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A B S T R A C T

The Sm doped CeO2-TiO2 mixed oxide catalyst, which exhibited excellent activity and tolerance to H2O and SO2

in the NH3-SCR reaction, was synthesized. The reasons for the high activity and SO2 resistance of the catalyst
were investigated by a series of characterization. The H2-TPR and O2-TPD results suggested that the reducibility
and oxygen storage capacity (OSC) of CeTi catalyst were promoted by the addition of Sm species, which was
beneficial for improving the activity of catalyst. The in situ DRIFTS results revealed that the adsorptive ability of
NOx species and activation ability of NH3 were enhanced by Sm doping, which was also propitious to enhance
the activity. XPS combined with DFT calculated results confirmed that the transfer of electron by Sm2++Ce4+⇌
Sm3++Ce3+ circles occurred in the SmCeTi catalyst. The redox circles may be the reason of the good SO2

tolerance of the SmCeTi catalyst, for which suppressed the electron transferring from adsorbed SO2 to Ce4+.
Through in situ DRIFTS and TG-DSC results, it can be concluded that the sulphation of catalyst was lowered by
samarium doping into CeTi catalyst. Consequently, the SmCeTi catalyst exhibited significant SO2 tolerance
ability.

1. Introduction

Selective catalytic reduction of NO with NH3 (NH3-SCR) is a well-
established technology for reducing NO from stationary sources (such
as coal-fired power plants) [1–4]. V2O5-WO3/TiO2 catalysts have long
been commercially experienced because they exhibit high SCR activity,
thermal stability, and resistance to SO2 poisoning [5–7]. Simulta-
neously, the NH3-SCR reaction mechanism of V2O5-WO3/TiO2 catalyst
has been systematically proposed by researchers [8,9]. Nevertheless,
some inevitable disadvantages still exist, such as the narrow operating
temperature window (300–420 °C), the biological toxicity of the cata-
lysts and large amounts of N2O generated, etc [10,11]. Therefore, de-
velopment of non-vanadium catalysts with high catalytic activity for
the NH3-SCR reaction in a broader temperature range is urgent. Some
new environmentally benign transition metal oxide-based catalysts
such as Mn-based [12–15], Ce-Sn [16], Ce-Zr [17–19] and Ce-Ti
[2,20–22] catalysts with evaluated deNOx activity have been widely
studied to find potential alternatives.

The Ce-Ti-based catalysts have attracted extensive attention for
their high deNOx efficiency and N2 selectivity in NH3-SCR reaction in a
broad temperature range [23]. Li et al. [24] reported that Ce-Ti
amorphous oxides showed superior NO conversion efficiency and good
N2 selectivity, and suggested that the Ce-O-Ti species were the active
sites in NH3-SCR reaction. Although the Ce-Ti catalyst possess a certain
ability of SO2 and H2O resistance, unfortunately, the catalyst still suf-
fers from deactivation by SO2 and H2O when the run duration is long,
which limited its practical application [25]. Addition of modification
agent to Ce-Ti mixed oxide is an efficient way to improve the activity
and SO2 tolerance of the catalyst. Liu et al. [26] studied the cobalt-
doped Ce-Ti mixed oxide, over which ∼100% NO conversion was
reached at 200 °C, and the SO2 tolerance ability of CoCeTi catalyst was
distinctly enhanced. Shu et al. [27] reported that nearly 100% NO
conversion was maintained for 12 h in the presence of 500 ppm SO2 at
250 °C for the Fe-modified Ce-Ti catalyst. Zhang et al. [20] researched
that the SnCeTi catalyst prepared by solvothermal method showed high
NO conversion from 180 °C to 460 °C and excellent SO2 resistance at
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300 °C.
Rare earth elements are often used as catalyst or promoter of the

catalyst [28]. In recent years, it is found that Sm-doped Mn-based
catalysts exhibited considerably enhanced catalytic activity and H2O/
SO2 tolerance in NH3-SCR reaction [5,29,30]. For example, Meng et al.
prepared the Sm-modified MnOx catalyst and proposed that doping of
Sm to MnOx induced the bulk-like sulfate forming on the Sm sites and
the Mn sites were protected consequently [29]. Here, in our work, sa-
marium is used to modify the Ce-Ti mixed oxide catalysts and their
catalytic performances for NH3-SCR reaction are investigated. The H2O
or/and SO2 resistance abilities of the catalysts are also evaluated. The
focus of this work is to study the influences of Sm doping on the redox
properties and surface acidity of catalysts, and further reveal the re-
lationships between the surface physicochemical properties and the
activities. The interaction mechanisms of reactant gas (such as NH3,
NO+O2, NO+O2+NH3 and SO2+O2) with the surfaces of catalyst
are systematically studied. In addition, the reason for the excellent SO2

durability property of catalysts has also been thoroughly investigated.

2. Experimental

2.1. Catalyst preparation

All the catalysts we studied were synthesized by inverse co-pre-
cipitation method using the corresponding salt solutions. In detail, a
certain amount of Ti(SO4)2, Ce(NO3)3·6H2O, Sm(NO3)3·6H2O were
dissolved in distilled water and stirred for 1 h to mix them uniformly,
and then the mixed solution was slowly dropped in the excess ammonia
(25 wt.%) with vigorously stirring for 5 h. After aging 24 h, the re-
sulting suspension was filtered and washed by distilled water for 5
times. Then the obtained samples were dried at 110 °C for 12 h and
calcined at 500 °C in flowing air for 4 h. These synthesized samples are
denoted as SmTi, CeTi, SmCeTi (Sm: Ce: Ti= 0.1:0.3:1 mol ratio).
Besides, the catalysts after NH3-SCR reaction with the 32 h SO2 re-
sistance test are labeled as X-U, for example, CeTi catalyst is denoted as
CeTi-U.

In addition, NH4HSO4 (5 wt.%) was supported on CeTi and SmCeTi
by impregnation method. The obtained samples are denoted as CeTi-N
and SmCeTi-N.

2.2. Catalyst characterization and density functional theory (DFT)
calculations

Inductively coupled plasma-optical emission spectrometry (ICP-
OES) was performed on a Thermo Scientific iCAP 7000 apparatus to
determine the chemical composition of the samples. The specific sur-
face areas of the catalysts were measured on a Micrometrics ASAP-2020
analyzer using Brunauer− Emmett− Teller (BET) method by nitrogen
adsorption at 77 K. Before the adsorption measurement, approximately
0.1 g of sample was firstly degassed in a N2/He mixture at 300 °C for
4 h. The Barrett− Joyner−Halenda (BJH) algorithm was employed to
calculate the pore size distributions from the desorption branch of N2

adsorption isotherm. Raman spectra were collected on a Spex 1877 D
triplemate spectrograph with 2 cm−1 resolution at room temperature.
The excitation source was a 532 nm DPSS diode-pump solid semi-
conductor laser (power output was ca. 5 mW). The electron para-
magnetic resonance (EPR) signals were recorded at room temperature
by a Bruker A300-10/12/S-LC spectrometer operating at X-band fre-
quency (v ≈ 9.4 GHz) and 100-kHz filed modulation.
Thermogravimetry and differential scanning calorimetry (TG-DSC) of
the samples were conducted on a Netzch thermoanlyzer STA-449-F5 at
a heating rate of 10 °Cmin-1 in a high-purity N2 flow. X-ray diffraction
(XRD) characterization were performed by a Philips X’pert Pro dif-
fractometer. The X-ray tube was operated at 40 kV and 40mA and the
Ni-filtered Cu Kα radiation (λ=0.15418 nm) is employed. The data
were collected in a range of 2θ=10–80°, and a scanning speed of 10°

min–1 with a interval of 0.02° was set. X-ray photoelectron spectroscopy
(XPS) measurements were conducted using a PHI 5000 Versa Probe
system with a monochromatic Al Kα radiation (1486.6 eV, 15 kW). All
binding energies were calibrated by the adventitious C1 s (284.6 eV) to
compensate for surface charge effects.

Hydrogen temperature programmed reduction (H2-TPR) analysis
was carried out using 7 vol.% H2/Ar mixture as reducing agent, and
oxygen temperature-programmed desorption (O2-TPD) analysis was
performed using pure oxygen. The sample (100mg) was pretreated at
200 °C for 1 h in a N2 stream firstly, and then the 7 vol.% H2/Ar mixture
stream or a pure oxygen stream was introduced and the temperature
raised from 50 °C to 900 °C. Both the H2-TPR and O2-TPD data were
collected on a Pantech Instruments Finesorb-3010 chemisorption ana-
lyzer. Ammonia temperature programmed desorption (NH3-TPD, 1 vol.
% NH3/N2) experiments were performed on a multifunction chemi-
sorption analyzer. Approximately 100mg of sample was pretreated by
pure N2 at 350 °C for 1 h. Then, the sample was saturated with NH3-N2

mixture at room temperature for 1 h and flushed by pure N2 at 100 °C
for 1 h. Finally, the temperature raised to 600 °C at a rate of
10 °Cmin−1.

The in situ DRIFT spectra were collected on a Nicolet Nexus 5700
FTIR spectrometer with a scanning number of 32 at a resolution of
4 cm−1, and a diffuse reflectance reaction cell (HARRICK) was used.
The sample was pretreated in a flowing N2 stream at 400 °C for 1 h and
the sample background was collected at various target temperature
during the cooling process. For the experiments of NH3 or NO+O2

adsorption–desorption, the reaction cell with sample was saturated
with NH3-N2 (1% NH3 by volume) or NO-N2+O2-N2 (500 ppm NO and
5% O2 by volume) for 1 h at room temperature, then the sample is
purged by N2 for 20min and the spectra were recorded at target tem-
perature by raising the temperature from 50 °C to 400 °C. For co-ad-
sorption of NH3+O2+NO, the spectra were collected under the stream
of NH3-N2+NO-N2+O2-N2 ([NH3]=[NO]= 500 ppm, 1 h for adsorp-
tion saturated and recorded at different desired temperatures from 100
to 400 °C).

The Vienna ab initio simulation package (VASP) was employed to
perform the Spin-polarized period DFT calculations of Sm-doped CeO2

(111), and the projector-augmented wave (PAW) potentials were used
during the calculation [31–33]. The Kohn-Sham equations was solved
by the generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerh (PBE) [34]. The f-orbitals of Ce and Sm atoms are Hubbard
corrected with U=8 eV. A cutoff energy of 400 eV is used for the plane
wave basis of valence electron wave function. A minimum of 4× 4×4
k-points was sampled for the bulk calculations.

2.3. Activity test of catalysts

The activity of the catalysts was tested on a fixed bed, and a flowing
gas with a space velocity of 90,000 h−1 was used. The constituent of the
gas was 500 ppm NH3, 500 ppm NO, 5 vol.% O2, N2, 200 ppm SO2

(when used) and 5 vol.% H2O (when used). Thermo Fisher IS10 FTIR
spectrometer was employed to detect the concentrations of NO, NH3,
N2O and NO2 gases. The activity data were recorded at every target
temperature after stabilizing for 60min. The NO conversion and N2

selectivity rate of the reaction were calculated by the formulas as fol-
lows:

=
−

×NO covversion (%) [NO] [No]
[NO]

100%in out

in

=
− + − − −

− + −
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3. Results and discussion

3.1. Catalytic activity, SO2 or/and H2O tolerance properties

In the CeTi catalyst, the ratio of the Ce/Ti is fixed at 0.3 for the
highest activity of it among the CeO2-TiO2 catalysts with different ratios
[24]. The activities of SmCeTi catalysts with different ratios of Sm/Ce
are studied, and the results are displayed in Fig. S1 (Supporting In-
formation). As can be seen, Sm0.1Ce0.3Ti catalyst exhibits the best ac-
tivity among different Sm doped CeTi catalysts in a wide operating
temperature window. Consequently, the Sm0.1Ce0.3Ti (hereafter de-
noted as SmCeTi) is selected as the target catalyst for further study.

Fig. 1(a) and (b) show the results of NO conversion and N2 se-
lectivity of the NH3-SCR reaction on the SmCe, SmTi, CeTi and SmCeTi
catalysts. For SmCe and SmTi samples, both of them exhibit low NO
conversion and N2 selectivity from 150 °C to 450 °C, with the maximum
NO conversion only ∼28% and ∼32%, respectively. While the CeTi
catalyst is shown to exhibit a relative high catalytic activity, over which
∼66% NO conversion is achieved at 200 °C and ∼89% NO conversion
is reached at 250 °C. After Sm species are introduced into CeTi catalyst,
the activity of SmCeTi is close to that of CeTi below 200 °C. However,
the SmCeTi catalyst shows high catalytic activity at temperatures
higher than 200 °C. Furthermore, the ∼98% NO conversion is achieved
at 250 °C. In addition, the N2 selectivity of the CeTi and SmCeTi cata-
lysts are both high, and over 96% N2 selectivity are attained in the
whole test temperature range.

In practical working conditions, SO2 and H2O are both the main

components in exhaust gases of coal-fired power plants, and the re-
sistance ability to SO2 and H2O are important for evaluating NH3-SCR
catalysts [35]. The influence of SO2 or/and H2O on catalytic perfor-
mance of CeTi and SmCeTi catalysts are investigated at 250 °C. Fig. S2
shows the catalytic activity of the CeTi and SmCeTi catalysts when the
200 ppm SO2 presents. For CeTi catalyst, the NO conversion decreases
gradually to ∼60% during the entire test time. While the NO conver-
sion of SmCeTi catalyst maintains at ∼88% finally. The influences of
H2O and SO2 on CeTi and SmCeTi catalysts are evaluated, and the re-
sults are shown in Fig. 1(c). When 5 vol.% vapor is introduced into the
feed gas, the NO conversions of CeTi and SmCeTi is dropped by ∼5%,
possibly due to the competitive adsorption of H2O with NO/NH3 on the
active sites [35]. In the next 18 h, the NO conversions of two samples
are almost unchanged, which indicates that H2O can not result in ob-
vious deactivation of catalysts at 250 °C. When 200 ppm of SO2 is si-
multaneously introduced into the feed gas with 5% H2O, the NO con-
version gradually decreases from ∼82% to ∼27% for CeTi catalyst.
However, the SmCeTi catalyst exhibits significant performance for SO2

and H2O resistance, and the NO conversion remains at ∼80%. In
summary, the introduction of samarium species into CeTi mixed oxide
catalysts significantly improves the activity and tolerance of H2O and
SO2 for NH3-SCR reaction.

3.2. Composition and textural properties (ICP, BET, XRD, Raman and
EPR) of catalysts

The ICP-OES results suggest that the molar ratios of different metal

Fig. 1. NO conversion (a) and N2 selectivity (b) of samples in NH3-SCR as a function of temperature. 5 vol.% H2O and 200 ppm SO2 tolerance tests (c) at 250 °C over
CeTi and SmCeTi samples.

H. Liu et al. Applied Catalysis B: Environmental 244 (2019) 671–683

673



elements in the prepared catalysts are very close to the initial feed ra-
tios (Table S1). Fig. 2 displays N2 adsorption-desorption isothermals
and the corresponding BJH pore size distribution curves of SmTi, SmCe,
CeTi and SmCeTi catalysts. As shown in Fig. 2(a), the isotherms of all
catalysts are of representative type IV and a well-defined H2-type
hysteresis loops as judged by IUPAC, which is the feature of mesoporous
materials due to the texture of interparticle mesoporosity [19,36]. In
Fig. 2(b), the pore size distribution curves of these samples determined
by the BJH method show one single narrow peak centered at
14.5–17.1 nm, suggesting that these samples possess relative uniform
mesopore size distributions. The textural data of SmTi, SmCe, CeTi,
SmCeTi samples are listed in Table S2 and the catalysts used after NH3-
SCR (including SO2 and H2O) reaction (denoted as CeTi-U and SmCeTi-
U) are displayed in Table 1. As can be seen, the specific surface area,
pore volume, and average pore diameter decrease in the order of
SmCeTi > SmTi > CeTi > SmCe. In addition, it should be noted that
the specific surface area of used catalysts obviously decrease compared
with the fresh catalysts, which should be ascribed to the sulfate species
cover on the surface of catalysts after the NH3-SCR reaction. The des-
cent rate (ΔS) of the surface area of CeTi-U(25.9%) is greater than that
of SmCeTi-U (10.9%), which implies that Sm species introducing into
CeTi is beneficial to preventing the surface sulfation of catalysts.

Fig. 3 shows XRD patterns of TiO2, CeO2, SmCe, SmTi, CeTi, and
SmCeTi samples, and the patterns of CeTi-U and SmCeTi-U catalysts are
also included. Pure TiO2 presents as anatase (PDF ICDD 84–1286), and
the CeO2 and SmCe present as cerianite (PDF ICDD 34-0394). No dif-
fraction peaks of Sm2O3 can be observed in SmCe sample. Furthermore,
it should be noted from the inset in Fig. 3 that doping of Sm to CeO2

leads the shifting of diffraction peaks towards lower angle direction.
According to the Bragg's Law, the shifting of diffraction peaks should be
ascribed to the incorporation of Sm into the CeO2 lattice, which is due
to the larger ionic radii of Sm3+ (0.108 nm) than the Ce4+ (0.097 nm).
The results of Raman spectra (CeO2 and SmCe) are shown in Fig. S3.
The F2g band of SmCe sample shifts to the lower wavenumber compared
with that of CeO2, and no bands of Sm2O3 (generally observed at
∼375 cm−1) are found in the Raman spectra of SmCe sample [37]. The
XRD and Raman spectra suggest the incorporation of Sm into the CeO2

lattice. Moreover, no obvious peak can be observed for SmTi, CeTi and

SmCeTi revealing a amorphous structure of them, which may maximize
the interaction among different species (Sm, Ce and Ti) [24,38]. For the
used catalysts, there is no obvious change for the diffraction patterns of
the two samples compared with the fresh samples. The results suggest
that the structure of catalysts are unchanged and no crystalline sulfate
species form on the surface of catalysts during the NH3-SCR reaction.

Raman analysis is also performed to detect the oxygen vacancies of
the samples, and the results are displayed in Fig. 4(a). For SmTi, the
faint peak near 144 cm−1 is assigned to B1g mode of anatase-TiO2 [2,3].
SmCe sample exhibits a prominent peak centered at 467 cm-1, which
indicates the F2g mode of fluorite cubic structure CeO2 [22,39]. The
peaks at 279 and 604 cm-1 are assigned to oxygen vacancies due to the
existence of Ce3+ [20,39]. For the CeTi and SmCeTi catalysts, the weak
peaks located at around 140 and 467 cm−1 are assigned to the B1g mode
of TiO2 and F2g mode of CeO2, respectively. The peaks around 279 and
604 cm-1 are related to oxygen vacancies which can improve oxygen
storage and increase the transformation frequency between Ce3+ and
Ce4+ [20]. In addition, the peaks intensities of the SmCeTi catalyst are
higher than that of CeTi, indicating that more oxygen vacancies exist in
the SmCeTi catalyst. More oxygen vacancies will facilitate the NO
oxidation, and further promotes the NH3-SCR reaction [40]. EPR ana-
lysis is employed to further confirm the existence of oxygen vacancies
(Fig. 4(b)). As can be seen, for SmTi, CeTi and SmCeTi samples, the Sm
or/and Ce doping into TiO2 significantly produce the oxygen vacancies
(g= 2.002) [26]. The signal for oxygen vacancies of SmCe sample is
weaker than that of the Ti including samples. The results suggest Sm or
Ce doping into TiO2 will produce more oxygen vacancies than that of
Sm doping into CeO2, which may be due to the larger radius differences
between Sm/Ce and Ti atoms.

3.3. Surface constituent and chemical states (XPS) of catalysts

Fig. 5 displays the XPS spectra of Ti 2p, Ce 3d, Sm 3d, O 1 s and S 2p
for different samples, and the results are summarized in Table 2. As
shown in Fig. 5(a), the binding energies of Ti 2p are approximately
located at 459.2 and 464.9 eV for all the samples, suggesting that the Ti
species exhibit +4 valence state [5,14]. Fig. 5(b) and (c) display the
Sm 3d and Ce 3d XPS spectral results. The Sm 3d spectra of the samples
can be fitted to two peaks for all samples, the peaks at ∼ 1083.2 eV and
∼ 1080.4 eV represent Sm3+ and Sm2+, respectively [5,41]. XPS
spectra of Ce 3d of all samples can be deconvoluted into eight peaks,
which corresponds to four pairs of spin-orbit doublets [26,27]. The
peaks marked as u (901.0 eV), u″(908.1 eV) and u‴ (916.5 eV) arise
from the contribution of Ce4+ 3d3/2, and the peaks labeled as v

Fig. 2. The N2 adsorption-desorption isotherms (a) and BJH pore distribution
curves (b) of SmTi, SmCe, CeTi and SmCeTi samples.

Table 1
The surface area of fresh and used samples.

Catalysts Fresh sample
S1 (m2 g−1)

Used sample
S2 (m2 g−1)

=
−Δ S (%)S S
S

1 2
1

CeTi 201 149 25.9%
SmCeTi 257 229 10.9%

Fig. 3. XRD patterns of TiO2, CeO2, SmCe, SmTi, CeTi, SmCeTi, CeTi-U and
SmCeTi-U.
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(882.4 eV), v″(888.9 eV) and v‴ (898.3 eV) arise from Ce4+ 3d5/2. In
addition, the existence of Ce3+ is proved by the peaks labeled as
u′(903.8 eV) and v′(885.5 eV) [2,20,26,42]. The content of surface
Ce3+ over these samples is calculated by the equation as follows [35],
and listed in Table 2.

It can be seen from Table 2 that the contents of Ce3+ of SmCeTi are
larger than that of CeTi. Meanwhile, the contents of Sm3+ of SmCeTi
are higher than that of SmTi. Therefore, the valence state of the Ce
species is reduced, while it is increased for Sm species compared with
the CeTi and SmTi catalysts, respectively. These results suggest the

Fig. 4. Raman (a) and EPR (b) spectra of SmTi, SmCe, (CeO2), CeTi and SmCeTi samples.

Fig. 5. XPS spectra of the obtained samples: (a) Ti 2p, (b) Sm 3d, (c) Ce 3d, (d) O1 s and (e) S 2p.
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electrons can transfer from Sm to Ce in the SmCeTi catalyst, i.e.,
Ce4++Sm2+⇌Ce3++Sm3+. In order to further explore the doping
effect of Sm and obtain the information of electron transfer, the dif-
ferential charge densities are calculated for Sm-substituted CeO2 using
the following equation:

ρdiff = ρCeSmO−(ρCeO+ρSm)

As shown in Fig. 6(c) and (d), the oxidation state of the Sm atom
increases due to the lossed electrons, suggesting the electrons can
transfer from Sm to Ce atoms, which is accordance with the results of
XPS.

Additionally, as illustrated in Table 2, the ratios of Ce3+/Ce in the
CeTi-U and SmCeTi-U samples are more than that of the corresponding
fresh samples, which is ascribed that SO2 can react with Ce4+ species in
the presence of O2 as following reaction [35]:

2CeO2+3SO2+O2 = Ce2(SO4)3

Interestingly, it should be noted that the growth rate of Ce3+

(ΔM=MUsed- MFresh) of SmCeTi-U (14%) is lower than that of CeTi-U
(26%), which represents that doping of Sm species into CeTi prevents
the sulfation of surface Ce species in the SmCeTi catalyst and improves
the sulfur resistance efficiency of the catalyst.

The O 1 s (Fig. 5(d)) peak can be fitted to two peaks referred to the
lattice oxygen at lower binding energy (∼529.5 eV, hereafter denoted
as OL) and the surface oxygen at higher binding energy (∼531.4 eV,
hereafter denoted as OS) [3,11,39]. As shown in Table 2, the contents of
OS in the SmCeTi (45%) sample are much higher than that in the CeTi
(22%) sample, suggesting that the amounts of OS species greatly in-
crease after the introduction of samarium, which is beneficial to the NO
oxidation to NO2 in a NO+NH3+O2 reaction [26]. Moreover,

compared with the CeTi and SmCeTi samples, more OS species can be
detected in the used samples, which should be attributed to the sulfates
formed on the surface of used catalysts [35]. Meanwhile, it should be
noted that the amount of OS species in SmCeTi-U catalyst is less than
that of CeTi-U catalyst, which further proves that the formation of
sulfate over SmCeTi catalyst could be suppressed by the incorporation
of Sm. In addition, as can seen in Fig. 5(e), the S 2p spectra can be
detected in the used samples. The peak at ∼168.6 eV and 169.6 eV are
respectively assigned to S6+ 2p3/2 and 2p1/2, and the peak at
∼168.9 eV and 170.1 eV are attributed to S4+ 2p3/2 and 2p1/2, re-
spectively [4,13,43–45]. Thus, it can be concluded that both SO4

2− and
SO3

2− generate on the surface of catalysts in the NH3-SCR reaction with
appearance of SO2.

3.4. Redox properties and surface acidity

The redox properties of the catalysts are closely related to the ac-
tivities in the SCR reaction. Fig. 7 (a) displays the H2-TPR profiles of
CeTi, SmTi, SmCe and SmCeTi catalysts, and the reduction peaks are
deconvoluted fitted with Gaussian-Lorentz function. The reduction
temperature and amounts of H2 consumption are displayed in Table 3.
The reduction profile of SmTi, SmCe and CeTi can be fitted to two peaks
(α and β) mainly related to the reduction of the surface oxygen and
lattice oxygen, respectively [24,46,47]. The reduction temperatures of
α and β are shown in Table 3, and the order of the temperature is
SmTi > SmCe > CeTi, suggesting the CeTi catalyst shows the best
reducibility among the three samples. For the SmCeTi catalyst, the re-
duction peak at 424 °C (α) and 506 °C (β) can also be attributed to the
reduction of the surface oxygen and lattice oxygen, respectively, and
the peak areas of them are higher than that of CeTi sample. In addition,
the SmCeTi catalyst shows one more reduction peak at 576 °C (denoted
as γ) compared with CeTi sample. As can be seen, the reduction tem-
perature range of peaks (α and β) for the SmCe and CeTi sample are all
included in the reduction temperature range of peaks (α and β) for
SmCeTi. However, the reduction temperature of peak β for SmTi sample
is much higher than that of the other catalysts. Combined the reduction
profiles of SmTi, SmCe and CeTi samples, it seems reasonable that peak
γ is ascribed to the reduction of lattice oxygen of Sm-O-Ti in the
SmCeTi. Furthermore, the incorporation of Sm to the CeTi lattice in-
duces the structure modification and enhances the diffusion of O2−

anions within the lattice [48]. Thus, all the reduction peaks shift to

Table 2
The surface compositions of the different samples.

Samples Sm3+/Sm (%) Ce3+/Ce (%) OS/O (%)

SmTi 64 ̶ ̶
SmCe 75 39 ̶
CeTi ̶ 14 22
SmCeT

CeTi-U
SmCeTi-U

77
̶
75

25
40
39

45
63
58

Fig. 6. Spin-polarized period DFT calculations for the Sm-
doped CeO2 (111) model: (a) top view and (b) side view.
Differential charge densities of Sm-substituted CeO2 (111):
(c) top view and (d) side view. The blue color indicates the
loss of electrons (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article).
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lower temperature with the incorporation of Sm to the CeTi lattice,
which is beneficial for catalytic activity of the NH3-SCR reaction. In
addition, the amounts of H2 consumption (∼224 μmol/g) of SmCeTi
catalyst is also much higher than that of CeTi catalyst (∼153 μmol/g).
Above results suggest that the reducibility of CeTi catalysts is promoted
by the addition of Sm species.

The O2-TPD profiles are shown in Fig. 7 (b). For SmCe and CeTi
catalysts, there are four O2 desorption peaks (denoted as α, β, γ and ε,
respectively) in the temperature range of 50–900 °C. The α peak
(∼149 °C) corresponds to the surface chemical adsorbed oxygen
[36,49]. The β (∼281 °C) and γ (∼473 °C) peaks can be respectively
assigned to the desorption of chemically adsorbed O2

−
(ad) and O−

(ad)

species, which is related to the surface oxygen defects [49]. Ad-
ditionally, the ε peak at 646 °C is ascribed to the desorption of surface
lattice oxygen [17,36]. The desorption peaks of SmTi sample are very
weak suggesting the poor oxygen storage capacity of the SmTi sample.
The desorption profiles of SmCeTi catalyst is similar to that of CeTi, and
α, β, γ and ε peaks can be observed. However, one high-temperature
desorption peak at 767 °C (denoted as δ) appears, which can not be
detected in SmCe and SmTi samples. It has been reported that the in-
corporation of Sm to the CeTi lattice enhances the diffusion of O2- an-
ions within the lattice, accordingly, the δ peak may be attributed to the
unstable lattice oxygen produced by Sm doping [16]. It can be clearly
observed that the peak area of SmCeTi is much larger than that of CeTi,
suggesting that the OSC of SmCeTi catalyst is greater than that CeTi
catalyst, which is significantly improved by Sm species addition.

NH3-TPD is performed to investigate the surface acidity of the cat-
alysts, and the results are shown in Fig. 7(c). NH3 desorption can be
detected in a wide temperature range due to the different stabilities of
adsorbed NH3 species on different acidic sites. The α peak around
125 °C are assigned to the physical adsorbed NH3. The β (∼204 °C) and
γ (∼324 °C) peaks can be assigned to the chemical adsorbed NH3 at
weak and strong acid sites, respectively [5,16,20]. As seen from the

areas of total and each fitted peak, the SmCe sample shows the lowest
peak areas, i.e., the fewest acid sites. In addition, after the quantifica-
tion of the NH3 adsorption amount (based on peak area, as shown in
Table S3), it can be known that only some strong acid sites exist and
there are nearly no weak acid sites. The amounts of acid sites on SmTi
sample are higher than that in SmCe sample, including weak acid sites
and strong acid sites. Furthermore, the amounts of acid sites on CeTi
sample are obviously higher than that of SmTi sample, suggesting the
interaction of Ce and Ti producing large amounts of acid sites. The total
NH3 adsorption amounts decrease by Sm doping. Thus, it can be con-
cluded that doping of samarium to CeTi catalyst leads to a reduction of
the surface acidity of the catalyst. It is a universal acknowlegement that
the NH3-SCR catalysts exhibit the best activity when the acidity and
redox property achieve an appropriate balance [50–52]. The decrease
of surface acidity may be helpful for the balance of acidity and redox
property of SmCeTi catalyst, which induces the better activity.

3.5. In situ DRIFT studying the adsorption properties of NH3, NO+O2 and
NO+O2+NH3 on the catalyst surfaces

3.5.1. The NH3-adsorption in situ DRIFTS on the catalysts
The NH3-adsorption in situ DRIFTS spectra on the CeTi and SmCeTi

catalysts as a function of temperature are displayed in Fig. 8. For CeTi
catalysts (Fig. 8 (a)), several peaks in the range of 1800-1100 cm−1 and
3400-3100 cm−1 are detected. The peaks at 1665 and 1451 cm−1 are
attributed to ionic NH4

+ bound to Brønsted acid sites, while the peaks
at 1597 and 1166 cm−1 are ascribed to coordinated NH3 bound to
Lewis acid sites [8,17,21,23,53]. In the high wavenumber range, NeH
stretching vibration modes of the coordinated NH3 at 3371, 3246 and
3148 cm−1 are observed [21,26]. All peaks became weaker with the
temperature increasing from 50 to 400 °C. With the increase of tem-
perature, the symmetric NeH bending vibration of the coordinated NH3

groups shifts from 1166 cm-1 to 1190 cm-1 This blueshift is attributed to
the broken of hydrogen bonds between the chemisorbed NH3 groups
[54]. The peaks intensities of NH3 adsorbed on Brønsted acid sites
(1665 and 1451 cm-1) decrease distinctly at higher temperature and
nearly disappear at approximately 300 °C due to the desorption or/and
decomposition of ionic NH4

+. In contrast, the peaks representing NH3

adsorbed on Lewis acid sites (1597 and 1190 cm-1) remain even at
400 °C, which indicate that the strength of Brønsted acid sites are
weaker than that of the Lewis acid sites on the CeTi catalyst surface.
Considering the NH3-TPD results, the weak and strong acid sites should
be corresponding to the Brønsted and Lewis acid sites, respectively.

For the surface of the SmCeTi catalyst, ionic NH4
+ (1669 cm−1 and

Fig. 7. H2-TPR (a) O2-TPD (b) and NH3-TPD (c) curves of SmTi, SmCe, CeTi and SmCeTi samples.

Table 3
The temperature of reduction peaks and actual H2 consumption of the samples.

Samples Reduction temperature/°C Actual H2 consumption (μmol/g)

Peak α Peak β Peak γ

SmTi 516 e 637 e

SmCe 462 545 e e

CeTi 441 519 e 153
SmCeTi 424 506 576 224
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1450 cm−1), coordinated NH3 (1593 cm−1 and 1192 cm−1) are also
discovered, as shown in Fig. 8 (b). In the high wavenumber range, NeH
stretching vibration modes of the coordinated NH3 at 3385, 3258 and
3154 cm-1 are also observed. Compared with CeTi catalyst, there is a
considerable difference in SmCeTi catalyst. A new peak is detected at
1309 cm-1 started from 125 °C, which is ascribed to amide species (NH2)
[17,35]. The XPS results suggest that decoration of samarium to CeTi
catalyst induces the facile switch between Ce4+ and Ce3+ species,
which is in favor of the adsorption and activation of NH3 species pro-
ducing NH2 [55]. The NH2 groups can react with NO as Eq. (1), and
promotes the proceeding of NH3-SCR reaction [17,55].

NH2 + NO →NH2NO→ N2+H2O (1)

3.5.2. The NO+O2 adsorption in situ DRIFTS of catalysts
Fig. 9(a) shows the NO+O2 adsorption in situ DRIFTS spectra on

CeTi catalyst at different temperatures. Six peaks at 1634, 1600, 1525,
1453, 1281 and 1225 cm−1 are detected at 50 °C, which can be as-
signed to adsorbed NO2, bidentate nitrate, monodentate nitrate, linear
nitrite, monodentate nitrate and bridging nitrate, respectively
[3,10,16,21,29]. With temperature increasing, the changes of the peaks
intensities for different NOx species are different. The areas of peaks as
a function of temperature are shown in Fig. 9(b). As can be seen, the
peak intensities of monodentate nitrate, linear nitrite and bridging ni-
trate all decrease with the temperature increasing from 50 to 400 °C.
While the peak intensity of adsorbed NO2 species increases with the
temperature increasing. which suggests that the monodentate nitrate,
linear nitrite and bridging nitrate species may transform to NO2 species
on the CeTi catalyst surface. In addition, the bidentate nitrate is relative
stable on the surface of catalyst.

Fig. 9(c) presents the in situ DRIFTS spectra of NO+O2 adsorption-
desorption on SmCeTi catalyst, which are very similar to that of CeTi
catalyst. The adsorbed NO2 (1634 cm−1), bidentate nitrate
(1600 cm−1), monodentate nitrate (1525 and 1284 cm−1), linear ni-
trite (1455 cm−1) and bridging nitrate (1231 cm−1) can be observed.
Interestingly, it can be found in Fig. 9(d) that the peak intensities of the
adsorbed nitrate/nitrite species on the SmCeTi catalyst surface are
stronger than those on the surface of CeTi catalysts, suggesting that the
doping of Sm into the CeTi can improve the adsorption ability of ni-
trate/nitrite species efficiently, which can improve the catalytic activity
of the NH3-SCR [17,26]. Combined the results reported previously and
our XPS characterization [38,56,57], the increase of nitrate/nitrite
species over the surface of SmCeTi catalyst may be attributed to the
formation of the redox couples Sm3+/Sm2+ and Ce4+/Ce3+, in which
electrons may transfer between them through the “Sm–O–Ce” bridge

structure. Similar to the Cr-Mn and Sm-Mn system [5,12], O2 can get
electron from Ce3+ producing O- and Ce4+, and NO give electron to
Sm3+ producing NO+ and Sm2+ during the NH3-SCR reaction. Finally,
the electron transfers from Sm2+ to Ce4+, and a redox cycle forms in
this process, as shown in Scheme 1. The nitrate species can be generated
continuously via the Sm3+/Sm2+ and Ce4+/Ce3+ redox couples as the
following reaction:

O2+ 2Ce3+ → 2O−
ad + 2Ce4+ (2)

NO+Sm3+ → Sm2+ + NO+
ad (3)

NO+
ad + 2O−

ad →NO3-ad (4)

In addition, through comparing Fig. 9(b) and (d), it can be found
that the peak intensity of nitrate species over the SmCeTi catalyst sur-
face gets weak sharply compared with that of the CeTi catalyst as the
temperature increasing. This phenomenon suggests that the Sm species
doped into CeTi catalyst can accelerate the decomposition/transfor-
mation of the adsorbed nitrate species.

3.5.3. In situ DRIFTS studying of the reaction between NO+O2/NH3 and
adsorbed NH3/NO+O2 species over CeTi and SmCeTi catalysts

The catalysts were first purged with NH3 for 1 h followed by N2

purging. NO+O2 was then introduced into the IR cell at 200 °C, and
the spectra were recorded as a function of time, as shown in Fig. 10(a)
and (b). The coordinated NH3 (3400-3100, 1597 and 1169 cm−1) and
ionic NH4

+ (1665 and 1451 cm−1) can be detected on the CeTi catalyst
surface (Fig. 10(a)). After NO+O2 was introduced to the cell, the
coordinated NH3 and ionic NH4

+ were rapidly consumed and nearly
disappear after 5min, which suggests that coordinated NH3 and ionic
NH4

+ can be oxidized by NOx in the SCR reaction. The absorbed NOx

species can be observed on the catalyst surface after the pre-adsorbed
NH3 species was completely consumed, and the peaks of NOx species
including adsorbed NO2 (1634 cm−1), bidentate nitrate (1600 cm−1),
monodentate nitrate (1525, 1281 cm−1) and bridging nitrate
(1230 cm−1) appear. The in situ DRIFTs of NO+O2 adsorption after
pre-adsorption of NH3 was also collected for the SmCeTi catalyst, as
shown in Fig. 10(b). The adsorption behavior of NH3 on the SmCeTi
catalyst are similar to that on CeTi catalyst, and the coordinated NH3

(3400-3100, 1593 and 1169 cm−1), ionic NH4
+ (1669 and 1450 cm−1)

and NH2 (1309 cm−1) can be observed. The absorbed NH3 disappeared
completely after 5min when NO+O2 were introduced, which sug-
gested the absorbed NH3 species bounded to both Brønsted and Lewis
acidic sites on the SmCeTi surface also played the roles of reducing
agents in the SCR reaction. The above results indicate that the NH3-SCR
reaction can proceed obey the Eley-Rideal (E–R) mechanism on the

Fig. 8. In situ DRIFTS spectra of NH3 adsorption–desorption over the CeTi (a) and SmCeTi (b) catalysts from 50 to 400 °C with a temperature interval of 25 °C.
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CeTi and SmCeTi catalysts surface, which are similar with the NH3-SCR
reaction catalyzed by some other catalysts, such as CeWTi [55], Cu/
TiNb [3] and CuCeZr [18].

The in situ DRIFTs experiment of the reaction between NH3 and pre-
adsorbed NOx species on the surface of CeTi and SmCeTi catalysts are
also conducted at 200 °C for comparison, and the results are shown in
Fig. 10(c) and (d). For the CeTi catalyst (Fig. 10(c)), the catalyst surface

is mainly covered by five kinds of nitrate species, e.g., NO2

(1634 cm−1), bidentate nitrate (1600 cm−1), monodentate nitrate
(1525, 1281 cm−1), linear nitrite (1453 cm−1) and bridging nitrate
(1225 cm−1). The introduction of NH3 results in disappearance of NO2

after 10min implying the reaction between NH3 and NO2. The bi-
dentate nitrate species (1600 cm−1)still exists on the catalyst surface
even after 50min, suggesting that the bidentate nitrate is inactive in the
SCR reaction. Similar phenomenon was also observed over the surface
of MnOx-TiO2 [10,58] and Mn− Fe Spinel [6] catalysts. The peaks for
monodentate nitrate at 1525 and 1270 cm−1 increase obviously with
the time increasing, which may be due to two reasons. First, one ad-
sorption site of bridging nitrate is snatched by NH3, and then bridging
nitrates transform to monodentate nitrates [22]. It can be observed that
the bridging nitrates disappear as the monodentate nitrates increasing
significantly after the NH3 was injected for 10min. Second, the NH3

might be oxidized on the surface of catalyst forming nitrate species
[55]. The NH3 species adsorbed on the catalyst surface simultaneously,
coordinated NH3 (3400-3100, 1588, 1186 cm−1) and ionic NH4

+

(1451 cm−1) can be observed. The results suggest that adsorbed NH3

and nitrate species can coexist on the CeTi catalyst surface. The SmCeTi
catalyst shows nearly the same variation with the CeTi catalyst
(Fig. 10(d)). Moreover, NO2 are consumed more rapidly (5min) on the
surface of SmCeTi catalyst compared to CeTi catalyst, which may be
responsible for the good activity of SmCeTi catalyst. Above results
suggest that the reaction between NH3 and nitrate species are difficult

Fig. 9. NO+O2 adsorption in situ DRIFTS spectra and peak areas of the adsorbed nitrate species over CeTi (a), (b) and SmCeTi (c),(d) as a function of temperature.

Scheme 1. Redox catalytic cycle of the low-temperature SCR reaction over the
SmCeTi catalyst.
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to occur, except for the reaction between NO2 and NH3. The experiment
of the reaction between NH3 and pre-adsorbed NOx species further
suggest that the NH3-SCR reaction on the CeTi and SmCeTi catalysts
may be largely dominated by the E-R mechanism.

3.5.4. In situ DRIFTS studying of NH3+NO+O2 reaction on the catalysts
A flow of NO+NH3+O2 gas was introduced into the reaction cell,

and the surface adsorbed species were detected by in situ DRIFTS
spectra under the reactive condition from 100 to 400 °C. Many different
species, such as coordinated NH3 on Lewis acid sites (3400-3100 cm−1,
1200 cm−1) [21], ionic NH4

+ on Brønsted acid sites (1670 cm−1,
1455 cm−1) [55], adsorbed NO2 (1637 cm−1) [26], bidentate nitrate
(1600 cm−1) [55], monodentate nitrate (1525 cm−1) [55] and NH4NO3

species (1300 cm−1) [5,17,53] can be observed on CeTi at 100 °C, as
shown in Fig. 11(a). Compared with the spectra of single NH3 ad-
sorption (Fig. 8(a)), the peak at 1445 cm-1 shows stronger intensity
indicating the enhanced amounts of Brønsted acidic sites on the surface
of CeTi, which might be caused by the generation of water in NH3-SCR
reaction. In contrast, the adsorbed NH3 species on Lewis acid sites is
very weak, suggesting some Lewis acid sites have converted to the
Brønsted acidic sites. The increase of temperature results in a decrease
of peaks intensities of the coordinated NH3, ionic NH4

+, adsorbed NO2,
monodentate nitrate and NH4NO3 species, suggesting these species are
unstable with the temperature increasing. Among them, it should be
noted that the peak intensity of NO2 species are much weaker compared
with that in the single NO adsorption spectra, suggesting the NO2 is

easy to be consumed in the NH3-SCR reaction [17,21]. On the contrary,
the bidentate nitrate species are firmly adsorbed on the CeTi catalyst
surface, and the intensity of the peak becomes stronger with the in-
crease of temperature. The results indicate that bidentate nitrate species
are not the active species in the reaction, and they will be aggregation
on the catalyst surface with the proceeding of the reaction.

Fig. 11(b) shows the in situ DRIFT spectra of NO+NH3+O2 reac-
tion on SmCeTi catalyst. There are mainly coordinated NH3 (3400-
3100 cm−1, 1200 cm−1), ionic NH4

+ (1670 cm−1, 1456 cm−1), ad-
sorbed NO2 (1632 cm−1), bidentate nitrate (1600 cm−1), monodentate
nitrate (1525 cm−1) and NH4NO3 species (1303 cm−1) presenting on
the catalyst. The intensities of peaks ascribed to NH4

+ and NH4NO3

species are greatly stronger than those of CeTi, indicating that a large
amount of NH4

+ and NH4NO3 are generated on the surface of SmCeTi
catalyst. The in situ DRIFTS spectra of NO+O2 adsorption experiment
certificate that the doping of Sm into the CeTi can improve the ad-
sorption ability of nitrate/nitrite species efficiently (Fig. 9), which
should contribute to the large production of NH4NO3 species in
NH3+NO+O2 reaction. The peaks intensities of the NH4NO3 species is
even strong at 300 °C. Interestingly, the activity of the catalyst is not
affected by the appearance of large amount of NH4NO3, and the activity
of SmCeTi catalyst is obviously higher than that of CeTi catalyst. Thus,
the generation of NH4

+ and NH4NO3 may be beneficial for the en-
hancement of the activity [9,21].

Fig. 10. DRIFT spectra taken at 200 °C of passing NO+O2 over the NH3 pre-absorbed on (a) CeTi and (b) SmCeTi and passing NH3 over the NO+O2 pre-absorbed
on (c) CeTi and (d) SmCeTi for different times.
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3.5.5. Possible mechanism of the CeTi and SmCeTi catalysts in the NH3-
SCR reaction

A possible mechanism for the NO+O2+NH3 reaction on the CeTi
catalyst is firstly proposed based on the above results. Brønsted acid
sites are considered as the main active-sites, which is important for the
NH4

+ formation [8]. NO would be oxidized to NO2 during the reaction
process, and the oxidation of NO to NO2 is generally thought to be one
of an significant reaction step to promote NOx reduction. Combined the
single NH3 and single NO adsorption spectra, the reduction of NO to N2

in the NH3-SCR reaction on CeTi surface is suggested mainly following
Eqs. (5)–(8) [17,55,59,60]. NH3 and NO species will be activated
forming NH4

+ and NO2 on the CeTi catalysts, and then SCR reaction
can occur between the NH4

+ and NO2 species.

2NH3 → 2NH3(a) (5)

2NH3(a) + 2H+ →2NH4
+ (6)

NO + 1/2O2 → NO2 (7)

NO2 + 2NH4
+ → NO2[NH4

+]2 + NO →······→ N2 + 3H2O + 2H+

(8)

It is reported by researchers that doping of Cu to CeO2-TiO2 mixed
oxide catalysts can effectively improve the NH3-SCR reaction perfor-
mance due to the formation of Cu2++Ce3+⇌Cu++Ce4+ redox cycle
[57]. In addition, the introduction of Fe, Ni, Sn etc. into the CeO2-TiO2

also can improve the NH3-SCR reactivity, which is also attributed to the
presence of Mn++Ce3+⇌M(n−1)++Ce4+ (M=Fe, Ni, Sn etc.)
[20,56,61]. In this work, it can be known from the XPS and DFT cal-
culation results that the introduction of Sm into CeTi results in the
electron transferring between Sm2+/Sm3+ and Ce4+/Ce3+ (i.e.
Ce4++Sm2+⇌Ce3++Sm3+). Through this process, more Ce3+ is
produced, which could induce the charge imbalance, oxygen vacancies
and unsaturated chemical bonds on SmCeTi surface. From the results of
in situ DRIFTS and literatures, it can be concluded that NOx species may
be reduced by NH3 to form N2 through several different pathways.
Firstly, similar to that over the CeTi catalyst (eq.(8)), the NO2 can react
with NH4

+ producing N2 and H2O. Secondly, the in situ DRIFTS spectra
of NO+O2 adsorption experiment certificate that doping of Sm into
the CeTi can promote the formation of nitrate/nitrite species efficiently,
and further produce the NH4NO3 species in NH3+NO+O2 condition.
Gaseous NO and NH3 may react with NH4NO3 to generate N2 and H2O
(eq.(10)) [9]. Thirdly, NH2 species, which are intermediates of am-
monia activation, will be generated with the temperature increasing
(Fig. 8(b)) on SmCeTi surface. Then, the NH2 can react with gaseous NO
producing N2 and H2O (eq.(12)). Therefore, the Sm species doped into
the CeTi catalyst can lead the appearance of new active intermediates

(NH2(ad)), which enhance the catalytic activity of SmCeTi catalyst. The
above results all suggest that NH3 activation is an important process,
and the NH3-SCR reaction on the CeTi and SmCeTi catalysts is largely
dominated by the E-R mechanism.

NO3
−
(ad) + NH4

+ → NH4NO3 (9)

1/2NH4NO3 + NO+NH3 → 3/2N2 + 5/2H2O (10)

NH3(ad) →NH2(ad) + H+ (11)

NH2(ad) + NO →NH2NO→ N2+H2O (12)

3.6. Insight into the SO2 tolerance of the catalysts

The CeTi-U and SmCeTi-U catalysts were analyzed by TG-DSC, as
shown in Fig. 12, to study the generated species left on the surface of
catalysts in the NH3-SCR reaction with the appearance of SO2. The
weight losses of two samples can mainly be divided into three steps.
Step I (below 200 °C) is mainly related to the loss of adsorbed H2O on
the surface of samples [35,62]. Step II (200–550 °C) is caused by the
decomposition of (NH4)2SO4 and NH4HSO4 in N2 purge [5,35]. For the
CeTi-U catalyst, the percentage of weight loss in Step II is∼1.5%, while
it is ∼1.1% for SmCeTi-U catalyst, suggesting that the amounts of
generated (NH4)2SO4 and NH4HSO4 species in CeTi-U catalyst are
higher than that in SmCeTi-U catalyst. The TG profiles of catalysts show
a considerable decrease in Step III. Poston et al. [63] reported that the
Ce(SO4)2 and Sm2(SO4)3 species will decompose when the temperature
is higher than 700 °C. Thence, Step III is attributed to the Ce(SO4)2 and/
or Sm2(SO4)3 decomposition. As can be seen, the weight loss of CeTi-U
catalyst is 8.9%, which is higher than that of SmCeTi-U catalyst (6.5%).
The results suggest the surface sulfate species of SmCeTi-U catalyst is
lower than that of CeTi-U catalyst, and the addition of Sm to CeTi
catalyst enhances the ability of sulfation resistance of catalyst.

Fig. 13 shows the in situ DRIFT spectra of SO2+O2 adsorbed on CeTi
and SmCeTi catalysts at 250 °C as a function of time. The DRIFT spectra
of SO2+O2 adsorption on CeTi (Fig. 13(a)) exhibit several peaks at
1341 cm−1 (S]O), 1293 cm−1 (SeO), 1084 cm−1 (SeO), and
1023 cm−1 (SeO), and the intensities increase with time proceeding,
which demonstrates the formation of surface sulfate species [25,64].
According to the reported results, the peaks in the range of 1150-
1200 cm−1 for the CeO2, CeZr and CeTi samples are ascribed to the
sulfates located in bulk or subsurface of CeO2 and CeO2 based solid
solution (bulk or bulk-like sulfates) [25,65,66]. Because no bulk sulfate
species are detected by XRD, so the peak at 1161 cm−1 suggests the
bulk-like sulfate species forming on the CeTi catalyst surface. In addi-
tion, the peak at 1620 cm−1 is assigned to adsorbed H2O generated

Fig. 11. In situ DRIFTS spectra of CeTi (a) and SmCeTi (b) in a flow of NH3+NO+O2 from 100 to 400 °C with a temperature interval of 25 °C.
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from the SO2 and surface eOH groups [62]. Overall, both surface and
bulk-like sulfate species can form on CeTi catalyst surface with the
appearance of SO2+O2. For the SmCeTi catalysts, the peaks re-
presenting the surface sulfate species (1347, 1292, 1085 and
1046 cm−1) can also be observed in the DRIFT spectra (Fig. 13(b)).
However, no bulk-like sulfate species (peak at approximately 1150-
1200 cm−1) forms on the surface of SmCeTi catalysts. The results reveal
that the reaction between SO2 and Ce species is suppressed probably by
the introduced Sm species, and the bulk-like sulfates forms on SmCeTi
catalyst more difficultly than that on CeTi catalyst. In addition, the
DRIFT spectrum of SmCeTi-U sample suggests no bulk-like sulfate
species are detected (Fig. S4), which further confirms the effect of Sm
doping.

Ce-O-Ti is reported to be the active species of the NH3-SCR reaction

[24,49]. According to the previous reported results, there are mainly
two different ways for SO2 poisoning of catalysts [35,67,68]. SO2 could
be oxidized to SO3 on the surface of catalysts, and the SO3 will react
with gaseous species (H2O and NH3) or the catalyst to form NH4HSO4 or
metal sulfates. Both of them can cover the active sites and cause the
decrease of catalytic activity of catalysts. To investigate the reason of
SO2 poisoning of the catalyst, the NH3-SCR reactivity of 5 wt.%
NH4HSO4 loaded CeTi and SmCeTi was tested. As shown in Fig. S5,
there is no significant effect of NH4HSO4 on the catalytic activity of
CeTi and SmCeTi samples, when the temperature is above 250 °C. This
indicates that the NH4HSO4 will decompose on the catalysts surface
when the temperature is higher than 250 °C, and the decrease of cata-
lytic activity for the CeTi and SmCeTi catalysts is not induced by the
deposition of NH4HSO4 on the surface of CeTi and SmCeTi catalysts
above 250 °C. Consequently, it seems reasonable to propose that the
deactivation of CeTi catalyst is mainly caused by the metal sulfation
(cerium sulfate [25]). Furthermore, the catalysts are pretreated with
SO2+O2 (250 °C, 1000 ppm SO2, 5 vol.% O2, 1 h) to support our de-
duction. As shown in Fig. S6, after pretreated by SO2+O2, the activity
of the CeTi catalyst decreases more significantly than that of the
SmCeTi catalyst. The results suggest metal sulfation will decrease the
activity of catalysts, and the introduction of Sm may inhibit the deep
sulfation of catalysts.

The reason of the significant SO2 resistance of SmCeTi catalyst may
be ascribed to the formation of Ce4++Sm2+⇌Ce3++Sm3+ circles [5].
For the CeTi catalyst, as shown in Scheme 2, the electron of adsorbed
SO2 can transfer to Ce4+, which make the SO2 oxidize to SO3 and
produce bulk-like sulfates. After the introduction of Sm, the electron
transfer from SO2 to Ce4+ is inhibited by the electron transfer of
Sm2+→Ce4+, and the generation of sulfate species is consequently
suppressed on the surface of SmCeTi catalysts. Thus, much fewer
cerium sulfate species is produced and the Ce-O-Ti active sites are
preserved, and the SmCeTi catalysts show excellent SO2 resistance
ability.

4. Conclusions

In summary, Sm doping into CeO2-TiO2 mixed oxides significantly
improves the NH3-SCR reactivity and SO2 tolerance of catalysts. The
reducibility and OSC of CeTi catalyst are promoted by the addition of
Sm species, which is beneficial for improving the activity of catalyst.
The SmCeTi catalysts exhibit the good activity is attributed to the ap-
propriate balance of the acidity and redox property. The NH3-SCR re-
action on the surface of both catalysts proceeds obey the E-R me-
chanism. The electron transferring between Sm2+/Sm3+ and Ce4+/
Ce3+ improves the adsorbed ability of nitrate species. In addition, the
doping of Sm to CeTi induces the facile switch between Ce4+ and Ce3+

species and promotes the production of NH3 to NH2. Thus, new reaction

Fig. 12. TG-DSC curves of CeTi-U (a) and SmCeTi-U (b).

Fig. 13. In situ DRIFT SO2+O2 adsorption spectra over CeTi (a) and SmCeTi (b) at 250 °C as a function of time.
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pathways may proceed on the SmCeTi catalyst in the NH3-SCR reaction.
The deposition rate of sulphate species on the surface of SmCeTi cata-
lyst is lowered and the SO2 tolerance of SmCeTi catalyst is distinctly
enhanced by samarium doping, which is ascribed to the inhibition of
the oxidation of SO2 to SO3 due to the suppression of electron trans-
ferring from adsorbed SO2 to Ce4+. Our work provides a useful strategy
for the preparation of new mixed metal oxides catalysts with good ac-
tivity and SO2 tolerance ability in the NH3-SCR reaction.
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