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Aseries of novel catalysts (CexSny) for the selective catalytic reduction of NO by NH3 were prepared by the
inverse co-precipitation method. The aim of this novel design was to improve the NO removal efficiency
of CeTi by the introduction of SnO,. It was found that the Ce-Sn-Ti catalyst was much more active than
Ce-Ti and the best Ce:Sn molar ratio was 2:1. Ce2Sn1 possessed a satisfied NO removal efficiency at low
temperature (160-280°C), while over 90% NO removal efficiency maintained in the temperature range
of 280-400°C at the gas hourly space velocity (GHSV) of 50,000 h~!. Besides, Ce2Sn1 kept a stable NO

g(gwords: removal efficiency within a wide range of GHSV and a long period of reacting time. Meanwhile, Ce2Sn1
NH; exhibited remarkable resistance to both respectively and simultaneously H,O and SO, poisoning due

to the introduction of SnO,. The promotional effect of SnO, was studied by N, adsorption-desorption,
X-ray diffraction (XRD), Raman spectra, X-ray photoelectron spectroscopy (XPS) and H, temperature
programmed reduction (H,-TPR) for detail information. The characterization results revealed that the
excellent catalytic performance of Ce2Sn1 was associated with the higher specific surface area, larger
pore volume and poorer crystallization. Besides, the introduction of SnO, could result in not only greater
conversion of Ce** to Ce?* but also the increase amount of chemisorbed oxygen, which are beneficial to
improve the SCR activity. More importantly, a novel peak appearing at lower temperatures through the
new redox equilibrium of 2Ce#* +Sn?* < 2Ce3* +Sn** and higher total H, consumption can be obtained
by the addition of SnO,. Finally, the possible reaction mechanism of the selective catalytic reduction over
Ce2Sn1 was also proposed.

Ce-Sn-Ti mixed oxides catalyst
NO removal efficiency
Reaction mechanism

© 2015 Elsevier B.V. All rights reserved.

1. Introduction As the core ingredient of SCR, a number of catalysts have been

extensively investigated. The anatase TiO, supported V,05-WO3 or

Nitrogen oxides (NO, NO, and N,O), which are originated
from both diesel engine exhaust and stationary power plants, can
not only cause the photochemical smog and acid rain, but also
contribute to the ozone depletion and greenhouse effect [1-3].
Consequently, the elimination of nitrogen oxides has become a
research hotspot in recent years and several potential denitrifica-
tion techniques have been employed. Among the flue gas treatment
methods, selective catalytic reduction (SCR) with ammonia in
the presence of excess oxygen is regarded as the most chemi-
cal effective and economical post-combustion technology for the
abatement of nitrogen oxides [2,4,5].
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V,05-Mo0O3 has been adopted worldwide in practice for decades
due to its excellent catalytic performance and high resistance to
SO, in the SCRreaction within the temperature range of 300-400 °C
[6,7]. In spite of its widespread application, there still remain some
inevitable disadvantages restrained the practical applications, such
as: the biological toxicity of vanadium species, the narrow temper-
ature operation window, the high activity for the oxidation of SO,
to SO3 and the low N selectivity at high temperature due to the for-
mation of N,O [6,8]. Hence, it is desirable and necessary to develop
novel SCR catalysts with merits of non-toxicity and high catalytic
performance.

It has been reported that numerous catalysts consisted of var-
ious mental oxides, such as Mn, Ce, Fe and Cu loaded on different
supports, exhibited a variety of catalytic activities under differ-
ent reaction conditions [9-11]. Among them, ceria attracted much
attention spontaneously due to the considerable oxygen stor-
age capacity and the outstanding redox ability derived from the
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shift between Ce** and Ce3* [12,13]. Consequently, Ce-based cat-
alysts have been extensively studied, such as Ce-carbon oxides
[14], Ce-Al [15], Mn-Ce [16], Ce-Ni [12], Ce-V [17] and so on.
Herein, ceria supported on titania seems to be a promising can-
didate and mostly studied for the SCR. Researchers reported that
the CeO,/TiO; catalysts prepared by different methods displayed
a high SCR catalytic activity, an excellent selectivity to Ny, broad
operation temperature window and remarkable resistance to space
velocity [18-20]. Besides, the introduction of different metal oxides
involving Cu, W, Mo and F to Ce0,/TiO, are conductive to enhanc-
ing SCR activity and preventing the deactivation by SO, and H,0
through the strong interaction between Ce and different metal
oxides [13,21-23].

Sn0; has been widely used as an oxidation catalyst because it
can reversibly undergo between Sn*" and Sn2* at relatively low
temperatures [24]. Generally, SnO, can oxidize chemisorbed CO
through lattice oxygen release with the participation of surface oxy-
gen vacancies formed at temperatures lower than 227°C [25,26].
Alternatively, SnO, can be also used and functions well as a pro-
moter in spite of its minor application in SCR. Li et al. reported that
Ce-Sn mixed oxides exhibited good catalytic activity in a broad
temperature range from 100°C to 400°C at the space velocity of
20,000h~! [27]. It was also found that Sn modified MnOx-CeO,
catalysts exhibited nearly 100% NO conversion at temperatures
of 110-230°C with a Sn:Ce:Mn=1:4:5 molar ratio and showed
remarkably improved tolerance to SO, [28,29].

For the reasons and researches above, we put forward the idea
to employ SnO, to modify CeTi catalyst, which is bound to exhibit
excellent catalytic performance for SCR reaction and remarkable
resistance performance to SO, and H,O. In the present work, novel
Ce-Sn-Ti catalysts containing different amounts of Sn were pre-
pared by the inverse co-precipitation method. The effects of SnO,
additive on the catalytic performance and the influence of SO, and
H, 0 were systematically investigated, taking into account the char-
acterization results by N, adsorption-desorption, X-ray diffrac-
tion (XRD), Raman spectra, X-ray photoelectron spectroscopy
analysis (XPS) and H, temperature programmed reduction
(H2-TPR).

2. Experimental
2.1. Preparation of catalysts

All the catalysts were synthesized by the inverse co-
precipitation method using Ce(NO3)3-6H,0, SnCl4-5H,0, Ti(SO4);
as precursors and NHs-H,O as precipitator. The process was
described as follows. Firstly, the desired amounts of precursors
were added into deionized water with continuously magnetic stir-
ring for an hour until completely dissolved and homogeneous
mixing. Later, the solution was slowly added into the excess ammo-
nia under vigorously stirring at room temperature until the PH of
the solution reached 10 and kept stirring for another 3 h. The result-
ing suspension was aged in air for 48 h, followed by subsequent
filtration and washed several times with deionized water until the
filtrate was neutral. After that, the obtained cake was oven dried
105°C for 12 h and finally calcined at 500 °C in a muffle furnace for
6 h. Lastly, all the samples were grinded and sieved to 60-80 mesh.
The molar ratio of Ce/Ti was fixed at 1:4, while the molar ratio of
Ce/Sn set four values 4:1, 2:1, 1:1, and 1:2. These synthesized sam-
ples were donated as CexSny, for example, Ce4Sn1 represented that
the mole ratio of Ce:Sn is 4:1. In addition, Sn-Ti mixed oxides were
prepared by a similar way for comparison and the molar ratio of
Sn/Ti was determined by the best loading proportion of Sn in the
Ce-Sn-Ti mixed oxides, donating as SnTi.

2.2. Activity tests of catalysts

The SCR activity tests of these synthesized samples for the selec-
tive catalytic reduction of NO by NHj3 in the presence of excess
oxygen were performed in a fixed bed quartz reactor consisting of
a vertical tube (20 mm nominal ID x 406.4 mm long) and a three-
zone temperature controlled furnace. In each test, 500 mg sample
was used and the reaction temperature ranged from 80 °C to 400 °C.

The standard simulated flue gas was composed of 800 ppm NO,
800 ppm NH3, 5% 05, 200 ppm SO, (when used), and N, in bal-
ance, controlled accurately by a set of mass flow controllers. The
total flow rate was kept at 500 ml/min, corresponding to a gas
hourly space velocity (GHSV) of approximately 50,000 h—1. 5% H,0
vapor (when used) was generated by using a peristaltic pump
to transfer water into the stainless steel tube wrapped with a
temperature-controlled heating line and then the heated N, took
the H,O vapor along with the flue gas. Before entering the reactor,
reactant gases were mixed in a gas mixing tank.

The concentrations of NO, NO,, and SO, in the inlet and outlet
were analyzed by a flue gas analyzer (Kane 950, Kane Corp., UK). The
NO removal efficiency was calculated according to the following
equation:

[No]in - [NO]out
[No]in

where [NOJ;, stands for the inlet NO concentration (ppm) and
[NO]out presents the outlet NO concentration (ppm).

NO removal efficiency (%)= x 100% (1)

2.3. Characterizations of catalysts

The BET specific surface areas and BJH pore size distribu-
tion were measured by nitrogen adsorption-desorption using
a Micromeritics ASAP 2020 M+C volumetric sorption analyzer
(Micromeritics Instrument Corp., USA) at —196°C. Each sample
was degassed at 200°C for 5h in vacuum before the isotherms
were measured by standard nitrogen adsorption. The specific sur-
face areas were determined by the BET (Brunauer-Emmett-Teller)
method, while the pore size distributions were calculated by
the BJH (Barrett-Joyner-Halenda) formula from the desorption
branches of N, adsorption isotherm.

The X-ray diffraction (XRD) experiments were performed on
Rotaflex D/Max-C power diffractometer (Rigaku, Japan) to examine
the crystallinity and dispersity of the components in the cata-
lysts. Nickel-filtered Cu target Ko radiation (A=0.1543 nm) was
employed and the X-ray tube was operated at 40kV, 40 mA. The
X-ray powder diffractogram was recorded at 0.02° intervals in the
range of 10-80°, with a scanning speed of 0.2 s.

Raman spectra were collected on an invia-reflex laser Raman
Spectrometer (Renishaw, UK) using Ar* laser beam at room temper-
ature and atmospheric pressure. The Raman spectra were recorded
at an excitation wavelength of 632.8 nm. The wavenumber values
are accurate to 1cm~! from 100 to 1000 cm~!. All samples were
analyzed without any pretreatment.

The X-ray photoelectron spectroscopy (XPS) experiments were
carried out on a K-Alpha 1063 X-ray photoelectron spectrome-
ter (Thermo Fisher Scientific, USA) at room temperature, using
Al Ka radiation from micro-aggregation monochromator operat-
ing at an accelerating power of 72 W. The sample charging effects
were compensated by calibrating all binding energies (BE) with the
adventitious C 1s peak at 284.6 eV. An instrument error of +0.1 eV
can be assumed for the measurement.

H, temperature programmed reduction (H,-TPR) profiles were
obtained on a Tianjin XQ TP5080 auto-adsorption apparatus using
50 mg samples. Before the experiments, the sample was pretreated
at 300°C under nitrogen flow for 2h (50 ml/min) and cooled to
room temperature. Then the feeding gas was switched to 5% H, /Ar
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Fig. 1. NO removal efficiency over different catalysts as a function of temperature:
(a) different CexSny catalysts and (b) Ce-Sn-Ti dual component oxide catalysts.

(50 ml/min), and the samples were heated from 100°C to 800°C
at a ramping rate of 10°C/min~'. The hydrogen consumption was
monitored quantitatively by a TCD detector.

3. Results and discussion
3.1. Catalytic activity

3.1.1. Effect of Sn0O, loading molar ratio

To find out the optimal SnO, loading, the NO removal efficien-
cies versus reaction temperature over various catalysts were shown
in Fig. 1(a). It can be observed clearly that all the catalysts dis-
played a gradual increase in NO removal efficiency in the whole
temperature. Generally, the CeTi catalyst displayed the lowest NO
removal efficiency among the tested catalysts. With the increase
of SnO, loading molar ratio from 4:1 to 2:1, the low tempera-
ture NO removal efficiency increased and the temperature range
were widened, while the high temperature NO removal efficiency
was maintained above 90%. However, further increasing the load-
ing molar ratio of SnO, to 1:1 and 1:2 resulted in a decline in NO
removal efficiency in both the low temperature range and the high
temperature range. Previous researches have also demonstrated
that there is always an optimal loading for the active component.
When the loading of the active component increased beyond a
certain value, sintering would take place on the surface of the cata-
lysts and result in the formation of crystallization, thereby lowering
the activity [30]. In summary, the CexSny catalyst possessed the
best SCR catalytic performance with Ce:Sn molar ratio being 2:1,
with over 90% NO removal efficiency maintaining at 280-400°C.
Compared with the traditional catalyst for the industrial formula-
tions V,05-WO03(Mo0O3)/TiO,, the temperature operation window
of which is 300-400°C, Ce2Sn1 expanded the reaction tempera-
ture window and showed rather better performance (>80%) in the
temperature range 200-280°C.

Fig. 1(b) displayed the NO removal efficiencies of tri-
components catalyst (Ce2Sn1) and bi-components catalysts (CeTi
and SnTi). We could see from Fig. 1(b) that the activity of SnTi
was rather poor and unchanged with the elevation of tempera-
ture, indicating the interaction of Sn and Ti was extremely weak.
On the contrary, the NO removal efficiency of CeTi was obviously
better than SnTi because of the electron interaction between Ti%*
and Ce**. The optimal activity of CeTi was in the temperature range
of 300-360 °C, which is consistent with the literature [13,18]. The
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Fig. 2. The effects of different GHSV on NO removal efficiency of Ce2Sn1 (a) and the
catalytic stability of Ce2Sn1 at different temperatures (b).

activity of the tri-components catalyst was remarkably higher than
those of the bi-components catalysts, concluding that the introduc-
tion of SnO, had a positive influence on the SCR activity of CeTi. In
spite of the superiority of Ce2Sn1, the activity of the tri-components
catalyst was not a straightforward sum of the activities of the bi-
components catalysts, demonstrating an interaction among the
mixed oxides in Ce2Sn1. There existed two reasonable reasons:
on one hand, the introduction of SnO, enhanced the interaction
between Ti4* and Ce**; on the other hand, a novel synergistic effect
for the SCR reaction might exist between Sn and Ce.

3.1.2. Effect of GHSV and stability test

Considering that NH3-SCR catalyst usually experiences different
GHSV in practical application, the effect of GHSV on NO removal
efficiency over Ce2Sn1 catalyst was investigated and the results
were shown in Fig. 2(a). It can be seen obviously the low tem-
perature NO removal efficiency of the catalyst decreased to some
extent with increasing GHSV, while the increase of GHSV had a little
influence on high temperature SCR activity, evidenced by the more
than 85% NO removal efficiency from 320°C to 400°C even under a
rather high GHSV of 200,000 h~1. On the other hand, although the
low temperature NO removal efficiency of the catalyst decreased
to some extent with increasing GHSV, it still exhibited an excellent
catalytic performance in a wide temperature range. These indicated
that the Ce2Sn1 catalyst could keep stable NO removal efficiency
within a wide range of GHSV, which is beneficial for its practical
use.

The stability of Ce2Sn1 was also measured at 200°C, 280°C and
360°C under a GHSV of 50,000 h~! in Fig. 2(b). Obviously, there was
almost no drastically decline in the NO removal efficiencies at dif-
ferent temperatures after exposed in the flue gas for 24 h, indicating
a fine stability of Ce2Sn1. However, it was non-ignorable that all the
efficiencies deteriorated a little and a continuous decrease could be
expected because the ammonium nitrate or other by products gen-
erating in the reaction would be deposited on the active sites to
damage the catalytic activity with time went by.

3.1.3. Effect of H,0 and SO,

Water vapor and SO, are participators in the flue gas and dif-
ficult to remove completely, the existent of which always bring
a deactivation effect to the de-nitrogen catalysis. Thus, we con-
ducted experiments to investigate the effect of H,O (5%) and SO,
(200 ppm).
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Fig.3. (a) The synergic effect of H, O and SO, on the NO removal efficiency as a function of reaction time at 360 °C. (b) Effect of individual H, O on the NO removal efficiency over
CeTi and Ce2Sn1 catalysts as a function of temperature. (c) Effect of individual SO, on the NO removal efficiency over CeTi and Ce2Sn1 catalysts as a function of temperature.

The synergic effect of H,O and SO, on the NO removal effi-
ciency as a function of reaction time at 360°C was evaluated in
the present work and the corresponding results were presented
in Fig. 3(a). At the beginning time, both Ce2Sn1 and CeTi illus-
trated a normal NO removal efficiency. When H,0 and SO, were
introduced simultaneously into the catalytic reaction system, the
NO removal efficiency started to decrease firstly and a significant
drop could be observed in a short time, indicating the co-existing
of H,0 and SO, had a great influence on the NO removal efficiency.
After reacting for about 2 h, the NO removal efficiency achieved
a stable state and no obvious change could be observed in the
following hours, which is similar with the results of other liter-
ature. Upon eliminating H,0 and SO, from the feed gas, the NO
removal efficiency could recover to some extent, but was still lower
than the initial value, representing an irreversible deactivation
effect of H,O and SO,. Calculated from Fig. 3(a), we could obtain
that the loss activity of Ce2Sn1 was about 6.7% (94-87.7%) and
the NO removal efficiency of CeTi descended 22.7% (89.9-69.5%),
indicating Ce2Sn1 was less influenced by co-existing of H,O
and SO,.

The effect of individual H,0 on Ce2Sn1 and CeTi as a function
of reaction temperature was also tested. At every temperature,
the outlet NO concentration was recorded after reacting for 2h
and the results were shown in Fig. 3(b). In general, the existent of
5% water vapor showed a visible NO removal efficiency decreases
below 280 °C for both catalysts. The inhibition effect of H,O weak-
ened with increasing reaction temperature and could be negligible
when the reaction temperatures were higher than 280°C. The
hindering effect of water vapor at low temperatures was mainly
attributed to the competitive adsorption of H,O with reactant for
the same active sites [6,13]. The effect of individual SO, was also
tested in Fig. 3(c). A dramatically decline removal efficiency could
be observed obviously within the whole temperature range. Simi-
larly, the degree of SO, deactivation was dependent on the reaction
temperature. The higher the reaction temperature, the less slightly
the catalytic activity decreased. The deceased activity was related
to formation and deposition of sulfates and sulfites on the cata-
lyst active sites [16]. Besides, it was not difficult to find out that
Ce2Sn1 presented a slighter decrease caused by both respectively
and simultaneously H,O and SO, than CeTi.

Based on these above results, it can be concluded distinctly that
the reason for the better H,O and SO, tolerance of the Ce-Sn-Ti
mixed oxides catalyst might mainly lie in the participation of SnO,.
On one hand, the introduction of SnO, may relieve the competitive
adsorption between H,0 and reactant at low temperatures. On the
other hand, Xu et al. indicated that the reason for the deactiva-
tion of the CeTi catalyst is the formation of high thermally stable
Ce(S04); and Ce,(S0O4)3, further resulting in the disruption of the
redox properties between Ce3* and Ce** and the inhibition of the
formation and adsorption of nitrate species [31]. Once SnO, was
added into CeTi, not only the formation of Ti(SO4);, Ce(SO4), and
Ce,(S04)3 were prevented, but also the depositions of (NH4),SO04
and NH4HSO4 were significantly inhibited. Therefore, the Ce-Sn-Ti
mixed oxides catalysts exhibited remarkable resistance to both
respectively and simultaneously H,0 and SO, poisoning.

3.2. Characterization of catalysts

3.2.1. Structural properties (BET, XRD and LRS)

Physical properties are very important factors for catalysts to
influence the adsorption-desorption behaviors of gases onto sur-
face. Table 1 summarized the BET specific areas, BJH pore volumes
and average pore diameters of CeTi, Ce2Sn1 and SnTi. As can be
seen from Table 1, the tri-components catalyst Ce2Sn1 exhibited a
BET specific area of 139.44 m2/g and a pore volume 0f 0.5211 cm3/g,
which were found interestingly to be higher and larger than those
of bi-components catalysts CeTi and SnTi. According to the results
of XRD, the synergistic effect existing among the mixed oxides
in the tri-components catalyst possibly restrained the crystal for-
mation of TiO, in CeTi and SnTi, which may improve the BET
surface area effectively [32]. There have been articles reporting

Table 1
The BET surface area, BJH pore volume and average pore width of the samples.

Samples BET surface BJH pore volume Average pore
area (m?/g) (cm3/g) width (nm)

CeTi 108.47 0.4035 9.11

SnTi 59.45 0.2724 14.12

Ce2Sn1 139.44 0.5211 11.35
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Fig. 4. The BJH pore distribution curves of SnTi, CeTi and Ce2Sn1 catalysts.

that higher surface area and larger pore volume could benefit effi-
cient mass transfer by providing more active sites for adsorption of
reactant molecules and intermediates, consequently improving the
catalytic performance, which might be a reason for the superiority
of Ce2Sn1 [33]. Furthermore, the pore size distribution curves mea-
sured by BJH method from desorption branch of the corresponding
isotherms were shown in Fig. 4. The main pore sizes of these cata-
lysts were distributed from 0 nm to 10 nm, belonging to the size of a
mesopore, the presence of which would make a great contribution
to the high BET surface area [34].

The power X-ray diffraction (XRD) was carried out to investi-
gate the phase structures of the catalysts and the relevant results
were displayed in Fig. 5. For CeTi, only the anatase TiO, peak at
27.5° was detected without extra characteristic diffraction peaks
assigned to cubic fluorite CeO,, which was similar with the results
reported by other researchers [35,36]. The reason may lie in that
CeO, exited as an amorphous phase in the bulk of TiO, crystal-
lite or the particles were too small to be detected by XRD [20,37].
In the pattern of SnTi catalyst, the diffraction peaks attributed to
Sn0O, were not shown because of the low loading ratio and the
rutile TiO, phases were observed, which is responsible for the
smaller BET surface area and the poorer catalytic activity of SnTi
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Fig. 5. XRD patterns of: (a) Ce-Sn-Ti dual component oxide catalysts; (b) different
CexSny catalysts.

[6]. Compared with the bi-components catalysts, the XRD patters
of the tri-component catalysts totally changed and showed a sim-
ilar tendency except for Ce1Sn2. The peaks belonging to the TiO,
disappeared completely while no distinctively obvious diffraction
peaks of CeO, or SnO, appeared. We deduced that it was the syner-
gistic effect existing among the mixed oxides in the tri-components
catalyst hindered the crystal phase formation of TiO, [32]. Only a
very broad and weak peak was observed at the range 26 = 20-40°
in Fig. 5(b), suggesting the samples were in poor crystallization.
From the low intensity of this special X-ray diffraction characteris-
tic peak, it could be declared that all metal components are highly
dispersed and inherently amorphous in structure because of the
introduction of Sn, which was beneficial to obtain excellent SCR
catalytic activity, accompanied with the higher BET specific surface
area. Besides, the peak became more evident with the increase of Sn
content, implying that the introduction of moderate Sn might result
in a stronger interaction between cerium and titanium [23]. How-
ever, it was worth noticed that the accretion of redundant SnO, on
CeTi resulted in the appearance of new diffraction peaks obviously
identified in Ce1Sn2, which belonged to the diffraction character-
istic peaks of Ti-Sn mixed oxides [38]. The reason might be that
excess Sn promoted the crystal phase of TiO, to form a rutile struc-
ture and the peak position gradually shifted to lower angle with the
increase of SnO, compared with SnTi.

In order to ascertain the synergistic effect of SnO, on the tri-
components catalyst Ce2Sn1, Raman spectroscope was employed
to detect the surface information of the catalyst, as a potential
complementary characterization of XRD. For comparison, Raman
spectroscope was also performed on the bi-components catalyst
CeTi. Fig. 6 showed the corresponding results of Raman spectro-
scope ranging from 100 to 1000 cm~'. The bi-components catalyst
revealed four typical Raman bands due to the anatase TiO,, which
were located at about 149, 399, 519 and 645 cm~!. According to
the literature, the strong peak at 149cm~! is attributed to the
bending vibration mode of O—Ti—O and the other three faintish
bands are assigned to the symmetric bending vibration of 0—Ti—O,
the unsymmetrical bending vibration of O—Ti—0 and the sym-
metric stretching vibration of O—Ti—O, respectively [13]. After Sn
was further introduced, the typical peaks of TiO, at 147 cm™!
and 517 cm~! became weaker and shifted to lower-wavenumber
direction slightly, while the peaks at 399 cm~! and 645 cm~! disap-
peared completely. It is apparently promulgated that the addition
of Sn0, strongly inhibited the crystallization of anatase TiO, on
the surface of the tri-components catalyst Ce2Sn1, further indicat-
ing that the introduction of SnO, might enhance the interaction

149
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Lo ettt s AN s,
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Fig. 6. Raman spectra of CeTi and Ce2Sn1 catalysts at 100-1000cm~"'.
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Table 2
The surface compositions of the samples obtained by XPS analysis.

Samples Atomic concentration (at.%) Atomic ratio (%)
Ce Sn Ti o Ce3*/(Ce3* +Ce*) 0/(Ce+Sn+Ti) Oc/(0a +0g)
SnTi - 5.79 23.58 70.63 - 2.40 (2.00) 17.73
CeTi 5.01 - 23.29 71.69 23.37 2.53(2.00) 46.71
Ce2Sn1 5.36 4.27 21.41 68.96 29.62 2.22(2.00) 57.89
between titanium and ceria. Similar to the above XRD results, the CeTi

Raman band at 464 cm~! corresponding to the Fy vibration mode
of cubic fluorite-type structure was absent in both of the two cat-
alysts, declaring the preferable dispersion degree of Ce on surfaces
of the two catalysts and likewise, no bands belonging to SnO,
were found in the tri-components catalyst. Besides, it was note-
worthy that there was a new and weak band at 300cm~! in the
tri-components catalyst, which is linked to the presence of oxygen
vacancies (Vg*) in CeO5 lattice [39]. This phenomenon implied that
the doping of SnO, could increase extra oxygen vacancy to some
degree, the generation of which can enhance the redox ability of the
tri-components catalyst and further facilitate NO oxidation to NO5,
contributing to improving the catalytic performance at low temper-
ature viaafast SCRreaction: 2NH3 + NO+NO; — 2N, +3H,0[40].In
such case, it is reasonable to discover that the tri-components cat-
alyst showed a better catalytic efficiency than the bi-components
catalyst through the introduction of SnO,.

3.2.2. Surface chemical states (XPS)

XPS was employed to characterize the elementary oxidation
states and the surface compositions of these synthesized samples.
The surface atomic concentrations of all the elements were sum-
marized in Table 2, and different XPS spectra of Ti 2p, Ce 3d, Sn 3d,
and O 1s were presented in Figs. 7-10.

It can be seen from Fig. 7 that the binding energies of Ti 2p
photoelectron peaks in the bi-components catalysts were about
458.7 and 464.3 eV, representing Ti 2p3/2 and Ti 2p1/2 respec-
tively. This indicated that Ti existed in the Ti** oxidation state in a
tetragonal structure, instead of Ti3*, in the bi-components catalysts
[36,41]. Researchers have reported that when an extraneous metal
was added into TiO,, the binding energy of the Ti 2p peaks slightly
shifted to higher binding energy than that of pure Ti 2p, owing to
the metal-support interaction effect generated between the mixed
oxides [42]. In this study, after the addition of Ce or Sn into TiO5,
the binding energies shifted slightly to higher values, in well accor-
dance with the literature. Moreover, a slightly increase in binding

SnTi i
Ti 2P, 2

3| ceTi
&
2
@
c
2
=

Ce2Snl T| 2P, Ti2p, ,

T T T T
462 460 458 456 454

Binding Energy (eV)

T
464

Fig. 7. Tiy, spectra for SnTi, CeTi and Ce2Sn1 catalysts.
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Fig. 8. Cesq spectra for CeTi and Ce2Sn1 catalysts.

energies of the tri-components catalyst Ce2Sn1 was observed with
Ti%* 2p3/2 shifting to 458.9 eV and Ti** 2p1/2 shifting to 464.5 eV.
The blue-shift in the binding energies implied that the titanium
species in the tri-components catalyst had lower density of electron
cloud around Ti atoms than that in the bi-components catalysts,
which further indicating the stronger interaction among the metal
oxides, as shown in the previous XRD [6,43].

The optimum combination of Gaussian fitting bandsman of Ce
3d for different catalysts are depicted in Fig. 8 with the correlation
coefficients (r2) above 0.99. The complex peaks were decomposed
into eight components. According to the literature, the sub-bands
labeled v’ and v/ are related to the 3d!'94f! initial electronic state
corresponding to Ce3*, while the other six sub-bands labeled u and
v, u” and v, u” and v” represent the 3d'04f0 state of Ce** ions
[44]. It was apparent to observe that Ce** oxidation state was the
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Fig. 9. Snsq spectra for SnTi and Ce2Sn1 catalysts.
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Fig. 10. Oy, spectra for SnTi, CeTi and Ce2Sn1 catalysts.

preponderantly chemical valence on the surface of the bi-
components catalyst, which hint that the catalyst surface were
not fully oxidized, and this situation also happened in the tri-
components catalyst. The typical redox couple Ce*"/Ce3* could
function well together to achieve high catalytic efficiency by pro-
ducing labile oxygen vacancies and highly mobile oxygen during
the process of the redox shift [45,46]. It is a consensus that the
presence of more Ce3* is beneficial to the SCR reaction because
Ce3* could create a charge balance, form oxygen vacancies and
unsaturated chemical bond on the catalysts surface, which will
lead to an increase of chemisorbed oxygen [47]. Accordingly, the
Ce3* contents of the catalysts can be determined by calculating
the area ratio of these bands based on the following equation:
ce3t(%) = Sw+Sv/ Z(SM +Sy) x 100 and the results were listed
in Table 2. It can be seen from Table 2 that the Ce3* concentration
of the tri-components catalyst (29.62%) was higher than that of the
bi-components catalyst (23.37%). Therefore, it is most likely that
the introduction of Sn contributed to the transformation from Ce4*
to Ce3* ions, which could create a charge imbalance, the vacan-
cies and unsaturated chemical bonds over the catalyst surface,
and more NO could be easily oxides into NO,, partially accounting
for the better SCR catalytic efficacy of the tri-components catalyst
than that of the bi-components catalyst. There are two possible
reasons: the first reason is that the addition of Sn enhanced the
interaction among the mixed oxides to increase the contents of
Ce3*, which is supported by the XRD results, following the reac-
tion Ti3* +Ce** < Ti** +Ce3* and 2Ce*" +Sn?* « 2Ce3* +Sn**, and
the second reason is that the electrons of oxygen vacancies were
captured by Ce** to form Ce3* because of the electron-donating
effects, following the reaction Vg* + Ce4* < Ce3* + V.

The spectrum of Sn 3d of Ce2Sn1 and SnTi are numerically fit-
ted with two components, as shown in Fig. 9. For SnTi, the binding
energies of Sn 3d5/2 and Sn 3d3/2 of SnO, were located at 486.3 and
494.9 eV respectively. In the case of Ce2Sn1, the Sn 3d5/2 and Sn
3d3/2 peaks appeared at 486.1 and 494.5 eV. The lower, weaker and
broader peaks indicated that there existed excess electrons around
Sn in Ce2Sn1, further elucidating the existence of synergistic inter-
action among the mixed oxides through the redox equilibrium of
2Ce?* +Sn?* « 2Ce3* +Sn?* [48].

The XPS spectrum for O 1s ionization features of all these sam-
ples is numerically fitted into two sub-bands by searching for the
optimal combination of Gaussian bands, and the corresponding
assignments are defined in Fig. 10. The higher banding energy of
531.0-531.6eV is considered as the chemisorbed oxygen or weakly
bonded oxygen species (donated as Og), such as 0,2~ or O~ in
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Fig. 11. H,-TPR profiles of CeTi (a) and Ce2Sn1 (b).

defect-oxide or hydroxyl-like groups, whereas the lower binding
energy of 529.2-530.0 eV is the characteristic lattice oxygen bond-
ing to the metal cations (donated as Og) [39]. As shown in Table 2,
the ratio of Oq/(Oq +Og) in all the catalysts were calculated based
on the area integral of O, and Og. We can see from Table 2 that
the relative concentration ratio of O, increased in the following
sequence: Ce2Sn1 (57.89%)> CeTi (46.71%)>SnTi (17.73%), which
was in corresponding with the trend of the SCR catalytic activity.
Many researchers have proposed that chemisorbed oxygen O, was
more active than lattice oxygen in oxidation reactions and plays an
important role in oxidation reaction because of its higher mobil-
ity [18,20]. In consequence, the higher O, ratio in Ce2Sn1 would
contribute to nitric adsorption by facilitating the oxidation of NO
to NO; in the SCR reaction, which agreed with the Raman results.
Considering the higher content of Ce3* in Ce2Sn1, the occurrence
of more Oy is by no means fortuitous since Ce3* is a fabricant of
surface chemisorbed oxygen, which generated by the redox cycle
Ce**/Ce3*. Besides, it can be seen from Table 2 that the atomic ration
of O/(Ce +Sn +Ti) for each catalysts is higher than its theoretic value
(2.00) in the full oxidation states, demonstrating the chemisorbed
oxygen of surface water or hydroxyl on the surface of the samples
[49].

3.2.3. Reduction properties (H>-TPR)

The redox properties are the key factors determining the reac-
tivity of NH3-SCR catalysts. In order to figure out the effect of
SnO, on the redox ability of CeTi, H,-TPR was employed as an
extensively used technique to estimate the redox properties of
the catalysts and the obtained profiles were shown in Fig. 11. We
can see from Fig. 11(a) that the CeTi catalyst possessed an over-
lapped reduction peak from 400 to 600 °C, which is indeed very
similar to the reduction behavior observed in other report [46,50].
According to the literature, the wide ranged peak could be inter-
preted as a stepwise reduction: the first step is due to the reduction
of surface oxygen of stoichiometric ceria (Ce*"-0-Ce*") and the
second step is attributed to the reduction of non-stoichiometric
ceria (Ce3*-0-Ce**) [51]. An addition of SnO, to the CeTi catalyst
produced a new peak of oxygen species, which can be reduced
by hydrogen in a lower temperature around 290 °C. Baidya et al.
has previously concluded that the reduction peaks in CeggSng 40,
before 550°C was duo to the reduction of Sn** to the Sn2* state
and partial reduction of Ce** to the Ce3* state [52]. Accordingly, in
this work, the novel peak appearing at lower temperatures may
originate from the interaction between Ce*"/Ce3* and Sn**/Sn2*
through the redox equilibrium of 2Ce#" +Sn?* <« 2Ce3* +Sn?*,
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indicating that the oxygen atoms of Ce2Sn1 are easier migrate to
generate oxygen vacancy during the reduction process in lower
temperature. In addition, Chen et al. reported that SnO, exhibited
a major reduction peak at about 670°C and the final product was
sn® mental [53]. Therefore, we supposed that the reduction peak
above 550°C may be attributed to the reduction of Sn** to the Sn°
and the reduction of bulk CeO,.

Moreover, integral areas of the H,-TPR profiles were usually cal-
culated to compare the oxygen storage capacity of catalysts, which
is a significant parameter to the SCR activity of ceria-based cata-
lysts. The higher total H, consumption obtained from the obviously
larger peak area of Ce2Sn1 than that of CeTi implied that the intro-
duction of SnO, resulted in more reducible subsurface and bulk
oxygen in the tri-components catalyst, which is responsible for the
better SCR catalytic performance of Ce2Sn1.

3.2.4. Possible reaction mechanism over Ce2Sn1

For NH3-SCR process, the mechanism has been extensively
studied. Different hypotheses have been proposed for the mecha-
nisms over different catalysts, involving both the Eley-Rideal (E-R)
mechanism and Langmuir-Hinshelwood (L-H) mechanism. Li et al.
proposed a simplified reaction mechanism on CeTi catalyst on the
basis of in situ diffuse reflectance infrared transform spectroscopy
[54]. On one hand, the L-H mechanism was suggested at tem-
perature lower than 200 °C, which could take place between the
coordinated NH3 and adsorbed NO3~ species:

0,(g) — 20 (2)
NO(g) + O — NOy(a) (3)
2NH3(a) + NO5(a) + NO — 2N, +3H,0 (4)

Liu et al. indicated that the formation of adsorbed NO3~ species
was actually the rate-determining step for the L-H mechanism
on FeTi catalyst because it could be consumed quickly to pro-
duce the final products, which was also appropriate for CeTi [55].
Canevali indicated that the interaction of NO with SnO, involves
electroninjection of NO to SnO,, formation of oxygen vacancies and
chemisorption of NO3~ species [56]. Hence, the addition of SnO,
over CeTi catalyst could generate more adsorbed NO3 ~ species, thus
enhancing the SCR reaction through the L-H mechanism.

On the other hand, E-R mechanism might become the main
reaction pathway at temperature higher than 200°C, which was
proposed as that NH3 was firstly adsorbed on the catalyst after the
competitive adsorption, and then the formed amide species reacted
with the gaseous NO to generate the intermediate NH,NO. Because
of the low thermal stability, NH,NO could decompose into N, and
H, O rapidly:

NH;(a) — NHp(a) + H* +e- (5)
NH,(a) + NO(g) — NH,NO(a) — Ny +H,0 (6)

Liu et al. proved that the formation of NH,NO was the actual
rate-determining step in the overall SCR reaction [55]. According
to the literature, NH3 can be favorably chemically adsorbed on the
surface of SnO, to form NH; species through the strong acidity of
Sn** [56]. Therefore, the addition of SnO, over CeTi catalyst could
enhance the NH3 adsorption ability and brought more active NH3
adsorbed species, further facilitating the SCR reaction through E-R
mechanism. During this process, Ce** and Sn** was firstly reduced
to Ce3* and Sn2* respectively in the H-abstraction step of coordi-
nated NHjs, and then oxidized by O, to their original oxidization
state to complete a redox circle.

Furthermore, the synergistic effect between CeO, and SnO,
might exist in the form of 2Ce*" +Sn2* « 2Ce3* +Sn**, accord-
ing to the results of XRD, Raman, XPS and H,-TPR. The electron

transferring phenomenon could further enhance the NO oxidation
reaction shown in equation 7-9 via the following reactions [57]:

Ce3t +0, > Ce*t +207(a) (7)
Sn*t +2NO — Sn?* +2NO*(a) (8)
NO*(a) + 0~ (a) — NO, 9)

4. Conclusions

All the catalysts were synthesized by the inverse co-
precipitation method and tested for the catalytic performance. The
introduction of SnO; to CeTi contributed a higher NO removal effi-
ciency and the optimal value of the molar ratio of Ce: Sn was 2:1.
Satisfied NO removal efficiency can be achieved at low temperature,
while over 90% NO conversion was maintained at the gas hourly
space velocity of 50,000 h—! over the Ce2Sn1 catalyst. Meanwhile,
Ce2Sn1 kept a stable NO removal efficiency within a wide range
of GHSV and a long period of reacting time. In addition, Ce2Sn1
possessed remarkable resistance to both respectively and simulta-
neously water and sulfur.

The promotional effect of SnO, was confirmed by a serious of
characterizations. The results of BET, XRD and Raman revealed that
the superior performance of Ce2Sn1 was attributed to better struc-
ture properties, such as the highest specific surface area and largest
pore volume, the poor crystallization and the strong interaction
among the mixed oxides. Through XPS analysis, the introduction
of SnO, resulted in not only the present of more Ce3* through
Ti3* + Ce** & Ti*" + Ce3* and 2Ce*" +Sn2* « 2Ce3* +Sn**, but also
the increase amount of chemisorbed oxygen or weakly bonded
oxygen species (Oq), which played an essential role in catalytic
performance. Besides, more efficient redox ability was obtained in
Ce2Sn1, proved by a novel peak appearing at lower temperatures
through the new redox equilibrium of 2Ce#* + Sn2* « 2Ce3* + Sn#*
and higher total H, consumption. All the advantages above resulted
in the superior performance of Ce2Sn1. Finally, the possible reac-
tion mechanism of selective catalytic reduction over Ce2Sn1 was
also discussed. The introduction of SnO, could contribute to
the SCR activity via both the Eley-Rideal (E-R) mechanism and
Langmuir-Hinshelwood (L-H) mechanism. The electron transfer
between Ce3* and Sn** was also beneficial to the SCR activity to
some extent. Finally, more details about the reaction mechanism
of Ce2Sn1 will be studied further in the future.
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