOx and
MSZTOx catalysts, the NO conversions are maintained at ∼73% and
∼85%, respectively. In addition, once SO2 and H2O are removed, the
NO conversions over the MSTOx and MSZTOx catalysts recover to
∼96% and ∼80%, respectively. However, the NO conversions only
recover to ∼61% for MZTOx and ∼39% for MTOx.

From the results of the SO2 and H2O resistance tests, the following
conclusions can be made: (1) the MTOx catalyst has a very low N2 se-
lectivity, has weak H2O and SO2 resistances and is easily poisoned and
inactivated; (2) doping Zr improves the N2 selectivity as well as the H2O
and SO2 resistances of the MTOx catalyst; (3) great enhancements of the
N2 selectivity and H2O and SO2 resistances are obtained by doping Sm
into the MTOx catalyst; (4) the Zr and Sm co-doped MTOx catalyst
shows excellent catalytic performance, including good low-temperature
activity, a wide temperature range, and high N2 selectivity and H2O and
SO2 resistance.

3.2. Textural properties, surface compositions and chemical states of the
catalysts

The XRD patterns of all the samples are shown in Fig. 2. Only the
characteristic peaks of anatase-type TiO2 (JCPDS:21-1272) appear for
the TiO2, ZTOx and STOx samples. The characteristic peaks of both
anatase-type and rutile-type TiO2 (JCPDS:21-1276) appear for the
MTOx catalyst. For the MZTOx, MSTOx and MSZTOx catalysts, no
crystalline diffraction peaks of any metal oxides appear, and all of them
are amorphous. The ICP-OES results suggest that the molar ratios of the
different metal elements are close to the initial feed ratios, which
suggests that the amounts of doped metal elements in the different
samples are the same (Table 1). The BET surface area of each sample is
listed in Table 1. The bimetallic samples, i.e., ZTOx, STOx, MTOx, show
similar specific surface areas, which increase after the third element is

introduced (as in MSTOx and MZTOx). Combined with the results of the
NH3-SCR activities in Fig. 1, we can conclude that there is no con-
siderable relationship between the activities and surface areas of the
catalysts. For example, the MTOx catalyst possesses a relatively low
surface area and exhibits the highest NH3-SCR activity. Thus, a high
surface area is not the key factor to achieve high activity.

XPS was used to study the surface components and valence states of
the different catalysts, and the results are displayed in Fig. 3. Fig. 3(a)
and (b) shows the Ti 2p and Zr 3d XPS spectral results. It can be seen
that the binding energies of Ti 2p for all the catalysts are centered at
approximately 459.2 and 464.8 eV, suggesting that the Ti species in all
the catalysts are in the Ti4+ state and that no valence state change of Ti
is observed after element doping [34–36]. The binding energies of Zr
3d5/2 electrons is reported as 183.5 eV for Zr4+ and 182.0 for Zr3+

[35,37]. In the ZTOx sample, the binding energy of the Zr 3d5/2 elec-
trons is lower than 182.0 eV, which can be attributed to either the
presence of Zr3+ ions and/or the presence of oxygen vacancies around
the Zr4+ ions [37]. For the MZTOx and MSZTOx catalysts, the binding
energies of Zr 3d5/2 and Zr 3d3/2 slightly shift to lower binding energies,
which suggests that more oxygen vacancies may exist after the different
types of element doping.

Fig. 3(c) and (d) shows the Sm 3d and Mn 2p XPS spectral results.
For the STOx sample, the binding energies of Sm 3d centered at
∼1083.3 eV and ∼1080.7 eV are assigned to Sm3+ and Sm2+, re-
spectively [38]. The binding energies of Mn 2p of the MTOx sample
centered at ∼642.2 eV and ∼641.0 eV correspond to Mn4+ and Mn3+,
respectively [2,12,16,39,40]. The peak at 644.0 eV is assigned to the
satellite peak of a Mn species [2,24]. The XPS curves were deconvo-
luted by a Gaussian-Lorentz function. The peak areas of Mn4+, Mn3+,
Sm3+ and Sm2+ were integrated, and the ratios of Mn3+/Mn4+ and
Sm3+/Sm2+ are listed in Table 2. The Mn3+ content increases fol-
lowing the order of MTOx < MZTOx < MSTOx < MSZTOx. The re-
sults suggest that Zr doping produces more Mn3+ species, which may
due to the existence of more oxygen vacancies [26]. However, Sm
doping results in a considerable increase of Mn3+ species. Furthermore,
the Sm3+ content increases in the MSTOx and MSZTOx samples com-
pared with the STOx sample. Based on these results, it can be concluded
that the valence state of the Mn species decreases and the valence state
of the Sm species increases in the Sm doping samples (MSTOx and
MSZTOx), which indicates the electron transfer from Sm to Mn in the
catalysts. To further investigate the effect of Sm doping and confirm
whether electron transfer occurs, the differential charge densities were

Fig. 2. XRD patterns of the TiO2, ZTOx, STOx, MTOx, MZTOx, MSTOx and
MSZTOx samples.

C. Sun et al. Chemical Engineering Journal 347 (2018) 27–40

30



calculated by spin-polarized period DFT calculations for Sm-substituted
MnO2 according to following equation:

= − +ρ ρ ρ ρ( ).diff MnSmO MnO Sm

As shown in Fig. 4(c) and (d), electrons are found to transfer from
the doped Sm atoms to the Mn atoms. Thus, the oxidation state of the
Mn atoms decreases because of the gained electrons, i.e.,
Mn4++Sm2+↔Mn3++Sm3+, which is consistent with the XPS
measurements. In addition, the Zr-substituted MnOx model was also
analyzed by DFT calculations. From the differential charge densities of

Zr-substituted MnO2 (Fig. S1, Supporting information), it can be seen
that the electrons cannot transfer from Zr3+ to Mn4+. The XPS results
(Fig. 3(b)) also show that the Zr3+ increases after Mn added into ZTOx

sample, which further support the DFT calculated results. Thus, no
redox cycle of Mn4++Zr3+→Mn3++Zr4+ exits in Zr doping sam-
ples (MZTOx and MSZTOx).

The O 1s spectra are shown in Fig. 3(e), and these XPS spectra were
also deconvoluted with a Gaussian-Lorentz function. The peak centered
at 529.4 eV corresponds to lattice oxygen O2− (denoted as OL), and the
other peak at 530.9 eV corresponds to surface-adsorbed oxygen (de-
noted as OS), such as O2

2− or O− from defect-oxide or hydroxyl-like

Table 1
Analysis of chemical compositions and physical properties of the catalysts.

Sample Elemental mole ratio from ICP BET surface area (m2∙g−1)

Zr/Ti Sm/Ti Mn/Ti

ZTOx 0.09 – – 115.3
STOx – 0.1 – 127.7
MTOx – – 0.19 121.3
MZTOx 0.1 – 0.2 147.4
MSTOx – 0.1 0.2 156.1
MSZTOx 0.09 0.09 0.19 168.9

Fig. 3. XPS spectra for (a) Ti 2p, (b) Zr 3d, (c) Sm 3d, (d) Mn 2p and (e) O 1s of the catalysts.

Table 2
Surface compositions of the STOx, MTOx, MZTOx, MSTOx and MSZTOx cata-
lysts.

Samples Sm3+/Sm2+ Mn3+/Mn4+ OS/(OS+OL) (%)

STOx 1.52 – –
MTOx – 0.13 21.54
MZTOx – 0.65 23.16
MSTOx 5.12 1.12 25.94
MSZTOx 6.54 1.19 32.88
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groups [39,41–43]. In the oxidative reaction, surface chemisorbed
oxygen OS is thought to be very active due to its higher mobility than
lattice oxygen OL [22,42]. Thus, a high relative concentration ratio of
OS/(OS+OL) on the catalyst surface could induce high SCR activity
[41]. After the catalysts were doped with Sm and/or Zr, the OS/
(OS+OL) ratio increased, especially for the Sm/Zr co-doped catalyst
MSZTOx. These results imply that there is more O2

2− or O− in the Sm/
Zr co-doped MTOx catalyst, which is beneficial to promote NO oxida-
tion to NO2 and the further ‘‘fast SCR’’ step.

3.3. Reduction properties (H2-TPR) of the catalysts

The reduction properties of a catalyst are closely related to the ac-
tivity for the SCR reaction [9,34]. As shown in Fig. 5, broad reduction
peaks are observed for all the catalysts. To further investigate the re-
duction behaviors of the catalysts, the reduction peaks were deconvo-
luted with a Gaussian-Lorentz function according to the results reported
in the literature, and the reduction temperatures are listed in Table 3.
There are no reduction peaks for the ZTOx and STOx samples in the
temperature region of 120–520 °C. Thus, the ZrOx, TiOx and SmOx

species cannot be reduced in the two samples in this temperature re-
gion. Considerable reduction peaks appear in the curve of the MTOx

catalyst. Combined with the results of XPS and previous literature
[12,21,27,40,43], the reduction curve of the MTOx catalyst was fitted to
three peaks (at 245 °C, 318 °C and 393 °C), which were mainly related
to the reductions of MnO2→Mn2O3→Mn3O4→MnO. However, the
reduction peaks of mixed oxides usually do not correspond to only one
kind of metal oxide, which is proven by the ratio of theoretical and
actual H2 consumption. Consequently, the theoretical (denoted as T)
and actual (denoted as A) H2 consumption of manganese oxide are
calculated and shown in Table 3. The amount of actual H2 consumption
is much higher than that of theoretical H2 consumption for the MTOx

catalyst, and the ratio of A/T (7.69) is much higher than 1.0, implying

that the titanium oxide species were also reduced due to the interaction
between titanium and the manganese oxides. After Zr addition, the
reduction temperatures of the three peaks shift to higher temperature,
and the ratio of A/T (3.57) decreased. For the Sm-doped MTOx catalyst,
the reduction temperatures were also higher than those of the MTOx

catalyst but slightly lower than those of the MZTOx catalyst. Further-
more, the ratio of A/T (4.49) is lower than that of the MTOx catalyst but
higher than that of the MZTOx catalyst. The increase in the reduction
temperature and the decrease in the A/T ratio after Sm or Zr addition
can be explained by the reduction behaviors of the ZTOx and STOx

samples. The reduction temperatures of the ZrOx and SmOx species are
very high in the ZTOx and STOx samples. Thus, doping of Sm (Zr) into
the MTOx catalyst may suppress the reduction of metal oxides due to
the formation of Sm(Zr)-O-Mn bonds. Interestingly, the Sm/Zr co-doped
catalyst has lower reduction temperatures and higher A/T (6.24) ratio
than those of the individual Sm- and Zr-doped catalyst. The lower re-
duction temperatures of the MSZTOx catalyst may be attributed to more
unsaturated chemical bonds caused by Sm/Zr co-doping [26,44], and
the high A/T ratio may be attributed to the high content of surface
chemisorbed oxygen species. However, for the MTOx catalyst, the XPS
results indicate that the amount of surface chemisorbed oxygen species
is low. In contrast, the actual H2 consumption is very high, which may
be attributed to the high valence state (+4) of the manganese species. A
low reduction temperature and high H2 consumption for a catalyst
could be responsible for high activity of the SCR reaction in the low-
temperature range [34,42]. From the H2-TPR results of all the catalysts,
the reduction temperatures of the catalysts follow the order of
MTOx < MSZTOx < MSTOx < MZTOx, while the H2 consumptions
(A/T ratios) follow the opposite order. Therefore, the activities of the
catalysts follow the order of MTOx > MSZTOx > MSTOx > MZTOx,
as the reaction temperature is lower than 150 °C.

3.4. Surface acidities (NH3-TPD) of the catalysts

The NH3-TPD profiles (Fig. 6) can be fitted to three peaks according
to the results reported previously. The peaks at approximately 140 °C
are assigned to physisorbed NH3 [27]. The peaks at ∼190 °C and

Fig. 4. Spin-polarized period DFT calculations for the Sm-doped MnO2 model:
(a) top view and (b) side view. Differential charge densities of Sm-substituted
MnO2: (c) top view and (d) side view. The blue color indicates the loss of
electrons, and yellow shows the gain of electrons. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 5. H2-TPR profiles of (a) ZTOx, (b) STOx, (c) MTOx, (d) MZTOx, (e) MSTOx

and (f) MSZTOx.
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∼316 °C can be assigned to chemically adsorbed NH3 at weak and
strong acid sites, respectively [9,14,27]. The area of each peak is in-
tegrated and listed in Table 4. As can be seen, the number of acid sites
increase after Sm and/or Zr doping for all the catalysts. Furthermore,
the total number of acid sites on the MSTOx catalyst are slightly higher
than that on the MZTOx catalyst, and the MSZTOx catalyst possesses the
highest number of acid sites among the catalysts. However, it should be
noted that the number of strong acid sites on MZTOx catalyst is higher
than that of MSTOx catalyst. For all the doped catalysts, the number of
strong acid sites follow the order of MSZTOx > MZTOx > MSTOx,
which is consistent with the order of activities for the three catalysts in
the relatively high-temperature region. The results suggest the strong
acid may play an important role in high-temperature region. In addi-
tion, it should be noted that the number of acid sites on the MTOx

catalyst is low. However, its activity is still high in the range of
200–300 °C. Thus, the high activity of the MTOx catalyst also may be
related to the redox properties of the catalyst.

3.5. Exploring the interaction mechanisms of NH3, NO+O2 and
NH3+NO+O2 with the catalyst surfaces

3.5.1. In situ DRIFTS of NH3 adsorption–desorption on the catalysts
Fig. 7 shows the in situ DRIFTS spectra of NH3 adsorption–desorp-

tion on the MTOx, MSTOx and MSZTOx catalysts as the temperature
increases from 50 °C to 350 °C. For the MTOx catalyst at 50 °C, as shown
in Fig. 7(a), the surface of the catalyst is mainly covered by ionic NH4

+

groups (δs at 1645 cm−1 and δas at 1453 cm−1) bound to Brønsted acid

sites and coordinated NH3 groups (δas at 1600 cm−1 and δs at
1172 cm−1) bound to Lewis acid sites [3,6,14,19,45]. As the tempera-
ture increases from 50 °C to 350 °C, the symmetric NeH bending vi-
bration of the coordinated NH3 groups blueshifts from 1172 cm−1 to
1221 cm−1. This shift is due to hydrogen bonds forming between the
chemisorbed NH3 groups at low temperature, which disappear as NH3

desorption occurs at high temperature [46]. The peaks corresponding to
the ionic NH4

+ groups gradually become weaker with an increasing
temperature and nearly disappear at approximately 200 °C. However,
the peaks corresponding to coordinated NH3 groups still exist at 350 °C,
indicating that the adsorbed coordinated NH3 groups on the Lewis acid
sites are very stable. The results suggest that the Lewis acid sites are
stronger than the Brønsted acid sites on the surface of the MTOx cata-
lyst. Combined with the NH3-TPD results, the Brønsted and Lewis acid
sites should correspond to the weak and strong acid sites, respectively.
In addition, it should be noted that the NH2 and NH species adsorbed on
the Lewis acid sites are observed at 1545 cm−1 and 1405 cm−1, re-
spectively [32,47,48]. They are generated from oxidative hydrogen
abstraction from the NH3/NH2 groups by MnO2 [43]. The intensities of
the two peaks become weaker with an increasing temperature, and the
peaks disappear at 200 °C. The NH2 and NH groups can react with NO at
low temperature as follows [6,8,45].

+ → → +NH NO NH NO N H O2 2 2 2 (1)

+ → +2NH 4NO 3N O H O2 2 (2)

As seen in Eq. (2), the NH groups can react with gaseous NO,
forming N2O, which should be one of the reasons for the low N2 se-
lectivity of the MTOx catalyst.

Fig. 7(b) and (c) shows the in situ DRIFTS spectra of NH3 ad-
sorption–desorption on the surface of the MSTOx and MSZTOx catalysts,
respectively. Similar to the MTOx catalyst, the surfaces of the two cat-
alysts are also covered with ionic NH4

+ groups (MSTOx: 1648 cm−1

and 1446 cm−1; MSZTOx: 1653 cm−1 and 1456 cm−1) and coordinated
NH3 groups (MSTOx: 1600 cm−1 and 1182 cm−1; MSZTOx: 1601 cm−1

and 1172 cm−1), and there is no obvious difference between the MSTOx

and MSZTOx catalysts. However, considerable differences are observed
between the MTOx and MSTOx/MSZTOx catalysts. Both peaks in-
tensities for the ionic NH4

+ and coordinated NH3 groups on the MSTOx

and MSZTOx catalysts are more intensity than those on the MTOx cat-
alyst, which suggest that more acid sites (including Brønsted and Lewis
acid sites) exist on the surfaces of the two catalysts. These results are in
good agreement with the NH3-TPD results (Fig. 6). As can been in
Fig. 7(d), the considerable increase in the number of Brønsted acid sites
can be attributed to the addition of Sm species, as the peak at
1458 cm−1 of STOx is much more intensity than that of MTOx. In ad-
dition, a slight decrease of the number of Brønsted acid sites is observed
after the addition of Zr, indicating Sm can has a greater contribution on
the Brønsted acid sites than Zr. The NH3-TPD results also suggest the
number of Brønsted acid sites (weak acid sites) for MZTOx is lower than
that of MSTOx catalyst, as shown in Table 4. The peaks corresponding to
the ionic NH4

+ groups disappear at 200 °C for the MSTOx and MSZTOx

catalysts, in contrast, the peaks corresponding to the coordinated NH3

groups still exist at 350 °C. The results suggest that the strength of the
Brønsted acidic sites is almost unchanged after Sm and Zr addition.

Table 3
H2 consumption (mmol/g) measured by the TPR analysis of the MTOx, MZTOx,
MSTOx and MSZTOx catalysts.

Catalyst Reduction temperature Actual H2

consumption
Theoretical H2

consumption
A/T

Peak a Peak b Peak c

MTOx 245 °C 318 °C 393 °C 19.30 2.51 7.69
MZTOx 274 °C 358 °C 421 °C 6.53 1.83 3.57
MSTOx 266 °C 346 °C 416 °C 7.81 1.74 4.49
MSZTOx 254 °C 339 °C 408 °C 9.86 1.58 6.24

Fig. 6. NH3-TPD profiles of (a) MTOx, (b) MZTOx, (c) MSTOx and (d) MSZTOx.

Table 4
Numbers of surface acid sites over the MTOx, MZTOx, MSTOx and MSZTOx

catalysts.

Sample Physisorbed NH3

Sa/a.u.
Weak acid
sites Sb/a.u.

Strong acid
sites Sc/a.u.

Total acid sites
Sa+ Sb+Sc/a.u.

MTOx 21.79 69.87 107.44 199.10
MZTOx 30.92 80.13 136.83 247.88
MSTOx 28.26 110.14 125.16 263.56
MSZTOx 36.17 119.98 171.87 328.02
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Furthermore, the ionic NH4
+ groups may have no contribution to the

activities when the temperature is higher than 200 °C, which is in
agreement with the NH3-TPD results that strong acid sites are closely
related to the reactivity of the catalysts. In contrast, the peaks corre-
sponding to the coordinated NH3 groups still exist at 350 °C. To com-
pare the number of Lewis acidic sites, the peak areas corresponding to
the coordinated NH3 species were integrated, and the areas as a func-
tion of temperature are shown in Fig. 7(e). It can be seen from Fig. 7(e)
that the numbers of Lewis acid sites on the MSTOx and MSZTOx cata-
lysts are more than that on the MTOx catalyst in the entire temperature
range, and the order is MSZTOx > MSTOx > MTOx. These results

suggest that the addition of Sm enhances the number of Lewis acid sites,
and this number is further enhanced by introducing Zr species. With an
increasing temperature, the peak areas of all the catalysts decrease due
to the desorption of coordinated NH3 groups. As seen in Fig. 7(e), the
slope of the line for the MTOx catalyst is almost equal to those of the
other two catalysts, which indicates that the desorption rate of co-
ordinated NH3 species on the MTOx catalyst is equal to those of the
others. These results suggest the strengths of the Lewis acid sites of the
catalysts are almost unchanged after the addition of Sm and Zr. The XPS
results reveal that the Mn3+ contents in the MSTOx and MSZTOx cat-
alysts are much higher than that in the MTOx catalyst. Li et al. reported

Fig. 7. In situ DRIFTS spectra of NH3 adsorption–desorption over the (a) MTOx, (b) MSTOx and (c) MSZTOx catalysts with a temperature interval of 25 °C. (d) NH3

adsorption over the TiO2, STOx, MTOx, SMTOx, and MSZTOx catalysts at 50 °C. (e) Peak areas of coordinated NH3 (1230–1150 cm−1) on the Lewis-acid sites as a
function of temperature.
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that NH3 is preferentially adsorbed on the Mn3+ species, forming co-
ordinated NH3 groups. Consequently, the numbers of coordinated NH3

groups on the surfaces of the MSTOx and MSZTOx catalysts are higher
than that on the MTOx catalyst. In addition, no obvious NH species
adsorbed on the Lewis acid sites are observed in Fig. 7(b) and (c), which
suggests the addition of Sm reduces the possibility of NH3 over-acti-
vation on the Mn4+ species. Thus, the N2 selectivities of the MSTOx and
MSZTOx catalysts are higher than that of the MTOx catalyst.

3.5.2. In situ DRIFTS of NO+O2 adsorption–desorption on the catalysts
The NO+O2 adsorption–desorption spectra were recorded from

50 °C to 350 °C to investigate the differences in the NOx species ad-
sorbed on the MTOx, MSTOx and MSZTOx catalysts. As shown in
Fig. 8(a), for the MTOx catalyst, bidentate nitrate (at 1607 and
1565 cm−1) [49,50], linear nitrite (at 1488 cm−1) [5,50], monodentate
nitrate (at 1280 cm−1) [19,50], and bridging nitrate (at 1234 cm−1)
[40,50,51] are observed. Most of the adsorbed NOx species on MSTOx

and MSZTOx are similar as those on the MTOx catalyst. However, there
is a considerable difference in the NO2 species that appear at approxi-
mately 1626 cm−1 for the MSTOx and MSZTOx catalysts (Fig. 8(b) and
(c)) [5,14,21,45]. Comparatively, no adsorbed NO2 species is observed
on the surface of the MTOx catalyst. In previous research [49], it was
also suggested that NO did not get oxidized to NO2 over the surface of a
Mn-TiO2 catalyst even in the presence of excess oxygen. The results
suggest that the addition of Sm promotes the formation of NO2.

Based on the XPS characterization and the results previously re-
ported, the formation of NO2 species over the MSTOx catalyst can be
ascribed to the redox couples Sm3+/Sm2+ and Mn4+/Mn3+, as eluci-
dated as follows. Because the catalyst is prepared by a co-precipitation
method, similar to most composite oxides [21,52], it is reasonable to
propose that the Sm and Mn species are interconnected in the form of
Sm–O–Mn bonds through oxygen bridges. An electron can transfer
between the two ions through the oxygen bridge (Eq. (3)), which is
similar to electron transfer in the CuMnOx [53] or CrMnOx [52] system.
Furthermore, the DFT calculation results also support that electrons can
transfer from Sm2+ to Mn4+, as shown in Eq. (3):

+ → +
+ + + +Mn Sm Sm Mn4 2 3 3 (3)

Thus, redox cycles for Sm3+/Sm2+ and Mn4+/Mn3+ couples are
proposed, as depicted in Scheme 1. In the NH3-SCR reaction, O2 can
obtain an electron from Mn3+ forming O- and Mn4+ [21,52], and NO
can transfer an electron to Sm3+ forming NO+ and Sm2+ [21]. Then,
an electron can transfer from Sm2+ to Mn4+, completing the redox
cycle. The activation of NO and O2 can be expressed as shown in Eqs.
(4) and (5), and the NO2 is formed as displayed in Eq. (6).

+ → +
+ − +O1/2 Mn O Mn2

3
ad

4 (4)

+ → +
+ + +NO Sm Sm NO3 2

ad (5)

+ →
+ −NO O NOad ad 2 (6)

3.5.3. In situ DRIFTS of NH3+NO+O2 adsorption–desorption on the
catalysts

In situ DRIFTS of NH3+NO+O2 adsorption–desorption on the
catalyst surfaces was performed, as shown in Fig. 9. For the MTOx

catalyst (Fig. 9(a)), both the absorbed NH3 and NOx species are ob-
served on the catalyst surface. The peak at 1213 cm−1 is assigned to a
N-H symmetric bending vibration of the coordinated NH3 groups. Bi-
dentate nitrate (1606 and 1555 cm−1) and ionic NH4

+ (1441 cm−1)
groups are detected. Noticeably, the bidentate nitrate species is stable
on the MTOx catalyst surface, and the peak area of this species increases
with an increasing temperature, which suggests that bidentate nitrate is
inactive and will accumulate and cover the surface of the catalyst as the

Fig. 8. In situ DRIFTS spectra of NO+O2 adsorption–desorption over the (a) MTOx, (b) MSTOx and (c) MSZTOx catalysts with a temperature interval of 25 °C.

Scheme 1. Redox catalytic cycle of the low-temperature SCR reaction over the
MSTOx catalyst.
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reaction proceeds. It is interesting that the peak corresponding to the
NH4NO3 species (at 1301 cm−1) [47] is very strong, while the peak
corresponding to the coordinated NH3 species is very weak, which
overlaps with the peak corresponding to the NH4NO3 species at 50 °C.
In addition, the peak assigned to the NH4NO3 species redshifts gradu-
ally with an increasing temperature, and the area decreases suddenly
when the temperature is higher than 200 °C due to the decomposition of
the NH4NO3 species [33]. The results suggest that the NH4NO3 species
easily forms on the surface of the MTOx catalyst at low temperature
(< 200 °C), and adsorbed bidentate nitrate is stable and inactive even
at high temperature. The in situ DRIFTS of NH3+NO+O2 co-ad-
sorption on the MSTOx and MSZTOx catalyst surfaces were conducted
for comparison, as shown in Fig. 9(b) and (c). The spectra of the MSTOx

and MSZTOx catalysts are similar. However, these spectra are very
different to that of the MTOx catalyst. First, nearly no bidentate nitrate
species is observed, and the peaks corresponding to the NH4NO3 species
at 1316 cm−1 are very weak at 50 °C on the surfaces of the MSTOx and
MSZTOx catalysts. The bidentate nitrate species gradually appears
when the temperature is higher than 150 °C, but this peak is also re-
latively weak compared to that on the MTOx catalyst surface. Second,
the peaks corresponding to the coordinated NH3 (1195 cm−1) and ionic
NH4

+ (1679 and 1449 cm−1) species are very strong. These results

suggest that the adsorption of NH3 is dominant in the competitive ad-
sorption process of NH3+NO+O2 on the surfaces of the MSTOx and
MSZTOx catalysts. In other words, the addition of Sm and Zr into the
MnOx-TiO2 catalyst makes the adsorption of NH3 more competitive in
the NH3+NO+O2 atmosphere. When the temperature is higher than
200 °C, the ionic NH4

+ species clearly disappears, and the NH4NO3

species decomposes. Third, the adsorbed NO2 species is detected on the
surfaces of the MSTOx and MSZTOx catalysts.

It can be concluded from the results that the adsorption behaviors of
NH3 and NO on the MSTOx and MSZTOx catalysts are changed by Sm
doping. In the reaction atmosphere, the production of nitrate species on
the surface of the MTOx catalyst is preferred, and more adsorbed nitrate
species on the surface of the catalyst is generated from the oxidation of
adsorbed NO [21,52]. Furthermore, the adsorbed nitrate species are
very stable even at temperature higher than 200 °C. The nitrate species
can further react with adsorbed NH3 species producing NH4NO3. The
decomposition of NH4NO3 (> 200 °C) will produce N2O, which may be
another reason for the low selectivity of the MTOx catalyst at high
temperature. However, for the MSTOx/MSZTOx catalysts, the number
of surface acid sites is enhanced after Sm and Zr addition. Thus, the
adsorption of NH3 species is more dominant compared to the adsorp-
tion of NOx species on the surfaces of the catalysts. Consequently, few

Fig. 9. In situ DRIFTS spectra of the NH3+NO+O2 reaction over the (a) MTOx, (b) MSTOx and (c) MSZTOx catalysts from 50 to 350 °C with a temperature interval
of 25 °C.

Scheme 2. Diagrams for (a) the formation process of N2O on the surface of the MTOx catalyst and (b) Sm addition to the MTOx catalyst changing the electron transfer
pathway.

C. Sun et al. Chemical Engineering Journal 347 (2018) 27–40

36



NH4NO3 species form due to the lack of nitrate species under these
conditions.

3.5.4. Possible explanations for the good N2 selectivity of the MSTOx and
MSZTOx catalysts in the NO+NH3+O2 reaction

Based on the abovementioned results, a possible mechanism for the
NH3+NO+O2 reaction over the MTOx catalyst is proposed in Scheme
2. The NH2 and NH species are generated from oxidative hydrogen
abstraction of NH3/NH2 by Mn4+ on the MTOx catalyst surface. In this
process, Mn4+ is reduced to Mn3+ via electron transfer from NH3 to
Mn4+ [49], and the produced NH2 can react with NO forming N2 and
H2O at low temperature. However, over-activated NH species can react
with NO forming N2O and H2O, as shown in Scheme 2(a). In addition,
nitrate species can react with adsorbed NH3 species producing NH4NO3,
which can decompose to N2O and H2O as the temperature increases
above 200 °C [33]. Thus, the N2 selectivity of the MTOx catalyst is low,
and a large amount of N2O is produced in the reaction process (Fig. S2,
Supporting information). For the MSTOx and MSZTOx catalysts, Sm3+/
Sm2+ and Mn4+/Mn3+ couples exist in the catalysts, which induce a
considerable amount of NO2 formation. Consequently, the electron
transfer pathways change, as shown in Scheme 2(b). Mn4+ can obtain
electrons from Sm2+, and the electrons from Mn3+ can be transferred
to O2. Consequently, the electron transfer pathway from NH3 to Mn4+/
Mn3+ will be suppressed, and no NH2 or NH will form (which is sup-
ported by the DRIFTS spectra). Thus, the reactions on the MSTOx and
MSZTOx catalysts mainly follow the fast NH3-SCR reaction under these
conditions. In addition, the NH4NO3 species are difficult to form on the
MSTOx/MSZTOx catalyst surfaces. Thus, the N2 selectivities of the
MSTOx/MSZTOx catalysts are high, and little N2O is produced in the
reaction process (Fig. S2, Supporting information).

3.6. SO2 resistance of the catalysts

3.6.1. Thermogravimetry, differential scanning calorimetry and mass
spectrometry (TG-DSC-MS) characterization

The used catalysts (denoted as catalyst-U) were measured by TG-
DSC-MS to analyze the generated surface species from the NH3-SCR
reaction, as shown in Fig. 10. The weight losses of all the catalysts are
mainly divided into three steps. Step I (25–200 °C) is mainly assigned to
the desorption of adsorbed water on the samples [23,32]. Step II
(200–550 °C) results from the decomposition of NH4HSO4 in N2

[23,32], accompanied by an exothermic peak. However, no released
SO2 is detected by mass spectrometry in this step, which can be at-
tributed to the recombination of released SO2 with surface metal oxides
[32]. In Step III (600–900 °C), one exothermic peak (600–650 °C) and
one endothermic peak (800–900 °C) are observed. The exothermic peak
is assigned to the phase transformation of the composite metal oxides.
The endothermic peak is caused by the decomposition of sulfate spe-
cies, accompanied by the release of SO2 in this step. Comparing the four
samples, it can be seen that the peak intensity of SO2 for MTOx-U is the
strongest and that the decomposition temperature is the highest
(862.5 °C). The decomposition temperatures and the peak areas are
listed in Table 5. The decomposition temperature decreases, and the
FWHM becomes broader after Zr and/or Sm addition. This should be

Fig. 10. TG, DSC and MS curves of the used catalysts: (a) MTOx-U, (b) MZTOx-U, (c) MSTOx-U and (d) MSZTOx-U.

Table 5
Decomposition temperatures, full widths at half maximum (FWHM) and areas
of the SO2 peaks of the MTOx-U, MZTOx-U, MSTOx-U and MSZTOx-U catalysts.

MTOx-U MZTOx-U MSTOx-U MSZTOx-U

Peak temperature 862.5 °C 840.5 °C 825.9 °C 825.8 °C
FWHM 39.9 57.5 81.1 81.1
Area of released SO2 37.2 8.8 4.1 3.6
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attributed to the low decomposition temperatures of Zr(SO4)2 and
Sm2(SO4)3 [54,55]. The most remarkable difference among the four
samples is the amount of released SO2. The release amounts follow the
order of MTOx-U > MZTOx-U > MSTOx-U≈MnSZTOx-U. The results
suggest that the addition of Zr can inhibit the formation of sulfate
species on the surface of the MTOx catalyst to a certain extent.

However, the addition of Sm can greatly inhibit sulfate species forma-
tion. Thus, the Zr and/or Sm addition can enhance the sulfur resistance
of the MTOx catalyst.

3.6.2. Influence of SO2 on NH3 adsorption on the catalysts
NH3 was pre-adsorbed over the MTOx, MZTOx, MSTOx and MSZTOx

Fig. 11. In situ DRIFTS spectra of the influence of SO2 on pre-adsorbed NH3 over the (a) MTOx, (b) MZTOx, (c) MSTOx and (d) MSZTOx catalysts at 200 °C.
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catalysts for 1 h, followed by introducing SO2+O2, and the DRIFTS
spectra were recorded as a function of time at 200 °C, as shown in
Fig. 11. For the MTOx catalyst(Fig. 11(a)), several peaks assigned to
NH3 species at 1645, 1600, 1545, 1184 cm−1 were detected. Approxi-
mately 40min later, the surface-coordinated NH3 species disappear
entirely, and new peaks appear at 1620, 1428, 1256, 1131 and
1026 cm−1. The peak at 1620 cm−1 is assigned to adsorbed H2O due to
the reaction of SO2 and surface groups [23,27]. The three peaks at
1428, 1131 and 1026 cm−1 are attributed to surface sulfate species, and
the other peak at 1256 cm−1 is assigned to bulk-like sulfate species
[54,56,57]. The above results suggest that large amounts of surface
sulfate species and bulk-like sulfate species form on the surface of the
MTOx catalyst, which cover the active sites and deactivate the catalyst.
The phenomenon occurs on the surface of MZTOx catalyst are similar
with that of the MTOx catalyst (Fig. 11(b)). Surface sulfate (1436, 1151
and 1041 cm−1) and bulk-like sulfate species (1250 cm−1) also can be
observed on MZTOx catalyst. The results suggest that the introduction
of Zr species cannot effectively inhibit the formation of sulfate species
on the surface of MZTOx catalyst. However, it can be found that the
peak at 1436 cm−1 representing surface sulfate species on the surface of
MZTOx catalyst is relative stronger than that on the MTOx catalyst,
which should be induced by the Zr addition. It implies that surface
sulfates may preferentially form on Zr sites, and less sulfation of MnOx

species occurs [23]. Thus, the activity of MZTOx catalyst can be
maintained in a relatively short time and then decreased gradually. The
amounts of adsorbed NH3 and sulfate species on the surface of MSTOx

and MSZTOx are different than those of MTOx/MZTOx (Fig. 11(c) and
(d)). There are two considerable differences between the MSTOx/
MSZTOx and MTOx/MZTOx catalysts. First, the peaks corresponding to
the ionic NH4

+ (1655 and 1446 cm−1) and coordinated NH3 (1600 and
1191 cm−1) species exist even after 120min, suggesting that these
species are very stable on the surfaces of the MSTOx and MSZTOx cat-
alysts. Second, no peak corresponding to bulk-like sulfate species
(1256 cm−1) forms, and only some surface sulfate species (1320 and
1039 cm−1) can be observed on the surfaces of the MSTOx and MSZTOx

catalysts. These results reveal that the deposition rates of sulfate species
on the two catalysts are much lower than that of the MTOx/MZTOx

catalyst, which may be attributed to the existence of the Sm3+/Sm2+

and Mn4+/Mn3+ couples. As shown in Scheme 3, electrons can transfer
from adsorbed SO2 to Mn4+ on the surface of the MTOx catalyst. SO2 is
oxidized to SO3 and further produces sulfate species during this process
[23]. However, electron transfer from SO2 to Mn4+ may be suppressed
by electron transfer from Sm2+ to Mn4+, and consequently, the

production of sulfate species is limited on the MSTOx and MSZTOx

catalysts.

4. Conclusions

Through this work, it can be known that the electron transferring
between Sm2+/Sm3+ and Mn4+/Mn3+ takes an vital effect on the N2

selectivity and SO2 resistance in the NH3-SCR reaction for the Sm doped
or Sm, Zr co-doped MnOx-TiO2 catalyst. Based on the experimental
results and discussion, several major conclusions can be obtained: (1)
The amounts of acidic sites increase significantly by Sm or/and Zr
doping. The Sm, Zr co-doped catalyst shows higher activities than the
single Sm or Zr doped catalysts, which should be related to better redox
properties and the more acidic sites. (2) Fast NH3-SCR reaction mainly
occurs on the surface of MSTOx and MSZTOx catalysts. The pathway of
electron transfer from NH3 to Mn4+/Mn3+ is suppressed by the elec-
tron donating of Sm2+ to Mn4+, and no NH2 and NH forms in the re-
action process. In addition, the NH4NO3 can barely form on the MSTOx/
MSZTOx catalyst surface, because the more competitive adsorption of
NH3 prevents NO from adsorbing and further oxidizing to nitrate. Thus,
the N2 selectivity of MSTOx/MSZTOx catalyst is high. (3) The deposition
rate of sulfate species on the surface of MSTOx and MSZTOx catalysts is
lowered by Sm doping, which should be attributed to the suppression of
electron transferring from adsorbed SO2 to Mn4+, i.e., the oxidation of
SO2 to SO3. Our results can provide some new insights into the un-
derstanding of the good N2 selectivity and SO2 resistance of Sm-mod-
ified mixed metal oxides catalysts in the NH3-SCR reaction.
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